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Abstract The world is facing great challenges in

meeting rising demands for basic commodities (e.g.,

food, water and energy), finished goods (e.g., cell

phones, cars and airplanes) and services (e.g., shelter,

healthcare and employment) while reducing and

minimizing the impact of human activities on Earth’s

global environment and climate. Nanotechnology has

emerged as a versatile platform that could provide

efficient, cost-effective and environmentally

acceptable solutions to the global sustainability chal-

lenges facing society. This special issue of the Journal

of Nanoparticle Research is devoted to the utilization

of nanotechnology to improve or achieve sustainable

development. We highlight recent advances and

discuss opportunities of utilizing nanotechnology to

address global challenges in (1) water purification, (2)

clean energy technologies, (3) greenhouse gases

management, (4) materials supply and utilization,

and (5) green manufacturing and chemistry. In addi-

tion to the technical challenges listed above, we also

discuss societal perspectives and provide an outlook of

the role of nanotechnology in the convergence of

knowledge, technology and society for achieving

sustainable development.

Keywords Nanotechnology � Sustainability �
Natural resources � Manufacturing � Societal

needs

Introduction

Every human being needs food, water, energy, shelter,

clothing, healthcare, employment, etc., to live and

prosper on Earth. One of the greatest challenges facing

society in the twenty-first century is providing better

living standards to all people while minimizing the

impact of human activities on the global environment

and climate as the world population reaches 8–10

billion by 2050 (Diallo et al. 2013). The Brundtland
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Commission of the United Nations defined ‘‘sustain-

able development’’ as ‘‘that which meets the needs of

the present without compromising the ability of future

generations to meet their own needs’’ (Brundtland

1987). Currently, the world is facing great challenges

to meet rising demands for basic commodities (e.g.,

food, water and energy), finished goods (e.g., cars,

airplanes and cell phones) and services (e.g., shelter,

healthcare and employment) while reducing the

emission of greenhouse gases and the environmental

footprint of agriculture and industry (Godfray et al.

2010; Diallo and Brinker 2011; Brinker and Ginger

2011; Diallo et al. 2013). Soon after the inception of

the National Nanotechnology Initiative (NNI), it was

envisioned that nanotechnology could provide more

sustainable solutions to the global challenges facing

society. During a presentation made at the Cornell

Nanofabrication Center on September 15, 2000, Roco

(2001) discussed how nanotechnology could help

improve agricultural yields, provide more efficient and

cost-effective water treatment and desalination tech-

nologies, and enable the development of clean and

renewable energy sources including highly efficient

solar photovoltaic cells. As nanotechnology continues

to advance, the research agenda is increasingly

focused on addressing two key questions related to

sustainability over the next 10–20 years:

• Can nanotechnology help address the challenges

of improving global sustainability in energy,

water, food, shelter, transportation, healthcare

and employment?

• Can nanotechnology be developed in a sustainable

manner with maximum societal benefits and

minimum impact on Earth’s global environment

and climate?

In this special issue of the Journal of Nanoparticle

Research (JNR), we highlight and discuss the utiliza-

tion of nanotechnology to advance and achieve

sustainable development. Two key goals of this

special issue are to:

1. Provide a retrospective and an outlook of the

state-of-the-field for interested scientists, engi-

neers, policy makers and business leaders.

2. Bring into focus crosscutting scientific, techno-

logical and societal issues associated with the

development and implementation of nanotechnol-

ogy-based solutions for societal challenges in

clean water and energy supplies, greenhouse gases

management and materials and manufacturing.

The content of this JNR special issue is based on

invited article from the presentations and discussions

during two international meetings that were held at the

California Institute of Technology in 2011: the Eighth

US-Korea Forum on Nanotechnology (http://www.

andrew.cmu.edu/org/nanotechnologyforum/Forum8/

GeneralInfo.htm) and the Resnick Sustainability

Institute Workshop on Critical Materials for Energy

Generation and Storage (http://resnick.caltech.edu/e-

critical-materials.php). In addition, the editors of this

special issue have included selected articles published

by JNR during 2012 and 2013 to provide a broader

discussion of the contributions of nanotechnology to

sustainable development. Table 1 provides a list of the

thirty (30) core articles that are featured in this JNR

special issue. Building upon the research findings and

perspectives of selected articles listed in Table 1, this

editorial provides a retrospective and outlook of

nanotechnology for sustainable development. Fol-

lowing the ‘‘Introduction’’ section, ‘‘Nanotechnology

for sustainable development: overview of recent

advances’’ section highlights recent advances in the

utilization of nanotechnology to address global chal-

lenges in water purification, clean energy technolo-

gies, greenhouse gases management, materials supply

and utilization, and green manufacturing and chem-

istry. ‘‘Nanotechnology for sustainable development:

Societal perspectives and outlook’’ section discusses

key societal perspectives and provides an outlook of

the role of nanotechnology in the convergence of

knowledge, technology and society (CKTS) for

achieving sustainable development.

Nanotechnology for sustainable development:

overview of recent advances

As noted above, nanotechnology has emerged as a

versatile platform for addressing global sustainability

challenges facing the world (Diallo and Brinker 2011;

Brinker and Ginger 2011). Nanomaterials exhibit key

physicochemical properties that make them particu-

larly attractive as functional materials for sustainable

technologies. On a mass basis, they have much larger

and more active surface areas than bulk materials.

Nanomaterials can be functionalized with various

J Nanopart Res (2013) 15:1–16
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Marie Pinti, Shaurya Prakash, Paul W. Bohn

and Mark A. Shannon

J Nanopart Res (2012) 14:951

2. Nanofiltration membranes based on

polyvinylidene fluoride nanofibrous scaffolds
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Table 1 continued

Title Authors Citation
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chemical groups to increase their affinity toward a

given compound including dissolved solutes and

gases. They can also be functionalized with chemical

groups that selectively target key biochemical con-

stituents and metabolic/signaling networks of water-

borne bacteria and viruses. Nanomaterials are also

providing unprecedented opportunities to develop

functional materials with superior electronic, optical,

catalytic and magnetic properties. These novel func-

tional materials can be processed into various form

factors including water-soluble supramolecular hosts,

particles, fibers and membranes. Figures 1, 2 and 3

show selected classes of nanomaterials, nanotechnol-

ogy-based processes/systems and multi-scale model-

ing tools that are, respectively, being employed/

developed to design and build the next generation of

sustainable products and technologies. Below, we

provide an overview of recent progress in the utiliza-

tion of nanotechnology to address global challenges in

(1) water purification, (2) clean energy technologies,

(3) greenhouse gases management, (4) materials

supply and utilization and (5) green manufacturing

and chemistry.

Water purification

The availability of clean water has emerged as one of

the most critical problems facing society and the

global economy in the twenty-first century (Savage

and Diallo 2005; Shannon et al. 2008; Diallo and

Brinker 2011). Many regions of the world face

multiple challenges in sustainably supplying potable

water for human use and clean water for agriculture,

food processing, energy generation, mineral extrac-

tion, chemical processing, and industrial manufactur-

ing (Shannon et al. 2008; Diallo and Brinker 2011).

Demand for water is increasing due to population

growth at the same time as water supplies are being

stressed by the increasing contamination and salini-

zation of freshwater sources including lakes, rivers

and groundwater aquifers. A report published by the

Intergovernmental Panel on Climate Change (Bates

et al. 2008) suggests that global climate change will

adversely impact the world’s freshwater resources in

several ways: (1) increase the frequency of droughts

and floods; (2) decrease the amount of water stored in

snowpack and glaciers; and (3) decrease the overall

water quality due to salinity increase and enhanced

sediment, nutrient, and pollutant transport in many

watersheds throughout the world. Thus, a significantly

larger amount of clean water needs to be produced

from impaired water (e.g., wastewater, brackish water

and seawater) to meet the growing demand throughout

the world in the next decade and beyond. The

convergence between nanotechnology and water sci-

ence and technology is leading to revolutionary

advances in water treatment, desalination and reuse

technologies (Savage and Diallo 2005; Shannon et al.

2008; Diallo and Brinker 2011). In this special issue,

we have selected fifteen (15) published JNR articles

(Table 1) to highlight significant advances that have

resulted from the application of nanotechnology to

water purification.

Pressure-driven membrane processes such as

reverse osmosis (RO), nanofiltration (NF), ultrafiltra-

tion (UF) and microfiltration (MF) are becoming the

key components of advanced water treatment, reuse

and desalination systems worldwide (Savage and

Diallo 2005; Shannon et al. 2008). Four (4) articles

of this JNR special issue are devoted to fundamental

investigations of membrane processes, materials and

systems. The article Ionic transport in nanocapillary

membrane systems by Swaminathan et al. (2012)

reviews the state-of-the-art of nanocapillary array

membranes (NCAMs) as model systems for probing

ion and particle transport in nanopores of character-

istic length scales ranging from 1 to 100 nm. NCAMs

consist of nanoporous membranes with tunable pore

sizes that are fabricated by track etching using base

polymers such as polycarbonate. The authors reported

that pore geometry, surface charge and nonlinear

electrokinetic effects arising from the interplay

between surface charge density and surface energy

control the transport of ions and charged particles in

nanopores with diameters below 100 nm. They also

discussed how basic knowledge derived from funda-

mental studies of NCAMs is providing new opportu-

nities to design (1) biomimetic membranes for water

desalination and (2) 3D micro-/nanofluidic systems for

sustainability applications including chemical separa-

tions, analysis sensing and energy conversion. The

article Nanofiltration membranes based on polyvinyl-

idene fluoride nanofibrous scaffolds and crosslinked

polyethyleneimine networks by Park et al. (2012a)

describes the preparation, characterization and evalu-

ation of a new family ion-selective nanofiltration (NF)

membranes using polyvinylidene fluoride (PVDF) and

hyperbranched polyethylenimine (PEI) as building

J Nanopart Res (2013) 15:1–16
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blocks. These new nanofibrous composite (NFC)

membranes consist of crosslinked hyperbranched

PEI networks supported by PVDF nanofibrous scaf-

folds that are electrospun onto commercial PVDF

microfiltration (MF) membranes. A major objective of

this work was to develop positively charged NF

membranes that can be operated at low pressure (i.e.,

less than 10 bar) with high water flux and improved

rejection for monovalent salts such as NaCl, compared

to the commercially available membranes. The proof-

of-concept experiments show that the NFC–PVDF

membrane with crosslinked PEI/trimesoyl chloride

networks has a high water flux (*30 L m-2 h-1) and

high rejections for MgCl2 (88 %) and NaCl (65 %) at

pH 6 and pressure of 7 bar. The overall results of this

study suggest that PVDF nanofibers and hyper-

branched PEI are promising building blocks for the

fabrication of a new generation of high performance

NF membranes for (1) water purification Park et al.

(2012a) and (2) metal extraction from non-traditional

sources including mine tailings and industrial waste-

water (Fromer and Diallo 2013).

Metal oxide nanoparticles (Fig. 1D) have great

potential as catalyst materials for water purification

due their large surface areas and superior optical/

electronic properties (Savage and Diallo 2005). During

the last decade, titanium dioxide (TiO2) nanoparticles

have emerged as promising photocatalysts for water

treatment. TiO2 nanoparticles are versatile and can

serve both as oxidative and reductive catalysts for

organic and inorganic pollutants. Three (3) articles of

this JNR special issue are devoted to the synthesis,

characterization and evaluation of TiO2-based photo-

catalysts for water treatment. The article Multiwalled

carbon nanotubes decorated with nitrogen, palladium

co-doped TiO2 (MWCNT/N, Pd co-doped TiO2) for

visible light photocatalytic degradation of Eosin

Yellow in water by Kuvarega et al. (2012) investigates

the photocatalytic activity of MWCNT/N, Pd co-doped

TiO2 nanocomposites. To probe catalyst reactivity, the

authors measured the photodegradation of Eosin

Yellow under simulated solar and visible light irradi-

ation. They reported that the 0.5 wt% MWCNT/N, Pd

co-doped TiO2 composite gave high degradation rate

constants of 3.42 9 10-2 and 5.18 9 10-3 min-1

using simulated solar light and visible light, respec-

tively. The article Synthesis and characterization of

carbon covered alumina (CCA) supported TiO2 nan-

ocatalysts with enhanced visible light photodegrada-

tion of Rhodamine B by Mahlambi et al. (2012)

Fig. 1 Selected

nanomaterials that are

currently being utilized as

building blocks to develop

the next generation of

sustainable products and

technologies in water

purification, energy

generation, conversion and

storage, greenhouse gas

management, materials

supply and utilization and

green manufacturing and

chemistry
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illustrates the preparation of TiO2 nanocatalysts on

CCA supports. The authors reported that the CCA-

TiO2 photocatalysts show higher reactivity under

visible light compared to their unsupported counter-

parts. Metal oxide nanoparticles are also providing new

opportunities to leverage the efficiency of magnetic

separations technology in water purification (Ge et al.

2011; Ling and Chung 2011). Four (4) articles of this

JNR special issue are devoted to the synthesis,

characterization and evaluation of MNPs for water

treatment. The article Protein-functionalized magnetic

iron oxide nanoparticles: time efficient potential-water

treatment by Okoli et al. (2012) discusses the synthesis,

characterization and evaluation of composite magnetic

nanoparticles (MNPs) with an iron oxide core and a

shell consisting of sorbed Moringa oleifera proteins.

The authors reported that their protein-stabilized

MNPs could be utilized as recyclable media in water

treatment to remove turbidity (i.e., suspended solids)

from surface water. Okoli et al. (2012) also showed that

the MNPs could be combined with magnetic separa-

tions to remove more 90 % of the turbidity from a test

surface water sample within 12 min. In contrast, only

70 % of turbidity removal was achieved within 60 min

using conventional gravity separation with a synthetic

and non-recyclable coagulant such as alum.

Clean energy technologies

Global climate change is one of the greatest challenges

facing the twenty-first century (Solomon et al. 2007).

During the last two decades, a consensus has gradually

Fig. 2 A Schematic

diagram of a hybrid

photovoltaic–

electrochemical system,

which utilizes

semiconductor

nanoparticles coated on to

metal substrates as

electrodes for the generation

of hydrogen coupled with

the oxidation of wastewater.

B Photographs of the

electrode arrays showing the

anodic semiconductor

coatings on the Ti-metal

base support [Choi et al.

J Nanopart Res (2012)

14:983]
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emerged that increasing emissions of greenhouse gases

such as carbon dioxide (CO2) from the combustion of

fossil fuels (e.g., coal and petroleum) are the key drivers of

global climate change (Solomon et al. 2007). Meeting the

growing demand for energy while significantly reducing

CO2 emissions will require the deployment of orders of

magnitude more clean and renewable energy systems than

what is now in place as the world population reaches 8–10

billion by 2050 (Brinker and Ginger 2011; Fromer et al.

2011; Diallo et al. 2013). Nanotechnology provides

unprecedented opportunities to advance the development

of clean and renewable energy technologies (Fromer and

Diallo 2013). Four (4) articles of this JNR special issue are

devoted to clean energy technologies. Solar photovoltaics

has emerged the most attractive source of renewable

electrical energy due to its abundance, versatility, and ease

of implementation with minimum environmental impact

in terms of water consumption and land usage (Lewis

2007; Brinker and Ginger 2011). The article Poly(vinyl

chloride)-g-poly(2-(dimethylamino ethyl methacrylate)

(PVC-g-PDMAEMA) graft copolymer templated synthe-

sis of mesoporous TiO2 thin films for dye-sensitized solar

Fig. 3 A Multi-scale

modeling strategy for

designing and optimizing

polymer electrolyte

membrane fuel cells

(PEMFC). B Components of

a single stack hydrogen

PEMFC. C Structure a

polymer electrolyte

membrane (Nafion) [Chung

et al. J Nanopart Res (2012)

14:853]

J Nanopart Res (2013) 15:1–16
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cells by Patel et al. (2012b) investigates the utilization of

graft copolymers as structure-directing agents for the

fabrication of mesoporous thin films containing titanium

dioxide (TiO2) layers used as anodes. The authors

subsequently employed these new mesoporous TiO2 films

to fabricate a photoanode for a dye-sensitized solar cell

(DSSC) that achieved an energy conversion efficiency of

3.2 % at 100 mW/cm2. This performance was higher

when using a TiO2 film with a higher porosity and lower

interfacial resistance between the anode and the electro-

lyte. According to the authors, they achieved one of the

highest reported energy conversion efficiency for a quasi-

solid-state DSSC with a 600-nm-thick TiO2 film. The

article SnO2, IrO2, Ta2O5, Bi2O3, and TiO2 nanoparticle

anodes: electrochemical oxidation coupled with the

cathodic reduction of water to yield molecular H2 by

Choi et al. (2012) discusses hydrogen generation by solar

water splitting using organic contaminants in wastewater

as sacrificial electron donors. This work is potentially

important since solar radiation is intermittent and the

large-scale implementation of solar power will require

efficient systems that convert solar energy into high-

density chemical fuels. The authors demonstrated the

feasibility of a scaled-up rooftop prototype of a hybrid

photovoltaic electrolysis system (Fig. 2), which utilizes

semiconductor nanoparticles coated onto metal substrates

as electrodes for the generation of hydrogen coupled with

the oxidation of organic compounds in wastewater.

In industrialized countries such as the USA,

transportation is responsible for approximately 66 %

of oil consumption and 33 % of CO2 emissions (Davis

et al. 2008; EPA 2008). Thus, fuel cell cars could meet

the world’s growing demand for transportation vehi-

cles while significantly reducing CO2 emissions.

Polymer electrolyte membrane fuel cells (PEMFCs)

have emerged as the most promising energy conver-

sion devices for automotive applications (http://www.

nextgreencar.com/fuelcellcars.php). Two (2) articles

of this JNR special issue are devoted to PEMFCs. The

article Preparation of proton conducting membranes

containing bifunctional titania nanoparticles by Aslan

and Bozkurt (2013) discusses the preparation and

characterization of novel proton conducting nano-

composite membranes. These new polymer electrolyte

(PE) membranes consisted of poly(vinyl alcohol)

(PVA) membrane matrices that are embedded with

sulfated TiO2 nanoparticles (TS) and nitrilotri(methyl

phosphonic acid) (NMPA). The authors reported that

one of their new PE membranes [PVA–TS–(NMPA)3]

achieved a proton conductivity of 0.003 S cm-1 at

150 �C. This membrane also showed improved

mechanical strength, which is critical for applications

such as PEMFCs. The article Nanotechnology con-

vergence and modeling paradigm of sustainable

energy system using polymer electrolyte membrane

fuel cell as a benchmark example by Chung et al.

(2012) discusses nanotechnology convergence for

clean energy generation and novel multi-scale mod-

eling paradigms using the fuel cell system as a

benchmark example (Fig. 3). This approach includes

understanding and modeling complex multi-physics

phenomena at different time and length scales along

with the introduction of an optimization framework

for application-driven nanotechnology research

trends. The new modeling paradigm introduced by the

authors covers the novel holistic integration from

atomistic/molecular phenomena to meso-/continuum

scales. The authors also discuss system optimization

with respect to the reduced order parameters for a

coarse-graining procedure in multi-scale model inte-

gration as well as system design.

Greenhouse gases management

Currently, fossil fuels provide approximately 80 % of

the energy used worldwide (IPCC 2005). Although

many non-CO2-emitting energy sources are being

developed, the world will continue to burn significant

amounts of fossil fuels in the foreseeable future. Thus,

carbon capture and storage is emerging as a viable

short-to-medium term alternative for reducing the

amounts of anthropogenic CO2 released into the

atmosphere (IPCC 2005). Nanotechnology has the

potential to provide efficient, cost-effective and envi-

ronmentally acceptable solutions for CO2 separation,

capture and storage (Diallo and Brinker 2011). Two (2)

articles of this JNR special issue are devoted to CO2

separation and storage. The article Thermally rear-

ranged (TR) polymer membranes with nanoengineered

cavities tuned for CO2 separation by Kim and Lee

(2012) reviews recent developments in CO2 separation

technologies utilizing various membranes including

thermally rearranged (TR) polymeric membranes with

CO2 selective nanocavities. The authors reported that

these new TR polymeric membranes show high gas

permeability as well as good selectivity, especially in

CO2 separation from post-combustion flue gases.

Zeolitic imidazolate frameworks (ZIFs) have emerged

J Nanopart Res (2013) 15:1–16
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as promising building blocks for high capacity and

selective CO2 capture and storage media (Wang et al.

2008; Banerjee et al. 2008). The article Local inter-

molecular interactions for selective CO2 capture by

zeolitic imidazole frameworks: energy decomposition

analysis by Park et al. (2012b) utilizes density func-

tional theory (DFT) calculations to investigate the

binding of CO2 with ZIFs. The overall objective of this

work was to provide a molecular level interpretation of

experimental measurements of CO2 uptake (capacity

and selectivity) by ZIFs. The DFT calculations suggest

that the local electronic interactions of CO2 and the

substituent groups of ZIFs, which is mainly character-

ized by frozen density and polarization interactions

with little charge transfer, are the primary binding

interaction. Park et al. (2012b) also reported that

electron correlation effects are also important depend-

ing on the binding geometry and functional groups.

Materials supply and utilization

Innovations in the sustainable supply and utilization of

materials will also be critical to developing the next

generation of sustainable technologies and products

(Diallo et al. 2013). Metals are used to fabricate the

critical components of numerous products and finished

goods, including airplanes, automobiles, cell/smart

phones and biomedical devices (NRC 2008; Diallo

and Brinker 2011). Carbon-based materials derived

from petroleum are also the building blocks of a broad

range of essential products and finished goods, including

plastics, solvents, adhesives, fibers, resins, gels, and

pharmaceuticals (Diallo et al. 2013). Four (4) articles of

this JNR special issue are devoted to materials supply

and utilization. The article Nanotechnology and clean

energy: sustainable utilization and supply of critical

materials by Fromer and Diallo (2013) discusses the

utilization of nanotechnology to improve or achieve

materials sustainability for energy generation, conver-

sion and storage. There is a growing realization that the

development and large-scale implementation of clean

energy technologies will also require sizeable amounts

of technology metals (Diallo and Brinker 2011; Fromer

et al. 2011; Diallo et al. 2013). In their perspectives

article, the authors argue that many current problems

involving the sustainable utilization and supply of

critical materials in clean/renewable energy technolo-

gies could be addressed using (1) nanostructured

materials with enhanced electronic, optical, magnetic

and catalytic properties (Table 2) and (2) nanotechnol-

ogy-based separation materials and systems that can

recover critical materials from non-traditional sources

including mine tailings, industrial wastewater and

electronic wastes with minimum environmental impact.

The article Recovery of silica from electronic waste

for the synthesis of cubic MCM-48 and its application in

preparing ordered mesoporous carbon molecular sieves

using a green approach by Liou (2012) deals with the

recovery of valuable elements/materials from electronic

wastes (e-wastes) consisting of mixtures of epoxy resin,

phenolic resin, silica and additives. In this case, the

author utilized resin ash from electronic packaging

wastes to synthesize mesoporous silica (MCM-48) with

high purity (99.87 wt%), high surface area (1 317 m2/g)

and mean pore size of 3.0 nm. Converting e-wastes into

mesoporous materials (e.g., MCM-48) could help alle-

viate waste disposal problems associated with the use of

consumer electronics products. Nanotechnology has also

emerged as a versatile platform for addressing materials

sustainability in agriculture through the development of

smart systems for controlled/precision release of nutri-

ents, fertilizers and pesticides (Scott and Chen 2003;

Diallo and Brinker 2011). The article Sustained release

of fungicide metalaxyl by mesoporous silica nano-

spheres by Wanyika (2013) discusses the utilization of

silica nanoparticles for the storage and controlled release

of the pesticide metalaxyl. The author found that the

silica (SiO2) nanoparticles (average particle diameters of

162 nm and mean pore sizes of 3.2 nm) could load about

14 wt% of metalaxyl. He also reported a ‘‘sustained

release behavior’’ in water-saturated soil columns over a

period of 30 days with a release into the soil media of

11.5 wt% of the metalaxyl trapped into the SiO2

nanoparticles compared to 76 wt% when metalaxyl is

used without initial storage into the nanoparticles.

Green manufacturing and chemistry

Manufacturing is critical to a sustainable world

economy. It is the key engine that drives innovation

and creates higher value jobs in both developed and

developing countries (Liveris 2012). Industrial manu-

facturing has a heavy environmental footprint. First, it

requires a significant amount of materials, energy and

water. Second, it generates a lot of wastes (gaseous,

liquid and solid) and toxic by-products that need to be

disposed of or converted into harmless products.

Nanotechnology is emerging as an enabling platform

J Nanopart Res (2013) 15:1–16
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for green manufacturing and chemistry in the semi-

conductor, chemical, petrochemical, materials pro-

cessing, pharmaceutical and many other industries

(Schmidt 2007; Diallo and Brinker 2011). The article

Nanomanufacturing and sustainability: opportunities

and challenges by Busnaina et al. (2013) discusses the

state-of-the-art of nanomanufacturing. The authors

argue that rapid and directed assembly based processes

(Fig. 4), which are carried out at room temperature and

ambient pressure, could significantly decrease the cost

of manufacturing equipment and tools and achieve

‘‘long-term sustainability’’ by reducing the consump-

tion of materials, water, energy and the generation of

wastes. The convergence between nanotechnology and

biotechnology is also providing new opportunities to

develop non-toxic and environmentally acceptable

‘‘green chemistry’’ routes for the synthesis of func-

tional nanomaterials using bacteria, fungi and plants

(Mohanpuria et al. 2008). The article Synthesis,

characterization and mechanistic insights of myco-

genic iron oxide nanoparticles by Bhargava et al.

(2013) discusses the biosynthesis of ion oxide nano-

particles (IONPs) using an Aspergillus japonicus

fungus (AJP01) that was isolated from an iron-rich

soil. The authors reported that the AJP01 fungus isolate

could utilize a mixture of potassium ferricyanide and

ferrocyanide as precursor salt solution to synthesize

IONPs with size raging from 60 to 70 nm. They

showed that extracellular proteins play a key role in the

synthesis and stabilization of the IONPs (Fig. 5). The

Table 2 Nanotechnology and materials criticality reduction strategies in clean and renewable energy systems (Fromer and Diallo, J

Nanopart Res (2013) 15:2011)

Systems Components Critical materials Materials criticality reduction strategies

Wind turbines Generators Neodymium dysprosium Develop nanostructured REPMs that utilize less amounts of

neodymium and dysprosium

Use non-critical materials and earth-abundant elements to develop

nanocomposite ‘‘exchange spring magnets’’ by coupling

nanoparticles with s hard and soft magnetic domains to achieve

high energy density and coercivity

Electric

vehicles

Motors Neodymium, dysprosium Same strategy as above

Li-ion

batteries

Lithium, cobalt Use electrospun nanofibers of earth-abundant elements to prepare

more efficient anodes, cathodes and separators for Li-ion batteries

NiMH

batteries

REEs, cobalt Develop magnesium batteries and new batteries using nanomaterials

based on earth-abundant elements

Solar cells Thin film Tellurium, gallium,

germanium, indium, silver,

cadmium

Find new nanostructured and absorbing materials that match the

solar spectrum without using critical materials

Exploit quantum confinement to tune and improve the optical

properties of solar cells materials built using non-critical materials

Exploit advances in nanophotonics and plasmonics to build thin-film

solar cells that utilize orders of magnitude less active materials

Solid state

lighting

devices

LED

devices

Gallium, indium See strategy as above

Utilize nanoparticles and quantum confinement to improve light

emitting efficiency throughout the visible spectrum

Phosphors Yttrium, europium, terbium,

other REEs

Switch from fluorescent lights to LED lights to decrease the use of

phosphors (REEs) by an order of magnitude

Utilize nanoparticle light emitters to reduce or replace REEs in

phosphors

Solar fuel

generators

Catalysts Platinum, palladium, iridium,

yttrium

Develop hydrogen/oxygen evolution catalysts using nanomaterials

based on earth-abundant elements

Optimize grain size and exploit quantum size effects to tune band

energies/surface states/thermal properties to increase catalyst

activity and reactivity

J Nanopart Res (2013) 15:1–16
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authors believe that their approach could be utilized to

synthesize other classes of nanomaterials.

Nanotechnology for sustainable development:

societal perspectives and outlook

Societal perspectives

Brundtland’s Commission called the three pillars of

sustainability social, economic and environment—

suggesting that sustainability requires convergence of

all three (Brundtland 1987). Thus, two important goals

of global sustainability are to achieve inclusive

economic and societal development, which benefits

all people while minimizing the impact of human

activities on Earth’s climate and ecosystems (UN

2012; Diallo et al. 2013). Two articles of this JNR

special issue are devoted to societal perspectives

associated with the utilization of nanotechnology to

advance sustainable development. The article Nano-

technology for sustainability—what does nanotech-

nology offer to mitigate complex sustainability

problems? by Wiek et al. (2012) argues that the

current research on nanotechnology for sustainable

development narrowly ‘‘focuses on end-of-pipe appli-

cations’’ such as water purification and energy

efficiency. The authors make the case that nanotech-

nology-based solutions are often proposed without

seriously considering other alternatives and/or nega-

tive side effects of these technologies. To support their

arguments, Wiek et al. (2012) combined the results of

discussions form focused interdisciplinary workshops

and literature reviews to evaluate the utilization of

nanotechnology to address three urban sustainability

problems in the Gateway Corridor Community of

Phoenix in Arizona (USA): (1) water contamination,

(2) energy utilization and (3) childhood obesity. The

authors reported that ‘‘there is potential for nanotech-

nology to contribute to a sustainable future, but those

Fig. 4 Sustainable nanomanufacturing processes: rapid assembly of nanoparticles, carbon nanotubes, and polymers in various

configurations and orientations [Busnaina et al. J Nanopart Res (2013) 15:1984]
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interventions must be coupled with and embedded in

systemic intervention strategies, which are not solely

reliant on nanotechnology as the silver bullet.’’

Because sustainability entails considering social,

economic and environmental factors, it is critical in all

cases to integrate fundamental science (e.g., materials

synthesis, characterization and modeling) with engi-

neering research (e.g., system design, fabrication and

testing), commercialization (e.g., new products) and

societal benefits (e.g., new jobs and cleaner environ-

ment) (Diallo and Brinker 2011; Diallo et al. 2013).

Thus, nanotechnology solutions for sustainable devel-

opment cannot simply be addressed at the level of

small- and single-investigator funded research grants.

Sustainability R&D has to be integrated with broader

research goals and included from the beginning in large

interdisciplinary programs to be carried out by inter-

disciplinary teams of investigators and/or dedicated

government funded research and development centers

(Diallo and Brinker 2011; Diallo et al. 2013). The article

Nanotechnology policy in Korea for sustainable growth

by So et al. (2012) reviews nanotechnology policy for

sustainability in South Korea over the past decade. The

authors reported that several key policy enactments

fostering both fundamental and application-driven

research have helped South Korea become one of the

leading countries in nanotechnology R&D along with

the USA, Japan and Germany. The authors also discuss

the current (Third Phase) of Korea’s nanotechnology

program (2011–2020), which focuses on nanotechnol-

ogy convergence and integration with the information

technology, energy and environmental sectors.

Outlook

The global sustainability challenges facing the world

are complex and involve multiple interdependent

areas. Nanotechnology has emerged as a versatile

platform for the development of technical solutions to

global sustainability challenges facing the world. In

this JNR special issue, we provided a retrospective of

the utilization of nanotechnology to advance sustain-

able development. More specifically, we discussed the

results/findings of selected articles from this special

issue to highlight key advances in the following

topical areas of global sustainability: (1) water

Fig. 5 Biosynthesis of iron

oxide nanoparticles using an

Aspergillus japonicus

fungal isolate [Bhargawa

et al. J Nanopart Res (2013).

In press]

J Nanopart Res (2013) 15:1–16
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purification, (2) clean energy technologies, (3) green-

house gases management, (4) materials supply and

utilization, (5) green manufacturing and chemistry and

(6) societal perspectives. Our retrospective confirms

that nanotechnology continues to provide unprece-

dented opportunities to develop functional materials

for sustainable technologies/products with superior

electronic, optical, catalytic and magnetic properties.

These novel nanomaterials can be processed into

various form factors including water-soluble supra-

molecular hosts, particles, fibers and membranes.

Thus, they have emerged as promising building blocks

for a broad range of sustainability applications

including (1) water treatment, reuse and desalination,

(1) energy generation, conversion and storage, (3) CO2

capture, storage and conversion, (4) environmental

monitoring and remediation, (5) material extraction,

purification and recovery and (6) manufacturing

(Diallo and Brinker 2011; Diallo et al. 2013).

Because sustainability is determined by the coupled

interactions between (1) population growth and human

needs, (2) societal and cultural values and (3) the

human-built environment and Earth system’s bound-

aries (Diallo et al. 2013; Tonn et al. 2013), it is vital to

take into account the complex linkages between the

‘‘social system’’ (i.e., the institutions that support

human existence on Earth), the ‘‘global system’’ (i.e.,

the Earth’s ecosystems that support human life) and

the ‘‘human system’’ (i.e., all the other factors that

impact the health and well being of humans) to achieve

global sustainability (Rapport 2007; Diallo et al.

2013). Following the June 2012 Rio Conference on

Sustainable Development, the United Nations began

developing its post-2015 development agenda (UN

System Task Team 2012). Three guiding principles of

this new agenda are (1) human rights, (2) equality, and

(3) sustainability. The implementation of the post-

2015 UN development agenda will require transfor-

mative changes in the ways we produce and consume

goods, manage our natural resources, and govern our

society. In addition, the convergence of knowledge,

technology and society (CKTS) will also be required to

produce the transformative advances and revolution-

ary technology/products critical to realizing a sustain-

able, healthy, secure, and peaceful world (Diallo et al.

2013). We expect that nanotechnology to continue to

be a critical component of CKTS as its offers the

potential to expand the limits of sustainability and

address all critical needs of human development on

Earth including basic commodities (e.g., energy, water

and food), finished goods (e.g., cell phones, cars and

airplanes) and services (e.g., shelter, healthcare and

employment). However, it is critical to make sure that

any potential adverse effects of nanotechnology on

human health and the environment are effectively

assessed and addressed before the large-scale deploy-

ment of nanotechnology-based solutions and products

for the global sustainability challenges facing the

world in the next 10–20 years.
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Abstract Species transport in nanocapillary mem-

brane systems has engaged considerable research

interest, presenting technological challenges and

opportunities, while exhibiting significant deviations

from conventionally well understood bulk behavior in

microfluidics. Nonlinear electrokinetic effects and sur-

face charge of materials, along with geometric consid-

erations, dominate the phenomena in structures with

characteristic lengths below 100 nm. Consequently,

these methods have enabled 3D micro- and nanofluidic

hybrid systems with high-chemical selectivity for

precise manipulation of mass-limited quantities of

analytes. In this review, we present an overview of both

fundamental developments and applications of these

unique nanocapillary systems, identifying forces that

govern ion and particle transport, and surveying appli-

cations in separation, sensing, mixing, and chemical

reactions. All of these developments are oriented toward

adding important functionality in micro-total analysis

systems.

Keywords Membranes � Nanostructures �
Nanofluidics � Microfluidics � Ion transport �
Electrokinetics � l-TAS � Nanopore � Nanocapillary �
Water filtration � Sustainable development

Introduction

The development of nanofluidic systems containing

nanocapillary array membranes (NCAMs) is strongly

motivated by the interesting phenomena that occur at

length scales between 1 and 100 nm. NCAMs consist
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of monodisperse nanopores fabricated in a polymer

membrane, most commonly composed of polycarbon-

ate sheets with thickness on the order of 6–10 lm, with

nanopores produced from the damage tracks created by

high-energy (*2 MeV) alpha particles, followed by

chemical etching to produce nanopores ranging in

diameter from 10 to 800 nm. These NCAMs are

commercially available. Next generation NCAMs are

fabricated with various geometries, in different poly-

mers and in multi-lamellar structures. For example,

fabrication of solid-state nanopores similar to NCAMs

with a transmission electron microscope has been

achieved in silicon nitride membranes with controlled

cross-section geometry and ordered arrangement of the

nanopores (Prakash et al. 2012a, b) (Fig. 1).

The influence of surface charge, surface potentials,

and subsequent electrostatic forces lead to hindered

transport, selectivity, and partitioning of chemical and

biological species. Such systems draw advantage

from enhanced surface area-to-volume (SA/V) scal-

ing that leads to reduced diffusion time scales in

contrast to conventional microfluidic systems for

transport toward surfaces and rapid kinetics. The

ability to capture and manipulate extremely small

quantities of analytes (zeptoliter to attoliter volumes)

with high precision and flexibility approaching the

molecular level, and to execute multiple analytical

unit operations on-chip, has strongly driven several

fundamental studies and applications of separation,

concentration, and sensing systems aimed toward

developing better tools of chemical analysis and

biological diagnostics.

In recent years, numerous articles have reviewed

concepts of nanofluidic transport phenomena and their

applications in chemical and biological analysis, (Han

et al. 2008; Schoch et al. 2008; Prakash et al. 2008, 2009;

Sparreboom et al. 2009; Bohn 2009; Piruska et al.

2010a, b; Mulero et al. 2010). Technological advance-

ments in micro- and nanofabrication have facilitated the

realization of systems integrated with nanocapillary

arrays in microfluidic devices, and methods of surface

modification of pore surfaces (Nishizawa et al. 1995)

have enabled excellent control and modulation of

factors governing nanoscale transport. The purpose of

this review is to present a broad overview of nanoscale

transport phenomena in NCAMs, highlighting out-

comes of fundamental studies, along with advancements

in a variety of application areas.

Background

Flow characteristics through nanostructures such as

nanopores, NCAMs, nanochannels, and nanotubes are

largely determined by the size, geometry, and surface

chemistry (i.e., surface charge density and surface

energy) of the nanostructure. The characteristic dimen-

sion of a nanocapillary is its pore diameter, a, which lies

typically in the range of 1–100 nm for nanofluidic

phenomena. The Debye length, kD, is a critical scaling

parameter that captures the extent of surface charge

shielding in nanoscale geometries. As physical feature

dimensions approach this value new phenomena such as

perm selectivity (Nishizawa et al. 1995) come into play

Fig. 1 Fabrication of nanopore arrays using a transmission

electron microscope (TEM). Ordered arrangements were

fabricated to illustrate the word ‘‘OHIO’’ with elliptical cross-

section nanopores. The red-dotted line is meant to serve as an

eye-guide. The pores in a and c are 4 ± 0.4 x 2.6 ± 0.6 nm The

nanopores that spell out ‘‘H’’ and ‘‘I’’ are 5.8 ± 0.7 x 3.0 ±

0.5 nm as shown in b. This figure is taken from Prakash et al.

2012
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with the primary driving forces for transport being

electrokinetic flow or surface mediated transport (Prak-

ash et al. 2008). While this condition can intersect with

the transition between continuum and molecular mod-

els, it can be used to address individual molecules (Bohn

2009). On one hand, fluid dynamics within high-aspect

ratio nanocapillaries is beset with size effects—shield-

ing and apparent electro viscosity that lead to hindered

transport. However, surfaces and their characteristic

properties such as charge and potential distributions

determine the environment and forces experienced by

ions and cause effects of selectivity and partitioning.

Transport equations in cylindrical capillaries

Even though the basis for most modern-day electroki-

netics arises from colloidal theories developed well over

100 years ago, detailed analytical studies of electroki-

netic flow in fine capillaries date back to 1964, where it

was demonstrated for rectangular slit geometries that,

for large values of the surface potential, W0, and

sufficiently small ja, where j equals 1/kD, electroki-

netic retardation effects opposed pressure-induced flow

when capillary dimensions shrink down to 100 nm

(Burgreen and Nakache 1964). Rice and Whitehead

derived the analytical solution to the potential distribu-

tion, W, inside a cylindrical capillary, for small surface

potential, W0, using a Poisson-Boltzmann distribution

equation (Rice and Whitehead 1965)

1

r

o

or
r
ow
or

� �
¼ j2w; ð1Þ

where

j ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8pne2

ekT

r
; ð2Þ

with n representing the bulk concentration of ions per

unit volume, e is the fundamental charge, e is the

electrical permittivity, k is the Boltzmann’s constant,

and T is the temperature. The solution for potential

distribution follows

w ¼ w0

I0 jrð Þ
I0 jað Þ ; ð3Þ

where I0 is the modified Bessel equation of the first

kind. This analytical solution was valid to within 3 %

accuracy for small values of W0 \ kT & 25 mV, and

later extended up to 50 mV based on asymptotic

approximations. Combining this with the steady-state

Navier–Stokes’ equation for fluid motion

gr2vþ v � rð Þvþrp ¼ F; ð4Þ

where g is the viscosity, p is the pressure, and F is the body

force, yields the electroosmotic velocity, v(r), as follows

v rð Þ ¼ a2 � r2

4g
pz � XEz 1� I0 jrð Þ

I0 jað Þ

� �
; ð5Þ

where X ¼ ew
4pg

, and Ez is the axial electric field that

represents the body force.

Advanced computational techniques and molecular

dynamics simulations have been incorporated to vali-

date analytical and numerical models for ionic transport

(Conlisk et al. 2002; Qiao and Aluru 2003; Conlisk

2005). Furthermore, the effects of surface charge/wall

potentials, ionic size, and differential transport on

electroosmotic flow (EOF) in nanochannels and mem-

branes have been studied both computationally (Qiao

and Aluru 2004; Qiao et al. 2006; Conlisk et al. 2007)

and experimentally (Sadr et al. 2006).

The local potential distribution shown in Eq. 3 is

strongly dependent on length scales and Fig. 2 shows

schematic profiles for different values of ja with a

more detailed discussion found in several textbooks

(Conlisk 2012) and recent reviews (Prakash et al.

2012a, b). When pores are sufficiently large, or the

ionic strength is large and membrane potential small,

so that ja [[ 1 (Fig. 2a), the electrochemical double

layers (EDLs) are compact and the core region of the

Fig. 2 Schematic representation of the formation of the EDLs

and potential profiles within nanopores at the extreme condi-

tions where a ja [[ 1 when the EDLs are compact and

b ja B 1 when the EDLs overlap and lead to permselectivity.

Reprinted with permission, (Kemery et al. 1998). Copyright

1998 American Chemical Society
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pore retains bulk-like concentration and plug-flow

electrophoretic characteristics (Kemery et al. 1998).

On the other hand, narrow pores with dilute media,

corresponding to ja B 1, form overlapped EDLs with

radial velocity following Poiseuille flow-like para-

bolic characteristic. Consequently, counter-ions are

drawn into the pore and co-ions rejected to maintain

charge neutrality (Fig. 2b), and give rise to perm

selectivity by the exclusion-enrichment effect (Plecis

et al. 2005). Local asymmetry in solute distribution

causes deviations from bulk electrostatic behavior—

most notably, the EOF arising from interactions with

the wall charge dominating over electrophoresis.

The electroviscous effect and enhanced

conductivity

At length scales of ja B 10, it has been estimated

through flow-rate measurements fit to conventional

Poiseuille flow that the apparent viscosity is enhanced

over that of Poiseuille flow due to back flow from EOF

effects. The resulting enhanced viscosity is often

referred to as electroviscosity since surface charge has

been shown to cause increased structuring or layering

of water near the pore walls through molecular

dynamics simulations (Qiao and Aluru 2003). Further

in the case of nanopores, when ja B 1, interacting

double layers cause decreased solvent flow and may

also contribute to the apparent viscosity. Huisman

et al. (2000) calculated the electroviscous effect from

measurements of streaming potential and showed that

differences in ionic mobilities in binary electrolytes

broke zeta potential (f-potential) symmetry and

enhanced the electroviscosity. A Knudsen number

based on the ratio of molecular interaction length over

system characteristic dimension has been suggested

for modeling fluidic resistance under Stokes’ flow in

nanochannels (Sparreboom et al. 2010). Backflow of

ions under the electric field arising from electroos-

motic pressure is also enhanced by the surface

conductance, Gs, due to the presence of the EDLs,

and contributes to increased conductivity of the

electrolyte inside the pore, kpore, than in bulk, kbulk,

such that

kpore ¼ kbulk þ
2Gs

a
: ð6Þ

It should be noted here that electroviscosity is an

effect that has been used to explain deviations from

conventional theory, and some molecular dynamics

simulations have shown fluid layering as one possible

reason for enhanced viscosity, but independent exper-

imental verification of increased fluid viscosity have

not yet been reported.

Streaming potential

The streaming potential, a measurable quantity, serves

as a useful experimental tool used in gauging separa-

tion performance of ultrafiltration (UF) and nanofil-

tration (NF) membranes (Nystrom et al. 1989;

Agerbaek and Keiding 1995; Fievet et al. 2000; Datta

et al. 2010). Surface charge of membranes is often

characterized using f-potential at slip planes derived

from streaming potential measurements. Experimen-

tally determined f-potentials in both aqueous and non-

aqueous media (Chowdiah et al. 1983) substantially

exceeded the calculations from Helmholtz–Smolu-

chowski theory using analytical correction factors

(Rice and Whitehead 1965). Nystrom and colleagues

reported a 10-fold increase in apparent f-potentials

when correction factors and the influence of mem-

brane surface charge and double layer were suitably

taken into account. In pH-dependent transport exper-

iments of chlorolignin through polyvinylidene fluoride

(PVDF) UF membranes, strong electrostatic repul-

sions were observed when the polyelectrolyte was

fully dissociated, whereas neutral molecules passed

through when they were un-dissociated at a low pH of

3. Determining a true f-potential from experimental

measurements required extending Rice and White-

head’s model to account for larger pore potentials by

numerical calculations using the space-charge model

(Szymczyk et al. 1999). Especially in the case of

nanocapillary membranes with hydrophilic surfaces,

the strong coupling between transport phenomena

presents a hard challenge for the measurement of

f-potential with overlapped EDLs. Furthermore, in the

case of overlapped EDLs, the notion of slip planes and

hence f-potential loses physical significance (Prakash

et al. 2008).

Transport of macromolecules

Besides the effect of capillary size and kD, a third

length scale, based on the ionic size, Ri, affects

transport characteristics of NCAMs. Incorporating the
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finite size of ions, particularly for systems with

ja * 1, was found to have significant effect in

suppressing average ionic concentrations and electri-

cal conductance inside pores while increasing selec-

tivity and streaming potential (Cervera et al. 2010).

The Renkin equation (Renkin 1954) captures the

effect of ionic size relative to pore radius in decreased

species diffusion coefficient, Di, within a confined

pore in comparison with bulk values, D0, such that

Di ¼ D0 1� 2:104
Ri

a
þ 2:09

Ri

a

� �2

�0:95
Ri

a

� �5
" #

:

ð7Þ
Studies of peptide concentration using NCAMs

(Zhang and Timperman 2003) and, more recently,

protein dynamics in silicon nitride nanopores have

clearly demonstrated the hindered macromolecular

transport effect (Oukhaled et al. 2011). Dwell-times

measured for proteins were found to be on the order

of milliseconds while diffusion-based calculations

predicted microsecond timescales, which is attributed

to the protein-wall adsorption interactions as well as

EOF retardation. Further, anomalous protein dynam-

ics in nanopores, including longer dwell-times for

compact proteins than those of unfolded structures, are

indicative of entropic energy costs associated with

size, unfolding, and interactions of heterogeneous

charge macromolecule structures with nanocapillary

surfaces (Talaga and Li 2009; Napoli et al. 2010) that

are not yet fully understood.

Transport studies at NCAM-microchannel

interfaces

One of the challenges in microfluidics (and even more

so in nanofluidics) is the ability to provide controlled

metering of fluid and chemical or biological species

for specific unit operations. The interface between

microchannels and NCAMs can lead to strong dis-

continuity in electrokinetic characteristics, and vari-

ous parameters—pore size, pH, ionic strength, and

functionality—can be used to control and regulate

molecular transport. Kuo et al. (2001), investigated

these effects on flux through NCAMs with both

hydrophobic and hydrophilic surfaces. In high-ionic

strength, diffusion dominated the transport in hydro-

philic membranes while hydrophobic membranes

were controlled by ion migration. Transport direction

could be reversed, under the same applied electric

field, by modifying surface charge or ionic strength. At

low-ionic strength, EOF effects dominated transport

as surface charge determined the direction, with pH

acting as a fine-tuning parameter. The choice of many

control variables enables a high degree of control over

nanofluidic gated injections, a powerful strategy

capable of enhancing several applications discussed

in section 5.

Molecular gating

Molecular gating refers to the selective transport of

ions or molecules based on electrical interactions with

an externally applied potential and the surface charge

of the NCAM. The ion gating concept was studied as

early as 1982 with the use of embedded electrodes and

redox polymer membranes in a macroporous system

(Burgmayer and Murray 1982). The device depicted in

Fig. 3 consists of an NCAM placed between two

polydimethylsiloxane (PDMS) microfluidic channels

and is used to illustrate the way selection of properties

such as pore size and surface chemistry allow for

electrically biased flow manipulation within the

device (Kuo et al. 2003a, b). An applied potential

between the source and receiving channels drives the

flow, with forward bias defined as the configuration

that causes depletion in the source channel and

enrichment in the receiving channel. The direction of

the fluid flow for the same applied potential is

determined by the choice of pore diameter, pore

surface chemistry, channel surface charge, and ionic

strength of the buffer. The pores used in this study had

a positive surface charge corresponding to negative

mobile counter-ions within the pores, while PDMS

microchannels had negative surface charge. It was

found that for the 200 nm pores the surface charge of

the channels dictated the applied voltage that corre-

sponded to forward bias rather than the surface charge

of the pores themselves. The opposite was true for an

array of 15 nm diameter pores indicating that nano-

pore EOF dominated in 15 nm pores while channel

EOF dominated in 200 nm pores. In such devices,

fabrication limitations place constraints on materials

and surface properties; however, sizing of the molec-

ular gates can be tuned for desired transport charac-

teristics. Aluru and co-workers (Chatterjee et al. 2005)

analyzed the same problem using circuit models to
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Fig. 3 a A schematic for the molecular gate developed using

NCAMs. A NCAM with positive surface charge is sandwiched

between two PDMS microchannels with negative surface charge,

with the inserts showing fluorescence images of the injected

samples collected over a period of time. The device is used to

illustrate electrically-controlled fluid flow through the NCAM.

b Demonstrates rapid injection from the source to the receiving

channel, with the inserts showing fluorescence images of the

injected samples collected over a period of time. Figure from

IEEE (Prakash et al. 2008)
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determine impedances and calculate ionic currents.

The size of the nanopores have a dramatic effect;

while, the 200 nm pores contribute as little as 1 % of

the total impedance, a 36-fold increase in the case of

15 nm pores highlights the role of nanocapillary EOF

in reversing the effective biasing conditions. Subse-

quently, NCAMs have been integrated within micro-

fluidic devices for quantification of ionic transport

regimes (Prakash et al. 2007) and have also been used

to develop impedance measurements as a tool.

Switchable fluidic communication in NCAMs used

in molecular gates demonstrates diode-like character-

istics, with the additional capability of tuning size-

dependent fractionation and injection (Kuo et al.

2003a, b). Novel injection strategies have been

incorporated for improving peak reproducibility and

separation resolution by the use of floating injection

methods in NCAM hybrid devices (Gong et al. 2008a,

b). Floating injection, albeit lower throughput than the

biased injection schemes, addresses non-uniformities

in electric field distribution at NCAM-separation

channel interfaces to offset issues of broadening and

excess injection. The fabrication of such multilayer

hybrid microfluidic devices with 3-D NCAM nano-

fluidic interconnects as molecular gates (Flachsbart

et al. 2006) could be used to build lab on a chip (LoC)

devices with several stages for multiple unit opera-

tions on mass-limited samples.

Transport in metallic NCAMs

Continuously coated Au-NCAMs

Over the last decade there has been increased interest in

the use of metal-coated (particularly Au) membranes

as a means of extending the range of applications of

NCAMs. The motivation stems from the potential for

imparting multiple functionalities to the metal-coated

membranes: metal-mediated electrokinetic transport

in the nanocapillaries (Martin et al. 2001a, b; Lee and

Martin 2002; Chun et al. 2006; Buyukserin et al. 2007;

Piruska et al. 2008; Piruska et al. 2010a, b), Faradaic

electrochemistry (Contento et al. 2011), self-assembly

chemistry on coinage metals for specific surface

decoration (Chun and Stroeve 2002; Kohli et al.

2004; Huang and Yin 2006; Kim et al. 2007; Jagerszki

et al. 2007), and plasmonic behavior when the pores

form a translationally symmetric array. Furthermore,

these properties can be exploited by itself or in various

combinations, for example, using a plasmonic array to

sense the change in solution conditions upon carrying

out electron transfer reactions.

There are a number of approaches to realizing

metallic nanopores. As shown by Martin and co-

workers over a decade ago, electroless deposition of

thin Au films affords selective control over transport

of a range of molecular entities based on their size,

charge, and unique chemical properties. Starting from

either cylindrical or conical nanopore membranes,

simply varying the plating time during electroless

deposition enables reproducible fabrication of Au-

coated nanopores with varying internal diameters,

producing pores as small as several nm in optimal

cases (Martin et al. 2001a, b). Elegant experiments

using these structures as effective molecular sieves or

filters have been described. However, determinations

in complex mixtures frequently dictate that additional

molecular selection criteria, beyond size exclusion, be

employed.

Taking advantage of robust Au-thiol chemistry,

Au-coated nanopore surfaces can be functionalized

to effect selective passage based on molecular recog-

nition principles. For example, Huang et al. altered the

hydrophobicity within Au nanopores using either

cysteine or carbamidine terminated thiols to separate

tryptophan and vitamin B2 (Huang and Yin 2006). Au-

coated nanopores functionalized with DNA oligonu-

cleotides have been used to capture, and thus selec-

tively retard, complementary strands via DNA

hybridization (Jagerszki et al. 2007; Kohli et al.

2004). In addition, the behavior of thiol-terminated Au

nanopore modifiers can be conditionally controlled to

mediate molecular transport (Chun and Stroeve,

2002). Stroeve and co-workers controllably modu-

lated amino acid transport across Au-NCAMs by

varying pH and ionic strength of an electrolyte

solution within a nanopore to regulate the structure

of the double layer and the charge state of the analyte

(Ku et al. 2007).

Modulation of transport is by no means limited to

small molecules. Kim et al. immobilized Fab
0 frag-

ments of anti-insulin in an Au-NCAM using self-

assembly through the exposed disulfide. The resulting

affinity-NCAM was competent for molecular recog-

nition of its antigen, insulin, as shown by selective

release followed by MALDI mass spectrometry (Kim

et al. 2007). Finally, as a highly conductive metal, Au
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can also be electrostatically charged using an applied

potential (Martin et al. 2001a, b), as demonstrated by

the electromodulated transport of both small molecules

and proteins across Au-NCAMs (Buyukserin et al.

2007; Chun et al. 2006; Lee and Martin 2002). Figure 4

illustrates the strategy: the application of an appropri-

ate electrochemical potential to the Au-coated nano-

pore results in modulation of the surface density of

oppositely charged surfactant molecules, which in turn

retard transport of hydrophobic molecules by a mobile-

stationary phase partitioning mechanism. Taken

together, just this small collection of examples shows

how these versatile structures can mimic the behavior

of electrophoretic, affinity, and partitioning-based

separations used routinely in larger-scale structures.

Partially coated Au-NCAMs

In the previous section, several techniques that have

been employed to selectively modulate the diffusive

transport of specific molecules across fully coated Au-

NCAMs were discussed, but there is a compelling

technological motivation for introducing convective

transport, in order to significantly improve throughput.

However, hydrodynamic strategies employing pres-

sure-driven flow are undesirable for portable applica-

tions and are unworkable for pores in the sub-500 nm

diameter range, in any case. Furthermore, electroki-

netic pumping is limited in continuously coated Au-

NCAMs, because the electric fields established by

external potentials across these structures are severely

distorted by continuous Au layers, thus obviating

electrically-controlled transport across these mem-

branes (Piruska et al. 2008). However, NCAMs

featuring a thin embedded Au layer are capable of

facilitating electrokinetic transport with efficiencies

comparable to that of all-dielectric NCAMs (Piruska

et al. 2010a, b). Fortunately, NCAM pore dimensions

favor rapid EOF driven by applied potentials at the

embedded metallic layer of*1 V. Although, injection

efficiency across asymmetric NCAMs depends on the

orientation of the asymmetric membrane relative to the

driving potential, with efficient injections being

enabled when the Au coating is on the receiving side

of the membrane, reproducible high-quality electroki-

netic transport is also achieved in symmetric Au-

NCAMs having an embedded gold nanoband region

within the nanopores. In addition, embedded Au-layers

may serve as working electrodes to drive electrochem-

ical reactions. For example, Contento et al. (2011)

reduced water to generate H2 at nanochannel-embed-

ded electrodes, the hydrogen then being transported by

induced electroosmotic flow downstream where it

is available for catalytic hydrogenation reactions.

Figure 5 depicts the electrochemical generation of H2

and subsequent transport in planar nanochannels. The

abilities discussed here to modulate transport in

metallic NCAMs based on molecular recognition and

to carry out reactive processing emphasize the fact that

nanoband Au-NCAMs are excellent candidates for a

range of applications, including high-efficiency elec-

trochemical sensing, electrochemically catalyzed con-

version, or pretreatment and label free sensing utilizing

extraordinary optical transmission based plasmonic

responses.

Fig. 4 Surfactant/double layer charging approach for electro-

modulating neutral molecule transport in Au-NCAMs. Repro-

duced with permission, (Lee and Martin 2002). Copyright 2002

American Chemical Society

Fig. 5 Generation of H2 within nanochannel arrays at working

electrode (WE), evidenced by an increase in fluorescein

indicator fluorescence caused by the rise in pH, and electroos-

motic transport downstream (left to right) by electric field

established between the embedded working and quasi-reference

(QRE) electrodes. Reproduced from (Contento et al. 2011), by

permission of The Royal Society of Chemistry
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Applications

Transport through nanostructures has allowed many

interesting and innovative applications such as fluidic

transistors and diodes, rapid fluid injections, high-

throughput reactions, separations, sample mixing,

sample concentrating, filtering and sieving, and

molecular gating as discussed in detail below. Several

of these unit operations can be combined on a single

platform to create a micro-total analysis (l-TAS)

system or LoC.

Fundamental studies

NCAMs have been used since the early 1990s to

conduct a variety of studies for probing fundamentals

of confined nanofluidic transport. Such studies were

enabled by the relatively monodisperse pore size

distribution achieved during the alpha particle track-

ing and subsequent etching to make the NCAMs.

Initial studies evaluated perm selectivity of ionic

species due to surface charge shielding as a function of

Debye length (Kemery et al. 1998; Kuo et al. 2001;

Nishizawa et al. 1995; Lee and Martin 2002; Jirage

et al. 1999; Martin et al. 2001a, b; Hulteen et al. 1998).

In the last 5 years or so, as the overall knowledge base

for nanofluidic transport phenomena has grown,

NCAMs have been integrated within model systems

to predict geometry of nanocapillaries using imped-

ance measurements (Vitarelli et al. 2011), to study

redox activity of surface functional groups and

enhanced transport through nanopores using cyclic

voltammetry (CV) (Perera and Ito 2010), and also for

studies of electric field mediated wetting phenomena

(Powell et al. 2011).

Sample injection/separation

An NCAM sandwiched between two microfluidic

channels can be used to electrokinetically inject

samples from a source microchannel to a separation

microchannel, where electrophoretic separations are

performed (see Fig. 3b). Initially a potential is applied

across the separation channel with the waste reservoir

of the separation channel grounded. During this step

the source channel is allowed to float. A picoliter

volume from the source side is injected through the

NCAM by applying equal potential to either side of the

source channel and grounding the waste reservoir of

the separation channel. This results in the injection of a

well-defined sample plug into the separation channel.

Injection times are short, typically a few hundred ms.

Electrophoretic separation is then performed on the

sample plug before another sample injection (Cannon

et al. 2003). This design can also be adapted for sample

collection. If a third channel is added and separated by

an NCAM from the separation channel, following

injection the sample plug can be transferred down the

separation channel by electroosmosis and then col-

lected in the third channel by applying an equal bias to

both reservoirs of the separation channel and ground-

ing the collection channel (Kuo et al. 2003a, b). These

studies illustrate the ability to manipulate flows of

mass-limited samples (Shannon et al. 2005; Tulock

et al. 2004). The transport of target molecules through

NCAMs can be controlled by ionic strength, magni-

tude, and polarity of the applied potential, pore size,

and surface chemistry (i.e., surface charge density and

surface energy). NCAMs allow for electrically-con-

trolled valving and rapid sample injections (Wernette

et al. 2006; Gong et al. 2008a, b; Wang et al. 2009)

with high-sample plug reproducibility, and separation

resolution, and reproducibility approaching 1 % for

some studies (Cannon et al. 2003). Following the

success of these initial demonstrations of molecular

gates, new planar microchannel–nanochannel hybrid

devices have been developed that allow for controlled

dosing of a variety of transfection agents to single cells

through electroporation at the microchannel–nano-

channel interface (Boukany et al. 2011) with potential

applications in high-throughput drug delivery.

Similar injection/collection strategies have been

implemented to perform two-stage sample separation.

The first stage is electrophoretic separation based on

electrophoretic mobilities of varying species, while

the second stage involving chiral amino acid mixture

separation is achieved through micellar electrokinetic

chromatography with a chiral selector. Separation

depends critically on injection and collection capabil-

ities in the device. Such separations are important to

biochemical studies that require the separation of

complex mixtures of analytes with orthogonal sepa-

ration principles (Kim et al. 2009).

Sieving/filtration

Nanoscale structures such as nanopores and nano-

channels allow for the fabrication of molecular filters
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of sieves since the size of many biomolecules is on the

same order as the characteristic size of these structures

themselves. Transport through pores is affected by

steric hindrance or exclusion due to molecular

entropy, hydrodynamic hindrance, caused by viscous

forces associated with the walls of the pores, and

charge interactions between the molecule and the

surface of the nanopore or nanochannel. Molecules

that are larger than the size of the pores themselves can

be electrically driven through the pore forcing the

molecules to change their shape and conformation.

Pore/channel size, surface chemistry (i.e., charge),

applied potentials, and multi-step filtrations with

different membranes can be used to perform highly

efficient separations (Yan et al. 2009; Karnik et al.

2006). Furthermore, methods for active manipulation

of the pore geometry using stimulus-responsive poly-

mers, through temperature-mediated shape changes in

polymer brushes (Lokuge et al. 2007) and pressure-

induced insertion of ion-channels in lipid bilayers

(Schibel et al. 2011), have been demonstrated that

permit actively-controlled size-selective transport

across NCAMs.

Rapid reagent mixing

Incorporating NCAMs into microfluidic structures

affords a highly tunable, nanoscale pathway for the

transport of molecules from one chemical environ-

ment to another (Fa et al. 2005). Typically 5–50 lm

thick, NCAMs support rapid electroosmotic flow with

relatively low-electrical potentials. Under such con-

ditions linear velocities of order *1 mm s-1 can be

achieved across the nanopore. In addition, permitting

the digital switching of fluid packets across the

nanopores, and coupling of rapid flow in the nanopores

to the microfluidic channels feeding those results in

advantageous mixing behavior, as well. In general,

electrokinetic transport in microfluidic channels

occurs at low Reynolds number (10-3–10-2), and as

a result, mixing of molecular entities across stream-

lines relies on Fickian diffusion. However, nanochan-

nel mediated electroosmotic flow encourages

convective mixing at the micro/nanochannel junction,

as demonstrated by effective mixing within 3D

structures comprised of orthogonal microfluidic chan-

nels surrounding a polymeric NCAM (Kuo et al.

2004). This strategy has been successfully used for

injecting Ca2? into a channel containing a fluorogenic

Ca2? probe or molecular beacon action by introducing

Pb2? into a channel containing a DNA aptazyme,

which is quenched in its native state but unquenched

after analyte-mediated dehybridization (Chang et al.

2005). Similarly, large biomolecules, such as enzymes

suspended in a microfluidic channel can be electroki-

netically injected across an NCAM into an orthogonal

microchannel containing the substrate, where the two

entities convectively mix and react at the nanopore/

microchannel junction (Gong et al. 2008a, b). These

operations, which exploit the rapid response to control

signal for electrokinetic transport and rapid mixing,

mimic the behavior of stopped-flow reactors, but on

volumes that are orders of magnitude smaller than

bench-top stopped-flow instruments.

Analyte pre-concentration

NCAMs integrated into microfluidic devices can be

used to pre-concentrate the sample before injecting it

through the NCAM. In one demonstration, fluorescein,

a negatively charged dye, was combined with a buffer

solution. A positive potential was applied to the source

side of the device while the receiving side (other side

of NCAM) was grounded. The fluorescein dye was

repelled away from the positive electrode and col-

lected on the source side of the NCAM. The surface of

the NCAM was positively charged corresponding to

negative mobile counter-ions in the pores. This

prevented fluorescein from simply passing through

the pore for the initial voltage configuration. The dye

collected near the NCAM after 40 min was 300 times

the initial concentration of the fluorescein for both

1 lM or 0.1 lM initial concentrations, indicating that

the concentration was independent of the repulsive

forces between the fluorescein molecules (Zhang and

Timperman 2003). When the bias was reversed, the

pre-concentrated sample was transported through the

NCAM to the receiving side. Pre-concentration has

applications in biochemical studies where small

amounts of biomolecules can be pre-concentrated

before detection, allowing lower detection limits.

Studies have used techniques based on pre-concentra-

tion in a T-shaped device for pre-concentration of

DNA (Khandurina et al. 1999).

One interesting phenomenon that takes place at the

micro-nanochannel interface is that of concentration

polarization, with one end being enriched and the other

depleted for a given species (Piruska et al. 2010a, b).
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Gradients in ionic concentration cause added imped-

ance to solute rejection, and the resulting concentration

polarization serves as a limiting factor for water flux

through reverse osmosis membranes. Bio-inspired

systems are envisaged for energetically favorable

pumping of hydrated ions through membranes by

modulating pore potentials (Shannon et al. 2008). The

phenomenon of concentration polarization, in combi-

nation with pressure-driven flow, has also been used to

create ion and particle depletion zones around mem-

branes to develop devices for water desalination (Kim

et al. 2010). Similar strategies exploiting the space-

charge region at the microfluidic-nanofluidic interface

have shown concentration polarization factors in

excess of 106 (Wang et al. 2005).

Improved enzyme reaction kinetics

With pore dimensions as small as several nanometers,

the fluid transport properties of NCAMs differ consid-

erably from those in microfluidic structures. In partic-

ular, lateral (radial) diffusion can efficiently deliver

molecules from the center of the channel to the walls at

the nanoscale and, thus, can effectively be combined

with electrokinetically-driven axial flow. Applications

employing nanochannel-immobilized enzymes are

particularly attractive. With relatively short distances

for substrates to traverse, it is expected that they will

encounter surface-bound enzymes many times during

transit through the nanochannel, thereby rendering

enzyme kinetics within confined geometries superior

to those in bulk solution (Dhathathreyan 2011).

Figure 6 illustrates the immobilization of the enzyme,

invertase, onto a nanoporous membrane for the con-

version of sucrose into glucose and fructose. The flow

cell device used in this study not only exhibits a higher

rate of enzyme/substrate interaction than in bulk

(Bowski et al. 1971), but also requires a lower substrate

concentration for product detection. In another study,

reaction–diffusion modeling was combined with mea-

surements of enzymatic reaction velocities during

injection-relaxation cycles across an NCAM to show

that the enzymatic activity of immobilized horseradish

peroxidase in NCAMs is up to 102 times higher than in

free solution (Wang et al. 2009). Most notably,

electrokinetic transport in NCAMs affords rapid

convective delivery of substrates to active sites to

improve turnover of mass transport limited enzymatic

reactions. Thus, enzyme-functionalized NCAMs uti-

lized within microfluidic devices, as described above,

show great promise for in situ generation of biological

reagents for downstream reactions.

Sensors

There is a growing interest in portable detection devices

that can perform complete measurements including

sample manipulation and detection in a matter of

minutes using increasingly smaller sample volumes

approaching the picoliter or smaller sample volumes,

especially for point-of-use applications. Nanopores and

nanofluidic devices allow for manipulation of such

small sample volumes. Several sensors based on

nanopores have been developed, for example one for

hydrogen peroxide (Ali et al. 2011). Furthermore, a

transducer can be integrated directly into a nanofluidic

Fig. 6 Flow cell to monitor real-time production of glucose and

fructose. Substrate (sucrose) is introduced convectively to

nanoporous anodic alumina featuring immobilized invertase

from left to right. Sucrose/invertase interaction is monitored by

surface plasmon resonance (SPR) measurement. Reproduced

with permission, (Dhathathreyan 2011). Copyright 2011 Amer-

ican Chemical Society
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device, for the detection of either biomolecules such as

proteins and nucleic acids or heavy metal contaminants

in water (Prakash et al. 2012a, b). A further demon-

stration of the utility of carrying out molecular recog-

nition reactions in nanopores utilizes the catalytic DNA

molecular beacon introduced above. Catalytic DNA

molecules, or DNAzymes, facilitate multiple turnover

reactions (Lu and Liu 2006), but in this chemical

sensing application the enzyme strand facilitates

recognition of the analyte that occurs on the comple-

mentary substrate strand. Figure 7 illustrates the oper-

ating principle, in which Pb2?-mediated cleavage of

DNA leads to the release of the FAM conjugate.

FAM fluorescence, originally quenched by Dabcyl, is

enhanced by orders of magnitude upon dehybridization.

Recognition reactions are most frequently implemented

as homogeneous reactions, however it was discovered

that immobilization of DNAzymes within NCAMs

greatly enhanced sensitivity and lowered limits of

detection—a promising strategy for biosensing appli-

cations (Adiga et al. 2009). In addition to the potential

in vivo detectors, DNAzyme functionalized NCAMs

have been incorporated into microfluidic devices for

real-time detection of harmful toxins (Chang et al.

2005; Wernette et al. 2006).

Fluidic transistors and diodes

Nanofluidic channels and nanopores allow for ion

transport manipulation that parallels electronic

devices such as field effect transistors (FETs) (Nam

et al. 2009) and diodes (Yan et al. 2009). The ability to

control charge movement is due to the fact that the

characteristic length of the channel is on the same

order as the size of the EDL. An applied potential

across the length of a channel drives an electroos-

motic flow. A perpendicular electric field is created by

controlling the surface charge through a third elec-

trode on the channel wall. The magnitude of this

electric field serves to increase, decrease or even

reverse the EOF velocity (Karnik et al. 2005;

Schasfoort et al. 1999; Kuo et al. 2003a, b). These

devices are known as flow FETs. Such devices have

been used for selective protein transport allowing for

manipulation of biomolecules in picoliter size samples

(Karnik et al. 2006). A nanofluidic channel that has a

surface charge of equivalent magnitude but opposite

polarity on the left and right halves of the channel can

serve as a fluidic diode, allowing electrolyte to pass

under forward bias but blocking flow during reverse

bias as long as the double layers do not overlap

(Daiguji et al. 2005; Vlassiouk and Siwy 2007).

Recently, tunable transport characteristics and diode-

behavior have been demonstrated in NCAMs through

induced charge inversion (He et al. 2009) and

electrostatic gating (Pardon and van der Wijngaart

2011).

Summary

Nanofluidic systems that combine NCAMs and micro-

fluidic elements benefit from physical phenomena

interacting on multiple length scales. NCAMs with

microfluidics exploit the role of surface properties

and geometric characteristics that govern physical

phenomena, such as molecular diffusion and electro-

static forces, and electrokinetic effects arising from

their coupling with physical device dimensions. While

ongoing fundamental studies continue to refine the

Fig. 7 Sensing using dehybridization reactions of DNAzyme

immobilized inside NCAMs. FAM fluorescence from the

substrate is initially suppressed by Dabcyl quencher on the

enzyme. Cleavage of DNA in the presence of Pb2? releases

fluorescent product for subsequent detection. Reproduced with

permission, (Chang et al. 2005). Copyright 2005 American

Chemical Society
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state-of-art in understanding nanofluidic transport, our

growing ability to create well-defined periodic nano-

meter scale capillary arrays, define their surface

functionality, and address them in ways to separate

diverse chemical environments and control fluidic

communication between them have enabled experi-

ments using NCAMs to mimic biological membrane

processes. Advancements from the last decade have

brought us a step closer to realizing systems capable of

manipulating molecules one-by-one, thus affording

processes of extraordinary power for chemical sens-

ing, analysis, separation, and energy conversion.
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Abstract In this article, we describe the synthesis of

new and ion-selective nanofiltration (NF) membranes

using polyvinylidene fluoride (PVDF) nanofibers and

hyperbranched polyethylenimine (PEI) as building

blocks. These new nanofibrous composite (NFC) mem-

branes consist of crosslinked hyperbranched PEI net-

works supported by PVDF nanofibrous scaffolds that are

electrospun onto commercial PVDF microfiltration

(MF) membranes. A major objective of our study was

to fabricate positively charged NF membranes that can

be operated at low pressure with high water flux and

improved rejection for monovalent cations. To achieve

this, we investigated the effects of crosslinker chemistry

on membrane properties (morphology, composition,

hydrophobicity, and zeta potential) and membrane

performance (salt rejection and permeate flux) in

aqueous solutions (2,000 mg/L) of four salts (NaCl,

MgCl2, Na2SO4, and MgSO4) at pH 4, 6, and 8. We

found that an NFC–PVDF membrane with a network of

PEI macromolecules crosslinked with trimesoyl chloride

has a high water flux (*30 L m-2 h-1) and high

rejections for MgCl2 (*88 %) and NaCl (*65 %) at pH

6 using a pressure of 7 bar. The overall results of our

study suggest that PVDF nanofibers and hyperbranched

PEI are promising building blocks for the fabrication of

high performance NF membranes for water purification.
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Introduction

The availability of clean water has emerged as one of

the most critical problems facing society and the

global economy in the twenty-first century. Many

regions of the world are already experiencing higher

demands for clean water while freshwater supplies are

being stressed (Service 2006; Shannon et al. 2008).

According to the World Resources Institute, 40 % of

the world’s population lives in water-stressed areas.

The United Nations Environment Program (UNEP)

predicts that freshwater will be scarcer in many

regions of the world by 2030 (UNEP 2006). The

problem will get much worse unless we develop more

efficient, cost-effective and environmentally sound

technologies to extract clean water from impaired

water including wastewater, brackish water, and

seawater (Shannon et al. 2008; Diallo and Brinker

2011). Pressure-driven membrane processes such as

reverse osmosis (RO), nanofiltration (NF), ultrafiltra-

tion (UF), and microfiltration (MF) have become the

key components of advanced water reuse and desali-

nation systems throughout the world. RO is considered

as the best commercially available desalination tech-

nology (Shannon et al. 2008; Elimelech and Philipp

2011). In RO, a high pressure is applied to force saline

water through a semi-permeable membrane that

retains salts (e.g., dissolved ions) while allowing the

pure water to pass through the membrane. Due to its

lower pressure requirements, NF is increasingly being

used as alternative to RO in water softening and water

reclamation (Schäefer et al. 2005). Today, the vast

majority of commercial NF membranes are thin film

composite (TFC) membranes with three components

(Schäefer et al. 2005): (1) a nonwoven polymeric

support [polyethylene terephthalate], (2) a micropo-

rous polymeric support [polysulfone], and (3) a thin

separation layer consisting of crosslinked polyamide

(PA). Commercial TFC-PA NF membranes have

small pores (0.5–1.5 nm) and are negatively charged

(Schäefer et al. 2005). Because of this, their

mechanisms of ion rejection include (i) size exclusion,

(ii) Donnan exclusion, and (iii) dielectric exclusion

(Vezzani and Bandini 2002; Escoda et al. 2010; Déon

et al. 2011). Although TFC-PA NF membranes are

effective in most cases at retaining ([95 %) divalent

anions (e.g., SO4
2- and PO4

3-), they have limited

retention capability for monovalent anions (e.g., Cl-)

and cations (e.g., Na?) (Schäefer et al. 2005). Thus,

there is great need for novel, low pressure and robust

NF membranes with enhanced rejection capability for

monovalent cations/anions.

Recent advances in nanotechnology such as the

fabrication of polymeric nanofibers (PNFs) by elec-

trospinning (ES) are providing unprecedented oppor-

tunities to develop a new generation of high

performance filtration media and membranes for water

purification (Ramakrishina et al. 2005; Yoon et al.

2008). During the last decade, ES has emerged as a

versatile technique for synthesizing a broad range of

nanofibers including PNFs, inorganic nanofibers, and

hybrid polymeric–inorganic nanofibers (Ramakrish-

ina et al. 2005). With ES, polymeric fibers with

diameters ranging from 10–100 nm to 1–10 lm can be

produced. Electrospun PNFs have several unique

characteristics such as large surface area to unit

volume, large porosity (up to over 80 %), and versatile

chemistry. Several investigators have begun exploit-

ing these unique properties of electrospun PNFs to

develop novel MF, UF, and NF membranes for water

purification. Gopal et al. (2006) have reported the

synthesis of electrospun nanofibrous membranes using

polyvinylidene fluoride (PVDF) and polysulfone as

base polymers. They showed that these new MF

membranes could reject more than 90 % of polysty-

rene (PS) microparticles (5, 7, 8, and 10 lm in

diameter) in solution with high water flux and no

significant fouling using a transmembrane pressure of

*0.5 bar. Wang et al. (2005) have reported the

fabrication of a new UF membrane consisting of a thin

layer of crosslinked poly(vinyl alcohol) nanofibers

that were electrospun onto an electrospun polyacrylo-

nitrile (PAN) nanofibrous substrate. Their filtration

experiments showed that the new thin film nanofibrous

composite (TFNC) UF membrane could separate a

model soybean oil–water emulsion with high rejection

(99.5 %) and high water flux (210 L m-2 h-1) using a

pressure of 3 bar. Yoon et al. (2009) have fabricated a

new TFNC NF membrane consisting of an electrospun

PAN nanofibrous support with a PA layer that was
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synthesized by interfacial polymerization of pipera-

zine and bipiperidine. They evaluated the performance

of the new membrane using cross-flow filtration of

aqueous solutions of MgSO4 (2,000 mg/L) at a

pressure of 4.8 bar. Yoon et al. (2009) reported that

the MgSO4 rejection (*98 %) of their new TFNFC

membrane was comparable to that of the commercial

NF270 TFC NF membrane from DOW-FILMTEC
TM

.

However, its permeate flux was 38 % higher than that

of the NF270 membrane.

Despite these promising results, a great deal of

fundamental research remains to be done to advance the

basic science and engineering knowledge needed to

fabricate viable NF membranes using electrospun PNFs

as building blocks (Yoon et al. 2008). A key challenge

includes the identification and selection of PNFs with

the robust chemical, thermal and mechanical properties

and the versatile chemistry required to fabricate high

performance NF membranes for water treatment, reuse,

and desalination. In this article, we describe the

preparation of novel nanofibrous composite (NFC)

membranes using PVDF and hyperbranched polyethy-

lenimine (PEI) as building blocks. These new NFC–

PVDF–PEI membranes consist of crosslinked hyper-

branched PEI networks supported by PVDF nanofi-

brous scaffolds that are electrospun onto commercial

PVDF MF membrane supports (Fig. 1). A key driver of

our study was to fabricate positively charged NF

membranes with high water flux and improved rejec-

tion for monovalent cations. Such membranes are

needed to expand the applicability of NF to the

treatment/reclamation of acid mine drainage and

industrial wastewater contaminated by toxic metal ions

(e.g., Cu2?, Zn2?, and Pb2?) and cationic organic

compounds (e.g., dye and biopharmaceuticals) (Cheng

et al. 2011; Ji et al. 2011; Sun et al. 2011; Ba et al. 2009).

In our efforts to develop low pressure, ion selective and

positively charged NFC membranes, we investigated

the effects of crosslinker chemistry on membrane

properties (morphology, composition, hydrophobicity,

and zeta potential) and membrane performance (salt

rejection and permeate flux). Three crosslinkers were

evaluated including trimesoyl chloride (TMC), 1,3-

dibromo propane (DBP), and epichlorohydrin (ECH).

Four salts (NaCl, MgCl2, Na2SO4, and MgSO4) were

tested. The overall results of our study suggest that

PVDF nanofibers and hyperbranched PEI are promis-

ing building blocks for the fabrication of high perfor-

mance NF membranes for water purification.

Experimental methods and procedures

Materials

PVDF MF membrane supports (0.45 lm pore size)

were purchased from Millipore (USA). PVDF powder

(Kynar 761) was provided by Arkema (USA). Hyper-

branched PEI [Mw: 25,000 and Mn: 10,000] was

provided by BASF (Germany). Dimethylformamide

(DMF), n-methyl-2-pyrrolidone (NMP), TMC, 1,3-

DBP, and ECH were purchased from Sigma-Aldrich.

Analytical grade NaCl, MgCl2, Na2SO4, and MgSO4

were purchased from Samchon Chemicals (Korea).

All chemicals were used as received. Deionized (DI)

water (18.2 MX cm resistivity) was used to rinse the

membranes and prepare the salt solutions.

Nanofiber and membrane synthesis

We utilized blends of PVDF ? PEI to spin the

nanofibrous scaffolds of the NFC–PVDF–PEI mem-

branes. A typical polymer blend was prepared by

dissolving PVDF (18.5 wt%) and PEI (2.5 wt%) in a

mixture of DMF and NMP (1:1 w/w). The mixture

was sonicated for 4 h to obtain a homogeneous PVDF/

PEI solution. A NANON-01A ES machine (MECC,

Japan) was employed to spin the PVDF nanofibrous

scaffold of each membrane. The PVDF MF support

was first mounted on the NANON-01A drum collec-

tor. Following this, the PVDF/PEI blend was electro-

spun onto the PVDF membrane support using a

solution flow rate of 0.7 mL/h and a voltage of 29 kV.

During the ES process, the distance between the

needle and the collector drum was kept constant at

7.5 cm. The speed of the collector was also kept

constant 500 rpm. After the completion of the ES

process, 1.0 mL of a solution of hyperbranched PEI in

methanol (50 wt%) was electrosprayed onto the

electrospun nanofibrous PVDF membranes using a

solution flow rate 0.3 mL/h, a voltage of 29 kV, a

needle to collector distance of 7.5 cm, and a collector

speed of 2,500 rpm. Table 1 shows the process

parameters used to (i) spin the PVDF nanofibers and

(ii) spray them with PEI. Following electrospraying,

the PEI-coated PVDF nanofibrous scaffolds were

reacted with the crosslinkers to generate three differ-

ent types of membranes (Fig. 1). To synthesize the

NFC–PVDF–PEI-1 membranes, the PEI-coated nano-

fibrous scaffolds were reacted with a solution of TMC
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in toluene (1 % w/v) in a glass vessel at room

temperature for 5 min (Fig. 1). Similarly, the NFC–

PVDF–PEI-2 and NFC–PVDF–PEI-3 membranes

were synthesized by reacting the PEI-coated PVDF

nanofibrous scaffolds, respectively, with 20 wt%

solutions of 1,3-DBP and ECH in toluene for 1 h at

Fig. 1 Schematic diagram

of the fabrication of

nanofibrous composite

(NFC–PVDF–PEI)

membranes with PVDF

microporous support, PVDF

nanofibrous scaffolds, and

crosslinked PEI networks
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45 �C. Following this, the membranes were rinsed

three times with DI water and stored in DI water at

room temperature.

Nanofiber and membrane characterization

The morphology, chemical composition, hydropho-

bicity, and zeta potential of the PVDF nanofibers and

NFC–PVDF–PEI membranes were characterized

using various analytical tools. The cross-sectional

and surface morphologies of the nanofibers and

membranes were imaged using a field emission

scanning electron microscope (FESEM, FEI, SIRI-

ON-100, USA). Before imaging, all samples were

coated with gold at 30 mA for 120 s to minimize the

charging effect. To obtain the FESEM images, the

membranes were frozen and fractured following

immersion in liquid nitrogen. The SEM images were

subsequently analyzed to estimate the thickness of the

membrane surface layers using the ImageJ software

(Abramoff et al. 2004). The compositions of the

surface layers of the NFC–PVDF–PEI membranes

were characterized by attenuated total reflectance-

Fourier transform infrared spectroscopy (ATR-FTIR)

using a JASCO 4100 FT-IR spectrometer (Japan). All

samples were scanned from 500 to 4000 cm-1 with a

scanning speed of 2 mm/s using a zinc selenide ATR

crystal plate with an aperture angle of 45�. The

hydrophobicity of each NFC–PVDF–PEI membrane

was determined from contact angle measurements

using a Phoenix 300 contact angle analyzer (SEO

cooperation, Korea). A microsyringe was utilized to

place a water droplet on the surface of each membrane.

After 30 s, the image was captured and analyzed using

the instrument’s image processing software. Each

reported contact angle is the average of 10 different

measurements. The zeta potentials of the membranes

were determined using the electrophoresis method

(Shim et al. 2002). This involves measuring the

electrophoretic mobility of monitoring particles inside

an electrophoresis chamber consisting of a membrane

and quartz cells (Shim et al. 2002). Due to the sorption

and accumulation of ions at the surface of the

membranes, an electro-osmotic flow occurs inside

the electrophoresis chamber. This induced electro-

osmotic flow causes the particles to undergo electro-

phoretic flow (Shim et al. 2002). An ELS-8000

electrophoretic light scattering spectrophotometer

with a plate quartz cell (Otsuka Electronics, Japan)

was employed to measure the electrophoretic mobility

of the monitoring particles in 0.01 M KCl solutions as

a function of pH. The monitoring particles consisted of

PS latex particles (Otsuka Electronics, Japan) with a

hydroxy propyl cellulose surface coating and diameter

of 520 nm. The PS particles were dispersed in 0.01 N

KCl solutions. The pH of the KCl solutions was

adjusted with 0.1 N HCl or KOH as needed. The

measured electrophoretic mobilities (U) [cm2/(V s)]

were employed to calculate the zeta potentials (fEP)

(mV) of the membranes using the Smoluchowski

equation as given below (Shim et al. 2002):

fEP ¼ 4pgU=ere0 ð1Þ

where g is the liquid viscosity (0.89 9 10-3 Pa s), er

is the relative permittivity of liquid (78.38), and e0 is

the vacuum permittivity (8.854 9 10-12 s m-1).

Filtration experiments

A costume-built cross-flow filtration system with an

effective membrane area of 24 cm2 was employed to

measure the salt rejection and permeate flux of each

NFC–PVDF–PEI membrane. During each filtration

Table 1 List of electrospinning and electrospraying process

parameters

Process

parameters

Electrospinning Electrospraying

Concentration

of polymer

solution

18.5 % (w/w) PVDF and

2.5 % (w/w) PEI in a

mixture (5:5 w/w) of

DMF and NMP

Hyperbranched

PEI (50 % w/w)

in methanol

Amount of

polymer

solution

(mL)

6 1

Solution flow

rate (mL/h)

0.7 0.3

Applied

voltage (kV)

29 29

Needle

diameter

(mm)

0.394 0.394

Needle

collector

distance

(cm)

7.5 7.5

Drum

collector

speed (rpm)

500 2,500
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experiment, we used a feed solution of 10 L with a salt

concentration of 2,000 mg/L. The pH of the feed

solution was adjusted with a solution of 0.1 N HCl or

0.1 N NaOH as needed. All filtration experiments

were carried out at room temperature and at a constant

pressure of 7.0 bar. The salt rejection (R) of each

membrane was assayed by electric conductivity mea-

surements. R was expressed as:

R ¼ 1� Cp=Cf

� �
� 100 ð2Þ

where Cf and Cp are, respectively, the conductivity of

the feed and permeate solutions. The permeate flux [J]

(L m-2 h-1) at time t through each membrane was

expressed as:

J ¼ Vp= A� Dtð Þ ð3Þ

where Vp is the volume of permeate (L) collected

during the sampling time Dt (h) and A is the effective

membrane (m2).

Results and discussion

Nanofiber synthesis and characterization

Hyperbranched PEI and PVDF were utilized, respec-

tively, as building blocks for the ion-selective

networks, nanofiborous scaffolds, and microporous

supports of our new NFC membranes (Fig. 1). Due its

high density of reactive amine groups and ready

availability from commercial sources (Frechet et al.

2010; Diallo and Yu 2011), hyperbranched PEI is a

versatile building block for preparing ion-selective

thin films and networks. Recent studies have shown

that hyperbranched PEI can be used to synthesize NF

membranes with positively charged separation layers

(Ba et al. 2009; Chiang et al. 2009; Sun et al. 2011).

The selection of PVDF as base polymer to fabricate

the nanofibrous scaffolds and microporous supports of

the NFC membranes was motivated by two key

considerations. First, PVDF is widely used as base

polymer in the fabrication of commercial UF/MF

membrane because of its high thermal/chemical

resistance and tensile strength (Oh et al. 2009; Choi

et al. 2011). Second, PVDF is soluble in a broad range

of solvents including DMF, NMP, and dimethyl

acetamide (DMAc) (Gopal et al. 2006; Choi et al.

2011). This provides many degrees of freedom for

optimizing the properties of the microporous supports

and nanofibrous scaffolds of our new NFC membranes

(Fig. 1) by selecting the appropriate synthesis condi-

tions. However, proteins and other hydrophobic

macromolecular assemblies present in water/waste-

water can easily foul PVDF membranes due to their

hydrophobicity. Compared to membrane surface

treatment methods such as chemical oxidation,

plasma treatment and polymer grafting (Strathmann

2011), blending hydrophobic polymers such as PVDF

with more hydrophilic polymers is versatile and easy

to implement method for decreasing the hydropho-

bicity of polymeric membranes (Mansouri et al.

2010). Because hyperbranched PEI and PVDF are

both soluble in DMF and NMP, we utilized blends of

PVDF (18.5 wt%) and PEI (2.5 wt%) to synthesize

the nanofibrous scaffolds of the NFC–PVDF–PEI

membranes (Fig. 1). The blends were prepared by

dissolving the required amounts of PVDF and PEI in

mixtures of DMF and NMP (1:1 w/w). Consistent with

literature data (Ramakrishina et al. 2005), we found

that the average diameter (155.8 ± 44.4 nm) of PVDF

nanofibers electrospun using mixtures DMF/NMP (1:1

w/w) was larger than that of the corresponding PVDF

Fig. 2 Electrospun nanofiber from polymer solution dissolved in a DMF solvent and b NMP/DMF mixed solvent
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nanofibers (81.4 ± 21.4 nm) that were prepared using

pure DMF (Fig. 2).

The utilization of mixtures of as ES solvents

provides several advantages (Ramakrishina et al.

2005; Yung et al. 2010). First, this can eliminate the

formation of beaded nanofibers (Ramakrishina et al.

2005). Beads are defects that are formed during the ES

of PNFs when low viscosity solvents are utilized to

dissolve the base polymers (Ramakrishina et al. 2005).

In NFC membranes, beaded nanofibers decrease the

membrane porosity and interrupt the flow of water

through the membrane nanofibrous scaffolds (Rama-

krishina et al. 2005). Note that the viscosity of NMP

(1.7 cps) is larger than that of DMF (0.9 cps).

Consistent with the observations of Ramakrishina

et al. (2005), we have found the use of pure DMF as

spinning solvent resulted in the formation of beaded

PVDF nanofibers (Fig. 2a). In contrast, no beaded

nanofibers were observed when mixtures of DMF and

NMP (1:1 w/w) were utilized as spinning solvents

(Fig. 2b). Second, the use of mixtures as spinning

solvents can also increase both the adhesion/tensile

strength of PNFs as well as the strength of their

adhesion to nonwoven microporous supports. Yung

et al. (2010) have investigated the adhesion/tensile

strength of PNFs and their delamination from nonwo-

wen microporous polymeric supports. They reported

that the adhesion between poly(ethersulfone) (PES)

nanofibrous layers and a nonwoven poly(ethylene

terephthalate) (PET) microporous support was stron-

ger when the base PES polymer was dissolved in

mixtures of DMF and NMP (6:4 w/w). We have also

found that the use of mixtures of DMF and NMP

increases the adhesion strength of PVDF nanofibers to

PVDF microporous supports. Consistent with the

observations of Yung et al. (2010), we have found

the use of pure DMF as spinning solvent resulted in the

formation of PVDF nanofibrous scaffolds that are

easily peeled off by hand from the PVDF microporous

supports. In contrast, none of the PVDF nanofibrous

scaffolds could be peeled off by hand from their

supports when the fibers were electrospun using

mixtures of DMF and NMP (1:1 w/w).

Membrane synthesis and characterization

To fabricate our new ion-selective NFC membranes

(Fig. 1), we first employed electrospraying to deposit

films of hyperbranched PEI onto PVDF nanofibrous

scaffolds that were electrospun onto commercial

PVDF MF membrane supports using 1:1 w/w mixtures

of DMF ? NMP. Electrospraying has emerged as a

versatile technique for depositing films onto a broad

range of substrates including polymeric membranes

(Jaworek and Sobczyk 2008). These films can be

deposited from solutions or suspensions of micro-

particles/nanoparticles with controlled thickness rang-

ing from 10 nm to 100 lm. Rosso et al. (2008) have

successfully combined ES with electrospraying to

fabricate novel catalytic membranes consisting of

polysulfone nanofibrous scaffolds with embedded

TiO2 nanoparticles. Table 1 shows the process param-

eters used to spray the PVDF nanofibrous scaffolds

with hyperbranched PEI. Based on SEM images (data

not shown), we found that we can fully cover the

surfaces of the PVDF nanofibrous scaffolds by spray-

ing them with 1.0 mL of a 50 wt% solution of PEI in

methanol. Following electrospraying, the PEI-laden

nanofibrous PVDF were reacted, respectively, with

TMC, 1,3-DBP, and ECH to produce NFC membranes

with crosslinked PEI networks (Fig. 1) as described in

the section ‘‘Experimental methods and procedures.’’

Table 2 shows selected properties of the NFC–PVDF–

PEI membranes that were measured in this study

including contact angle, zeta potential, isoelectric

point, and surface layer thickness. Figure 4 shows the

FESEM images of the surface and cross-section

morphology of the NFC–PVDF–PEI membranes. As

shown in Fig. 4a and b, the surface of the NFC–

PVDF–PEI-1 membrane (with TMC crosslinker)

consists of a film of PVDF nanofibers with crosslinked

PEI macromolecules. Due to its rough/wiggly surface

morphology, it was difficult to measure the thickness

of the surface layer of the NFC–PVDF–PEI-1 mem-

brane with high precision. Using the ImageJ software

(Abramoff et al. 2004), we estimate the thickness of

the membrane surface layer is equal to 240 ± 100 nm

(Table 2). This value is within the range of the

observed thickness (150–2,000 nm) of the surface

layers of conventional polymeric NF membranes

(Baker 2004; Ji et al. 2011). Figure 3 shows that both

the surface of the NFC–PVDF–PEI-2 membrane (with

DBP crosslinker) and that of the NFC–PVDF–PEI-3

membrane (with ECH crosslinker) consist also of films

of PVDF nanofibers with crosslinked PEI macromol-

ecules. We estimate the thickness of the separation

layers of the NFC–PEI-2 and NFC–PEI-3 membranes

are, respectively, equal to 10 and 13 lm (Table 2). We
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attribute the large thickness of the surface of these

membranes to longer crosslinking reaction times (1 h)

at higher temperature (45 �C) in the presence of excess

reagents (i.e., solutions of 20 wt% of DBP/ECH in

toluene).

Figure 4 shows the ATR-FTIR spectra of a PDVF

membrane support, a blended PVDF/PEI nanofibrous

scaffold and those of the NFC–PVDF–PEI mem-

branes. Figure 3a highlights several characteristic

peaks of PVDF surfaces including CF2 bending

(615 and 766 cm-1), CH2 rocking (840 cm-1), CH

stretching (976 cm-1), and CF stretching (1234 and

1279 cm-1) (Bormashenko et al. 2004). Figure 3b

shows that the blended PVDF/PEI nanofibrous scaf-

fold exhibits two major peaks including (i) NH2

bending (1655 cm-1) from primary amines and (ii)

NH stretching (3255 cm-1) from primary/secondary

amines. We assign these peaks to PEI macromole-

cules that are embedded inside PVDF nanofibrous

scaffold (Fig. 1). As shown in Fig. 4c, the FT-IR

spectrum of the NFC–PVDF–PEI-1 membrane exhib-

its some characteristic features of NF membranes with

Table 2 Selected properties of the NFC–PVDF–PEI membranes synthesized in this study

Membrane Surface layer Contact anglea Isoelectric point Zeta potential (pH 6) Surface layer thickness

NFC–PVDF–PEI-1 Crosslinked PEI/TMC 38.6 ± 1.4� 7.8 39.7 ± 3.7 mV 240 ± 100 nm

NFC–PVDF–PEI-2 Crosslinked PEI/DBP 54.9 ± 0.5� 6.4 9.0 ± 3.0 mV 10 lm

NFC–PVDF–PEI-3 Crosslinked PEI/ECH 50.2 ± 1.3� 5.7 -4.5 ± 0.9 mV 13 lm

a All the contact angles were measured in water. The contact angle of the PVDF MF membrane support is equal to 130.2 ± 0.9�

Fig. 3 FE-SEM images of the surfaces and cross-section

morphologies of an NFC–PEI-1 membrane crosslinked with

trimeosyl chloride (a, b), NFC–PEI-2 membrane crosslinked

with 1,3-dibromopropane (c, d), and NFC–PEI-3 crosslinked

with epichlrohydrin (e, f). The length of the scale bar in each

panel is equal to 5 lm

J Nanopart Res (2012) 14:33–46

123 40 Reprinted from the journal



amide groups including CN stretching (1641 cm-1)

and C=O stretching (1532 cm-1) (Setiawan et al.

2011; Sun et al. 2011). These amide groups are

generated when the PEI macromolecules that are

embedded in the membrane PVDF nanofibrous scaf-

fold react with TMC molecules (Fig. 1). Note that the

FT-IR spectrum of the NFC–PVDF–PEI-2 membrane

(Fig. 4d) shows no new characteristic peak. This

observation is consistent with the fact that mostly

secondary/tertiary amines are generated when the

embedded PEI macromolecules of the membrane

PVDF nanofibrous scaffold reacts with 1,3-DBP

molecules (Fig. 1). In contrast, the FT-IR spectrum

of the NFC–PVDF–PEI-3 membrane exhibits a new

peak, i.e., OH stretching at 3257 cm-1 indicating that

hydroxyl groups are produced when the PEI macro-

molecules that are embedded inside the membrane

PVDF nanofibrous scaffold reacts with ECH mole-

cules (Fig. 1). Table 2 shows significant differences

between the hydrophilicity and zeta potential poten-

tials of NFC–PVDF–PEI membranes. Note that the

contact angle of the PVDF membrane support is equal

to 130.2 ± 0.9� thereby indicating that the support is

very hydrophobic. In contrast, the contact angles for

the NFC–PVDF–PEI-1, NFC–PVDF–PEI-2, and

NFC–PVDF–PEI-3 membranes are equal, respec-

tively, to 38.6 ± 1.4�, 54.9 ± 0.5�, and 50.2 ± 1.3�
thereby suggesting these membranes are hydrophilic

and less susceptible to fouling via sorption of proteins

and other hydrophobic macromolecular assemblies

present in water/wastewater. It is worth mentioning

that the contact angle of the NFC–PVDF–PEI-1

membrane (38.6 ± 1.4�) is smaller by *10–20� than

those of commercial TFC PA NF/RO membranes with

crosslinked PA separation layers. These membranes

have contact angles of 50–60� (Elimelech and Philipp

2011). Figure 5 shows the zeta potentials of the NFC–

PVDF–PEI membranes measured at various pH.

Table 2 shows their estimated isoelectric points and

zeta potentials. The isoelectric points of the NFC–

PVDF–PEI-1, NFC–PVDF–PEI-2, and NFC–PVDF–

PEI-3 membranes are, respectively, equal to 7.8, 6.4,

and 5.7. Their zeta potentials at pH 6 are equal to 39.7

3.7, 9.0 ± 3.0, and -4.5 ± 0.9 mV, respectively.

Evaluation of membrane performance

The overall results of the characterization experiments

indicate that the NFC–PVDF–PEI-1 membrane (with

TMC crosslinker) is more hydrophilic than commer-

cial TFC-PA RO/NF membranes. The large and

positive zeta potential of the NFC–PVDF–PEI-1

membrane at pH 6–7 (Fig. 5) suggests that it has

good potential for high water flux and improved

rejection for monovalent cations. To evaluate the

performance of this new membrane, we carried out

Fig. 4 FTIR-ATR spectra of a PVDF microporous support (a),

a PVDF ? PEI nanofibrous scaffold (b), NFC–PVDF–PEI-1

membrane crosslinked with trimeosyl chloride (c), NFC–

PVDF–PEI-2 membrane crosslinked with 1-3 dibromopropane

(d), and NFC–PVDF–PEI-3 membrane crosslinked with epi-

chlorohydrin (e)

Fig. 5 Zeta potentials of NFC–PEI membranes at various pH

values
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cross-flow filtration experiments to measure its ion

rejection and permeate flux in saline solutions as

described in the section ‘‘Experimental methods and

procedures.’’ Aqueous solutions (2,000 mg/L) of four

salts (NaCl, MgCl2, Na2SO4, and MgSO4) were

evaluated. Figure 6 shows the salt rejection and

permeate flux of the NFC–PVDF–PEI-1 membrane

during the course of a typical 12 h filtration experi-

ment. In all cases, we found that the membrane salt

rejection and permeate flux reached constant values

after 2 h of filtration. Figure 7 shows that the NFC–

PVDF–PEI-1 membrane exhibits higher rejections for

the 2-1 salt (MgCl2) and 2-2 salt (MgSO4) than for the

1-1 salt (NaCl) and 1-2 salt (Na2SO4) at pH 4 and 6.

This rejection profile is consistent with that of a

Donnan exclusion membrane with a positive surface

charge (Schäefer et al. 2005). As indicated in Table 1,

the NFC–PVDF–PEI-1 membrane has an isoelectric

point of 7.8. The isoelectric point of a membrane is the

pH at which it has no net charge in solution. Thus, the

Fig. 6 Ion rejection and water flux of NFC–PEI-1 at pH 4, 6, and 8 as a function of time at room temperature. A cross-flow filtration

system was utilized to measure the ion rejection and permeate flux of the membrane

J Nanopart Res (2012) 14:33–46
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NFC–PVDF–PEI-1 membrane is (i) positively

charged at pH 4 and 6 and (ii) negatively charged at

pH 8 (Fig. 6). Consistent with the Donnan effect, the

NFC–PVDF–PEI-1 membrane will have a higher

rejection for divalent cations (e.g., Mg2?) over

monovalent cations (e.g., Na?) at pH 4 and 6 (Schäefer

et al. 2005; Escoda et al. 2010; Déon et al. 2011). Note

that a positively charged membrane will also reject an

equivalent amount of anions to maintain overall

solution electroneutrality. Because of this, we expect

the rejection of a magnesium salt (e.g., MgCl2 and

MgSO4) by a NFC–PVDF–PEI-1 membrane will be

larger than that of a sodium salt (e.g., Na2SO4) in

aqueous solutions at pH 4 and 6. At pH 8, however,

Fig. 7 shows that the salt rejection order of the NFC–

PVDF–PEI-1 membrane is Na2SO4 [ MgCl2 [
NaCl. We found that the MgCl2 rejection of the

NFC–PVDF–PEI-1 membrane decreased from 87.2 to

76.7 % as solution pH water increased from 4 to 8. In

contrast, its Na2SO4 rejection increased significantly

from 54.5 to 88.0 % with increasing pH from 4 to 8. At

pH 8, the rejection of MgSO4 (87.4 %) is comparable

to that of Na2SO4 (88.0 %). However, it is significantly

larger than that (76.7 %) of MgCl2 at pH 8. The

observed higher rejections of Na2SO4 and MgSO4 by

the NFC–PVDF–PEI-1 membrane are also consistent

with those of Donnan exclusion membranes with

negative surface charges including TFC PA NF mem-

branes (Schäefer et al. 2005; Verissimo et al. 2005;

Pontié et al. 2008) and sulfonated polyethersulfone

asymmetric NF membranes (Tsuru et al. 1991; Schaep

et al. 1998).

We also measured the salt rejections and permeate

fluxes of the NFC–PVDF–PEI-2 and NFC–PVDF–

PEI-3 membranes (Table 3). Table 3 shows the

MgCl2/NaCl rejections and permeate fluxes of the

NFC–PVDF–PEI membranes at pH 6. The MgCl2/

NaCl rejections and permeate fluxes of selected NF

membranes with positively charged surface layers are

also listed in Table 3 (Ji et al. 2011). As shown in

Table 3, the MgCl2 rejection of the NFC–PVDF–PEI-

1 membrane (87.8 %) is higher than those of the NFC–

PVDF–PEI-2 membrane (75.5 %) and NFC–PVDF–

PEI-3 membrane (76.4 %). Note that NaCl rejection of

the NFC–PVDF–PEI-1 and NFC–PVDF–PEI-3 mem-

branes are comparable. They are equal to 64.8 and

62.6 %, respectively. However, the NaCl rejection of

the NFC–PVDF–PEI-2 is lower and equal to 22.9 %.

Table 3 indicates that the permeate flux of the NFC–

PVDF–PEI-3 membrane is relatively low (8–9.0 L

m-2 h-1). In contrast, the permeate flux of the NFC–

PVDF–PEI-1 membrane is relatively high

(27–30 L m-2 h-1). As shown in Table 3, the per-

meate flux of the NFC–PVDF–PEI-2 membrane

(25–30 L m-2 h-1) is comparable to that of the

NFC–PVDF–PEI-2 membrane. This result is surpris-

ing as the NFC–PVDF–PEI-1 membrane has a higher

surface charge at pH 6 (39.7 mV versus 9.0 mV) with

a lower contact angle (38.6� versus 54.9�) and a

thinner surface layer (200 nm versus 10 lm). At the

Fig. 7 Salt rejection and

water flux for NFC–PEI-1

membrane as a function of

pH at room temperature
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present time, we have no definite explanation for this

observation. The overall results of our study suggest

that NFC membranes with PVDF nanofibrous scaf-

folds and crosslinked PEI networks are promising

building blocks for the fabrication of high perfor-

mance NF membranes for water purification. Without

optimization, our new NFC–PVDF–PEI-1 membrane

(Fig. 1) already exhibit a high water flux (*30 L

m-2 h-1) and good rejections for MgCl2 (*88 %) and

NaCl (*65 %) rejection in salt solutions (2,000 mg/L)

at pH 6 using a pressure of 7 bar (Table 3). It is worth

mentioning that the all the nanofiltration membranes

listed in Table 3 that have higher MgCl2/NaCl

rejections than those of NFC–PVDF–PEI-1 membrane

have also lower permeate fluxes (*15.0–19.0 L

m-2 h-1). Additional experiments are being carried

out to improve the performance of the NFC–PVDF–

PEI membranes (Fig. 1).

Summary and conclusions

In this study, we described the synthesis of a new

generation of NFC membranes for water purification.

These new NFC membranes consisted of crosslinked

hyperbranched PEI networks supported by PVDF

Table 3 Comparative test results of ion rejection and water flux for positively charged nanofiltration membranes (modified from Ji

et al. 2011)

Membrane RMgCl2

(%)

JMgCl2

(L m-2 h-1)

RNaCl

(%)

JNaCl

(L m-2 h-1)

Separation layer Experimental

conditions

Reference

NFC–

PVDF–

PEI-1

87.8 30.5 64.8 27.1 Crosslinked PEI/TMC 2,000 ppm MgCl2;

2,000 ppm NaCl;

7.0 bar

This study

NFC–

PVDF–

PEI-2

75.5 29.8 22.9 24.8 Crosslinked PEI/1,3-DBP 2,000 ppm MgCl2;

2,000 ppm NaCl;

7.0 bar

This study

NFC–

PVDF–

PEI-3

76.4 9.3 62.6 8.0 Crosslinked PEI/ECH 2,000 ppm MgCl2;

2,000 ppm NaCl;

7.0 bar

This study

PPO 73.0 63.0 36.0 63.0 Poly(2,6-dimethyl-1,4-

phenylene oxide)

1,000 ppm MgCl2;

1,000 ppm NaCl;

3.5 bar

Tongwen and

Weihua

(2003)

PDMAEMA/

PSF

98.0 8.3 77.8 7.6 Poly(N,N-

dimethylaminoethyl

methacrylate)

1,000 ppm MgCl2;

1,000 ppm NaCl;

8.0 bar

Du and Zhao

(2004)

HACC/PAN

NF-1

94.1 6.9 47.3 12.9 2-hydroxypropyltrimethyl

ammonium chloride

chitosan/hexane diacid/

acetic anhydride

2,000 ppm MgCl2;

2,000 ppm NaCl;

5.0 bar

Huang et al.

(2008)

QAPPESK 84.0 49.0 31.0 54.0 Quaternized

poly(phthalazinone ether

sulfone ketone)

1,000 ppm MgCl2;

1,000 ppm NaCl;

4.0 bar

Yan et al.

(2008)

GCTACC/

PAN

91.7 8.5 57.0 8.6 A graft copolymer of

trimethylallyl ammonium

chloride onto chitosan

2,000 ppm MgCl2;

2,000 ppm NaCl;

12.0 bar

Huang et al.

(2009)

PEI modified

membrane

91.2 15.0 82.2 15.0 PEI coating on polyamide

thin film composite

membrane

75 ppm MgCl2;

90 ppm NaCl;

8.0 bar

Zhou et al.

(2009)

PCNFM3 94.3 19.1 60.7 20.6 Poly(2-methacryloyloxy

ethyl trimethylammonium

chloride-co-2-

hydroxyethyl acrylate)

1,000 ppm MgCl2;

1,000 ppm NaCl;

6 bar

Ji et al. (2011)

M-40 63.3 30.2 36.6 30.2 Poly(arylene ether sulfone)

with pendant tertiary

amine group

1,000 ppm MgCl2;

1,000 ppm NaCl;

5 bar

Zhang et al.

(2011)
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nanofibrous scaffolds that were deposited onto com-

mercial PVDF MF membrane supports. To fabricate

these new NFC membranes, we first utilized ES to

deposit blends of PVDF/PEI nanofibers onto commer-

cial PVDF MF membranes. Following completion of

the ES process, we deposited films of hyperbranched

PEI onto PVDF nanofibrous scaffolds using electrosp-

raying. The PEI-laden nanofibrous PVDF scaffolds

were then reacted with TMC, 1,3-DBP, and ECH,

respectively, to produce NFC membranes with cross-

linked PEI separation layers. The morphology, compo-

sition, hydrophobicity, and surface charge of the new

NFC–PVDF–PEI membranes were subsequently char-

acterized using FESEM, ATR-FTIR, contact angle, and

zeta potential measurements. The salt rejection and

permeate flux of the new membranes were evaluated

using a costume-built filtration system with an effective

membrane area of 24 cm2. During each filtration

experiment, we used a feed solution of 10 L with a salt

concentration of 2,000 mg/L. The pH of the feed

solution was adjusted with a solution of 0.1 N HCl or

0.1 N NaOH as needed. All filtration experiments were

carried out at room temperature and at a constant

pressure of 7.0 bar. Aqueous solutions (2,000 mg/L) of

four salts (NaCl, MgCl2, Na2SO4, and MgSO4) were

evaluated. We found that our NFC–PVDF membrane

with crosslinked PEI/TMC networks has a high water

flux (*30 L m-2 h-1) and high rejections for MgCl2
(*88 %) and NaCl (*65 %) at pH 6 using a pressure of

7 bar. The overall results of our study suggest that

PVDF nanofibers and hyperbranched PEI are promising

building blocks for the fabrication of high performance

NF membranes for water purification.
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Déon S, Escoda A, Fievet P (2011) A transport model consid-

ering charge adsorption inside pores to describe salts

rejection by nanofiltration membranes. Chem Eng Sci

66:2823–2832

Diallo MS, Brinker JC (2011) Nanotechnology for sustainabil-

ity: environment, water, food, minerals and climate. In:

Roco MC, Mirkin C, Hersham M (eds) Nanotechnology

research directions for societal needs in 2020: retrospective

and outlook. Science Policy Reports, Springer, pp 221–259

Diallo MS, Yu C (2011) Soluble anion exchangers from hy-

perbrannched macromolecules. US Patent Application

Pub. No: 2011/0315636 A1

Du R, Zhao J (2004) Properties of poly (N,N-dimethylamino-

ethyl methacrylate)/polysulfone positively charged com-

posite nanofiltration membrane. J Membr Sci 239:183–188

Elimelech M, Philipp WA (2011) The future of seawater desa-

lination: energy, technology and the environment. Science

333:712–717

Escoda A, Lanteri Y, Fievet P, Déon S, Szymczyk A (2010)
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Abstract This study describes the preparation, char-

acterization and evaluation of new composite mem-

branes with embedded dendrimer hosts and Fe/Ni

nanoparticles. These new reactive membranes consist

of films of cyclodextrin–poly(propyleneimine) den-

drimers (b-CD–PPI) that are deposited onto commer-

cial polysulfone microporous supports and crosslinked

with trimesoyl chloride (TMC). The membranes were

subsequently loaded with Fe/Ni nanoparticles and

evaluated as separation/reactive media in aqueous

solutions using 2,4,6-trichlorophenol as model pollu-

tant. The morphology and physicochemical properties

of the composite membranes were characterised using

high-resolution transmission electron microscopy

(HR-TEM), atomic force microscopy and measure-

ments of contact angle, water intake, porosity and

water permeability. The sorption capacity and cata-

lytic activity of the membranes were evaluated using

ion chromatography, atmospheric pressure chemical

ionisation-mass spectrometry and UV–Vis spectros-

copy (UV–Vis). The sizes of the embedded Fe/Ni

nanoparticles in the membranes ranged from 40 to

66 nm as confirmed by HR-TEM. The reaction rates

for the dechlorination of 2,4,6-trichlorophenol ranged

from 0.00148 to 0.00250 min-1. In all cases, we

found that the reaction by-products consisted of

chloride ions and mixtures of compounds including

phenol (m/z = 93), 2,4-dichlorophenol (m/z = 163)
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and 4-chlorophenol (m/z = 128). The overall results

of this study suggest that b-CD–PPI dendrimers are

promising building blocks for the synthesis of com-

posite and reactive membranes for the efficient

removal of chlorinated organic pollutants from water.

Keywords b-Cyclodextrin � Fe/Ni nanoparticles �
Poly(propyleneimine) dendrimer � Polysulfone �
2,4,6-Trichlorophenol

Introduction

Membranes have gained a lot of attention in the

chemical technology industry and these have been

used in a wide range of applications such as the

production of high quality water, removal and recov-

ery of toxic and valuable components from industrial

effluent (Abedini et al. 2011). The introduction of

membrane technology in separation and concentration

has become industrially viable due to the low energy

of operation, high efficiency of separation and sim-

plicity of operation (Abedini et al. 2011). Tradition-

ally, membranes have been used in separation based

on size exclusion, solution diffusion or Donnan

exclusion (Smuleac et al. 2010). However, the fabri-

cation of membranes with novel materials such as

nanostructured dendrimer–cyclodextrin (Fig. 1a)

Ni–Fe bimetalics can extend their application towards

advanced separation and catalysis.

Dendrimers are highly branched, globular, nano-

scopic macromolecules with numerous terminal

groups (Sarkar et al. 2010). Dendrimers have been

regarded as high performance material over the past

decade and have received greater attention due to their

exquisite structure have found many possible appli-

cations in the field of catalysis, drug delivery and

biomimetics (Lianchao et al. 2006; Wei et al. 2008).

Poly(propyleneimine) (PPI) dendrimers are macro-

molecules with three-dimensional structures which

consist of an interior diaminobutane core, interior

branching units (propylene imine) and peripheral

functional groups (NH2 groups in the unfunctionalised

polymer) (Vassilev et al. 2009). The use of dendrimers

in bimetallic and monometallic nanoparticle synthesis

is well established and this has led to the production of

nanoparticles which are cone-, spherical- or disc-like

shaped, soft and have very low polydispersity and

sizes in the range of 1–3 nm (Diallo et al. 2005; Bao

et al. 2003; Weir et al. 2010; Scott et al. 2004). A

number of key factors make dendrimers particularly

interesting in nanoparticle and macromolecular syn-

thesis. First, dendrimers have a high number of

internal amine functional groups, which can act as

ligands to complex metal ions such as Cu, Fe, Ag and

Ni for nanoparticle synthesis (Huang et al. 2008;

Diallo et al. 2005). Second, the presence of nanocav-

ities in the dendrimer structure acts as hosts/templates

for the preparation of narrow and stable nanoparticles

(Bai et al. 2009). The quasispherical hyperbranched

structure of the dendrimers (generation 4 and above)

also provides a shell to prevent aggregation of the

nanoparticles (Huang et al. 2008). Third, the nano-

cavities can act as catalytic and adsorption sites for the

degradation and removal of organic pollutants. Lastly,

the highly branched peripheral amine functional

groups can be grafted with other molecules (such as

cyclodextrins) to prepare a new generation of multi-

functional material. The incorporation of b-cyclodex-

trin to dendrimers provides a unique polymer structure

that exhibits the combination of the two-type of

molecular cavities as well as characteristics of both the

cyclodextrin and the dendrimer (Fig. 1a) (Li et al.

2011).

Recent advances in membrane research such as the

fabrication of nanoparticles within structures has been

reported. Lee et al. (2008) fabricated a novel polyam-

ide nanocomposite membrane containing TiO2 nano-

particles synthesised via in situ polymerisation. The

membrane was found to have very high rejection

towards MgSO4 (95 %) and a permeate flux of

9.1 L m-2 h-1. Smuleac and co-workers (2010;

2011) prepared Fe/Pd nanoparticles in a polymer film

consisting of polyacrylic acid coated on a polyvinyl-

idene fluoride membrane for the degradation of

trichloroethylene and 2,2-dichlorobiphenyl. The

inclusion of Fe/Pd bimetallic system into the poly-

meric film was found to improve the degradation rate

from 0.005 (for Fe only) to 0.008 L m-2 h-1 when

Fe/Pd bimetallic system was used for the degradation

of trichloroethylene (Smuleac et al. 2010). On the

other hand, 2,2-dichlorophenyl was converted to

phenyl in\40 s (Smuleac et al. 2010).

Despite these promising results a great deal of work

still needs to be done to develop more efficient

technologies to extract clean water from industrial

runoff, wastewater and sea water. Thus, in this study,

a new generation of multifunctional membranes
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embedded with b-cyclodextrin–poly(propyleneimine)

dendrimer and catalytic Ni/Fe centres were prepared

and used to carry out both catalysis and adsorption.

Specifically, b-cyclodextrin and generation 3 (G3)/

generation 4 (G4) poly(propyleneimine) (PPI) (b-CD–

G3 and b-CD–G4) were incorporated on polysulfone

(PSf) as a coating layer to form a thin film composite

using trimesoyl chloride. These membranes (b-CD–

G3-PSf and b-CD–G4-PSf) were then dip coated in Fe

and Ni solution followed by metal reduction using

Fig. 1 b-CD–G2-PPI (a) reaction with trimesoyl chloride to produce a highly crosslinked b-CD–G2-PPI structure (b)

Reprinted from the journal

J Nanopart Res (2013) 15:47–61

12349



NaBH4 to prepare the catalytic membranes (b-CD–

G3-PSf-Fe/Ni and b-CD–G4-PSf-Fe/Ni). The synthe-

sis of Ni/Fe bimetallic system in a b-cyclodextrin–

dendrimer PSf domain has not been reported before.

To further demonstrate the usefulness of these mem-

branes, the membranes were applied in the dechlori-

nation and adsorption of 2,4,6-trichlorophenol (TCP).

Experimental methods and procedures

Materials

Generation 3 (G3) and generation 4 (G4) poly(propyl-

ene imine) dendrimers were purchased from SyMO-

Chem B.V (Netherlands). N,N-carbonyldiimidaz-

ole(CDI) was purchased from Sigma Aldrich (USA).

The purification of the b-CD–dendrimer conjugates

was carried out using benzoylated dialysis tubing with

molecular weight cut off of 1,200 g mol-1, from

Sigma, Aldrich (USA). Commercial ultrafiltration flat

sheet of PSf membrane was supplied by Marsi water

(Pty) Ltd (Northriding, South Africa). 1,3,5-Benzen-

etricarbonyl trichloride (TMC) and N-(3-dimethyl-

amino propyl)-N-ethyl-carbodiimide hydrochloride

(EDC) were purchased from Sigma Aldrich Company

(St. Louis, USA). 2,4,6-Trichlorophenol, Ni (II) nitrate

hexahydrate (Ni (NO3)2�6H2O), Ferric nitrate (Fe

(NO3)3�9H2O) and sodium borohydride were pur-

chased from Fluka. All chemicals and materials were

used as received.

Host synthesis (b-CD–PPI)

A typical conjugation reaction of precursor b-cyclo-

dextrin carbonylimidazole and poly(propyleneimine)

dendrimer (generations 3 and 4) was carried out as

follows: generation 3 poly(propyleneimine) (G3-PPI)

(0.211 g, 0.125 mmol) was dissolved in dimethyl-

sulphoxide (3 mL); b-cyclodextrin imidazole

(2.446 g, 1.9 mmol) and triethylamine (3 mL) were

added to this dendrimer solution. This solution was

stirred at room temperature for 24 h and purified using

dialysis against deionised water for 2 days. Lyophili-

zation of the solution for 2 days resulted in a white

fluffy solid. A similar procedure was used for the

preparation of b-CD–G4-PPI host. Figure 1a shows an

example of the host material b-CD–G2-PPI (i.e., 8 b-

CD molecules). For b-CD–G3-PPI and b-CD–G4-PPI,

16 and 32 b-CD molecules are attached to the

periphery, respectively. Figures S1, S2, S3 and S4

show the FTIR, HNMR and MS–ESI analysis,

respectively, confirming that the host structure was

successfully synthesised.

Membrane synthesis

The membranes were prepared using an interfacial

polymerisation reaction. The aqueous phase solution

was prepared by dissolving b-cyclodextrin–poly(pro-

pyleneimine) (b-CD–PPI) (6 %, w/v) (generation 3 or

4) in water. The microporous commercial PSf mem-

brane was then dip coated in the aqueous solution for

24 h at room temperature. The residual liquid was

drained and N-(3-dimethylamino propyl)-N-ethyl-car-

bodiimide hydrochloride solution (5 % w/v) in a

phosphate buffer solution (pH = 5.6) was poured over

the membrane and left to react for 3 h. This solution

was used as a coupling agent to promote esterification.

The membrane was then placed in the organic phase,

i.e., trimesoyl chloride (1 % w/v) in n-hexane and the

reaction time was set to 60 s. The membrane was dried

in the oven at 60 �C for 30 min to promote further

polymerisation. The modified PSf membranes were

then washed with deionised water to remove any

residual trimesoyl chloride and stored in deionised

water. The reaction between the host (b-CD–G2-PPI)

and trimesoyl chloride generates a crosslinked struc-

ture shown in Fig. 1b. Figure S5 shows FTIR analysis

of the membrane confirming successful crosslinking

of the b-CD–PPI host with trimesoyl chloride to give a

polyester membrane.

Preparation of Fe/Ni-modified membranes

Prior to the Fe/Ni nanoparticle preparation, the mem-

branes were immersed in NaCl (5 wt%) solution

(pH = 10) overnight to deprotonate the hydroxyl

groups (Smuleac et al. 2010). The deprotonation was

carried out to facilitate metal binding with the mem-

brane. The membrane was thoroughly washed with

deionised water until the pH became neutral. It was then

immersed in an aqueous solution containing

NiNO3�9H2O (2.4 wt%) and FeNO3�9H2O (7.8 wt%)

and shaken overnight to provide efficient deposition of

the metal ions onto the membrane. Argon was purged

into the solution to prevent oxidation. The encapsulated

Fe2?/Ni2? ions were simultaneously reduced with
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aqueous NaBH4 (0.4 M, 25 mL) for 20 min and this

resulted in the catalytic membrane (Xu et al. 2005).

The membrane was stored in ethanol to prevent

oxidation.

Membrane characterisation

Fourier transform infrared-attenuated total reflection

(FTIR-ATR)

The membrane samples were analysed with a Perkin

Elmer 100 FTIR spectrophotometer. Powder and

membranes samples (with active side facing down)

were placed on the ATR and analysed in the range

650–4,000 cm-1 averaging 32 scans at a spectral

resolution of 4 cm-1.

Atomic force microscopy (AFM)

Multimode Atomic Force Microscope (Nano Scope

Version (IV) was used to determine surface morphol-

ogy and roughness (Rq) of the membranes. The

membrane sample (1 cm 9 1 cm) was placed on a

sample holder and a RTESPW tip with a radius of

curvature of \10 nm (Veeco instruments) was used.

The tip was mounted on a 125-lm-long cantilever with

the spring constant of 40 N/m and this was employed

for the tapping mode experiment. The height and phase

images were obtained using a scan rate of 0.5 Hz and

the tip frequencies ranged from 280 to 310 kHz.

Scanning electron microscopy (SEM)

Scanning electron microscopy was used to determine the

cross-sectional images of the thin film composite. The

samples were frozen and fractured in liquid nitrogen,

coated with carbon and mounted on the instrument. The

samples were then examined using Field emission

scanning electron microscopy (Joel, JSM, 7500F).

Contact angle analysis

Contact angle analyses were measured using the

sessile drop method with a Data Physics optical

contact angle instrument. About ten measurements

were conducted at different sites per sample and all

measurements were recorded at room temperature.

These analyses were carried out in order to determine

the hydrophilicity of the membranes.

High-resolution transmission electron microscopy

(HR-TEM)

The membrane samples were prepared by sectioning

with a diamond knife to give very thin sections. These

thin sections were examined using HRTEM JOEL

JEM-2100 coupled to an energy dispersive X-ray

spectroscopy (EDS).

Water intake capacity and porosity measurements

Water intake capacity was performed to evaluate the

adsorption of water by the fabricated membranes. The

water intake capacity of the membrane was obtained

after soaking the membrane in deionised water for

24 h. The membranes were weighed after mopping

with paper to obtain the wet weight. The membranes

were dried in an oven at 60 �C for 24 h to obtain the

dry weight. The percent water intake capacity (WIC)

was calculated using Eq. (1) (Adams et al. 2012);

WIC %ð Þ ¼ Ww �Wd

Ww

� 100 ð1Þ

where ww and wd are the wet and dry weights of the

membrane, respectively.

Membrane porosity was determined by immersing

the membrane in water for 24 h followed by blotting

the membrane with paper and the wet weight of the

membrane was measured. The membrane was dried in

an oven at 60 �C for 24 h and the weight was

measured again. The porosity of the membrane (P)

was measured by using Eq. 2 (Adams et al. 2012):

P %ð Þ ¼ ðW0 �W1Þ
Ah

� 1000 ð2Þ

where w0 and w1 are the weight of the wet and dry

membrane, respectively, A is the area of the membrane

(cm2) and h is the membrane thickness (mm).

Membrane performance evaluation

The separation performance tests for b-CD–PPI–PSf,

b-CD–PPI–PSf-Fe/Ni and native PSf membranes were

carried using a six-cell crossflow parallel membrane

system shown in Scheme 1. The membranes were

stabilised with distilled water at 2.4 MPa for 2 h with

deionised water before testing. The six-cell crossflow

system has a set of membrane cells fed in parallel from

a single feed tank (Jin et al. 2009). The water in the
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feed tank was maintained by magnetic stirring and was

pressurised into the system by a hydra cell pump. A

laboratory recirculating heater chiller (Poly Science

digital temperature controller) maintained the feed

water at 22 �C. Back pressure regulators (Swagelok)

and bypass valves controlled the feed water hydraulic

pressure and crossflow velocity for each side individ-

ually (Jin et al. 2009). After sampling, the permeate

and retentate were returned to the feed tank in order to

maintain a constant concentration of 2,4,6-TCP.

The membrane permeability was determined from

pure water flux using deionised water. The water flux

was (Jw) is expressed in Eq. 3 (Adams et al. 2012):

Jw ¼
V

At
ð3Þ

where v is the permeate volume (m3), A is the effective

membrane area (0.00129 m2) and t is the time (hours)

to collect the permeate volume. To evaluate the

dechlorination performance of the membrane towards

2,4,6-TCP, the feed solution (50 mg L-1) was passed

through the membrane at a pressure of 0.69 MPa. The

permeate was collected at constant time intervals and

analysed using an UV–Vis spectrophotometer at

293 nm. The amount of 2,4,6-TCP adsorbed per unit

area of the membrane was calculated using Eq. 4:

Scheme 1 A schematic

representation of a six-cell

crossflow system (1) feed

solution (10 L, 22 �C), (2)

feed pump (3–5), and (12–

14) membrane cell, (6 and

11) back pressure regulators,

(7 and 10) flow meter, (8 and

15) by pass valves, (9 and

16) pressure gauges
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TCP adsorption ¼ Cf � Cp

A
� V ð4Þ

where cp is the concentration of the permeate, cf is the

concentration of the feed (mg L-1), A is the membrane

area in cm2 and V is the total volume of the solution

(L).

Batch analysis for evaluation of kinetics

Membranes containing Fe/Ni nanoparticles were

immersed in a sealed erlenmeyer flask containing

2,4,6-triclorophenol (50 mg L-1) solution under

argon gas. This solution was shaken on a shaker at a

speed of 180 rpm. The samples were collected at

different time intervals using a syringe and analysed

using an UV–Vis spectrophotometer at 293 nm.

Ion chromatography analysis

The concentration of chlorine ions was determined

using Ion chromatography (Dionex ICS-2000 equipped

with a Dionex Ionpac AS18 (2 9 250 mm) column)

and the samples were first filtered through polyvinyl-

idene fluoride syringe filters (0.45 lm) before analysis.

Atmospheric pressure chemical ionisation-mass

spectrometry (APCI-MS) analysis

The dechlorination by-products (2,4-dichlorophenol,

4-chlorophenol and phenol) were analysed by liquid

chromatography–mass spectrometry (Waters e2695,

Separations). A methanol (80 %):water (20 %) mobile

phase was used and the injection volume was set at

1 lL using direct infusion.

Results and discussion

HR-TEM analysis

The morphology of Fe/Ni nanoparticles was determined

by HR-TEM cross-sectional images illustrated in

Fig. 2a, c. The TEM micrographs illustrate that the

nanoparticles were uniformly and densely dispersed

within the structure of the membrane. The particle sizes

ranged from 59 to 66 nm for b-CD–G3-Ni/Fe and

47–58 nm for b-CD–G4-PSf-Ni/Fe. The mean diame-

ters of the synthesised nanoparticles were 66 nm

(Fig. 2b) and 59 nm (Fig. 2d) for b-CD–G3-Fe/Ni and

b-CD–G4-PSf-Fe/Ni, respectively. The corresponding

EDS (Fig. 2e) affirmed the presence of Fe/Ni within the

membranes; the Ni and Fe were detected at 7.5 and

6.2 keV, respectively. Xu et al. (2005) also observed the

same EDS line profile for Fe/Ni synthesised in polyac-

rylic acid/polyethersulfone membranes. The synthes-

ised nanoparticles were bigger in size than the Fe/Ni

nanoparticles individually prepared in generation 2 and

generation 3 poly(propyleneimine) dendrimers which

were in the quantum dot size range (1–4 nm) (Malinga

et al. 2012). In this nanoparticle range, the Fe/Ni

nanoalloy is said to have been formed inside the

dendrimer cavities. In a similar study by Meyer and

Bhattacharyya (2007) where Fe/Ni was imbedded on

cellulose acetate membrane the particle sizes were

found to range from 18 to 80 nm within the membrane

cross-section. Formation of large nanoparticles sizes

after synthesis in membranes has been reported is

attributed to the fact that membranes have a more open

structure (Meyer and Bhattacharyya 2007). Fe/Pd

nanoparticles were also synthesised in polyacrylic acid

embedded in a polyvinylidene fluoride membrane and

these nanoparticles were reported to be in the range of

20–30 nm (Smuleac et al. 2010). However, the Fe/Ni

nanoparticles synthesised in this study were still in the

nanometer range (1–100 nm). EDS mapping shown in

Fig. S6 gave evidence that the Fe and Ni were distributed

uniformly in the membrane therefore bimetallic Fe/Ni

nanoparticles were fabricated within the membranes.

AFM analysis

The surface morphology of the membranes were

further characterised by AFM. The AFM topography

and roughness measurements revealed that the change

in roughness was a result of various membrane

fabrication processes. In general, the morphology of

the membranes changes after coating with cyclodex-

trin–dendrimer material followed by subsequent load-

ing of Fe/Ni nanoparticles (Fig. 3b–e) as compared to

the unmodified PSf (Fig. 3a). There is appearance of

protrusions which form a ridge and valley structures

and these morphological changes are complemented

by the increase in roughness measurements observed

in Fig. 4. The roughness increased in the following

sequence: PSf \ b-CD–G3-PSf and b-CD–G4-

PSf \b-CD–G3-PSf-Fe/Ni and b-CD–G4-PSf-Fe/

Ni. Wei et al. (2008) also found that the roughness
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increased after each fabrication process step, i.e., PSf–

ultrafiltration membrane (5.5 nm) to PSf–ethanol

membrane (5.7 nm) and finally PSf–hyperbranched

polyether membranes (6.5–12.5 nm).

Water intake capacity, contact angle and pure

water flux

Figure 5 shows that generally the water flux increased

with increasing operating pressure and the water

permeability was calculated using the four different

applied pressures. Table 1 shows the water intake

capacity, contact angle, porosity and pure water

permeability of the b-CD–PPI–PSf with Fe/Ni nano-

particles. After nanoparticle incorporation of the b-

CD–G3/G4-PSf membrane, the pure water permeabil-

ity was found to decrease from 26 to 20 m h-1 MPa-1

for b-CD–G3-PSf-Fe/Ni and from 46 to 16 m

h-1 MPa-1 for b-CD–G4-PSf-Fe/Ni. Introduction of

the nanoparticle in the membrane matrix reduced pure

Fig. 2 HR-TEM for a b-

CD–G3-PSf-Fe/Ni and

b corresponding size

distribution histogram. c b-

CD–G4-PSf-Fe/Ni and

d corresponding size

distribution histogram.

e EDS spectrum
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water permeability. It also had a slight effect in the

porosity and water content. This trend was also

reported by Xu et al. (2005) when Fe/Ni nanoparticles

were synthesised on polyacrylic acid polyether sulfone

composite membrane. The pure water permeability of

the polyacrylic acid/polyethersulfone (PAA/PES)

with Fe/Ni had the lowest pure water permeability

(0.27 9 10-4 cm3 cm-2 bar-1 s-1) as compared to

the PAA/PES (3.03 9 10-4 cm3 cm-2 bar-1 s-1)

and PES (76.9 9 10-4 cm3 cm-2 bar-1 s-1) (Xu

et al. 2005). This was attributed to the resistance from

the PAA coating layer and Fe/Ni immobilised in the

membrane which affects the membrane pore matrix

thus reducing the membrane pore size and porosity as

demonstrated by our results (Table 1) (Xu et al. 2005).

Smuleac et al. (2010) also obtained similar results

Fig. 3 AFM images of

a Commercial PSf, b b-CD–

G3-PSf, c b-CD–G4-PSf,

d b-CD–G3-PSf-Fe/Ni, e b-

CD–G4-PSf-Fe/Ni

Fig. 4 Roughness of PSf-based membranes
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where the membrane permeability was found to

decrease after each functionalisation step. The water

permeability of bare polyvinylidene fluoride mem-

brane was 4,824 9 10-4 cm3 cm-2 s-1 bar-1 which

decreased after the addition of iron to 468.7 9

10-4 cm3 cm-2 s-1 bar-1. Liu et al. (2010) also

observed that as more components or layers are added

to the membrane the pure water flux gradually decreases.

In this study, crosslinking of the base membrane chitosan

with activated carbon fibre and then dip coating in TiO2

reduced the water flux from 34.35 to 19.56 m3 m-2 h-1

(Liu et al. 2010). As illustrated in Table 1, there is

decrease in permeability as components are introduced

to the base PSf membrane. This is because the addition of

nanoparticles reduces the membrane pore voids resulting

in increase in resistance to water permeation. The

membranes coated with nanoparticles maintained their

hydrophilicity as the contact angle remained below that

of PSf membrane.

Adsorptive removal of 2,4,6-trichlorophenol

from water using PSf, b-CD–G3-PSf and

b-CD–G4-PSf

Figure 6a shows 2,4,6-trichlorophenol adsorption of

the base membrane (PSf), b-CD–G3-PSf and b-CD–

G4-PSf. The removal efficiency of all the modified

membranes was higher as compared to the PSf. As the

reaction progressed the removal efficiencies decreased

and reached a steady state. The modified membranes

exhibit cyclodextrin–dendrimer nanocavities which

can efficiently adsorb and encapsulate organic pollu-

tants such as 2,4,6-trichlorophenol and this network

system is present in all the membranes tested except

PSf. In a study conducted by Li et al. (2011),

polyamidoamine–cyclodextrin (PAMAM–CD) copoly-

mer was found to have high adsorption efficiencies

towards organic compounds such as 2,4,6-trichlorophe-

nol (up to 92 %), 2,4-dichlorophenol (69 %) and poceau

4R (up to 99.6 %). It was concluded that these

adsorbents were adsorbed to a large extent onto the

surface or into the PAMAM–CD through interactions

with nitrogen and oxygen available within the PA-

MAM–CD copolymer (Li et al. 2011). The high removal

efficiency of modified membranes could be due to the

interaction of 2,4,6-TCP with the nitrogen and oxygen

available from the poly(propyleneimine)–cyclodextrin

structure (Fig. 1a) which are active sites on the sur-

face and within b-cyclodextrin–poly(propyleneimine)

conjugate.

The corresponding solute fluxes of the membranes

are depicted in Fig. 6b. The modified b-CD–PPI–PSf-

Fe/Ni membranes exhibited a lower flux than b-CD–

PPI–PSf and native PSf and this was attributed to the

increase in the thickness of the thin film layer. The

thickness of the selective layer estimated using Imagej

software (Park et al. 2012) from the cross-section SEM

images are shown in Fig. 7. The thickness of the film

was found to be 45 and 39 lm b-CD–G3-PPI–PSf and

b-CD–G4-PPI–PSf, respectively. Upon addition of Fe/

Ni nanoparticle, the layer thickness increased to

259 lm for b-CD–G3-PPI–PSf-Fe/Ni and 109 lm

for b-CD–G4-PPI–PSf-Fe/Ni. According to Singh

et al. (2011), composite membranes which have a

thicker selective layer exhibit a lower flux. In this

study, composite membranes were prepared by cross-

linking L-arginine and piperazine with trimesoyl

chloride (1 and 0.5 %) (Singh et al. 2011). Membranes

that were prepared using 0.5 % trimesoyl chloride

with layer thickness of 0.4 lm exhibited a lower flux

(Singh et al. 2011).

Dechlorination studies

One of the by-products formed during the dechlorina-

tion of 2,4,6-TCP is chloride ions (Fig. 8). The

chloride ions generated by b-CD–G3-PSf-Fe/Ni were

of lower concentration (*0.5 mg L-1) than b-CD–

G4-PSf-Fe/Ni (*1.5 mg L-1) and remained at a

constant concentration for the time tested. Low

chlorine ions were reported by Schrick et al. (2002)

for trichloroethylene dechlorination using Fe/Ni

Fig. 5 The relationship between pure water flux and pressure
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nanoparticles. The low chloride ion concentration

could be explained by the formation of insoluble

chlorine containing hydroxides or adsorption of

chloride by metal corrosion products (green rust)

thus leading to low detection of the ion (Schrick

et al. 2002). According to Smuleac et al. (2010),

dechlorination reaction can be affected by two factors,

i.e., iron oxide and Ni (or catalyst) deactivation due to

coverage of oxide or hydroxides (Smuleac et al. 2010).

Fe (0) can be corroded releasing ferrous ions and these

ions cause an increase pH which in turn results in the

formation of iron oxide (Yang et al. 2011; Meyer and

Bhattacharyya 2007). The iron oxide deposits on the

surface of the Fe (0) thus causing a decrease in

dechlorination efficiency of the bimetallic system

(Meyer and Bhattacharyya 2007: Yang et al. 2011).

Therefore, the iron cannot produce hydrogen which

can be deposited on the Ni to create active sites for

dechlorination of 2,4,6-TCP. This can lower the

dechlorination reactivity of the bimetallic Fe/Ni as

seen for b-CD–G3-PSf-Fe/Ni membrane. Also as the

2,4,6-TCP is dechlorinated to other intermediate by-

products, the nanocavities of the catalytic membranes

maybe occupied by these molecules thus inhibiting

further interaction of the 2,4,6-TCP with the catalytic

membranes hence lowering dechlorination. This trend

was also observed by Liu et al. (2010) where in situ

photocatalytic regeneration of chitosan/activated car-

bon fibre/TiO2 (CS/ACF/TiO2) was affected by the

presence of small molecules intermediate from oxi-

dation of 2,4-dichlorophenol which inhibited the

adsorption of 2,4-dichlorophenol onto the adsorption

site of the CS/ACF/TiO2 composite membrane.

To further confirm dechlorination, the permeate was

analysed for the presence of other products using

APCI-MS. The dechlorination products of 2,4,6-TCP

were 4-chlorophenol (m/z 128.5), phenol (m/z = 93.0)

and 2,4-dichlorophenol (m/z = 162.9) as illustrated in

Fig. 9. Specifically for b-CD–G3-PSf-Fe/Ni 2,4-

dichlorophenol was the only by-product detected after

60 min and for b-CD–G4-PSf-Fe/Ni, 4-chlorophenol

(after 45 min) and phenol (after 60 min) were also

detected. These products have also been reported by

Fig. 6 a Adsorption efficiency of membranes overtime and

b permeate flux at 0.69 MPa

Table 1 Water intake capacity, contact angle and pure water permeability for PSf, b-CD–PPI–PSf and b-CD–PPI–PSf-Fe/Ni

membranes

Membranes Water intake

capacity (%)

Contact

angle (�)

Porosity

(%)

Pure water

permeability

(10-3 m h-1 MPa-1)

Thickness of

surface layer (nm)

Commercial PSf 17 76 15 101 –

b-CD–G3-PPI–PSf 29 36 23 26 45

b-CD–G4-PPI–PSf 47 41 42 46 39

b-CD–G3-PSf-Fe/Ni 22 70 18 20 259

b-CD–G4-PSf-Fe/Ni 34 64 27 16 109
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other researchers who have used different materials

either for degradation or dechlorination of 2,4,6-TCP.

Choi et al. (2007) detected phenol after reductive

dechlorination of 2,4,6-TCP using a Fe/Pd-coated

reactive barrier. Mun et al. (2008) used an acidogenic

sequencing batch reactor to successfully dechlorinate

2,4,6-trichlorophenol to 4-chlorophenol. Gaya et al.

(2010) used ZnO powder for the photocatalytic

degradation of 2,4,6-trichlophenol, gas chromatogra-

phy–mass spectrometry and high performance-liquid

chromatography revealed the presence of 4-chloro-

phenol and phenol as the degradation intermediates

and complete minerilisation of these intermediates was

observed after 120 min.

Fig. 7 Cross-section images for a b-CD–G3-PPI–PSf, b b-CD–G4-PPI–PSf, c b-CD–G3-PPI–PSf-NiFe, d b-CD–G4-PPI–PSf-NiFe
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Kinectic studies for the dechlorination

of 2,4,6-TCP using batch studies

Data for kinetic evaluation based on the convective

mode analysis were not used since the rate constant

calculations are based on assumptions as reported by

other investigators (Smuleac et al. 2010, 2011).

Therefore, in this study we opted for the batch analysis

to calculate the rate of the reaction and this was

evaluated using Eq. 5 (Kuvarega et al. 2011) (Meyer

and Bhattacharyya 2007):

ln
C

C0

¼ kobst ð5Þ

where k is the observed reaction rate constant, C and

C0 represent the concentration at initial time and

time t, respectively. The values of kobs obtained from

the linear fit of the data are shown in Fig. 10. The rate

constants for the dechlorination of 2,4,6-TCP was

found to be 0.0015 and 0.0025 min-1 for b-CD–G3-

PSf-Fe/Ni and b-CD–G4-PSf-Fe/Ni, respectively.

These rate constants were found to be comparable

with those reported by researchers who have prepared

Ni/Fe nanoparticles using cellulose acetate mem-

branes (Meyer and Bhattacharyya 2007). Meyer and

Bhattacharyya (2007) reported a reaction rate constant

of 0.29 h-1 (0.00483 min-1) for the dechlorination of

trichloroethylene for Fe/Ni nanoparticles embedded

on cellulose acetate membranes which were prepared

by phase inversion.

Conclusion

The current study reports for the first time the

synthesis of Fe/Ni nanoparticles in the presence of

the b-cyclodextrin–dendrimer. HR-TEM demon-

strated even distribution of the Fe/Ni nanoparticles

and this feature is very important in the dechlorination

of organic compounds such as 2,4,6-TCP. Dechlori-

nation efficiency towards 2,4,6-TCP was comparable

with other studies for the catalytic membranes and the

presence of chloride ions, phenol, 4-chlorophenol and

Fig. 8 Concentration of chlorine ions as a function of time for

the dechlorination of 2,4,6-TCP under convection mode using

b-CD–G3-PSf-Fe/Ni and b-CD–G4-PSf-Fe/Ni

Fig. 9 APCI-MS analysis of 2,4,6-TCP dechlorination prod-

ucts a 4-chlorophenol, b phenol, c 2,4-dichlorophenol
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2,4-dichlorophenol as by-products indicated that

the membrane is feasible as a support for Fe/Ni

nanoparticles.
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Abstract A direct measurement of number concen-

tration of colloidal nanoparticles (15–450 nm) in

water was made with the membrane filtration-differ-

ential mobility analyzer technique, and its correspond-

ing flux decline rate (FDR) was determined by

laboratory-scale RO fouling test unit using varying

number concentrations of silica nanoparticles in

artificial seawaters. This relationship was used to

predict fouling potential of colloidal nanoparticles in

reverse osmosis (RO) membrane process of seawaters

in RO plant. It was found that the FDR linearly

increased with the increasing number of colloidal

nanoparticles for the given concentration range and

that the relationship between the number concentra-

tion and the FDR also depended on RO membrane

surface properties. Data for estimated FDR values for

natural seawaters after pretreatment showed a clear

difference among samples, which is contrary to the

pre-existing index such as silt density index and

modified fouling index. Our data suggest that mea-

surement of colloidal nanoparticles is useful for

selection of proper pretreatment and successful oper-

ation of RO membrane process along with other

particle fouling predictors accounting for large parti-

cles ([450 nm).

Keywords Colloidal nanoparticles � Counting �
Fouling � Reverse osmosis � Membrane

Introduction

Particles and colloids in seawaters have been consid-

ered as one of major fouling sources during membrane

filtration and reverse osmosis (RO) desalination

processes, causing permeate flux decline at constant

pressure filtration, increase in applied pressure at

constant flux filtration, and decrease in membrane

lifetime (Belfort et al. 1994; Zhu and Elimelech 1997;

Vrijenhoek et al. 2001; Ng and Elimelech 2004).

Microfiltration (MF) or ultrafiltration (UF) membrane

filtration of seawaters for removal of particles and

colloids was recently used as a pretreatment step

during RO membrane desalination process (Zhang and

Song 2000). However, the pretreated water still

contained a significant amount of colloidal nanopar-

ticles which were able to pass through the pre-filtration

membranes (Luo and Wang 2001; Chua et al. 2003)

and to be accumulated with other foulants on the RO
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membrane surface due to concentration polarization,

aggregation, and precipitation (Howe and Clark 2002),

affecting the RO membrane fouling. The fouling limits

the life of RO membrane and deteriorates its perfor-

mance with decreasing permeate flux, requiring more

energy and economical costs to keep a constant

permeate flux (Howe and Clark 2002). A successful

operation of the RO membrane process with adequate

selection of pretreatment requires an accurate predic-

tion of fouling by the colloidal nanoparticles.

A lot of effort has been made to predict membrane

fouling by colloidal particles by developing fouling

indices such as silt density index (SDI) (Belfort et al.

1994; Zhu and Elimelech 1997), which is a standard

method, and modified fouling index (MFI) (Ng and

Elimelech 2004). Since these methods used a 0.45-lm

microfilter (Vrijenhoek et al. 2001), it was difficult to

account for fouling caused by particles smaller than

*0.45 lm. It was also reported that colloidal fouling

still occurred although such indices met (Butt et al.

1997; Van Paasen et al. 1998), suggesting that the SDI

or MFI test would not be adequate for predicting

fouling by colloidal nanoparticles smaller than

0.45 lm. Schippers et al. (1981) reported that colloi-

dal nanoparticles smaller than 50 nm played a signif-

icant role in flux decline through RO membranes. In

additional to the concentration of particles, the geo-

metric properties (particle diameter, porosity, and so

on) of cake on the membrane are also important factors

to control fouling potential of water. Boerlage et al.

(2002) developed a MFI–UF index which used the UF

membrane instead of MF membrane to account for

colloidal particles based on cake filtration (Boerlage

et al. 2002). However, it took a longer time to

determine the MFI–UF compared to the SDI and MFI,

and a direct and real-time measurement of the

colloidal nanoparticles in the feed water could not be

performed by the MFI–UF method. Also, the MFI–UF

used a dead-end flow mode, which was different from

a cross flow mode employed in actual RO membrane

desalination process.

The amount (i.e., number concentration) of colloi-

dal nanoparticles could be considered as one of

important water quality parameters and one of indi-

cators for fouling potential, which has been little

studied until now, due to difficulty in direct quantifi-

cation of colloidal nanoparticles in water. In this study,

on-line measurements of the number of colloidal

nanoparticles in water were conducted. The colloidal

nanoparticles were defined as insoluble solid nano-

particles not dissolved in water regardless of their

chemical composition. The membrane filtration-dif-

ferential mobility analyzer (MF-DMA) technique,

which has been developed in our previous studies

(Park et al. 2009a, b, 2011) was applied to determine

the number and size of colloidal nanoparticles from 15

to 450 nm (particles/ml) (i.e., it is a on-line measure-

ment technique having multipoint sampling capabil-

ity). Then, we determined a relationship between the

number concentration and fouling potential (i.e., the

flux decline rate, FDR) of the colloidal nanoparticles

(\450 nm) in the actual RO membrane filtration

system by using silica nanoparticles with varying

number concentrations in artificial seawaters. In

addition to the quantification of colloidal nanoparti-

cles in the feed water, it is essential to determine

interaction between colloidal nanoparticles and RO

membrane in the actual RO membrane process to

better predict their fouling potential. Several commer-

cial RO membranes having different surface proper-

ties were tested to investigate the interaction between

colloidal nanoparticles and RO membranes. Further,

the method was applied for natural seawaters sampled

in several locations in Korea, and pretreated by

various methods in RO pilot units. The measured

fouling potential was also compared with pre-existing

fouling indices. The developed relationship between N

of colloidal nanoparticles (15–450 nm) and FDR

should be useful for predicting a fouling potential

caused by colloidal nanoparticles in the actual RO

membrane processes, while the existing SDI and MFI

could be used to predict fouling potential of large

particles ([450 nm).

Experimental method

Figure 1a shows a schematic of the MF-DMA system

to determine number concentration of insoluble

nanoparticles (15–450 nm) in water. The details for

the MF-DMA technique were described well in our

previous paper (Park et al. 2011). Briefly, it separates

insoluble colloidal particles from dissolved species by

a series of MF and UF membrane filtration, and each

solution before and after UF filtration was aerosolized

by a constant output atomizer, and the aerosolized

droplets were dried out by evaporating water leading

to airborne particles (Ling et al. 2010). Then, particle

J Nanopart Res (2013) 15:63–71
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concentration in the air was subsequently measured

with an aerosol measurement technique. The size and

number of aerosolized particles were measured with

the DMA and condensation particle counter (CPC).

The established relationship between number concen-

trations of particles in air and in water by using various

laboratory-generated particles of a known size or

concentration was used to determine number concen-

trations of colloidal particles in water. Since seawaters

typically contained a mixture of insoluble colloidal

particles and dissolved species, their separation by MF

and UF membranes was essential, and the effect of

dissolved species on the quantification of insoluble

nanoparticles was determined in our previous report.

Thus, the MF-DMA technique was able to measure

number concentration of insoluble suspended particles

(particles/ml) ranging from 15 to 450 nm and mass

concentration of dissolved species (ppm) in water

almost in real time.

Figure 1b shows a laboratory-scale RO filtration

unit to measure FDR (i.e., the FDR for water solutions

with varying concentrations of colloidal nanoparticles

in artificial or natural seawaters). A cross-flow mode

was employed in the lab-scale RO fouling unit to

simulate the actual RO membrane filtration process.

The size of RO membrane was 14 cm long and 9.5 cm

wide with a surface area of 125 cm2. The feed water

was circulated and pressurized by a high-pressure

pump (Warner, USA) with a cross flow rate of 500 ml/

min and an applied pressure at 5.5 MPa, respectively.

The temperature of feed water was maintained at

25 �C by using a circulating cooling bath (J-LTB,

JISICO, Korea). A high purity deionized (DI) water

was first circulated through the RO membrane to

remove any impurities from the membrane surface and

to stabilize flow and pressure in the RO unit before

test. Commercial RO membranes (TM-820, Toray,

Japan), SWC-5 (Hydranautics, USA), and SW-30HR

(Dow-Filmtec, USA) having different surface proper-

ties (roughness, surface charge, and contact angle)

were tested in this study. All membranes were made of

aromatic polyamide thin-film composite (TFC) with a

salt rejection rate of more than 99 %. The membranes

were stored in the DI water at 4 �C. The surface

properties of these membranes, such as root mean

square (RMS) roughness, surface charge, and contact

angle, were summarized in Table 1 (Yang et al. 2009).

To derive a relationship between fouling potential

and concentration of colloidal nanoparticles

(15–450 nm), we used a mixture of an artificial

seawater, mainly consisting of sea salt species

(Sigma-Aldrich, USA) (the measured total dissolved

solids is *25,000 ppm), and insoluble silica particles

(spherical particles with a density of 1.32 g/cm3)

(Nissan chemical, Japan) with varying concentrations.

Measurement of their size distribution with the DMA

and CPC showed that silica particles peaked at 121 nm

(a high number of particles smaller than 100 nm with

low number of particles larger than 300 nm) with a

geometric standard deviation of 1.5–1.6. Natural

seawaters were sampled from Pohang (Eastern Sea),

Taean (Western Sea), Yeosu (Southern Sea), Mokpo

(Western Sea), Gijang (Eastern Sea), and Changwon

(Eastern Sea) in Korea. The artificial and natural

seawaters were pre-filtered through 0.45-lm MF

membrane (Advantec, Japan, Millipore, USA) to

consider only small particles less than 0.45 lm, and

concentrations of dissolved solids in artificial seawa-

ters were measured with the TDS meter (OAKTON,

Singapore). Our previous studies showed that after the

0.45-lm MF membrane filtration of the seawaters,

insoluble particles larger than 0.45 lm were removed,

while most of dissolved species passed through it

(Park et al. 2009a, b, 2011). Also, natural seawaters

pretreated by various methods (dissolved air flotation,

DAF; double media filte, DMF; submerged MF

membrane; and pressurized MF membrane] employed

in actual RO pilot units were tested.

Measurements of SDI and MFI, which have been

used for particle fouling indices, were also made by

using an auto SDI test kit (GE Osmonics, USA)

employing MF membranes (0.45 lm) (HAWP 04700,

Millipore, USA) with a constant pressure at 206 kPa

maintained by a booster pump (GE water tech, USA).

For measurement of the MFI–UF, the dead-end

membrane filtration unit with a polyethersulfone

(PES)-UF membrane (GE Osmonics, USA) was used

under a constant pressure of 1,241 kPa.

Results and discussion

Mixtures of silica nanoparticles with varying concen-

trations (a similar concentration range to pretreated

natural seawaters by MF membrane) in artificial

seawaters at a constant concentration of total dissolved

solids (*25,000 ppm) were produced, and number

concentrations of colloidal silica nanoparticles in

Reprinted from the journal
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water were determined by the MF-DMA technique.

Also, above mixtures were sent to laboratory-scale RO

filtration unit to determine permeate flux as a function

of time. The permeate flux changes as a function of

time for different samples through RO membrane

(SWC-5) are shown in Fig. 2a. Data showed that the

permeate flux decreased most rapidly for the mixture

having the highest silica concentration (i.e.,

1.75 9 1012 particles/ml), while for artificial seawater

sample without silica nanoparticles the flux decreased

slowly. The initial permeate flux was found to be

strongly dependent on the concentration of silica

nanoparticles. By using the permeate flux data at the

initial time period, the FDR can be calculated by a

non-linear fitting of the data developed in previous

studies (Wang et al. 2007; Choi et al. 2009). Figure 2b

shows the FDRs for solutions having different number

concentration of silica particles (particles/ml) in

Artificial seawater or 
natural seawater

MF membrane filtration

UF membrane filtration

Constant 
output 

atomizer

Syringe pump

Diffusion dryers

Neutralizer

Differential 
Mobility 
Analyzer 
(DMA)

Condensation 
Particle Counter

(CPC)

Clean air 
supply

Mass flow 
controller

(a) 

Temperature 
control system

Feed 
water 

supplier

Pump

Flow 
regulator

Flow 
meter

Pressure 
Gauge

Cross flow RO
Membrane test cell

Permeate

Retentate

(b)

Fig. 1 Schematics for a the

MF-DMA system and

b laboratory-scale RO

membrane fouling test unit

Table 1 Surface properties

(surface roughness, surface

charge, and contact angle)

of the RO membranes tested

in this study

a RO membrane used for

natural seawaters

RO membrane model name Surface roughness (nm) Surface charge (mV) Contact angle (�)

TM-820 77.56 -18.31 79.00

SWC-5 127.42 -21.71 72.40

SW-30HR 87.31 -30.11 24.00

LP-4040a 192.91 -29.45 70.40
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artificial seawater. It is evident that the FDR increased

with increasing concentration of insoluble silica

particles, suggesting that the number of colloidal

nanoparticles (15–450 nm), which could be consid-

ered as one of important feed water quality parame-

ters, can play a role in the RO fouling.

In addition to the water quality parameter (i.e.,

number concentration of colloidal nanoparticles in

water), surface properties of the RO membrane, which

was exposed to interact with particles, may affect

fouling during the RO filtration process. To examine

this, several RO membranes (TM-820, SWC-5, and

SW-30HR) having different surface properties were

tested. The surface properties of RO membranes used

here were shown in Table 1. We found that as the

number concentration of silica particles increased, the

FDR increased, and that the slopes varied for different

types of RO membranes as shown in Fig. 3a. As

shown in Fig. 3b and Table 1, we found that the FDR

(i.e., fouling potential caused by colloidal silica

nanoparticles) was much higher for the SWC-5 RO

membrane having the highest surface roughness

among tested RO membranes. Also, we found that

the FDR was lower for the RO membrane (SW-30HR)

having a high negative surface charge and a low

contact angle (i.e., hydrophilic). Our results are

consistent with previous reports although their focus

was not colloidal nanoparticles (Brauns et al. 2002;

Song et al. 2004; Khirani et al. 2006; Li and Elimelech

2006; Yu et al. 2010). The membrane with the higher
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Fig. 2 a Time-dependent

permeate fluxes through RO

membrane (SWC-5) for

mixtures of silica particles

with varying number

concentrations and artificial

seawaters with a constant

concentration of total

dissolved solids

(25,000 ppm), and

b FDR versus number

concentration
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surface roughness caused more colloidal fouling due

to the valley clogging than that having the smooth

surface (Boussu et al. 2007). Membrane with high

negative surface charge had a low fouling potential

because of the repulsive force between the foulants

having negative charge and membrane surface (Yang

et al. 2009). In addition, a strong hydrophobic

interaction between the foulants and membrane sur-

face could cause multi-fouling layers on the mem-

brane surface leading to increase fouling potential

(Yang et al. 2009; Boussu et al. 2007).

Since the relationship between the number concen-

tration of silica nanoparticles (15–450 nm) and their

fouling potential also depended on RO membrane

surface properties, the N was further normalized by

values of surface roughness, surface negative charge,

and contact angle. It was found that for current RO

membranes tested here, the normalization of the

number by the inverse of surface roughness and

surface negative charge [i.e., N/(1/rough-

ness 9 charge)] led to less dependence of the FDR

on RO membrane surface properties as shown in

Fig. 3b. Our data suggested that in addition to the feed

water quality parameter, the consideration of surface

property of the RO membrane accounting for the

interaction between nanoparticles and the specific RO

membrane is important to predict RO fouling in RO

plant using various types of RO membranes. This

might occur because cake filtration, which is also one

of important particle fouling mechanisms in RO

membrane filtration, may be affected by the roughness

and surface charge of the membrane especially in early
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Fig. 3 a FDR versus

N through RO membranes

having different surface

properties and b FDR versus

N normalized by the inverse

of surface roughness and

charge of RO membranes
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stages of filtration. The size distribution of particles

can also play a role in the cake formation with

concentration polarization, having an impact on the

extent of membrane fouling. Throughout this study,

the fouling potential of colloidal nanoparticles less

than 450 nm was investigated.

The FDR values for MF membrane-filtered natural

seawaters sampled at the Eastern Sea (Pohang),

Western Sea (Taean), and Southern Sea (Yeosu)

around the Korean peninsula were determined by

using measured number concentrations (N) of insol-

uble nanoparticles, as shown in Fig. 4. The FDR of

seawater sampled from Pohang was approximately

two times higher than those from Taean and Yeosu,

while mass concentrations of total dissolved solids

among seawaters were invariant (23,358–24,640

ppm) within 3 %. Data suggest that the seawater from

Pohang had the highest fouling potential by colloidal

nanoparticles. Compared to other sites, the Pohang

sampling site was located near heavy industrial

complex where probably anthropogenic sources for

colloidal nanoparticles would be abundant. As shown

in Fig. 4, the MFI–UF also had a similar trend to the

FDR, which has been known to better predict fouling

potential of colloidal nanoparticles than the SDI and

MFI, although it took much longer time to determine

the MFI–UF compared to the N. In addition to the

estimated FDR from the N, the actual FDR was

measured for several samples, which also took a

longer time compared to the N. The correlation

coefficient between the estimated and measured ones

was 0.93. However, there is a significant difference in

the FDR values between the estimated and measured

ones. Note that the FDR was estimated by using the

relationship obtained from the silica particles in the

artificial seawater (see Fig. 3). A new relationship

should be needed by using various natural seawaters to

have a value close to the measured FDR.

The MFI and SDI (5 min data) for natural seawaters

before and after pretreatment (MF membrane-filtered)

were measured. Without pretreatment, a distinct dif-

ference of the SDI and MFI was observed among

different sampling sites. For example, the MFI was

98.5, 425.6, and 5.7 for natural seawaters from Pohang,

Taean, and Yeosu, respectively. The SDI was 12.1 and

8.6 for natural seawaters sampled Pohang and Yeosu,

respectively. The SDI was not available for the Taean

sample due to high concentration of large particles.

Data suggest that the SDI and MFI are adequate to

predict fouling potential of large particles ([450 nm).

After pretreatment that removed particles larger than

450 nm, the low values of SDI and MFI were found,

and no significant difference among sites was

observed, as shown in Fig. 5. However, the FDR

estimated from the measured N varied significantly

among seawaters sampled in different sites. Data

suggest that the N should be useful to predict RO

fouling caused by such small colloidal nanoparticles

that can exist after pretreatment, which is difficult to be

predicted by the SDI and MFI.

Effects of pretreatment methods (DAF, DMF,

submerged MF membrane, and pressurized MF

membrane methods employed in actual RO pilot units

(Gijang and Changwon RO pilot units in Korea) on

FDR were investigated (Fig. 6). FDR values were

determined by using the measured N of the colloidal

nanoparticles (15–450 nm) for pretreated seawaters.

As shown in Fig. 6, the use of pressurized MF

membrane method had the lowest fouling potential.
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Our data suggest that the current measurement method

should be useful to rapidly evaluate various pretreat-

ment techniques in RO desalination processes and that

the membrane filtration should be the most useful

pretreatment method to remove nanoparticles.

Conclusions

A direct measurement of number concentration of

colloidal nanoparticles (15–450 nm), which can be

considered as one of important feed water quality

parameters, was made, and then the relationship

between the measured N and FDR in the actual RO

membrane filtration system was determined, leading

to rapidly predict fouling potential of colloidal nano-

particles. It was found that the relationship between

the N and their fouling potential also depended on RO

membrane surface properties, and that the normaliza-

tion of N by the inverse of surface roughness and

surface negative charge provided better prediction of

colloidal nanoparticle fouling in the actual RO mem-

brane process using various RO membranes. Results

for FDR for various natural seawaters suggested that

along with other particle fouling index accounting for

large particles ([450 nm), the N can be used as a

useful tool for real-time monitoring of colloidal

nanoparticles in feed water, the selection of proper

pretreatment, and the successful operation of RO

membrane desalination process in RO plant.
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Abstract Multiwalled carbon nanotube (MWCNT/

N), Pd co-doped TiO2 nanocomposites were prepared

by calcining the hydrolysis products of the reaction of

titanium isopropoxide, Ti(OC3H7)4 containing multi-

walled carbon nanotubes with aqueous ammonia. The

prepared samples were characterised by Fourier trans-

form infrared spectroscopy, Raman spectroscopy,

thermogravimetric analysis, diffuse reflectance UV–

Vis spectrophotometry (DRUV–Vis), XRD, scanning

electron microscopy (SEM) and transmission electron

microscopy (TEM). DRUV–Vis analysis confirmed the

red shift in the absorption edge at lower MWCNT

percentages. SEM and TEM images showed the

complete coverage of the MWCNTs with clusters of

anatase TiO2 at low MWCNT percentages. Higher

MWCNT levels led to their aggregation and

consequently poor coverage by N, Pd co-doped TiO2.

The photocatalytic activities of the nanocomposites

were monitored by photodegradation of Eosin Yellow

under simulated solar and visible light irradiation

(k[ 450 nm). Irradiation with simulated solar radia-

tion gave higher dye-degradation rates compared to

visible radiation. The optimum MWCNT weight per-

centage in the composites was found to be 0.5. High

degradation-rate constants of 3.42 9 10-2 and 5.18 9

10-3 min-1 were realised for the 0.5% MWCNT/N, Pd

co-doped TiO2 composite, using simulated solar light

and visible light, respectively.

Keywords Nanocomposite � Photocatalysis �
Photodegradation � Visible light � Solar light �
Sustainable nanotechnology

Introduction

Carbon nanotubes (CNTs) exhibit excellent mechan-

ical, electrical and magnetic properties as well as

nanometre-scale diameter and high aspect ratio, which

make them suitable candidates to mitigate the ever-

increasing environmental challenges. They can be

considered as good supports for semiconductors with

photocatalytic properties because of their chemical

stability, high mechanical strength and nanoporous

character, which favour the diffusion of reacting

agents. They also show great potential for sensor

application, composites and as membrane materials

(Baughman et al. 2002; Kim et al. 2007). To date,
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many types of inorganic and organic molecules have

been successfully decorated on CNTs using various

methods. These composites not only exhibit unique

intrinsic properties, such as electronic, mechanical,

adsorption and thermal properties, but also display

cooperative or synergetic effects (An et al. 2007).

The published literature on CNT/TiO2 nanocompos-

ites has attracted the attention of scientists because of

their many and varied applications, inter alia, the

purification of contaminated water (An et al. 2007;

Gao et al. 2009; Wang et al. 2005). CNTs can efficiently

adsorb pollutants in water and also increase the

photocatalytic activity of TiO2 by acting as electron

traps, thus stabilising the charge carriers and suppress-

ing the rate of electron–hole recombination. Accord-

ingly, CNTs/TiO2 composites can be used as promising

materials for environmental cleaning. The coupling of

TiO2 with CNTs has been shown to provide a co-

operative and synergistic effect which can enhance the

overall efficiency of the photocatalytic process. The

conductive structure of the CNT scaffold is believed to

favour the separation of the photo-generated electron–

hole pairs through the formation of heterojunctions

(Schottky barrier) at the CNT/TiO2 interface. TiO2 is an

n-type semiconductor; however, in the presence of

CNTs, photogenerated electrons may move freely

towards the CNT surface, which may have a lower

Fermi level, leaving an excess of valence band holes in

the TiO2 to migrate to the surface and react. Under such

circumstances, the TiO2 effectively behaves as a p-type

semiconductor, which is highly photoactive. CNTs can

provide spatial confinement of TiO2 and large support-

ing surface areas, leading to faster photocatalytic redox

reactions (Gao et al. 2009; Woan et al. 2009).

Photocatalysis by TiO2-based semiconductors has

received lots of attention in the past few decades with

the final goal of efficiently converting solar light

energy into useful chemical energy. The effective

utilisation of clean, safe and abundant solar energy

should lead to promising solutions not only for energy

issues due to the exhaustion of natural energy sources,

but also for environmental pollution remediation

(Anpo and Takeuchi 2003). In general, researchers

are focussing on two aspects in order to improve the

performance of TiO2: improving the photocatalytic

efficiency and extending the absorption edge of the

semiconductors from the UV to the visible region

(Kafizas et al. 2009). The photocatalytic reactivity of

semiconducting TiO2 is remarkably enhanced by the

doping of small amounts of transition metals such as

Fe, Cu, V, Mo or Ni and noble metals such as Pt, Pd,

Os, Ir, Ru or Rh. The Fermi levels of these metals are

lower than that of TiO2, therefore photoexcited

electrons can be transferred from the conduction band

to metal particles deposited on the surface of TiO2.

These metals reduce the possibility of electron–hole

recombination, resulting in efficient charge separation

and higher photocatalytic reaction rates (Anpo and

Takeuchi 2003; Rupa et al. 2009).

One of the most promising and widely investigated

materials for visible photocatalysis is nitrogen-doped

TiO2, although other anions such as F, B, C, P and S

have also been found to enhance the photocatalytic

activity of TiO2 in the visible range. This is because the

nitrogen atom has a similar size to oxygen atom as well

as low ionization energy so it can easily substitute O in

TiO2. This results in band gap narrowing as oxygen

atoms are substituted by nitrogen due to mixing of the N

2p orbital with O 2p orbital or creation of additional N

2p states within the band gap of titania. Nitrogen-doped

TiO2 has been shown to exhibit higher photocatalytic

activity under visible light irradiation (Lin et al. 2005),

although there are still many theories on the modifica-

tion mechanism of TiO2 doped with nitrogen.

There are a number of methods that can be used to

fabricate CNT/TiO2 composite materials including,

mechanical mixing of TiO2 and CNTs, sol–gel synthesis

of TiO2 in the presence of CNTs, electro-spinning

methods, electrophoretic deposition and chemical

vapour deposition (Gao et al. 2009; Woan et al. 2009;

Jitianu et al. 2004; Fan et al. 2006; Yu et al. 2005). The

uniformity of the oxide coating and the physical

properties of the composite materials may vary depend-

ing on the preparation method used. Though uniform

coating of TiO2 on CNTs may be achieved by chemical

vapour deposition and electro-spinning methods, these

techniques are not simple. They require specialised

equipment and it may be difficult to quantify the ratio

between composite compounds. Sol–gel methods are

still the most preferred, although they usually lead to a

heterogeneous, non-uniform coating of CNTs by TiO2,

showing bare CNT surfaces and random aggregation of

TiO2 onto the CNT surfaces (Gao et al. 2009).

The photocatalytic properties of CNT/TiO2 com-

posite photocatalysts still remain largely unexplored

although considerable efforts have been devoted to the

coating of TiO2 nanoparticles on CNTs. There are only

a few reports on coating non-metal–metal co-doped

J Nanopart Res (2012) 14:73–88
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TiO2 on CNTs (Woan et al. 2009; Kang et al. 2007) for

applications in water decontamination. To the best of

our knowledge, there are no reports on supporting N,

Pd co-doped TiO2 on MWCNTs. Such nanocompos-

ites have the potential to show the synergetic effect of

the combination of N, Pd and MWCNTs on the

catalytic performance of the TiO2 on oxidative

decomposition of organic pollutants in water using

solar radiation. Yadav et al. (2011) demonstrated

enhanced methyl orange degradation on MWCNT–

TiO2 nanohybrid catalysts prepared by click chemis-

try. They reported that the MWCNT–TiO2 nanohybrid

catalyst had an enhanced photocatalytic activity

resulting from the synergistic effect due to strong

covalent bonds between MWCNTs and TiO2 nano-

particles (Yadav et al. 2011).

In this study, MWCNT/N, Pd co-doped TiO2

composite photocatalysts were prepared by a modified

sol–gel method. The materials were found to be active

in the visible region of the solar spectrum. The

photocatalytic degradation efficiency of the composite

catalysts for a model synthetic dye was evaluated

using Eosin Yellow (EY) (Fig. 1) in aqueous solution

as a probe molecule.

Experimental details

Preparation of MWCNTs

The preparation, purification, functionalization and

characterization of the MWCNTs were carried out in

our laboratories. MWCNTs were synthesized using

the nebulised-spray-pyrolysis method followed by

acid functionalisation. Ferrocene (2.00 g) was added

to toluene (50 ml) and placed into an atomisation

chamber. This solution was nebulised using a high-

frequency ultrasonic beam with a frequency of

1.54 MHz. A geyser resulted at the surface that

generated a spray which was carried into the quartz

tube placed in the furnace. The temperature of the

furnace was maintained at 900 �C. Ultra-pure argon

was used as a carrier gas and the gas flow rate was

maintained at 500 cm3 min-1 using a flow controller.

The pyrolysis was carried out for 45 min. After the

reaction, the flow rate of argon was reduced to

80 cm3 min-1. A black film of MWCNTs was formed

in the inner surface of the tubing which was removed

with a brush after the tube had cooled down.

Purification of MWCNTs

The MWCNTs were purified by heating them in air at

500 �C for 1 h to remove amorphous carbon and

multi-shell carbon nanocapsules. The black product

was allowed to cool and then immersed in concen-

trated hydrochloric acid (100 ml) to remove most of

the iron particles. The product was then washed with

distilled water and thereafter dried in an oven at

150 �C for 12 h.

Functionalization of MWCNTs

Purified MWCNTs were functionalized by heating

under reflux in concentrated nitric acid (50 ml) for 6 h.

This procedure removed the remaining iron particles

and introduced some functional groups onto the

surface of the MWCNTs. The functional groups

included the hydroxyl and carboxyl groups. After the

acid treatment, MWCNTs were washed with distilled

water until the pH of the filtrate approached 7. The

resulting MWCNTs were then filtered and dried at

60 �C overnight in air and further used for the

preparation of the nanocomposites.

Preparation of materials

The following method was used to prepare 0.5%

MWCNT/N, Pd co-doped TiO2 (0.5% Pd): an appro-

priate weighed amount of purified MWCNTs was

dispersed in a mixture of 2-propanol C3H8O, (50 ml)

(99.8%, Sigma Aldrich, Germany) and titanium iso-

propoxide Ti(OC3H7)4 (10 ml) (97%, Sigma Aldrich,

Germany) to give a MWCNT:TiO2 percentage of 0.5.

The mixture was sonicated for 30 min to improve

MWCNT dispersion. An appropriate amount of pal-

ladium diamine dichloride, Pd(NH3)2Cl2-, (45% Pd,

PGM Chemicals, RSA), to give a Pd:Ti ratio of 0.5%

was dissolved in aqueous ammonia (3 ml) (25%,

O

Br

OH

Br

Br

Br

COOH

O

Fig. 1 Chemical structure of Eosin Yellow
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Merck, Germany). The solution was added drop-wise

to the MWCNT/2-propanol/titanium isopropoxide

mixture while stirring vigorously for 30 min. After a

further hour of stirring, the suspension was dried

overnight in an oven set at 80 �C. The resulting light-

grey powder was calcined for 2 h at 500 �C in air in an

electric furnace and characterised by various tech-

niques. In addition, 1, 2, 5 and 10% MWCNT samples

were prepared by following the same procedure and

weighing appropriate amounts of functionalised

MWCNTs, respectively. A sample without MWCNTs

was prepared for comparison. Figure 2 shows the

synthetic route for the MWCNT/N, Pd co-doped TiO2

nanocomposites.

Characterisation

FT-IR spectra were obtained on a Perkin Elmer (FT-IR

Spectrum 100) spectrophotometer with 4 cm-1 reso-

lution averaging 30 scans. Samples were analysed in

their powder form using a ZnSe/diamond composite as

the key component of the universal attenuated total

reflectance sample holder.

Raman spectra, excited by a red diode laser

(785 nm), were recorded on a Czerny-Turner micro-

Raman spectrometer (Perkin Elmer Raman

microscope) equipped with a cooled charged coupled

device (CCD) detector set at -50 �C and an Olympus

microscope. Measurements were done with the beam

path set at 509 magnification.

X-ray diffraction (XRD) measurements were per-

formed using an X-ray diffractometer (Philips PAN-

analytical X’pert) operated at 40 kV and 40 mA. The

Cu Ka radiation beam (k = 0.15406 nm), Ni filtered

(0.02 mm) and masked (11.6 mm), was collimated by

Soller slits (0.04 rad). Measurements were performed

in the range 20�–80� (2h). Samples in their powder

form were mounted on a Si sample holder using a

bracket sample stage. Data analysis was performed

using an X’pert data collector software. The crystallite

sizes were estimated by applying the Scherer equation

to the full width at half maxima (FWHM) data of the

(101) peak of the anatase phase.

Optical properties were investigated using diffuse

reflectance UV–Vis absorption spectrophotometry

(DRUV–Vis) on a Shimadzu UV-2540 with an IRS

240 integrating sphere. BaSO4 was used as a reference.

Scanning electron microscopy (SEM) images were

obtained on a NOVA FEI/FIB Instrument, equipped

with an INCA EDS analyser.

Transmission electron microscopy (TEM) analysis

was performed under bright field on a Tecnai G2 Spirit

Fig. 2 Illustration of the

synthesis of N, Pd co-doped

TiO2 decorated MWCNTs

J Nanopart Res (2012) 14:73–88
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TEM microscope to observe surface morphology,

structure and grain size of the nanoparticles.

Thermogravimetric analysis (TGA) was carried out

on a Perkin Elmer Pyris thermal analyser at a heating

rate of 10 �C min-1 under nitrogen flow over a range

of 30–900 �C in order to obtain thermal stability data.

Evaluation of photocatalytic activity

The photocatalytic performance of the N, Pd co-doped

TiO2 decorated MWCNTs was quantified by measur-

ing the rate of degradation of EY under simulated solar

radiation and visible light irradiation filtered using a

dichroic UV filter (k[ 450 nm). The catalyst (0.1 g)

was suspended in 100 ml of EY solution (100 ppm)

under simulated solar radiation and visible light

irradiation. A solar simulator (Oriel, Newport),

equipped with an Oriel 500 W Xenon lamp, was

employed as a source of radiation. The power output

was set to 450 W in order to give an irradiance of

1,000 Wm-2 at 25 �C, using an Air Mass1.5 Global

Spectral Filter. A dichroic UV filter (k[ 450 nm) was

used for visible light irradiation. An Oriel PV refer-

ence cell system equipped with a 2 9 2 cm mono-

crystalline silicon photovoltaic cell and a Type K

thermocouple was used to set the simulator irradiance

to 1 sun. Before photocatalytic reactions, the suspen-

sions were ultra-sonicated for 20 min and then mag-

netically stirred in the dark for 1 h to allow for

adsorption equilibrium before illumination. Aliquots

(3 ml) of the suspension were withdrawn at 15 min

intervals using a 6 ml Neomedic disposable syringe

and filtered through a 0.2 lm Pall Acrodisc PSF

membrane filter for at least 120 min. Variations in the

concentration of EY under illumination were moni-

tored using a Shimadzu UV-2450 spectrophotometer

(Japan) at k = 515 nm.

Results and discussion

FT-IR studies were performed in order to determine

the presence of functional groups and to study the

surface changes on the nanocomposites (Fig. 3). The

presence of OH groups and water on the surface of the

particles was confirmed by the appearance of a broad

band at 3,360 cm-1 for all samples. Another peak

associated with O–H bending appeared around

1,640 cm-1. The presence of hydroxyl groups on

composite surfaces plays an important role in photo-

catalytic degradation. The functional groups on the

composites were mainly from surface groups on the

TiO2. No characteristic peaks of the CNTs were

observed due to the low percentage of MWCNTs in

the nanocomposites. The band due to stretching and

bending modes of Ti–O and O–Ti–O appeared as a

highly intense broad band centred at approximately

500 cm-1 (Yu et al. 2011).

Raman analyses confirmed the presence of TiO2 and

MWCNTs in the nanocomposites (Fig. 4). Anatase

TiO2 shows six Raman active fundamental modes at

144 cm-1 (Eg), 197 cm-1 (Eg), 397 cm-1 (B1g),

518 cm-1 (A1g ? B1g) and 640 cm-1 (Eg) (Anpo and

Takeuchi 2003). Well-resolved Raman peaks were

observed at 145 cm-1 (Eg), 399 cm-1 (B1g), 517 cm-1

(A1g ? B1g) and 640 cm-1 (Eg) cm-1 in the spectra of all

the samples calcined at 500 �C indicating the presence of

anatase as the predominant phase (Ou et al. 2006).

Peaks characteristic of MWCNTs also appeared at

about 1,311 cm-1 (D band) and at 1,578 cm-1 (G

band or E2g) (Yan et al. 2005) in the nanocomposites

(Fig. 5). The D band corresponds to defect sites in the

hexagonal framework of the MWCNTs due to disorder

induced by sp3 hybridization, whereas the G band

indicates the presence of ordered sp2 hybridization, a

feature related to the structural integrity of the

nanotubes. The ratio of D-band (ID) to G-band (IG)

intensities is sensitive to the surface character of

MWCNTs. The intensity ratio (ID/IG) values for 2%
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MWCNT/N, Pd co-doped TiO2 and 5% MWCNT/N,

Pd co-doped TiO2 were found to be 0.986 and 0.942,

respectively. These values suggest increased defects

on CNTs resulting in increased D-band intensity,

signalling the change of the hybridization of C atoms

on the nanotubes from sp2 to sp3. A weak shoulder

(D’ band), which is also associated with the defects

and disorder in the MWCNTs, appears at about

1,613 cm-1 in the nanostructure (Hirano et al.

2003). These observations provide evidence for cova-

lent functionalization of N, Pd TiO2 nanoparticles on

MWCNTs (Yadav et al. 2011).

The intensity of these Raman peaks increases with

increasing amounts of MWCNTs in the nanocompos-

ites. The low intensity at low MWCNTs levels may be

explained by the total coverage of the CNTs by the

co-doped TiO2 particles. At high MWCNT levels, the

coverage by co-doped TiO2 was lower due to aggre-

gation and poor dispersion in 2-propanol, thus some of

the MWCNTs were bare leading to more intense

Raman peaks. These results are in agreement with

SEM and TEM observations.

XRD analysis was performed to investigate the

effect of MWCNTs on the crystallisation of different

samples (Fig. 6). The XRD patterns of the nanocom-

posites may be as a result of the formation of pure

anatase crystallites in the composites. Peaks at 2h
values of 25.3, 37.6, 48.2, 53.9, 54.8, 62.7 and 75.2

corresponding to the (101), (004), (200), (105), (211),

(204) and (215) planes, respectively, can be indexed to

the anatase phase (Ou et al. 2006). The characteristic

peaks of the MWCNTs can hardly be identified from

the pattern of the nanocomposite catalysts at low

MWCNT percentages. The absence of aggregated

MWCNTs in the composites containing low percent-

ages of MWCNT led to a homogeneous dispersion of

N, Pd TiO2 on MWCNTs, further confirming the

absence of the MWCNT characteristic peaks in the

XRD patterns. There is a possibility of overlap of

the intense peak of the MWCNTs (101) with the

anatase (101) reflection (Gao et al. 2009). This feature

is clearly visible by the appearance of a shoulder on

the (101) anatase reflection of the 5% MWCNT/N, Pd

co-doped TiO2 and 10% MWCNT/N, Pd co-doped

TiO2. The crystallite size was calculated by X-ray

line-broadening analysis using the Scherer equation:

D ¼ kk
b cos h

where D is crystallite particle size, k is a constant of

0.9, k is the wavelength (nm) of characteristic X-ray

applied, b is the FWHM of the anatase (101) peak

obtained by XRD and h is Bragg angle (Maicu et al.

2011).

Results of particle sizes are shown in Table 1.

There are no major differences in particle size with

increasing amounts of MWCNTs. A general slight

increase in particle size with increasing MWCNT

content may be attributed to the rate of hydrolysis

and condensation reactions on the support. At low
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MWCNT levels, the condensation reaction is com-

plete within a short period of time as few carboxylate

sites are available for the reaction. The rapid hydro-

lysis of the titanium precursor occurred before or

while the reaction products anchored on the nanotube

supports leading to smaller particle sizes (Gao et al.

2009). Zhang and Oh (2010) reported an average

particle size of 5 nm for MWCNT/TiO2 composites

prepared by the sol–gel method (Hirano et al. 2003).

All the samples were still 100% in the anatase phase

after calcination at 500 �C.

SEM images of the MWCNT/N, Pd co-doped TiO2

nanocomposites (Fig. 7) show coverage of the

MWCNTs with N, Pd TiO2. Figure 7a shows coated

MWCNTs in clusters of highly agglomerated N, Pd

TiO2 nanoparticles. Coverage is not continuous for

some of the nanocomposites (Fig. 7b), with small bare

gaps in the nanometre range on the MWCNTs. This

might be due to the calcination leading to loss of water,

carbon and nitrogenous material. This creates a strain

on the nanoclusters resulting in a gap being created.

The nanoclusters are formed by the hydrolysis and co-

condensation of isopropyl titanate under alkaline

conditions in the presence of MWCNT-COOH and

Pd ions. The amorphous N, Pd TiO2 obtained at room

temperature was transformed to crystalline anatase

after heat treatment at 500 �C. At higher MWCNT

levels, aggregation becomes a problem, leading to poor

dispersion of MWCNTs in 2-propanol and eventually

poor coverage by the nanoparticles (Fig. 7d).

Elemental composition of the nanocomposites was

probed and confirmed by EDS analysis (Fig. 8).

Results indicated the presence of Ti, O, C and Pd.

Presence of Na and S was also detected which may

have originated from containers or sample-handling

contamination. The C signal most certainly emanates

from the MWCNTs.

Figure 9 shows the TEM images of the N, Pd co-

doped TiO2 alone and of MWCNT/N, Pd co-doped

TiO2 nanocomposites. TEM images confirm the

presence of Pd deposits on the surface of the N-doped

TiO2 (Fig. 9a). Pd deposits are well dispersed on many

of the TiO2 particles and have diameters ranging from

1 to 2 nm. The particles are agglomerated and nearly

spherical in shape. The size of the TiO2 particles is

approximately in the range of 15–20 nm, consistent

with XRD measurements. The images also reveal a

composite microstructure consisting of TiO2 agglom-

erates with embedded MWCNTs confirming the

intimate contact between the MWCNTs and co-doped

TiO2. All the CNTs were covered uniformly with a

layer of co-doped TiO2 at low MWCNT/co-doped

TiO2 ratio (Fig. 9b, c). However at 5% MWCNT/

co-doped TiO2 and 10% MWCNT/co-doped TiO2, the

distribution of the clusters is far from being homoge-

neous. Some of the MWCNTs are completely bare or

show poor coverage (Fig. 9d, f). Pd particles sitting on

MWCNTs are clearly visible on the poorly covered

MWCNTs (Fig. 9f). The aggregation of co-doped

TiO2 nanoparticles on MWCNTs indicates the sup-

porting role of the MWCNTs as centres for the

deposition and growth of hydrolysis products as well

as support for spatial confinement of the co-doped

TiO2 clusters (Gao et al. 2009). The thickness of the N,

Pd TiO2 layer on the MWCNTs was estimated to be

10–20 nm (at least one layer). Furthermore, it can be

noted that the open ends of the tubular structure are
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Table 1 Effect MWCNTs on average particle size

Sample Particle

size (nm)

N, Pd co-doped TiO2 (0.5% Pd) 16.41

0.5% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 17.92

1.0% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 15.21

2.0% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 17.89

5.0% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 18.64

10.0% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 19.60
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also covered by co-doped TiO2, suggesting the

presence of functional groups on the sidewalls and at

the open ends of the functionalised MWCNTs

(Fig. 9e, f).

TGA analysis was carried out to investigate the

thermal stability and to estimate the CNT content in

the nanocomposites. The results of weight loss as a

function of temperature for 0.5% MWCNT/N, Pd co-

doped TiO2 to 10.0% MWCNT/N, Pd co-doped TiO2

nanocomposites are shown in Fig. 10. A weight loss at

a temperature of between 50 and 100 �C is attributed to

the loss of water adsorbed onto the surface of the

nanocomposites. Another weight loss at about 250 �C

could be due to loss of any carbon or nitrogen-related

Fig. 7 SEM images of a 0.5% MWCNT/N, Pd TiO2, b N, Pd TiO2 decorated MWCNT showing a small uncovered gap, c 5%

MWCNT/N, Pd TiO2 and d aggregation in 10% MWCNT/N, Pd TiO2

Fig. 8 Full-scale EDS scan

of 2% MWCNT/N, Pd

co-doped TiO2
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material. The weight loss above 500 �C indicates the

decomposition of CNTs. The weight ratio of

MWCNTs over TiO2 was estimated by correlating

the mass loss with temperature. The weight loss above

500 �C, of approximately 1, 2, 5 and 12% for the 1, 2, 5

and 10% MWCNT/N, Pd co-doped TiO2, respectively,

Fig. 9 TEM images of a N, Pd co-doped TiO2 (0.5% Pd), b and

c 0.5% MWCNT/N, co-doped Pd TiO2 showing MWCNTs

completely covered with N, Pd co-doped TiO2, d MWCNT with

N, Pd co-doped TiO2 particle as well as aggregates, e MWCNT

covered with N, Pd co-doped TiO2 and N, Pd co-doped TiO2

aggregates and f unevenly covered MWCNTs (5.0% MWCNT/

N, Pd co-doped TiO2) showing some Pd particles
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suggests that the MWCNT/N, Pd co-doped TiO2 ratios

used during synthesis of the nanocomposites are in

close agreement with results obtained from TGA

analyses. This observation points to negligible losses

of MWCNTs during the composite-preparation proce-

dure. The decomposition temperature of functionalised

MWCNTs was found to be 570 �C. It occurs over a

narrow temperature range of between 520 and 580 �C.

However, the decomposition of nanocomposites

occurs at a higher temperature of about 600 �C and

over a wider temperature range with the onset at nearly

530 �C for the 5% MWCNT/N, Pd co-doped TiO2

sample, ending at about 680 �C. The decomposition

starts at 540 �C for the 2% MWNCT/N, Pd co-doped

TiO2 and at 560 �C for the 1% MWCNT/N, Pd co-

doped TiO2, respectively. This shift in the onset of the

decomposition appears to be related to the level of

coating of N, Pd TiO2 on the MWCNTs as shown by the

TEM images. The shift may be ascribed to the presence

of the co-doped TiO2 coated on the MWCNTs which

may slightly restrain heat transfer resulting in delayed

oxidation of MWCNTs.

The DRUV–Vis spectra of the different nanocom-

posites are shown in Fig. 11. The spectra are charac-

terised by an intense fundamental absorption due to

anatase TiO2 in the region of between 350 and

400 nm. There is a red shift in the absorption edge

for MWCNT/N, Pd co-doped TiO2 nanocomposites

that can be correlated to the amount of MWCNTs in

the high-wavelength visible region. There is an

increase in the absorption edge for the 0.5 and 1.0%

MWCNT/N, Pd co-doped TiO2 centred on 475 nm. At

2.0, 5.0 and 10% MWCNT/N, Pd co-doped TiO2 there

is a decrease in the absorption at around 475 nm but an

increase is observed at between 700 and 900 nm.

An increase in MWCNTs was accompanied by a

decrease in absorbance in the UV region (200–350 nm).

This is due to a decrease or non-uniform coverage of

MWCNTs in agreement with TEM and SEM observa-

tions. The nanocomposites showed the combined

features of MWCNTs and co-doped TiO2 with new

properties, which are favourable for applications in the

visible light region. The characteristics of the co-doped

TiO2 and MWCNTs were altered due to the interaction

of TiO2 nanoparticles with the MWCNTs, which may

modify the process of the electron/hole pair formation

under visible light irradiation (Wang et al. 2005; Kang

et al. 2007). This unique structure of the MWCNT/

TiO2 composites might have led to the high catalytic

activity reported for phenol degradation (An et al.

2007).

The DRUV–Vis spectra were plotted as the Kub-

elka–Munk function, F(R), versus wavelength based

on the Kubelka–Munk equation:

F Rð Þ ¼ 1� Rð Þ2

2R

where reflectance, R = Rsample/Rreference (Fig. 12).

The plot shows a decrease in the absorption

coefficient with increasing amounts of MWCNTs in

the UV region. The Kubelka–Munk plot can be

transformed to a Tauc plot—a plot of [F(R)�hv]n
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versus hv. The type of transition in TiO2-based

semiconductors is not well understood (Li et al.

2007); however, for a direct band-gap semiconductor

the plot with n = 1/2 gives a linear Tauc region just

above the optical absorption edge. Extrapolation of

this straight line to the photon energy axis yields the

semiconductor band gap, a key indicator of its light-

harvesting efficiency under solar illumination. Indirect

band gap materials give a Tauc region with n = 2

(Serpone et al. 1995).

The band gaps (eV) for all the nanocomposites were

determined from the lines’ point of contact with the

energy axis (Fig. 13) (Wu et al. 2010). Assuming an

indirect band gap for all the samples, there was an

increase in band-gap energy with increasing amounts

of MWCNTs (Table 2). This can be ascribed to low

levels of N and Pd available for doping with TiO2. The

N and Pd tend to associate more with the CNTs than

with the TiO2, causing an increase in band gap with

increasing loadings of MWCNTs.

Figure 14a shows the results of the degradation of

(EY) under simulated solar irradiation, in the presence

of N, Pd TiO2 alone and with the MWCNT/TiO2

composites. There is a decrease in the degradation

efficiency of the nanocomposites with increasing

amounts of MWCNTs. The optimum MWCNT/TiO2

ratio in the composites was found to be 0.5% by

weight under the experimental conditions investi-

gated. Reduced efficiency in the nanocomposites

could be explained by partial agglomeration of the

N, Pd TiO2 on the MWCNTs as shown in the SEM and

TEM images (Figs. 7, 9). The remarkable thickness of

the coating layer on some MWCNTs can be attributed

to the continuous adsorption of titania particles on the

initially formed TiO2 coating layer, forming multi-

layers on the MWCNT surfaces resulting in compro-

mised photodegradation efficiency. Heterogeneous,

non-uniform coating of N, Pd TiO2 on MWCNTs,

showing bare CNT surfaces and random aggregation

of the nanoparticles onto the MWCNTs surface could

also explain the observed trend (Gao et al. 2009).

However, the supporting role of the MWCNTs as

centres for the deposition and growth of hydrolysis

products as well as support for spatial confinement of

the TiO2 clusters was noted.

The photodegradation of EY using visible light is

shown in Fig. 14b. Simulated solar irradiation gave

higher degradation rates compared to visible light

irradiation because of the presence of a small

percentage, (3–5%), of high-energy UV radiation in

solar radiation. Irradiation of the composites with
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Table 2 Effect of MWCNTs on band gap in MWCNT/N, Pd

co-doped TiO2 nanocomposites

Sample Direct

band

gap (eV)

N, Pd co-doped TiO2 (0.5% Pd) 2.30

0.5% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 2.84

1.0% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 2.93

5.0% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 3.06

10.0% MWCNT/N, Pd co-doped TiO2 (0.5% Pd) 3.42
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radiation of wavelengths greater than 450 nm resulted

in reduced light-harvesting capability by TiO2, with

the MWCNTs acting as photosensitisers for the

photocatalytic process. MWCNTs themselves tend to

absorb very well in the visible region because of their

colour. Their synergistic effects are governed by the

ability to trap electrons before channelling them to the

conduction band of the TiO2.

The highest degradation efficiency under simulated

solar irradiation was observed for the 0.5% MWCNT/

N, Pd co-doped TiO2 composite (99.55%). There was a

decrease in the degradation efficiency of the nano-

composites with increasing amounts of MWCNTs,

with the 1.0, 2.0, 5.0 and 10% MWCNT/N, Pd co-

doped TiO2 composites showing values of 95.21,

83.18, 68.36 and 43.84%, respectively (Table 3). This

trend correlates very well with the increase in band

gaps observed in the Tauc plots (Fig. 13). The presence

of low levels of MWCNTs caused an increase in dye-

degradation efficiency probably due to the synergistic

effects of MWCNTs and N, Pd TiO2 on the entire

photodegradation process. There was no correlation

between dye adsorption and photodegradation as

observed with the 10% MWCNT/N, Pd co-doped

TiO2 which could adsorb 27.09% of the dye but only

showed a degradation efficiency of 43.84%, a value

lower than that for 0.5% MWCNT/N, Pd co-doped

TiO2 which showed an adsorption of only 15.75%.

This can be explained by the uneven coating of the

MWCNTs as well as their aggregation at higher

percentages. A similar trend was observed for exper-

iments performed under visible radiation (Table 4).

The photodegradation of EY in aqueous suspen-

sions containing MWCNT/N, Pd co-doped TiO2

nanocomposites obeyed first-order kinetics (Fig. 15):

ln Co=Cð Þ ¼ f tð Þ:

The rate constants for EY photodegradation under

simulated solar radiation are much higher than those

for the experiments under visible radiation. Incorpo-

ration of N and Pd had a profound effect on the

degradation efficiency of the nanocomposites. N

reduces the TiO2 band gap by forming states in the

inter-gap region whilst Pd can trap photogenerated

electrons, thereby enhancing electron–hole separation

on the surface of the photocatalyst and increasing

photocatalytic activity.

Wang et al. (2005) reported rate constants of 1.8

and 2.0 9 10-3 min-1 for neat TiO2 and 5%

MWCNT/TiO2 composite catalyst, respectively.

These values are lower than the values shown in
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(a) (b)Fig. 14 Photodegradation

of EY on N, Pd TiO2 and

MWCNT/N, Pd co-doped

TiO2 nanocomposites under

a simulated solar light

irradiation and b visible

light irradiation

(k[ 450 nm)

Table 3 Dye adsorption

and EY photodegradation

under simulated solar

radiation

Sample Dye adsorption (%) Degradation after 120 min (%)

N, Pd co-doped TiO2 (0.5% Pd) 23.39 99.30

0.5% MWCNT/N, Pd co-doped TiO2 15.75 99.55

1.0% MWCNT/N, Pd co-doped TiO2 15.36 95.21

2.0% MWCNT/N, Pd co-doped TiO2 13.40 83.18

5.0% MWCNT/N, Pd co-doped TiO2 29.06 68.36

10.0% MWCNT/N, Pd co-doped TiO2 27.09 43.84
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Table 5 for nanocomposites containing lower levels of

MWCNTs at k[ 450 nm. In another study, Wang

et al. (2009) reported on photodegradation of phenol

using neat TiO2 and 20% MWCNT/TiO2 nanocom-

posites and obtained values of 0.68 and 1.55 9

10-3 min-1, respectively. Oh et al. (2009) reported

on photocatalytic degradation of methylene blue (MB)

in an aqueous solution containing 5% MWCNT/TiO2

composite photocatalysts, under ultraviolet light

irradiation and recorded a rate constant value of

9.5 9 10-3 min-1 which was higher than 8.0 9 10-3

min-1 for pristine TiO2 (Oh et al. 2009). Tian et al.

(2011) synthesised MWCNT/TiO2 hybrid nanostruc-

tures via solvothermal synthesis and sol–gel method

with benzyl alcohol as a surfactant and tested them for

visible light (k[ 420 nm) MB degradation. The sol–

gel MWCNT/TiO2 (20%) significantly enhanced the

degradation of MB, compared to the pure TiO2 and the

mechanical mixture of MWCNTs and TiO2. However,

owing to the uniform distribution of TiO2 nanocrystals

on the CNT surface the MWCNT/TiO2 (20%), prepared

by solvothermal synthesis, showed even higher photo-

catalytic activity than sol–gel MWCNT/TiO2 (20%). A

first-order rate constant of 0.001 min-1 was observed

for the MWCNT/TiO2 (20%) prepared by solvothermal

synthesis at a catalyst loading of 0.2 g l-1 and an MB

concentration of 10 mg l-1 (Tian et al. 2011). Once

again, these values are lower than those displayed in

Table 5. These observations point to the increased

efficiency of the nanocomposites prepared by the

modified sol–gel method for EY degradation.

A proposed mechanism for the enhanced photoca-

talysis of the MWCNT/N, Pd co-doped TiO2 com-

posites is shown schematically in Fig. 16. Under

visible light illumination, photo-excited electrons

from the dispersed MWCNTs are injected into the

conduction band of the N, Pd TiO2 through the Ti–C

bonds. The generated positively charged MWCNTs

will in turn capture electrons from the valence band of

N, Pd TiO2 leaving holes behind in the N, Pd TiO2.

Holes can react with surface hydroxyl ions or water to

produce hydroxyl radicals (OH•), while electrons can

be trapped by the Pd before they react with adsorbed

molecular oxygen yielding superoxide radicals (O2
•),

which scavenge water molecules to form highly

reactive OH• radicals. The OH• radicals are highly

oxidising and are capable of degrading the EY to

carbon dioxide and water.

When N, Pd TiO2 forms a heterojunction with

another semiconductor or metal (e.g., MWCNT), a

Table 4 Dye adsorption

and EY photodegradation

under visible radiation

(k[ 450 nm)

Sample Dye adsorption (%) Degradation after 165 min (%)

N, Pd co-doped TiO2 (0.5% Pd) 27.71 62.13

0.5% MWCNT/N, Pd co-doped TiO2 14.76 60.07

1.0% MWCNT/N, Pd co-doped TiO2 12.49 44.42

2.0% MWCNT/N, Pd co-doped TiO2 15.64 44.22

5.0% MWCNT/N, Pd co-doped TiO2 18.49 43.03

10.0% MWCNT/N, Pd co-doped TiO2 27.82 30.99

0

1

2

3

4

5

6

ln
 (

C
o

/C
)

Irradiation Time (Minutes)

 N, Pd TiO
2
 (0.5% Pd)

 0.5% MWCNTs/N, Pd TiO
2

 1.0% MWCNTs/N, Pd TiO
2

 2.0% MWCNTs/N, Pd TiO
2

 5.0% MWCNTs/N, Pd TiO
2

 10.0% MWCNTs/N, Pd TiO
2

0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120 135 150 165
0.0

0.2

0.4

0.6

0.8

1.0

Irradiation Time (Minutes)

 N,Pd TiO
2
 (0.5% Pd)

 0.5% MWCNTs/N, Pd TiO
2

 1.0% MWCNTs/N, Pd TiO
2

 2.0% MWCNTs/N, Pd TiO
2

 5.0% MWCNTs/N, Pd TiO
2

 10.0% MWCNTs/N, Pd TiO
2

ln
(C

o
/C

)

(a) (b)Fig. 15 Kinetics of EY

degradation under

a simulated solar radiation

and b visible light

J Nanopart Res (2012) 14:73–88

12385Reprinted from the journal



charge space ranging from several tens to hundreds of

nanometres would be formed near the junction to

equalise the Fermi levels. This will result in reduced

band-gap energy within the MWCNT/N, Pd TiO2

heterojunction. Formation of an interior electric field

of the charge space within the nanocomposite can

separate the photogenerated pairs which results in

reduction of the recombination rate of the pairs. This

mechanism suggests that the photocatalytic perfor-

mance of MWCNT/N, Pd co-doped TiO2 materials

should be optimum at some specific value of the

MWCNT content (Akhavan et al. 2010). Wang et al.

(2009) recently reported 5 wt% of MWCNT content in

MWCNT/TiO2 composite photocatalysts as the opti-

mum value for visible light-induced photocatalytic

degradation of 2,6-dinitro-p-cresol (Wang et al. 2009).

The superoxide radicals act as oxidizing agents or

as an additional source of hydroxyl radicals to catalyse

the dye degradation (Zhang and Oh 2010). Theoret-

ically, pure TiO2 cannot be excited by visible light

because of its large band gap. The positive effect

of N, Pd co-doping coupled with incorporation of

MWCNTs leads to enhanced photoreactivity due to

synergistic effects.

Table 5 EY photo-

degradation rate constants

under simulated solar

radiation and visible

radiation

Sample Rate constant, k (min-1)

(solar simulator)

Rate constant, k (min-1)

visible light (k[ 450 nm)

N, Pd co-doped TiO2 (0.5% Pd) 3.84 9 10-2 5.59 9 10-3

0.5% MWCNT/N, Pd co-doped TiO2 3.42 9 10-2 5.18 9 10-3

1.0% MWCNT/N, Pd co-doped TiO2 1.97 9 10-2 3.45 9 10-3

2.0% MWCNT/N, Pd co-doped TiO2 1.34 9 10-2 3.51 9 10-3

5.0% MWCNT/N, Pd co-doped TiO2 8.98 9 10-3 2.87 9 10-3

10.0% MWCNT/N, Pd co-doped TiO2 4.92 9 10-3 2.19 9 10-3

Ti 3d

N 2p

O 2p

H2O OH• EY Degradation Products 

O2 O2• EY Degradation Products 

TiO2

Visible radiation 
(  > 450 nm) 

Fig. 16 Excitonic processes for the MWCNT/N, Pd co-doped TiO2 catalysts under visible light irradiation
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Conclusion

MWCNT/N, Pd co-doped TiO2 composite materials

prepared through a modified sol–gel route displayed a

rather homogeneous coverage of N, Pd TiO2 over

MWCNT and less agglomeration of TiO2 nano-

particles on MWCNT surface. Particles were small

(10–20 nm) and in the anatase form. At higher

MWCNTs levels, coverage was compromised by

aggregation of the nanotubes. Incorporation of N led

to reduced TiO2 band gap whilst the Pd acted as a sink

for photogenerated electrons. Consistent with the shift

of the UV–Vis absorption of the composites to longer

wavelengths, there was a synergistic effect on the

photocatalytic removal of EY at low MWCNT levels

using visible light irradiation source. This effect

showed that MWCNT can act as potential photosen-

sitisers besides their role as adsorbents and dispersing

agents. Simulated solar radiation gave higher degra-

dation rates compared to visible light irradiation

(k[ 450 nm). The highest photodegradation effi-

ciency was observed for the 0.5% MWCNT/N, Pd

co-doped TiO2 under simulated solar radiation. Higher

MWCNT loadings led to reduced dye-degradation

efficiency with the 10% MWCNT/N, Pd co-doped

TiO2 degrading 43.84% in 2 h under simulated solar

radiation. These observations confirm the unique

properties of the MWCNT/N, Pd co-doped TiO2

nanocomposites as potential functional water-purifi-

cation materials.
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Abstract The anatase phase of titania (TiO2) nano-

photocatalysts was prepared using a modified sol gel

process and thereafter embedded on carbon-covered

alumina supports. The carbon-covered alumina (CCA)

supports were prepared via the adsorption of toluene 2,4-

diisocyanate (TDI) on the surface of the alumina. TDI

was used as the carbon source for the first time for the

carbon-covered alumina support system. The adsorption

of TDI on alumina is irreversible; hence, the resulting

organic moiety can undergo pyrolysis at high tempera-

tures resulting in the formation of a carbon coating on the

surface of the alumina. The TiO2 catalysts were impreg-

nated on the CCA supports. X-ray diffraction analysis

indicated that the carbon deposited on the alumina was

not crystalline and also showed the successful impreg-

nation of TiO2 on the CCA supports. In the Raman

spectra, it could be deduced that the carbon was rather a

conjugated olefinic or polycyclic hydrocarbons which

can be considered as molecular units of a graphitic plane.

The Raman analysis of the catalysed CCAs showed the

presence of both the anatase titania and D and G band

associated with the carbon of the CCAs. The scanning

electron microscope micrographs indicated that the

alumina was coated by a carbon layer and the energy

dispersive X-ray spectra showed the presence of Al, O

and C in the CCA samples, with the addition of Ti for the

catalyst impregnated supports. The Brunauer Emmet and

Teller surface area analysis showed that the incorporating

of carbon on the alumina surface resulted in an increase in

surface area, while the impregnation with TiO2 resulted

in a further increase in surface area. However, a decrease

in the pore volume and diameter was observed. The

photocatalytic activity of the nanocatalysts was studied

for the degradation of Rhodamine B dye. The CCA-TiO2

nanocatalysts were found to be more photocatalytically

active under both visible and UV light irradiation

compared to the free TIO2 nanocatalysts.

Keywords Carbon-covered alumina � Toluene 2,

4-diisocyanate � Carbon coating � Equilibrium

adsorption � TiO2 � Impregnation � Olefinic �
Sustainable development

Introduction

Titanium dioxide (TiO2 or titania) is a metal oxide

semiconductor that has been extensively studied and
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thus as a photocatalyst it has been used in coating self-

cleaning surfaces, as environmental purifiers and in

antifogging mirrors (Hoffmann et al. 1995; Mori et al.

2008; Foster et al. 2011). Owing to its peculiar and

fascinating physicochemical properties, titania is a very

important environmental and energy material with a

wide variety of potential applications in diverse fields

including gas sensors, part of photovoltaic devices,

dielectric ceramics and catalysts for thermal or photo

induced processes. Its properties which include, among

others, long-term stability, non-toxicity, low price and

superior photo-reactivity has led to TiO2 gaining more

prominence over most semiconductors (Ahn et al. 2007;

Yu et al. 1997; Zhu et al. 2005; Tian et al. 2009; Li et al.

2008; Colmenares et al. 2006; Foglia et al. 2009; Yu and

Zhang 2010). Various parameters like crystallinity,

impurities, surface area and density of surface reactive

sites results in an enhanced photocatalytic activity;

however, crystallinity is the most important factor (Fu

et al. 2005; Ao et al. 2008). The photocatalytic reactions

are initiated when the TiO2 semiconductor absorbs

energy (a photon or hm) resulting in an excitement of an

electron from the valence band to the conduction band.

Electron can only be excited if the energy of the photon

is equal to or exceeds the band gap (Ebg = 3.0–3.2 eV)

of the titania semi-conductor (Hoffmann et al. 1995;

Bessekhouad et al. 2003; Zhu et al. 2008). The electron

(e-) and the hole (h?) act as the redox pair, and

separation of these charges is imperative to result in

enhanced oxidation and reduction, respectively (Fu et al.

2005; Hoffmann et al. 1995; Wang et al. 2008). The

separated two charge carriers (e- and h?) therefore

propel the photo-electrochemical red-ox reactions with

the redox molecules at the semiconductor surface

(Bessekhouad et al. 2003; Chen and Mao 2007).

However, to increase the photocatalytic activity and

recoverability of titania from aqueous media, these

catalysts can be embedded on catalysts’ supports.

Carbon and alumina are the mostly widely used for

support materials. However, their exclusive use as

catalysts’ supports has some major drawbacks. Alu-

mina, for instance, is an acidic support upon calcina-

tion reacts with the promoter ions (e.g. Co and Ni)

resulting in the formation of unwanted metal oxides

resulting in reduced the catalysts activity (Vissers

et al. 1988; Boorman and Chong 1993; Zheng et al.

2008). Carbon supports, on the other hand, are either

microporous or have poor mechanical strength and

hence are not favourable support materials as they

easily crush and have low bulk density (Boorman and

Chong 1993; Błachnio et al. 2007). Also, metals

catalysts supported on carbon can be deposited on the

micropores of the carbon supports hence making their

catalytic activity trivial (Błachnio et al. 2007).

However, both alumina and carbon supports have

desirable properties. For instance, alumina supports

have the ability to disperse up to 20% of the active

metal phase, have high surface area as well as good

mechanical properties (Vissers et al. 1988; Zheng et al.

2008). Carbon supports have mild interactions with

the supported metals, a neutral surface, good thermal

conductivity, high surface area with controlled pore

volume, reduced coking propensity, resistance to

nitrogen poison and variable surface functional groups

which give carbon a tremendous scope for use as

catalyst support material (Zheng et al. 2008; Boorman

and Chong 1993).

A support is very important for a catalyst since it

determines the catalytic activity of the catalyst.

However, the exclusive use of carbon or alumina as

catalyst supports can result in the loss of the catalytic

activity of the catalysts; hence, a support system that

exploits the merits of both substances can provide an

ideal support system which overcomes the shortcom-

ings of both. In this system, the alumina is coated with a

thin layer of carbon before catalyst impregnation

resulting in a support material that possesses both the

textural and mechanical properties of alumina and the

favourable surface properties of carbon (Boorman and

Chong 1993; Błachnio et al. 2007; Zheng et al. 2008).

The utilisation of these carbon-covered alumina mate-

rials as catalyst supports has gained an increasing

interest in recent years (Błachnio et al. 2007; Boorman

and Chong 1992; Lin et al. 2005a, b; Maity et al. 2009;

Polyánszky and Petró 1990; Sharanda et al. 2006;

Shashikala et al. 2007; Vissers et al. 1988; Zheng et al.

2008).

Carbon-covered alumina supports have been

mostly used as supports for hydrotreating catalysts

(Vissers et al. 1988; Boorman and Chong 1992; Maity

et al. 2009) and ammonia synthesis (Rao et al. 1990).

Recently, supports have found a lot of useful appli-

cations. For instance, CCA been used as a high surface

area packing material for high performance liquid

chromatography (Paek et al. 2010), and has also been

prepared in various forms like carbon-coated alumina

foams (Jana and Ganesan 2011). CCA-supported

catalysts have hardly been used in remediation of

J Nanopart Res (2012) 14:89–99
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environmental burdens. According to literature, only

nano-silver catalyst has been supported on CCA to

monitor microorganisms in drinking water (Shashi-

kala et al. 2007). Also, according to our best knowl-

edge, TiO2 nanocatalysts have never been supported

on carbon-covered alumina supports. In this research,

titania nanoparticles will be supported on CCA

supports. This is expected to enhance the visible light

photo response of the catalysts and also help to prevent

the agglomeration of the nanoparticles when subjected

to photocatalytic experiments. Supporting these CCA-

supported TiO2 nanocatalysts therefore plays a major

part of this research and is expected to pave way for

the use of renewable solar energy for environmental

photocatalytic processes. The use of nanocatalysts

(especially titanium dioxide or titania or TiO2) has

gained wide recognition since they have the potential

to tackle the ‘difficult-to-remove’ contaminants and

thus are expected to play an important role in solving

many serious environmental and pollution problems.

Titania catalysts not only show excellent catalytic

performance with some of the highest selectivities

known in the literature so far, but also its lower price in

comparison to other catalysts increases its attractive-

ness as catalyst for use in environmental applications

(Ulgen and Hoelderich 2011; Calandra et al. 2010).

Also, the controllable synthesis of anatase titanium

dioxide is another add-on to the wide investigation of

TiO2 for important industrial and environmental

applications (Fang et al. 2011). In this study, we

report on the synthesis and characterizations of the

physical and textural properties of nano anatase TiO2

catalysts supported on carbon-covered alumina.

Experimental

Materials and methods

Titanium (IV) tetraisopropoxide (TTIP) (99%) was

obtained from Sigma-Aldrich (Germany) and used

without further purification. Formic acid (98%) was

purchased at Merck and AR grade n-propanol was

sourced from SD’s Fine Chem (Pty) Ltd., and was

distilled before usage. c-Alumina was purchased from

Sigma-Aldrich and was calcined at 500 �C for 3 h in a

muffle furnace to remove any organic impurities that

might have been present. Toluene 2,4-diisocyanate

was supplied by Industrial Polyurethanes (Edenvale,

South Africa) and was used without purification.

n-Xylene (AR grade) was purchased from Sigma-

Aldrich and was dried on calcium hydride fro 24 h

before usage.

Synthesis of catalysts and supports

Synthesis of TiO2 nanocrystalline photocatalysts

For the synthesis of the anatase rich titania nanocat-

alysts, TTIP was hydrolysed through an esterification

reaction between formic acid and propanol (Zhu et al.

2005) TTIP (10 mL, 0.334 mol) was dissolved in

propanol (48 mL, 0.642 mol) and the reaction mixture

was stirred for 20 min. Formic acid (13 mL,

0.535 mol) was gradually added while stirring gently.

After stirring the reaction mixture for about 20 min, a

white precipitate (titanium hydroxide) was gradually

formed. This mixture was then stirred for a further 2-h

period, aged at room temperature for another 2 h and

filtered. The filtered residue was then repeatedly

washed with copious amounts of propanol and deion-

ized water; thereafter it was dried overnight in an oven

at 80 �C. It was then ground into fine powder in a

mortar and pestle and then calcined at 450 �C to obtain

nanocrystalline TiO2 catalysts.

Synthesis of carbon-covered alumina supports

CCA supports were synthesized by modification of an

equilibrium adsorption method by Sharanda et al.

(2006). A mixture of c-alumina (5 g) and 1% TDI in

n-xylene (115 mL) was occasionally shaken for 24 h at

room temperature. The reaction mixture was filtered and

washed with n-xylene (100 mL). A white fluffy precip-

itate was obtained. This was dried in an oven at 80 �C

overnight. The obtained precipitate was then ground in a

pestle and mortar and placed into a quartz cell. The

temperature was slowly increased to 700 �C under

30 mL min-1 flow of nitrogen and the temperature was

held at that temperature for 3 h in order to complete the

pyrolysis of TDI and remove volatile products.

Impregnation experiments

To impregnate the CCA supports with the nanocata-

lysts, TiO2 nanocatalysts were dissolved in distilled

water to form a colloidal suspension. These were

sonicated for 30 min at room temperature. CCA

J Nanopart Res (2012) 14:89–99
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supports were then added on the TiO2 suspensions.

The impregnated CCA supports were then sonicated

for 1 h and left at room temperature for 24 h to dry.

These were further dried in an oven at 80 �C for 12 h

(overnight). After drying, these were then ground in a

pestle and mortar and calcined at 450 �C for 3 h in a

muffle furnace to afford the TiO2-impregnated CCA

supports.

Characterization

XRD spectroscopy analysis

The XRD measurements were carried out using an

X’Pert Pro MPD PANalytical powder diffractometer

operating in the reflection mode with CuKa radiation.

The XRD chromatograms were recorded over an

angular range of 20–80 �C (2h) and with a step size

of 0.02� and a collection time of 0.3 s (k =

0.154060 nm). A shape factor K is used in X-ray

diffraction and crystallography to correlate the size of

sub-micrometer particles, or crystallites. The Debye–

Scherrer equation, D = Kk/B cos h, was used to

correlate the particle size, where the constant

K = 0.89, k = 0.154060 nm is the X-ray wavelength,

B is the full width half maximum (FWHM) of the

catalyst, and h is the diffracting angle. The JCPDS

XRD library software was used to confirm the Miller

planes of the CCA supports.

Raman spectroscopy

For Raman analysis, a PerkinElmer Raman Micro 200

was used. This was equipped with a laser lamp

operating at a wavelength of 785 nm and had a

maximum output of 250 mW. For analysis, the sample

was placed on a quartz slide on the stage of the

microscope and the focus was adjusted manually to

obtain the best image. This was then switched to the

dark field and the beam was passed on the sample to

record the spectrum.

SEM, TEM and EDX spectroscopy

A quanta FEI-SIRION SEM was used to analyse and

visualise the surface morphology of the nanocatalysts.

The powder samples were placed on a carbon tape and

analysed without gold coating. A JEOL J2100 F TEM

was used to study the microstructure of the

nanocatalysts. The sample powders were dispersed

in ethanol and sonicated for 10 min before analysis. A

drop of the suspension was then placed on a carbon-

coated copper grid and dried in air before visualisa-

tion. Both the SEM and TEM were coupled with an

EDX detector, which was used to determine the

identity of the alumina, the free carbon-covered

alumina and the TiO2-impregnated carbon-covered

alumina supports.

BET surface area and pore size distribution

measurements

To study the surface area (SBET), pore volume and pore

size distributions of the synthesized CCA supports, a

Micromeritics ASAP 2020 Surface area and Porosity

Analyzer was used. The samples were degassed in

nitrogen under vacuum for 24 h at 200 �C before

determination of the surface area. Typically, the

samples were heated to 90 �C at a heating rate of

5 �C min-1 and the temperature was held at 90 �C for

180 min. The samples were then evacuated at a

pressure of 50 mmHg for 30 min. The samples were

then ramped to 180 �C at a heating rate of 10� min-1

and degassed for 24 h under nitrogen. Surface area is

believed to be an important parameter when studying

the catalytic efficiency of the nanocatalysts embedded

on CCA supports (CCA-TiO2) since a high surface

area means more active sites for extensive catalysis.

Photocatalytic degradation studies

A Newport 9600 Full Spectrum Solar Simulator

equipped with 150 W ozone free xenon lamp which

produces a collimated beam of 33-mm diameter, an

equivalent of 1.3 suns was used to study the degrada-

tion Rhodamine B by the titania photocatalysts. The

distance between the solar simulator and the experi-

mental set up was set such that the beam power was

equivalent to 1 sun (about 10 cm). A high-pressure

125 W mercury vapour lamp (Samson, India) was

used as the UV irradiation source. The photocatalytic

activity of these nanophotocatalysts was studied using

100 mL (10 mg L-1) Rhodamine B. The CCA-sup-

ported titania nanoparticles (100 mg nanoparticles per

100 mL of 10 mg L-1 dye) were used in suspension to

determine the photoactivity of the nanoparticles. The

solution was stirred with a magnetic stirrer for 1 h

before irradiation with the solar light to establish an
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adsorption–desorption equilibrium between the dye

and the catalyst surface. Aliquots of 2 mL were

extracted from the reaction chamber at 30-min inter-

vals to study the extent of the degradation. The entire

photo reactor setup was set inside a 100 cm 9 70 cm

wooden box. The set up was the same for the free

(unsupported) titania nanocatalysts.

Results and discussions

XRD spectroscopy analysis

From the XRD patterns (Fig. 1), the CCA supports

(A) do not show peaks associated with carbon and this

means that characterisation of the CCAs with XRD did

not reveal any peaks associated with the ordered

carbon structures (Sharanda et al. 2006). The only

peaks that could be seen are those associated with the

alumina at 2h = 37.5 (311), 39.5 (222), 42.9 (321)

45.6 (400) and 67.5 (411). These peaks concur with

XRD data obtained from the JCPDS library catalogue

number 04-0880. This therefore means that the

presence of either amorphous carbon layer or a thin

graphitic layer can only be assumed due to the black

colour observed. Graph (A) shows peaks associated

with pure anatase phase. The XRD peaks obtained at

calcination temperatures of 450 �C corresponds to the

tetragonal anatase titania phase of the titania and this

was confirmed by cross referencing with the JCPDS

CAS No. 21-1272 (JCPDS catalogue). The peaks that

were observed at 2h = 25.2 (101), 2h = 37.9 (004),

2h = 48.0 (200), 2h = 53.9 (106) and 2h = 62.7

(215) indicate the successful synthesis of the anatase

phase of TiO2. The peaks 2h = 27.5 (a rutile-phase

peak) due to the (110) reflection and 2h = 30.8 (121)

which is a brookite phase, and this is an indication of

the absence of these phases in our synthesized titania

(Navio et al. 1999; Anandan et al. 2008). Graph (B),

which is of the TiO2-embedded CCA supports exhibit

both the peaks associated with TiO2 and CCA. This is

an indication that embedding the TiO2 nanocatalysts

on the CCAs did not alter the core of the titania phase

(anatase) or the CCA supports.

Raman spectroscopy

The UV Raman spectrum of the CCA supports is

shown in Fig. 2 (insert). Two peaks that were

assigned to the D and G bands were observed at

1318 and 1607 cm-1, respectively, and are due to

the sp2 carbon species (Zheng et al. 2008; Lin et al.

2005b). These two peaks are common for various

forms of disordered, noncrystalline and amorphous

carbons observed in the Raman spectra. The D

(disorder) band is related to the breathing modes of

the sp2 carbon atoms in the ring, while the G band is

due to bond stretching of the sp2 carbon atoms. The

widths, dispersions and intensities of these peaks are

different for various carbons and hence provide

powerful information for differentiating carbon spe-

cies (Lin et al. 2005b). The D peak can be fitted into

three peaks which are observed at 1165, 1318 and

1386 cm-1. The G band was observed at
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1607 cm-1, and this is an indication that the carbon

layer on the CCAs was possibly related to conjugate

olefinic species or polycyclic aromatic hydrocar-

bons. This peak usually appears at lower wave-

lengths of 1582 cm-1 when the carbon layer is

crystalline graphite (Lin et al. 2005b). This means

that the carbon layer deposited on the alumina

surface is not crystalline. It is therefore reasonable to

speculate that the Raman analysis explains why

there are no carbon peaks observed on the XRD

chromatograms.

The Raman spectra of the titania in Fig. 2 show that

the titania is anatase phase. The peaks observed are

associated with the primitive unit cell of the anatase

titania phase. It is tetragonal and has fifteen (15)

irreducible optical modes which are represented by

1A1g ? 1A2u ? 2B1g ? 1B2u ? 3Eg ? 2Eu. The A1g,

B1g and Eg modes are Raman active, while the A2u and

Eu are infra red active (Ohsaka et al. 1978). From

Fig. 3, the two Raman bands at 516 and 399 cm-1 are

the B1g stretching modes while the three Raman bands

at 639, 197 and 144 cm-1 are assigned to the A1g

modes, which are the stretching modes of the anatase

phase of the titania. It should be noted that the

frequency of the 144 cm-1 band is very intense and

sharp and is nearly equal to that of the rutile phase,

which is at 143 cm-1. However, the difference is that

the rutile phase band is sharp but weak (Ohsaka et al.

1978; Lei et al. 2001). This is important because it

confirms that doping the TiO2 with metal ions does not

alter the phase, which is a very important feature when

studying the degradation of organic pollutants by

photo active semi-conductors.

The Raman peaks associated with both the anatase

phase and the CCA modes both appear in the graph of

the TiO2 supports. This is an indication that the

impregnation of the CCA supports by the TiO2 was

successful. However, the intensities of the peaks

associated with the titania show that TiO2 might be

suppressed. This could be due to the surface modifi-

cation of titania by the presence of carbon. Carbon can

easily disperse on the surface of titania, a special

property that might result in an improved catalytic

activity of the titania (Lin et al. 2005a, b).

Fig. 3 SEM micrographs of a alumina, b CCA and c CCA-TiO2
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SEM, TEM and EDX spectroscopy

The SEM micrographs (Fig. 3) show the physical

morphology of the alumina (a), CCA (b) and CCA-

TiO2 (c). The SEM micrographs show that a carbon

layer has been deposited on the alumina support.

The carbon layer appears to be homogeneously

distributed on the surface of the alumina. Also, the

alumina and CCA support surfaces appear to be

porous and hence provide a large surface area for

use as catalysts supports. Fig. 3c shows the TiO2

nanocatalysts that are embedded on the CCA support

surface. The titania nanocatalysts appear embedded

on the pores of the CCA supports, hence giving the

idea that they can be used in catalysis without

falling away from the supports. Figure 4 shows

TEM micrographs of the CCA supports (a) and the

TiO2 embedded supports (b). The CCA supports

appear microporous and fluffy, an effect of carbon

coating. Figure 4b shows the TEM micrograph of

the TiO2 embedded supports. The supported titania

catalysts still appear to have not lost their crystal-

linity, and hence the assumption that the catalytic

activity of the catalysts has not been altered, but an

improvement might be expected. To identify the

elemental composition of the synthesized catalyst

and supports, the EDX spectra for the alumina

(Fig. 5a), CCA (Fig. 5b) and CCA-TiO2 (Fig. 5c)

were also studied. These showed that the alumina

was composed of only Al and O, while the CCA has

C as an extra element. The CCA-TiO2 spectrum

shows the presence of Al, O, C and Ti. The EDX

spectra therefore not only indicate the successful

incorporation of carbon on the surface of alumina

but also the successful impregnation of the CCA

with the TiO2 nanocatalysts.

BET surface area and pore size distribution

measurements

The nitrogen adsorption–desorption isotherms were

measured to understand the influence of carbon

loading on the surface of the alumina as well as the

effect of embedding the TiO2 nanocatalysts on the

CCA (Figs. 6, 7, 8). Figure 6 shows the adsorption–

desorption isotherm of c-alumina and the insert graph

shows the pore size distribution graphs of the c-

alumina. Figure 7 shows the adsorption–desorption

isotherm of the CCA support with the pore size

distribution graph shown as an insert and Fig. 8 shows

the adsorption–desorption isotherm of CCA-TiO2

with the insert showing the pore size distribution

graph. According to the Brunauer–Emmett–Teller

(BET) classification, these adsorption–desorption iso-

therms can be classified as type IV. This type of

isotherm describes the process of nitrogen adsorption

on the adsorbent surface. Pure alumina, CCA and

CCA-TiO2 were all found to possess a heterogeneous

pore structure. These microporous pores were filled up

with the adsorbate (nitrogen) at small pressures and as

the adsorbate concentration increases, pores of larger

diameters were also filled up resulting in the formation

of a multimolecular adsorption layer. Evidence of the

occurrence of open pores in the alumina, CCA

Fig. 4 TEM micrographs of alumina (a), CCA (b) and CCA-TiO2

J Nanopart Res (2012) 14:89–99

12395Reprinted from the journal



supports and CCA-TiO2 are shown by the presence of

the hysteresis loop in the diagrams.

To further study the texture and surface properties

of alumina and the synthesized CCA supports, specific

surface area, pore volume, pore size and pore size

distribution were analysed according to the BJH

method (insert graphs in Figs. 6, 7, 8) and are

summarised in Table 1. The addition of the carbon

layer on the surface of the alumina resulted in a

significant increase in the surface area from

Fig. 5 EDX spectra of

a alumina and b CCA and

c CCA-TiO2
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128 m2 g-1 (pure alumina), 146 m2 g-1 (CCA) and

149 m2 g-1 for the CCA-TiO2. This increase is a result

of the creation of new pore structures after the

modification of the alumina surface (Błachnio et al.

2007). There is however a decrease on the pore volume

(0.27–0.20 cm3 g-1) and mean diameter of the pores

(8.36–5.41 nm) for the alumina and the CCA. This can

be attributed to the formation of a uniform carbon layer

on the alumina surface (Sharanda et al. 2006). This is

an indication that carbon occupied the inner pores of

the alumina, hence the decrease (Zheng et al. 2008).

However, the addition of the nanocatalysts on the CCA

resulted in no noticeable difference between the sizes

of the pore volumes. A slight increase in diameter

(from 5.41 to 5.69 nm) was observed for the CCA and

CCA-TiO2. Furthermore, the shape of the pore size

distribution graphs fits a Gaussian curve distribution

with peak maxima at 6.4 nm for alumina, 5.4 nm for

the CCA support and 5.6 nm for the CCA-TiO2.

Photodegradation of Rhodamine B

For the photodegradation studies, the dye was illumi-

nated with visible light in the absence of the catalyst

(photolysis) to determine the extent of degradation

under visible light. This was done since rhodamine B

has been reported to absorb light which is in the range of

400–600 nm (He et al. 2009; Natarajan et al. 2011). The

reaction mixture was first stirred in the dark for 1 h to

reach equilibrium between the catalyst and the dye

before illumination with either the UV or visible light,

and the concentration was monitored. It was found that

there was only about 2% adsorption of the dye on the

catalysts when the equilibrium was reached. Photodeg-

radation of rhodamine B was tested using the free and

CCA-supported titania catalysts both under UV light

and visible light irradiation for comparison purposes.

The results obtained showed that photolysis had an

average of about 4% degradation of Rhodamine B

after about 4.5 h. As shown in Fig. 9, both the CCA-

TiO2 and the free titania nanocatalysts achieved

complete degradation after 270 min. From these

results, the CCA-TiO2 nanocatalysts show a higher

reaction rate than the free anatase titania. Unsupported

titania could only degrade about 20% Rhodamine B

under visible light illumination in 270 min compared

to complete degradation under UV light irradiation.

The results obtained (Fig. 9) also show that CCA-TiO2

nanocatalysts were photocatalytically active under

both visible and UV light, although it was more

photocatalytically active under visible light. Under

visible light irradiation the photodegradation of Rho-

damine was complete within 180 min compared to

about 240 min observed under UV light irradiation.

Also, The CCA-supported TiO2 nanocatalysts
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Table 1 Textural properties of the CCA support

Sample SBET (N2)

(m2 g-1)

Total pore

volume (cm3 g-1)

Mean pore

diameter (nm)

Al2O3 128 0.27 8.36

CCA 146 0.20 5.41

CCA-TiO2 149 0.21 5.69
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Fig. 9 Graph showing photodegradation of rhodamine B by

free titania CCA-T under UV and visible light illumination
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generally showed high photocatalytic activity than the

unsupported titania nanocatalysts both under UV and

visible light irradiation.

Conclusions

From this research study, the TiO2 nanocatalysts were

successfully embedded on CCA supports that were

synthesized by exploiting the reactivity of the N=C=O

groups of toluene 2,4 diisocyanate. The successful

synthesis of the TiO2 nanocatalysts-impregnated CCA

supports was confirmed by UV Raman spectroscopy

which showed the presence of the D and G olefinic

carbon bands at 1318 and 1607 cm-1, respectively, as

well as the anatase TiO2 peaks at 516 399, 639, 197 and

144 cm-1. The SEM confirmed the presence of a

uniform carbon layer on the surface of the alumina and

the successful impregnation of the titania catalysts on

the CCA supports. The EDX spectral analysis con-

firmed the elemental composition of the alumina, CCA

supports as well as the CCA-TiO2. Further analysis of

the adsorption–desorption isotherms revealed that the

presence of the carbon layer on the alumina surface

resulted in an increase in surface area and a decrease in

pore size and pore volume. This is a result of a

formation of a uniform carbon layer on the alumina

surface and also an indication that the carbon was

modifying the pores of the alumina. However, although

impregnating the supports with TiO2 did result in an

increase in surface area, there was no observable

difference between the pore volume and pore diameter

between the CCA supports and the CCA-TiO2. Overall,

for the first time the TiO2 catalysts were successfully

embedded on the CCA supports. The CCA-TiO2

nanocatalysts were found to be more photocatalytically

active under visible light irradiation compared to their

unsupported counterparts and this provides a great

stride towards the use of the renewable solar energy for

water treatment purposes.
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Abstract Hydrothermal preparation of pure anatase

TiO2 with hybrid nano and micro-morphologies

directly from titania sol under acidic condition in the

absence of any additives or templates has rarely been

reported. The present work has found that the

post-hydrothermal treatment at 200 �C for different

times (6, 12, 24, and 36 h) of titania sol under an acidic

environment affected strongly on the structural,

morphology, and optical properties of TiO2. A

single-crystalline anatase phase with high surface

area was obtained. The TEM results showed that

shape of TiO2 nanoparticles could be manipulated

by post-hydrothermal treatment. The increasing of

hydrothermal time (pH 2.5) significantly altered the

morphology of TiO2 from pure aggregated nanospher-

ical shape (6 h) into branched micro-flowers as a major

shape in addition to nanorod, nanocube, and nanosphere

shapes (24 h). Shape-controlled TiO2 nanoparticles

showed a red shift in UV–Vis light reflectance spectra

as compared to TiO2 nanoparticles obtained without any

hydrothermal treatment. The photoluminescence mea-

surements confirm that hydrothermal treatment signif-

icantly decrease the electron–hole recombination

chance in the obtained TiO2. The fluorescent probe

method was used for evaluation of the photo-oxidative

activity of different TiO2 nanomaterials. The highly

active TiO2 nanoparticle (hydrothermally treated for

24 h) was applied for industrial wastewater treatment

using solar radiation as a renewable energy source.

Keywords TiO2 � Sol–gel � Hydrothermal �
Fluorescence �Wastewater

Introduction

In recent years, the semiconductor heterogeneous

photocatalysis technique has attracted significant atten-

tion for solving the increasingly serious problems of

environmental pollution. Among the inorganic semi-

conductors employed, TiO2 is known to be a good

photocatalyst because of its high photosensitivity, non-

toxicity, easy availability, strong oxidizing power, and

long-term stability (Fox and Dulay 1993; Shankar et al.
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2004; Chena et al. 2007). Nevertheless, there are

several limitations which have to be considered when

using TiO2, e.g., its high energy band gap, recombina-

tion of photo-induced electron/hole pairs and low

interfacial charge transfer (Asal et al. 2011).

Improving of photo-oxidative efficiency of TiO2 as

example of inorganic semiconductors has become of

significant importance for many research groups world-

wide to meet the requirements of environmental

protection (Saif and Abdel-Mottaleb 2007; Hafez et al.

2009, 2011). Many approaches have been pursued to

promote the photo-oxidative activity of TiO2 such as the

choice of synthesis methods and the doped TiO2

nanomaterials. Varieties of synthesis techniques have

been developed to produce TiO2 in different forms since

its various properties strongly depend on its structures,

including the crystal size, phase, morphology, and

surface area. The most widely used methods to synthe-

size TiO2 nanoparticles are thermal hydrolysis (Zhong

et al. 2005; Seery et al. 2007; Lu and Wen 2008), sol–gel

(Burda et al. 2005; Tayade et al. 2006), hydrothermal

processes (Cheng et al. 1995; Tang et al. 2000; Eiden-

Assmann et al. 2004), and microemulsion processes

(Kim and Hahn 2001; Andersson et al. 2002). The sol–

gel method is most widely used due to its possible

capability in controlling the textural and surface prop-

erties of composite oxides. This method is mainly based

on the hydrolysis and polycondensation of a metal

alkoxide, which ultimately yields hydroxide or oxide

under certain conditions. In these methods, sol–gel-

derived precipitates are amorphous in nature. So calci-

nation in air is inevitable for the transformation from

amorphous to anatase phase. The calcination process

frequently leads to serious particle agglomeration, grain

growth, and small surface area which all decrease the

photo-oxidative activity of TiO2 (Li et al. 2005).

Hydrothermal approach to ceramic materials

synthesis, also in form of nanosized powders, is a

well-known method which takes advantage of a direct

preparation at low crystallization temperatures with-

out any additional calcination steps (Roy and Ghose

2000; Piticescu et al. 2003; Carotta et al. 2007). The

hydrothermal method using water as reaction medium

is environmentally friendly because the reactions are

carried out in a closed system (Byrappa and Yoshim-

ura 2001; Kolen’ko et al. 2004a, b; Yu et al. 2007). In

the hydrothermal treatment, grain size, particle mor-

phology, crystalline phase, and surface chemistry can

be controlled via processing variables such as sol

composition, pH, reaction temperature and pressure,

aging time, and nature of solvent and additive. Most of

published research focused on using hydrothermal

method in basic medium for preparation of TiO2 with

different morphologies and phases (Kolen’ko et al.

2004a, b, 2006; Yu et al. 2006a, b; Nian and Teng

2006; Han et al. 2007; Zhang et al. 2008; D’Elia et al.

2011; Morgan et al. 2011). Also, several researches

focused on preparation of anatase TiO2 with rod shape

using sodium titanate nanotube or nanowire as a

precursor under acidic environment (Zhu et al. 2004,

2005; Yu and Xu 2007). This approaches are compli-

cated due to a long progression of preparation steps

and the use of several reactants and additives, which

influence the time and cost. Hydrothermal preparation

of pure anatase TiO2 with hybrid morphologies

directly from titania sol under acidic condition in the

absence of any additives or templates has rarely been

reported. All the more, no attempts of studding the

effect of hydrothermal reaction time on the different

properties of the TiO2 in acidic medium.

In this work, the synthesis of single-crystalline

anatase TiO2 with hybrid micro-flowers/nanorod/nano-

cube/nanosphere morphologies through a facile hydro-

thermal treatment of titania sol in aqueous acetic/nitric

acid is reported. The influence of the hydrothermal

time on the structural, morphology, optical and photo-

oxidative properties of TiO2 is also investigated.

Experimental

Preparation of TiO2 nanomaterials

All the chemicals were of analytical grade and

used without further purification. For synthesis of

TiO2 nanoparticles, 1 ml Titanium(IV) isopropoxide,

Ti[O(C3H7)]4 (TTIP) solution was added dropwise

under vigorous stirring into aqueous acetic/nitric

solution (20 ml at pH 2.5) for 4 h at 70–80 �C. The

resulting semi-transparent colloidal solution was

transferred into a Teflon lined stainless steel autoclave

which was sealed and maintained at 200 �C for 6, 12,

24, and 36 h. After cooling down at room temperature,

the products were taken out and washed with DI-water

and alcohol for five times till being neutral to remove

some existing ions and impurities. The washed

precipitates were dried in oven at 80 �C and finally

ground to obtain TiO2 samples. For comparison, TiO2

J Nanopart Res (2012) 14:101–111
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sample was prepared by the same way (sol–gel)

followed by calcinations at 450 �C for 90 min without

any further hydrothermal treatment.

The following labels are used throughout the text:

6 h, 12 h, 24 h, and 36 h refer to TiO2 prepared by

hydrothermal treatment of the titania sol for 6, 12, 24,

and 36 h, respectively; 0hsol refers to the TiO2

prepared with sol–gel method followed by calcinations

at 450 �C without hydrothermal treatment; 24 hC

refers to the TiO2 prepared by hydrothermal treatment

of titania sol for 24 h and calcinated at 450 �C for

90 min.

Characterization

X-ray diffraction (XRD) measurements were made

with a Philips diffractometer equipped with a CuKa1

radiation (k = 1.54056 Å) as X-ray source, operated at

40 kV and emission current of 30 mA in the range of

2h = 10�–70�. TiO2 morphology was investigated

using transmission electron microscope (TEM)

equipped with energy dispersive spectroscopic (EDS)

microanalysis system (JEM-2100CX (JEOL). The

Brunauer–Emmett–Teller (BET) specific surface area

was performed by surface area analyzer. UV–Visible

absorbance and diffuse reflectance spectroscopy (UV–

Vis/DR) was carried out on JASCO V-550 spec-

trometer (Japan) equipped with an integrating sphere

accessory for diffuse reflectance spectra. Barium sulfate

was used as a reference in case of diffuse reflectance

measurements. The FT-IR spectrum was recorded

using Nicolet IS10 FT-IR 430 spectrometer (USA).

Illumination of the prepared TiO2 nanoparticles were

carried out using UV photoreactor (Photon Co., Egypt),

air cooled. The UV photoreactor lamps emitted the

photons in the range from 320 to 410 nm. The intensity

of UV radiation was found to be 0.9 mW/cm2. The

COD value of the wastewater samples before and after

illumination determined using multiparameter bench

photometer with COD accompanied with COD test

tube bench heater model C-99 from HANNA Com-

pany. The photoluminescence spectra were measured

using LS55 spectrofluorometer (Perkin Elemr, USA).

Determination of •OH radicals using fluorescent

probe method

Evaluation of the photo-oxidative activity of the

prepared powders using fluorescent probe method was

carried out as follows: 0.1 g of TiO2 nanoparticles was

added to coumarin solution (1.0 9 10-3 M) and illu-

minated with UV light under vigorous stirring. The

fluorescence spectrum (kex = 332 nm) for the couma-

rin solution was measured every 1.5 min of illumina-

tion. The apparent rate constant was calculated using

the slope of the fluorescence intensity–illumination

time curves. They can indirectly represent the apparent

rate constant, but not the real values of the rate constant.

It should be noted that the blank experiment at the same

conditions but without TiO2 was carried out, which

showed that the coumarin without TiO2 nanoparticles

was totally inactive under UV illumination.

Real wastewater treatment

The highly active TiO2 nanoparticles (24 h) was

applied for degradation of real factory wastewater at

pH 1.56 in sun light as a light source. The intensity of

UV radiation was found to be 3.42 mW/cm2 and

visible light 1043 mW/cm2.

The decoloration and mineralization efficiencies of

the real wastewater using highly active sample (24 h)

at time t, can be expressed as (Neamtu et al. 2004):

Decolorization efficiency ¼ 100� A0 � Atð Þ=A0

where A0 and At are the initial and at time t absorbance

values of the wastewater solution.

Mineralization efficiency ¼ 100 � ðCOD0

� CODtÞ=COD0

where COD0 and CODt are the initial and at time

t COD values of the wastewater solution.

Results and discussion

Characterization of as-prepared TiO2

nanoparticles

XRD

Figure 1 presents the XRD patterns of the as-prepared

TiO2 nanoparticles. Crystal parameters of nanocrystals

are listed in Table 1. All the TiO2 nanoparticles exhibit

anatase phase (2h = 25.68�, 37.77�, 48.03�, 55.08�,

and 62.56�) (JCPDS 21-1272). No peaks corresponding

to rutile and brookite phases are detected in the XRD

patterns of 0hsol, 6 h, 12 h, 24 h, 36 h, and 24 hC,

Reprinted from the journal
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which indicates that there is no additional phase present

in the prepared nanoparticles, at least within the limit of

X-ray detection. It can be seen that the full width at half

maximum value (FWHM) of the TiO2 decrease as a

result of increasing of hydrothermal time (6–36 h) and

come close to the FWHM value of 0hsol nanoparticle

(Table 1). As a consequence, the average crystal size

(L) is increased with increasing hydrothermal time.

These results confirm that the hydrothermal treatment

can appreciably influence the TiO2 crystallinity similar

to calcinations treatment but at low temperature. This is

assigned to the fact that longer hydrothermal time

promoted Ostwald ripening and growth of nanocrys-

talline TiO2 particles (Ng et al. 1996; Yu et al. 2007). It

can be seen that, The TiO2 crystallinity and crystallite

size (L) slightly increase in case of 24 hC in comparison

with 24 h. These results prove that further calcination

for the hydrothermally treated nanoparticles leads to

conglomeration and crystal growth (Yang et al. 2007;

Zhang et al. 2012). During the hydrothermal process,

the hydrous gel gradually develops into crystalline

titania grains with further hydrolysis/polycondensation

reactions and structural rearrangements. This is a very

different process from crystallization via calcinations,

which involves rapid purification and thermal transfor-

mation of hydrous gel that has not yet fully reacted

which leads to agglomeration (Nagliati et al. 2006).

TEM

Figure 2a–g shows typical TEM images of different

TiO2 nanoparticles. The aggregates of uniform spher-

ical nanoparticles with average diameter 16.7 nm are

observed in 0hsol powder, as shown in Fig. 2a, b

shows the TEM image of the TiO2 obtained after 6 h,

which reveals the products are highly aggregated

spherical nanoparticle. These aggregated nanoparti-

cles exist in cluster format. When the reaction time is

prolonged to 12 h (Fig. 2c), different morphologies

(nanosphere, nanorod, nanocube, and nanoring-like

consisting of rod-like nanocrystals) are observed.

After hydrothermal treatment for 24 h (Fig. 2d, e),

the branched micro-flowers are observed as a major

shape in addition to the other morphologies which

already obtained in case of 12 h nanoparticles. The

average diameter and length of nanorod are 7 and

11 nm, respectively.

Further increase in hydrothermal time to 36 h or

calcination of 24 h powder at 450 �C leads to disap-

pear of the branched micro-flowers and a mixture of

small rods and spherical shapes are observed. This

means that further heat treatment lead degrade the

micro-flower to these major shapes as shown in

(Fig. 2f–g).

The oriented attachment (OA) mechanism was

recently found to be significant in the growth of

nanomaterials as an approach for the preparation of

complex nanostructures (Penn 2004; Xu et al. 2008; Li

et al. 2009). In this synthesis, titanium isopropoxide is

fast hydrolyzed in excess water forming a white

precipitate followed by peptization under acidic and

heat conditions (Zhang et al. 2000; Penn 2004;

Xu et al. 2008; Li et al. 2009). The peptization process

destroys agglomerates during precipitation. This is

attributed to that the surface of TiO2 have a net

positive charge under our acidic condition (pH 2.5),

which is less than the isoelectric point of anatase

(pHIEP 4.7–6.7), yielding a well-dispersed and highly

Fig. 1 XRD pattern of different prepared TiO2 nanoparticles

Table 1 XRD analysis, surface and optical properties of dif-

ferent TiO2 nanoparticles

Samples L (nm) FWHM SBET

(m2/g)

Vm

(cm3/g)

Eg (eV)

0hsol 29 0.49 66.6 15.3 3.4

6 h 10 1 282.9 64.9 3.36

12 h 12 0.75 317.9 73.0 3.35

24 h 20 0.5 604.6 138.9 3.31

36 h 22 0.5 372.9 85.7 3.39

24 hC 31 0.49 111.1 25.5 3.33
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transparent sol (Bischof and Anderson 1995; Li et al.

2009).

During autoclaving, the primary particles can

somewhat grow through the dissolution–reprecipita-

tion process under hydrothermal conditions, leading to

some coarsening of the crystallite size. At the early

time of hydrothermal treatment (6 h), some anatase

TiO2 nanocrystals in a finer size may dissolve under

the Ostwald ripening mechanism, which produces the

dissolved [TiO6] octahedral. The [TiO6] octahedral

arranged via face-shared bonding formed spiral chains,

creating anatase TiO2 with spherical shape (Bischof

and Anderson 1995; Li et al. 2009). These nanocrys-

tals start to aggregate under hydrothermal treatment,

forming gel-like precipitate. By increasing hydrother-

mal autoclaving time (12 h), some primary aggregated

Fig. 2 TEM images of

0hsol (a), 6 h (b), 12 h (c),

24 h (d, e), 36 h (f) and

24 hC (g) nanoparticles; and

EDS of 24 h (h)
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nanocrystals underwent nucleation, and growth to

obtain secondary nanoparticles with nanocube, nano-

rod, and nanoring-like consisting of rod-like shapes.

The rod shape consists of zigzag ribbons of edge-

sharing TiO6 octahedra in which the octahedral share

edges along the [100] direction (Yu and Xu 2007).

More complex structure for the OA growth is expected

by elongation the hydrothermal time (24 h). Indeed, the

longer rod-like nanocrystals and branched micro-flower

nanocrystals structures were formed. So the morphol-

ogy of the products depends strongly on the reaction

time.

Energy dispersive spectroscopy (EDS) was per-

formed to further confirm the composition of the

prepared nanoparticles. The EDS results of 24 h

nanoparticles (Fig. 2h) proved the presence of tita-

nium and oxygen elements. The atomic percentages of

Ti and O in TiO2 at a particular region are 33.33 and

66.67, respectively (Fig. 2h inset).

BET analysis

Gas adsorption measurements are widely used for

determining the surface area of a variety of different

solid materials, the measurement of adsorption at the

gas/solid interface also forms an essential part of many

fundamental and applied investigations of the nature

and behavior of solid surfaces (Rouquerol et al. 1994).

Table 1 shows that the specific surface area (SBET)

and monolayer volume (Vm) of all hydrothermally

treated TiO2 nanoparticles (6 h, 12 h, 24 h, 36 h, and

24 hC) are higher than TiO2 nanomaterials prepared

by sol gel method without any hydrothermal treatment

(0hsol). Moreover, by increasing the hydrothermal

time, the SBET and Vm increase till 24 h, then decrease

again in case of 36 h nanoparticle. The highest SBET

and Vm are observed for 24 h nanoparticles. The

obtained hybrid micro/nano-shapes in case of 24 h

sample lead to increase the porosity of the TiO2

surface and as a consequence its surface area.

Optical properties

The effect of hydrothermal treatment in acidic condi-

tion on the optical properties of TiO2 nanoparticles was

studied. Figure 3 shows the optical reflectance, R, in the

wavelength range 200–750 nm for the prepared TiO2

nanoparticles. The optical properties of the prepared

powders are collected in Table 1. The broad intense

absorption edge from *400 nm to lower wavelengths

region is associated with the intrinsic band gap

absorption of the TiO2 in which the Ti presence as a

tetrahedral Ti(VI) (Yu et al. 2002, 2006a, b; Sreetha-

wong et al. 2005). This absorption band is generally

associated with the electronic excitation of the valence

band O 2p electron to the conduction band Ti 3d level

(Fuerte et al. 2002; Sreethawong et al. 2005). Besides,

the absorption wavelength of TiO2 red shifts from

*364.7 to *374.6 nm after hydrothermal treatment

from 0 to 24 h, indicating the decreasing of the optical

band gap (Fig. 3, Table 1). Further heat treatment as in

case of 36 h and 24 hC causes a slightly blue shift in the

absorption band edge relative to 24 h nanoparticles.

The smaller band gap energy in case of 24 h means a

wider light response range of this sample i.e., absorb

more photons. This would contribute to an enhanced

photo-oxidative activity.

The band gap (Eg) of the prepared TiO2 nanopar-

ticles was estimated by extrapolation of the linear

portion of (ahv)2 versus photon energy (hm) plots using

the relation (Liu et al. 2006; Kumar et al. 2010; Jaleha

et al. 2011),

ahm ¼ A ðhm� EgÞ1=2

where a = 2.303 9 ln (Io/I)/t, here ln (Io/I), absor-

bance and t, thickness of the sample. A is a constant for

a direct transition, and hm is photon energy of the

incident radiation. Inset of Fig. 3 shows the (ahm)2

versus (hm) plot of different nanomaterials.

It can be seen that the band gap of TiO2 decreased to

a minimum value of 3.31 eV at hydrothermal time

Fig. 3 UV–Vis/DR spectra of different prepared TiO2. Inset:

Plot of (ahm)2 versus photon energy (hm) for different

nanoparticles
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equal 24 h. The highest band gap energy is observed

in case of 0hsol (3.4 eV) and 36 h (3.39 eV). The

observed values are higher than the band gap of bulk

anatase phase (3.18 eV). The higher band gap values

observe in our case can be associated with the nano

crystalline nature of the prepared TiO2. Shape and size

have a significant impact on the optical band gap of the

nanoparticles (Liao and Liao 2007). With the mor-

phologies shown in Fig. 2, the size difference of the

nanoparticles is not the main reason for the lower band

gap energy for the shape-controlled TiO2 nanoparti-

cles. According to Monticone et al. (2000), it seems

that the quantum size effect is rather limited on

anatase, due to a very small exciton Bohr radius

(1.5 nm). According to the XRD and TEM analysis,

the sizes of the prepared TiO2 were larger than the size

range of the quantum size effect related to the Eg of

TiO2. Thus, the quantum size effect could be excluded.

The obtained different band gap energies can be

attributed to the different morphologies and surface

microstructures of the nanoparticles. This trend in the

Eg values is in good agreement with the shape

estimations from TEM measurements.

The photoluminescence (PL) emission spectra of the

prepared TiO2 were studied to disclose the separation

efficiency of charge carriers, because PL emission

results from the recombination of free carrier (Li et al.

2005; Saif and Abdel-Mottaleb 2007). The PL emission

spectra of TiO2 samples were examined in the range of

350–600 nm and shown in Fig. 4. It can be seen that the

PL intensity of TiO2 prepared by hydrothermal method

was significantly decreased in comparison with the

TiO2 prepared with sol–gel only (0hsol). Moreover,

increasing hydrothermal time, the PL intensity decrease

till 24 h then increase again in case of sample 36 h. The

lower PL intensity indicates fewer recombinations

between generated electrons and holes (Li et al. 2005;

Saif and Abdel-Mottaleb 2007).

Hence, the hydrothermal treatment of the titania sol

in aqueous acetic/nitric has enhanced the absorption of

solar radiation with less energy and electron–hole

separation.

Supplementary 1 shows the FT-IR spectrum of the

24 h powder. In the high wave number, spectral range

a broad band between 3600 and 3100 cm-1 was

assigned to stretching vibration of different surface

hydroxyl groups (free or bounded). The band at

1633 cm-1 is related to molecular water (Asal et al.,

2011). Also, the FT-IR show bands at 1519 cm-1 and

1384 cm-1 assigned to the asymmetric and symmetric

stretching vibrations of the adsorbed acetic acid

carboxylic group coordinated to Ti (Saif et al. 2012).

In the low frequency region (below 1000 cm-1) the

absorption of titania was observed (Asal et al. 2011).

The obtained results indicate that 24 h sample have

suitable structural, morphological, and optical prop-

erties for industrial wastewater mineralization.

Evaluation of the TiO2 photo-oxidative activity

using fluorescent probe method

There are several methods for evaluation of the photo-

oxidative activity of self-cleaning materials. The most

public methods are the dye method, the stearic acid

method, and the contact angle method (Guan et al.

2008). All these methods have disadvantages of time

consuming, low sensitivity, and high manipulation

cost. Fluorescent probe is a novel method to evaluate

the performance of TiO2 materials and overcome on

the above disadvantages. In this new method, the

hydroxyl radicals (•OH) produced on the surface of

nano-semiconductors under UV illumination can

quantitatively convert coumarin of non-fluorescence

to 7-hydroxycoumarin of fluorescence (Ishibashi et al.

2000).

As shown in Fig. 5, the generation of 7-hydroxy-

coumarin increases due to prolonged irradiation time.

These results suggest that fluorescent products formed

using 24 h sample are due to the specific reaction

between •OH radicals and coumarin (Xiao et al. 2008).
Fig. 4 The PL emission spectra of different prepared TiO2

(kex = 325 nm)
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Figure 6 shows the plots of increase in fluorescence

intensity against illumination time at 460 nm. The

fluorescence intensity of 7-hydroxycoumarin by UV

light illumination increases almost linearly against

time. Consequently, we can conclude that •OH

radicals formed from the TiO2 nanoparticles are in

proportional to the light illumination time obeying

pseudo-zero-order reaction rate kinetics. TiO2 nano-

particles with better photo-oxidative activity yield

faster generation of 7-hydroxycoumarin. Therefore,

the slope (kf) of the lines in Fig. 6 can be used to

represent the apparent rate constant for the photoox-

idation of coumarin, which in turn is able to represent

the photocatalytic activity of the prepared TiO2

nanoparticles. The lower kf value is observed in case

of TiO2 prepared by sol–gel without any hydrothermal

treatment (0hsol). It also shows that the kf increases

from 5.99 to 9.77 with increasing the time of post-

hydrothermal treatment in acidic medium from 6 to

24 h and then decreases again to 7.59 after 36 h of

treatment.

These results suggest that the hydrothermal treatment

at of the titania sol at different times in acidic medium

enhanced the formation rate of •OH radicals, and there

is an optimum time for hydrothermal of the TiO2.

Absorption of a photon with energy greater than the

band gap energy resulted in the formation of conduction

band electron and valence band hole, according to

reaction (1). It was commonly accepted that the hole

was quickly converted to the hydroxyl radical upon

oxidation of surface water and surface hydroxyl group,

according to reaction (2, 3), and that the hydroxyl

radical was the major reactant, which was responsible

for oxidation of organic substrates. The yield of •OH

radicals depended on the competition between oxida-

tion of surface water or hydroxyl group by the holes

(reaction (2, 3)) and electron–hole recombination

according to reaction (4). Therefore, the greater the

formation rate of •OH radicals was, the higher separa-

tion efficiency of electron–hole pairs was achieved. All

above-mentioned results demonstrated that hydrother-

mal treatment could effectively enhance the separation

efficiency of electron–hole pairs via increase in the

content of hydroxyl group on the TiO2 particles, as a

consequence increase the •OH radicals produced from

the nanomaterial. Moreover, the increase of amount

of hydroxyl after hydrothermal treatment not only

increase the trapping sites for photogenerated holes, but

also can increase the trapping sites for photogenerated

electrons by adsorbing more oxygen molecules (Sal-

vador and Gutierrez 1982; Yu et al. 2007; Guan et al.

2008). This results lead to decrease the recombination

rate of electron–hole pairs. In this study, the optimum

preparation conditions was found in case of 24 h

nanoparticle, at which the recombination of photo-

induced electrons and holes could be the most effec-

tively inhibited. Moreover, further heat treatment via

hydrothermal and/or calcinations decrease the hydroxyl

content as seen in case of 24 hC and 36 h nanoparticles.

This is because the specific surface areas of the

prepared samples decrease, the crystallite size increase

and the crystallization enhance. Furthermore, some

Fig. 5 Fluorescence spectral changes observed during illumi-

nation of 24 h nanopariticles immersed in coumarin solution

(1.0 9 10-3 M) (kex = 332 nm)

Fig. 6 Plots of the induced fluorescence intensity at 460 nm

against irradiation time for coumarin using different TiO2

nanoparticles
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adsorbed hydroxyl groups will dehydrate to form

Ti–O–Ti (Ti–OH ? HO–Ti) Ti–O–Ti ? H2O by fur-

ther heat treatment (Yu et al. 2007).

TiO2 þ hv! hþ þ e� ð1Þ

hþ þ H2Oads ! �OHads þ Hþ ð2Þ

hþ þ OH� ! �OH ð3Þ

hþ þ e� ! TiO2 ð4Þ

Solar degradation of real industrial wastewater

The highly active nanoparticles (24 h) were applied

for solar degradation of real industrial wastewater

sample. Figure 7 shows the decolorization of the real

wastewater sample after 3 h of sunlight illumination

using 24 h nanoparticles. The solar decolorization

and mineralization data of the wastewater sample are

collected in Table 2. Figure 7 shows the reduction in

main absorption peak of real wastewater sample in the

presence of TiO2 (24 h), which indicated that the real

factory wastewater undergo decolorization. The

decolorization and mineralization efficiency reached

to 64 and 57 %, respectively, after passing 3 h from

irradiation. So, the factory wastewater studied was not

only decolorized but can degrade as well by TiO2

sample. Therefore, TiO2 prepared by hydrothermal

treatment of titania sol for 24 h in acidic medium is a

promising photocatalyst under solar light.

Conclusions

In summary, single-crystalline anatase TiO2 with

hybrid nano- and micro-morphologies have been

synthesized by controlling the reaction time through

a hydrothermal reaction of titania sol in acidic

condition. The crystal structure, morphology, and

optical properties of the obtained TiO2 were studied.

The photo-oxidative activity of these materials was

evaluated using fluorescent probe method and the

TiO2 treated hydrothermally for 24 h achieves the

highest one. The highly active nanoparticle (24 h)

was applied for solar degradation of real industrial

wastewater.
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Abstract a-Fe2O3 nanostructures with well-defined

morphology: nanostructured dendrites, nanorods,

nanospindles, and nanocubes were successfully syn-

thesized by forced hydrolysis/reflex condensation and

hydrothermal methods. The specific surface area and

pore size distribution analysis of the different nano-

structures prepared in this study confirms that these

surface properties can be systematically improved and

controlled by varying the precursors and preparatory

conditions. The enhancement in surface properties

was utilized to efficiently degrade relatively high

concentration of synthetic organic effluent Rhodamine

(RhB) at a faster rate using minimum quantity of the

catalyst. The observed enhancement in the photocat-

alytic performance of iron oxide nanostructures is

explained based on the inherent catalytic properties of

iron oxide, and the improvement in surface area and

porosity tailored by the preparatory method and

conditions.

Keywords Shape-controlled synthesis � Surface

porosity � Photocatalysis � Iron oxide nanostructures

Introduction

Controlling the shape, size, and surface properties at

the nanoscale has become a throbbing area of research

by contemporary material scientists due to the unique

shape- and surface-dependent physical/chemical

properties exhibited by anisotropic morphologies

(Sajanlal et al. 2011). In particular, inorganic
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nanomaterials with anisotropic morphologies are

studied for their enhanced electronic, magnetic,

photonic, and catalytic properties (Jana et al. 2007).

Among the various inorganic materials, iron and its

oxides are the important class of materials with

versatile fundamental and technological applications.

Of all the iron oxides, hydroxides and oxyhydroxides

that occur ubiquitously in nature, a-Fe2O3 (hematite)

is the most stable iron oxide from the thermodynamic

point of view. In particular, a-Fe2O3 nanostructures

with well-defined shape and surface properties have

shown improved performance suitable for applica-

tions such as light-induced water splitting, photoca-

talysis, sensors, and so on. Especially for applications

like photocatalytic degradation of organic effluents,

which rely on factors like band gap and stability of the

photocatalyst in aqueous solution, hematite demon-

strates exceptional capabilities. It is an n-type semi-

conductor with an indirect band gap of *2.2 eV,

allowing it to absorb ultraviolet light as well as

majority of visible light during photocatalysis.

For semiconductor-mediated heterogeneous photo-

catalysis, many factors like pH, temperature, concen-

tration of catalyst, etc., manipulate the effectiveness of a

catalyst in promoting the catalytic process (Beydoun

et al. 1999; Akpan and Hameed 2009; Ahmed et al.

2010; Zhang et al. 2011). In addition to the aforemen-

tioned parameters, heterogeneous catalysis is largely

influenced by the chemical composition and the surface

properties of the catalyst. Highly porous nanostructures

are promising candidates for heterogeneous catalysis as

they possess large specific surface area for the photo-

catalytic reaction. So far, many groups (Yu and Kudo

2006; Testino et al. 2007; Chen et al. 2012; Bharadwaj

et al. 2012) have demonstrated the remarkable effect of

particle size and morphology on their photocatalytic

performance. Although the shape- and surface-depen-

dent physical/chemical properties of nanomaterials are

understood and utilized extensively in photocatalytic

applications, synthesis strategies to tailor the surface

properties of nanostructures and to systematically

unravel the shape-guiding process and the growth

mechanism responsible for their enhanced functional-

ities, still remains a challenge. This demands compre-

hensive understanding of various interdependent

parameters like intrinsic crystal structure of the material,

nature of precursors, concentration of precursors, pre-

paratory method, experimental conditions like temper-

ature, reaction duration, and so on (Xia et al. 2003).

Recently, our group involved in the synthesis of

different nanostructures including dendrites, nano-

rods, nanospindles, and nanocubes of hematite using

simple wet chemical methods by precisely controlling

the nature of precursor and experimental conditions.

In the previous works reported by us elsewhere

(Bharathi et al. 2010a, b), we have elaborated the

effect of the precursors and preparatory methods in

the formation and growth of these of nanostructures.

In this study, we have analyzed the variations in

surface properties exhibited by these different mor-

phologies of iron oxide and have examined the role of

reaction intermediates responsible for determining the

surface properties of these nanostructures. In addition,

we have studied the photocatalytic degradation effi-

ciency of these nanostructures towards a model

organic effluent Rhodamine B (RhB). Previous reports

on the photocatalytic degradation of RhB (Fu et al.

2005; Qiu et al. 2008; Zeng et al. 2008; Lodha et al.

2011; Zhang et al. 2011) are based on either low initial

concentration (10-5 M) of RhB or use of higher

quantity of the material catalyst for complete degra-

dation of RhB. In this study, we have attempted to

efficiently degrade relative higher concentration of

RhB (10-3 M) using minimum quantity of catalyst by

enhancing the specific surface area and porosity. This

quantitatively confirms the enhancement in photocat-

alytic properties of nanostructures based on improve-

ment in their specific surface area and pore size

distribution tailored by the preparatory conditions.

Experimental procedure

Synthesis of different nanostructures of a-Fe2O3

Different nanostructures of a-Fe2O3 were synthesized

by forced hydrolysis–reflux condensation method and

hydrothermal method separately using different pre-

cursors and experimental conditions. Three different

sets of controlled experiments that were quite straight-

forward and repeatable were carried out to study the

effect of preparatory method and conditions in deter-

mining the morphology of the final product.

In the first set of experiment, nanostructured den-

drites of iron oxide were synthesized by the slow

dissociation of K3[Fe(CN)6] under hydrothermal con-

dition as reported by us elsewhere (Bharathi et al.

2010a). In the typical experiment, 0.01 M K3[Fe(CN)6]

J Nanopart Res (2013) 15:113–125
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was hydrothermally treated at 180 �C for 12 h. The

resulting precipitate was washed and dried at 80 �C for

24 h.

Second set of experiments were performed to

selectively synthesize nanorods and nanospindles of

iron oxide by forced hydrolysis and reflux conden-

sation of Fe3? ions in the presence of mineralizer

(NH2)2CO. For the preparation of nanorods, the

precursor solution was prepared with 0.25 M of

FeCl3�6H2O and 1 M of (NH2)2CO. The reaction

mixture was then refluxed at 90–95 �C for 12 h.

The as-obtained yellow colored precipitate was

washed with distilled water and dried at 80 �C for

24 h, and then calcined in air at 300 �C for 1 h.

The same experimental condition was repeated by

replacing the source of Fe3? ions, namely FeCl3
�6H2O with Fe(NO3)3�9H2O to obtain iron oxide

nanospindles.

In addition, third set of experiment was carried out

for the preparation of iron oxide nanocubes by

hydrothermal method. In this process, the same

precursor used in the forced hydrolysis and reflux

condensation method for the synthesis of nanorods,

namely 0.25 M of FeCl3�6H2O and 1 M of (NH2)2CO

was hydrothermally treated at 180 �C for 12 h. The

resulting precipitate was washed and dried at 80 �C

overnight.

Characterization

The X-ray powder diffraction patterns of the samples

were measured on PANalytical X’Pert Pro X-ray

diffractometer with Cu Ka1 radiation (k = 1.5406 Å),

with an operating voltage and current maintained at

40 kV and 40 mA. The morphology of the samples

was studied using scanning electron microscopy

(SEM, JSM 6700FM), field-emission scanning elec-

tron microscopy (FESEM, JSM 6335FM) and high-

resolution transmission electron microscopy

(HRTEM, JEOL JEM 2100). N2 adsorption–desorp-

tion isotherms were obtained using Autosorb 1

Quantachrome. The specific surface area was calcu-

lated using Brunauer–Emmett–Teller (BET) and pore

size distribution on the surface of the samples were

evaluated from the desorption branches of the nitrogen

isotherms using the Barret–Joyner–Halenda (BJH)

model. Prior to the analysis, the powders were

degassed at 100 �C for 1 h.

Photocatalytic degradation experiment

The photocatalytic activity was evaluated against the

organic dye Rhodamine B (RhB) (C28H31ClN2O3). It

is one of the most important xanthene dyes used as

biological stain, tracing agent, solar collector, paper,

and laser dye. It is a common organic pollutant

resistant to biodegradation and direct photolysis

(Yu et al. 2004; Yu and Qi 2009). In a typical

experiment, 50 mg of the nanostructured catalyst was

dispersed in 100 ml of freshly prepared 1 mM aque-

ous solution of RhB. The suspension containing the

catalyst and dye solution was stirred in dark to

establish adsorption/desorption equilibrium between

the catalyst and the Rhodamine dye molecules. The

solution was then illuminated by a 2 mW UV source

(k = 365 nm) to induce photochemical reaction.

During the exposure of dye solution to the UV source,

aliquots were taken out at frequent intervals of 15 min

and the concentration of RhB solution was determined

using UV–Vis spectrophotometer (3600, Shimadzu).

Results and discussion

Structural analysis

The crystallinity, phase, and purity of the different

nanostructures were analyzed from their X-ray dif-

fractograms as shown in Fig. 1. It could be seen that,

the XRD pattern of all the nanostructures prepared in

this study are in conformity with that of the

Fig. 1 XRD pattern of (a) nanostructured dendrites, (b) nano-

spindles, (c) nanorods, and (d) nanocubes of a-Fe2O3
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rhombohedral a-Fe2O3 phase of iron oxide (JCPDS

card # 33-0664 corresponding to the powder diffrac-

tion pattern of standard hematite). No diffraction peaks

arising from the possible impurity of hydroxide or

Fe3O4 phase could be observed in any of the samples.

Morphological analysis

The morphology of all the four samples prepared in

this study was analyzed using FESEM, TEM, and

HRTEM images.

Selective formation of nanostructured dendrites of

a-Fe2O3

The FESEM image of the sample obtained by the

hydrothermal treatment of 0.01 M K3[Fe(CN)6] at

180 �C for 12 h (Fig. 2a, b) shows the formation of

nanostructured dendritic micropines. The dendritic

structure had a hierarchical arrangement of branches

of length 2–2.5 lm symmetrically arranged on a main

trunk of length 6–7 lm. The branches were composed

of sub-branches of alternating length in the range of

100–300 nm oriented along specific crystallographic

directions. The growth direction of the main trunk,

branches, and sub-branches, leading to the formation of

the entire dendritic shape, were analyzed using HRTEM

images and selected area electron diffraction (SAED)

pattern shown in Fig. 2c, d. The lattice spacing calcu-

lated from the lattice image (Fig. 2c) was found to

be *0.251 nm corresponding to the distance between

adjacent [�1100] planes. The SAED pattern of the

dendritic structure clearly indicates the single crystal-

line nature of the sample with the central spot in the

diffraction pattern representing the [0001] orientation

and the other spots representing ±[10�10], ±[1�100],

and ±[0�110] orientations as indexed in Fig. 2d. These

six crystallographically equivalent planes are the low

Fig. 2 (a) FESEM Image of nanostructured dendrites obtained

by hydrothermal treatment of 0.01 M K3[Fe(CN)6] at 180 �C

for 12 h, showing main trunk with branches and sub-branches;

(b) magnified view of the branches and sub-branches indicating

the growth direction; (c) HRTEM image of the lattice pattern

taken in the marked region of the dendrite; (d) corresponding

SAED pattern
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energy facets for a hexagonal crystal lattice, which is

the intrinsic crystal structure of hematite. We have

reported a detailed analysis on the preparation of

dendritic nanostructures, the effect of the nature of

precursor, different growth directions, and growth

mechanism elsewhere (Bharathi et al. 2010a).

Precursor-dependent formation of nanorods

and nanospindles of a-Fe2O3

The morphology of the sample obtained in the second

set of experiments, synthesized by the forced hydro-

lysis of FeCl3�6H2O and urea for 12 h, followed by

annealing at 300 �C for 1 h, is shown in Fig. 3. The

FESEM image of the sample shows the formation of

rod-like nanostructures of diameter *20 nm and

length *125 nm (Fig. 3a). The alternate bright and

dark regions in the TEM image (Fig. 3b) signify the

variations in the surface thickness of the nanorods.

This can be considered as the presence of pores on

the surface of the nanorods. The discrete spots in the

SAED pattern shown as inset in Fig. 3b reveal the

single crystalline nature of the hematite nanorods.

Further, to understand the importance of the initial

precursor in determining the morphology, the reflux-

ing experiment was repeated by replacing FeCl3�6H2O

by Fe(NO3)3�9H2O. The SEM and TEM images of the

12 h refluxed and annealed sample (Fig. 3c, d) show

the formation of spindle-shaped a-Fe2O3 nanostruc-

tures of length *200 nm and diameter *100 nm.

This confirms unambiguously that the initial source of

Fe3? ions plays an important role in determining the

Fig. 3 (a) SEM image of nanorod obtained by forced

hydrolysis of FeCl3�6H2O and annealing at 300 �C for 1 h;

(b) TEM image of individual nanorod showing porous structure

(inset shows the SAED pattern); (c) SEM image of nanospindle

obtained by forced hydrolysis of Fe(NO3)3�9H2O and annealing

at 300 �C for 1 h; (d) TEM image of individual nanospindle

showing rough surface (inset shows the corresponding SAED

pattern)
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morphology. The atoms on different crystallographic

facets have different adsorption capabilities, leading to

preferential growth along certain facets. This might be

one of the reasons for the selective growth of nanorods

and nanospindles on varying the nature of precursor,

though the exact mechanism for the formation of

spindle-like morphology is still unclear. From the

TEM image of a single spindle-like structure

(Fig. 3d), it can be found that the surface is rather

rough, which is again an indication of porous surface.

In case of both the nanorods and nanospindles, the

surface pores have been believed to have originated on

annealing the as-prepared sample during the dehydr-

oxylation of FeOOH to form a-Fe2O3 and also due to

the removal of surface-adsorbed residual CO2 formed

due to the decomposition of urea in the reaction. A

detailed study on the reaction intermediates, the

possible reactions involved, and the role of urea in

the formation of porous nanorods has already been

reported by us elsewhere (Bharathi et al. 2010b).

Preparatory method-dependent formation

of nanocubes of a-Fe2O3

In the above-mentioned forced hydrolysis and reflux-

ing condition, the maximum reaction temperature that

could be maintained was 95 �C, since water was used

as the solvent under atmospheric pressure. But the

hydrothermal method (which we have used in the first

set of experiment) offers the advantage of crystallizing

nanomaterials from aqueous solutions under elevated

temperature and pressure. This technique is especially

suitable for preparing metal oxides directly from

Fig. 4 (a) FESEM image of the nanocubes obtained by

hydrothermal treatment of FeCl3�6H2O and urea at 180 �C for

12 h, (b) corresponding SAED pattern, (c) bright-field TEM

image and (d) dark-field TEM image of the prepared iron oxide

nanocubes showing deeply entrenched mesopores on the surface
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solution, without any post-annealing treatments. So in

this study, an effort was taken to utilize the advantages

of both the hydrothermal method as well as the mild

mineralizer urea for preparing porous a-Fe2O3 nano-

crystals. In this method, the precursors and the

concentration of the reactants were the same as used

in the second set of experiments for the synthesis of

nanorods. The only difference was that the experiment

was carried out under hydrothermal condition at an

elevated temperature of 180 �C for 12 h. The SEM

image of the sample thus obtained (Fig. 4a) shows the

formation of uniform, monodisperse nanocubes of

edge length *100 nm. The bright- and dark-field

TEM images (Fig. 4c, d) of the nanocubes show the

formation of deep entrenched pores of different sizes

distributed on its surface. The SAED pattern (Fig. 4b)

taken from a single nanocube ascertains that the

nanocubes are single crystalline in nature. The growth

of nanocubes can be understood based on the chemical

reaction between the ferric chloride precursor and urea

under hydrothermal condition. The initial stages of the

reaction namely the decomposition of urea (Eqs. 1 and

2) and hydrolysis of ferric chloride (Eq. 4) are similar

to the reactions involved in the forced hydrolysis and

reflux condensation method (Bharathi et al. 2010b).

However, the CO2 formed during the decomposition

of urea cannot be released under the closed hydro-

thermal condition unlike the reflux condensation

condition.

NH2ð Þ2COþ H2O! 2NH3 þ CO2 ð1Þ

NH3 þ H2O! NHþ4 þ OH� ð2Þ

CO2 þ H2O! 2Hþ þ CO2�
3 ð3Þ

Fe3þ þ 3OH� ! Fe OHð Þ3$ FeOOH þ H2O ð4Þ

Fe3þ þ CO2�
3 þ H2O! Fe2 COð Þ OHð Þ ð5Þ

2FeOOH�����������!Hydrothermal Condition
Fe2O3 þ H2O ð6Þ

Fe2 CO3ð Þ OHð Þ�����������!Hydrothermal Condition
Fe2O3 þ 3CO2

ð7Þ
Hence, the CO2 released in the reaction would have

reacted with the water to form H? and CO3
2- ions

(Eq. 3), which subsequently reacts with the available

Fe3? ions to form Fe2(CO3)(OH) (Eq. 5). As the

hydrothermal reaction was carried out at a higher

temperature of 180 �C for a prolonged time of 12 h,

both the FeOOH and Fe2(CO3)(OH) would have

decomposed to form the highly porous nanocubes of

a-Fe2O3 (Eqs. 6, 7).

Specific surface area analysis

The fact that makes the study of these different

nanostructures interesting is the variations in their

surface properties, which is one of the most utilized

functionality of nanostructures. Especially for cata-

lytic applications, surface porosity enhances the

separation and transfer of photoinduced electron–hole

pair, which otherwise would recombine, limiting the

photocatalytic efficiency (Yu et al. 2007; Wei et al.

2008). It also provides active sites for the incoming

molecules to adsorb and interact with the semicon-

ductor surface. Hence, determination of the specific

surface area and pore size distribution in the nano-

structure forms an important part in analyzing their

catalytic properties.

In this study, the specific surface area and pore size

distribution of the prepared hematite nanostructures

were measured by the nitrogen adsorption–desorption

isotherm using Brunauer-Emmett-Teller (BET) and

Barrett-Joyner-Halenda (BJH) methods. Figure 5a–d

shows the typical adsorption–desorption isotherms of

the prepared nanostructures. The inset in each figure

maps the corresponding pore size distribution calcu-

lated using BJH method. The nature and type of the

hysteresis loop were categorized based on IUPAC

standards (Sing et al. 1985). Figure 5a shows the

specific surface area and pore size distribution in the

nanostructured dendrites. The isotherm is character-

ized by a distinct hysteresis loop in the region 0.1–1

P/P0, which can be categorized as Type IV isotherm.

The shape of hysteresis exhibited by these particles is

of H3 type characterized by slit-shaped pores. The

specific surface area of the sample calculated using the

BET equation was found to be 40.3 m2/g. The pore

size distribution in the nanostructured dendrites as

calculated using BJH method represents the presence

of mesopores of size 16 nm on the surface of the

sample.

Figure 5b, c shows the isotherms recorded from the

nanospindles and nanorods. The distinct hysteresis

loop from 0.9 to 1 P/P0 and 0.7 to 1 P/P0 in case of

nanospindles and nanorods can be categorized as Type

V and Type IV isotherms, respectively. The nano-

spindles had a surface area of 66.8 m2/g and narrow

mesopore distribution of 2–3 nm. The hysteresis
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shown by nanospindles is of H1 type, indicating

uniform spherical pores in the surface of the sample.

However, the nanorods had a relatively high specific

surface area of 82.6 m2/g and broad mesopore distri-

bution of 1–10 nm. From the shape of the hysteresis

loop, they were found to be of H3 type, which is again

characterized by slit-shaped pores.

Figure 5d shows the nitrogen adsorption–desorp-

tion isotherm of the nanocubes of Type V with

hysteresis of H1 type. Of all the nanostructures

prepared in this study, iron oxide nanocubes had a

very high specific surface area of 117 m2/g. The pore

size distribution curve shows that the dominant peaks

are in the mesoporous range of 2–20 nm. It can also be

observed that the pores are bimodal, signified by the

presence of smaller and larger mesopores on the

surface of the sample.

Origin of pores in urea-assisted reactions

On comparison of the specific surface area and pore

size distribution of all the four morphologies (den-

drites, nanospindles, nanorods, and nanocubes), it can

be realized that preparatory method, precursors used,

and the experimental conditions have a strong influ-

ence on the surface properties. Of all the morphologies

investigated in this study, nanostructured dendrites

showed relatively lower surface area because of the

nature of precursor used in preparing the sample. On

contrary, the other morphologies like nanospindles,

nanorods, and nanocubes were prepared in the pres-

ence of mild mineralizer urea. The inorganic salt urea

plays a dual role in the urea-assisted reactions. It alters

the growth kinetics and is also responsible for the

formation of pores on the surface of the sample. Urea-

Fig. 5 Nitrogen adsorption–desorption isotherm of the prepared iron oxide: (a) nanostructured dendrites, (b) nanospindles,

(c) nanorods, (d) nanocubes and (insets) the corresponding pore size distribution
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assisted synthesis of inorganic materials is based on

the dehydrolyzation of urea at temperatures above

70 �C (Lian et al. 2004). This leads to uniform

concentration gradient and homogeneous precipitation

in aqueous solution, unlike conventional heteroge-

neous precipitation methods. During the hydrolyza-

tion of urea, hydroxides, and carbonates of the metal

ions are formed. When these metal carbonates and

hydroxides decompose to form stable oxide phase

either under hydrothermal condition or during post-

annealing treatment as in the case of forced hydrolysis

method, they leave behind plenty of pores on the

surface of the sample. Obviously, the specific surface

area and the pore size distribution in the sample

increases in urea-assisted reactions. This is the reason

behind the origin of different types of isotherms and

pore distribution as seen in the N2 adsorption–

desorption isotherms of the samples prepared under

different experimental conditions.

Photocatalytic studies

To understand the influence of specific surface area on

the catalytic properties of iron oxide, photocatalytic

degradation activity of the prepared nanostructures

were evaluated toward the synthetic dye Rhodamine B

(RhB). The photodegradation was carried out in the

absence of catalyst (blank experiment) and in the

presence of different a-Fe2O3 nanostructures (den-

drites, nanospindles, nanorods, and nanocubes) pre-

pared in this study. In the absence of catalyst, UV

irradiation of RhB solution showed almost negligible

variation in the characteristic absorbance maximum at

554 nm. However, when hematite nanostructures

were used as photocatalyst, the absorption maximum

steadily decreased upon UV irradiation without any

obvious peak shift of the absorption maximum. It was

accompanied by a gradual change in color of the dye

solution from pink color to almost a colorless solution.

This marks the complete degradation and decolouri-

zation of aqueous RhB due to the degradation activity

of the hematite photocatalyst activated under UV

irradiation.

In case of nanostructured dendrites as catalyst, the

absorbance showed maximum value of 2.66 before

UV exposure and decreased to a value of 0.47 after

210 min (i.e., 3� h) of UV exposure (Fig. 6a). When

nanospindles were used as catalyst, the photodegra-

dation and decolorization activity was slightly

enhanced. The absorbance with an initial value of

2.66, decreased to 0.45 after 165 min (i.e., 2� h) as

shown in Fig. 6b. In case of nanorods as catalyst, the

intensity of absorbance maximum decreased to 0.4,

after 135 min (2� h) of UV exposure (Fig. 6c),

showing a relatively faster degradation rate. The

degradation and decolorization rate of the RhB

solution was prominently improved when nanocubes

were used as catalyst. The absorbance maximum

drastically decreased from 2.66 to 0.4 within 90 min

(1� h) of UV exposure as shown in Fig. 6d. There

was no further decrease or change in the absorbance

value, when the UV exposure was prolonged even up

to 3 h. This marks the completion of the photodegra-

dation as early as 90 min using iron oxide nanocubes.

After the completion of the photocatalytic degra-

dation experiments, all the nanostructured a-Fe2O3

particles used as catalyst in this study were separated

out by filtration, washed, and dried in oven. The so-

used catalysts were reused to degrade a new solution

of RhB with the same experimental conditions. The

process was repeated three times to check the

reusability of the nanoparticle catalysts. It was

observed that the catalysts showed similar response

every time they were reused. This confirms that the

degradation activity was highly repeatable.

The UV–Vis absorbance spectra of the RhB

solution during the different stages of photocatalytic

reaction using the various iron oxide nanostructures

are shown in Fig. 6a–d. Absorption spectrum was

obtained by a plot between absorbance versus irradi-

ation time and the decolourization efficiency was

determined in terms of change in intensity of absorp-

tion maximum of the dyes. The decolourization

efficiency was calculated (Wu and Zhang 2004) using

the formula:

A0 � At

A0

� 100 ð8Þ

where A0 is the absorption maximum at t = 0, At is the

absorption maximum after t min taken for complete

degradation. The apparent rate constant was deter-

mined by considering the absorbance values, before

and after degradation and from the time required for

degrading the dye completely. The regression curve of

the natural logarithm of RhB concentration versus the

reaction time was almost a straight line. This implies

that the photodegradation of RhB followed pseudo-

first-order kinetics in the presence of the catalyst.
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Hence, the apparent rate constant of the photocatalytic

degradation reaction was calculated (Yu and Qi 2009)

using the formula:

ln
A0

At

¼ kt; ð9Þ

where k is the rate constant of the reaction, A0, At are

the absorbance maxima at t = 0 and t = minimum

time required for complete degradation, respectively.

The overall degradation trend of the different nano-

structures in degrading the dye RhB is shown in Fig. 7.

The Table 1 lists out the decolourization efficiency,

degradation rate of the different nanostructured catalysts

prepared in this study and their corresponding specific

surface area and pore size distribution. The results

obtained in this study show significant improvement in

the photocatalytic degradation of highly concentrated

Fig. 6 UV–Vis absorbance spectra of RhB during photocatalytic reaction by (a) nanostructured dendrites, (b) nanospindles,

(c) nanorods, and (d) nanocubes

Fig. 7 Degradation trend of RhB as a function of irradiation

time

J Nanopart Res (2013) 15:113–125

123 122 Reprinted from the journal



solution of RhB using the prepared iron oxide

nanostructures.

The observed enhancement in the photocatalytic

performance of iron oxide nanostructures can be

justified based on the catalytic properties of iron oxide,

particle size, improvement in surface area, and

porosity tailored by the preparatory method and

conditions. Various researchers have carried out the

heterogeneous photocatalytic degradation of RhB

using TiO2 and ZnO as photocatalysts (Barka et al.

2008; Zhang et al. 2011; Byrappa et al. 2006; Zhao and

Wang 2011). Though these semiconductors were

reported to have high photosensitivity, from the

standpoint of application, there are some drawbacks

associated with these semiconductors pertaining to

faster charge carrier recombination, specific spectral

activation due their large band gap, and their reus-

ability/stability in aqueous solution (Sakthivel et al.

2002). These challenges were addressed in this study

by considering the catalytic properties of a-Fe2O3.

The indirect band gap (*2.2 eV) of a-Fe2O3 allows it

to absorb ultraviolet light as well as the majority of

visible light. Also, it is an n-type semiconductor in

which the Fermi level is closer in energy to the

conduction band than to the valence band. The

relatively high energy of electrons in an n-type

semiconductor causes a small number of electrons to

be transferred to water when placed in electronic

contact with it (Kay et al. 2006). This results from

equilibration of the electronic energy levels of the

semiconductor (the Fermi level) with the electronic

energy levels of water (as measured by the water redox

potential). The transfer of these few electrons from the

semiconductor to the water sets up an electric field at

the surface and results in the upward bending of the

conduction and valence bands as they approach the

surface. If the photon is absorbed near the surface of

the hematite (within the band-bending region), the

electric field drives the hole toward the surface and the

electron away from it. At the surface, the hole can

oxidize the organic molecules. The electron efficiently

separated from the hole reduces the organic molecules

adsorbed on the surface. This accounts for the

enhanced catalytic properties as well as the stability

of iron oxide in aqueous media.

In addition to the inherent catalytic properties, the

effect of particle size and surface properties also has a

profound influence in photocatalytic reactions. During

photodegradation, photo-generated electrons (e-) and

holes (h?) migrate to the surface of the catalyst and

undergo redox reaction with the adsorbed reactants.

The recombination of the photoexcited electron–hole

pair needs to be retarded for an efficient charge

transfer process to occur on the photocatalyst surface.

This could be accomplished by enhancing intermedi-

ate charge carrier trapping. This charge trapping is

more pronounced in case of nanocrystals with defects

and pores on the surface because the surface irregu-

larities like defects and pores are associated with

surface electron states that differ in their energy from

the bands present in the bulk semiconductor. The

surface electron states serve as charge carrier traps and

help to suppress the recombination of electrons and

holes (Yu et al. 2007). Thus, nanomaterials with high

specific surface area and pore size distribution show

enhanced degradation efficiency when compared to

their counterparts with relatively low specific surface

area. This trend has been quantitatively proved in this

study.

From the experimental observations presented in

Table 1, it can be observed that the degradation rate

can be directly correlated to the specific surface area

and pore size distribution in the nanostructures. Among

the four different morphologies of iron oxide evaluated

for their photocatalytic efficiency, the dendrites sample

showed a relatively lower photocatalytic activity. In

Table 1 Experimental observations of the decolourization efficiency, degradation rate of the different nanostructured catalysts

prepared in this study and their corresponding specific surface area and pore size distribution

Catalyst Time required for complete

degradation (t, min)

Decolourization

efficiency (%)

Rate

constant

Specific surface

area (m2/g)

Pore size

distribution (nm)

Dendrite 210 82.7 0.322 40.3 16

Nanospindle 165 83.08 0.589 66.8 2–3

Nanorod 135 84.96 0.8505 82.6 1–10

Nanocube 90 84.96 0.876 117 2–20
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other words, the dendrite sample with relatively lower

specific surface area took longer time to degrade the

dye, whereas the nanocube sample with a relatively

high specific surface area when compared to the other

morphologies showed the highest photocatalytic deg-

radation efficiency. The other morphologies namely

nanorods and nanospindles also followed the same

trend according to their specific surface area. The high

specific surface area resulted in more unsaturated

surface coordination sites exposed to the dye mole-

cules. Hence, it can be ascertained that specific surface

area has a straightforward influence on the photocat-

alytic activity. In addition to specific surface area, pore

size distribution is another factor, which improves the

degradation rate of the nanostructures. It has been

reported (Zhang et al. 2008) that presence of smaller

and larger mesopores facilitates efficient transport of

reactant molecules onto the active sites, enhancing the

efficiency of photocatalysis. In this study, though all

the samples were mesoporous, the distribution of

smaller and larger mesopores was found only in

nanorods and nanocubes. This might be another reason

for high photocatalytic degradation capability

observed in the nanorods and nanocubes.

Conclusion

We have developed simple and environmentally

benign methods for controlled synthesis of a-Fe2O3

nanostructures with well-defined shapes and tailored

surface properties. By varying the nature of precursors

and the preparatory conditions, we could achieve a

precise control over the reaction kinetics and hence

the shape and surface properties of the nanostructures.

N2 adsorption–desorption isotherms have shown a

drastic improvement in specific surface area and pore

size distribution in urea-assisted reactions. The pho-

tocatalytic degradation efficiency of the prepared

nanostructures evaluated against RhB was found to

have straightforward dependence on specific surface

area. a-Fe2O3 nanocubes of relatively high specific

surface area (117 m2/g) and mesoporosity showed a

faster degradation rate compared to other morpholo-

gies prepared in this study. This study quantitatively

demonstrates a new strategy for improving photodeg-

radation performance based on structure and surface

property optimization.
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Abstract Recent advances in nanoscience suggest

that the existing issues involving water quality could be

resolved or greatly improved using nanomaterials,

especially magnetic iron oxide nanoparticles. Magnetic

nanoparticles have been synthesized for the develop-

ment and use, in association with natural coagulant

protein for water treatment. The nanoparticles size,

morphology, structure, and magnetic properties were

characterized by transmission electron microscope,

X-ray diffraction, and superconducting quantum inter-

ference device magnetometry. Purified Moringa oleif-

era protein was attached onto microemulsions-prepared

magnetic iron oxide nanoparticles (ME-MION) to form

stable protein-functionalized magnetic nanoparticles

(PMO?ME-MION). The turbidity removal efficiency

in both synthetic and surface water samples were

investigated and compared with the commonly used

synthetic coagulant (alum) as well as PMO. More than

90 % turbidity could be removed from the surface

waters within 12 min by magnetic separation of

PMO?ME-MION; whereas gravimetrically, 70 %

removal in high and low turbid waters can be achieved

within 60 min. In contrast, alum requires 180 min to

reduce the turbidity of low turbid water sample. These

data support the advantage of separation with external

magnetic field (magnetophoresis) over gravitational

force. Time kinetics studies show a significant enhance-

ment in ME-MION efficiency after binding with PMO

implying the availability of large surface of the ME-

MION. The coagulated particles (impurities) can be

removed from PMO?ME-MION by washing with mild

detergent or cleaning solution. To our knowledge, this is

the first report on surface water turbidity removal using

protein-functionalized magnetic nanoparticle.

Keywords Magnetic separation � Microemulsions �
Magnetophoresis � Purified Moringa oleifera �
Coagulant protein � Surface water

Introduction

Functionalized nanomaterials are known to display novel

and significant physical, chemical, and biological prop-

erties due to their structure, size, and large specific
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surface area (Liao and Chen 2002; Mikhaylova et al.

2004; Grecu et al. 2008). For this reason, device that

encompasses nanomaterials/nanotechnology has the

potential to improve water quality, viability, and acces-

sibility of potable water (Li et al. 2008; Liu et al. 2008;

Theron et al. 2008). The use of natural materials like

coagulant protein from Moringa oleifera associated with

eco-friendly compounds may represent another possible

solution to the existing concerns in water treatment

process. The availability of the natural material and

competing food source is often a risk for long-term

solution. The functionalization of magnetic iron oxide

nanoparticle with protein is appealing; especially

because of its several advantages; such as, low cost of

materials, high efficiency, reduction of chemical usage

including sludge volume, and fast separation due to its

magnetophoretic properties (Okoli et al. 2011a). This

method also has great potential for material recycling,

which makes it very advantageous for large-scale

treatment process. Moreover, natural protein incorpo-

rated on magnetic nanoparticles constitutes an excellent

alternative for chemical usage in water treatment process.

Availability of clean and safe water is a major

problem in both developed and developing countries.

At present, the world is facing difficult challenges in

meeting the increasing demands of potable water due

to population growth, increasing pollution of water

bodies from several industrial and agricultural activ-

ities, drought, and competing demands from a variety

of users (Vorosmarty et al. 2000; Lee and Schwab

2005; Moe and Rheingans 2006; Coetser et al. 2007;

Theron et al. 2008).

There are concerns regarding the quality and

quantity of water globally. However, to provide

potable drinking water, various technologies have

been developed and used over a century (Cloete 2010).

The conventional method for water treatment

involves the use of mechanical, physical, and some

chemical approaches. The choice of chemicals in

water treatment is decisive. The treatment process

may add substances to the water, which can increase

the risk of diseases to human health. Moreover, high

impact on the production of large volume of sludge,

increase in water pH as well as scarcity of foreign

currency for importing these chemicals especially in

third world countries are of great concern (Sanchez-

Martin et al. 2010). Even though different treatment

processes exist to improve the water quality, disease

outbreaks is often reported worldwide.

Considering the importance of potable drinking

water globally, and keeping in mind concerns regard-

ing the viability of recent practices of meeting the

rising water demands, there is a pressing need to

develop novel technologies and materials that will

tackle the challenges associated with safe drinking

water. While new technologies are being developed

today for example nanofiltration, reverse osmosis, etc.,

(Cloete 2010) the need to have cost-effective, user-

friendly, robust, and more efficient systems than the

existing techniques for the removal of contaminants

from drinking water either in water treatment process

or in situ are considered paramount. The emergence of

nanoscience has been identified as a promising

technology that could play a major role in solving

several complications involving water treatment and

quality (Theron et al. 2008).

In this study, the development and application of

magnetic iron oxide nanoparticles prepared from

microemulsion that incorporates natural protein for

coagulation/flocculation in water treatment is reported.

The magnetic nanoparticles were characterized by

transmission electron microscope (TEM), X-ray dif-

fraction (XRD), and superconducting quantum inter-

ference device magnetometry (SQUID). Purified

Moringa oleifera (PMO) coagulant protein was incor-

porated onto the magnetic nanoparticles to form

PMO?ME-MION. The comparison of coagulation

activity in terms of turbidity reduction for synthetic and

surface waters (high and low turbidity) using

PMO?ME-MION, PMO, bare ME-MION, and alu-

minum sulfate (alum) was also investigated. Effect of

separation with magnetic field and force of gravity was

compared and reported. Regeneration potential of the

PMO?ME-MION was evaluated and discussed.

Materials and methods

Microemulsion-prepared magnetic iron oxide

nanoparticles

The synthesis of ME-MION was carried out by water-

in-oil microemulsion method. Two microemulsions

were mixed (Fig. 1). Each microemulsion system

consists of a surfactant, cetyl trimethyl ammonium

bromide (CTAB), a co-surfactant (1-butanol), oil

phase (hexanol), iron precursors (FeCl3 and FeCl2),

precipitating agent (32 % NH3), and water (Milli-Q
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water). The first microemulsion consists of aqueous

solution of iron precursor while the second micro-

emulsion contains a precipitating agent (aq.NH3). Both

microemulsion mixtures were homogenized. Precipi-

tation of ME-MION was achieved by adding the first

microemulsion into the latter at room temperature upon

vigorous stirring for 1 h. The obtained ME-MION was

washed and either dried at 70 �C or suspended in Milli-

Q water until further use. More detailed synthetic

procedures are given (Okoli et al. 2011a).

Characterization techniques

The size and morphology of the ME-MION were

examined by high-resolution transmission electron

Microscopy (HRTEM), which was carried out using

a field emission transmission electron microscope,

JEM-2200FS, 200 kV, with 0.19 nm resolution in

TEM mode. For this purpose, dry powder sample was

dispersed in isopropanol and deposited onto a formvar

carbon copper grid. Selected area electron diffraction

patterns (SAED) of the nanoparticles were also

investigated from the electron micrographs (data not

shown). X-ray diffraction data of the microemulsion-

prepared nanoparticles were performed between 20

and 70� on Siemens D5000 diffractometer using Cu

Ka radiation. Room temperature magnetic hysteresis

loops of the nanoparticles were measured using a

superconducting quantum interference device (SQUID)

magnetometer, quantum design MPMS XL. The mag-

netic moments of the particles were determined in field

over a range ±60kOe.

Analytical water source

The water samples for this study were collected from

different lakes in Sweden. Raw surface waters with

initial turbidity ranging from 7 to 17 NTU were

collected in autumn from Lake Mälaren, west of

Stockholm. Arboga (Västmanland) and Vättern-Lake

(Götaland) water were collected during spring. The

choice of seasonal variation in the collection of raw

water samples is essential to evaluate the performance

of coagulants with different turbidity/contaminants.

The samples once collected were stored at 4 �C to

prevent any bacteria growth. The model water sample

was prepared from kaolin clay [14] with initial

turbidity range of 150–170 NTU for comparison

purposes. Aluminum sulfate (alum) was prepared

(5 %) and used as a control. All experiments were

carried out in a batch system.

Binding of PMO onto ME-MION

The purification of Moringa oleifera coagulant protein

was achieved according to the method already

described (Okoli et al. 2011a; Okoli et al. 2011b).

Purified Moringa oleifera protein was used for the

binding assay. Briefly, ME-MION was equilibrated

with 10 mM ammonium acetate buffer, pH 6.7. The

binding of PMO protein onto the ME-MION was

performed in ammonium acetate buffer followed by

1–2 h incubation period in a rotary mixer (20 rpm) at

room temperature. The PMO was adsorbed to the ME-

MION. The supernatant was removed by magnetic

separation and the resultant PMO?ME-MION was

washed with ammonium acetate three times to remove

the non-adsorbed protein and other impurities. The

protein-functionalized ME-MION was suspended in

ammonium acetate buffer and this was termed PMO?

ME-MION system.

Turbidity removal study with PMO?ME-MION

The turbidity removal efficiency of the PMO?ME-

MION has been examined in synthetic turbid water

(clay solution). In a typical experimental setup,

PMO?ME-MION was added to clay suspension and

then mixed instantly. Absorbance at 500 nm was

measured with Thermo Spectronic UV–visible spec-

trophotometer at time 0 and after 60 min settling time.

In order to estimate the percentage turbidity removal

Fig. 1 Scheme for the preparation of ME-MION by w/o
microemulsion reaction approach mixing two microemulsions

of identical composition except for reactant I (metal precursors)

and reactant II (precipitating agent)
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for different samples after sedimentation by force of

gravity, the following equation was used:

Turbidity removal ð%Þ ¼ IT � FT

IT
� 100 ð1Þ

where IT is the initial turbidity and FT is the finial

turbidity.

Time kinetics investigation

A simple and quick method to verify the performance

of PMO?ME-MION in turbid waters has been

developed. This technique was utilized for easy

screening of active coagulant from different coagulant

samples over a range of time. The following coagulant

agents i.e., alum, PMO, PMO?ME-MION, and bare

ME-MION were investigated.

For the kinetic study, each coagulant agent was

mixed with the turbid water source in a vial. The

sample solution in each vial was mixed rapidly at

50 rpm for 5 min to allow the optimal contact between

the sample waters and the coagulants. Initial turbidity

of the solution was measured. The measurements were

carried out periodically (0–240 min) during their

settling time to monitor the optimal time needed to

achieve good turbidity reduction. The synthetic clay

solution, different surface water samples, and bare

ME-MION was used as a negative control.

Separation by magnetic field or force of gravity

The magnetization effect of PMO?ME-MION was

compared with the force of gravity (alum) in coagula-

tion/flocculation of particles in turbid water samples. For

this reason, a quick method was developed to achieve

efficient turbidity reduction and separation with the

aforementioned system over a short period of time using

applied external magnetic field. Synthetic clay solution

and natural surface water samples (SW1; 7 NTU and

SW2; 17 NTU) from Lake Mälaren were used.

PMO?ME-MION and alum were added to the turbid

water sample and mixed instantly; the initial turbidity of

the mixture was measured. The resultant mixture was

allowed to interact for 10 min at room temperature. After

the interaction time, an external magnetic field was

applied for 1–2 min to separate the clean water solution

from the PMO?ME-MION system while the water

samples containing alum were decanted due to settling by

gravity. Final turbidity of the treated water was measured.

Regeneration of PMO?ME-MION

The possibility of regenerating the PMO?ME-MION

system was investigated in this work. Reusability

potential of PMO?ME-MION (i.e., after removal of

flocculated impurities) was studied in three successive

reuse. PMO?ME-MION were cleaned from the

impurities adsorbed in turbid water sample (synthetic

clay solution) by washing with mild detergent or

cleaning solution. Two different cleaning agents were

compared (20 % ethanol and 0.1 wt% Tween 20 in

water). The mixture was left for 10 min at room

temperature. The supernatant was removed by mag-

netic separation and the washing was repeated once

again followed by 29 wash with 10 mM ammonium

acetate buffer. The turbidity removal assay was

performed as described before (Eq. 1). The regener-

ation step was repeated twice; the control sample was

calculated initial percent turbidity removed using

PMO?ME-MION in water sample before cleaning.

Results and discussion

Synthesis and characterization techniques

The formation of ME-MION in w/o microemulsions

can be achieved by mixing two w/o microemulsions of

identical composition, one comprising the inorganic

salt precursor and another one comprising the precip-

itating agent in the aqueous phase nano-droplets. The

size, morphology, and agglomeration of prepared ME-

MION were examined by HRTEM (Okoli et al.

2011a). The obtained data depicts that ME-MION

consisted mainly of elongated, rod-like morphologies

with widths ranging from 5 to 10 nm (Okoli et al.

2011a). Diffraction pattern of the dry powder indicates

the presence of a magnetic phase of either Fe3O4 or

c-Fe2O3; which is quite typical at 35o for (311) and

63o for (440). The XRD pattern of ME-MION (Fig. 2a)

shows that the nanoparticles correspond to crystalline

magnetite which reflects to the well matching of the

diffraction peaks with magnetite pattern (Deng et al.

2005; Okoli et al. 2011a).

Magnetic moment of the ME-MION was deter-

mined at room temperature (300 K) in field over a

range ±60kOe. It can be clearly seen that the

magnetization curve for ME-MION displayed no

magnetic remanence and coercivity, confirming a
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superparamagnetic behavior and nanoscale dimen-

sions of the particles (Fig. 2b). The recorded satura-

tion magnetization (MS) value for ME-MION is 30

emu/g.

Turbidity removal study with PMO?ME-MION

The PMO?ME-MION and PMO demonstrated sig-

nificant coagulation capacity when assayed on the

synthetic water sample. The efficiency of PMO?ME-

MION improved after binding with PMO. Formation

of flocs and reduction in turbidity of the clay suspen-

sion indicate better performance of the coagulants. The

weight effect of PMO?ME-MION improved the

separation speed of the flocs as the magnetized flocs

formed around them are much heavier than suspended

particles. Results from Fig. 3 also suggest that bare

ME-MION can aggregate and flocculate the suspended

particles in turbid water samples. Larger flocs can be

formed by the collisions of bare nanoparticles with the

turbid water sample, resulting in high density mass of

ME-MION.

Time kinetics investigation

The present study was carried out to elucidate the

performance of some coagulant agents in raw surface

waters during different seasons. Results showing the

optimal time required to achieve an efficient turbidity

reduction with different coagulant agents have been

shown in Fig. 4. The PMO?ME-MION showed a

significant decrease in turbidity when tested on both

synthetic clay solution (Fig. 4a) and natural water

samples (Fig. 4b–d). The efficacy of the coagulant

agents depend on the initial turbidity of the water

sample (Ghebremichael et al. 2005; Sanchez-Martin

et al. 2010). In this study, it is observed that the

efficiency of PMO?ME-MION is not influenced by

the initial turbidity of the water sample; for instance in

60 min, PMO?ME-MION showed approximately

80 % removal efficiency in both waters collected

during autumn and spring seasons. However, it was

evident that the high density mass of the magnetized

flocs induced by electrostatic interaction resulted in

fast flocculation of impurities in the water sample. On

the contrary, alum and PMO were found to be less

effective, especially in water sample collected during

autumn season (Fig. 4b). However, alum and PMO

were effective on surface waters collected during

spring season (Fig. 4c, d). In addition, it can be

(511)

(311)

(220)

(422)(400)

(440)

(a) (b)

Fig. 2 X-ray diffraction pattern (a); and SQUID showing magnetization as a function of magnetic field (b); of ME-MION

Fig. 3 Results showing turbidity removal at 60 min of

separation time with purified moringa protein (PMO) and

PMO?ME-MION in synthetic clay solution. Clay solution and

bare ME-MION was used as controls
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observed that the efficiency of alum and PMO during

spring season also depends on the composition of the

source water. For instance, both alum and PMO

showed 40–50 % turbidity removal with Arboga water

(Fig. 4c) in 60 min; whereas, 10–20 % removal was

observed with Vättern-Lake (Fig. 4d) in 60 min.

Fig. 4 Kinetic studies showing percent turbidity removal with:

a synthetic clay solution and surface waters from b Lake

Mälaren (autumn season), c Arboga water (spring season), and

d Vättern-Lake (spring season). Control represents water

sample without coagulant agents
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Experimental results indicate that the performance

of PMO?ME-MION, alum, PMO, and bare ME-

MION follow a similar trend in natural surface waters

while the bare ME-MION showed lower removal

performance in synthetic clay solution. Nonetheless,

bare ME-MION showed good performance in water

collected during autumn season than that collected

during the spring season. From this study, it can be

established that the PMO?ME-MION is very efficient

irrespective of the season or composition of the raw

water. The experimental data clearly depicts that the

developed PMO?ME-MION may serve as a viable

complementary coagulant agent in water treatment

process.

Separation by magnetic field or force of gravity

The influence of external magnetic field in the perfor-

mance of protein-functionalized nanoparticles has

been compared with gravitational force, in the clari-

fication of turbid waters (Fig. 5). Experimental results

show that PMO?ME-MION tested on natural water

samples exhibit good turbidity removal. With

PMO?ME-MION, turbidity removal of 75–90 % can

be achieved within 12 min, due to the effect of

magnetic field. According to magnetization curve

theories, when nanoparticles are placed within a steady

external magnetic field, the internal magnetic moment

will spin in the same direction as the external magnetic

field. This magnetophoretic occurrence will boost the

magnetic properties of the nanoparticles thereby

causing the aggregation of the water impurities (Lu

et al. 2007; Faraji et al. 2010). The existence of this

dynamics will induce the aggregation of the water

contaminants by nanoparticles. The combination of

PMO?ME-MION and applied magnetic field enhanced

the effectiveness of the system in coagulating/floccu-

lating impurities in different turbid water samples. Bare

ME-MION showed lower turbidity removal as com-

pared to PMO?ME-MION. This suggests that the

binding of the protein onto the ME-MION was critical in

enhancing their performance. Comparing the time kinet-

ics study and separation by magnetic field (Figs. 4, 5),

the time efficient removal of turbidity with PMO?

ME-MION was evident. Moreover, in contrast to alumi-

num sulfate (alum), the turbidity removal of PMO?

ME-MION presented high level of consistency in all the

assayed water samples.

Regeneration of PMO?ME-MION

In order to examine the reusability of the PMO?ME-

MION, the developed system was washed with mild

detergent or cleaning solution after separation. Tur-

bidity removal assay reveals that it is possible to reuse

the PMO?ME-MION three times (Fig. 6). In compar-

ison with the control sample (initial percentage

Fig. 5 Turbidity removal result showing the effect of magnetic

field separation of suspended particles in natural and synthetic

turbid water samples, with PMO?ME-MION and alum after

10 min interaction time and 2 min separation. SW1 and SW2

represent surface water (7 and 17 NTU, respectively) from Lake

Mälaren. ME-MION was used as control

Fig. 6 Regeneration of PMO?ME-MION after turbidity

removal assay with clay solution. Cleaning capacity of 20 %

EtOH and 0.1 % Tween 20 were compared after 90 min of

coagulation activity test. Control sample represents the initial

coagulation activity of PMO?ME-MION before cleaning
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removal of PMO?ME-MION before washing), clean-

ing with 20 % EtOH and 0.1 % Tween 20 showed

almost similar turbidity removal in the clay solution.

PMO?ME-MION, on cleaning with both ethanol and

Tween 20, showed a small reduction in performance

(removal efficiency) after the first wash; however, a

high level of consistency is seen in the successive

washing. The most probable reason for the slight

reduction in removal efficiency after first cleaning step

could be that the clay particles were not completely

removed from PMO?ME-MION. However, it is

unlikely that the detergent or cleaning solution will

desorb the electrostatic interaction between the nega-

tively charged nanoparticles and the positively charged

protein. Results from this investigation indicate that

20 % EtOH and 0.1 % Tween 20 have the capacity to

regenerate the PMO?ME-MION after several reuses.

More investigation is being conducted to fully under-

stand the mechanism of cleaning to improve the

efficiency of the system. One advantage of this

technique is the reduction in cost of materials and

treatment process.

Conclusions

The prepared magnetic nanoparticles size, morphol-

ogy, structure, and magnetic properties were charac-

terized by TEM, XRD, and SQUID. The development

of protein-functionalized magnetic nanoparticles from

microemulsion-prepared nanoparticles (ME-MION)

and PMO protein have demonstrated creditable

potential in the treatment of high and low turbid

surface water samples irrespective of the season or

source of water. The present investigation underscores

the advantages of water treatment approach that

encompasses magnetic nanoparticles with natural

coagulant, which offers a novel water treatment

approach; since the usage of chemical will be reduced

by more than 60 % during the water treatment process.

The treatment of surface waters with PMO?ME-

MION showed better turbidity removal efficiency

when compared to either alum or PMO. In contrast to

alum and PMO, reduction in water turbidity is not

affected by the initial turbidity of the water sample.

The PMO?ME-MION could effectively remove more

than 90 % of turbidity in surface waters under the

influence of an external magnetic field within 12 min.

The combination of PMO?ME-MION and magnetic

field enhanced the effectiveness of the system in

coagulating/flocculating impurities in different turbid

water samples. Present investigation also suggests the

possibility of regenerating PMO?ME-MION in more

than three consecutive steps after turbidity removal

assay.

The PMO?ME-MION developed in the work will

be the first report, to our knowledge, that could

potentially offer a cost-effective, robust, and environ-

mentally friendly water treatment process.
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Abstract Amine-functionalized magnetite nanopar-

ticles are synthesized by a one pot water based process

using N-[3-(trimethoxysilyl)propyl]diethylenetriamine

(TRIS) as surfactant. The prepared functionalised

nanoparticles are characterised by BET surface area

measurements, X-ray diffraction, zeta potential mea-

surement, and X-ray photoelectron spectrometry (XPS).

The results clearly show the presence of TRIS on the

surface of the nanoparticles. XPS analysis indicates the

presence of very small amounts of maghemite on the

surface of the magnetite nanoparticles. Water treatment

test shows that the prepared nanoparticles are capable to

remove natural organic matter (NOM) from natural

water samples. The removal of NOM by the prepared

particles is characterized by analysing the dissolved

organic carbon (DOC) content and UV absorbance at

254 nm (UV254) after the treatment of the water samples

at various doses and treatment times.

Keywords Magnetite nanoparticles �
X-ray photoelectron spectrometry �
Amine functionalization �Water treatment �
Sustainable development

Introduction

In recent years, functionalised nanostructured materials

are of great interest for researchers due to its unique

electrical, structural, chemical, and magnetic properties

allowing their use in a variety of novel applications,

including electronic, optoelectronics, information stor-

age, biosensing application, and biomedical engineering

(Jordan et al. 1999; Todorovic et al. 1999; Rutnakorn-

pituk et al. 2002; Goya et al. 2003; Lu et al. 2007;

Majewski and Thierry 2007a, b, 2008; Thierry et al.

2009). Magnetite nanoparticles have attracted consid-

erable attention because bulk Fe3O4 has a high Curie

temperature (Tc—850 K) and nearly full spin polariza-

tion at room temperature, whereas magnetite nanopar-

ticles show superparamagnetic properties (Goya et al.

2003) (Maity and Agrawal 2007).

Among different magnetic oxides, iron oxides

nanoparticles, such as magnetite (Fe3O4) and
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maghemite (c–Fe2O3), have drawn most interest due to

their magnetic, catalytic, conducting, and biological

properties, which could find applications in many

fields, including magnetic storage devices, ferrofluids,

magnetic refrigeration systems, magnetic carriers for

drug targeting, cancer diagnosis, separation of bio-

chemical products, and catalysis (Tavakoli et al. 2007).

Research studies also show that magnetite nano-

particles are effective in arsenic removal, where Fe3O4

suspension was passed through a stainless-steel wool

column that is equipped with a magnetic separator on

the side wall (Mayo et al. 2007).

All of these applications demand nanomaterials of

specific shapes, sizes, surface characteristics, and mag-

netic properties (Teja and Koh 2009). Magnetic nano-

particles have been synthesized with a number of

different compositions and phases, including iron oxide,

such as Fe3O4 (magnetite) and c-Fe2O3 (maghemite),

pure metals, such as Fe and Co, spine-type ferromagnets

of MgFe2O4, MnFe2O4, and CoFe2O4, and alloys, such

as CoPt3 and FePt (Levent and George 2009). Several

popular methods including co-precipitation, thermal

decomposition and/or reduction, micelle synthesis,

hydrothermal synthesis, and laser pyrolysis techniques

can all be applied for the synthesis of high-quality

magnetic nanoparticles of different functionality (Lu

et al. 2007; Majewski and Thierry 2007a, b).

The most widely used synthesis route for iron oxide

nanoparticles is based on precipitation from solutions

(Majewski and Thierry 2007a, b). The method

involves co-precipitation from iron (II) and iron (III)

aqueous salt solution in a basic aqueous medium. The

chemical reaction can be written as follows (Maity and

Agrawal 2007):

Fe2þ þ 2 Fe3þ þ 8OH� ! Fe3O4 þ 4 H2O ð1Þ
With this classical co-precipitation method (Faraji

et al. 2010), the size and size distribution of iron oxide

nanoparticles in a homogeneous aqueous medium are

hard to control due to the unlimited growth of the

nanoparticles after their nucleation cannot be pre-

vented (Tao et al. 2006). However, for applications in

water treatment, the size of magnetite nanoparticles do

not necessarily have to be particularly small, such as

less than 10 nm, as bigger particles are much easier to

collect with an applied magnetic field after the

treatment.

The common problems that usually encountered

from water sources are the aquatic organic materials.

Natural organic matter (NOM) is the aquatic organic

materials that stains water yellow to brownish as a

result of intensive leaching of surrounding watersheds,

the withering material from plants and animals in the

terrestrial environment as well as in aquatic systems

(Marhaba and Van 2000).

NOM represent a major problem in water treatment

due to its role as a precursor to the formation of toxic

disinfection by-products (DBP), such as trihalome-

thanes, haloacetic, and other halogenated organics

(Collins et al. 1985). Not only forming DBPs, it also

acted as a carbon food source for bacterial growth in

distribution systems (Wang et al. 2000; Chow et al.

2008). Previous studies have shown that NOM can be

removed from water by the traditional clarification

treatment processes, such as coagulation, flocculation,

and sand filtration (Clever et al. 2000; Zularisam et al.

2006; Pelekani et al. 1999; Tambo and Kamei 1998).

Studies have also shown that NOM, Escherichia coli

(E. coli) bacteria, and MS2 bacteriophage virus (MS2)

can be removed by amine-functionalised silica powder

or quartz sand having particles sizes between 1 and

500 microns (Majewski 2007). Other organic species

such as albumin and the protozoan parasite Cryptospo-

ridium parvuum (C. parvuum) can be removed by the

same category of amine-functionalised silica powder

(Majewski and Chan 2008). However, depending on

particles size, the removal of silica powder after water

treatment requires different filter systems and related

maintenance of the filters. Furthermore, as the removal

of organic matter only occurs on the surface of the

particles, the efficiency of functionalised silica with

large particles sizes (e.g., quartz sand) is significantly

reduced that requires the need of large doses. The

application of very fine particles and nanoparticles may

significantly reduce the required dose as they provide

much larger surface area per volume. However, the

removal of functionalized silica nanoparticles from

water would require sophisticated and expensive filter

systems, such as nanofiltration, which would render the

use of functionalized silica as unnecessary, as nanofil-

tration alone is capable to remove a large range of

organic contaminants from water. The use of magnetic

nanoparticles, such as magnetite, however, would only

require magnetic fields for their removal which may be

an economically more feasible alternative (Zhang et al.

2007).

In this study, amine-functionalised magnetite nano-

particles are prepared through co-precipitation of iron

J Nanopart Res (2012) 14:137–147
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(II) and iron (III) salt in the presence of ammonium

solution and subsequent functionalization with N-[3-

(trimethoxysilyl)propyl]diethylenetriamine,

(C10H27N3O3Si, TRIS in short), without the use of any

organic solvents. TRIS functionalization was used, as

it has already shown its potential to remove organic

matter from water when attached to silica particles

(Chan et al. 2011).

Dissolved organic carbon (DOC) measurement and

high-performance size exclusion chromatography

(HPSEC) with UV detection (HPSEC/UV) were also

performed to demonstrate potential applications of the

material for the removal of NOM in natural water

resources.

Experimental section

Sample preparation

Analytical grade of ferrous chloride tetrahydrate

(FeCl2�4H2O [99 % purity), ferric chloride hexahy-

drate (FeCl3�6H2O [99 % purity), and ammonium

hydroxide (NH4OH, 30 % of ammonia) were obtained

from Aldrich. All aqueous solutions were prepared

with ultra-pure Milli Q (MQ) grade water

(18.2 MX cm). The surface functionalization of the

particles was performed by using N-[3-(trimethoxysi-

lyl)propyl]diethylenetriamine, (CH3O)3Si(CH2)3NHCH2

CH2NHCH2CH2NH2), TRIS, 97 % purity, Novachem

(Fig. 1). All chemicals were used as received. A stock

solution with a Fe3?:Fe2? ratio of 1.82:1 was prepared

and used for the synthesis of magnetite nanoparticles.

A volume of 0.106 M FeCl3 9 6H2O and 0.058 M

FeCl2 9 4H2O were dissolved in 50 mL of pure water

each of which was deoxygenated by bubbling N2 gas

in the water for 1 h prior to the use. The iron chloride

solutions were then separately heated up to 70 �C for

1 h and subsequently mixed while using a mechanical

stirrer.

Under vigorous and continuous stirring, 50 mL of

NH4OH (30 %) solution was added as a precipitant

agent. Subsequently after adding NH4OH solution, the

color of the mixture turned from yellow to black that

indicates the formation of magnetite. To remove

excess iron salt and NH4OH solution and to resuspend

the particles in neutral water, the prepared magnetite

particles were collected at the bottom of the beaker by

a permanent magnet and the solution was decanted.

The deposition of the TRIS on the magnetite nano-

particles can be easily performed by adding TRIS

surfactant to the nanoparticle suspension with rapid

stirring for 1 h. Samples with two TRIS concentrations

were prepared by adding 50-lL (0.194 mmolTRIS/molFe)

and 710-lL TRIS (2.75 mmolTRIS/molFe), respectively

to the nanoparticles suspension after the formation of the

magnetite nanoparticles.

Finally, the functionalised powder was isolated by

again applying an external magnetic field and the

supernatant was removed from the precipitate by

decantation. The particles were then dried at 45 �C for

24 h.

Structural morphology and information

Transmission electron microscopy (TEM)

and X-ray diffraction (XRD)

All the characterization of the sample was done in

solid phase. The size and surface morphology of the

magnetite nanoparticles were determined by using

TEM. TEM images were acquired using a Philips

CM200 operating at 200 kV. For sample preparation,

the prepared TRIS-coated magnetite nanoparticles

were diluted, subsequently dropped onto the copper

grid surface, and dried for 1 h. Powder X-ray diffrac-

tion (XRD) pattern was collected using a Phillips

PW1730 X-ray generator fitted with a Sietronics

SIE112 automation system, with Co-Ka radiation

(k = 1.7902 Å) between a 2h range from 6 to 90o in

0.02o steps at 0.1o per minute.

Zeta potential measurement

The zeta potential of pure and TRIS-coated magnetite

nanoparticles was measured with Zetasizer Nano ZS

instrument (Malvern). Measurements were made at

different pH ranging from pH 1.80 to 12.00. The pH of

the solution was adjusted using nitric acid and

potassium hydroxide with a range of concentration

(10-1 to 10-3 M). The ionic concentration was kept at
Fig. 1 The molecule N-[3-trimethoxysilyl)propyl]diethylene-

triamine, (C10H27N3O3Si, TRISt)

J Nanopart Res (2012) 14:137–147
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10-2 M KNO3 as a background electrolyte. Average

values from three measurements were used as a

representative value.

X-ray photoelectron spectroscopy analysis (XPS)

X-ray photoelectron spectrometry of pure and TRIS-

coated magnetite nanoparticles was performed on an

AXIS Ultra spectrometer (Kratos Analytical Ltd.)

equipped with a monochromatised Al Ka source with

energy 1486.6 eV. The pressure in the analysis

chamber was typically 5 9 10-9 mbar. The measure-

ments were based on photoelectrons with a takeoff

angle of 90 o to the detector. The elemental compo-

sition was obtained from survey spectra with pass

energy of 160 eV while high-resolution spectra were

collected with a pass energy of 20 eV. All binding

energies were referenced to the C 1s neutral carbon

peak at 284.9 eV. The intensities were calculated from

the peak areas by the fitting program based on

CasaXPS software.

Jar test apparatus and analytical methods

for water treatment

Raw surface water was collected from Pinail Reser-

voir water, Poitiers, France. The experiments were

carried out using a laboratory flocculator (Bioblock

Fisher Scientific 11198 flocculator) equipped with

1-Liter beakers. Jar test is a classical method of

simulating a full-scale water treatment process, pro-

viding a reasonable idea of the way a treatment

chemical will behave and operate with various types of

raw water and thus evaluate the performance of

treatment process (Wang et al. 2002; Humbert et al.

2005; Qin et al. 2006; Yan et al. 2009).

A series of experiment was conducted using TRIS-

coated magnetite nanoparticles for Pinail pond water.

The experiment was carried out focusing on kinetic

test and dosage test. The experiment was set to cover

various collection points for kinetic test at a dose of

0.8 g of TRIS-coated magnetite nanoparticles in 1 L

of Pinail surface water. The dosage concentration was

then set at 0, 0.2, 0.6, 0.8, and 1.6 g of dry function-

alised magnetite nanoparticles in 1 L for a contact

time of 5 min. The samples were contained in a beaker

where the stirring speed was set at 200 rpm. Aliquots

of the samples were taken with a 50-mL syringe,

filtered with 0.45-lm filter membrane and analysed.

Treated water samples were analysed by means of its

DOC content, UV254, and HPSEC/UV.

The DOC content was analysed using a Shidmadzu

TOC Vcsh analyzer, and UV absorbance at 254 nm

was measured with a UV–VIS spectrophotometer

SAFAS DES (Double Energy System) 190 with a

1-cm quartz cell.

HPSEC was performed on a REPROSIL 200 SEC

5 lm 300 9 8 mm column coupled with a UV–Visible

detector (WATERS 996, k = 254 nm), flow rate at

1.0 mL/min, mobile phase at 10-mM acetate pH 7.0.

Solutions of PSS (polystyrene sulfonate with molecular

weight of 13,000, 6,800, 4,300, and 1,400 Da) were

used as calibration standards. A linear equation of log

(MW) = -0.5092 9 RT ? 7.75 with R2 [ 0.99, was

obtained based on HPSEC calibration, where

MW = Daltons and RT = retention time in min. In

HPSEC analysis, organic molecules are separated

primarily on the basis of differing molecular size so

that largest molecules are eluted first in the column,

whereas the smallest molecules are eluted last. This

method has been proven and reported by previous

studies to be an effective technique in evaluating various

water treatment processes by comparing NOM profile

before and after treatment (Pelekani et al. 1999; Drikas

et al. 2003; Chow et al. 2008).

Results and discussions

TEM and XRD

The BET measurements of the prepared magnetite

nanoparticles show that the particles have a surface

area of 154 m2/g. Figure 2 displays an XRD pattern of

TRIS-coated Fe3O4 nanoparticles with a concentration

of 2.75 mmol (710 lL of TRIS). The diffraction peak

at the 2h values of 30.0o, 35.4o, 43.1o, 57.0o, and 62.6o

can be attributed to (220), (331), (400), (511), and

(440) crystal planes of cubic magnetite, respectively.

However, diffraction analysis alone cannot distinguish

between the cubic magnetite and maghemite, because

of the similarity in structure and lattice parameters

(Martı́nez Mera et al. 2007; Shi et al. 2010).

Therefore, XPS analysis was performed to identify

Fe3O4 and c-Fe2O3, as the components have charac-

teristic iron Fe2p3/2 and Fe2p1/2 and oxygen O1s peaks

(Zhang et al. 2004; Pana et al. 2005; Yamashita and

Hayes 2008). Figure 3 shows the spectrum of the

J Nanopart Res (2012) 14:137–147
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prepared magnetite nanoparticles coated with a TRIS

concentration of 2.75 mmolTRIS/molFe. Besides peaks

for iron and oxygen, additional peaks for carbon and

nitrogen can be identified. As carbon and nitrogen are

essential components of TRIS, carbon and nitrogen on

the surface of the particles is an evidence for the

presence of TRIS coating of the particles.

XPS

In Table 1, the concentration of the analysed elements is

listed. As expected from TRIS structure, the nitrogen

content on the surface of the particles increases with

increasing TRIS concentration. Considering that all

analysed nitrogen belongs to amine of TRIS, a concen-

tration of about 0.42 mmol TRIS per gram magnetite at

a TRIS concentrations of 2.75 mmolTRIS/molFe during

synthesis of TRIS-coated magnetite nanoparticles can

be calculated from the analysis listed in Table 1. This

concentration is slightly less than of the value calculated

for TRIS-coated silica (Chan et al. 2011). However, it is

impossible to assess whether saturation of TRIS on the

surface of the nanoparticles has been achieved at this

TRIS concentration, as titration could not be applied.

The carbon concentration on the surface of all samples is

slightly higher than expected only from TRIS coating

and, therefore, is believed to consist of the carbon

component of TRIS as well as residues from the

synthesis process or contamination from handling.

Figure 4 shows the high-resolution XPS pattern for

the Fe2p3/2 and Fe2p1/2 peaks that have binding

energies at 710.1 and 723.7 eV, respectively. These

binding energies correlate with binding energies for

Fe2p3/2 and Fe2p1/2 of magnetite as reported in the

literature (Zhang et al. 2004; Pana et al. 2005;

Yamashita and Hayes 2008). Fe2p3/2 and Fe2p1/2

binding energies of c-Fe2O3 usually have higher

binding energies of about 711 and 725 eV, respec-

tively (Tahir et al. 2009). However, the spectrum also

shows small satellite peaks at about 719 and 732 eV in

the vicinity of the Fe2p3/2 and Fe2p1/2 peaks that are

known to indicate c-Fe2O3 (Tahir et al. 2009).

The high-resolution oxygen O1s spectrum of the

sample is shown in Fig. 5. The O1s peak can be

divided into three sub-peaks at 529.4, 530.4, and

532.5 eV. The two strongest peaks at binding energies

of 529.4 and 530.4 eV clearly belong to magnetite

(Wagner et al. 2003). However, the peak at the binding

Fig. 2 XRD patterns of magnetite nanoparticles corresponding

to sample with 2.75 mmol of TRIS-coated nanoparticles. Peak

identification points to a chemical composition containing

maghemite/magnetite iron oxide phases
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Fig. 3 XPS spectrum of TRIS-coated magnetite nanoparticles

(TRIS concentration: 2.75 mmolTRIS/molFe)

Table 1 Surface analysis of pure and TRIS-coated magnetite

nanoparticles (values in at%)

Fe O N C

Pure 36.0 52.0 – 12.0

50-lL TRIS 34.9 51.1 1.49 12.5

710-lL TRIS 32.5 51.4 3.56 12.6
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energy of 529.4 eV may also belong to Fe2O3 (Wagner

et al. 2003). The smaller peak at binding energies of

529.2 eV, however, cannot be attributed to any iron

oxide and belongs to SiOx which is believed to

be caused by the binding of TRIS to the particles via

Si–O–Fe bonds providing another evidence for the

presence of TRIS on the surface of the particles

(Wagner et al. 2003).

The C1s peak of the sample is shown in Fig. 6. Also

the C1s peak can be divided into three sub-peaks at

binding energies of 284.6 eV indicating C=C bonds,

286.3 eV indicating C–OH bonds, and 287.7 eV

indicating C=O bonds. The observation of C=C bonds

is another evidence of the presence of TRIS as C=C

bonds are a main component of the molecule, whereas

C–OH and C=O bonds cannot be attributed to TRIS

and may be due to local oxidation of the TRIS

molecule or contaminants from handling of the

powder.

Overall, the XPS study of the sample give clear

evidence that the sample mainly consists of magnetite

that is coated with TRIS. However, the presence of

small amounts of c-Fe2O3, either as individual parti-

cles or on the surface of magnetite particles due to

local oxidation of the magnetite particle, cannot fully

be excluded.

CTEM analysis of sample with TRIS-coated is

shown in Fig. 7a and b. The Fe3O4 nanoparticles have

an unevenly sizes containing semispherical shape with

average sizes of about 20–100 nm.

The zeta potentials of uncoated magnetite nanopar-

ticles and TRIS-coated as a function of pH values are

shown in Fig. 8. The pure magnetite nanoparticles have

an isoelectric point (iep) of 8.0 with a value of about

-17 mV at pH 9, which is consistent with published

values for bare magnetite nanoparticles (Zhang and

Bai 2002; Majewski 2007). In contrast, the zeta

potential for the TRIS-coated magnetite nanoparticles
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Fig. 4 High-resolution XPS spectrum of iron Fe2p1/2 (right)

and Fe2p3/2 (left) peaks of TRIS-coated magnetite nanoparticles

(TRIS concentration: 2.75 mmolTRIS/molFe)
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Fig. 5 High-resolution XPS spectrum of the oxygen O1s peak

of TRIS-coated magnetite nanoparticles (TRIS concentration:

2.75 mmolTRIS/molFe)
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(TRIS concentration 2.75 mmolTRIS/molFe) has an iep

of 10.20 with a surface charge of ?16.5 mV at pH 9.

The reason for this difference in surface charge at the

pH value of 9 is believed to be due to the presence of

amine functional groups of the TRIS coating. The

chemistry of the amine is dominated by the ability of

the lone pair on the nitrogen atom to capture protons

forming NH3
? groups. This phenomenon is the reason

for the positive charge of the particles coated with

NH2-SAM at pH values less than about 10. Contrary to

that, at pH values greater than about 10, the hydrogen

of the amines is sufficiently acidic to undergo depro-

tonation forming negatively charged NH-groups,

which is the reason for the negative surface charge of

the NH2-SAM-coated particles at pH values greater

than about 10.

Detailed magnetic characterization of the prepared

nanoparticles was not performed, so it cannot be

claimed that the prepared nanoparticles are

superparamagnetic. However, simple tests using a

0.2 T permanent magnet show that the prepared

nanoparticles are magnetic and can be removed from

water by applying a magnetic field (Fig. 9).

NOM removal: DOC and UV254 analyses

on dosage test

Figure 10a and b shows the kinetic test and dosage test

of DOC and UV absorbance at 254 nm by TRIS-

coated magnetite nanoparticles. The DOC content and

UV254 absorbance of the water sample rapidly

decreases with increasing contact time, especially

during the first 5 to 10 min, and then remain almost

constant for 50 min. The reason for this is presumably

a very fast uptake of organic matter by the TRIS-

coated nanoparticles and saturation of the removal

capacity of the particles as it was also observed for the

TRIS-coated silica particles.

Dosage tests from 0 to 0.8 g/L show that removal of

NOM increases with increasing concentration of

TRIS-coated magnetic nanoparticles, which indicates

that removal is limited by adsorption capacity of

particles. For a dosage of 0.8 g/L, about 20 % of the

DOC content and 36 % of the UV254 absorbance were

removed after 5 min of contact time, as shown in

Fig. 10b. The removal of UV-absorbing components

in the water samples is more pronounced than the

removal of DOC that indicates the preferential sorp-

tion of aromatic category molecules by TRIS-coated

iron oxide.

High-performance size exclusion chromatography

with UV profile

HPSEC has been widely used to determine the

molecular weight (MW) distribution of aquatic humic

substances. HPSEC separates the constituents based

on differential permeation process, according to the

sizes of the organic substances (Anu et al. 2002).

Figures 11 and 12 compare the HPSEC/UV chomato-

grams of Pinail water before and after treatment with

three different doses of TRIS-coated magnetite nano-

particles and contact time, respectively. HPSEC/UV

chromatograms confirm that UV-absorbing organic

molecules are progressively adsorbed when dosage

increases from 0 to 1.6 g/L (Fig. 11). HPSEC/UV

chromatograms in Fig. 12 also confirm that adsorption

is fast and occurs within the first 5 min of contact time.
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Fig. 6 High-resolution XPS spectrum of the carbon C1s peak

of TRIS-coated magnetite nanoparticles (TRIS concentration:

710 lL)
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Both dosage and kinetic tests show that colloidal

material with MW[5 kDa and low molecular weight

organic molecules (i.e., \200 Da) are less removed

than molecules with mean MW of 1,000 Da and

usually associated to humic-like molecules.

Conclusions

The study has shown that functionalised magnetite

nanoparticles can be prepared using silane-based

surfactants in aqueous solutions similar to our syn-

thesis route for functionalised silica. It can, therefore,

be expected that the reaction between the TRIS

molecule and the surface of magnetite nanoparticles

follows the same route like that with silica where the

hydrolysed bonding group of TRIS reacts with

hydroxyl groups on the surface of magnetite particles

forming covalent Femagnetite–O–Sisilane bonds as

observed via XPS analysis of the samples. The

achieved TRIS concentration on the surface of the

magnetite nanoparticles of 0.85 mmol per gram

Fig. 7 a CTEM image of magnetite nanoparticles prepared as described in this study. b CTEM image of magnetite nanoparticles

prepared as described in this study
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magnetite is equivalent to results achieved for silica

(Chan et al. 2011).

As an example for the application of silane-

functionalised magnetite nanoparticles, water treat-

ment tests were performed. The tests show that organic

contaminants can be removed from water by TRIS-

coated magnetite particles. This is to be expected as

the capability of TRIS to remove organic matter from

water has been studied with silica particles. The

removal capacity of the prepared functionalised mag-

netite nanoparticles is slightly greater than 2 mg of

DOC per gram of magnetite nanoparticles that corre-

lates with the results obtained with TRIS functional-

ised silica (Chan et al. 2011).

The observation that magnetite nanoparticles can

be functionalised by silane-based surfactants is of

significance, as a wide range of silanes with a

multitude of functional groups are commercially

available. This allows preparing magnetite nanoparti-

cles with a wide range of functionalities to address

requirements for various applications, such as in water

treatment.

Fig. 8 Zeta potential of pure and TRIS-coated magnetite

nanoparticles (710-lL TRIS concentration), background elec-

trolyte 10-2 M KNO3

Fig. 9 Response of TRIS-coated magnetite nanoparticles (710-

lL TRIS concentration) to a 0.2 T strong permanent magnet

Fig. 10 a Kinetic test at 0.8 g/L of magnetite nanoparticles and

b dosage test at 5-min contact time of DOC and UV absorbance

at 254 nm by TRIS-coated magnetite nanoparticles (TRIS

concentration 2.75 mmolTRIS/molFe)

Fig. 11 HPSEC/UV dosage chromatograms of Pinail raw

water by TRIS-coated magnetite nanoparticles (TRIS dose:

0.2 g/L, 0.6 g/L, and 1.6 g/L, respectively; contact time:

15 min; TRIS concentration 2.75 mmolTRIS/molFe)
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Abstract High specific surface area of graphene

(GR) has gained special scientific attention in devel-

oping magnetic GR nanocomposite aiming to apply

for the remediation of diverse environmental problems

like point-of-use water purification and simultaneous

separation of contaminants applying low external

magnetic field (\1.0 T) from ground water. Fabrica-

tion of magnetic manganese-incorporated iron(III)

oxide (Mnx
2?Fe2-x

3?O4
2-) (IMBO)–GR nanocom-

posite is reported by exfoliating the GR layers. Latest

microscopic, spectroscopic, powder X-ray diffraction,

BET surface area, and superconducting quantum

interference device characterizations showed that the

material is a magnetic nanocomposite with high

specific surface area (280 m2 g-1) and pore volume

(0.3362 cm3 g-1). Use of this composite for the

immobilization of carcinogenic As(III) from water at

300 K and pH *7.0 showed that the nanocomposite

has higher binding efficiency with As(III) than the

IMBO owing to its high specific surface area. The

composite showed almost complete ([99.9 %) As(III)

removal (B10 lg L-1) from water. External magnetic

field of 0.3 T efficiently separated the water dispersed

composite (0.01 g/10 mL) at room temperature

(300 K). Thus, this composite is a promising material

which can be used effectively as a potent As(III)

immobilizer from the contaminated groundwater

([10 lg L-1) to improve drinking water quality.

Keywords Arsenic(III) � Graphene nanocomposite �
Magnetic separation � Sorption

Introduction

Graphene (GR) comprises monolayer of sp2-hybrid-

ized carbon atoms decorated in a two-dimensional

hexagonal (honeycomb) lattice, which has attracted

special attention in scientific community since last few

years owing to its superlative properties like mechan-

ical strength, thermal conductivity, electrical conduc-

tivity, specific surface area etc. (Geim and Novoselov
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2007; Avouris and Dimitrakopoulos 2012; Ramanathan

et al. 2008). Thus, modified GR and hybrid GR

materials have been developed and tailored to wide

applications in super capacitance, drug delivery,

magnetic resonance imaging, and surface science

(Novoselov et al. 2004; Kim et al. 2009; Kim and Kim

2008; Gao et al. 2011a, b; Sreeprasad et al. 2011;

Chandra et al. 2010; Schedin et al. 2007; Wang et al.

2008; Yu et al. 2009; Yang et al. 2009; Marcano et al.

2010). Graphene oxide (GO) is synthesized via

oxidation followed by exfoliation of graphite layers

by modified Hummer’s method (Marcano et al. 2010)

with additional KMnO4 and used as precursor for GR

and graphene composite (GC) synthesis. The presence

of a large number of oxygenated functional groups

makes GO hydrophilic (Fan et al. 2011), indicating the

possibility to apply it in aquatic and biological

environments. In recent times, it has been reported to

use GO and GR as adsorbent for scavenging toxic

chemicals and compounds (Seredych and Bandosz

2007; Matsuo et al. 2008; Chandra and Kim 2011;

Yang et al. 2010, 2011; Gao et al. 2011a, b) from

contaminated water/environment.

Occurrence of arsenic much exceeding the tolerance

limit (10 lg L-1) in groundwater is a global problem,

and posed an ever-increasing degree of chronic arsenic

toxicity (arsenicosis). A review report indicated

(Smedley and Kinniburgh 2002) the arsenic pollution

in USA, China, Chile, Bangladesh, Taiwan, Mexico,

Argentina, Poland, Canada, Hungary, New Zealand,

Japan, and India especially the Bengal delta. The

arsenic content in ground waters as reported (Smedley

and Kinniburgh 2002) is wide in range (West Bengal in

India:\10–3,200 lg L-1 and Bangladesh:\0.5–2,500

lg L-1). The cause of arsenic accumulation in ground-

water in this Bengal delta region is an anoxic environ-

ment around its alluvial deposits of geogenic arsenic

pyrites and iron oxyhydroxide with adsorbed arsenic

undergoing microbial reduction (Nickson et al. 1998;

McArthur et al. 2001; Harvey et al. 2002). The aquifers

thus become rich in this reduced As(III) and Fe(II). The

reported ratios of As(III)/Astotal at a depth of 30–40 m

in these aquifers are in the range of 0.6–0.9 (Harvey

et al. 2002), which is a matter of great concern as

As(III), being more toxic and mobile (Roberts et al.

2004) than As(V), has much greater immobilization

affinity with the thiol (–SH) part of the protein residue

due to soft–soft acid–base reaction and shows adverse

health impact of arsenic toxicity. This had forced the

researchers to undertake challenges for developing

materials to reduce arsenic levels below or equal to the

permissible value (0.01 mg L-1) in the last two decades

by immobilization. Consequently, several technologies

such as oxidation–precipitation, coagulation/electro

coagulation/precipitation, membrane filtration and sur-

face sorption, ion exchange, etc., were reported (Smed-

ley and Kinniburgh 2002; Mondal et al. 2006; Mohan

and Pittman 2007). However, the arsenic removal by

surface sorption is well accepted for the treatment of

high arsenic groundwater owing to simple operation,

low recurring cost, high removal efficiency, and low

sludge generation. Numerous materials (Smedley and

Kinniburgh 2002; Mondal et al. 2006; Mohan and

Pittman 2007), for example activated carbon, agricul-

tural products and byproducts, biomasses, and metal

oxides or metal ion-loaded biomaterials had been

reported for the treatment by immobilization of high

arsenic ground waters and industrial effluents. Some

nanostructured bimetal oxides investigated in our

laboratory (Basu et al. 2010; Gupta et al. 2008, 2011,

2012, 2010) showed higher arsenic binding capacity

than the single metal oxides. Inorganic nanooxides

combined with carbon base materials like activated

carbon (Zhang et al. 2010a, b), carbon nanotube

(Mauter and Elimelech 2008; Miyamoto et al. 2005),

GO (Gao et al. 2011a, b), and reduced GO (Sreeprasad

et al. 2011; Chandra et al. 2010) have created much

interest to the researchers involved in the adsorption

field owing to their much higher specific surface area as

well as water dispersibility than pure oxides. Arsenic

removal from contaminated drinking water had been

investigated using GO-cross linked ferric hydroxide

(Zhang et al. 2010a, b) magnetite-reduced GO (Chandra

et al. 2010) etc.

The synthesis of GR and modified GR offers

potentially low cost and large-scale production of GR-

based materials (Yang et al. 2009; Marcano et al.

2010). This low production cost of GR makes itself a

very interesting material in water treatment technol-

ogy. However, use of such material for water

treatment is somewhat inconvenient because of the

separation problem. Here, magnetic separation

appears to be a modern efficient technique applied to

diverse problems, like water purification and simulta-

neous separation of sorbent. Incorporation of magnetic

materials into the GR layers in GC may be a

remediation of this critical problem as magnetic

separation can easily be applied with such materials.
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This manuscript thus reports the fabrication of

reduced GO-based magnetic nanocomposite (GC) made

from GO and manganese-incorporated magnetic iron(III)

oxide (IMBO) with characterizations of IMBO, GR, and

GC using the analytical techniques like powder X-ray

diffraction (XRD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM), atomic force

microscopy (AFM), Raman spectroscopy, Fourier trans-

form infrared spectroscopy (FT-IR), Brunauer–Emmett–

Teller (BET) surface area, and superconducting quantum

interference device (SQUID). Finally, the investigation

of application possibility of GC for the As(III) removal

from the contaminated aqueous solution is reported with

an insight of adsorption mechanism.

Experimental section

Chemicals

The chemicals used for this study are shown in

Supporting information.

GO synthesis

GO was prepared based on the modified Hummer’s

method (Marcano et al. 2010) using additional KMnO4

followed by exfoliation. Concentrated H2SO4 (50 mL)

was added to a mixture of graphite flakes (2.0 g) and

NaNO3 (1.0 g) and stirred it at 0 �C in ice bath. KMnO4

(6.0 g) was added in portion under vigorous stirring so

that the temperature should not exceed 20 �C for 6 h.

Next, additional KMnO4 (6.0 g) was added in the pasty

light brownish mixture and stirred it for 12 h at room

temperature. Then 300 mL of ice-cold distilled water

was added slowly to the mixture with the addition of

30 % H2O2 dropwise to reduce the excess KMnO4 to

terminate further oxidation. As reaction progressed, the

suspension turned brown to light yellow. To purify, this

mixture was washed with 5 % of HCl and warm water

thoroughly. The obtained mass was dried, and dis-

persed in distilled water by 1 h sonication to exfoliate

the oxidized graphite layers. Then it was centrifuged at

5,000 rpm for 30 min to remove large heavy particles.

The resulting supernatant was filtered through 0.45 lm

pore size membrane and washed thoroughly with 50 %

ethanol to isolate GO mass. The obtained mass was

dried under vacuum at 60 �C and collected pure GO as

a brown solid product.

GR synthesis

Hydrazine hydrate (99 %) was added dropwise to the

aqueous suspension of GO at 95 �C and stirred it for

12 h to reduce bonds like C=O, C–OH, C–O etc.

(Harvey et al. 2002). As reaction progressed, the

mixture was turned brown to black. The obtained mass

was washed thoroughly with 50 % ethanol and

centrifuged to isolate solid black mass of GR in the

form of reduced GO.

Manganese-incorporated iron(III) oxide (IMBO)

synthesis

It was synthesized by mixing aqueous 0.5 M ammo-

nium iron(III) sulfate hexahydrate and aqueous 0.1 M

manganese(II) chloride tetra hydrate (v/v = 1:1). Co-

precipitation was done by adding 0.1 M ammonium

carbonate solution slowly with constant stirring at

room temperature to raise pH to 9.0 and kept it for 24 h

with supernatant liquid. The settled precipitate was

filtered and washed thoroughly with 50 % ethanol and

dried at 60 �C under vacuum.

Fabrication of IMBO–graphene nanocomposite

(GC)

To prepare GR-based IMBO composite, aqueous

0.5 M ammonium iron(III) sulfate hexahydrate and

aqueous 0.1 M manganese(II) chloride tetrahydrate

were mixed (v/v = 1:1) into the colloidal dispersion

of GO with constant stirring for about half an hour. To

this suspension, aqueous 0.1 M ammonium carbonate

solution was added slowly with constant stirring at

room temperature to raise the pH to 9.0 and aged it for

24 h with stock solution to settle down the solid mass.

The solid mass was filtered and washed thoroughly

with 50 % ethanol, and dried at 60 �C under vacuum.

The dry solid mass was dispersed well in distilled

water, and then it was treated with hydrazine hydrate

(99 %) at 95 �C for reduction. The black solid

material was isolated by centrifugation (5,000 rpm),

and washed thoroughly with 50 % ethanol. It was

dried at 60 �C in vacuum to get desired GC.

Stock As(III) solution

Preparation and preservation of As(III) solution are

given in the Supplementary information. Arsenic
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analysis in samples was done by the standard method

(Supplementary information) (Clesceri et al. 1998).

Material characterization

The analytical tools used for the characterization of

materials are given in the Supplementary information.

The pH for zero-point surface charge (pHzpc) of the

sample was analyzed by a method reported (Babic et al.

1999).

Experiments for the As(III) sorption

Experimental procedures for the batch sorption exper-

iments conducted are discussed in the Supplementary

information. Arsenic loaded water dispersed composite

(GC) particles (10 mg/10 mL water) was separated by

applying external magnetic field of *0.3 T (Fig. 1).

As(III) sorption capacity

The mass balanced relation used for the calculation of

As(III) immobilization amount by GC is given in the

Supplementary information.

Results and discussion

Powder XRD patterns of calcined IMBO (4 h) at five

different temperatures 373, 473, 573, 673, and 773 K

are shown in Fig. S1A (Supplementary information). It

has been seen that there is no alteration of peak

positions of the samples indicating the stability of the

material up to 773 K. The XRD patterns had shown

well similarity with a-Fe2O3 phase of hematite. Major

peaks at 2h(�) = 24.2, 33.18, 35.64, 40.88, 49.5, 54.1,

62.48, 64.04, and 72.1 correspond to the planes of [hkl]

values [102], [104], [110], [113] [024], [116], [124],

[300], and [1010], respectively. No peak for manga-

nese oxide mineral was detected in the XRD patterns

indicating incorporation of manganese ions into the

crystal structure of a-Fe2O3. However, the intensity of

the peaks increased with increasing calcined temper-

ature without changing the position of peaks. This

indicated the gradual increase of crystallites size with

increasing calcined temperature. The average size

(nm) of particles calculated by inserting XRD data into

the Scherer’s equation (Nandi et al. 2012) ranged 9–20

and 50–80 for the calcined samples at 373 and 773 K,

respectively. The unit cell parameters estimated by the

analysis of XRD patterns at 373 K are a = 8.563 Å

and c = 13.868 Å. Both these values are larger than

those reported in JCPDS file (Card No. 89-8104) for a-

Fe2O3, indicating the incorporation of larger Mn2?

replacing the smaller Fe3? ions. Both the high-spin

Mn2? (r = 97.0 pm) and Fe2? (r = 92.0 pm) are

larger than the high-spin Fe3? (r = 78.5 pm). Thus,

the replacement of Fe3? of a-Fe2O3 by smaller Fe2? or

Mn2? ions increases (Lai et al. 2004) the size of unit

cell. Incorporation of Mn2? in a-Fe2O3 crystallite

gives rise to a new spinel phase Mnx
2?Fe2-x

3?O4
2-

(x = 0.33). This type of spinel structure is thermody-

namically stable and reported previously (Lee 1988).

As the oxide is synthesized by ammonium carbonate

treatment, there is very little chance of oxidation of

Mn2? to Mn3? state because such oxidation is usually

Fig. 1 A Dispersion of GC in water during experiment. B Low-

field magnetic separation of dispersed GC from the experi-

mented solution at room temperature
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taken place at highly alkaline medium (pH C 9).

Thus, in the spinel structure Mnx
2?Fe2-x

3?O4
2-, the

Mn2? ions occupied the tetrahedral and the Fe3? ions

occupied the octahedral close packed sites formed by

oxide ions (Kuo et al. 2007; Osmokrovi et al. 2006).

Figure S1B in Supplementary information shows the

XRD patterns of GO, GR, and GR–IMBO composite

(GC). A broad peak at 2h(�) = 10.6 with larger d-

spacing (d = 8.22 Å) was observed in the XRD

pattern of GO corresponding to (001) diffraction

plane, which is the characteristics of pure GO (Lian

et al. 2010). This is attributed to the oxygen-containing

functional group and water molecule insertion

between the GO layers (Pan et al. 2009). When it

was reduced to GR, the broad peak is observed at

2h(�) = 26.2. This is a characteristics peak of GR

having the d-spacing 3.4 Å. When this GR underwent

composite formation with the metal oxide, the

characteristics GR peak at 23.7� shifted to the lower

2h(�) region with higher d-spacing 3.7 Å, indicating

entrapment of IMBO particles between exfoliated GR

layers. The size of crystallites decreased in GC

compared to that of pure IMBO, implying the increase

of surface area and active sites in GC formation

(Nesbitt et al. 1998). The XRD pattern of the

composite is almost similar to that of GR (Fig. S1B).

This is due to the fact that the metal oxide peak pattern

is overlaid by GR peaks.

Raman spectra (488 nm excitation) (Fig. 2) dis-

played significant structural changes which took place

owing to chemical reactions during conversion of

graphite flake to GO to GR and GC. Graphite

displayed two peaks at wave number (m, cm-1)

1,330 and 1,574, which are corresponding to the

well-documented D and G bands, respectively. Here,

the G band is corresponding to the first-order

Fig. 3 SEM micrograph of A IMBO, B exfoliated GR, and C GC
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scattering of the E2g mode associated with sp2

domains. In GO, G band is broadened and shifted to

m = 1,596 cm-1 and the prominent D band is associ-

ated with reduction in size of the in-plane sp2 domains,

presumably due to the extensive oxidation by KMnO4

in the presence of concentrated H2SO4 and rapid

thermal exfoliation. The Raman spectra of GR and GC

exhibited pronounced broad D and G bands at m
(cm-1) = 1,356 and 1,586, respectively. A universal

observation is that higher disorder in graphite leads to

a broader G band as well as to a broad D band of higher

relative intensity compared to that of the G band.

Therefore, the intensity ratio of D band to G band

usually signifies higher degree of disorderness asso-

ciated with exfoliation (Tuinstra and Koenig 1970).

The intensity ratio (ri = ID:IG) for GR (1.30) and GC

(1.14) showed a remarkable enhanced value compared

to that for pure graphite (0.33) and GO (0.90) also,

indicating the exfoliation of layers was initiated in GO

stage (Gupta et al. 2009). The peaks intensity of GC

decreased slightly with respect to GR due to the

plausible penetration of reflection in electronic struc-

ture in GR layers by metal oxide. This change of peak

intensity is observed due to the changes of reflection in

electronic structure from the stacking of successive

layers (Gupta et al. 2009). This type of significant

change in intensity, location, and shape implies the

decrease in number of layers (Ferrari et al. 2006).

The SEM images (Fig. 3) show the surface mor-

phology of IMBO (A), GR (B), and GC (C). In image a

of pure IMBO, the surface showed porous agglomer-

ation of grain-like particles with rough surface mor-

phology. The image B of pure GR displayed an

exfoliated layer just like the outer scales of onion

which is the intrinsic property of GR, a curled

morphology (Meyer et al. 2007). The image C showed

the trapped IMBO nanoparticles into the GR layers,

indicating the increase of surface roughness due to

composite formation.

To investigate size, shape, and morphology, the

TEM images (Fig. 4) were taken for IMBO (a), GR (b),

and GC (c). The image d in Fig. 4 represents the

HRTEM of IMBO. The image a showed that the

particle shape is almost hexagonal which is comparable

with the a-Fe2O3 structure and particle size lies in the

range of 15–25 nm which is also comparable with the

size obtained by XRD data analysis. It is evident that

magnetic particle of size less than 30 nm holds

superparamagnetism (Hu et al. 2007). The particles

were agglomerated somewhat, which are indicated by

the black spots in the image. The estimated inter particle

distance (rij) is found to be &20 nm. The image B

Fig. 4 TEM images of A IMBO, b GR, c GC, and d HRTEM of IMBO

Fig. 5 AFM image of GC in 2D view
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showed a thin wrinkled paper-like as well as rippled

structure as a result of deformation and disorderness at

the time of exfoliation (Lian et al. 2010). The image c

revealed that after composite formation the colloidal

nanoparticles (IMBO) are found to be entrapped

between the GR sheets. The black spots (image C) in

GR sheet indicated the presence of trapped IMBO

particles, which are distributed well into this composite

with respect to pure IMBO and rij increases to&50 nm.

One can thus assume the weak magnetic interparticle

interaction in the composite with respect to pure IMBO

is responsible for lowering of magnetization value.

Apart from that our experimental data strongly support

our conceptualized preparation route in which metal

oxide nanoparticles are entrapped inside the GR sheets.

The image D shows nanocrystalline state with distinct

lattice fringes (d = 2.836 Å) along the direction of

[104] plane.

Figure 5 shows the AFM image of GC in 2D view.

The image is very interesting one, because it clearly

showed the attachment of very small IMBO particles

within the layers of GR. The distinct layer with

honeycomb-like architecture of GR having the length

of several micrometers is also supportive with SEM

image (Fig. 3B).

Figure S2 (Supplementary information) shows FT-

IR spectra of all the samples. No characteristic peak is

observed in the spectra of graphite flakes. When these

flakes are transformed into the GO, a number of strong

absorption peaks appeared. A broad peak having a

center at 3,380 cm-1 and a sharp peak at 1,624 cm-1

appeared mainly due to the –OH stretching and bending

mode of vibration, respectively, indicating the presence

of surface hydroxyl groups on GO (Moon et al. 2011).

The peaks at 1,230 and 1,401 cm-1 are mainly due to

the epoxy C–O and C–OH vibrations (Compton et al.

2011). The presence of C=O group in carboxylic acid

and carbonyl moieties is indicated by the sharp peaks at

1,726 cm-1. Small peaks at 1,051 and 988 cm-1 are

mainly due to the vibration of S=O bond and C–S–C

bonds indicating the presence of –SO3H groups on GO

surface (Si and Samulski 2008). After reduction with

hydrazine hydrate the peaks at 1,230 and 1,401 cm-1

are almost disappeared, indicating the complete

removal of epoxy and C–OH groups attached to the

basal GR layers. The IR spectrum of GR shows the

appearance of a new peak at 1,556 cm-1, which is due

to the skeletal stretching vibration of GR layer

(Nethravathi and Rajamathi 2008). The weak band in

IR spectrum at 1,207 cm-1 may be due to the presence

of small number of unchanged epoxy groups at the

vertices. The peaks corresponding to –SO3H groups on

GO surface are completely absent in the IR spectra of

GR. Thus, complete reduction of GO is obtained by
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hydrazine hydrate. In IMBO, a sharp peak observed at

548 cm-1 is mainly due to the Fe–O–Mn bond

vibration. The oxide is hydrous in nature shown by

the presence of a broad peak at 3,410 cm-1 for the –OH

stretching vibration of surface hydroxyl groups. How-

ever, the IR spectrum of composite material (GC) is

completely different from that of GR and IMBO. No

characteristics peak of IMBO is observed in the IR

spectrum of the composite. A peak, however, is

observed at 1,580 cm-1 which is due to the skeletal

stretching vibration of GR layers (Nethravathi and

Rajamathi 2008). Thus, IMBO particles are incorpo-

rated into the GR layers by strong interacting forces

which are overlaid by the layers and the characteristics

peaks of the oxide are absent in the IR spectrum of the

composite.

To investigate the specific surface area (Fig. 6A)

and pore size distribution with pore volume (Fig. 6B)

for IMBO and GC, N2 (vapor) adsorption–desorption

isotherm were carried out, respectively. For IMBO, the
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Table 1 Comperative study of saturation magnetization (MS), remnant magnetization (MR), coercive field (HC) at 5, 100, and

300 K for pure IMBO and GC

Temperatures

(K)

Magnetic properties

Coercive field (HC) (Oe) Remanence (MR) (emu g-1 Saturation magnetization (MS) (emu g-1)

IMBO GC IMBO GC IMBO GC

5 232 230 0.77 0.42 7.3 3.9

100 96 92 0.36 0.21 5.8 3.2

300 38 32 0.17 0.09 4.5 2.4
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N2 (vapor) adsorption hysteresis is very small

(Fig. 6A). Thus, the BET surface area and pore volume

obtained are only 36 m2 g-1 and 0.0840 cc g-1

(Fig. 6B), respectively, indicating low adsorption effi-

ciency. But for the GC, the adsorption hysteresis is

prominent (Fig. 6A), the BET surface area is

280 m2 g-1 and pore volume is 0.3362 cm3 g-1

(Fig. 6B) indicating hierarchical porous structure as

well as superior adsorption capacity, indicating good

possibility of the material to be used as a surface

adsorber. Although both the samples show mesoporous

structure but have remarkable different values in BET

surface area and pore volume presumably due to the

fact that magnetic nanoparticles themselves have

strong magnetic interactions and could easily be

aggregated together in IMBO.

Magnetic properties of the pure metal oxide

(IMBO) and the composite (GC) had been investigated

with SQUID. Figure 7a shows the zero field cooling

(ZFC) and field cooling (FC) measurement of the

temperature-dependant magnetization irreversibility

at 100 Oe fields. The bifurcation of the ZFC–FC

curves represents the super paramagnetic nature of the

pure oxide nanoparticles and the composite. The

blocking temperature (TB) of both the samples is

above 300 K. An interesting magnetization upturn has

been found for GC but not for pure oxide in FC curve

which is presumably due to free independent para-

magnetic spin contribution from GR layer. Figure 7b

shows the pattern of hysteresis loops of the GC at 5,

100, and 300 K with an applied magnetic field

sweeping from -5 to ?5 kOe. The saturation mag-

netization (MS), remnant magnetization (MR), and
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Table 2 Physicochemical properties of the composite (GC)

Name of the properties Value of the

parameters

Specific surface area of the sorbent (m2 g-1) 180

Pore diameter (nm) 5.69

Pore volume (cc g-1) 0.3362

pHZPC of the sorbent 6.8 (±0.1)

Magnetic flux required to separate sorbent

(10 mg/10 mL water) at room temperature (T)

0.3
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coercivity (HC) for IMBO and GC are summarized in

Table 1. All the magnetic hysteresis loops are S-like

curves indicating super paramagnetic behavior of the

samples (He and Gao 2010). As the sample has high

surface to volume ratio, the magnetic contribution of

the samples studied is mainly governed by the surface

magnon. Above all at room temperature (300 K), the

GC (sorbent) can easily be separated by external

magnetic field to fulfill our objective.

The zero-point surface charge (pHZPC) of the

composite (GC) was analyzed and found to be 6.8

(±0.1) (Fig. 8), which means that the composite surface

(S) is positively charged below this pH and negatively

charged above this pH. Thus, it can be given as

S--OHþ2 ðpH\6:8Þ; S--O� ðpH [ 6:8Þ
The characterizations of GC reveal that the prop-

erties like specific surface area, water dispersibility,

magnetism, and pHZPC are prominently retained

simultaneously in the composite (GR:IMBO = 1:1).

Therefore, it has thus been tested for the As(III)

immobilization by sorption from the aqueous phases

with separation of dispersed material by applying

external magnetic field strength. The physicochemical

properties of the composite (GC) are summarized in

Table 2.

The As(III)-sorption affinity of GC from aqueous

phases depends upon the solution pH as the nature of

the solid surface and the solute species changes with

solution pH. Figure 9 demonstrates the variation of the

immobilized As(III) amount by sorption on IMBO and

GC separately with increasing initial solution pH

(pHi). It shows that the As(III)-sorption amount

(qe, mg g-1) increased with increasing pHi up to 6.0,

and the qe remained almost constant up to pHi 8.0. A

sharp decrease of qe was observed with increasing pHi

from 8.0. The results indicated that the qe by the

composite is higher than by the oxide in the pHi range

3.0–8.0, which is owing to greater specific surface area

of GC than that of IMBO. The pHZPC (*6.8) (Fig. 8)

value indicated that the surface charge nature of the

composite material should be predominantly positive

at pH \ 6.8 and negative at pH [ 6.8. The aqueous

As(III) species exists as As(OH)3 (pK1 = 9.18) up to

pH \*9.2, and adsorption occurs via electrostatic

attraction between positive surface sites on GC and

negative end of (HO)2AsIII–Od-–Hd? (Lin and Wu

2001; Chandra et al. 2010). However, the increase of

qe (mg g-1) with rising pH from 3.0 to 6.0 is

presumably owing to the decrease of electrostatic

repulsion between solute Hd? and positive sites on GC

surface as the later one should decrease with increas-

ing pH. Again, the composite surface will be near to

neutral at pH range 6.0–8.0, and qe remains almost

constant. Increase of the solution pH beyond 8.0, the

negative surface sites of GC repels the (HO)2As–O-

giving an account for the decrease of qe (Fig. 9).

Kinetic study of the As(III) immobilization reaction

with GC is very important for determining the rate and

other kinetic parameters including contact time.

Figure 10 demonstrates the As(III) sorption amount

Table 3 Kinetic parameters estimated for the As(III)-sorption by composite (GC) (Ci = 5.0 mg As(III) L-1, pH 7.0 ± 0.1, and

T = 300 ± 1.0 K)

As sample Pseudo-first order Pseudo-second order

k1 (min-1) qt (mg g-1) R2 v2 k2 (L g-1 min-1) qt (mg g-1) R2 v2

As(III) 0.212 ± 0.030 8.597 ± 0.203 0.96 0.253 0.042 ± 0.003 9.118 ± 0.084 0.99 0.025
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Fig. 11 Plots of equilibrium sorption capacity (qe) versus

equilibrium concentration (Ce) of As(III) and nonlinear fits of

the data with Langmuir and Freundlich isotherm models for the

sorption of As(III) by composite (GC) for 150 min at pH

7.0 ± 0.1, T = 300 ± 1.0 K
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(qt, mg g-1) by GC with increasing reaction time

(t, min) at pHi 7.0 (±0.1) and T = 300 (±1.0) K. It

shows that the time required is about 50 min to reach

equilibrium indicated by plateau appearance (Fig. 10),

which is lower than that reported previously for

As(III) (Mohan and Pittman 2007). Rapid uptake of

As(III) took place by the GC in initial 30 min, and that

reduces with increasing contact time, which is due to

the decrease of active available sites and the Columbic

inhibition between the solute species on surface and

the solute species available at solid–liquid interface.

The kinetic data of the present reaction are modeled

with pseudo-first-order equation (1) and pseudo-sec-

ond order equation (2):

qt ¼ qe 1� exp �k1tð Þ½ � ð1Þ

qt ¼ k2q2
e t= 1þ k2qetð Þ; ð2Þ

where qe and qt are the As(III)-sorption amount

(mg g-1) at equilibrium and at time t (min), respec-

tively; and k1 (min-1) and k2 (g mg-1 min-1) are the

rate constants for the respective equations. The kinetic

parameters estimated from the nonlinear analysis of

the data using Eqs. (1, 2) are summarized in Table 3.

The R2 and v2 values (Table 3) indicated that the

kinetics of As(III) immobilization by sorption reaction

obeyed better with the pseudo-second order equation

(2) than the pseudo-first-order equation (1) under the

conditions of present reaction. The rate constant k2

obtained (Table 3) is high enough for As(III) uptake

than those reported previously (Chandra et al. 2010),

indicating rapid As(III)-immobilization by the com-

posite (GC).

Figure 11 shows isotherm for the As(III)-sorption

reaction with GC in the concentration range

1.0–8.0 mg L-1 at pH 7.0 and T = 300 K. The data

obtained are modeled with Langmuir and Freundlich

isotherm equations (3, 4). The isotherm model

parameters estimated are summarized in Table 4.

Table 4 Equilibrium parameters estimated for the As(III)-sorption reaction with composite (GC) (equilibrium time 150 min, pH

7.0 ± 0.1, and T = 300 ± 1.0 K

As sample Langmuir isotherm Freundlich isotherm

R2 v2 qe (mg g-1) Ka (L mg-1) R2 v2 KF (mg g-1) n

As(III) 0.96 0.648 14.42 ± 1.01 3.38 ± 0.7 0.86 2.183 2.84 ± 0.53 10.48 ± 0.67

Table 5 Comparison of maximum monolayer sorption capacity with some reported value

Name of the adsorbent pH at which isotherm experiment

performed

Maximum monolayer

sorption capacity

References

Mn-substituted iron oxyhydroxide

(Mn0.13Fe0.87OOH)

7.0 4.58 Lakshmipathiraj et al.

(2006)

Fe3O4–Mn3O4 7.0 14.00 Silva et al. (2012)

RGO–Fe3O4 composite 7.0 12.22 Chandra et al. (2010)

Fe3O4-reduced graphite oxide–MnO2

nanocomposites

7.0 14.04 Luoa et al. (2012)

Present composite 7.0 14.42 This study
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Fig. 12 Plots of adsorption percentage versus initial concen-

tration (Ci) of As(III) for 150 min at pH 7 ± 0.1 and

T = 300 ± 1.0 K
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Langmuir equation : qe ¼ qmKaCeð Þ= 1þ KaCeð Þ;
ð3Þ

Freundlich equation : qe ¼ KFCð1=nÞ
e ; ð4Þ

where qe (mg g-1) and Ce (mg L-1) are the As(III)-

sorption amount by GC and the concentration at

equilibrium, respectively; qm and Ka are the Langmuir

monolayer capacity (mg g-1) and Langmuir constant

(L mg-1), respectively. KF and n are the Freundlich

constant, respectively. From the values of R2 or v2

values, it can be said that the sorption process for

As(III) immobilization described the Langmuir model

(3) better than the Freundlich (4). The maximum

monolayer capacity (qm) of the composite (GC) is

14.42 mg g-1 which is compared with some previous

reports in Table 5. However, the qm is dependent on

the concentration range used, which is quite low for

the present case. This indicated that the composite

material can be applied as a medium in the low

concentration range of As(III) and practicable for

natural As(III)-contaminated water treatment.

It was noteworthy that the percentage of sorption

efficiency increased exponentially down to the low

As(III) concentration. The percentage of immobiliza-

tion by sorption increased rapidly from 90.6 to 96.5

with decreasing As(III) concentration from 6.0 to

1.0 mg L-1 (Fig. 12). Hence, it can be presumed that

the composite (GC) showed almost complete (99.9 %)

sorption of As(III), which should have practical

application for filtration of high As(III)-contaminated

ground water to minimize fast growing arsenicosis. The

As(III) species in aqueous solution at pH * 7.0 exists

as As(OH)3 and the composite surface is predominantly

neutral at that pH (pHZPC * 6.8) (Fig. 8). When

As(III) is sorbed on GC surface at solution pH 7.0, a

small decrease of equilibrium solution pH was noticed

indicating outer sphere surface complex formation

reaction. The Dubinin-Raduskevich (D-R) isotherm

modeling of the equilibrium data showed that the

energy of sorption (EDR) is *7.80 kJ mol-1, implying

physical nature of the reaction. Figure S3 (Supplemen-

tary information) shows the FT-IR spectra of pure GC-

and As(III)-saturated GC. A new peak at 434 cm-1 is

observed in the spectra of As(III)-rich composite,

which may be due to the formation of weak chemical

bond between surface –OH groups and As(OH)3. Two

broad peaks at m * 797 and 836 cm-1 appeared in the

spectrum of adsorbed composite are owing to the

vibration of As–O bonds (Nakamoto 1986). On the

basis of the above facts, a mechanistic model (Fig. 13)

on As(III) species attachment by the GC surface at

pHi = 7.0 is proposed below:

Conclusions

We have presented a facile and easy approach to

synthesize a novel magnetic metal oxide–GC which

displays remarkable magnetization retaining high spe-

cific surface area, a versatile property of GR. Apart

from that the agglomeration of magnetic oxide nano-

particles is prevented by incorporating it into GR

layers, which enhanced the opening of more active

sorption sites. Use of this GC for the As(III)-sorption

GRAPHENE
SHEET

IMBO NP

As(III) SPECIS ADSORPED ON SURFACE

As(OH)3
H-BOND

Fig. 13 Modeling of

As(III) sorption on

composite (GC) surface
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indicated its high arsenic removal efficiency ([99.9 %

within 10 lg L-1) from the ground water at room

temperature with an advantage of low-field magnetic

separation of the dispersed solid to improve water

quality. In addition, the As(III)-sorption mechanism

modeling indicated physical nature of attachment with

the composite material via outer surface complexation.

Thus, this study opens a new avenue in the realm of

sorption science to get rid of toxic element like As(III)

from the contaminated ground water with the help of

this potent magnetic GC to improve water quality.

Acknowledgments Authors sincerely acknowledge the

Council of Scientific and Industrial Research (CSIR), New

Delhi (INDIA) for providing financial support of this work, and

also the Head, Department of Chemistry and Biochemistry and

the Vice-Chancellor of Presidency University, Kolkata for

laboratory facilities.

References

Avouris P, Dimitrakopoulos C (2012) Graphene: synthesis and

applications. Mater Today 15:86–97

Babic BM, Milorjic SK, Polovina MJ, Koludieronic BV (1999)

Point of zero charge and intrinsic equilibrium constants of

activated carbon cloth. Carbon 37:477–480

Basu T, Gupta K, Ghosh UC (2010) Equilibrium and thermo-

dynamics on arsenic(III) sorption reaction in the presence

of background ions occurring in groundwater with nano-

particle agglomerates of hydrous iron(III) ? chro-

mium(III) mixed oxide. J Chem Eng Data 55:2039–2047

Chandra V, Kim KS (2011) Highly selective adsorption of Hg2?

by a polypyrrole-reduced graphene oxide composite. Chem

Commun 47:3942–3944

Chandra V, Park J, Chun Y, Lee JW, Hwang I, Kim KS (2010)

Water dispersible magnetite-reduced graphene oxide

composites for arsenic removal. ACS Nano 4:3979–3986

Clesceri LS, Greenberg AE, Eaton AD (1998) Standard methods

for the examination of water and waste water, 20th edn.

APHA, AWWA & WEF, American Public Health Asso-

ciation, American Water Work Association, Water Envi-

ronment Federation, Washington DC

Compton OC, Jain B, Dikin DA, Abouimrane A, Amine K,

Nguyen ST (2011) Chemically active reduced graphene

oxide with tunable C/O ratios. ACS Nano 5:4380–4391

Fan Z-J, Kai W, Yan Jun Y, Wei Tong W, Zhi L-J, Feng J, Ren

YM, Song LP, Wei F (2011) Facile synthesis of graphene

nanosheets via Fe reduction of exfoliated graphite oxide.

ACS Nano 5:191–198

Ferrari AC, Meyer JC, Scardaci V, Casiraghi C, Lazzeri M,

Mauri F, Piscanec S, Jiang D, Novoselov KS, Roth S, Geim

AK (2006) Raman spectrum of grapheme and grapheme

layers. Phys Rev Lett 97:187401–187404

Gao W, Majumdar M, Alemani LB, Narayanan TN, Ibarra MA,

Pradhan BK, Ajayan PM (2011a) Graphene oxide also used

for heavy metal adsorption; engineered graphite oxide

materials for application in water purification. ACS Appl

Mater Interfaces 3:1821–1826

Gao Y, Li Y, Zhang L, Huang H, Hu J, Shah SM, Su X (2011b)

Adsorption and removal of tetracycline antibiotics from

aqueous solution by grapheme oxide. J Colloid Interface

Sci 368:540–546

Geim AK, Novoselov KS (2007) The rise of graphene. Nat

Mater 6:183–191

Gupta K, Biswas K, Ghosh UC (2008) Nanostructure iron(III)–

zirconium(IV) binary mixed oxide: synthesis, character-

ization and physicochemical aspects of arsenic(III) sorp-

tion from the aqueous solution. Ind Eng Chem Res

47:9903–9912

Gupta A, Chen G, Joshi P, Tadigadapa S, Eklund PC (2009)

Raman scattering from high frequency phonons in sup-

ported n-graphene layer films. Nano Lett 6:2667–2673

Gupta K, Maity A, Ghosh UC (2010) Manganese associated

nanoparticles agglomerate of iron(III) oxide: synthesis,

characterization and arsenic(III) sorption behavior with

mechanism. J Hazard Mater 184:832–842

Gupta K, Bhattacharya S, Chattopadhyay D, Mukhopadhyay A,

Biswas H, Dutta J, Ray NR, Ghoah UC (2011) Ceria

associated manganese oxide nanoparticles: synthesis,

characterization and arsenic(V) sorption behavior. Chem

Eng J 172:219–229

Gupta K, Bhattacharya S, Nandi D, Dhar A, Maity A, Mukho-

padhyay A, Chattopadhyay D, Ray NR, Sen P, Ghosh UC

(2012) Arsenic(III) sorption on nanostructured cerium

incorporated manganese oxide (NCMO): a physical insight

into the mechanistic pathway. J Colloid Interface Sci

377:269–276

Harvey CF, Swartz CH, Bhaduzzaman ABM, Keon-Blute N,

Yu W, Ali MA, Ray J, Beckie R, Niedon V, Brabander D

(2002) Arsenic mobility and groundwater extraction in

Bangladesh. Science 298:1602–1606

He HK, Gao C (2010) Supraparamagnetic conductive and pro-

cessable multifunctional grapheme nanosheets coated with

high density Fe3O4 nanoparticles. ACS Appl Mater Inter-

faces 2:3201–3210

Hu J, Irena MCL, Chen G (2007) Comparative study of various

magnetic nanoparticles for Cr(VI) removal. Sep Purif

Technol 56:249–256

Kim WY, Kim KS (2008) Prediction of very large values of

magnetoresistance in a graphene nanoribbon device. Nat

Nanotechnol 3:408–412

Kim KS, Zhao Y, Jang H, Lee SY, Kim JM, Kim KS, Ahn JH,

Kim P, Choi JY, Hong BH (2009) Large-scale pattern

growth of graphene films for stretchable transparent elec-

trodes. Nature 457:706–710

Kuo SL, Lee JF, Wu NL (2007) Study on pseudocapacitance

mechanism of aqueous MnFe2O4 supercapitor. J Electro-

chem Soc 154:A34–A38

Lai J, Shafi KVPM, Ulman A, Loos K, Yang N, Cui MH,

Estournès TVC, Locke DC (2004) Mixed iron–manganese

oxide nanoparticles. J Phys Chem B 108:14876–14883

Lakshmipathiraj P, Narasimhan BRV, Prabhakar S, Raju BB

(2006) Adsorption studies of arsenic on Mn-substituted

iron oxyhydroxide. J Colloid Interface Sci 304:317–322

Lee M-T (1988) Catalytic behaviors of Fe–Mn mixed oxides,

National Science Council, Republic of Chaina. PB

90140971, 1–52

J Nanopart Res (2012) 14:149–162

123161Reprinted from the journal



Lian P, Zhu X, Liang S, Li Z, Wang W, Wang H (2010) Large

reversible capacity of high quality grapheme sheets as an

anode material for lithium ion batteries. Electrochem Acta

55:3909–3914

Lin TF, Wu JK (2001) Adsorption of arsenite and arsenate

within activated alumina grains: equilibrium and kinetics.

Water Res 35:2049–2057

Luoa X, Wanga C, Luoa S, Donga R, Tua X, Zenga G (2012)

Adsorption of As(III) and As(V) from water using mag-

netite Fe3O4-reduced graphite oxide–MnO2 nanocompos-

ites. Chem Eng J 187:45–52

Marcano DC, Kosynkin DV, Berlin JM, Sinitskii A, Sun Z,

Slesarev A, Alemany LB, Lu W, Tour JM (2010) Improved

synthesis of graphene oxide. ACS Nano 4:4806–4814

Matsuo Y, Nishino Y, Fukutsuka T, Sugie Y (2008) Removal of

formaldehyde from gas phase by silylated graphite oxide

containing amino groups. Carbon 46:1162–1163

Mauter MS, Elimelech M (2008) Environmental applications of

carbon-based nanomaterials. Environ Sci Technol 42:

5843–5859

McArthur JM, Ravenscroft P, Saifiullah S, Thirwall MF (2001)

Arsenic in groundwater: testing pollution mechanisms for

sedimentary aquifers in Bangladesh. Water Res 37:

109–117

Meyer JC, Geim AK, Katsnelson MI, Novoselov KS, Booth TJ,

Roth S (2007) The structure of suspended grapheme sheets.

Nature 446:60–63

Miyamoto J, Kanoh H, Kaneko K (2005) The addition of mes-

oporosity to activated carbon fibers by a simple reactiva-

tion process. Carbon 43:855–857

Mohan D, Pittman CU Jr (2007) Arsenic removal from water/

wastewater using adsorbents—a critical review. J Hazard

Mater 147:1–53

Mondal P, Majumder CB, Mohanty B (2006) Laboratory based

approaches for arsenic remediation from contaminated

water: recent developments. J Hazard Mater B137:

464–479

Moon G, Park Y, Kim W, Choi W (2011) Photochemical

loading of metal nanoparticles on reduced graphene oxide

sheets using phosphotungstate. Carbon 49:3454–3462

Nakamoto K (1986) Infrared and Raman spectra of inorganic

and coordination compounds, 4th edn. Wiley, New York,

p 74

Nandi D, Ghosh AK, Gupta K, De A, Sen P, Duttachowdhury A,

Ghosh UC (2012) Polypyrrole–titanium(IV) doped iro-

n(III) oxide nanocomposites: synthesis, characterization

with tunable electrical and electrochemical properties.

Mater Res Bull 47:2095–2103

Nesbitt HW, Canning GW, Bancroft GM (1998) XPS study of

reductive dissolution of 7 Å-birnessite by H3AsO3, with
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Abstract Nanoscale magnetite (Fe3O4) (\15 nm) is

known to remove arsenic efficiently but is very

difficult to separate or require high magnetic fields to

separate out from the waste water after treatment.

Anisotropic hexagonal ferrite (BaFe12O19, BHF) is a

well-known permanent magnet (i.e., fridge magnets)

and attractive due to its low cost in making large

quantities. BHF offers a viable alternative to magne-

tite nanocrystals for arsenic removal since it features

surfaces similar to iron oxides but with much

enhanced magnetism. Herein, we employ BHF nano-

crystalline materials for the first time in arsenic

removal from wastewater. Our results show better

(75 %) arsenic removal than magnetite of the similar

sizes. The BHF nanoparticles, 6.06 ± 0.52 nm syn-

thesized by thermolysis method at 320 �C do not show

hexagonal phase, however, subsequent annealing at

750 �C produced pure hexagonal BHF in [200 nm

assemblies. By using BHF, we demonstrate that

nanoparticle removal is more efficient and fixed bed

type cartridge applications are more possible.

Keywords Hexaferrites � Nanoparticles �Magnetic �
Arsenic removal � Adsorption � Magnetite �
Sustainable development �Water resources

Introduction

Arsenic is one of the most toxic contaminants found in

the environment and has been recognized as a toxic

element for centuries. Arsenic contamination has

become a worldwide epidemic, especially in develop-

ing countries where a significant percentage of the

population depends on groundwater for drinking.

Elevated concentrations of arsenic in groundwater

are found in many countries such as India, Bangla-

desh, Vietnam, and Chile (Mohan and Pittman 2007;

Acharyya et al. 1999; Sharma and Sohn 2009).

The toxicity of arsenic to human health ranges from

skin lesions to cancer of the brain, liver, kidney, and

stomach. A wide range of arsenic toxicity has been

determined that depends on arsenic speciation. Gener-

ally inorganic arsenic species are more toxic than

organic forms to living organisms, including humans

and other animals. To minimize the health impact of

arsenic, the United States Environmental Protection

Agency adopted a new maximum contaminant level of

10 lg/L in drinking water on January 22, 2001 (Pena

et al. 2005). Arsenic is naturally present in groundwater
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in the forms of arsenite (AsO3
3-) and arsenate

(AsO4
3-). These anions resemble phosphite (HPO3

2-)

and phosphate (PO4
3-) ions, and it is this similarity that

is the dominant source of their toxicity: arsenite and

arsenate block ATP ? ADP conversions by perma-

nently replacing phosphate groups (Yavuz et al. 2010).

Among methods developed to remove the arsenic

from contaminated water such as coagulation and

flocculation, precipitation, ion exchange, and mem-

brane filtration, adsorption is the most widely used

because it is simple, cost-effective, and sludge-free.

The effectiveness of adsorption primarily depends on

the characteristics of the adsorbent; therefore, there has

been considerable interest in identifying the proper

adsorbents for arsenic removal. So far, many adsor-

bents such as zirconium based gel (Biswas et al. 2008),

agricultural residue (Ranjan et al. 2009; Shipley et al.

2011), iron modified bauxite (Bhakat et al. 2006),

porous materials (Li et al. 2007), modified carbon

black (Borah et al. 2009) and polymeric materials

(Cumbal et al. 2003; Lim et al. 2009) have been

developed for the removal of arsenic. Magnetically

activated adsorbents, especially magnetite nanoparti-

cles have been extensively studied as a promising

adsorptive material and offer new opportunities for

enhanced separation in complex environmental sys-

tems due to their durability, resistance to oxidation,

less susceptibility to fouling by natural organic mat-

ters, high isoelectric point, high surface area, and

selectivity for arsenic species (Beker et al. 2010; Tang

et al. 2011; Yavuz et al. 2006; Yean et al. 2005; Mayo

et al. 2007; Yavuz et al. 2010; Yavuz et al. 2009; Yean

et al. 2005). As(III) is more mobile and toxic (25–60

times) than As(V). This elevated toxicity is due to its

preferential reaction with sulfhydryl groups in mam-

malian enzymes (Pena et al. 2005). As(III) is also

known to prefer neutral species (H3AsO3) at conven-

tional water pH ranges i.e., pH 6–8, unlike As(V),

making it more difficult to remove as shown in Table 1.

Nanoscale magnetic iron oxides show great prom-

ise in applications such as magnetic data storage,

water treatment, ferrofluids, medical imaging, drug

targeting, and catalysis, because of their inexpensive,

non-toxic and high temperature stability (Kwon and

Hyeon 2008; Zeng et al. 2002; Yavuz et al. 2006; Zhao

et al. 2011). Among magnetic iron oxides, the

hexagonal ferrites, especially barium hexaferrite

(BaFe12O19, BHF) receive the widest commercial

interest due to their availability and high

magnetocrystalline anisotropy (1.7 T), featuring high

coercivity, remanent magnetization and ferromagnetic

resonance (Tucek et al. 2010). The enhanced magne-

tism identifies BHF as an improved magnetic adsor-

bent since its parent iron oxide, magnetite shows

significant arsenic removal (Yavuz et al. 2006).

Though there have been a number of attempts to

synthesize nanoparticles of BHF by various tech-

niques (Junliang et al. 2010), such as thermolysis,

reverse micro-emulsion, co-participation, hydrother-

mal process, sol–gel route, none resulted in highly

monodisperse nanocrystals. On the contrary, mono-

disperse transition metal-based ferrite nanoparticles,

MnFe2O4, CoFe2O4, NiFe2O4, FeFe2O4, are well

documented, where high temperature aging of

metal–surfactant complexes are commonly employed

(Hyeon et al. 2002; Bao et al. 2007).

In this brief communication, we attempt to utilize

barium hexaferrites for the removal of As(III) from

contaminated waters. To the best of our knowledge

this is the first report in BHF-mediated arsenic

removal. By using BHF, we demonstrate that nano-

particle removal is more efficient and fixed bed type

cartridge applications are more probable. BHFs were

synthesized by a successful thermolysis of ferric

hydroxide, barium hydroxide, oleic acid in 1-octade-

cene and subsequent annealing.

Experimental

Materials

1-Octadecene (technical grade, 90 %) and oleic acid

(99 %) were obtained from Sigma-Aldrich, USA.

Iron(III) hydroxide (90 %), barium hydroxide octa-

hydrate (97 %), n-hexane (99.5 %), magnetite

(50–100 nm) and ethyl alcohol (99.5 %) were

Table 1 Effect of pH on the ionic state of As(III) and As(V)

For As(III)

H3AsO3 ! H2AsO3
� þ Hþ pKa1 = 9.22

H2AsO3
� ! HAsO3

2� þ Hþ pKa2 = 12.13

HAsO3
2� ! AsO3

3� þ Hþ pKa3 = 13.40

For As(V)

H3AsO4 ! H2AsO4
� þ Hþ pKa1 = 2.2

H2AsO4
� ! HAsO4

2� þ Hþ pKa2 = 6.97

HAsO4
2� ! AsO4

3� þ Hþ pKa3 = 11.53
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obtained from SAMCHUN, South Korea. As(III)

standard solution (1,000 mg/L) was purchased from

Fluka.

Synthesis of BHF (BaFe12O19)

0.979 g (11 mmol) Iron (III) hydroxide and 0.31 g

(0.96 mmol) barium hydroxide octahydrate were

mixed and powdered using mortar-pestle. This mix-

ture, 11.3 g (40 mmol) oleic acid and 25 g 1-octade-

cene were transferred into a 100 mL three-neck round

bottom flask equipped with condenser, magnetic

stirrer, thermocouple, and heating mantle. The reac-

tion mixture was heated under vigorous stirring at

5 �C/min up to 320 �C and kept at this temperature for

90 min under dinitrogen environment. Subsequently,

the resulted black mixture was cooled down to room

temperature and washed several times with ethyl

alcohol. The wax-like black material was then

dispersed into n-hexane for further characterization

and designated as BHF. The BHF nanoparticles were

annealed at 550 and 750 �C at a heating rate of 5 �C/

min and the temperature were maintained for 2 h. The

annealed samples are designated as BHF-550 and

BHF-750.

As(III) adsorption and desorption study

Arsenic adsorption experiments were performed

with 0.1, 0.5, 1, 5, and 10 mg/L of As(III) solutions,

prepared in an electrolyte solution containing

0.01 M NaCl, 0.01 M tris(hydroxymethylami-

no)methane buffer, and 0.01 M NaN3 at pH 8. All

experiments were performed in batches with 10 mg

of sample/L of solution. Equilibrium time was 24 h,

with constant tumbling. The solution was separated

from BHF by a strong magnet and aliquots were

analyzed for As(III) concentration by ICP-AES and

ICP-MS. The data of arsenic adsorption was

analyzed by Langmuir and Freundlich isotherm

models. Desorption was conducted as batch exper-

iments in aqueous alkaline solution of sodium

hydroxide (pH 13). After adsorption cycle, BHF-

750 was separated, dispersed in 10 mL of alkaline

solution and allowed for tumbling for 24 h at room

temperature. The particles were magnetically

removed and solutions were acidified by dilute

nitric acid for arsenic measurement.

Characterization

TEM images were collected by Field Emission

Transmission Electron Microscope (FE-TEM,

200 kV, Tecnai F20). Samples for TEM investigations

were prepared by putting an aliquot of n-hexane

solution of nanoparticles onto an amorphous carbon

substrate supported on a copper grid. The excess liquid

was then removed, and the grid was allowed to dry at

room temperature. In order to investigate the mor-

phology of annealed BHF particles, sample loaded on

Si(100) wafer were characterized by scanning electron

microscopy (SEM, Magellan400). X-ray diffraction

analyses were carried out using Micro-area X-ray

diffractometer (Rigaku, D/MAX-2500). The quantita-

tive analyses of Iron, barium, and arsenic were

measured by inductively coupled plasma atomic

emission spectroscopy (ICP-AES) or inductively

coupled plasma atomic mass spectroscopy (ICP-

MS). BHF was digested in concentrated nitric acid

for elemental analysis.

Results and discussion

The powder XRD patterns (Fig. 1) of the BHF synthe-

sized at different temperatures clearly reveal that

hexaferrites phase is formed after annealing at

750 �C. The diffraction peaks at 2 h value of 30.34�,

32.31�, 34.17�, 37.15�, 56.8�, and 63.16� correspond to

diffraction planes (110), (107), (114), (203), (2011) and

(2200), respectively. These patterns can be ascribed to

hexagonal BaFe12O19 phase (JCPDS # 84-0757). The

BHF-750 is in single phase with hexagonal structure

without showing any detectable impurities. The

as-made BHF contains Fe2O3 and Fe3O4 as major

phases (JCPDS # 86-0550 and 79-0417) therefore it was

annealed at 550 and 750 �C. Annealing below 750 �C

does not result in hexagonal phase, as evident from

XRD patterns. The crystallite size of BHF-750 has been

calculated from the Debye–Scherrer formula (Hessien

et al. 2008; Patel et al. 2008), using the full width at half

maximum (FWHM) value of the most intense peak

(114) in the X-ray patterns using,

Crystallite size ¼ Kk=Wcosh

where W = Wb-Ws and Wb is the broadened profile

width of experimental sample and Ws is the standard

profile width of reference silica sample.
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The crystallite size of BHF-750 is 61.7 nm, how-

ever, the particle size of BHF-750 varies from

200–550 nm.

TEM image (Fig. 2a) showed particles of spherical

shapes, uniform in size with an average particle

diameter of 6.06 ± 0.52 nm for BHF. The particle

sizes are consistent throughout the sample as observed

from TEM images. The chemical compositions mea-

sured by ICP-AES show Fe/Ba molar ratio is 11.6, fit

well with the theoretical ratio in corresponding barium

and strontium hexaferrite compounds. Although Fe/

Ba = 11.6 is observed in BHF, XRD pattern suggest

that there is no evidence of hexagonal phase forma-

tion. This implies that barium is not integrated and it

requires higher temperature for inclusion of barium

into hexagonal phase. The annealing of BHF nano-

particles distorted size, which resulted agglomeration

and size of BHF-750 increased substantially. The

SEM image reveals agglomerated particles of BHF-

750 (Fig. 2b) with particle size varies from

200–550 nm.

We use As(III) as a typical contaminant to inves-

tigate the potential application of BHF in environment

pollution control. As one of the most toxic and

carcinogenic chemical elements, arsenic has been

recorded as a priority issue by the World Health

Organization (WHO). Today, perhaps more than 100

million people in India, Bangladesh, Vietnam, Nepal,

China, and possibly other countries are drinking water

with arsenic concentrations up to 100 times the WHO

guideline of 10 lg/L. Batch experiments were con-

ducted to determine As(III) removal efficiency for

BHF-750. In batch experiment, 10 mg/L of BHF was

interacted with As(III) solutions of 0.1, 0.5, 1, 5, and

10 mg/L. Figure 3 shows the As(III) removal with

respect to various concentration. Initially, adsorption

of As(III) occurred rapidly up to As(III) concentration

of 1 mg/L. The arsenic removal efficiency at this point

is 0.88 mg/g. After this, saturation begins, indicates

equilibrium of As(III) was started and attained com-

plete saturation at 10 mg/L where arsenic removal

efficiency is 2.37 mg/g.

The isotherm models of Langmuir and Freundlich

were used to fit the experimental adsorption equilib-

rium data of arsenic on BHF-750 (Zhao et al. 2010;

Mayo et al. 2007). Adsorption isotherms, which are

the presentation of the amount of solute adsorbed per

unit of adsorbent as a function of equilibrium

concentration in solution at constant temperature,

were also studied. The Langmuir isotherm is valid for

single-layer adsorption. It is based on the assumption

that all the adsorption sites have equal affinity for

molecules of the adsorbate and there is no transmi-

gration of the adsorbate in the plane of the surface.

Langmuir isotherm is presented as,

qe ¼
qmKLCe

1þ KLCe

The Freundlich equation deals with physico-chemical

adsorption on heterogenous surfaces (indicates the

adsorptive capacity or loading factor) and is presented

as,

qe ¼ KFC1=n
e

where Ce (mg/L) is the concentration of arsenic at

equilibrium, KL (L/mg), and qm (mg/g) are the

Langmuir constants related to the energy of adsorption

and maximum capacity, respectively; KF (mg1-(1/

n) L1/n g-1) and 1/n are the Freundlich constants

Fig. 1 X-ray diffraction patterns of as-synthesized BHF and

annealed BHF-550, BFH-750
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related to the adsorption capacity and intensity,

respectively; and qe (mg/g) is the mass of arsenic

adsorbed per mass of adsorbent. Regression coeffi-

cients (r2) for Langmuir and Freundlich isotherm is

0.92 and 0.96, indicating that both the models fit

reasonably well with As(III) adsorption. The maxi-

mum monolayer adsorption capacity (qm) obtained for

BHF-750 is 2.27 mg/g which is comparable with

experimental capacity of 2.55 mg/g. The Freundlich

adsorption intensity parameters (n) is 3.8, also

supporting the favorable adsorption of As(III) on

BHF-750.

As(III) removal efficiency of BHF-750 is higher

than the capacity of commercial magnetite, Fe3O4

(0.25 mg/g) of 300 nm size (Yavuz et al. 2006).

Furthermore, commercial Fe3O4 (50–100 nm) and

BHF (non-calcined sample) were also studied for

As(III) removal under identical conditions as shown in

Fig. 4. The As(III) removal capacity for commercial

Fe3O4 and BHF is 0.7 and 0.03 mg/g. This behavior

Fig. 2 a TEM image and particle size distribution of BHF, and b SEM image of annealed BHF-750

Fig. 3 Arsenic adsorption studies with nanocrystalline BHF-

750 (Inset easy separation of BHF-750 from wastewater)
Fig. 4 Arsenic adsorption/desorption studies on BHF-750,

arsenic adsorption studies on commercial Fe3O4 (50–100 nm)

and uncalcined BHF
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suggests that hexaferrites of nanodimensional sized

gave better arsenic removal efficiency than commer-

cial Fe3O4 nanoparticles. The arsenic adsorption was

reduced significantly at high pH and arsenic was

desorbed from the magnetite at alkaline pH (Yean

et al. 2005; Phu et al. 2009). After arsenic adsorption,

BHF-750 were treated with alkaline solution of pH 13

for desorption of arsenic (Fig. 4). It was found that

55 % of the arsenic was desorbed from BHF-750.

Recovery of BHF-750 after arsenic removal was

calculated by measuring post-treatment weight of

magnetically separated adsorptive media (Table 2).

The sorbents were dried for 3 h at 90 �C to make sure

no water remained adsorbed. The recoveries were

mostly found to exceed quantitative amounts, sug-

gesting that adsorbed species tend to immobilize on

the surface in the form of arsenites or hydroxylates.

Conclusions

In summary, we found that BHF nanoparticles offer

better arsenic capacity and much versatile handling

than their magnetite counterparts. This behavior

proves useful when the removal of arsenic by

magnetic nanoparticles are taken to the actual field

operations. However, it is found to be difficult to form

barium hexaferrite hexagonal phase at low tempera-

tures. Only, the subsequent annealing at 750 �C of

BHF nanoparticles synthesized by solvothermal

method resulted hexagonal phase. Size control and

monodispersity of BHF nanoparticles are lost after

annealing, as expected. Arsenic removal efficiency of

annealed BHF (BHF-750) is 75 % which is quite

higher than magnetite nanoparticles of similar size.

This proves that metal hexaferrites are potential

materials for heavy metal removal application from

wastewater. Moreover, hard magnetic behavior of

metal hexaferrites may solve the problem of separa-

tion of treated nanoparticles from water at low

magnetic field. When attempted to recycle the adsor-

bent, it was found that 55 % of the arsenic was

desorbed from BHF-750 in aqueous alkaline solution.
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Abstract This study investigated the removal of

Cd2?, Cu2?, Ni2?, and Pb2? from aqueous solutions

with novel nanoparticle sorbents (Fe3O4, ZnO, and

CuO) using a range of experimental approaches,

including, pH, competing ions, sorbent masses, contact

time, scanning electron microscopy, transmission elec-

tron microscopy, and X-ray diffraction. The images

showed that Fe3O4, ZnO, and CuO particles had mean

diameters of about 50 nm (spheroid), 25 nm (rod

shape), and 75 nm (spheroid), respectively. Tests were

performed under batch conditions to determine the

adsorption rate and uptake at equilibrium from single

and multiple component solutions. The maximum

uptake values (sum of four metals) in multiple compo-

nent solutions were 360.6, 114.5, and 73.0 mg g-1, for

ZnO, CuO, and Fe3O4, respectively. Based on the

average metal removal by the three nanoparticles, the

following order was determined for single component

solutions: Cd2? [ Pb2? [ Cu2? [ Ni2?, while the

following order was determined in multiple component

solutions: Pb2? [ Cu2? [ Cd2? [ Ni2?. Sorption

equilibrium isotherms could be described using the

Freundlich model in some cases, whereas other iso-

therms did not follow this model. Furthermore, a

pseudo-second order kinetic model was found to

correctly describe the experimental data for all nano-

particles. Scanning electron microscopy, energy disper-

sive X-ray before and after metal sorption, and soil

solution saturation indices showed that the main mech-

anism of sorption for Cd2? and Pb2? was adsorption,

whereas both Cu2? and Ni2? sorption were due to

adsorption and precipitation. These nanoparticles have

potential for use as efficient sorbents for the removal of

heavy metals from aqueous solutions and ZnO nano-

particles were identified as the most promising sorbent

due to their high metal uptake.

Keywords Nanoparticles � Heavy metals �
Removal � Aqueous solutions � Environmental and

health effects � Sustainability

Introduction

Industrial activities can lead to heavy metal contam-

ination of surface and groundwater. Heavy metals are

toxic to humans and they persist in the environment,
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the need for processes to remove heavy metals has

received increasing attention (Afkhami et al. 2010;

Chen and Li 2010; Ezoddina et al. 2010).

Recent approaches for the removal of heavy metals

from wastewaters have mainly included chemical

precipitation, adsorption, oxidation–reduction, evapo-

ration, ionic exchange, electrochemical treatment, and

membrane separation techniques (Mobasherpour et al.

2011a; Flores and Cabassud 1999; Rahmani et al.

2010). Some of these methods may be more effective

than adsorption under certain conditions, but adsorp-

tion is considered the most attractive technique,

because it is simple and the most cost-effective. It is

also feasible to implement adsorption in full-scale

applications and the process methods are rapid (Rah-

mani et al. 2010; Blanchard et al. 1984). There has been

a recent emphasis on the use of alternative low-cost

materials as potential sorbents for the removal of heavy

metals. Thus, several inorganic and organic adsorbents

have been proposed for use in adsorption methods,

including zeolites, clay minerals, fly ash, biosorbents,

and activated carbon (Savage and Diallo 2005; Abol-

lino et al. 2003; Sheng et al. 2004; Wingenfelder et al.

2005; Ghorbel-Abid et al. 2009; Afkhami et al. 2011;

Ahmadzadeh Tofighy and Mohammadi 2011). There is

also a large amount of interest in the use of nanopar-

ticles for the removal of heavy metals (Afkhami et al.

2010; Yantasee et al. 2007; Feng et al. 2011).

Nanoparticles have several special properties, such as

high surface area and adsorption capacity, unsaturated

surfaces, simple operation, and simple production

(Afkhami et al. 2010; Rahmani et al. 2010; Navrotsky

2000). Nanomaterials such as Nanoscale zero-valent

iron (Fe0), Fe2O3, Fe3O4, TiO2, SiO2, and Al2O3 are the

most commonly used materials that have been applied

as adsorbents (Afkhami and Norooz-Asl 2009; Chen

and Li 2010; Rahmani et al. 2010; Hu et al. 2006;

Sharma and Srivastava 2010; Recillas et al. 2011). Of

these nanoparticles, Fe3O4 is the classical nanoparticle

that is most widely used in wastewater treatment (Hu

et al. 2006; Sharma and Srivastava 2010; Panneersel-

vam et al. 2011). Few studies have investigated the

performance and mechanism of cationic heavy metal

uptake by ZnO and CuO (Martinson and Reddy 2009;

Singh et al. 2010). Thus, we selected one commonly

used (Fe3O4) and two uncommonly used (CuO, ZnO)

nanoparticles to evaluate the nature and properties of

nanoparticles when applied to heavy metal removal.

The aim of this research was therefore to investigate the

kinetics and equilibria of the uptake efficiency of Cd2?,

Cu2?, Ni2?, and Pb2? from aqueous solutions under

batch conditions using nanostructured Fe3O4, ZnO, and

CuO in single and multiple component solutions.

Materials and methods

Chemicals and methods for the characterization

of nanoparticles

Solutions used for the metal sorption experiments were

prepared as their chloride salts (Merck, Germany).

Nanostructured Fe3O4, CuO, and ZnO were purchased

(purity, 99.5 %) from Tecnan (www.tecnan-nanomat.es

, Spain) and Nabond (www.nabond.com, China). Heavy

metal analysis was conducted using a Varian SpectrAA

220 atomic absorption spectrophotometer. The crystal-

linity and phase identification of the adsorbent powders

was determined by XRD (Seifert 300 diffractometer)

with CuKa as the radiation source and Ni as the filter in

the range 2h = 10–70�. Scanning electron microscope–

energy dispersive X-ray (SEM–EDX) measurements were

made using a Philips XL30 to determine the nanoparticle

morphology. The shape and dimensions of the adsorbents

were determined by transmission electron microscopy

(TEM) (Philips CM10, high tension at 100 kV). TEM

samples were prepared by drop casting on carbon-coated

copper TEM grids and the solvent was allowed to evapo-

rate at room temperature. The surface area and average

adsorption pore width of the selected fraction of nano-

structures was determined by Brunauer–Emmett–Teller

(BET)-nitrogen gas analysis using a Belsorp-mini II

(BelJapan) for chemisorption measurement. A pH meter

(Jenway 3510) was used for pH measurements.

Heavy metal adsorption analysis

Kinetic and adsorption capacity experiments were

conducted in a series of 50 mL Falcon tubes containing

0.05 g (2 g L-1) of the nanostructured materials (Fe3O4,

ZnO, and CuO) with 25 mL of 100 mg L-1 metal ions

solution at their native pH. The suspensions were shaken

(100 rpm) at 25 �C. Solid/liquid phases were then

separated by centrifugation (4,000 rpm) before samples

were filtered through a 0.22 lm filter membrane (super

pure filter, Sartorius Company). The concentration of

heavy metals was measured by atomic absorption

spectroscopy. Thepercentage removal was calculated as:
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%Removal ¼ C0 � Ce

C0

� �
� 100 ð1Þ

where C0 and Ce are the initial and final concentration

of heavy metals in the solution phase. All adsorption

experiments were conducted in triplicate and the mean

of three values was expressed in the results. The

standard deviation was\5 %.

Effect of pH

The pH was adjusted by adding NaOH or HCl in a pH

range from 2 to 7, while other conditions remained the

same as the adsorption studies.

Effect of contact time

Batch experimental procedures were conducted with

different shaking times of: 10, 20, 30, 40, 50, 60, 90,

120, and 180 min (with the exception of Fe3O4), and

24 h, while other conditions remained the same as the

adsorption studies.

Kinetics modeling study

Linearized equations of pseudo-first order (Rahmani et al.

2010; Zhou et al. 2009; Chen and Li 2010) and pseudo-

second order (Rahmani et al. 2010; Zhou et al. 2009; Chen

and Li 2010) kinetic models were used to investigate the

mechanism and rate of the metal adsorption process. The

pseudo-first order kinetic model is given as:

log qe � qtð Þ¼ log qe �
K1

2:303
t ð2Þ

where qe and qt are the amounts of the metal ions

adsorbed on the adsorbent in mg g-1 at equilibrium

and at time t, respectively, while K1 is the constant of

first-order adsorption in 1/min. The pseudo-second

order kinetic model statistical analysis is given as:

1

qt
¼ 1

K2q2
e

þ t

qe

ð3Þ

where K2 is the rate constant of second-order adsorp-

tion in g mg-1 min-1.

Effect of sorbent dosage

Batch experiments were conducted by mixing differ-

ent sorbents masses of 0.5, 1, 2, 3, 4, and 5 g L-1,

while other conditions remained the same as the

adsorption studies.

Adsorption isotherms

Adsorption isotherm experiments were conducted

with Cd2?, Cu2?, Ni2?, and Pb2? solutions at different

initial heavy metal concentrations (0, 10, 20, 30, 60,

100, 200, and 300 mg L-1) at 25 �C, with 0.05 g

(2 g L-1) nanostructured materials and 25 mL of

adsorbate at different concentrations, with 0.01 M

NaNO3 as the background salt. Isotherms were

determined on the basis of batch analysis in single

and competitive modes. The equilibrium heavy metal

concentration in the liquid phase was determined

using a standard atomic absorption spectroscopy

method. To insure equilibrium and guarantee full

adsorption, the nanoparticle suspensions were centri-

fuged after 24 h of equilibration. Freundlich and

Langmuir equations (Afkhami et al. 2010; Rahmani

et al. 2010; Afkhami and Norooz-Asl 2009; Afkhami

and Moosavi 2010; Mobasherpour et al. 2011b) were

fitted to data. The Freundlich equation is an empirical

equation for describing the surface heterogeneity of a

sorbent and it is commonly represented as:

Log qe ¼ Log kF þ 1=n Log Ce ð4Þ

where qe is the amount of heavy metal adsorbed per

unit weight of adsorbent at a specified equilibrium

(mg g-1), Ce is the equilibrium concentration of the

solution (mg L-1), kF is the Freundlich constant

representing the adsorption capacity (mg g-1), and n

is a constant representing the adsorption intensity

(dimensionless) where n � 1 indicates that the

adsorbate was unfavorably adsorbed on the adsorbent

and 1 \ n \ 10 indicates that the adsorption was

favorable. The Langmuir equation is based on an

assumption of a structurally homogeneous adsorbent,

and it is described using the following equation:

Ce

qe

¼ Ce

q0

þ 1

q0b
ð5Þ

where qe and Ce have the same definitions as in Eq. (4),

q0 (qmax) is the maximum adsorption at monolayer

coverage (mg g-1), and b (KL) is the Langmuir constant

related to the energy of adsorption that quantitatively

reflects the affinity of the binding sites (L mg-1).

Desorption procedure

Desorption experiments were performed immediately

after the completion of the sorption experiments. After
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removal of the supernatant and washing adsorbents

three times with deionized water, 25 mL of 0.01 M

CaCl2 solutions were added to the centrifuge tubes. The

centrifuge tubes were vortexed to disperse the adsorbent

pellets and suspensions were mechanically shaken for

24 h. The suspensions were then centrifuged for 20 min

Fig. 1 TEM image of a Fe3O4, b ZnO, and c CuO nanoparticles

Fig. 2 SEM image of a Fe3O4, b ZnO, and c CuO nanoparticles
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at 5,000 rpm before measuring the equilibrium concen-

trations of Cd2?, Cu2?, Ni2?, and Pb2? in the superna-

tant solutions. Desorbed Cd2?, Cu2?, Ni2?, and Pb2?

was calculated at the desorption stage.

Saturation indices (SI) and the speciation of heavy

metals

The SI and speciation of heavy metals in isotherm

leachate (at final concentration = 300 mg L-1) were

calculated using the geochemical speciation model

Visual MINTEQ version 2.3. MINTEQ is an equilib-

rium speciation model that can be used to calculate the

equilibrium composition of dilute aqueous solutions

in the laboratory or natural aqueous systems (Allison

and Novo-Gradac 1991; Jalali and Arfania 2010).

The SI for each solid is defined as: log IAP

(logarithm of the ion activity product)—log Ks (Ks

is the temperature-corrected solubility constant).

Oversaturation is indicated if SI [ 0, whereas the

solution is undersaturated with respect to the solid if

SI \ 0. There is an apparent equilibrium with

respect to the solid when SI = 0 (or more correctly

-0.5 \ SI \0.5) (Jalali and Arfania 2010).

Results and discussion

Characteristics of the adsorbents

TEM micrographs were used to examine the shape and

particle sizes of the adsorbents (Fig. 1). The images

showed that Fe3O4, ZnO, and CuO particles had mean

diameters of about 50 nm (spheroid), 25 nm (rod

shape), and 75 nm (spheroid), respectively. SEM was

also used to examine the surface morphology of

adsorbents (Fig. 2). SEM images showed that Fe3O4

particles differed in size to some extent. ZnO had

Fig. 3 SEM-EDX spectrum of a Fe3O4, b ZnO, and c CuO nanoparticles on Au substrate
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Fig. 4 X-ray diffraction

patterns of a Fe3O4, b ZnO,

and c CuO nanoparticles

Table 1 Structural properties of nanoparticles

Adsorbent BET (m2 g-1) Pore volume (cm3 g-1) Pore size (nm) Crystallite size (nm)a Particle size (nm)b

Fe3O4 24.8 8.8 9 10-2 25.71 36.88 50

ZnO 31.2 12.0 9 10-2 15.81 16.70 25

CuO 12.1 3.15 9 10-2 54.11 31.50 75

a Data calculated from the XRD pattern according to Scherrer equation
b Data from TEM analysis
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homogeneous surfaces with a highly porous morphol-

ogy and a small pore size. CuO had low surface

porosity with a large pore size. Figure 3 shows a

typical EDX elemental analysis of adsorbents indicat-

ing the degree of purity on the particle surfaces.

Typical XRD profiles of nanoparticles are shown in

Fig. 4, indicating that similar peak characteristics

were shared by Fe3O4, ZnO, and CuO in their powder

diffraction files (JCPDS PDF data numbers 79–419,

75–576, and 45–937, respectively). We calculated the

crystallite size measurements from the XRD patterns,

according to Scherrer’s equation:

D ¼ 0:9k= ðbcoshÞ ð6Þ

This equation uses the reference peak width at angle h
(radian), where k is the wavelength of the incident

X-ray (1.5418 Å), b is the width of the XRD peak at

half height, and 0.9 is a shape factor (Nagappa and

Chandrappa 2007; Rezaei et al. 2011) (Table 1). It

should be noted that the particle dimension obtained

by TEM was higher than the corresponding crystallite

size. This difference may be explained by the presence

of aggregates in the TEM grain that consisted of

several crystallites and/or poor crystallinity (Afkhami

and Moosavi 2010; Zhang et al. 2008).

Table 1 shows the results of the N2 sorption

experiments and the estimated crystallite diameters

based on the XRD and TEM data. The specific surface

area, total pore volume, and pore size distribution of

the materials were calculated using the BET equation.

The results indicated that ZnO had a much greater

surface area than Fe3O4 and CuO (Table 1).

Effect of initial pH

The pH value played a very important role in the use of

nano-adsorbents as supports in the metal ion adsorption

process. Figure 5 shows the effects of pH on the

adsorption of heavy metals by adsorbents. As expected,

higher acidity conditions correlated with lower adsorp-

tion of metal ions. This may be due to the protonation of

functional groups. The functional groups in metal

oxides generally covered with hydroxyl groups that

vary in forms at different pH. In addition, FT-IR results
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Fig. 5 Effect of pH on percentage removal of metals in a Fe3O4, b ZnO, and c CuO nanoparticles (initial concentra-

tion = 100 mg L-1, adsorbent dosage: 2 g L-1, 100 rpm)

123Reprinted from the journal 177

J Nanopart Res (2012) 14:171–188



in many cases revealed that OH and O groups in surfaces

of these adsorbents (Afkhami and Moosavi 2010;

Panneerselvam et al. 2011; Bian et al. 2011; Banerjee

and Chen 2007). The surfaces of these adsorbents are

neutral at pHzpc (the pH of zero point charge). The pHzpc

of Fe3O4, ZnO, and CuO is about 6.9, 9.2, and 9.4,

respectively (Essington 2004; Zhang et al. 2008;

Martinson and Reddy 2009). As the pH of solution

increased the adsorption increased due to the successive

deprotonation of hydroxyl groups on the adsorbent and

electrostatics attraction between negative sites on

adsorbent and metals. When the pH decreased, there

was competitive adsorption between H? ions and

strongly competing heavy metals in solution. The

binding sites of the nano-adsorbent were dominated by

H? ions at a low pH value, which led to protonated

functional groups, thus adsorption is reduced (Afkhami

and Moosavi 2010). The number of adsorption sites

available for heavy metal ions decreased as the number

of protonated metal-binding absorbent groups

increased. Figure 5 shows that the maximum removal

of the four ions occurred at pH 6 with all adsorbents, as

in all cases this pH is below the pHzpc of the adsorbent.

Therefore, removal is increased at pH [ 6. This may be

due to the formation of metal complexes (covalent or

ionic bonding) and/or precipitation and/or electrostatic

attraction (Afkhami et al. 2010). Preference of these

mechanisms in each adsorbent and metal to some extent

related to nature of functional groups, chemistry of

metal and solution. For example for Cu in ZnO

adsorbent the dominant mechanism may be complexes

and precipitation (Fig. 5).

Effects of the amount of adsorbent

The effect of nanoparticle dosage is shown in Fig. 6.

Removal increased with the increase in the sorbent

mass (Fig. 6a, b, c). An increase in the absorbent

dosage from 0.5 to 5 g L-1 led to an increase in the

removal efficiency of Cd2?, Cu2?, Ni2?, and Pb2?

from 9.2 to 41.3, 24.0 to 33.0, 8.1 to 15.0, and 23.7 to

81.5 %, respectively, as shown in Fig. 6 for the Fe3O4

sorbent. Other nanoparticles showed the same trend

(Fig. 6). This was apparently due to the increasing

number of binding sites with the increased amount of

absorbent (Lazaridis and Charalambous 2005; Chen

and Yang 2006). The maximum adsorption of heavy

metals with almost all adsorbents was obtained with an
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Fig. 6 Effect of adsorbent dose on removal of heavy metals on adsorbents (a Fe3O4, b ZnO, c CuO). Condition: initial concentration

100 mg L-1, pH native, rpm 100
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adsorbent dosage of 2 g L-1. Thus, 2 g L-1 (0.05 g)

was considered the optimum dosage.

Effect of contact time

The adsorption of heavy metals by nano-adsorbents

was investigated as a function of contact time

(10–1,440 min) at 100 mg L-1 initial concentrations,

with at their native pH heavy metal removal increased

with time and Fig. 7 shows that the removal efficiency

of the four ions reached maximum values after

120–180 min with almost all ions and adsorbents.

No significant increases occurred between 180 min

and 24 h. Based on the adsorption kinetics analysis, a

contact time of 24 h (greater confidence) was selected

for subsequent isotherm studies of all four metals and

all nanoparticles.

The best fit model was selected based on the match

between the experimental and theoretical values and

the linear correlation coefficient. A pseudo-first order

model did not fit the experimental data, whereas

Table 2 and Fig. 8 show that the pseudo-second order

kinetics plots of heavy metal sorption were well fitted

to the experimental data for all three adsorbents. The
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Fig. 7 Effect of contact time on adsorption of heavy metals on to adsorbents: a Fe3O4, b ZnO, and c CuO nanoparticles (initial

concentration = 100 mg L-1, adsorbent dosage: 2 g L-1, 100 rpm)

Table 2 The pseudo-second-order kinetics model constant (at concentration 100 mg L-1)

Metals Fe3O4 ZnO CuO

qe

(mg g-1)

K2

(g mg-1 min-1)

R2 qe

(mg g-1)

K2

(g mg-1 min-1)

R2 qe

(mg g-1)

K2

(g mg-1 min-1)

R2

Ni 4.440 0.006 0.998 7.87 0.002 0.998 1.66 0.019 0.995

Pb 30.310 0.003 0.998 50.00 0.011 1 2.95 0.052 0.999

Cd 2.330 0.010 0.998 19.23 0.006 0.999 1.74 -0.122 0.999

Cu 20.830 0.011 0.999 50.00 0.011 1 1.77 0.031 0.997
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rate equations and related values are given in Table 2.

The rates of the pseudo-second order reactions may be

dependent on the amount of solute adsorbed on the

surface of adsorbent and the amount adsorbed at

equilibrium. The best fit of the pseudo-second order

kinetic model in the present system suggested that the

adsorption behavior of the heavy metal ions onto the

nanoparticles occurred by a chemisorption mechanism

via electrostatic attraction (Keyhanian et al. 2011;

Song et al. 2011).

Adsorption isotherms

The removal of Cd2?, Cu2?, Ni2?, and Pb2? by

nanoparticles as a function of their concentration was

studied at constant temperature (25 ± 0.1 �C) by

varying the metal concentration from 10 to

300 mg L-1, while keeping all other parameters

constant. The sorption results of Cd2?, Cu2?, Ni2?,

and Pb2? using nanoparticles are shown in Fig. 9.

Cd2?, Cu2?, Ni2?, and Pb2? sorption and the equilib-

rium solution Cd2?, Cu2?, Ni2?, and Pb2? concentra-

tion increased with increasing amounts of metals

added. Using Fe3O4 nanoparticles and based on the

maximum amount of metal adsorption, the maximum

metal adsorption capacity was evaluated as 122.5,

101.4, 35.6, and 14.7 mg g-1 for Cd2?, Pb2?, Ni2?,

and Cu2?, respectively. In the same manner, the

following order was found: Cu2? (137.5) [ Cd2?

(119.1) [ Pb2? (112.7) [ Ni2? (48.6 mg g-1) for

ZnO, and Cd2? (118.3) [ Cu2? (54.1) [ Ni2?
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Fig. 8 Pseudo-second-order kinetics plots of sorption of heavy metals on adsorbents: a Fe3O4, b ZnO and c CuO nanoparticles
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(39.4) [ Pb2? (14.2 mg g-1) for CuO. The electro-

negativity of the cations is an important factor in

determining which of the trace metals chemisorb with

the highest performance. The more electronegative

metals should form the strongest covalent bond with O

atoms on nanoparticles surfaces. According to the

electronegativity, the order of adsorption should have

been Cu2? [ Ni2? [ Pb2? [ Cd2? but, on the basis of

electrostatics, the strongest bound should be performed

by the metals with the greatest charge-to-radius ratio.

This would produce a different order of performance

for the same metals: Ni2? [ Cu2? [ Cd2? [ Pb2?

(McBridge 1994). Thus, the series based on the

electronegativity and electrostatics differed from the

series obtained experimentally. The differences

observed were considered to be due to the specificities

of the ion exchange material and to differences in the

experimental techniques used (Inglezakis et al. 2003).

This selectivity may vary according to the sources of

adsorbents, the types of metals, and the experimental

conditions (Ok et al. 2007). The difference order of the

series may be an indicator that adsorption is not

necessarily the only mechanism responsible for the

removal of heavy metal ions from solution, because

precipitation of metal hydroxides may also have a

significant influence on the nanoparticle treatment

process.

In the multiple component solutions, metals exhib-

ited competitive adsorption on nanoparticles. The

amount of cations sorbed from multiple component

solutions (Fig. 10) was mainly lower than those

sorbed from single component solutions, which agreed

with results reported by other authors (Panayotova and

Velikov 2002; Vidal et al. 2009; Jalali and Moharrami

2007). The maximum adsorption of Cd2? was 31.5,

51.3, and 42 mg g-1 with Fe3O4, ZnO, and CuO

nanoparticles, respectively, which was approximately

74, 57, and 64 % less when compared with the single

component system. With Fe3O4, ZnO and CuO

nanoparticles, the adsorption of Ni2? was decreased

compared with the single component system (56, 75,

and 35 %, respectively), whereas the adsorption

of Pb2? increased by 24 % with ZnO and by 65 %

with CuO, although it decreased by 85 % with Fe3O4.
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Fig. 9 Adsorption isotherms of Cd2?, Cu2?, Ni2? and Pb2? in single component solution using Fe3O4, ZnO and CuO nanoparticles
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Cu2? adsorption increased (8 %) with ZnO, but it

decreased with CuO (89 %) and Fe3O4 (22 %) nano-

particles. This suggests that metal adsorption was

different on nanoparticles in the multiple component

system compared with the single component system.

ZnO had the highest metal uptake capacity of

360 mg g-1 (sum of the four adsorbed metals),

followed by CuO (114.5 mg g-1) and Fe3O4

(73 mg g-1). Thus, the adsorption capacity of the

ZnO was significantly higher than that of Fe3O4 and

CuO in both single and multiple component solutions.

There are no published data on the maximum adsorp-

tion capacities of ZnO and CuO, so these results

cannot be compared. However, Recillas et al. (2011)

reported that the maximum adsorption of Pb2? by

Fe3O4 nanoparticles was 82.6 mg g-1. Two equilib-

rium models were analyzed to investigate the sorption

isotherms, i.e., the Langmuir and Freundlich isotherm

models. Neither of these two models fitted the Cu2?

and Pb2? isotherms in single and multiple component

solutions. Cd2? and Ni2? sorption on nanoparticles

produced a good trend in the Freundlich model, with
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Fig. 10 Adsorption isotherms of Cd2?, Cu2?, Ni2?, and Pb2? in multi component solutions using Fe3O4, ZnO, and CuO nanoparticles

Table 3 Freundlich constant for Ni2? and Cd2? adsorption on the NPs in single and competitive isotherms

Freundlich parameters Fe3O4 ZnO CuO

n KF (mg g-1) R2 n KF R2 n KF R2

Single

Ni2? 1.550 0.995 0.996 1.086 0.319 0.991 0.972 0.162 0.992

Cd2? 1.06 2.71 0.961 1.130 3.030 0.992 0.978 1.500 0.972

Competitive

Ni2? 0.744 0.036 0.971 1.136 0.083 0.951 1.146 0.223 0.991

Cd2? 1.37 0.203 0.955 0.628 0.011 0.982 0.907 0.073 0.971
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high correlation coefficients in single and multiple

component solutions (Table 3). The higher correlation

coefficient indicated that there was a strong positive

relationship with the data and that the Cd2? and Ni2?

experimental sorption data with all nanoparticles was

well fitted to the Freundlich model.

The regenerability of the loaded adsorbent is a key

factor for improving the economy of the adsorption

process. In this study, metals adsorbed in batch

experiments were effectively eluted by using 10 mM

CaCl2 as a desorbent. The highest efficiency of

desorption (82.5 %) was obtained with Cd2? and

ZnO nanoparticles in both single and multiple com-

ponent solutions, followed by Pb2? (55.6 and 60.1 %

in single and multiple component solutions, respec-

tively) and CuO nanoparticles (Fig. 11).
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Fig. 11 Desorption of

Cd2?, Cu2?, Ni2?, and Pb2?

in single and multi

component solutions using

Fe3O4, ZnO, and CuO

nanoparticles

Table 4 Speciation of metals in equilibrium solution in contact with Fe3O4, ZnO, and CuO using Visual MINTEQ model in single

component solution

Adsorbents Species (frequency)

Cd2? % Cu2? % Ni2? % Pb2? %

Fe3O4 Cd2? 75 Cu2? 96.4 Ni2? 98 Pb2? 85.5

CdCl1? 22.5 CuCl? 1 NiNO3
? 1.3 PbNO3

? 7.4

CdNO3
? 1.5 CuNO3

? 1.6 PbCl? 5.6

Cd2? 75 Cu2? 20.5 Ni2? 98.1 Pb2? 76

ZnO CdCl? 22.4 Cu2(OH)2
? 28.6 NiNO3

? 1.2 PbCl? 5.4

CdNO3
? 1.4 Cu3(OH)4

2? 47.5 PbOH? 8.8

Cd2? 76.9 Cu2? 95 Ni2? 98.4 Pb2? 86.2

CuO CdCl? 21.3 CuCl? 1 NiNO3
? 1.3 PbNO3

? 7.5

CdNO3
? 1.4 PbCl? 5.5
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Table 5 Speciation of metals in equilibrium solution in contact with Fe3O4, ZnO, and CuO using Visual MINTEQ model in multi

component solutions

Adsorbents Species (frequency)

Cd2? % Cu2? % Ni2? % Pb2? %

Fe3O4 Cd2? 44 Cu2? 95.7 Ni2? 98.4 Pb2? 65

CdCl1? 51.4 CuCl? 2.3 NiNO3
? 1 PbNO3

? 4.2

CdCl2 3.8 CuNO3
? 1.3 PbCl? 28.9

Cd2? 43.6 Cu2? 87 Ni2? 98.4 Pb2? 62.1

ZnO CdCl? 51.6 Cu2(OH)2
? 6.7 NiNO3

? 1.1 PbCl? 31.3

CdCl2 3.8 CuCl? 2.1 PbCl2 1.3

Cd2? 44 Cu2? 95 Ni2? 98.4 Pb2? 65

CuO CdCl? 51.4 CuCl? 2.3 NiNO3
? 1.3 PbNO3

? 4.2

CdCl2 3.8 CuNO3
? 1.3 PbCl? 28.9

Table 6 Saturation indices of metals in equilibrium solution in contact with Fe3O4, ZnO, and CuO using Visual MINTEQ model in

single component solutions

Adsorbents Single

Cd minerals SI Cu minerals SI Pb minerals SI Ni minerals SI

Fe3O4 Mg2(OH)3Cl -40 Mg2(OH)3Cl -44 Mg2(OH)3Cl -44 Mg2(OH)3Cl -38

Brucite -19 Periclase -27 Periclase -27 Mg(OH)2 -20

Periclase -12.4 Brucite -22 Brucite -22 Brucite -18

Atacamite(Cu) 1.2 Pb(OH)2 0.83

Mg(OH)2 -20 Mg2(OH)3Cl -40 Lime -20 Lime -20

ZnO Lime -20 Periclase -24 Brucite -18 Brucite -18

Brucite -18 Brucite -19.7 Pb(OH)2 0.953 Mg2(OH)3Cl -38

Atacamite 3.2 Ni(OH)2 1.47

Cu2(OH)3NO3 1.4

Tenorite(Pb) 1.3

CuO Lime -25 Mg2(OH)3Cl -45 Lime -25.5 Lime -22

Mg(OH)2 -24 Mg(OH)2 -24.8 Brucite -22.5 Brucite -20

Brucite -22 Brucite -22.9 Mg2(OH)3Cl -40

Atacamite 0.55

Table 7 Saturation indices of metals in equilibrium solution in contact with Fe3O4, ZnO, and CuO using Visual MINTEQ model in

multi component solutions

Adsorbents Minerals (SI)

Fe3O4 Lime Mg2(OH)3Cl Brucite Atacamite

-25 -20 -10 0.831

ZnO Mg(OH)2 Mg2(OH)3Cl Brucite Atacamite Cu2(OH)3NO3 Pb2(OH)2Cl2

-23.3 -22 -21.6 3.2 0.9 0.51

CuO Lime Mg2(OH)3Cl Brucite Atacamite

-25.4 -19.9 -10.6 1.17
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Effect of sorbents on the speciation

and precipitation of heavy metals

The speciation of metals in solution was a result of

competition between different metal complexes, metal

chelates, and free metal ions. Visual MINTEQ 2.3

software was used to calculated the distribution of

Cd2?, Cu2?, Ni2?, and Pb2? chemical species in the

equilibrium supernatant and the possibility of mineral

precipitation at the highest added concentration

(300 mg L-1) of Cd2?, Cu2?, Ni2?, and Pb2?.

Tables 4 and 5 show the frequencies of the heavy

metal chemical species. In single component solu-

tions, free metal ions mainly dominated in solutions of

all nanoparticles (Table 4). The majority of the Cu2?

in solution was predicted to be present as OH-

complexes, while about 23 % of the Cd2? in solution

was predicted to be present as CdCl? with ZnO and

Fe3O4 nanoparticles, respectively. The percentage of

free ion species was reduced in multiple component

solutions (Table 5). In multiple component solutions,

the majority of Ni2?, Pb2?, and Cu2? ions in solution

were predicted to be present as free species, while

about 51 % of the Cd2? in solution was predicted to be

present as CdCl? (Table 5). Pederson (2002) reported

similar results for Cd2? and Cu2? (Pederson 2002),

where the majority of the Cd in solution was predicted

to be present as Cl- complexes, while about 90 %

of the Cu in solution was predicted to be present

as positively charged species (Cu2?, CuCl?, and

CuOH?).

Furthermore, chemical modeling predicted that the

solution SI values for all MINTEQ database Cd2? and

Pb2? minerals were below zero in both single and

multiple component solutions. Therefore, the main

mechanism involved in removing Cd2? and Pb2? from

Fig. 12 SEM image of a Fe3O4; c ZnO after treatment with single (Ni) and b Fe3O4; d ZnO after treatment with multiple heavy metal

solutions
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solution was adsorption on the surface of nanoparti-

cles. Geochemical modeling predicted that Cu2? was

mainly precipitated as Atacamite in both single and

multiple component solutions for all nanoparticles

(Tables 6, 7). MINTEQ predicted that Ni precipitated

as Ni (OH)2 in both single and multiple component

solutions.

Formation of Cu2? and Ni2? precipitates on

nanoparticles in single and multiple component solu-

tions was further supported by SEM-EDX images

(Figs. 12, 13). Scanning electron microscope images

revealed the association and accumulation of Ni2?

with nanoparticles particularly in Fe3O4 and ZnO by

changing the morphology of nanoparticles (Fig. 12),

as well as EDX analysis revealed increase amount of

Ni, Cu, and Pb in the surfaces of sorbents (Fig. 13)

thereby indicating the possibility of their precipitation

onto nanoparticles.

Conclusion

Nanoparticles provide an efficient technique for the

removal of toxic heavy metals from wastewater. This

study investigated the removal of Cd2?, Cu2?, Ni2?,

and Pb2? using nanoparticles (Fe3O4, ZnO and CuO)

as novel sorbents. Metal removal depended on the pH

of the medium and maximum adsorption occurred at

Fig. 13 EDX image of a Fe3O4; c ZnO after treatment with single (Ni) and b Fe3O4; d ZnO after treatment with multiple heavy metal

solutions

123 Reprinted from the journal186

J Nanopart Res (2012) 14:171–188



pH 6. A second order model described the kinetic data

well. Metal uptake decreased with decreasing pH,

thereby indicating the competition of protons for

binding to acidic sites. The Freundlich isotherm fitted

some equilibrium data, whereas other data were not

well fitted. Our results showed that ZnO nanoparticles

had a much higher metal adsorption capacity com-

pared with the other nanoparticles tested.
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Abstract The degradation of crystal violet in aque-

ous solution was investigated using kaolin-supported

zero-valent iron nanoparticles (K-nZVI). It was found

that K-nZVI with a ratio of kaolin:zero-valent iron

nanoparticles (nZVI) at 1:1 was most effective in

removing crystal violet. Batch experiments show that

more than 97.29 % crystal violet was degraded using

K-nZVI, while only 24.36 % was removed using nZVI

after reacting for 7 min, where the solution contained

100 mg L-1 crystal violet at pH 6.5. This is due to a

decrease in aggregation of Fe0 nanoparticles and

enhanced their reactivity in the presence of kaolin,

which was confirmed by the characterization using

scanning electron microscopy. X-ray diffraction

shows the formation of iron oxide and hydroxide,

while UV–Vis spectral shows that the absorption peak

of crystal violet was reduced, as well as Fourier

transform infrared shows that new bands were formed

after K-nZVI reacting with crystal violet. These

suggest that degradation of crystal violet by K-nZVI

include the oxidation of iron, the adsorption of crystal

violet onto the K-nZVI, the transformation of crystal

violet to leuko-crystal violet, and finally the cleavage

of C=C bond.

Keywords Kaolin � Decoloration �
Nanoscale zero-valent iron � Crystal violet

Water filtration � Sustainable development

Introduction

In recent years, nanoscale zero-valent iron (nZVI) has

been often used in groundwater treatment and site

remediation due to its higher reactivity (Li et al. 2006;

Theron et al. 2008). However, nZVI particles have a

strong tendency to aggregate because nZVI agglom-

eration results from van der Waals forces of attraction

(Choe et al. 2000). To prevent particle aggregation, a

wide variety of stabilizers have been proposed to

modify nZVI particle surface characteristics (Ponder

et al. 2000; He and Zhao. 2005). Resin-supported nZVI

particles were employed to remove Cr(VI) and Pb(II)

from aqueous solutions where apparent rates of
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removal for Cr(VI) and Pb(II) were enhanced 5-and

18-fold, respectively (Ponder et al. 2000). More

recently, kaolinite-supported nZVI (Zhang et al.

2010) and bentonite-supported nZVI (Shi et al. 2010)

have been used to remove aqueous Pb(II) and Cr(VI)

and reduce the extent of their aggregation. These

results suggest that implementing stabilized nZVI

particles may represent an effective method for in situ

remediation of groundwater or industrial effluents.

For treatment of dye wastewater, reports have been

published concerning the use of nZVI to remove azo

dyes. The reduction of Acid Black 24 in aqueous solution

using nZVI showed that more than 97 % dye was

removed in 30 min using an initial 100 mg L-1 dye

solution (Shu et al. 2007). Removal of methyl orange

using nZVI suggested that the main roles played by nZVI

particles in the decolorization process were those of

adsorption and reduction (Fan et al. 2009). The degra-

dation of Orange G in aqueous solutions using Fe–Ni

bimetallic nanoparticles revealed that this degradation

mechanism proceeds through a reductive cleavage of the

azo linkage, resulting in the formation of aniline and

surface-adsorbed naphthol amine derivatives (Bokare

et al. 2008). However, use of supported nZVI to remove

cationic dye such as crystal violet in aqueous solution to

significantly improve their aggregation and reactivity has

not been reported. In addition, as cationic dyes are used

widely in industrial applications for dyeing of silk,

leather, paper, wool and cotton (Liu et al. 2010), it has not

emerged that removing crystal violet using nZVI and the

mechanism for removing crystal violet by nZVI are still

unknown. This is because crystal violet is a cationic dye,

which could distinguish it from azo dyes.

Furthermore, kaolin, which is a low-cost and

efficient adsorbent, has great potential in removing

crystal violet from wastewaters because it is abundant,

has chemical and mechanical stability, high adsorption

ability, and unique structural properties. Kaolin,

furthermore, has been confirmed as an effective

adsorbent in the removal of crystal violet and brilliant

green from aqueous medium (Nandi et al. 2009). This

study explores the possibility of removing crystal

violet using kaolin-supported zero-valent iron nano-

particles (K-nZVI) and understanding its mechanism

for doing this. In addition, the study also investigates

whether K-nZVI improves nZVI aggregation and

results in significantly increased reactivity. Therefore,

this paper reports on two major issues: (1) the

synthesis of K-nZVI and comparing the removal of

crystal violet using kaolin, nZVI and K-nZVI; and (2)

characterization of K-nZVI and the proposed degra-

dation mechanism.

Materials and methods

Materials and chemicals

Kaolin was supplied by Taojinfeng Co. Ltd, which

operates in Fujian, China. The chemical composition

of the kaolin materials was as follows: SiO2 50.67 %,

Al2O3 44.02 %, Fe2O3 0.10 %, TiO2 0.21 %, CaO

0.00 %, MgO 0.17 %, K2O 0.21 %, Na2O 0.00 %.

After drying at a temperature of 70 �C for over 12 h,

kaolin was ground and sieved with a 200 mesh screen

before experimentation. All the reagents used in this

study were of analytical reagent grade without further

purification. Crystal violet solution was prepared by

dissolving it in various amounts using distilled water

to the desired concentrations. The chemicals used in

this study include NaBH4, FeCl3�6H2O, and crystal

violet (C25H30N3, MW = 407.979 g mol-1, charac-

teristic wavelength 588 nm, Aldrich Chemical, USA).

Synthesis of nZVI and supported nZVI

nZVI and K-nZVI were synthesized as described in

our previous study (Zhang et al. 2010), where liquid-

phase reduction was used with kaolin as a supported

material. In brief, 100 mL 0.179 M of Fe(III) solution

was prepared by dissolving FeCl3�6H2O into a mixture

of ethanol and water (30 %, v/v). The solution was

added to a three-necked flask containing kaolin (4 g)

and the contents were mixed uniformly under nitrogen

using an electronic stir bar. Then an equal volume of

NaBH4 (1.610 M) was added drop-wise into the

stirred mixture. The reduction reaction is given as an

Eq. (1). The black solid produced was vacuum filtrated

(Buchner funnel, Whatman filter paper, grade no. 1)

and washed three times with 50 mL of 0.1 M HCl,

distilled water and ethanol, respectively. The solid was

then dried under N2 atmosphere overnight and kept in

a nitrogen atmosphere before use (Zhang et al. 2010).

4Fe3þ þ 3BH�4 þ 9H2O! 4Fe0
ðsÞ

# þ3B OHð Þ3þ9Hþ þ 6H2 "
ð1Þ
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Unsupported nZVI and K-nZVI with different mass

ratios of kaolin versus nZVI, theoretically calculated to be

0:1, 1:1, 2:1, and 4:1, were then prepared by varying the

initial kaolin loadings at the beginning of the synthesis.

Characterizations and measurements

The morphology and size of the kaolin, nZVI, and

K-nZVI were observed using scanning electron

microscopy (SEM) (Philips-FEI XL30 ESEM-TMP,

Philips Electronics Co., Eindhoven, Netherlands). The

operating voltage was set at 20 kV, and the current

was 40 mA.

The specific surface areas (SSA) of nZVI, K-nZVI

(1:1), and kaolin were measured using the BET-N2

adsorption method (the Brunauer–Emmett–Teller iso-

therm) via Micromeritics’ ASAP 2020 Accelerated

Surface Area and Porosimetry Analyzer (Micromer-

itics Instrument Corp., GA).

X-ray diffraction (XRD) patterns concerning before

and after K-nZVI reacted with crystal violet were done

using a Philips-X’Pert Pro MPD (Netherlands) with a

high-power Cu-Ka radioactive source (k = 0.154 nm).

Fourier transforms infrared spectra (FTIR) con-

cerning before and after K-nZVI reacted with crystal

violet was obtained employing a Fourier transform

infrared spectroscope (FTIR Nicolet 5700, Thermo

Corp., USA). Samples for FTIR measurement were

prepared by mixing 1 % (w/w) specimen with 100 mg

of KBr powder and pressed into a sheer slice. An

average of 9 scans was collected for each measure-

ment with a resolution of 2 cm-1.

Crystal violet concentration was measured using a

UV-Spectrophotometer (722 N, Shanghai, China) at

588 nm. The removal efficiency of crystal violet using

K-nZVI was calculated using the following equation

(Shu et al. 2007):

g ¼ C0 � Ce

C0

� 100 % ð2Þ

where g ( %) = the crystal violet removal efficiency,

C0 = the initial crystal violet concentration in the

solution (mg L-1), Ce = the crystal violet concentra-

tion at equilibrium (mg L-1).

Batch experiments

To compare crystal violet removal efficiency using

various materials, batch experiments were carried out

using various materials added to a solution of

100 mg L-1 (25 mL). Mixtures were placed on a

rotary shaker at 35 �C and then left at their initial pH.

The mixed solutions were filtered through 0.45 lm

membranes at different time intervals to determine the

residual concentration of crystal violet. All these

experiments were undertaken in duplicate.

Results and discussion

Mass ratios of kaolin/nZVI used to remove crystal

violet

Figure 1 illustrates the removal efficiencies of crystal

violet using K-nZVI, which had been prepared using

different mass ratios of K-nZVI (1:1, 2:1, and 4:1). It

can be seen that the removal efficiency of crystal violet

varied according to the mass ratios of K-nZVI, which

decreased as the mass ratio rose from 1:1 to 4:1. The

highest removal efficiency of crystal violet was

approximately 99.63 % using K-nZVI with a mass

ratio of K-nZVI (1:1). However, an increase in the

mass ratio of K-nZVI led to a decline in the removal

efficiency of crystal violet. In the meantime the mass

ratios of K-nZVI rose from 1:1 to 4:1. However, the

removal efficiencies were equally poor when the mass

ratio of K-nZVI rose to 4:1, where only 42.89 %

crystal violet was removed using K-nZVI with a mass

ratio of K-nZVI (4:1). This is due to the fact that the

high content of kaolin blocked the formation of nZVI

during the synthesis, and consequently resulted in a

decline in the dispersion of iron nanoparticles on the

kaolin as shown in Fig. 2 (Ponder et al. 2000; Zhang

et al. 2010).

SSA can be used to evaluate the reactivity of

nanoparticles, which was determined using the BET-

N2 adsorption–desorption method. The SSA for

K-nZVI with various mass ratios of 1:1, 2:1, and 4:1

were 19.84, 17.92, and 15.99 m2 g-1, respectively,

while the SSA of nZVI was 35.16 m2 g-1. This

indicates that the SSA for K-nZVI decreased as the

content of kaolin in K-nZVI increased, resulting in

differences in crystal violet removal efficiency (Zhang

et al. 2010). However, the surface area of K-nZVI is

lower than that of nZVI, but its removal of crystal

violet is higher than that of nZVI, suggesting that the

aggregation of Fe0 declined while the dispersion

increased. Consequently its reactivity improved when

123Reprinted from the journal

J Nanopart Res (2012) 14:189–196

191



the kaolin was used as a support material (Smuleac

et al. 2010). In addition, a lower surface area resulted

from the incorporation of kaolin (6.03 m2 g-1) as a

support material, suggesting that kaolin not only

dispersed and stabilized Fe0 nanoparticles (Lin et al.

2009), but also played a role in adsorbing crystal violet

from aqueous solution onto the kaolin (Nandi et al.

2009). This finding is confirmed by what is described

in the following section. Hence, K-nZVI (1:1) was

used in the subsequent study.

Degradation of crystal violet using various

materials

Figure 2 shows the removal efficiency of crystal violet

from an aqueous solution containing an initial con-

centration of 100 mg L-1 using kaolin (0.035 g),

nZVI (0.035 g), and K-nZVI (0.070 g). It can be seen

that the removal of crystal violet using K-nZVI

reached at equilibrium was less than 7 min and more

than 97.23 % K-nZVI was removed, while only

78.72 % was removed using nZVI and more than

30 min was required to reach equilibrium using nZVI.

In addition, kaolin was an effective adsorbent for

removing crystal violet from aqueous medium as the

39.33 % crystal violet was removed by the kaolin

(Nandi et al. 2009). K-nZVI significantly improved the

removal rate of crystal violet compared to that using

nZVI despite the fact that K-nZVI has a lower surface

area (19.84 m2 g-1) than that of nZVI

(35.16 m2 g-1). It suggests that kaolin as a support

material could first, stabilize and disperse nZVI and

second, prevent nZVI from aggregation and conse-

quently increase the reactivity of the nZVI. Previous

SME images of K-nZVI have confirmed this. Less

efficient removal of crystal violet using nZVI could be

attributed to the fact that nZVI was prone to aggregate

as shown, leading to a decrease in its specific surface

area and reaction activity (Choe et al. 2000; Zhang

et al. 2010) despite the low adsorption of cationic dye

onto the Fe0, Fe2O3, and Fe3O4 being reported

(Noubactep 2009).

Figure 2 shows that the adsorption of crystal violet

onto kaolin had occurred, where 39.22 % crystal

violet was removed despite the kaolin having a low

surface area (6.03 m2 g-1). This agrees with a study of

kaolin as an effective adsorbent for removing crystal

violet and from aqueous solution (Nandi et al. 2009).

As the removal of cationic species using kaolin is

based on ion exchange, where small amounts of Fe

species could result in a significant change in the

surface charge (Zeta potential of kaolin was 6.00 by

the measurement) and adsorption mechanisms and

kaolin has a relative low cation-exchange capacity

(Nandi et al. 2009; Jiang et al. 2010), this made it

favorable in adsorbing cationic dye such as crystal

violet because of electrostatic attraction. On the basis

0 5 10 15 20 25 30
0

20

40

60

80

100

D
ec

ol
or

at
io

n 
ef

fi
ci

en
cy

 (
%

)

Time (min)

Fig. 1 Removal efficiencies of crystal violet using K-nZVI

with different mass ratios of kaolin: nZVI. Conditions: dose:

1.0 g L-1 (the same mass of nZVI); 2.0 g L-1 K-nZVI;

C0 = 100 mg L-1; 30 mL; 25 �C ± 1; pH = 6.5; shaking

speed: 250 rpm. [Triangle using K-nZVI (1:1); square using

K-nZVI (2:1); circle using K-nZVI (4:1)]
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Fig. 2 Decolorization of crystal violet by various materials.

Conditions: dose: 1.0 g L-1 (Kaolin, nZVI, respectively),

2.0 g L-1 K-nZVI; C0 = 100 mg L-1; 30 mL; 25 �C ± 1;

pH = 6.5; shaking speed: 250 rpm. (Square using kaolin;

triangle using K-nZVI; circle using nZVI)
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of the results for removing crystal violet using various

materials, it is concluded that kaolin in K-nZVI plays

both an adsorption role of crystal violet and dispersant

role of nZVI. In the meantime the nZVI (as a reducer)

in K-nZVI provides the electron, and for this reason

the crystal violet decreased (Noubactep 2009). This

explains why K-nZVI is able to remove a high amount

of crystal violet from aqueous solution.

Characterizations

SEM of various materials

The morphologies of kaolin, nZVI, K-nZVI before and

after reacting with crystal violet were characterized by

SEM as shown in Fig. 3. As observed in SEM image

(Fig. 3a), the kaolin was formed by sheets and every

sheet clung closely to each other. In addition, the kaolin

showed some white particles on the surface of the

mineral; these are likely to be non-clay minerals such as

sodium, potassium, calcium, and magnesium (Galan

et al. 1996). The synthesized nZVI were mostly

spherical and existed in the form of prominent chain-

like aggregates (Fig. 3b, c). However, Fig. 3d, e was

obtained from sample prepared with mass ratios of

kaolin to iron (1:1), the aggregation of nZVI seems to

decrease compared to that in Fig. 3b, c. This was also

observed when kaolin was used as a support material for

nZVI to remove Pb(II), Cu(II), and Co(II) (Üzüm et al.

2009; Zhang et al. 2010). However, as shown in Fig. 3f,

the dimensions of iron nanoparticles increased distinc-

tively after being used to remove the crystal violet. This

results from the formed passive iron oxides layers

[Fe3O4, Fe2O3, Fe(OH)3, and FeOOH] and subsequently

coated the surface of the nanoparticles (Mielczarski

et al. 2005), which was further confirmed by the XRD.

XRD spectrogram

The XRD patterns of kaolin, K-nZVI before and after

reacting with crystal violet are presented in Fig. 4. It

can be seen that a characteristic peak at 2h = 44.9�
confirmed the existence of zero-valent iron (a-Fe0) in

freshly prepared K-nZVI (Fig. 4a) (Fan et al. 2009).

The peak in Fig. 4b indicated the presence of maghe-

mite (c-Fe2O3) (2h = 35.68�), and magnetite (Fe3O4)

Fig. 3 SEM images of nZVI and K-nZVI. a Kaolin (910,000), b nZVI (910,000), c nZVI (950,000), d K-nZVI (1:1) before reaction

(910,000), e K-nZVI (1:1) before reaction (50000), f K-nZVI (1:1) after reaction (950,000)

123Reprinted from the journal

J Nanopart Res (2012) 14:189–196

193



(2h = 35.45�) in the K-nZVI after reacting with

crystal violet, while the zero-valent iron’s peak was

obviously reduced and the iron oxide’s peak had

increased (Mielczarski et al. 2005; Üzüm et al. 2009).

It can therefore be concluded that iron oxides formed

as a result of K-nZVI reducing the crystal violet,

where nZVI as the electron donor provided the

electron and the crystal violet accepted the electron

to form the leuko-crystal violet (Noubactep 2009).

Hence, this is the reason why the dimensions of iron

nanoparticles increased after K-nZVI reacted with the

crystal violet as observed by the SEM images.

Figure 5 illustrates the UV–Vis spectra of crystal

violet using a standard solution containing an initial

concentration of 100 mg L-1, where the band at

619 nm originated from the –C=C– bond, and bands at

249, 303, and 355 nm related to aromatic rings were

observed (Fan et al. 2009). In contrast, the band at

619 nm fell significantly when the K-nZVI was added

to the solution containing 100 mg L-1 crystal violet

when the colorless leuko- crystal violet was formed

(Noubactep 2009). This indicates that the degradation

of the crystal violet was thought to form the leuko-

crystal violet as the crystal violet was reduced by the

K-nZVI.

FTIR analysis

Kaolin, nZVI, K-nZVI before and after reacting with

crystal violet were scanned in the range of 4,000–

400 cm-1 wave numbers using a FTIR with spectra

shown in Fig. 6a–d. The FTIR spectra for kaolin in

Fig. 6a shows the bands at 3623.60 and 3697.80 cm-1,

which corresponds to O–H vibration of H2O molecule

in the kaolin mesosphere (Kakali et al. 2001). The

bands at 1,045 and 916 cm-1 suggest the presence of

Al–O–H bands (Ryan and Huertas 2009), while the

band peaks at 3623.60 cm-1 and 3697.80 cm-1 cor-

respond to O–H vibration of H2O molecule in the

kaolin mesosphere (Kakali et al. 2001; Ryan and

Huertas 2009). The O–H vibration in kaolin octahe-

dron was significantly reduced, which was due to the

partial destruction of the Si–O and Al–O bond. This

resulted from the reaction of NaBH4 and H2O
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introduced during the preparation of nZVI (Yuan et al.

2008). In addition, the bands at 469.00 and

540.60 cm-1 corresponding to Fe–O stretch of

Fe2O3 and Fe3O4 were observed in Fig. 6c, d, which

agrees well with the nZVI spectra bands (Fig. 6c).

This indicates that the part of the nZVI in K-nZVI

was oxidized (Zhu et al. 2010). Furthermore, new

bands at 1586.24 cm-1 correspond to C=O stretching

vibrations, and 911.76 cm-1 corresponds to symmetric

out of plane bending of the ring hydrogens (Ayed

et al. 2010).

As shown in Fig. 2, the 39.33 % crystal violet was

removed by the kaolin from aqueous solution, indi-

cating that crystal violet is absorbed onto the kaolin. In

addition, SEM (Fig. 3) and XRD (Fig. 4) display that

the formation of maghemite (c-Fe2O3), and magnetite

(Fe3O4) after reaction, where crystal violet can be

adsorbed onto the oxide iron as previously reported

(Noubactep 2009; Zhu et al. 2010). The UV–Visible

spectral at 619 nm originated from the –C=C– bond

was nearly disappeared completely (Fig. 5), indicating

that the crystal violet was reduced by K-nZVI, where

K-nZVI was first oxidized and provided electron, and

then the dye molecule accepted electron. The possible

mechanism is summarized as below

Crystal violetþ Kaolin! Crystal violet

� Kaolin adsorptionð Þ ð3Þ

Fe0 þ 2H2O! Fe2þ þ H2 þ 2OH�

þ 2e�ðinbasic solutionÞ ð4Þ

Fe0 þ 2Hþ ! Fe2þ þ H2 þ 2e� in acid solutionð Þ
ð5Þ

4Fe0 þ 2H2Oþ O2 ! c� Fe2O3 and Fe3O4 ð6Þ

Crystal violetþ c� Fe2O3 and Fe3O4

! Crystal violet� iron oxides ð7Þ

Conclusion

In this study, it emerged that K-nZVI can be used to

remove a high concentration of crystal violet from

aqueous solution when the surface area of K-nZVI is

enhanced (26.11 m2 g-1) and the nZVI aggregation is

reduced. The results obtained from SEM indicate that

nZVI loaded onto kaolin was well dispersed and this

helped aggregation to decrease. XRD analyses dem-

onstrated that Fe in the K-nZVI was oxidized and

provided an excellent level of efficiency in removing

crystal violet. In describing the mechanism of K-nZVI

to remove crystal violet, it can be concluded that

crystal violet in aqueous solution was absorbed by

K-nZVI, and following this the crystal violet formed

leuko-crystal violet. Last, the C=C bond cleavage was

broken by the reduction.
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Abstract Nanoscale zero-valent iron (NZVI) parti-

cles have been used for the remediation of a wide

variety of contaminants. NZVI particles have high

reactivity because of high reactive surface area. In this

study, NZVI slurry was successfully used for phos-

phate removal and recovery. Batch studies conducted

using different concentrations of phosphate (1, 5, and

10 mg PO4
3--P/L with 400 mg NZVI/L) removed

*96 to 100 % phosphate in 30 min. Efficacy of the

NZVI in phosphate removal was found to 13.9 times

higher than micro-ZVI (MZVI) particles with same

NZVI and MZVI surface area concentrations used in

batch reactors. Ionic strength, sulfate, nitrate, and

humic substances present in the water affected in

phosphate removal by NZVI but they may not have

any practical significance in phosphate removal in the

field. Phosphate recovery batch study indicated that

better recovery is achieved at higher pH and it

decreased with lowering of the pH of the aqueous

solution. Maximum phosphate recovery of *78 %

was achieved in 30 min at pH 12. The successful rapid

removal of phosphate by NZVI from aqueous solution

is expected to have great ramification for cleaning up

nutrient rich waters.

Keywords Phosphate � Nanoscale zero-valent iron

(NZVI) � Microscale zero-valent iron (MZVI) �
Phosphate removal � Phosphate recovery �
Adsorption � Eutrophication � Environmental

remediation � Sustainable development

Introduction

Phosphorus (P) exists in water in both particulate and

dissolved forms. The usual forms of P in aqueous

solutions are orthophosphates, polyphosphates, and

organic phosphates (Mezenner and Bensmaili 2009).

Phosphorus is necessary for the growth of organisms

and plants and is an indicator of surface water quality.

Excessive P present in natural waters is known to

cause eutrophication (Penn and Warren 2009). Eutro-

phication results in the depletion of oxygen that leads

to fish death and affects other aquatic life forms

adversely. The major point sources that contribute to P

built up in aquatic environment include municipal and

industrial wastewaters. Run-offs from agriculture,

including animal agriculture, are the major non-point
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sources. The amount of P compounds in these sources

should be controlled to prevent eutrophication in lakes

and other surface waters. Accelerated eutrophication

not only affects the aquatic life but indirectly hinders

the economic progress of communities that depend on

aquatic food and other resources (Cleary et al. 2009).

Dissolved phosphate of *0.02 mg/L is considered to

have potential that lead to profuse algal growth in

waters (USEPA 1995).

On the other hand, phosphorus is one of the

required nutrients for plants. P-based fertilizers are

extensively used in food crops and it is intricately

related to global food security. Phosphorous for

fertilizer production comes predominantly from select

mines from Morocco, Western Saharan region, and

China (Cordell et al. 2009). Phosphorus is a nonre-

newable resource. While an assessment of future

consumption of phosphorus fertilizers indicates that

natural phosphate (PO4
3-) deposits will last for

approximately 60–240 years (Cornel and Schaum

2009), P production rate is predicted to decline

sometime in year 2035 while the demand for P-based

fertilizers is on the rise (Cordell et al. 2011). Short

supply of P-fertilizer is a major concern in food

security area. It is, therefore, essential recover P from

‘wastes’ for possible reuse in agriculture.

Chemical precipitation (de Bashan and Bashan

2004), physico-chemical processes (Mishra et al.

2010), and enhanced biological phosphate removal

(Gouider et al. 2011) are the frequently used techniques

to remove aqueous phosphate. Among them chemical

treatment methods for aqueous phosphate removal are

widely practiced using chemicals like lime (Ahn and

Speece 2006), alum (Babatunde and Zhao 2010), and

ferric chloride (Caravelli et al. 2010). However, the

high cost of chemicals and problems associated with

sludge management make these methods unattractive

for waters containing high amounts of phosphate

(for example, wastewater with a typical total P of

4–14 mg/L, Tchobanoglous et al. 2003).

Sorption has emerged as a viable option for

phosphate removal from aqueous media. In the recent

years considerable amount of emphasis has been put

on the use of low cost (ad)sorbents. Cost effectiveness

is identified as the prime criterion in the selection of a

sorption technology whether it uses synthetic or

natural sorbents (Mishra et al. 2010). Phosphate can

be removed from water using sorbents such as oxides

of iron, natural ores like calcite, and goethite

(FeOOH), active red mud, and activated carbon. One

of the problems encountered with these sorbents is that

they have very low sorption capacities. For example,

sorption capacities of iron oxides are 11.2 mg PO4
3-/g

(Yan et al. 2010a) and 19.02 mg PO4
3--P/g (Cordray

2008). Similarly, natural ores like calcite were

reported to have a sorption capacity of 0.1 mM

PO4
3-/g (i.e., 3.1 mg PO4

3--P/g, Karageorgiou et al.

2007). Goethite (FeOOH, 17.3 mg PO4
3--P/g, Chi-

trakar et al. 2006), active red mud (9.8 PO4
3--P/g, Yue

et al. 2010), and activated carbon (3.02 mg PO4
3--P/g,

Hussain et al. 2011) are so far tried for P removal.

In the last two decades nanoscale zero-valent iron

(NZVI) particles have received a lot of attention

because of their unique reactive and sorbtive charac-

teristics (Bezbaruah et al. 2009, 2011; Li et al. 2006).

NZVI particles show good sorbtive characteristics

owing to their high surface to volume ratio (Yan et al.

2010b). However, most of the reported work on

sorption by NZVI has been on metalloids and heavy

metals including some actinides (Giasuddin et al.

2007; Kanel et al. 2005; Klimkova et al. 2011; Scott

et al. 2011) and, to the best of the authors’ knowledge,

there is no literature on phosphate removal using

NZVI and subsequent recovery of phosphate.

The objective of this study is to investigate the

efficacy of NZVI particles for phosphate removal and

recovery from aqueous solutions. Phosphate removal

was tried under different environmental conditions

(temperature, ionic strength), and in the presence of

interfering ions and organic compounds. The effect of

NZVI particle size on phosphate removal was studied.

Batch experiments were conducted under different pH

conditions to investigate the optimal pH conditions for

phosphate recovery from NZVI.

Materials and methods

Chemicals and reagents

Iron(III) chloride hexahydrate (FeCl3�6H2O, 98 %,

Alfa Aesar), sodium borohydride (NaBH4, 98 %,

Aldrich), methanol (production grade, BDH), calcium

chloride (CaCl2, ACS grade, BDH), monopotassium

phosphate (KH2PO4, 99 %, EMD), potassium nitrate

(KNO3, 99 %, Alfa Aesar), sodium hydroxide (5 N

NaOH, Alfa Aesar), potassium sulfate (K2SO4, ACS

grade, HACH), natural organic matter (Suwannee

J Nanopart Res (2012) 14:197–210
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River NOM, RO isolation, IHSS), and humic acid

(H1452, Spectrum) were used as received unless and

otherwise specified.

Synthesis of NZVI

NZVI particles were synthesized using sodium boro-

hydride reduction method (Eq. 1, Huang and Ehrman

2007).

2FeCl3 þ 6NaBH4 þ 18H2O

! 2Fe0 þ 21H2 þ 6B OHð Þ3þ 6NaCl ð1Þ

Ferric chloride hydrate (1.35 g) was dissolved in

40 mL of deoxygenated de-ionized (DI) water (solution

A), and 0.95 g of sodium borohydride was dissolved in

10 mL of deoxygenated DI water in a separate beaker

(solution B). Then solution A was added drop wise to

solution B under vigorous stirring conditions (using a

magnetic stirrer). The resultant black precipitates

(NZVI) were centrifuged and washed with copious

amount of deoxygenated DI water. The NZVI in slurry

form was then stored in 20 mL vials in methanol to

prevent oxidation, and used for experiments later.

NZVI slurry in the vials was withdrawn using a pipette

after vigorous stirring. The average weight of dry NZVI

present in 1 mL well stirred slurry was measured to be

20 mg ± 0.6 mg (n = 25).

Phosphate removal batch studies

Batch experiments were conducted using (a) NZVI

and (b) microscale zero-valent iron (MZVI) particles.

Phosphate solution (50 mL of 1, 5, 10 mg PO4
3--P/L)

with 20 mg of NZVI (i.e., 400 mg/L) in multiple

50 mL polypropylene plastic vials fitted with plastic

caps (reactors). The reactors were rotated end-over-

end at 28 rpm in a custom-made shaker to reduce mass

transfer resistance. One of the reactors was withdrawn

at specific time interval (0, 10, 20, 30, 60 min) and the

content was centrifuged at 4,000 rpm. Bulk solution

from this reactor was collected for phosphate analysis

and reactor was sacrificed or the spent NZVI was used

for phosphate recovery study (see ‘‘Phosphate recov-

ery batch studies’’). Ascorbic acid method (Eaton et al.

2005) was used for phosphate analysis. This method

depends on the formation phosphomolybdic acid

during the reaction between orthophosphate and

molybdate. Ascorbic acid reduces phosphomolybdic

to form a blue complex. The color was measured in a

UV–vis spectrophotometer (HACH, DR 5000) at

wavelength of 880 nm. A five-point calibration was

done routinely.

Effect of initial NZVI concentration

Batch studies were conducted with seven different

NZVI concentrations (80, 160, 240, 320, 400, 480,

560 mg/L) for an initial bulk PO4
3--P concentration

of 5 mg/L. The experimental procedure described

earlier (see ‘‘Phosphate removal batch studies’’) was

followed. Samples were withdrawn for phosphate

analysis at 30 min.

Interference studies

The effects ionic strength, presence of selected anions

and cations, and humic substances were examined.

Batch studies were conducted in room temperature

(22 ± 2 �C) using 400 mg NZVI/L and 40 mL of

solution with an initial bulk phosphate concentration

of 5 mg PO4
3--P/L. Sampling frequency was main-

tained as described earlier (see ‘‘Phosphate removal

batch studies’’).

The ionic strength was varied from 0 to 10 mM by

adding specific amounts of CaCl2 to the phosphate

solution. The range of ionic strength was selected to

represent groundwater conditions. The possible inter-

ference due to the presence of other important ions was

also studied using two important anions (sulfate and

nitrate). Potassium sulfate was used as the source of

SO4
2- (0, 100, 500, 900 mg/L). The effect of NO3

- (0,

1, 5, 10 mg NO3
--N /L) was studied by adding KNO3.

Humic substances present in water may affect phos-

phate removal by NZVI, and to evaluate such impacts

Suwannee River (USA) natural organic matter (0, 1,

10, 50 mg/L) and humic acids (0, 1, 10, 50 mg/L)

were used in separate batch experiments. The batch

experiments were conducted as described earlier (see

‘‘Phosphate removal batch studies’’).

Effect of temperature

Experiments were conducted under different temper-

atures conditions (4, 22, 60 �C) to find out the effect of

temperature change on phosphate removal by NZVI.

The temperature of phosphate solution was first

adjusted to the desired temperature by keeping it in

the specific environment for long enough periods
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(*24 h). NZVI particles (400 mg/L) were added to

phosphate solution (40 mL, 5 mg/L) once the specific

temperature was reached. Samples were shaken at

100 rpm under temperature-controlled environment

using an incubator-cum-orbital shaker (Thermo Sci-

entific, MaxQ4000).

Effect of particle size

Effect of zero-valent iron (ZVI) particle size on

phosphate removal was evaluated using NZVI particles

synthesized within this research and MZVI particles

purchased from a supplier (Aldrich, 99.9 % purity, used

as received). ZVI reactions are known to be surface

mediated (Thompson et al. 2010), and as such it was

ensured that the same surface area concentrations were

used in the experiments conducted with NZVI and

MZVI. The NZVI particles used in this experiment had

a surface area of*25 m2/g (Bezbaruah et al. 2009) and

MZVI had a surface area of *2 m2/g (reported by the

manufacturer). NZVI and MZVI surface area concen-

tration of 10 m2/L (400 mg/L NZVI and 5 g/L MZVI)

was used in the study.

Phosphate recovery batch studies

An initial batch study was conducted to find out the

pattern of desorption (recovery) of phosphate into water

from NZVI used for phosphate removal. Batch exper-

iments were run first in 50 mL plastic vials fitted with

plastic caps (reactors) with 400 mg/L NZVI and 50 mL

of 5 mg PO4
3--P/L to get the phosphate sorbed onto

NZVI. The batch reactors were withdrawn after 60 min

and centrifuged to separate the spent NZVI (i.e., NZVI

particles with phosphate sorbed onto them). The bulk

solution was decanted out and phosphate concentration

was measured. A 50 mL volume of DI water was added

to the spent NZVI and the pH was manipulated (2–12)

with either 0.1 N HCl or NaOH. The reactors were

closed and rotated end-over-end for 30 min. The

reactors with the samples were then centrifuged and

concentration of phosphate was measured in the bulk

solution. The optimal pH for phosphate recovery (i.e.,

when maximum phosphate recovery) was determined

based on this initial batch study results, and the rest of

the phosphate recovery experiments were conducted at

that particular (optimal) pH.

Additional batch studies were conducted in sacrifi-

cial reactors at the optimal pH, and phosphate recovery

was monitored over time (0, 10, 20, 30 min). The data

obtained from the removal experiments were normal-

ized with respect to the original bulk phosphate

concentration. For the data sets from the recovery

studies, the initial phosphate concentration was calcu-

lated based on the mass of phosphate sorbed onto the

NZVI and the data were normalized with respect to that.

NZVI characterization

X-ray diffraction (XRD) was done to find out NZVI

composition. The samples were placed in stainless steel

sample holders and XRD patterns were recorded using

Cu Ka radiation (k = 1.5418 Å) on a Philips X’Pert

diffractometer operating at 40 kV and 40 mA between

5� and 90� (2h) at a step size of 0.0167� (Xi et al. 2010).

High-resolution transmission electron microscopy

(HRTEM, JEOL JEM-2100-LaB6 TEM) was used to

observe the shape of NZVI particles and determine

their particle size. NZVI particles were vacuum dried

and the dry particles were placed in ethanol and

sonicated for 5 min to achieve proper dispersion.

Drops of the resulting solution were placed onto lacey

carbon grids (Electron Microscopy Sciences, USA)

and allowed to dry. Images were taken using a Gatan

ORIUS large format CCD camera.

Quality control

All experiments were done in triplicates during this

research and the average values are reported along with

the standard deviations. Blanks with only phosphate

(without NZVI/MZVI) were run along with the NZVI

and MZVI experiments. The analytical instruments and

tools were calibrated before the day’s measurements.

One-way analysis of variance (ANOVA) tests were

performed to compare the variance between data sets as

needed. Additionally, Dunnett Method was used to

compare control with rest of the treatment data. Minitab

16 software (Minitab, USA) was used for all statistical

analyses.

Results and discussion

NZVI synthesis and characterization

NZVI synthesized (Fig. 1a) during this research were

mostly spherical in shape and had particle size
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distribution from 10 to 30 nm with an average size of

16.24 ± 4.05 nm (n = 109, Fig. 1b). Huang and

Ehrman (2007) reported particle size of 20 nm using

the same method. The XRD spectrum (Fig. 1c) for the

particles synthesized during this study shows three

peaks of zero-valent iron (Fe0). A couple of iron oxide

peaks were also observed which might be because of

exposure of the particles to air during the XRD

experiment. During the synthesis of NZVI, the parti-

cles were not bleed with air (as in Bezbaruah et al.

2009, 2011) but there is still a possibility that a thin

oxide layer around the particles was formed due to

reaction with atmospheric oxygen. A peak for iron

chloride was also observed which might be from the

left over reactants used for the synthesis of NZVI (see

Eq. 1).

Phosphate removal

Batch experiments were conducted for phosphate

removal using 400 mg/L NZVI and different phos-

phate concentrations (1, 5, 10 mg PO4
3--P/L). Rapid

phosphate removal was observed in the first a few

minutes of the experiment for all three concentrations.

Fig. 1 a High-resolution transmission electron microscopy

(HRTEM) image of NZVI. b Particles size distribution of the

nanoparticles synthesized was 10–30 nm with an average size of

16.24 ± 4.05 nm (n = 109). c X-ray diffraction (XRD)

spectrum of NZVI with prominent peaks for Fe0. Peaks for

oxides are from Fe-oxide layer on the NZVI, and the FeCl3 peak

is from residuals of raw materials used in NZVI synthesis
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About 88–95 % of phosphate was removed within the

first 10 min and only minimal removal was observed

beyond that (Fig. 2). Blanks did not show any removal

of phosphate. Three consecutive data points (20, 30,

and 60 min) showed no major change (maximum

2.7 % variation) in phosphate removal for the two

higher concentrations (5 and 10 mg PO4
3--P/L) while

a much larger variation (*7.8 % from 20 to 60 min)

was observed for 1 mg PO4
3--P/L. While complete

(100 %) phosphate removal was observed for 1 mg

PO4
3--P/L solution, 96.29 ± 0.13 and 97.53 ± 0.16

percent removals were observed for 5 and 10 mg

PO4
3--P/L, respectively. The sorption capacities at

60 min were found to be 2.27 ± 0.00, 12.00 ± 0.02,

and 24.38 ± 0.04 mg/g for 1, 5, and 10 mg PO4
3--P/L,

respectively. The sorption capacity increased linearly

(R2 = 0.9999) with the increase in phosphate

concentration.

For 5 mg PO4
3--P/L, 30 min was found to be long

enough time to achieve equilibrium with 400 mg

NZVI/L. As such all experimental data for 5 mg

PO4
3--P/L and 400 mg NZVI/L were collected up to

30 min. Iron-based removal techniques are reported

by others where 15–100 % phosphate removal has

been achieved (Table 1). Hydroxides of iron were

found to be most effective in the removal process but a

wide range of efficiency (15–100 %) has been

reported (Chitrakar et al. 2006; Cordray 2008; Me-

zenner and Bensmaili 2009; Yan et al. 2010a).

Synthetic goethite (a-FeOOH) was found to remove

Table 1 Different iron-based adsorbents used for phosphate removal and their performance data

Type of iron Type of water/phosphate Removal (%, time) % Recovery Source

Hydroxy-iron DI/KH2PO4 90 %, 5.83 h – Yan et al. (2010a)

Iron ore Wastewater 97 %, 15 d – Guo et al. (2009)

Iron hydroxide–eggshell waste Distilled water/KH2PO4 73 %, 3.67 h Mezenner and Bensmaili (2009)

Steel slag Distilled water/KH2PO4 71–82 %, 2 h – Xiong et al. (2008)

Synthetic Goethite NaH2PO4 40–100 %, 2–8 h *82% Chitrakar et al. (2006)

Akaganeite NaH2PO4 15–100 %, 4–8 h *90 % Chitrakar et al. (2006)

Synthetic Goethite Sea water/NaH2PO4 60 %, 24 h – Chitrakar et al. (2006)

Akaganeite Sea water/NaH2PO4 30 %, 24 h – Chitrakar et al. (2006)

Iron oxide tailing DI/KH2PO4 71 %, 24 h 13–14 % Zeng et al. (2004)

Biogenic iron oxide DI/KH2PO4 100 %, 24 h 49 % Cordray (2008)

This study-NZVI DI/KH2PO4 96–100 %, 60 min *80 %

Fig. 2 Phosphate removal

by NZVI/L from bulk

solutions with different

initial phosphate

concentrations (triangle

10 mg PO4
3--P/L, diamond

5 mg PO4
3--P/L, square

1 mg PO4
3--P/L, circle

Blank). NZVI = 400 mg/L
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up to 1 mg P/L completely (100 %) from NaH2PO4

solution (Chitrakar et al. 2006). Again 100 % phos-

phate removal was observed with akaganeite (b-

FeOOH) up to 0.3 mg P/L. It took 2–8 h to reach

equilibrium in most of the reported phosphate removal

experiments done with DI/distilled/wastewater (Me-

zenner and Bensmaili 2009; Chitrakar et al. 2006;

Xiong et al. 2008; Yan et al. 2010a) but took 24 h to

reach equilibrium in seawater (Chitrakar et al. 2006).

It is pertinent here to discuss treatment time in other

sorption systems for comparison purposes. Hussain

et al. (2011) reported 95 % removal of phosphate with

granular activated carbon over a 150-min period.

Sorption of *95 % of phosphate on calcite in 45 min

was reported by Karageorgiou et al. (2007).

In the present study, very fast removal of phosphate

(88–95 % in 10 min) was achieved, and that makes this

research very relevant for continuously flowing

(pumped) water (i.e., required contact time will be

short). The sorption capacities of NZVI after 10-min

interaction with the aqueous solution containing phos-

phate were found to be 2.20 ± 0.06, 11.87 ± 1.20, and

23.62 ± 0.11 mg/g for 1, 5, and 10 mg PO4
3--P/L

solutions, respectively. The sorption capacities of

3.02–19.02 mg PO4
3--P/g reported by others (Chitra-

kar et al. 2006; Cordray 2008; Hussain et al. 2011;

Karageorgiou et al. 2007; Yan et al. 2010a, b) are

comparable to the sorption capacities achieved for the

NZVI in this study. However, the reaction time is much

shorter with NZVI.

The mechanism of phosphate removal by NZVI in

the present study can be explained based on point of

zero charge (PZC) and ligand exchange (Eq. 2,

Karageorgiou et al. 2007, and Fig. 3). PZC for NZVI

is around 7.7 (Giasuddin et al. 2007), and when pH is

less than PZC the surface of NZVI is positively

charged which makes the surface suitable for anion

(PO4
3-) sorption. The initial pH of the test solutions

used in this study was *4.0 and final pH after 60 min

reaction was *7.5 which was still lower than the PZC

of NZVI. The pH environment maintained in the

reactor was ideal for PO4
3- sorption and that is why

97.53–100 % removal was achieved in this study.

(pH < PZC)Fe OH + X-
H+

Fe O  
-

H

H
X-…….

2

Effect of initial NZVI concentration

The removal of phosphate (C0 = 5 mg/L) was found

to increase with increase in the initial NZVI concen-

tration (Fig. 4) and followed a linear trend

(R2 = 0.9539) as NZVI concentration increased from

0 to 560 mg/L. NZVI concentration beyond 400 mg/L

did not improve PO4
3- removal significantly. Phos-

phate removal of 100 % was obtained with 560 mg

NZVI/L. When the initial NZVI concentration was

increased from 80 to 560 mg/L, the removal of

phosphate increased by *78 %. The increase in

phosphate removal efficiency with the increase in

NZVI concentration was expected as the contaminant

removal by NZVI is a surface area mediated process.

When NZVI concentration increased from 0 to

560 mg/L the reactive iron surface area in solution

Fig. 3 Phosphate sorption

by NZVI under various pH

conditions (after Cordray

2008). Lower pH is more

conducive for phosphate

adsorption while desorption

is the dominant

phenomenon at higher pH
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increased from 0 to 14 m2/L (NZVI surface

area = 25 m2/g). The observations are consistent with

findings by others with sorption media where surface

area controls the sorption of phosphate (Mezenner and

Bensmaili 2009).

Interference studies

The interferences of various ions and organic matters

on phosphate removal were studied with an objective

to understand how NZVI is going to behave during

real field applications. Ionic strength (varied from 0 to

10 mM) did not have any statistically significant effect

on phosphate (C0 = 5 mg/L) removal by NZVI

(Fig. 5a, a = 0.005, p = 0.225). However, ANOVA

tests showed statistically significant differences in the

treatment data for nitrate (a = 0.005, p = 0.001),

sulfate (0–900 mg/L, a = 0.005, p = 0.00), humic

acid (0–50 mg/L, a = 0.005, p = 0.00), and NOM

(0–50 mg/L, a = 0.005, p = 0.00). Dunnett method

was used to further compare the control with rest of the

treatment data. All nitrate concentrations (1, 5, 10 mg

NO3
--N/L, Fig. 5b) were found to significantly inter-

fere in phosphate removal from aqueous solution.

However, this statistically significant increase in

phosphate removal (1.40–2.77 %) may not have any

practical significance bring very marginal. Again, the

treatment data were significantly different from the

control for all sulfate concentrations (100, 500,

900 mg/L). Phosphate removal by NZVI decreased

by 5.16–6.27 % in the presence of sulfate in the

solution (Fig. 5c). While the presence of NOM (1, 10,

50 mg/L, Fig. 5d) decreased phosphate removal by

6.01–11.03 % (all statistically significant), the pres-

ence of humic acid showed mixed results. The

presence of 1 mg/L humic acid (Fig. 5e) significantly

reduced (13.86 %) phosphate removal but interfer-

ence was not statistically significant when humic acid

concentration was increased (10 and 50 mg/L).

Liu et al. (2011) have reported interference due to

ionic strength during phosphate removal with lantha-

num-doped activated carbon fiber. They increased

ionic strength from 0 to 10 mM and observed an 8.1 %

drop in phosphate removal (from 98.8 to 90.7 %).

Even 10 mM ionic strength did not affect the phos-

phate removal efficiency in the present study, and a

removal of 96.0–98.5 % was achieved in all cases

(ionic strength varied from 0 to 10 mM). Introducing

competing anions was expected to have negative

effects on phosphate adsorption (Liu et al. 2011). Fe0

was successfully used by others to remove nitrate from

aqueous solution (Bezbaruah et al. 2009; Hwang et al.

2011) and so it was expected that nitrate will compete

with phosphate for reactive/sorption sites on NZVI.

Nitrate was found to interfere in phosphate removal in

layered double hydroxides (Das et al. 2006) and

*12 % reduction in phosphate removal in the presence

of nitrate was reported. Xue et al. (2009), however, did

not find any interference of NO3
- during phosphate

removal using basic oxygen furnace slag. In the present

Fig. 4 Effect of initial

NZVI concentration on

phosphate removal. Initial

PO4
3--P = 5 mg/L
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study slight increase (1.40–2.77 %) in phosphate

removal (though not environmentally significant) was

observed. Further research would be needed to find out

the possible reason for this increase but the authors

would like to hypothesis that nitrate reacted with NZVI

to produce iron (hydr)oxides with a higher affinity for

phosphate. Sulfate was also reported to interfere with

phosphate and reduced phosphate removal by 24.5 % in

layered double hydroxides (Das et al. 2006). In this

study, sulfate retarded the phosphate removal process

and reduced removal efficiency as high 6.27 %. The

adsorption of phosphate in presence of humic acid was

studied by Antelo et al. (2007) and found that phosphate

adsorption onto the surface of goethite decreased by 45

Fig. 5 a Phosphate removal under different ionic strength

conditions (filled circle 0 mM ionic strength, diamond 5 mM

ionic strength, triangle 10 mM ionic strength). b Phosphate

removal in the presence of nitrate (filled circle 0 mg NO3
--N/L,

square 1 mg NO3
--N/L, diamond 5 mg NO3

--N/L, triangle

10 mg NO3
--N/L). c Phosphate removal in the presence of

sulfate (filled circle 0 mg SO4
2-/L, square 100 mg SO4

2-/L,

diamond 500 mg SO4
2-/L, triangle 900 mg SO4

2-/L). d Phosphate

removal in the presence of natural organic matter (filled circle

0 mg NOM/L, square 1 mg NOM/L, diamond 10 mg NOM/L,

triangle 50 mg NOM/L). e Phosphate removal in the presence of

humic acids (filled circle 0 mg/L, square 1 mg/L, diamond

10 mg/L, triangle 50 mg/L). For all figures: open circle Blank,

NZVI = 400 mg/L, Initial PO4
3--P = 5 mg/L
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and 25 % in the presence of humic acid at pH of 4.5 and

7, respectively. This can be explained by the compe-

tition of the humic acids functional groups with

phosphate for the sorption sites where the humic acid

outcompeted the phosphate. Also, the sorption sites on

the surface could be blocked by the relatively large size

of humic acids (*15 Å in diameter, Simeoni et al.

2003), thus less sorption sites will be available for

phosphate (*2.56 Å in diameter) (Antelo et al. 2007).

Similar results were reported by others (Shuai and

Zinati 2009). In the present study only low concentra-

tion (1 mg/L) of humic acid affected phosphate

removal while higher concentration did not. This

happened possibly because of increased sorption of

phosphate onto NZVI due to lowering of solution pH

(see Fig. 3) at higher humic acid concentrations.

Additional experiments are needed to investigate why

the presence of the humic substances did not adversely

affect phosphate removal by NZVI, the authors feel that

NZVI reacts very fast with phosphate in the first 10 min

or so the possible inferring compounds are not

competitive enough. In this study, phosphate removal in

the presence of Suwannee River NOM (1, 10, 50 mg/L)

was found to be significantly different from the control

(without NOM). Phosphate removal efficiency of

NZVI reduced by 9.01–11.03 % in the presence of

NOM. This result was expected as NOM negatively

impacts NZVI reactivity. Li et al. (2010) reported the

minimum concentration of NZVI that inhibited

E. coli growth after 24 h exposure as 5 mg NZVI/L.

However, in the presence of NOM, the NZVI

concentration had to be increased to 100 mg/L to

achieve the same degree of inhibition. This happened

possibly because the NZVI particles’ reactive surfaces

were covered with NOM and, thus, reducing the

overall reactivity of NZVI. Chen et al. (2011) also

observed a 23 % reduction in trichloroethylene (TCE)

degradation by NZVI in the presence of Suwannee

River NOM.

Effects of temperature

Experiments were conducted at 4, 22, and 60 �C

during this study. The removal of phosphate at 4 and

22 �C was relatively slower than the removal at 60 �C.

However, after 30 min, the removal was the more or

less same (91.4–95.3 %) for all temperatures (Fig. 6)

and there was no significant differences between the

values (one-way ANOVA: a = 0.005, p = 0.144).

This is in contrast to findings by others. Increasing the

temperature from 25 to 45 �C increased the phosphate

adsorption capacity of granular ferric hydroxide from

3.6 to 5.1 M P/g (i.e., 0.11–0.16 mg/g, Saha et al.

2010). Liu et al. (2011) also reported increase

adsorption capacity in lanthanum-doped activated

carbon fibers from 8.54 to 9.41 mg/g of with the

increase of temperature from 20 to 50 �C. Mezenner

and Bensmaili (2009) reported *60 % increase in

phosphate adsorption onto iron hydroxide–eggshell

waste when the temperature was increased from 20 to

Fig. 6 Effect of

temperature on phosphate

removal by NZVI, (square

4 �C, triangle 22 �C,

diamond 60 �C, circle Blank

with only PO4
3- solution).

NZVI = 400 mg/L, Initial

PO4
3--P = 5 mg/L. Blank

shown here is for 22 �C

only. The blanks at other

temperatures followed

similar trends and are not

shown here to maintain

clarity
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45 �C. Fast phosphate removal that takes place within

the first 10 min may be the reason why no distinction

could be made between removal achieved in three

different temperatures.

Effect of particle size

Sorption is dependent on surface area and, hence, in this

study the same surface area (10 m2/L) was used for the

comparison of phosphate removal by NZVI (particle

size *16 nm) and MZVI (\10 lm). MZVI removed

only 23 % of phosphate (C0 = 5 mg PO4
3--P/L) in

30 min whereas NZVI removed *96 % of phosphate

over the same time period (Fig. 7). NZVI was 13.9

times more efficient than MZVI in removing aqueous

phosphate. Others reported similar observations with

NZVI for other contaminants. Surface area normalized

rate constant (ksa) of NZVI (surface area *30–35 m2/

g) for tetrachloromethane degradation was reported as

over two orders of magnitude higher than that of MZVI

(Li et al. 2006). Also, removal capacity of Cr(VI) using

NZVI was more than 100 times that of the removal

capacity using MZVI (Li et al. 2006). Kanel et al.

(2005) reported that the ksa for As(III) removal by

NZVI was 1–3 orders of magnitude higher than MZVI.

While using NZVI, ksa of alachlor degradation

was found to be *10 times that with MZVI

(ksa-NZVI = 38.5 9 10-5 and ksa-MZVI = 3.8–7.7 9

10-5 L h-1 m-2, Thompson et al. 2010).

Phosphate recovery

In the initial batch study ran to find out the optimal pH

for phosphate recovery maximum phosphate recovery

was achieved at pH 12, and the recovery was minimal

at acidic pH (data not shown). In the follow up

phosphate desorption (recovery) batch studies con-

ducted at pH 12, 78.4 % phosphate recovery was

obtained (Fig. 8). The 78.4 % recovery is based on the

mass of phosphate sorbed onto NZVI during removal

experiment. If the recovery is calculated based on the

mass of the phosphate present in the original bulk

solution from which removal was achieved than the

phosphate removal is 74.5 %. In terms of practical

applications, if 5 mg/L phosphate is present in bulk

solution 4.80 mg/L (96 % removal, see ‘‘Phosphate

removal’’ under ‘‘Results and discussion’’) will be

removed by NZVI and 3.73 mg/L (74.5 % recovery)

can be recovered back from the NZVI. Better phos-

phate recovery at higher pH was achieved possibly

because of the abundantly present hydroxide ions at a

higher pH. The presence of these hydroxide ions

would result in a net negative surface charge to which

few phosphate anions would be bound. The opposite

phenomena would occur at a lower pH which would

result in more sorption. Poor recovery of phosphate at

pH 4 and 6 supports the previously proposed mech-

anism where an electrostatic attraction between the

phosphate ions and the surface of NZVI occur

resulting in phosphate sorption on the surface of

Fig. 7 Effect of ZVI

particles size on phosphate

removal (diamond Micro-

ZVI, square NZVI, circle

Blank). MZVI = 5 g/L;

NZVI = 400 mg/L; Equal

ZVI surface area

concentrations (10 m2/L)

were used for both MZVI

and NZVI, Initial

PO4
3--P = 5 mg/L
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NZVI. Also, pH 12 is higher than PZC of NZVI and

particles are negatively charged resulting in desorp-

tion of phosphate (Eq. 3, Karageorgiou et al. 2007 and

Fig. 3). Research indicate that phosphate can be

recovered from sorptive media under high pH condi-

tions (Babatunde and Zhao 2010; Cordray 2008;

Karageorgiou et al. 2007; Liu et al. 2011). Similar

results were reported by others using other forms of

iron oxides (Yan et al. 2010a; Zeng et al. 2004).

(pH > PZC)Fe O
-

Fe OH + X-
OH-

+ X- +  H2O

3

Conclusions

Results from the batch studies conducted during this

research demonstrate the effectiveness of NZVI for

phosphate removal and recovery with different initial

phosphate concentrations (1, 5, 10 mg PO4
3--P/L).

Phosphate removal of 88–95 % was achieved in the

first 10 min itself and 96–100 % removal was

achieved after 30 min. Increase in phosphate removal

efficiency improved with the increase in initial NZVI

concentration use and followed a linear trend

(R2 = 0.9539). When the initial NZVI concentration

was increased from 80 to 560 mg/L, the removal of

phosphate increased by *78 % (C0 = 5 mg/L). Little

interference was observed in phosphate removal due

to ionic strength and temperature change. Sulfate and

natural organic matters had statistically significant

negative impacts but nitrate marginally improved

phosphate removal. The phosphate removal efficiency

was also not affected by high concentrations of humic

acid. Phosphate sorbed onto NZVI was successfully

recovered (*78 %). The phosphate recovery process

was found to be pH dependent with maximum

recovery achieved at pH 12.

Environmental significance

Phosphate removal using NZVI has potential applica-

tions in wastewater treatment plants, where phosphate

removal is otherwise not very efficient. The speed of

phosphate removal using NZVI (88–95 % removal in

the first 10 min) gives the nanoparticles an advantage

over other sorbents. The high speed of phosphate

removal by NZVI can be used to engineer a commer-

cially viable treatment process with low detention time

and minimal infrastructure. More research is needed to

Fig. 8 Phosphate removal and recovery using NZVI (square

Removal, circle Blank in removal experiment (PO4
3- solution),

diamond Recovery, triangle Control in recovery experiment

(pH adjusted DI water ? fresh NZVI)). NZVI = 400 mg/L,

Initial PO4
3--P = 5 mg/L. Control for the removal experiment

was DI water with NZVI; no phosphate was detected in the

sample, and the data points coincided with the control for the

recovery experiment
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optimize the recovery of phosphate from NZVI as pH

12 may not be a practical value from economic and

hazard perspectives.
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Abstract A poly(vinyl chloride) (PVC) main chain

was grafted with poly(2-(dimethylamino)ethyl meth-

acrylate) (PDMAEMA) containing a quaternary amine

group using atom transfer radical polymerization. The

successful synthesis of a PVC-g-PDMAEMA graft

copolymer was confirmed by Fourier transform infra-

red, nuclear magnetic resonance, thermogravimetric

analysis, and transmission electron microscopy. The

PVC-g-PDMAEMA graft copolymer was used as a

structure-directing agent (SDA) for the fabrication of a

mesoporous thin film containing a titanium dioxide

(TiO2) layer. To control the porosity of the resultant

inorganic layer, the ratio of SDA to TTIP as well as the

concentration of the sol–gel was varied. The structure

and porosity of the mesoporous film were character-

ized by XRD and SEM analysis. The mesoporous TiO2

film fabricated on the FTO surface was used as a

photoanode for the dye-sensitized solar cell (DSSC).

DSSC performance was the greatest when using TiO2

film with a higher porosity and lower interfacial

resistance. The highest energy conversion efficiency

reached 3.2 % at 100 mW/cm2, which was one of the

highest reported values for a quasi-solid-state DSSC

with 600-nm-thick TiO2 film.

Keywords Graft copolymer � Atom transfer radical

polymerization � TiO2 � Dye-sensitized solar cell �
Sol–gel � Energy conversion � Sustainability

Introduction

Dye-sensitized solar cells (DSSC) are one of the many

technologically interesting applications of nanocrystal-

line titania (TiO2) and was introduced in 1991 (O’Rea-

gan and Grätzel 1991). An 11 % energy conversion

efficiency in DSSC was observed for organic liquid-

based redox electrolytes. In order to overcome the

disadvantage of liquid electrolytes, alternative solid-

state or quasi-solid-state DSSC using hole conductors

(Beltran et al. 2006; Kroeze et al. 2006; Tan et al. 2004a,

b; Li et al. 2006), gel electrolytes (Wu et al. 2007; Xia

et al. 2006; Wang et al. 2002), quasi-solid (Wang et al.

2003; Sakaguchi et al. 2004; Lu et al. 2007), or solid

polymer electrolytes (Kim et al. 2004; Kang et al. 2007;

Kalaignan et al. 2006) have been developed. The

electron diffusivity of TiO2 photoelectrodes depends

mainly on the structural and morphological behaviors of

TiO2 nanoparticle layers.

TiO2 nanoparticles with controlled size, morphol-

ogy, and crystallinity are prepared mainly through a

hydrothermal/solvothermal process and sol–gel
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method. The hydrothermal/solvothermal process is a

conventional method in which the TiO2 nanoparticles

are synthesized, followed by a coating of the synthe-

sized nanoparticles onto fluorine-doped tin oxide

(FTO) glass using a binder. A sol–gel process is a

simple one-step process where the size and shape of

the nanoparticles can be controlled while maintaining

the interconnectivity as well as the mesoporous

structure of the TiO2 layer. In the sol–gel process,

the structure-directing agent (SDA) plays the most

unique and important role since its hydrophilic part

interacts with the TiO2 precursor, resulting in the

inhibition of TiO2 nanoparticle growth during the

calcination step (Forster and Antonietti 1998; Kim

et al. 2001; Urbas et al. 2002; Yeh et al. 2003; Fahmi

et al. 2003; Liang et al. 2004; Melde et al. 2005; Lee

et al. 2008; Koh et al. 2009).

An amphiphilic block copolymer was used as an

SDA to fabricate the well-organized nanostructural

materials. For example, the polystyrene-b-poly(ethyl-

ene oxide) diblock copolymer (PS-b-PEO) was used

for the preparation of CdS quantum dot nanoparticles

(Yeh et al. 2003).The polystyrene-block-poly(4-vinyl-

pyridine) (PS-P4VP) was used for the formation of

metal nanowire (Fahmi et al. 2003) and porous carbon

film (Liang et al. 2004). Poly(styrene-block-methyl

methacrylate) (PS-b-PMMA) was also templated for

the preparation of silica (SiO2) thin films (Melde et al.

2005).

An amphiphilic copolymer includes a graft copoly-

mer as well as a block copolymer. A graft copolymer is

advantageous over a block copolymer due to its

economical and simple synthetic method. Our research

group has been focused on the synthesis of novel graft

copolymers which can be used as SDAs for the

fabrication of a TiO2 mesoporous layer. Poly(viny-

lidene fluoride-co-chlorotrifluoroethylene)-graft-poly

(oxyethylene methacrylate) (P(VDF-co-CTFE)-g-POEM)

(Koh et al. 2010), poly(vinyl chloride)-graft-poly(oxy-

ethylene methacrylate) (PVC-g-POEM) (Ahn et al.

2010, 2011a, b; Kim et al. 2011), and poly(vinyl

chloride)-graft-poly(N-vinyl caprolactam) (PVC-g-

NVCL) (Patel et al. 2012) were used as an SDA to

synthesize mesoporous TiO2 film. However, the

thickness of SDA-templated TiO2 film is often limited

to the submicron scale due to crack formation during

calcination, resulting in low efficiency.

The hydrogen bonding interaction between the

ether group of poly(ethylene oxide) (PEO) and the

TiO2 precursor such as titanium(IV) isopropoxide

(TTIP) leads to the use of PEO-based block copoly-

mers, e.g., polystyrene-block-poly(ethylene oxide)

(PS-b-PEO) (Cheng and Gutmann 2006) and polyiso-

prene-block-poly(ethylene oxide) (PI-b-PEO) (Ned-

elcu et al. 2009). Yoshitake et al. (2002) also reported

that the interaction between TTIP and the amine group

can lead to the formation of the worm-like structure of

TiO2 film. It is also known that the hydrogen bonding

of the amine group (29 kJ/mol) is stronger than that of

the ether group (21 kJ/mol).

In this study, novel amphiphilic graft copolymers

of poly(vinyl chloride)-graft-poly(2-(dimethylamino)

ethyl methacrylate) (PVC-g-PDMAEMA) containing

a quaternary amine group were synthesized using

atom transfer radical polymerization (ATRP). The

hydrophilic properties arise from the quaternary amine

of PDMAEMA containing a lone pair which interacts

with the hydroxyl group of the titanium surface

through hydrogen bonding. The stronger hydrogen

bonding between amine and TiO2 was triggered to

utilize the PVC-g-PDMAEMA graft copolymer as a

template for the formation of the mesoporous TiO2

layer. The synthesis of the graft copolymers was

confirmed by proton nuclear magnetic resonance (1H-

NMR), Fourier transfer infrared (FT-IR) spectros-

copy, and thermogravimetric analysis (TGA), and its

microphase-separated structure was analyzed by

transmission electron microscopy (TEM). The graft

copolymers were combined with aTiO2 precursor, i.e.,

TTIP, and calcinated at a high temperature to form

mesoporous TiO2 thin films. The porosity and crys-

tallinity of the TiO2 film were characterized using

scanning electron microscopy (SEM) and X-ray

diffraction (XRD), respectively. Quasi-solid-state

DSSC were fabricated using mesoporous TiO2 film

and polymer electrolytes. The performances and

electrochemical impedance spectroscopy (EIS) prop-

erties of DSSCs are also reported.

Experimental

Materials

N,N-dimethylamino-2-ethyl methacrylate (DMA-

EMA), PVC (Mn = 22,000 g/mol, Mw = 45,000 g/

mol), 1,1,4,7,10,10-hexamethyltriethylene tetramine

(HMTETA,99 %), copper(I) chloride (CuCl, 99 %),

J Nanopart Res (2012) 14:211–222
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lithium iodide (LiI), iodine (I2), titanium(IV) bis(ethyl

acetoacetato) diisopropoxide, chloroplatinic acid

hexahydrate (H2PtCl6), titanium(IV) isopropoxide

(TTIP, 97 %), fumed silica nanoparticles (SiO2,

14 nm), poly(ethylene glycol dimethyl ether) (PEG-

DME, Mn = 500 g/mol), hydrogen chloride solution

(HCl, 35 wt%), and sodium hydroxide solution (NaOH,

0.1 N) were procured from Aldrich. 1-Methyl-3-propyl

imidazolium iodide (MPII) and ruthenium dye (535-

bisTBA, N719) were purchased from Solaronix, Swit-

zerland. High purity solvents of tetrahydrofuran (THF),

butanol, acetonitrile, 2-propanol, chloroform, and eth-

anol were purchased from J.T. Baker. FTO conducting

glass substrate (TEC8, 8 X/sq, 2.3-mm thick) was

purchased from Pilkington, France.

Synthesis of the PVC-g-PDMAEMA graft

copolymer

A predetermined amount of PVC was dissolved in

60 mL of NMP in a round-bottom flask. DMAEMA

was added to the above solution and mixed well. The

ratio of DMAEMA was increased to produce graft

copolymers with different grafting ratios. To this

homogeneous mixture, 0.08 g of the CuCl catalyst and

0.22 mL of the HEMTA ligand were added and

deoxygenated with nitrogen for 30 min. The temper-

ature of the reaction mixture was slowly increased to

90 �C in an oil bath and stirred for over 40 h. The

viscous solution was diluted with THF, passed through

an activated Al2O3 column to remove the catalyst, and

then precipitated in methanol. The products were

purified by dissolution in THF and re-precipitated in

methanol several times. Finally, the resultant product

was dried in a vacuum oven overnight at 50 �C.

Preparation of the mesoporous TiO2 thin films

The FTO glass was cleaned by sonication in isopro-

panol and then in chloroform. A layer of titanium(IV)

bis (ethyl acetoacetato) diisopropoxide was spin

coated on the clean FTO glass followed by sintering

at 450 �C for 30 min. To prepare the sol–gel solution,

0.05 g of PVC-g-PDMAEMA graft copolymer was

dissolved in 1.5 mL of THF and mixed with TTIP

(0.2 mL) containing 0.1 mL of HCl (37 %). The

prepared solution was stirred for 3 h at ambient

temperature. Graft copolymers with different grafting

degrees were used for the fabrication of the mesopor-

ous TiO2 film, i.e., TiO2-1, TiO2-2, TiO2-3, and TiO2-

4, which were synthesized using PVC-g-PDMAEMA

graft copolymers with a 1:1, 1:3, 1:5, and 1:7 wt ratio,

respectively. The above sol–gel solution was spin

coated on the blocked FTO glass at 2,000 rpm for 30 s

by a SMSS Delta 80BM spin coater. In order to elim-

inate the organic part of the solution, it was calcinated

at 500 �C for 30 min to generate the mesoporous TiO2

thin film. 10-4 mol/dm3 of the alcoholic N719 dye

solution was adsorbed onto the TiO2 layer at 50 �C for

over 2 h under dark conditions. To remove the

unadsorbed dye, the film was washed with absolute

ethanol and dried in a vacuum oven.

Preparation of the counter electrode

Conductive FTO coated with platinum was used as a

counter electrode. The counter electrodes were pre-

pared by spin coating 4 wt% H2PtCl6 propanol

solutions onto the clean conductive FTO glass and

sintering at 450 �C for 30 min.

Fabrication of DSSC

The active area of 0.16 cm2 of the photoelectrode was

coated with polymer electrolyte solution and covered

with platinum counter electrode, according to the

previously reported process (Ahn et al. 2010, 2011a, b;

Park et al. 2010; Roh et al. 2010). PEGDME, SiO2,

MPII, and I2 were dissolved in THF for the preparation

of the polymer electrolyte. The mole ratio of ether

oxygen to iodide was 20, and the iodine concentration

was 10 wt% with respect to salt (Roh et al. 2010). In

order to achieve good penetration of the electrolyte

solution into the TiO2 layer, the solvent was evapo-

rated very slowly. The polymer electrolyte was

sandwiched between the photoelectrode and counter

electrode. Finally, the solvent was evaporated com-

pletely by placement in a vacuum oven for 1 day. Five

identical DSSCs were assembled and characterized.

The average estimated error of efficiency was ±5 %.

The photovoltaic performance measures of short-

circuit current (Jsc, mA/cm2), open-circuit voltage

(Voc, V), fill factor (FF), and overall energy conversion

efficiency (g) were measured using a Keithley Model
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2400 source meter and a 1,000 W xenon lamp (Oriel,

91193). The light was homogeneous up to an 8 9 8

inch2 area, and its intensity was calibrated with a Si

solar cell (Fraunhofer Institute for Solar Energy

System, Mono-Si?KG filter, Certificate No. C-ISE

269) to a one sun light intensity (100 mW/cm2). The

intensity was verified with a NREL-calibrated Si solar

cell (PV Measurements Inc.). Photoelectrochemical

performance was calculated using the following

equations:

FF ¼ Vmax � Jmax

Voc � Jsc

ð1Þ

g ð%Þ ¼ Vmax � Jmax

Pin

� 100 ¼ Voc � Jsc � ff
Pin

� 100

ð2Þ

where Jsc is the short-circuit current density (mA/

cm2), Voc is the open-circuit voltage (V), Pin is the

incident light power, and Jmax (mA/cm2) and Vmax

(V) are the current density and voltage in the J–

V curve, respectively, at the point of maximum power

output.

Characterization

1H-NMR measurements were performed with a 600-

MHz, high-resolution NMR spectrometer (Avance

600-MHz FT-NMR spectrometer, Bruker, Ettlingen,

Germany). FT-IR spectra of the samples were col-

lected with an Excalibur series FT-IR instrument

(DIGLAB Co., Hannover, Germany) in the frequency

range of 4,000–600 cm-1 with an attenuated total

reflection facility. XRD measurements were carried

out on a Rigaku RINT2000 wide-angle goniometer

with a Cu cathode operated at 40 kV and 300 mA.

UV–Visible spectroscopy was performed with a

spectrophotometer (Shimazu) in the range of 200–

800 nm. The thermal properties of the materials were

determined by TGA (Mettler Toledo TGA/SDTA

851e, Columbus, OH) from room temperature to

800 �C at a heating rate of 20 �C/min in a nitrogen

atmosphere. EF-TEM pictures were obtained using a

Philips CM30 microscope operating at 300 kV after

drop casting the dilute solution onto a standard copper

grid. Morphological characterization for the mesopor-

ous TiO2 film was carried out using FE-SEM (S-4700,

Hitachi).

Results and discussion

Synthesis of the PVC-g-PDMAEMA graft

copolymers

The reaction for the synthesis of PVC-g-PDMAEMA

graft copolymers via ATRP is illustrated in Scheme 1.

PVC-g-PDMAEMA graft copolymers were designed

to have amphiphilic properties from hydrophobic PVC

main chains and hydrophilic PDMAEMA side chains.

In particular, the quaternary amine of PDMAEMA has

strong interactions with a TiO2 precursor, which

provides a basis for the effective morphology control

of the mesoporous TiO2 films.

The FT-IR spectra of the PVC-g-PDMAEMA graft

copolymers synthesized with different amounts of

added DMAEMA monomers are presented in Fig. 1.

The stretching vibration bands at 1,724 and 1,150

cm-1 represent the carbonyl group (C=O) and tertiary

amine group (C–N stretching), respectively, indicating

the grafting of PVC by PDMAEMA. The PVC-g-

PDMAEMA graft copolymer was also characterized

using 1H-NMR spectroscopy, as presented in Fig. 2.

The methyl group protons (a) appeared at 2.42 ppm,

Cl n +

O

O

DMAEMA

PVC

ATRP

Cl

N

n m

x

O

O

N

PVC-g-PDMAEMA

Scheme 1 ATRP synthesis of the PVC-g-PDMAEMA graft

copolymer
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which is a higher field than that of the methylene

proton (b) due to the higher shielding effect. The

methylene protons (b) adjacent to the amine group

appear at 2.84 d. The methylene proton (c) adjacent to

the ester group appeared at 4.11 ppm due to the

deshielding effect by the electron-withdrawing ester

group. The chloro-substituted methylene proton (d) of

the main chain PVC appeared at 4.42 ppm and can be

attributed to the electron-withdrawing deshielding

effect of the chlorine group. The overall spectrum

indicated that the PVC main chains were successfully

grafted by the PMDAEMA side chains.

Figure 3 shows the TEM images of PVC-g-PDMA-

EMA graft copolymers prepared with THF solution. It

shows a microphase-separated structure consisting of

bright and dark regions. The darker region represents

the PVC main chains of the graft copolymer, whereas

the bright region indicates PDMAEMA side chains

due to the higher electron density in the former region.

The darker dots inside the bright PDMAEMA regions

are presumed to be due to the residual copper ions that

are in situ reduced during the TEM measurement. With

the increase in grafting degree, the bright regions

became larger, indicating an increased portion of the

PDMAEMA side chains (Fig. 3b).4000 3500 3000 2500 2000 1500 1000

A
b

so
rb

an
ce

Wavenumber (cm-1)

PVC

PVC-g-PDMAEMA 11

PVC-g-PDMAEMA 13

PVC-g-PDMAEMA 15 1724 1150

Fig. 1 FT-IR spectra of the PVC-g-PDMAEMA graft copoly-

mers with various compositions

Fig. 2 1H NMR spectrum of PVC-g-PDMAEMA 11

Fig. 3 TEM micrographs of the a PVC-g-PDMAEMA 11 and

b PVC-g-PDMAEMA 13 graft copolymers
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The TGA plots in Fig. 4 shows two degradation

steps of the graft copolymers. The first step of

degradation occurred in the temperature range of

240–300 �C and might be due to the loss of the labile

chlorine atom from the main PVC chain. With the

increase in grafting ratio, the first degradation tem-

perature increased due to the decreased number of

chlorine groups available. The 5 wt% degradation

temperatures were arranged in the order of PVC-g-

PDMAEMA 11 (210 �C) \ PVC-g-PDMAEMA 13

(223 �C) \ PVC-g-PDMAEMA 15 (256 �C)\ PVC-

g-PDMAEMA 17 (263 �C). This indicates that the

degradation temperature increased from 210 �C for

PVC-g-PDMAEMA11 to 263 �C for the PVC-g-

PDMAEMA17 sample. This results from the reduc-

tion of the content of labile chlorine atoms with an

increase in the grafting ratio, which requires a higher

temperature for the evolution of HCl. The second

degradation step was observed in the temperature

range of 440–460 �C and may be due to the degrada-

tion of the main chain as well as the grafted chains of

the PVC-g-PDMAEMA copolymer. The graft copoly-

mers were almost completely removed after calcina-

tion above 500 �C.

Preparation of the mesoporous TiO2 thin films

Synthesized PVC-g-PDMAEMA graft copolymers

with various grafting degrees were used as SDAs to

synthesize mesoporous TiO2 films through a sol–gel

process using a titanium precursor, i.e., TTIP. Upon

calcination at 500 �C, mesoporous TiO2 thin films

obtained as TTIP were selectively incorporated into

the hydrophilic PDMAEMA domains. TiO2 crystal-

lites were formed in situ during calcination, originat-

ing from favorable interactions between TTIP and

PDMAEMA. The structural patterns of crystallized

mesoporous TiO2 films templated by PVC-g-PDMA-

EMA were characterized by XRD analysis, as pre-

sented in Fig. 5. The sharp crystalline peaks at 25.3�
and 54.5� (2h) were assigned to the (101) and (211)

planes, respectively, of the anatase TiO2 phase (Ned-

elcu et al. 2009, Falaras et al. 2008). The remaining

peaks arose from the bare FTO glass. This result

indicates the structural changes and phase transfor-

mation of TiO2 to crystalline anatase.

Figure 6 shows the SEM images of mesoporous

TiO2 thin films templated by PVC-g-PDMAEMA

graft copolymers, which involved a sol–gel process

based on the hydrolysis and condensation of TTIP and

calcination at 500 �C. The cylindrical, worm-like

micelles formed around the PVC chains were burned

during calcination to form pores. In the TiO2-1 sample

(Fig. 6a), the pore size was larger than 50 nm, which

was gradually reduced to\50 nm in the TiO2-2 film.

As the grafting degree increased, the portion of

hydrophobic PVC main chains that could generate

pores upon calcination decreased. Therefore, the pore

size was gradually reduced as the grafting degree

increased. The thickness of the mesoporous TiO2 film

was approximately 600 nm, as determined by the

cross-sectional SEM image (Fig. 6e). The magnified

images of the TiO2 films are presented in Fig. 7 where

the more clear mesoporous and interconnected struc-

tures of TiO2 were observed. The porosity and pore
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size of the TiO2 films gradually decreased with

increasing grafting degree of the PVC-g-PDMAEMA

graft copolymer. The pictures of TiO2 photoelectrodes

are shown in Fig. 8. The transparency through photo-

electrodes increased with decreasing pore size, i.e.,

TiO2-1 \ TiO2-2 \ TiO2-3 \ TiO2-4. In general, as

Fig. 6 SEM surface images of mesoporous TiO2 film templated by the PVC-g-PDMAEMA graft copolymer: a TiO2-1, b TiO2-2,

c TiO2-3, d TiO2-4, and e cross-sectional image of TiO2-1 film
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the transparency of the photoelectrodes increased, the

scattering of sunlight decreased, resulting in the

decrease in solar cell efficiency, which is consistent

with the following J–V results.

Performances of DSSCs

There are some advantages of quasi-solid-state DSSCs

over liquid-based versions in terms of flexibility,

lightness, and long-term stability. Thus, polymer

electrolytes consisting of PEGDME, SiO2, MPII, and

I2 were employed to fabricate solar cells. The cell

performance was measured using linear sweep vol-

tammetry, as presented in Fig. 9. The performances of

the DSSCs measured as Voc, Jsc, FF, and efficiency (g)

are summarized in Table 1. The performances were

strongly dependent on the morphology of the TiO2

film. The DSSC fabricated with TiO2-1 film exhibited

the highest efficiency (3.2 %) with a Jsc of 9.1 mA/

cm2, Voc of 0.72 V, and FF of 48 % at 100 mW/cm2.

This is one of the highest efficiency values ever

reported for quasi-solid-state DSSC with 600-nm-

thick TiO2 film. For example, Nedelcu et al. (2009)

reported 1.5 % efficiency solid-state DSSC using PI-

b-PEO block copolymer and 860-nm-thick mesopor-

ous TiO2 films. Ahn et al. (2010) reported 2.2 %

efficiency solid-state DSSC with PVC-g-POEM graft

copolymer 700-nm-thick mesoporous TiO2 films. The

obtained efficiencies were also compared with the dye

adsorption values, as presented in Table 1 and Fig. 10.

It was found that the dye adsorption of the TiO2-1

photoelectrode was the highest compared to the other

TiO2 photoelectrodes. This is attributed to the higher

porosity as well as the larger surface area of the TiO2-1

photoelectrode, resulting in a higher Jsc value.

Fig. 7 Magnified SEM images of mesoporous TiO2 film templated by the PVC-g-PDMAEMA graft copolymer: a TiO2-1, b TiO2-2,

c TiO2-3, and d TiO2-4
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The internal resistances and electron transport

kinetics in DSSCs were studied using EIS analysis.

Figure 11a shows the Nyquist plots of EIS for the

DSSCs with different photoelectrodes measured at

100 mW/cm2. The Bode phase plots of EIS for DSSCs

with different photoelectrodes are also shown in

Fig. 11b. Electrochemical parameters determined

from EIS analysis, namely resistance values (Rs, R1,

R2, and Ws) and lifetime of electrons for recombina-

tion (sr), are presented in Table 1. The impedance

spectra can be interpreted and modeled using equiv-

alent circuits, with each component explained below.

Each equivalent circuit consisted of several compo-

nents: ohmic resistance (Rs), charge transfer resistance

at the counter electrode/electrolyte (R1), charge trans-

fer resistance at the photoelectrode/electrolyte (R2),

resistance at the Warburg diffusion of redox I-/I3
-

couple in the electrolyte (Ws), constant phase element

of capacitance corresponding to R1 (CPE1), and

constant phase element of capacitance corresponding

to R2 (CPE2). The characteristic frequency is related

to the inverse of sr in the TiO2 film. The charge

transport resistance at the TiO2/dye/electrolyte inter-

face increased from TiO2-1 to TiO2-4. This is because

the porosity and interconnectivity of TiO2-1 were the

greatest, whereas those of TiO2-4 were the lowest.

This results in better electron transport and lower

charge recombination. Consequently, the TiO2-1

Fig. 8 Photographs of the TiO2 photoelectrodes: a TiO2-1, b TiO2-2, c TiO2-3, and d TiO2-4
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electrode with the lowest resistance exhibited the

highest sr value (156.2 ms), leading to the highest

efficiency among the samples. These results are in

agreement with the DSSC performance results where

the TiO2-1 photoelectrode has the highest efficiency,

resulting from higher porosity and lower interfacial

resistance.

Conclusions

PVC-g-PDMAEMA graft copolymers with different

grafting ratios were synthesized through the ATRP

method and characterized by FT-IR and NMR spec-

troscopy. The self-assembly behavior of the graft

copolymer was analyzed by TEM analysis. TGA data

show that the PVC-g-PDMAEMA graft copolymers

were nearly degraded above 500 �C, indicating their

applicability as a template to synthesize mesoporous

TiO2 films. The structure and morphology of anataze

TiO2 films were characterized by XRD, TEM, and

SEM analyses. The resultant porous TiO2 thin films

were efficiently used as a photoelectrode for

fabricating quasi-solid-state DSSCs employing the

polymer electrolyte consisting of PEODME, nano-

sized silica, MPII, and I2. The maximum energy

conversion efficiency reached 3.17 % at 100 mW/cm2

for the TiO2-1 photoelectrode with higher porosity and

lower interfacial resistance. This is one of the highest

Table 1 Photovoltaic performances, dye adsorption, and EIS parameters of DSSCs fabricated with mesoporous TiO2 films tem-

plated by PVC-g-PDMAEMA and a polymer electrolyte consisting of PEODME/SiO2/MPII/I2 at 100 mW/cm2

TiO2 electrode Voc (V) Jsc (mA/cm2) FF g (%) Rs (X) R1 (X) R2 (X) Ws (X) Dye loading (nmol/cm2) sr (ms)

TiO2-1 0.72 9.1 0.48 3.2 16.4 20.7 55.5 14.4 17.1 156.2

TiO2-2 0.73 8.4 0.48 2.7 21.4 18.0 63.2 41.8 15.3 105.2

TiO2-3 0.76 6.3 0.51 2.4 20.7 20.4 67.9 21.4 13.1 92.5

TiO2-4 0.74 5.0 0.56 2.0 19.0 26.5 66.9 16.7 8.2 56.8
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fabricated with mesoporous TiO2 films templated by PVC-g-

PDMAEMA and a polymer electrolyte consisting of PEODME/

SiO2/MPII/I2 at 100 mW/cm2
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efficiencies ever reported for quasi-solid-state DSSCs

with 600-nm-thick TiO2 film.
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Abstract In recent years, the search for environ-

mentally friendly alternative energy sources with

reduced carbon footprints has increased. The coupling

of photovoltaic power sources with advanced elec-

trolysis systems for hydrogen production via water

splitting using organic contaminants as sacrificial

electron donors has been considered to a be viable

alternative. In this report, we demonstrated the feasi-

bility of a scaled-up rooftop prototype of the proposed

hybrid photovoltaic-electrolysis system, which uti-

lizes semiconductor nanoparticles coated on to metal

substrates as electrodes for the generation of hydrogen

coupled with the oxidation of wastewater. Application

of an anodic bias of [2.0 V to bismuth-doped TiO2

(BiOx–TiO2) on Ti metal anodes with a sequential

under-coatings of nanoparticulate SnO2, IrO2, Ta2O5,

and Bi2O3 results in the electrochemical degradation

of a variety of organic chemical contaminants in water

(i.e., rhodamine B (Rh.B), methylene blue (MB),

salicylic acid, triclosan, and phenol) and actual

wastewater from a chemical manufacturing plant,

while at the same time, molecular hydrogen is

produced at stainless steel (SS) cathodes. The kinetics

of the anodic substrates oxidation is investigated as a

function of the cell current (Icell), substrate concen-

tration, and background electrolyte composition (e.g.,

NaCl, Na2SO4, or seawater). Average current effi-

ciencies were found to be in the range of 4–22 %,

while the cathodic current and energy efficiencies for

hydrogen production were found to be in the range of

50–70 % and 20–40 %, respectively.

Keywords Semiconductor composites �
Nanoparticle coatings � Electrochemical oxidation �
Wastewater treatment � Hydrogen production �
Organic compound oxidation �
Sustainable development

Introduction

In recent years, there has been increasing interest in

developing electrochemical methods for wastewater

treatment because of its advantages, which may

include versatility, energy efficiency, amenability to

automation, and robustness (Juttner et al. 2000; Chen

2004; Anglada et al. 2009). Electrochemical treatment
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has been explored for treating various synthetic

wastewaters containing specific target compounds

such as dyes and phenolic compounds (Comninellis

and Nerini 1995; Iniesta, Michaud et al. 2001; Shen,

Yang et al. 2005; Panizza, Barbucci et al. 2007) and

more recently attention has focused on the treatment of

actual wastewaters including domestic wastewaters,

industrial wastewaters, and landfill leachates (Vlys-

sides et al. 2002; Vaghela et al. 2005; Urtiaga et al.

2009). However, one of the primary objections to

electrochemical wastewater treatment is the relatively

high operating cost incurred because of a relatively

high electric energy consumption rate.

Hydrogen from electrochemical water splitting is

considered to be a viable alternative method of

industrial energy production and a possible renewable

energy resource to help combat climate change

because of the emission of green-house gases (DOE

2008). Hydrogen is mainly produced by steam meth-

ane reforming (SMR), which produces large carbon

emissions and because of the competitive uses for

methane as a fuel. Given this conflicting situation, the

electrolytic production of hydrogen via water elec-

trolysis or electrochemical water splitting has the

potential to produce large quantities of hydrogen that

are free of direct carbon emissions. However, the

primary disadvantage of water electrolysis for hydro-

gen generation are the high electricity consumption

rates, especially in larger-scale applications as com-

pared with SMR using natural gas.

During the past decades, electrochemical applica-

tions for water splitting and for the wastewater

treatment have been independently studied. However,

we propose using a dual-purpose hybrid electrolysis

system that couples wastewater treatment with hydro-

gen generation as a useful by-product. In a hybrid

electrolysis system, the electrochemical oxidation of

organic contaminants takes place at an anode while

reduction simultaneously takes place at an appropriate

cathode, which results in hydrogen production from

electron transfer to water or protons. In previous

studies, our group successfully demonstrated hybrid

electrochemical cells consisting of BiOx–TiO2/Ti(0)

anodes coupled with stainless steel (SS) cathodes for

the complete oxidation of phenol with the simulta-

neous hydrogen production (Park et al. 2008a, b, 2009).

In this study, we have scaled up our hybrid

electrolysis system to a subpilot-scale size (with a

volume of 20 L) with metal oxide anodes with an

over-coating of BiOx–TiO2/Ti(0) and SS cathodes to

investigate the feasibility of practical applications of

this approach. The kinetics of oxidative degradation of

a variety of target substrates including methylene

blue (MB), rhodamine B (Rh.B), phenol, salicylic

acid, triclosan, and organic waste contained in

actual domestic and industrial wastewater with corre-

sponding simultaneous generation of hydrogen was

investigated. We also demonstrate in this study a

solar-powered hybrid electrolysis system employing a

commercial photovoltaic (PV) panel as the source of

applied potential across the electrode array.

Experimental details

Electrode preparation

The composite semiconductor anodes were coupled

with stainless steel (SS, Hastelloy C-22) cathodes. The

anode consists of a sequential series of metal oxide

coatings on a titanium metal plate: (a) a Ti metal

substrate, (b) an anti-passivation layer consisting of a

mixture of IrO2 and Ta2O5, (c) an intermediated layer

(a sealing coat) of SnO2 and Bi2O3, (d) a slurry under-

coating of nanoparticles of TiO2 doped with Bismuth

(Bi), and finally (e) an over-coating mixture of

nanoparticulate TiO2 and Bi2O3. The undercoating

layer and over-coating layer together form the electro-

catalytically active outer layer of the anode and each

coating step requires a specific heat treatment at

different temperatures and time durations of the

annealing process. Further details of the preparation

procedure are provided elsewhere (Park et al. 2008a,

b; Weres 2009). This electrode has been shown to have

excellent stability and a long service life (Weres

2009). The surface area of each electrode plate is about

800 cm2; the prototype pilot-scale reactor consists of

five anodes and six cathodes that face to each other at

an inter-electrode distance of 2 mm.

Electrolysis experiments

Electrolysis experiments were carried out in the subpi-

lot-scale reactor with a total volume of 20 L. A

schematic diagram of the 20-L electrochemical reactor

is shown in Fig. 1. The electrode array is immersed in

20 L of laboratory water to which NaCl (J.T.Baker) is

added as a primary supporting electrolyte over the range
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of 0–75 mM (typically 50 mM). For comparison,

Na2SO4 (EMD) was used an alternative electrolyte.

Seawater, which was collected from Santa Monica Bay

directly off of the Los Angeles shoreline, was also

employed as an alternative background electrolyte.

Target substrates or electron donors such as methylene

blue (MB, J.T.Baker), rhodamine B (Rh.B, Aldrich),

salicylic acid (SA, Aldrich), phenol (PhOH, Mallinck-

rodt), and 5-chloro-2-(2,4-dichlorophenoxy)phenol (tri-

closan, Fluka) were added into a background electrolyte

solution for water treatment testing. The substrate

solutions were continuously mixed throughout the

20-L volume by a circulation pump connected to the

bottom of reactor. The majority of experiments were

carried out near circum-neutral pH. The oxidation of

triclosan was investigated at pH 12 because of the low

solubility of triclosan at lower pH values. The electro-

chemical degradation of industrial wastewater from a

chemical manufacturing plant located in Minnesota was

also investigated. The chemical plant wastes contained

the following organic compounds: acetone, diisopropyl

ether, MEK, 2-propanol, 2-butyl alcohol, MIBK, and a

complex mixture of C4 to C12 perfluorosulfonic and

perfluorocarboxylic acids. The original wastewater

Fig. 1 a Schematic diagram of a subpilot electrochemical reactor and overall hybrid system. b Photographs of the electrode arrays

showing the anodic semiconductor coatings on the Ti-metal base support
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samples were diluted with tap water to give a COD

concentration for laboratory experiments in the range of

150–300 ppm. Constant current over the range between

7.5 and 40 A (typically 25 A) and voltage range of

3–4 V was applied to the electrode pairs with a DC

power supply (HP 6260B). The cell voltages (Ecell) and

cell currents (Icell) were measured during electrolysis by

multi-meter (Fluka).

Solar-powered electrolysis experiments

In the case of solar-powered electrolysis, a commer-

cial polycrystalline silicon solar photovoltaic (PV)

panel (Silicon Solar Inc.) with a peak power output of

180 W (Epeak = 25.9 V and Ipeak = 6.95 A) and with

an exposed surface area of 1.50 m2 (dimensions:

0.95 m 9 1.57 m) was employed in roof-top experi-

ment on top of the Keck Laboratories building on the

Caltech campus in Pasadena, CA. Solar PV panel was

connected to the rooftop reactor to provide the

potential bias to drive the oxidative degradation of

various wastewaters containing target organic sub-

strates; the electrons released by oxidation are then

transferred to the metal cathode resulting in the

simultaneous production of molecular hydrogen from

water reduction. Either a 50-mM NaCl solution or a 10

volume percent (v/v %) filtered seawater solution

were used as the primary source of supplemental

background electrolytes added to the wastewater

samples. In addition to the measurement of the cell

potential, Ecell, and cell current, Icell, solar radiation

was monitored using a pyranometer (Apogee) coupled

with a digital data-logger (Campbell Scientific).

Analytical methods

Sample aliquots were withdrawn from the solution

intermittently during electrolysis. The disappearance

or bleaching of the color of the dyes was monitored by

measuring the absorbance at 665 and 550 nm for MB

and Rh-B, respectively, with a UV/Vis spectropho-

tometer. The concentrations of phenol, salicylic acid,

and triclosan were measured by a HPLC (Agilent 1100

series) equipped with a C18 column and a UV

detector. The mobile phase of HPLC mixture con-

tained 45 % acetonitrile, 55 % Milli-Q water, and 0.1

wt % acetic acid. For actual authentic wastewater

samples, the chemical oxygen demand (COD) was

measured using COD reagent vials (Hach), which

utilize dichromate as the oxidant in an acidic solution

at 150 �C for 2 h. AgNO3 (Aldrich) was added into

sample solution before measuring COD to eliminate

the chloride interference when NaCl was used as the

electrolyte. In addition, the COD of the other test

substrates was also measured to determine the current

efficiencies for the anodic oxidations.

Molecular hydrogen (H2) produced from water

during electrolysis was detected by a quadruple mass

spectrometry (MS, Balzers). As shown in Fig. 1, the

reactor was sealed and the headspace gas of the reactor

was extracted with a peristaltic pump and pushed into

a quadruple MS with 70 eV electron ionization energy

via a turbo pump (Pfeiffer; 5.0 9 10-6 Torr). The

production rate of H2 was calculated from the volume

percent of H2 in the headspace gas, which was

measured assuming that it was directly proportional

to the percentage of ion current of H2 in total ion

currents measured by MS.

Current efficiency and energy efficiency

The instantaneous current efficiency (ICE) for anodic

oxidation was calculated using the following equation

introduced by Comninellis and Pulgarin (1991) and

Comninellis and Nerini (1995):

ICE %ð Þ ¼ COD0 � CODt½ �FV

8It

� �
� 100; ð1Þ

where COD0 and CODt are the COD (in g O2/L) before

and after electrolysis, respectively, F is the Faraday

constant (96487 C/mol), V is volume of the electrolyte

(L), I is the current (A), t is the reaction time (s).

Because the ICE decreases with time during

electrolysis and finally approaches zero, the electro-

chemical oxidation index (EOI), which expresses the

average current efficiency, was also calculated by

following equation:

EOI %ð Þ ¼
R

ICE

s
; ð2Þ

where s is the time of electrolysis at which ICE is

almost zero.

The cathodic current efficiency (CE) for H2

production was calculated by the following equation:
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CE %ð Þfor H2

¼ 2� numbersof H2 moleculesproduced

numbers of electron flew

� �
� 100:

ð3Þ
The overall energy efficiency (EE) for H2 produc-

tion is calibrated using the heating value of H2

(HHV = 39 Wh/g) and the energy consumed by the

system:

EE %ð Þfor H2

¼ 39Wh=g� H2 production rateðmol=hÞ
Ecell Vð Þ � IcellðAÞ

� �
� 100:

ð4Þ
In the case of our solar-powered electrolysis

system, the energy efficiencies were calculated using

the following equations:

Solar to PVcellEE %ð Þ

¼ Ecell Vð Þ � IcellðAÞ
solar flux (W/m2Þ � PV area(m2Þ

� �
� 100;

ð5Þ

Solar to H2EE %ð Þ

¼ H2EE %ð Þ � Solar to PVcellEE %ð Þ
100

:
ð6Þ

Results and discussion

Electrochemical water treatment

Figure 2a shows the typical Ecell–Icell output for the

BiOx–TiO2/Ti(0) composite semiconductor anode

coupled to a stainless steel cathode in the subpilot

reactor in presence of sodium chloride or sodium

sulfate as the supporting electrolytes. The current

generation is initiated near 2.0 V of applied voltage

and increases linearly[2.5 V of Ecell. The utilization

of Na2SO4 as a supporting electrolyte generates a

higher current density than that obtained with NaCl at

the same applied voltage.

Figure 2b shows the current density as a function of

the electrolyte concentration at ?3 V of applied

voltage. The current density increases with the addi-

tion of more electrolyte, but it does not increase much

at high concentrations of electrolyte (i.e., [50 mM).

Therefore, the concentration of the background

electrolytes was fixed 50 mM (or 10 v/v % of diluted

seawater) in the subsequent experiments. We also

measured Ecell–Icell curve in the presence of 10 v/v %

seawater instead of adding NaCl, as seawater typically

contains 0.5 M NaCl. The current density in diluted

seawater (10 v/v %) was slightly higher than in the

case of 50-mM NaCl. This increase may be attributed

to the presence of the additional ionic components

present in seawater beyond Na? and Cl-. The

conductivity of diluted seawater solution was

5.3–5.6 mS/cm.

Figure 3 shows the effect of applied current density

on the electrochemical degradation of organic sub-

strates when NaCl or Na2SO4 was used as supporting

electrolytes in the pilot reactor. Figure 3a shows the

electrochemical degradation (i.e., color removal) of

MB at different applied cell current in the presence of

50-mM NaCl. As expected, an increase in the current
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Fig. 2 a Current–voltage curves in the presence of 50 mM

NaCl or Na2SO4 as a supporting electrolyte. NaCl (SW) is a

seawater sample diluted to 10 v/v %. b The current density

(Jcell) as a function of the concentration of the electrolyte (mM)

at applied cell voltage of Ecell = 3.0 V
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density resulted in a faster bleaching and degradation

of MB because of the larger rate of OH• radical (i.e.,

hydroxyl radical) generation and because of the

production of higher yields of reactive chlorine species

(e.g., HOCl, Cl2
-, and Cl.). The bleaching of MB

follows first-order kinetics with an apparent degrada-

tion rate constant of MB (kMB) that is proportional to

the current density (Fig. 3a, inset). Figure 3b also

shows that the degradation rate constant for triclosan

(kTCS) is increased when higher current densities are

applied in the presence of 50-mM Na2SO4.

Figure 4a shows that the MB degradation rate in the

presence of NaCl was much faster than in the presence

of Na2SO4, although the measured current density in

the presence of NaCl was somewhat lower than in the

case of Na2SO4 (Fig. 2). The same relative tendencies

were observed during the degradation of the other

target organic substrates such as Rhodamine B (Rh.B)

and salicylic acid (SA) as shown in Table 1. In the

presence of 50-mM NaCl, the half-lives (t�) of RhB

and SA were found to be less than 2 min. However, in

the Na2SO4 electrolyte solution, the corresponding

half-lives increased to 27 min for RhB and 77 min for

SA, respectively. NaCl is known to enhance the

electrochemical degradation efficiencies of various

organic substrates (e.g., MB, phenol, glucose, and 17

b–estradiol) as compared with Na2SO4 (Comninellis

and Nerini 1995; Bonfatti et al. 2000; Murugananthan

et al. 2007; Panizza et al. 2007). It is believed that

there are three pathways for electrochemical degrada-

tion of organic substrates: (1) direct oxidation on the

anode surface (Eq. 7), (2) indirect oxidation mediated

by OH• radicals (Eq. 8), and (3) indirect oxidation

mediated by electro-generated oxidants from electro-

lyte solution such as Cl, Cl2
-, and OCl- in the

presence of NaCl:
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Fig. 3 Electrochemical degradation of organic substrates as a

function of applied current density: a The degradation of

methylene blue ([MB]0 = 10 lM) in 50 mM NaCl. b Degrada-

tion of triclosan ([TCS]0 = 100 lM) in 50 mM Na2SO4
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Fig. 4 a Electrochemical degradation of methylene blue (MB)

as a function of background electrolyte at Icell = 25A,

[MB]0 = 10 lM, 50 mM NaCl, 50 mM Na2SO4, and 10

v/v % seawater (NaCl, SW). b The color removal (i.e.,

bleaching) rate constant of MB as a function of the concentra-

tion of NaCl (SW) electrolyte at Ecell = 3 V, [MB]0 = 10 lM
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Reduced organic compound

! Oxidized organic compound þ e� ð7Þ

H2O ! OH � þ Hþ þ e� ð8Þ
Cl� ! Cl � þ e� ð9Þ
Cl� þ Cl� ! Cl��2 ð10Þ

Cl2 �� þ H2O ! HOCl þ Cl� þ Hþ þ e�

ð11Þ
Cl2 �� þ OH� ! HOCl þ Cl� ð12Þ

HOCl $ OCl� þ Hþ pKa ¼ 7:2ð Þ ð13Þ

Chlorine species such as Cl., Cl2
-., and OCl- (i.e.,

chlorine atom, the chlorine radical anion, and hypo-

chlorite) are generated at the anode surface from the

oxidation of Cl-. They serve as secondary oxidants

during electrolysis which results in a faster observed

oxidation rates of the target substrates as compared

with other electrolytes.

In our previous study, Cl2
-• was assumed to be the

primary oxidant among various active chlorine species

because the observed degradation rates are found to be

proportional only to the bimolecular rate constants of

Cl2
•- with specific substrates (Park et al. 2009). At the

same time, the indirect oxidation by OH• radicals and

SO4
-• radicals (Eq. 8) can take place when using

Na2SO4 as electrolyte as well. However, substrate

oxidation rates with Na2SO4 are found to be quite low.

This result implies either that lower steady-state

concentrations of OH• radicals are produced in

Na2SO4 solutions or that SO4
-• radicals are not

generated at a sufficient steady-state level. Most

likely, SO4
-• radicals produced at the semiconductor

anode surface self-react to produce peroxydisulfate (or

persulfate, Eq. 15):

SO2�
4 ! SO��4 þ e� ð14Þ

SO��4 þ SO��4 ! S2O2�
8 ð15Þ

The substrate oxidation rates in 10 v/v % seawater

were found to be higher than that in 50-mM NaCl

solutions. This result indicates that seawater should be

suitable as an alternative source of ionic conductivity

and chloride as shown in Fig. 4a. In the absence of an

added NaCl or seawater, MB was degraded slowly

(kMB *1.8 9 10-2 min-1). However, in the presence

of NaCl, the MB degradation rate increased by an order

of magnitude (kMB = 1.1–3.9 9 10-1 min-1);

although, higher degradation rates were not obtain

with further increases in the background NaCl con-

centration. This observation is consistent with the

change in current density as a function of the concen-

tration of the background electrolyte (Fig. 2b). The

inset in Fig. 4b shows the linear relationship between

the observed degradation rates and current densities

generated by adding different concentration of NaCl.

In Table 1, we summarize the measured degrada-

tion rate constants for several different organic com-

pounds. In the case of MB, the initial concentration of

MB has little effect on the measured MB degradation

rate. For example, kMB at [MB]0 = 5 lM was larger

than at higher concentrations of MB; however, kMB did

not decrease very much over the range of 10–250 lM

(see Fig. 5a, inset). The half-life life (t�) for MB

degradation at [MB]0 = 10 and 250 lM was deter-

mined to be 5 and 7 min, respectively. However, the

initial concentration of phenol significantly affected

Table 1 The degradation

rate constants for anodic

oxidation of several organic

substrates: 20 L subpilot

reactor, Icell = 25 A

applied,

(electrolyte) = 0.05 M

Substrate Conc. (lM) Electrolyte kobs (min-1) t� (min) kCOD (min-1)

MB 5 NaCl 0.192 3.6

10 NaCl 0.146 4.7 0.130

50 NaCl 0.136 5.1

100 NaCl 0.129 5.4 0.056

250 NaCl 0.095 7.3

PhOH 100 NaCl 2.320 0.3 0.124

250 NaCl 1.190 0.6

1000 NaCl 0.360 1.9

Rh.B 100 NaCl 0.379 1.8 0.259

100 Na2SO4 0.026 27

S.A. 100 NaCl 0.420 1.7

100 Na2SO4 0.009 77
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the apparent degradation rate of phenol. For example,

kPhOH decreased at higher initial phenol concentra-

tions. This may have been the results of competition for

surface sites on the anode or to the formation of

chlorinated and hydroxylated intermediates.

In the case of the electrochemical kinetics of MB

degradation, the COD removal rate was found to be

slower than the rate of color loss (Fig. 5). However,

kCOD was similar to kobs when [MB]0 = 10 lM, and

two times higher than kobs when [MB]0 = 100 lM

(Table 1). In the specific case of phenol degradation,

the substrate was completely eliminated within 2 min,

but the COD reduction process continued for more

than 10 min (i.e., kCOD [[ kobs in Fig. 5b).

In Fig. 6, the current efficiencies (i.e., ICE) for the

anodic oxidations were also measured in terms of

COD reduction. Figure 6a shows that the current

efficiency was higher at the initial stages (e.g., 85 %

for MB oxidation) and decreased with time during

electrolysis. The observed current efficiency clearly

depends on the nature of the substrate and on the

applied current density. Low initial concentrations

result in higher current efficiencies. For example, with

low initial concentrations of MB, higher current

efficiency is obtained than at higher initial concentra-

tions. In addition, the observed current efficiency

increases at low applied current density, whereas the

substrate removal efficiency increases at higher cur-

rent densities. The current efficiency for phenol

oxidation at an applied cell current, Icell, of 8 A was

higher than that obtained at Icell = 25 A. Average

current efficiencies (i.e., EOI) for the tested substrates

are shown in Fig. 6b. The average current efficiencies

were found to be in the range of 10–20 % in

descending order of MB [ Rh.B [ phenol at the

same initial concentration.
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Fig. 5 Electrochemical degradation of organic substrates

versus COD removal for a MB and b phenol at applied
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Figure 7 illustrates the concentration versus time

profiles for the electrochemical oxidation of actual

wastewater obtained from a major chemical industry.

The COD was reduced during electrolysis while the

removal efficiency was found to increase with increas-

ing applied voltage. The average current efficiency

was near 4 %. The efficiency obtained with a complex

mixture of chemical wastes was lower than the

average current efficiencies (10–20 %) for the test

substrates.

In conclusion, our prototype electrochemical reac-

tor system appears to provide a suitable approach to

achieve complete oxidation and, in many cases, total

mineralization (i.e., conversion of the organic com-

pounds to CO2) of a variety of environmental organic

pollutants and real wastewater as well. NaCl was

shown to be the most effective background electrolyte

for wastewater treatment, although diluted seawater is

even better.

Simultaneous H2 production via water electrolysis

Table 2 shows that significant amounts of H2 were

produced during water electrolysis at the stainless

steel cathode in the electrochemical reactor under

various conditions. For pure water splitting in the

absence of organic substrates, H2 production rates

were in the range of 3–5 L/h and current efficiencies

(CE) and energy efficiencies (EE) were about

50–60 % and 20–35 %, respectively. As expected,

the prototype reactor was less efficient compared with

a much smaller sized reactor which had an EE of

35–60 %. The current efficiency and energy efficiency

for H2 production also decreased with increasing

applied power, which showed same tendency as

substrates oxidation at anode. In addition, the direct

comparison of NaCl, seawater, and Na2SO4 was

carried out. These comparisons showed that Na2SO4

was better than NaCl for net H2 production rates. This

could be attributed to the higher current densities

generated in dissociated Na2SO4 solutions compared

with the same concentrations of NaCl (Fig. 2). On the

other hand, in NaCl solutions, active chlorine species

are clearly produced at anode surfaces and then

reduced again at the cathode. Thus, fewer electrons

are available for proton or water reduction, which in

turn lowers the H2 production rates at cathode.

In the presence of organic substrates such as MB

and phenol, the observed H2 production rates were

measured at 5–6 L/h during the simultaneous oxida-

tion of the substrates at the anodes. The H2 production

rates were found to be relatively stable before and after

Time (min)
0 50 100 150 200

C
O

D
t 
/ C

O
D

0

0.0

0.2

0.4

0.6

0.8

1.0

4.0 V 
3.5 V 
3.0 V 

Time (min)
0 50 100 150 200

0

5

10

15

IC
E

 (
%

)

Fig. 7 Electrochemical oxidation of industrial wastewater

samples (COD0 = 100–150 ppm) at different applied voltages.

Seawater, 10 v/v % (2 L), was used as the background

electrolyte. Inset graph shows the current efficiencies where

the average current efficiency was determined to be 4 %

Table 2 The rate, cathodic

current efficiency (CE), and

energy efficiency (EE) of

hydrogen production: 20-L

subpilot reactor, constant

current applied, 0.05 M of

electrolyte used

sw 10 v/v % of seawater

Substrate Icell (A) Ecell (V) Electrolyte H2 Production

(L/h)

CE (%) EE (%)

Water only 12.5 2.85 NaCl 3.2 60 35

20 3.00 NaCl 4.0 48 23

25 3.23 NaCl 4.3 42 19

25 3.26 sw 5.0 48 21

25 3.27 Na2SO4 5.2 50 22

MB 25 3.25 sw 5.3 51 23

PhOH 25 3.22 sw 5.7 56 25

Wastewater 25 3.22 sw 5.4 52 23

Wastewater (PV) 7 2.82 sw 2.2 74 38
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adding organic substrates. Similar H2 production rates

were obtained with industrial wastewater also; this

indicates that the presence of organic wastes in

solution did not have a negative effect on cathodic

H2 production rate. In previous studies, we have

shown that some specific organic substrates can

actually increase H2 production energy efficiencies

by 30–50 % by quenching active chlorine species. At

the same time, active chlorine species were found to be

in competition with H2 production (Park et al. 2008a,

b, 2009). The reactive chlorine species effectively

functions as electron shuttles between the anode and

cathode (i.e., chloride can be recycled between the

anode and cathode). However, organic substrates can

be rapidly oxidized by the reactive chlorine species;

this has the net effect of making more electrons

available at the cathodes for water reduction (Park

et al. 2009).

In a separate set of experiments, we compared the

H2 production rates to the corresponding hypochlorite

(OCl-) production rates. In a smaller-sized electro-

chemical reactor, H2 production rates of 100–300 lM/

min were found to be in a similar range to the

OCl- production over the range of 100–150 lM/min.

However, in the larger pilot reactor, the H2 production

rate was increased to 3–5 mM/min, whereas the

OCl- production rate remained relatively constant at

200 lM/min.

Solar-powered hybrid electrolysis systems

Figure 8 shows the results of solar-powered photo-

voltaic-electrolysis experiments using our 20-L reac-

tor, which was performed on the rooftop of W.

M. Keck Laboratories at Caltech in August 2009. The

electrochemical reactor was directly connected to the

output of a 180 Wpeak commercial PV panel with a

surface area of 1.50 m2. In Fig. 8a, we illustrate a

typical time profile for the incident solar light

radiation as measured with a pyranometer; this is

matched with the corresponding measured values of

Ecell, and Icell on typical sunny days in Pasadena. The

peak of incident solar radiation energy was near

1,000 W/m2 around noontime, although the incident

flux decreased to 600 W/m2 in the late afternoon

because of the larger solar zenith angle. The cell

voltage, Ecell, was determined to be ?3.3 V in the

presence of diluted seawater. This value decreased to

3.0 V in the afternoon as incident solar irradiation flux

decreased. The cell current, Icell, was found to be close

to 7 A both in the morning and in the late afternoon.

The values for Ecell and Icell were measured over

several days including a partly cloudy day in August

2009. Over this span, the corresponding values

remained relatively constant over the ranges of

2.7–3.3 V and 6–7 A. The actual PV power output

was measured as 23 W, which was only 13 % of the

PVpeak power output reported by the supplier. The

apparent loses may be because of resistive losses in the

wiring, higher temperatures during testing, and the

resistive losses because of the coupling to the electro-

lyzer. The solar-to-PVcell energy efficiency was

determined to be 1.6–2 % for the larger panel, whereas

for a smaller area PV panel, the energy efficiency was

2.5 % for a system panel rated at 6.4 Wpeak

(area = 0.13 m2) and a smaller electrolyzer using

the same composition of the anodes and cathodes

(V = 200 mL).

Figure 8b shows that MB and industrial wastewater

were effectively treated in spite of lower power
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outputs. For example, the apparent pseudofirst-order

rate constant for COD reduction (kCOD) of industrial

wastewater with solar-driven system by PV array

operating at 21 W (Ecell 9 Icell = 3.0 V 9 7 A) was

estimated to be 9.0 9 10-3 min-1, which is similar to

kCOD for DC-powered oxidation at 45 W (Ecell 9

Icell = 3.0 V 9 15 A). The average current efficiency

for the chemical wastewater oxidation was 15 % in the

solar-powered system, which is almost four times

higher under DC-powered oxidation. The higher

observed efficiency may be attributed to photo-

assisted electrochemical (i.e., photo-electrochemical,

PEC) reactions taking place in the solar-powered

rooftop experiments. The prototype PV-electrolyzer

was directly exposed to solar-light that is capable of

catalytically activating the doped-TiO2 particles

coated on anode surface. Preliminary results of

laboratory experiment with a medium size of electro-

chemical reactor illuminated with a UV lamp showed

that the electrochemical oxidation rates of phenol were

increased with direct exposure to UV light irradiation

indicating that the PEC processes actually take place

on BiOx–TiO2/Ti(0).

In solar-driven hybrid electrolysis system, H2 was

continuously produced during the simultaneous oxi-

dation of the organic substrates present in the chemical

plant wastewater. The H2 production rate was 2.2 L/h,

which was smaller than observed in the DC-powered

system (Table 2). In spite of relatively low power,

however, CE and EE values were increased to 74 and

38 %, respectively. Similar to the anodic oxidation

results, higher CE and EE for H2 production in the

solar-powered electrolysis system can be ascribed to

the secondary photocatalytic activity of TiO2 on anode

surface. In DC-powered electrolysis using a medium

sized electrolyzer, we also found that the photo-

electrochemical (PEC) H2 production rates under

simultaneous UV light irradiation were approximately

two times higher than in the absence of UV light. The

solar-to-H2 energy efficiency was determined 0.8 %.

Potential practical applications

The preceding results provide a practical example of a

prototype hybrid photovoltaic-electrolysis system,

which has a dual purpose for both wastewater

treatment and H2 production. In the PV-powered

experiments, the solar-to-H2 energy efficiency was

estimated to be less than 1 %, which was lower than

other commercial PV-electrolysis systems in the range

of 2–10 % (Lehman et al. 1997; Hollmuller et al.

2000; Ahmad and El Shenawy 2006; Gibson and Kelly

2008). However, our hybrid PV-electrolysis system

has several advantages for practical applications. First,

our hybrid PV-electrolysis system can be operated

under mild conditions, whereas other types of PV-

electrolysis systems referenced earlier are only oper-

ated at much harsher conditions (e.g., pH 0 or pH 14).

For example, in the case of alkaline water electrolyz-

ers, which are operated at very high pH (i.e., 6–7 M

KOH) to obtain optimal activity. In addition, the

operational temperatures are in the range of 70–80 �C

under elevated pressures to minimize the overall

energy requirements (Srinivasan 2006). However, the

hybrid PV-electrolysis system can be effectively

operated under near-neutral pH conditions with rela-

tively low concentrations of background electrolytes

(e.g., 50 mM NaCl). Furthermore, our PV-electrolysis

system can be employed for the dual purpose of

wastewater treatment coupled and H2 production. The

combined approach to convert waste to energy should

make this approach economically feasible with further

optimization. High-concentration alkaline electrolyz-

ers or proton exchange membrane electrolyzers would

be impractical for applications in water or wastewater

treatment.

The PV-electrolysis system can be further distin-

guished from other electrochemical water treatment

systems in that a composites of multiple semiconduc-

tors electrodes are employed as anodes. For example,

boron-doped diamond electrodes (BOD) are often

promoted as suitable anodes for wastewater treatment

because of their stability, wide potential range for

water stability, and relatively low background current

(Cabeza et al. 2007; Jiang et al. 2008). Jiang et al. also

observed that the decomposition of waste organics and

simultaneous hydrogen production are feasible with a

boron-doped diamond (BOD) electrode (Jiang et al.

2008; Montanaro et al. 2008; Montanaro and Petrucci

2009; Petrucci and Montanaro 2011). However, pilot-

scale application are limited because of (1) the high

price of the boron-doped diamonds and (2) to limita-

tions of reactor scale-up given that production of BOD

electrodes requires chemical vapor deposition (CVD)

or high-pressure–high-temperature (HPHT) processes

(Kraft 2007). On the other hand, the Bi-doped TiO2

anodes employed herein can be easily manufactured at

a relatively low cost (Weres 2009). In addition, PV-
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electrolysis systems for environmental applications

(i.e., water treatment) has been proposed to reduce the

operating costs of water treatment (Jiang et al. 2008).

In conclusion, we have demonstrated a practical,

low-cost, subpilot-scale, prototype PV-electrolysis

system for water and wastewater treatment. The

reactor system presented herein appears to have a

synergic effect on the extent of water treatment when

powered by sunlight as compared with the same

system powered by direct current (DC power). The

synergistic effect is the direct result of the added effect

of the direct absorption of photons by the composite

semiconductor leading to photocatalytic oxidation.
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Abstract Throughout this work, the synthesis and

characterization of novel proton conducting nanocom-

posite membranes including binary and ternary mix-

tures of sulfated nano-titania (TS), poly(vinyl alcohol)

(PVA), and nitrilotri(methyl phosphonic acid)

(NMPA) are discussed. The materials were produced

by means of two different approaches where in the

first, PVA and TS (10–15 nm) were admixed to form a

binary system. The second method was the ternary

nanocomposite membranes including PVA/TS/

NMPA that were prepared at several compositions to

get PVA–TS–(NMPA)x. The interaction of functional

nano particles and NMPA in the host matrix was

explored by FT-IR spectroscopy. The homogeneous

distribution of bifunctional nanoparticles in the mem-

brane was confirmed by SEM micrographs. The

spectroscopic measurements and water/methanol

uptake studies suggested a complexation between

PVA and NMPA, which inhibited the leaching of the

latter. The thermogravimetry analysis results verified

that the presence of TS in the composite membranes

suppressed the formation of phosphonic acid anhy-

drides up to 150 �C. The maximum proton conduc-

tivity has been measured for PVA–TS–(NMPA)3 as

0.003 S cm-1 at 150 �C.

Keywords Nanocomposites � Functional

nanoparticles � PEMFC membrane � TGA � DSC �
Proton conductivity

Introduction

Polymer composite membranes containing inorganic

moieties have attracted great attention because of their

dual nature stemming from the flexibility of the organic

polymer backbone, and the thermal and chemical

stability of the inorganic additive (Celik et al. 2012;

Gray 1997; Babir and Gomez 1996; Aslan et al. 2009).

The inorganic additive, TiO2, is believed to be the

most promising material at present due to its powerful

oxidation strength, high photostability, and nontoxic-

ity (Chen et al. 2007; Carbone et al. 2008). However,

upon embedding TiO2 into polymer matrices, proton

conductivity usually decreases with an increase in

filler content due to the rather low proton conductivity

of the fillers themselves and their considerable dilution

effect on the proton-exchange groups in the original

polymer matrix. To overcome this problem, modified

nanoparticles possessing different functional groups
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were employed. Bifunctional nanoparticles, having

been embedded into polymers, play a role in the

construction of novel nanocomposite membranes with

enhanced proton conductivities (Wang et al. 2002;

Munakata et al. 2005; Nogami et al. 2000). In the

previous work, we proved that the presence of acidic

functional units enhanced the proton conductivity of

polymer membranes, and according to the XRD

results, the size of sulfated titania nanoparticles was

10–15 nm (Aslan and Bozkurt 2012, 2013).

Poly(vinyl alcohol) (PVA), one of the most com-

monly used matrices, has extensively been investi-

gated with different kinds of nanofillers (Godovsky

2000; Qian et al. 2001; Kumar et al. 2001). These

studies showed that the introduction of nanosized

particles into PVA altered its physicochemical prop-

erties. For example, incorporation of magnetite nano-

particles, synthesized by a sonochemical method, into

PVA (Baglio et al. 2005) was found to reduce the glass

transition temperature of PVA by 15 �C and the

thermal stability by 28 �C. However, in the presence

of montmorillonite (MMT) nanofiller, glass transition

increased by 25 �C and the thermal degradation was

unaffected up to 50 % of initial weight loss (Straw-

hecker and Manias 2000; Yu et al. 2003; Schaffer and

Windle 1999). More recently, PVA-based nanocom-

posites have been developed to improve the properties

of the polymer for use in a variety of applications

(Nakane et al. 1999; Lin et al. 2003; Ione et al. 2001).

In addition, inclusion of TiO2 filler into PVA matrix

has effectively reduced the swelling ratio of the

composite polymer membrane (Yang and Lin 2002;

Yang 2007; Venckatesh et al. 2012; Tuncer et al. 2007).

Furthermore, Yang (Gasa et al. 2006; Boroglu et al.

2011) synthesized a crosslinked PVA composite poly-

mer membrane to be applied in alkaline DMFCs. Their

results showed that the morphological properties of the

filler played a major role in the performance of the

composite membranes at higher operating temperatures.

Recently, proton conducting membranes including

functional nano-titania have been reported (Smitha

et al. 2004; Zhou et al. 2010). High concentration of

phosphonic acid groups, which were bonded by

oxygen bridges with acid-modified nano-titania,

increased the proton conductivity and thermal stability

of the nanocomposite membranes.

In this paper, we report on the preparation and

characterization of novel proton conducting super acid

nanocomposite polymer membranes. Sulfated nano-

titania (TS) was synthesized by hydrolysis and

precipitation of titanyl sulfate. Several binary system

membranes were produced on the basis of a complex-

ation reaction between PVA and TS. Ternary systems

with a variety of compositions were also prepared by

mixing TS, PVA, and NMPA (Fig. 1). Physicochem-

ical properties of the composite membranes were

investigated using instrumental techniques.

Experimental

Materials and preparation

The solvents, methanol (Sigma-Aldrich), and dimeth-

ylformamide (DMF; Merck) were used as received.

Sulfated nano-titania was produced according to a

previously reported procedure (Aslan and Bozkurt

2012). Firstly, 5 g of titanyl sulfate (TiOSO4�nH2O,

n = 1–2) was dissolved in 200 mL of water and stirred

for about 50 min. The solution temperature was slowly

increased up to 70 �C, and the white precipitate was

collected by suction filtration and washed several times

with distilled water. The obtained powder was care-

fully dried and stored in a glove box. In the powder

sample, the amount of sulfate groups was calculated by

acid–base titration, which was about 1 9 10-3 mol/g.

Binary and ternary proton-conductive polymer nano-

composite membranes were produced using two differ-

ent procedures. According to previous studies, at higher

OH

n

PVA

N

PP

P

O

O

O
OH

OH

OH
HO

HO

HO NMPA

Fig. 1 Structure of PVA and NMPA
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contents (10–20 %) of additive materials (TS), the

proton conductivity decreased because of their blocking

effect as well as interactions between host–guest

systems and additive materials. The former membranes

were prepared by mechanical mixing of TS (5 % (w/w))

and PVA in DMF, while the latter ones were obtained by

addition of the dopant nitrilotri(methyl triphosphonic

acid) (NMPA) into PVA/TS system at several stoichi-

ometric ratios. The homogeneous solutions were stirred

overnight at ambient temperature. The membranes were

prepared by casting of the solution on a polished

poly(tetrafluoro ethylene), and the solvent was slowly

evaporated at 80 �C for 24 h. To ensure complete

solvent removal, the membranes were placed under

vacuum at 80 �C for 48 h. Homogeneous and yellowish

free-standing films were obtained.

Characterizations

The FTIR spectra of the samples were obtained on a

Bruker Alpha-P ATR spectrometer in the range

4,000–400 cm-1, with 4 cm-1 resolution.

The surface morphology of blend membranes was

investigated by scanning electron microscopy (SEM,

Philips XL30S-FEG). All the samples were sputtered

with gold for 150 s before SEM measurements.

Thermal stabilities of the complex polymer electro-

lytes were examined by thermogravimetry analysis

(TGA) with a Perkin Elmer STA 6000. The samples

(*10 mg) were heated from room temperature to

700 �C under N2 atmosphere at a heating rate of

10 �C min-1.

Differential scanning calorimetry (DSC) data were

derived using Perkin Elmer JADE DSC instrument.

The measurements were done at a rate of 10 �C min-1

under a nitrogen flow.

Water uptake (WU) values were determined by the

weight difference between the fully hydrated mem-

branes and the dried ones. The dried membranes

(Wdry) were weighed and then wetted until the weight

remained constant. The wet or saturated weights of the

membranes (Wwet) were measured quickly after

removing or wiping out any remaining surface water

with a piece of tissue paper. The WU was calculated

according to the formula (1):

Water uptake ðWUÞ ¼ Wwet �Wdry

Wdry

� 100 %; ð1Þ

The alternating current (ac) conductivity studies of

the samples were performed using a Novocontrol

dielectric impedance analyzer. The samples were

sandwiched between platinum-blocking electrodes,

and the conductivities were measured in the frequency

range from 0.1 Hz to 3 MHz at 10 �C intervals.

Results and discussions

Characterizations

Figure 2 shows the FT-IR spectra of PVA–TS and TS.

FT-IR spectrum of sulfated titania PVA showed a very

strong and broad peak centered at 3,300 cm-1 attrib-

uted to the hydroxyl (–OH) group and a peak at

2,900 cm-1 that correspond to the CH2 asymmetric

stretching (Daniliuc et al. 1992). FT-IR spectra of TS

showed characteristic peaks around 1,650 cm-1 and at

980–1,250 cm-1. The peaks at 980–1,250 cm-1 were

attributed to bidentate sulfate coordination on the

titania surface (980–990, 1,040, 1,130–1,150, and

1,210–1,230 cm-1). The S=O vibration at 1,393 cm-1

can be clearly observed from the sample TS (Sakai

et al. 2010; Jiang et al. 2003; Arata and Hino 1990;

Navarrete et al. 1996; Celik et al. 2008).

Figure 3 is the FT-IR of the ternary system where

the peak at 1,150 cm-1 corresponds to P=O stretching

of NMPA. As can be seen in the PVA–TS–NMPA

spectrum, the weak peak between 910 and 1,100 can be

attributed to the P–O–Ti and P–O stretching vibrations.

Fig. 2 FT-IR spectra of the PVA–TS and sulfated titania

composite membranes

J Nanopart Res (2013) 15:235–243
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The bands at 1,330 and 1,427 cm-1 can be attributed to

the weak phosphoryl (PO) frequency and P–C stretch-

ing vibrations, respectively (Zhou et al. 2010). It could

be deduced from these results that NMPA had replaced

the original bidentate position of SO3H and formed

chemical bonds with the Ti atom at the titania surface

via phosphonate groups. NMPA shows strong bands at

950 cm-1 that belong to asymmetric stretching vibra-

tions of the P–OH group, at 1,150 cm-1 that corre-

sponds to P=O stretching, and a weak peak around

3,500 cm-1 was attributed to O–H stretching (Chen

et al. 2007). The characteristic peaks of TS at 980–990,

1,040, 1,130–1,150, and 1,210–1,230 cm-1 are over-

lapped with the corresponding peaks of phosphonic

acid units of host matrix and became more intense.

Between 3,500 and 2,000 cm-1, a broadening of the

band can be related to hydrogen-bonding network

formation. Within 1,500–800 cm-1 region, the peaks

near 1,150 and 960 cm-1 are attributed to character-

istic absorptions in the formation of anion NMPA as a

consequence of SO3H interaction (Ma et al. 2008).

These results confirm successful embedding of bifunc-

tional nano-titania in the PVA host matrix.

Morphology

The micro-topography of PVA–TS and PVA–TS–

NMPA composite membranes was studied by SEM as

shown in Fig. 4. In Fig. 4a, it was observed that TS

were homogenously dispersed and embedded in the

PVA matrix.

The SEM micrograph indicates that there was no

obvious agglomeration of TS nanoparticles. In com-

parison with the pure PVA (Peng et al. 2005), the

surface of the PVA–TS–NMPA nanocomposite was

smoother (Fig. 4b). Additionally, due to strong inter-

actions between sulfonic acid groups of sulfated

titania and phosphonic acid units of NMPA, no phase

separation was observed during solvent evaporation.

Although micro-domain formation regarding PVA–

TS–NMPA complex might have been expected in the

final dry membrane, such domains did not appear in

the SEM micrographs. Figure 4b indicates a very good

compatibility between PVA and NMPA. Conse-

quently, the micrographs showed that homogeneous

films were successfully produced.

Thermal analysis

Table 1 lists the glass transition temperatures of the

PVA–TS–NMPAx composite membranes. PVA exhib-

its a glass transition located at around 72 �C (Peng et al.

2005). In the presence of TS, the Tg of PVA shifts to

150 �C which indicated that TS prevented segmental

motion of the PVA. The membrane materials PVA–

TS–NMPA, PVA–TS–NMPA2, and PVA–TS–

NMPA3 have definite obvious glass transition temper-

atures of 118, 100, and 92 �C, respectively. Clearly, the

results indicated that the glass transition temperatures

of the samples shift to lower temperatures as the

quantity of NMPA increases. This behavior can be

described by the softening effect of NMPA.

Figure 5 shows the thermogravimetry (TG) results of

the composite membranes recorded under N2 atmo-

sphere. The TG graphs show an elusive weight loss up to

150 �C, which can be attributed to anhydride formation

(Park et al. 2005). It is clear that the dried polymers are

thermally stable up to approximately 250 �C, after

which, they decompose. The PVA–TS thermograms

indicated that the sulfated titania nanoparticles enhanced

the thermal stability of the composite membranes. The

degradation temperature of PVA–TS–NMPA nanocom-

posite polymer membranes is approximately 200 �C,

i.e., slightly lower than that of PVA–TS.

Water uptake

The WU of the membranes is a major parameter

influencing proton conductivity, mechanical property,
Fig. 3 FT-IR spectra of the PVA–TS–NMPA composite

membranes
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and stability. WUs of the PVA–TS–NMPA samples

are shown in Fig. 6. As can be seen, WU decrease with

increasing NMPA content. The sample PVA–TS has

the highest WU value (70 %). This result showed that

the decreasing swelling character with NMPA content

enhanced the mechanical strength, and almost no

NMPA dissolved in the solution. The result indicated

that the complexation of PVA–TS with NMPA

prevented the loss of guest polymer (PVA) to the

solution.

Conductivity measurement

Alternating current conductivities, rac (x) of the

polymers, were studied at various temperatures using

an impedance analyzer. The frequency-dependent AC

conductivities (rac (x)) were calculated using Eq. (2);

r0ðxÞ ¼ racðxÞ ¼ r00ðxÞxeo ð2Þ

where r0ðxÞ is the real part of conductivity, x = 2pf is

the angular frequency, eo is the vacuum permittivity,

and e00 is the imaginary part of complex dielectric

permittivity (e�). The proton conductivities of PVA–

TS and PVA–TS–NMPA anhydrous nanocomposite

polymer electrolytes were measured between 20 and

150 �C. The AC conductivity of PVA–TS–NMPA2

composite membrane is shown in Fig. 7. The graph

Fig. 4 SEM micrographs of the surface of composite membranes. a PVA–TS, b PVA–TS–NMPA

Table 1 Maximum proton conductivity and Tg (�C) values for

all the membranes

Sample

name

Molar Ratio

(PVA/NMPA)

Tg

(�C)

Maximum proton

conductivity (S cm-1)

PVA–TS – 151 2 9 10-6 at 150 �C

PVA–TS–

NMPA

1:1 118 8.5 9 10-6 at 150 �C

PVA–TS–

NMPA2

1:2 100 3.1 9 10-4 at 150 �C

PVA–TS–

NMPA3

1:3 92 0.003 at 150 �C
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includes several regions which are typical for ion-

conducting polymers. The irregularities between 80

and 150 �C at the low-frequency side correspond to

polarization blocking the electrode–electrolyte inter-

face, and the conductivity increase at high temperature

and high frequencies results from the regular disper-

sion in polymer electrolytes (Acar et al. 2009). The DC

conductivities of anhydrous samples were derived

from the plateau regions which are compared in Fig. 8.

Clearly, the proton conductivity of PVA–TS system

increases linearly (Arrhenius behavior) with

increasing temperature. Max conductivity of PVA

with 5 % TS is 2 9 10-6 at 150 �C.

Previously, it was reported that organophosphory-

lated titania and chitosan composite membranes

exhibit an increased proton conductivity to an accept-

able level of 0.01 S cm-1 (RH = 80 %) for DMFC

(Zhou et al. 2010). These organophosphorylated

titania nanoparticles enhanced the proton conductivity

when they were dispersed in the membranes at low

temperatures in humidified conditions. In this study,

we combined the advantages of phosphonic acid units

Fig. 5 Thermal analysis of the composite membranes. a DSC

curves of PVA–TS–NMPA composite membranes under

nitrogen atmosphere at a heating rate of 10 �C min-1. b TG

analysis of PVA–TS–NMPA composite membranes under

nitrogen atmosphere at a heating rate of 10 �C min-1
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and sulfonic acid units on the titania surface, which

enhanced the proton diffusion under anhydrous

conditions.

The conductivity isotherm of PVA–TS–NMPA

composite membranes strongly depends on tempera-

ture as well as the ratio of NMPA. The proton

conductivity of PVA–TS nanocomposite membrane is

lower than that of composite membranes with NMPA.

The DC conductivity illustrated that the NMPA

content increases the conductivity for PVA–TS–

NMPA composite membranes. The maximum proton

conductivity was measured for PVA–TS–NMPA3 and

found to be 0.003 (S cm-1) at 150 �C, in the dry state.

The material with x = 3 was considered to be the

optimum composition for these series of composite

membranes. Conductivity results showed that the

NMPA composition is highly effective on the proton

conductivity of the samples in the PVA–TS–NMPA

systems.

In the current system, proton transfer can be

facilitated by the additional phosphonic acid groups

on NMPA. From the FT-IR of composite membranes

Fig. 6 Water/methanole uptake of PVA–TS–NMPA compos-

ite membranes

Fig. 7 AC conductivity of PVA–TS–NMPA2 composite membranes

Fig. 8 DC conductivity measurements of PVA–TS–NMPA

composite membranes versus reciprocal temperature
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as well as the conductivity data, it can be concluded

that a Grotthuss mechanism (structural diffusion) is

the possible pathway for the total proton diffusion.

This continuous pathway may convey proton mobility

over the –P-OH, and sulfonic acid groups may reduce

the energy barrier for proton transport (Fig. 9). The

protons could travel through the ionic functional

groups (Salgado 2007; Smitha et al. 2004).

Conclusions

In the present work, composite membranes of PVA

and bifunctional nano-titania were produced. FT-IR

data confirmed the formation of super acid and the

strong interaction between the modified inorganic

nanoparticle and host polymer matrix. WU study

showed that WU increased with decreasing NMPA

content. The TGA results verified that the presence of

TS in the composite membranes enhanced thermal

stability up to approximately 250 �C. DSC results

illustrated that the Tg of the materials shifted to lower

temperatures with increasing NMPA content. In the

anhydrous state, the proton conductivity of PVA–TS–

NMPA was found to be 0.003 S cm-1 at 150 �C. In

dried samples, the proton diffusion is expected to

occur by the transport of the protons through phos-

phonic acid units up to a certain threshold composition

of NMPA. The synthesized composite materials have

ability to form free-standing films with improved

mechanical strengths and, therefore, can be suggested

for use in proton-exchange membrane fuel cell

(PEMFC) applications.

Acknowledgments This work was supported by Fatih

University Research Foundation under the contract number

P50021005_G and partially supported by Turkish academy of

sciences (TÜBA).
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Abstract Developments in nanotechnology have led

to innovative progress and converging technologies in

engineering and science. These demand novel meth-

odologies that enable efficient communications from

the nanoscale all the way to decision-making criteria

for actual production systems. In this paper, we

discuss the convergence of nanotechnology and novel

multi-scale modeling paradigms by using the fuel

cell system as a benchmark example. This approach

includes complex multi-phenomena at different time

and length scales along with the introduction of an

optimization framework for application-driven nano-

technology research trends. The modeling paradigm

introduced here covers the novel holistic integration

from atomistic/molecular phenomena to meso/contin-

uum scales. System optimization is also discussed

with respect to the reduced order parameters for a

coarse-graining procedure in multi-scale model inte-

gration as well as system design. The development of a

hierarchical multi-scale paradigm consolidates the

theoretical analysis and enables large-scale decision-

making of process level design, based on first-

principles, and therefore promotes the convergence

of nanotechnology to sustainable energy technologies.

Keywords Nanotechnology convergence �
Sustainable energy � Membrane � Fuel cell �
Multi-scale modeling

Introduction

Over the past decade, demands for sustainability have

rapidly increased and become a major global chal-

lenge (Serrano et al. 2009). Compared with conven-

tional energy resources that include fossil energy,

sustainable energy sources are one of the most

promising alternatives; they offer higher efficiency,

reliable operation, and instantaneous rechargeable

capabilities, as well as significant environmental

sustainability with near-zero green house emission

during the energy production/conversion processes.

The tremendous progress in nanotechnology has

provided an understanding of nanoscale physics in

order to control system properties and find new

materials and technologies applicable to novel energy
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systems. These advances include high-porosity nano-

structured materials for energy conversion/storage and

nanocomposite membranes and sorbents for resource

purification. Moreover, various analytic approaches,

which span multiple time and length scales, have been

developed to satisfy the demand for tuning physical

properties, chemical structures, and functionalities of

new materials within specific time and length scales.

As nanotechnology research evolves toward applica-

tion-driven fundamental investigations, the key tech-

nical goal is convergence of novel nanotechnologies

and development of frameworks that lead to optimi-

zation and scale-up for a variety of applications (Roco

et al. 2011). Therefore, advances in nano-analysis

direct us to the critical issue of the multi-scale

interactions that are often described via a hierarchy

of scale-specific models. In this paper, we present a

multi-scale modeling strategy that integrates complex

engineering systems over a broad range of time and

length scales. This enables atomistic synthesis of

materials as well as optimization of converging

technologies, as demonstrated via the fuel cell system.

Commercialization of fuel cell systems has

increased rapidly, with an expected market share of

over 30 % of sustainable energy production in 2020.

While fuel cells range from power sources for portable

electronic devices to power plant applications, this

technology still requires a major breakthrough for

broader commercialization. Novel nanoparticle

research enables replacement of conventional plati-

num catalyst and nano tailoring for electrolyte and

porous materials. Consequently, it allows a number of

existing nanotechnologies to converge to overcome

technological barriers. Most components of the fuel

cell system comprise multi-phenomena at different

time and length scales; these often can be described

through a hierarchy of scale-specific models. More-

over, scale-specific models use specific numerical

techniques to solve the governing equations. To

achieve cutting-edge technology that satisfies stringent

design and performance requirements, it is necessary to

use holistic multi-scale integration models, as these

insure that knowledge generated at one scale is

transmitted to the others. Here, we develop a multi-

scale modeling method with an optimization frame-

work for nanotechnology convergence in a hydrogen

polymer electrolyte membrane fuel cell (PEMFC)

(Fig. 1). It should be noted that other fuel cells,

including solid oxide fuel cells, can also be described

through a similar mathematical framework. The mod-

eling paradigm based on this PEMFC benchmark

includes atomistic/molecular phenomena as well as

meso/continuum scale integration with system opti-

mization, which have barely been investigated

Fig. 1 Strategy and framework for multi-scale approach on PEMFC with system optimization
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(Goddard et al. 2006). The development of our

hierarchical multi-scale paradigm consolidates the

theoretical analysis and enables large-scale decision-

making for the process level design, and therefore

promotes nanotechnology convergence with fuel cell

technology.

Nanotechnology in sustainable PEMFC

As the need for renewable energy systems increases,

fuel cells have attracted considerable attention as a

potential replacement for the massive power genera-

tion and portable systems for home/office/transporta-

tion. Since the PEMFC consists of nanoscale

subsystems with multi-physics, an accurate system

model is needed to design PEMFC with optimal

performance. Therefore, fundamental understanding

of electrochemistry, materials, and heat and mass

transport phenomena is critical to develop accurate

models that lead to high performance and reliability for

fuel cells. The hydrogen PEMFC, which directly

converts chemical energy into electrical energy, will

be used in future green car technology in parallel with

plug-in and hybrid electric vehicles. The hydrogen

PEMFC device comprises a hydrogen source and a gas

compressor supplying air in a stack, which consists of

multiple PEMFCs connected in series. An individual

PEMFC (Fig. 2a) comprises two gas channels (GCs),

two gas diffusion layers (GDLs), and two catalyst

layers (CLs) each on the anode and cathode sides, as

well as a central polymer electrolyte membrane

(PEM). The GCs are bipolar plates that are hollow

chambers for fluid inlet and outlet. They also serve as a

connection between adjacent cells. The GDLs are

porous materials which support the CL, provide

uniform distribution of gases, and act as a medium

for electron transport from the CL (where the electro-

chemical reactions typically occur with a platinum (Pt)

catalyst) to the external current collectors. The PEM

acts as a proton transport passage from anode to the

cathode, and the conductivity of the PEM is a strong

function of its water uptake. Humidified hydrogen and

air are fed to the anode and cathode inlets, respectively.

Fig. 2 a Components of a single stack hydrogen PEMFC. b PEM structure with Nafion�, and c chemical structure of Nafion�
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The species undergo transport processes in both the

GCs and the porous GDLs, after which they reach the

anode/cathode CLs. Within the CLs, hydrogen and

oxygen undergo electrochemical reactions, and the

water molecules are transported across the PEM from

anode to the cathode. The protons released in the

oxidation reaction at the anode are transported across

the PEM, and electrons released reach the cathode via

an external circuit. On reaching the cathode the protons

and electrons combine with the oxygen in the reduction

reaction to generate water as the product. The direct

methanol fuel cell (DMFC) is another type of PEMFC,

which uses a solution of methanol and water as a fuel

instead of humidified hydrogen gas. Compared to

hydrogen fuel cells, DMFCs are advantageous for their

ease of fuel delivery and storage, lack of humidification

requirement, and reduced design complexity. Owing to

the absence of ancillary equipment (i.e., fuel reformer),

the DMFC is ideally suited for portable electronic

devices such as laptops or mobile phones (Mench et al.

2004).

A PEM is a semipermeable membrane generally

made from ionomers and designed to conduct protons

while being impermeable to gases such as oxygen or

hydrogen. This is their essential function for a PEM

fuel cell: separation of reactants and transport of

protons. One of the most commonly and commercially

available PEM materials is Nafion� (Fig. 2b, c), which

is produced by DuPont. While Nafion is an ionomer

with a perfluorinated backbone like Teflon, there are

many other structural motifs used to make ionomers for

PEMs. Many use polyaromatic polymers while others

use partially fluorinated polymers. Nafion� has

received a considerable amount of attention as a proton

conductor for PEM fuel cells because of its excellent

thermal and mechanical stability. The chemical basis

of Nafion�’s superior conductive properties remains a

focus of research. As far as reported, protons on the

SO3
-H? (sulfonic acid) groups hop from one acid site

to another. This membrane structure allows movement

of cations but the membranes do not conduct anions or

electrons. Nafion� can be manufactured with various

cationic conductivities. To function, the membrane

must conduct hydrogen ions (protons) but not elec-

trons, as this would in effect ‘‘short circuit’’ of the fuel

cell. The membrane must also not allow gas to pass to

the other side of the cell, a problem known as fuel

crossover (Baxter et al. 1999; Dohle et al. 2000, Ren

et al. 2000), and must be resistant to the reducing

environment at the anode and the harsh oxidative

environment at the cathode. Although the PEMFC is a

prime energy source candidate for small-scale appli-

cations, water management is critical to performance,

as power output requires optimized water uptake in the

membrane. Water management is a very difficult

subject in PEM systems; several water management

solutions exist, including integration of electro-osmo-

tic pumps. Furthermore, the Pt catalyst on the mem-

brane is easily poisoned by carbon monoxide (less than

one part per million is usually acceptable) and the

membrane is sensitive to materials like metal ions,

which can be introduced by corrosion of metallic

bipolar plates. The commercial viability of this device

is currently hampered due to its high cost, power

density, and low durability.

Since characteristics of sub-components emphasize

nanoscale transport and chemical reaction phenom-

ena, which depend on the nano structures of PEM,

CLs, and GDLs, key issues that are addressed for the

breakthrough in PEMFC technology are: (i) novel

materials, obtained through computational chemistry

calculations (possessing high temperature operability

and low cost), and electrocatalysts for high reduction

reaction kinetics and tolerance to carbon monoxide.

These materials require increased durability (an order

of magnitude higher) and meet requirements of

environment, safety, and health; (ii) optimal design

parameters for GDLs (porosity and hydrophobicity),

CLs (thickness, composition, and particle-size distri-

bution) as well as determination of operating and

design conditions (i.e., optimal temperature, pressure,

current density, humidity, geometric parameters, flow

characteristics, and arrangements, etc.); (iii) analysis

of the interfaces in PEM-CL (including catalytic

reactions and proton transport) as well as in CL–GDL/

GDL–GC, where multi-phase transport occurs. This

entire PEMFC design can be envisioned as an ultra-

large integration of sub-models and an optimization

problem with the objective of maximizing perfor-

mance, and minimizing the cost, with a given dura-

bility. As a hierarchy of governing equations

containing a large set of parameters to be optimized

and conditions to be satisfied, multi-scale, -physics

models are bound to play a pivotal role in achieving

the design goals, in synergy with the experimentation.

Moreover, the development of breakthrough technol-

ogies in the PEMFC can further advance research in

other applications of nanotechnology such as
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membrane separation technology based on Pd-alloy

for advanced coal conversion processes (O’Brien et al.

2011). This membrane may enable separation of H2 in

CO2-rich gas streams, reduce energy and cost com-

posed to conventional solvent and cryogenic methods

and provide additional fuel resources for PEMFC. In

addition, the investigation of transport phenomena and

reactions at the mesoscopic level for nanostructured

geometry will lead to synergetic advances in nano

energy research.

Hierarchical equations in multi-scale modeling

During the past few decades, various theoretical

models have been developed to explain the physical

properties and to find key parameters for the prediction

of the system behaviors. Recent technological issues

demand the integration of subsystem models at various

scales, which entails examining nano physical proper-

ties, subsystem size, and scale-specified numerical

analysis methods on system level performance. Multi-

scale modeling components including quantum

mechanical (i.e., density functional theory (DFT) and

ab initio simulation), mesoscopic (i.e., Monte Carlo

(MC), molecular dynamics (MD), and lattice Boltz-

mann method (LBM)), and macroscopic (i.e., LBM,

computational fluid mechanics, and system optimiza-

tion) have also gained tremendous attention. Here, we

introduce a few modeling methodologies and the

structure of hierarchical equations, which are broadly

utilized in multi-scale approaches including the fuel

cell system.

Atomistic-molecular level

Atomistic-molecular level simulations are utilized to

investigate bottom level scale phenomena such as

membrane conformation and proton conduction

mechanisms in PEM and reaction kinetics on the

CLs. First-principle theoretical model at the bottom

level (quantum mechanics) plays a critical role in the

multi-scale modeling strategy, since the techniques

build the theoretical fundamentals for empirical

knowledge on upper level calculations (Fig. 3). At

this level, the molecular system is described by

utilizing various ab initio quantum mechanical calcu-

lations, which are currently available to solve many

body wave-function problems represented by the

Schrödinger equation (Jensen 1989). The density

functional theory (DFT) is an alternative method to

provide the computational efficiency via energy

functional depending on the electron density (Parr

and Yang 1994). In this calculation, the ground-state

electronic energy is determined by the electron density

(Hohenberg and Kohn 1964). Although the quantum

level calculation promises accuracy since the model is

based on fundamental, non-empirical rules, the calcu-

lation demands a huge computational cost. As a

consequence the technique cannot be utilized for the

upper level of the scale represented as massive

molecular systems, which are more than *1,000

atoms. Therefore, quantum level models are generally

utilized with a combination of molecular level theo-

ries, which have been extensively investigated. Most

recently, this approach has evolved into a correlated

Fig. 3 Force-field

parameter implementation

from bottom level (QM) to

upper level (coarse-grained

molecular simulations)
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quantum/statistical mechanical approach based on

improvements with real-time, time-dependent density

functional theory (RTTDDFT), and pseudo-atomistic

MC/molecular dynamics (PAMCMD) calculations

(Dalton 2009). At this level, we can obtain first-

principles prediction of properties with non-adjustable

parameters. This study provides a proof-of-concept

that detailed quantum mechanical methods can be

used to inform macroscale experimental systems,

producing new materials with dramatically improved

properties. In PEMFC modeling, Goddard et al.

developed the multi-scale simulation with reactive

force field (ReaxFF), which simultaneously captures

reactive and transport processes at the interface

between polymer electrolyte membrane (PEM) and

electrode (Goddard et al. 2006).

Classical molecular simulation methods such as

MC and molecular dynamics (MD) represent atomis-

tic/molecular level modeling, which discards the

electronic degrees of freedom while utilizing param-

eters transferred from quantum level simulation as

force-field parameters. A molecule in the simulation is

composed of beads which represent atoms, where the

interactions are described by classical potential energy

functions. To model the electrochemical effects, the

nonbonding interactions were modified by the combi-

nation of van der Waals interaction and the electro-

static Coulombic interactions:

ULJ�CðrijÞ ¼ 4eij
r
rij

� �12

� r
rij

� �6
" #

þ qiqje
2

4pe0

1

rij
;

ð1Þ

where r is the diameter of beads, eij corresponds to the

well depth of LJ interaction, rij denotes the distance

between two beads i and j, e0 is the dielectric constant in

vacuum, e represents elementary electric charge, and qi

and qj are the charge parameters for Coulombic

interaction. Apart from the Coulombic interaction, the

molecular system of PEMFC is analogous to the

oligomer/solid surface system, which was investigated

within the framework of nano lubrication area (Chung

et al. 2012). From here on, we choose these types of

interactions to illustrate the bottom levels in multi-scale

modeling for PEMFC. The difference between two

systems is that the short range interactions between

oligomer/surface is replaced by long range Coulombic

interaction, which makes it easier to illustrate molecular

level coarse-graining procedure. Chemical bond

potential energy between adjacent beads and bend

potential energy between adjacent bonds are commonly

represented by harmonic potential energy (Leach

2001). Alternatively, anharmonic finitely extensible

nonlinear elastic (FENE) springs connect the adjacent

beads separated by a distance of rib:

UFENEðribÞ ¼ � 1
2

kR2
0 ln 1� rib

R0

� �2
� �

rib\R0

1 otherwise

8<
: :

ð2Þ

Here, rib denotes the interbead distance (i.e., the bond

length between two adjacent beads), k is the spring

constant which quantifies the rigidity of the bond, and

R0 is the maximum extensibility of the spring. The

form of torsional potential parameters, describing four

bonded atoms, is:

U/ ¼ k
XN�1

n¼0

An cosn /; ð3Þ

where U/ is the torsional potential, k is a constant, An

are the coefficients, and / is the torsional angle. To

incorporate classical potential functions with quantum

mechanical calculations, eigenvalue analysis is devel-

oped to calculate stretching and bending parameters

from the ab initio Hessian matrix for the harmonic

potential form, and the torsional potential parameters

are calculated by generating the ab initio torsional

energy profiles via a series of constrained geometry

optimization.

From the equilibrium geometries in quantum

mechanical models, the atomistic intramolecular

force-field parameters, which are potential parameters

in atomistic MD simulation, can be obtained by using

the method of Seminario (1996). With the combina-

tion of atomistic MD simulation, quantum mechanical

properties of the materials have provided the advances

in the study of the fundamental nanoscale phenomena.

However, processes at the device or system level occur

above the microscale, which the quantum and atom-

istic levels cannot cover. Therefore, the development

of a coarse-graining procedure, which simplifies the

detailed structure of molecules, while retaining fun-

damental phenomena from quantum/atomistic level

models, becomes one of the critical issues in atomistic/

molecular level modeling.

The molecular motion in MD simulation is deter-

ministic by solving a Hamiltonian system (Allen and
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Tildesley 1996). However, for the dissipative dynamic

description for the coarse-grained model, Langevin

dynamics (Grest 1996) can also be employed, where

the force acting on the ith bead in the ath molecule can

be calculated by the following equation:

m
d2rai

dt2
¼� oU

orai
� f � drai

dt
þf �ai tð Þ: ð4Þ

Here, m and rai are the mass and position vector of

beads, respectively. f is the friction tensor, which is

assumed to be isotropic for simplicity in our simulation,

i.e., f ¼ CI, where I is the unit dyad and C ¼ 0:5s�1

(s ¼ rðm=eÞ0:5), where e is the well depth of LJ

interaction. Further, f �ai is the Brownian random force,

which obeys the Gaussian white noise, and is gener-

ated according to the fluctuation–dissipation theorem:

f �ai tð Þ f �bj t0ð Þ
D E

¼ 2kBT CdabIdijd t � t0ð Þ; ð5Þ

where the angular bracket denotes an ensemble

average. dab and dij are Kronecker deltas, and d
(t - t0) is a Dirac’s delta function. C quantifies the

magnitude of Brownian force. kB and T are the

Boltzmann constant and absolute temperature,

respectively.

The coarse-graining method was introduced to

determine the force-field parameters from atomistic

information through a variational minimization pro-

cedure (Izvekov and Voth 2005a, b), and the method

has been applied to the study of various material

systems (Wang et al. 2006; Iuchi et al. 2007; Zhou

et al. 2007; Shi et al. 2006). Further, the coarse-

graining framework was expanded with a statistical

mechanical theory by introducing the many-body

potential of the mean force, which enables coarse-

graining model consistent with atomistic models. The

coarse-grained sites are constructed by clusters of

atoms where the mass of the coarse-grained site is the

sum of the included atoms. The new coarse-grained

bond lengths are calculated from the distance between

the centers of mass of the clusters of atoms as shown in

Fig. 4.

The method aims to pass the distribution of

structural parameters from the atomistic to the

coarse-grained structure. The procedure involves

performing an atomistic MD simulation and calculat-

ing the equilibrium probability distributions of the

corresponding coarse-grained bond lengths, bond

angles, and torsional angles. A Boltzmann distribution

is fit to the distribution determined from the MD

simulation by varying the parameters of the bonded

potential:

PðrÞ / expð�UrðrÞ=kBTÞ; ð6Þ

where P is the probability distribution of bond lengths,

and Ur is the bond potential, and T is absolute

temperature. A similar approach is used for the bond

angles and torsions. In order to correct for any error in

the parameter calculation due to fitting a Boltzmann

distribution to a condensed phase simulation, a coarse-

grained MD simulation is run by using the parameter

from the fit, and a new probability distribution is

calculated. An updated Boltzmann distribution is fit to

the distribution, generating another set of potential

parameters. Parameters determined from both the

atomistic and the coarse-grained simulations are used

Fig. 4 Mapping of

atomistic clusters onto

coarse-grained sites. RCM

represents the bond

(backbone) between coarse-

grained sites, where the sites

are the centers of mass of the

atomistic clusters
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to calculate the final coarse-grained potential param-

eters as shown in Eqs. (7) (8):

KI
r ¼ ðKII

r Þ
2=KIII

r ; ð7Þ

rI
o ¼ 2rII

o � rIII
o ; ð8Þ

where I denotes the final coarse-grained parameter, II

denotes a parameter determined from the atomistic

simulation, and III denotes a parameter determined

from the coarse-grained simulation. A similar

approach can be applied to the bond angle and

torsional potentials.

Mesoscale–continuum level

In the fuel cell system, mesoscale–continuum simu-

lations are used to investigate the fuel flows in GC and

GDL, and predict the fuel distribution on the CL

through GDL depending on the pore structures.

Continuum models including conservation law and

constitutive relations has been widely utilized here.

However, these methodologies fail to capture the

complex flow within nano/microstructural geometry.

LBM was recently introduced as an alternative

mesoscale/continuum level modeling tool, which has

the advantages in capturing clear physics in the system

with complex geometry and nanoscale physics. Since

LBM covers a broad range of the system scale and is

based on the particle assumption, the method is

considered as a multi-scale method from mesoscale

to continuum scale including buffer region simulation

substituting computational fluid dynamics. It is a

promising candidate for hierarchical integration with

atomistic/molecular level models. Physical phenom-

ena in air-bearing/viscoelastic liquid-bearing nano-

tribological system and nanoscale heat transfer

phenomena have been modeled via LBM (Kim et al.

2005; Ghai et al. 2006). Due to the convenience of the

complex geometry manipulation, LBM is suitable for

modeling flow through porous media, which can be

utilized for GDL simulation in PEMFC.

LBM has emerged as a promising numerical tool

for simulating fluid flows and thermal management

with complex physics (Chen and Doolen 1998).

Numerous advantages, including clear physical pic-

tures, an inherently transient nature, multi-scale sim-

ulation capabilities, and fully parallel algorithms,

make LBM an attractive candidate as a multi-scale

simulation tool. Kim et al. have developed a novel

LBM by adopting a spatially dependent relaxation

time model to predict the nanoscale air bearing

performance (Kim et al. 2005). Unlike conventional

numerical methods, which discretize the macroscopic

equations, LBM constructs simplified kinetic models

incorporating the essential physics of microscopic

processes so that the macroscopic properties obey the

desired equations. The two-dimensional, lattice Boltz-

mann kinetic equation (LBKE) with Bhatnagar–

Gross–Krook (BGK) approximation can be written

as (Mei et al. 2000):

fiðxþ ciDt; t þ DtÞ ¼ fiðx; tÞ �
1

s
½fiðx; tÞ � f

eq
i ðx; tÞ�

for i ¼ 0; 1; . . .;N; ð9Þ

where s is the relaxation time which controls the rate

of approach to equilibrium; fiðx; tÞ is the discrete one

particle distribution function, which is the probability

of finding a particle with the velocity ci at ðx; tÞ; Dt is

the time step; N is the number of discrete particle

velocities in each node direction; f eq
i ðx; tÞ is the

discrete equilibrium distribution function given as:

f
eq
i ðx; tÞ ¼ wiq 1þ e � m

c2
þ mm : ðeiei � c2IÞ

2c4

� �
; ð10Þ

with wi ¼
4=9; i ¼ 0

1=9; i ¼ 1; . . .; 4

1=36; i ¼ 5; . . .; 8

8><
>: ;

where v is the fluid velocity, c � Ds=Dt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBT=m

p
is the lattice speed, and Ds is the lattice spacing, and q
is the density. The nine discrete velocities in D2Q9

model (Fig. 5) are given by
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Fig. 5 A lattice node of D2Q9 model (2D lattice with nine

directions of streaming)
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ci ¼
ð0; 0Þ; i ¼ 0

ð�1; 0Þc; ð0; �1Þc; i ¼ 1; . . .; 4

ð�1; �1Þc; i ¼ 5; . . .; 8:

8><
>: ð11Þ

The q and v are calculated by

qðx; tÞ ¼
X

i

fi and vðx; tÞ ¼ 1

qðx; tÞ
X

i

cifi:

ð12Þ

Multi-scale system integration

Multi-scale modeling provides effective hierarchical

analysis and simulation strategies linking various

models in different scales, where each level addresses

specific physical phenomena. The classical concept of

the multi-scale modeling method is straightforward

integration among the various scale levels, which

utilizes the simultaneous description of all-scale

subsystems. This method provides real-time multi-

scale observation yet the computational time depends

on the slowest calculation. To overcome the disad-

vantage in the computational cost while retaining

multi-scale advantages, the hierarchical multi-scale

model, which utilizes parameters in lower level of

scale to obtain new parameters for the upper level

degrees of freedom, has been developed (Ulherr and

Theodorou 1998; Theodorou 2005). The hierarchical

multi-scale model allows each level of calculation to

be performed independently, and the input parameters

can be estimated from other scale level models, which

discard unnecessary calculations during the bridging

procedure between different scales (Doi 2003; Glotzer

and Paul 2002; Delle Site and Kremer 2005).

Recently, the focus of multi-scale modeling strategy

is on developing bridging methodology connecting

quantum–atomistic/molecular–mesoscale–continuum

levels (Laio et al. 2002; Csanyi et al. 2004; Faller

2004; Delgado-Buscalioni and Coveney 2003;

Broughton et al. 1999; Rafii-Tabar et al. 1998;

Smirnova et al. 1999; O’Connell and Thompson

1995; Hadjiconstantinou 1999; Neri et al. 2005; Villa

et al. 2004; Li et al. 1998; Flekkoy et al. 2000).

The bridging procedure finds reduced order param-

eters for upper level scale models. As shown in Fig. 6,

reduced order models (ROMs) are introduced to

capture the predictive behavior of the lower-scale

model and provide the links to capturing behavioral

information from all of the lower scales, while allow

the integrated formulation to be tractable. The major

role of multi-scale ROMs is that they allow feasible

realizations of complex domain models (consistency)

and capture accurate complex model behavior over a

wide range of the decision space (performance). With

the development of ROMs at each level, modeling and

optimization formulations at a given level will capture

Fig. 6 Linking models at various scales using ROMs and

deriving lower-scale specifications through an inverse optimi-

zation formulation. The ROM included at each scale is a reduced

representation of the model at the scale below that could range

from a set of parameters such as, for example, elementary rate

constants to complex models derived from proper orthogonal

decomposition and perhaps even to the full lower scale model.

This is symbolised by coloring the ROM box with the same

color as that of the box representing the adjacent lower scale

model
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performance and feasibility at neighboring levels. By

allowing this communication between levels, accurate

and efficient decision-making can be made. Also note

that the bidirectional flow between levels in Fig. 6

easily allows us to develop and generalize ideas of

reverse engineering and inverse problems.

The coupling of models at different scales is a

challenging subject in the integration procedure, yet it

is most important for the accuracy of the multi-scale

models. Especially the computational cost associated

with large-scale calculations often precludes their

integration over time and length scales, while rigorous

models are now widely applied at all modeling scales.

As an essential tool to overcome this barrier, ROM

plays a critical role to link detailed phenomena at all

modeling scales. While ROMs are applied over the

entire modeling spectra, their development is usually

done as a one-time activity at an ad hoc level. In the

development of a multi-scale modeling with optimi-

zation framework, it is required to develop a system-

atic approach for ROM development and integration.

This will lead to the development of a single frame-

work that promises much more detailed predictions of

system-level simulations with high accuracy and

interdependencies for large-scale decision-making.

Depending on the particular length and time scale

and the application domain, ROMs take a variety of

different forms. Often, physics-based analytic models

are derived from simplified, limiting behaviors of

transport, reaction and equilibrium phenomena and

conservation laws. At the process engineering level,

these lead to a rich and widely applied model library,

which must nevertheless be extended to newer tech-

nologies in reaction and separation. Examples of these

include macroscopic models for rate laws, vapor liquid

equilibrium and thermodynamic properties used at the

level of process networks. In addition, process models

are often derived that consist of semi-empirical

functional forms fitted with data including reactor

models and process models derived from data-derived

correlations. At the device level, which is dominated

by models in continuum mechanics, ROMs take a

variety of forms, ranging from reduced order solutions

involving proper orthogonal decomposition, variable

resolutions models on meshes with varying degrees of

refinement, variable-fidelity physics models such as

inviscid, irrotational, and incompressible flow for

Navier–Stokes equations. Lastly, at atomistic and

molecular levels, the task is to infer thermodynamic

and kinetic properties and constants that are later used

in macroscopic physics-based models. Often these

calculations are used directly to regress to physics-

based ROMs, such as with cluster expansion and

kinetic MC modeling. Moreover, for complex device

or molecular models, such as time consuming contin-

uum mechanics and probabilistic models with little or

no structural information, general regression-based

models are derived that apply data-driven regression

approaches (e.g., principle component analysis, com-

pressed sensing, neural nets, wavelets). At all of these

levels, ROMs have approximation errors that prevent

their direct integration for multi-scale decision-mak-

ing. As a result, there is a clear need to develop

uncertainty bounds as part of the development for all of

these models. Such bounds are statistically derived and

lead to confidence regions in the parameter space of the

ROM. Consequently, a key task in the application of

ROMs is the derivation of corresponding uncertainty

bounds. Moreover, as the underlying model changes,

provisions must be added to update models and error

bounds and explore uncertainty ranges (Lang et al.

2009; Agarwal et al. 2009; Lang et al. 2011).

The overall approach is termed a data-model fusion

which leads to challenges in numerical methods, error

estimates, and linking with physics-based models.

Moreover, with the availability of ROMs across the

spectrum of relevant problem scales, one can develop

multi-scale optimization formulations that act as the

‘‘glue’’ toward their integration, leading to the entire

model.

Process scale level

Process-scale models represent the behavior of reac-

tion, separation and momentum, heat and mass transfer

at the process flowsheet level, or for a network of

process flowsheets. Whether based on first principles

or empirical relations, the model equations for these

systems typically consist of conservation laws, phys-

ical, and chemical equilibrium among species and

phases, and additional constitutive equations that

describe the rates of chemical transformation or

transport of mass and energy. These process models

are often represented by a collection of individual unit

models (the so-called unit operations) that usually

correspond to major pieces of process equipment,

which, in turn, are captured by device-level models.

These unit models are assembled within a process
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flowsheet that describes the interaction of equipment

either for steady state or dynamic behavior. As a result,

models can be described by algebraic or differential

equations. For example, steady state process flow-

sheets are usually described by lumped parameter

models described by algebraic equations. Similarly,

dynamic process flowsheets are described by lumped

parameter models described by differential–algebraic

equations. Models that deal with spatially distributed

models are frequently considered at the device level,

with partial differential equations that model fluid

flow, heat and mass transfer and reactions. On the other

hand, they are usually computationally intensive to

incorporate within an overall process model. Process

flowsheeting models, embodied in commercial process

simulators such as ASPEN Plus�, HYSYS�, or PRO-

II�, have become the accepted standard to describe and

evaluate process engineering systems, for petroleum

refineries, and chemical processes and power plants.

Not only do they provide quantitative information on

the flow of material and energy throughout a process

network, but they are used extensively to assess and

analyze the current state of the process, improve the

operation of existing processes, and guide and validate

the design of new processes. As a result of their

applications in all of these engineering tasks, these

process models have also become the medium of

communication for crucial technical material shared

among networks of project teams that participate in

any engineering operation. On the other hand, simpli-

fications used in process models (e.g. equilibrium-

based, lumped parameter, and other short-cut models)

often lead to inaccuracies and performance limitations.

Consequently, these models often require model

tuning through semi-empirical correlations and data

integration. Such tasks are time-consuming and prob-

lem specific as they often require information from

additional experiments and pilot plant trials, with

missing information leading to start-up and operational

risks. Clearly the incorporation of more accurate multi-

scale phenomena captured by ROMs will overcome

these limitations (Lang et al. 2011).

Technological applications of hierarchical

methodologies

Hierarchical modeling methods introduced in the

previous section are specified for the each sub-

component; atomistic/molecular simulations (i.e.,

ab initio, DFT, and MD) for the PEM, CL, and

GDL, and mesoscale/continuum simulation (i.e.,

LBM) for GDL and GC. In addition to the model

integration, each level of modeling provides the

detailed properties in the fuel cell system with scale-

specific analysis. Here, we present the scale-specific

modeling for each sub-component of PEMFC, and

introduce the system optimization in the device scale

and ROM for the multi-scale integration, which has

not been pioneered yet.

Polymer electrolyte membrane

The PEM generally consists of polytetrafloroethylene

chains with hydrophilic perflorosulfonate side groups.

The water molecules within the system agglomerate in

the vicinity of hydrophilic groups (i.e., sulfonic ion

groups) and form hydrophilic clusters. A network of

these clusters forms passages for proton conduction

within PEM which is critical to PEMFC performance.

Hence a detailed relationship between PEM structure,

water uptake, and proton conduction is necessary for

synthesis of novel membrane materials, which over-

come the limitations of state-of-the-art PEMs. Ab

initio models of PEM have been studied to explain the

first-principle dynamics of proton conduction mech-

anism in hydrated PEM (Habenicht et al. 2010; Choe

et al. 2010). Quantum mechanical calculations are

incorporated to atomistic MD simulations by provid-

ing accurate potential energy functions as inputs to

MD simulations. The atomistic MD exhibits the

correspondence to the experimental data and provides

PEM structural information and proton transfer

mechanisms in PEM (Jinnouchi and Okazaki 2003).

Particle- and field-based simulation techniques (i.e.,

integration of atomistic MD and dynamic DFT) was

utilized to investigate the processes of self-organiza-

tion in the systems of sulfonated poly(ether ether

ketone)s in the presence of water (Komarov et al.

2010). Goddard et al. (2006) used similar overlapping

simulation methodologies for the PEM as well as CL

and successfully applied a reactive force field from

quantum mechanical calculations to larger-scale MD

simulations retaining the accuracy. The molecular

level model can be also applied for different electro-

catalyst materials to determine atomistic or molecular

mechanisms for electrochemical reactions and degra-

dation of the electrode. Franco et al. (2009) analyzed
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degradation mechanisms of cathode CL in PEMFC by

using multi-scale mechanistic models.

Atomistic MD models can be extended to the

coarse-grained level, which is determined by the

dimension of the backbone chain and branch. For the

precise description of water molecular behavior, a

simple point charge (SPC) model was adopted

(Krishnan et al. 2001), which can be used to simulate

complex composition systems and quantitatively

express vibrational spectra of water molecules in

vapor, liquid, and solid states. The six-parameter

(DOH, a, b, Lch, Lcc, and Lhh) SPC potential used for the

water molecules is shown in Eq. (13):

where re,ij is the equilibrium distance between the ith

and jth atoms. The subscripts 1, 2, and 3 correspond to

the oxygen and the two hydrogen atoms, respectively.

The water uptake in the electrolyte was examined from

1 to 14.3 H2O/SO3
-. Note that the electrolyte in the

state of water uptake at 14.3 H2O/SO3
- is almost

identical to the immersed proton form of the electro-

lyte in this simulation.

One of the most important phenomena related to the

electrolyte structure is water uptake variation in the

PEM. The electrolyte swells upon water uptake, and

the density of the electrolyte decreases in a humidified

atmosphere. Swelling deformation has been consid-

ered as forming transport paths for the cluster of water

molecules and protons. We first calculated the density

of the PEM system for various amounts of water

uptake. The squares and diamonds in Fig. 7a indicate

the experimental and simulated density for the dry and

hydrated proton form of electrolyte (Jinnouchi and

Okazaki 2003; Gierke et al. 1981). As water content

increases, the PEM density decreases in the simula-

tions as well as experiments, and predicted values

are in good agreement with experimental values,

indicating that swelling phenomena of the electrolyte

can be captured through this simulation. This swelling

phenomena of Nafion� molecules is also illustrated

via Fig. 7b, which shows that the radius of gyration

among the simulation species increases when the

number of water molecules in the system increases.

This indicates that as the area occupied by water

molecules around the end of the side-chain increases,

the Nafion� molecules tend to stretch-out geometri-

cally. Haubold et al. (2001) found that side-chain

U123 ¼ DOH½ð1� exp½�aDr12�Þ2 þ ð1� exp½�aDr13�Þ2�

þ LrrDr12Dr13 þ LchðDr12 þ Dr13ÞDr23 þ
LhhðDr23Þ2

2

" #
expf�b½ðDr12Þ2 þ ðDr13Þ2�g

with Drij ¼ rij � re;ij;

ð13Þ

Fig. 7 a Density of electrolyte (circle experiment by Gierke et al. (1981), square calculation by Jinnouchi and Okazaki (2003),

diamond our model) and b Water uptake dependence of radius of gyration of Nafion� molecules
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unfolding of the polymer can be observed when the

water content increases. In this simulation, we

observed that increase in clustered regions of water

not only affects the side-chain conformations but also

the conformation of the backbone chain, making the

polymer backbone chain stretched.

The evidence of water–water cluster generation in

the wet electrolyte has been provided through several

experimental techniques such as small-angle X-ray

scattering, transmission electron microscopy, and

Fourier transform infrared spectroscopy (FTIR)

(Roche et al. 1981; Porat et al. 1995; Falk 1980). It

has been reported that polar particles (water and

protons) cohere in the electrolyte. We also confirmed

such phenomena in this simulation via radial distri-

bution functions (RDFs = the number of atoms

between radii r and r ? Dr/the number of atoms in

an ideal gas between r and r ? Dr) among the species

(Fig. 8). The sharp peak in RDFs between polar

species indicates that almost all the protons and the

water molecules always exist within the clustered

region. However, we did not observe significant peaks

between the polar and nonpolar particles. These results

indicate that polar particles cohered in our simulations

as well. Figure 9 illustrates the two-dimensional

snapshot of water density distribution within the

simulation cell for various amounts of water content

(H2O/SO3
-). It is clearly observed that the high-water

density region increases as the water content increases.

This high-water density region corresponds to the

clusters observed in previous experimental studies.

The increase of the high-water density region implies

an increase of the number of the transport paths for

polar particles. The alignment of these clusters is

disorderly, and highly tortuous transport pathways are

constructed in our electrolyte model.

Researchers have shown that protons and water

molecules move together through the clusters con-

structed in electrolytes. Although several theoretical

methods using macroscopic modeling have been

proposed based on the information of the electrolyte

structure, there is no model that estimates transport

Fig. 8 RDF: of a H?-H2O, b H?-S, and c H?-CF2

Fig. 9 Water density distributions in a cross section of the system

123Reprinted from the journal 257

J Nanopart Res (2012) 14:245–264



properties from the sub-continuum modeling view-

point. From Fig. 10a, we observe that the mean-square

displacement (MSD) of protons increases as the water

content increases. In other words, the diffusivity of the

protons (proportional to the gradient of MSD)

increases as the water content increases. Thus, the

diffusion of protons in the PEM depends on the water

content. This phenomenon can be explained in terms

of the electrolyte structure. As discussed before, the

water molecules and ions cohere with each other and

construct hydrophilic clusters in a humidified electro-

lyte. These clusters join with each other and form

transport pathways for the protons and water mole-

cules. Evidence that the protons and water molecules

move through this cluster region has been obtained

from the RDF. Hence, we can conclude that the cluster

region is the transport path for protons and water

molecules. The shape parameters of the clustered

region, such as the cluster size and clusters connec-

tivity, can strongly affect the transport properties in

the electrolyte. The low diffusivity in the electrolyte is

due to the tortuous shape of the cluster region. The

ions and water molecules in an electrolyte solution can

move freely in all directions, but particles in the PEM

cannot, due to the tortuous hydrophobic wall. Fig-

ure 10b illustrates the comparison between diffusivity

of water molecules and protons. We observe that the

diffusion coefficient of the protons is smaller than that

of the water molecule, and the activation energy of

protons is higher than that of water molecule. This

indicates that the resistance to transport of protons is

higher than the water molecules.

Multi-physics in gas diffusion layer

An entire PEMFC model has been successfully inves-

tigated via continuum mechanics, which does not have

detailed molecular structural information or simulate

complex multi-phase, -physical phenomena. Phase

separation at GC–GDL and GDL–CL interfaces may

reduce the efficiency of the fuel distribution through

GDL and reaction rates inside the CL. Conventional

continuum mechanics has a barrier to simulate the

complex two-phase gas–liquid flow phenomena within

the porous GDL. To overcome this issue, LBMs can be

introduced. This method is specifically useful for

simulating multi-phase flows as well as hybridizing

molecular with continuum level theories. Since the

LBM covers from mesoscale to continuum levels, it is

straight-forward to combine GDL (mesoscale/contin-

uum level) and GC (continuum level) models.

For the porous media flow simulation, LBM can be

applied on the manipulated complex geometry of

porous media due to its advantages on the complex

geometry. However, in spite of this convenience, the

calculation cost will be drastically increased as the

system size increases up to the device level approx-

imately in millimeter scale and above. To develop

larger scale buffer simulation, the representative

elementary volume (REV) method was invented,

Fig. 10 a Water content dependence of MSD of protons and b MSD of protons and water molecules (H2O/SO3
-:1)
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where a single lattice represents the volume of porous

media. The fuel flowing in the porous electrode can be

described by a continuity equation and the Brickman–

Forchheimer-extended Darcy equations (Nithiarasu

et al. 1997):

r � v ¼ 0; ð14Þ

and

ov

ot
þ ðv � rÞ v

/

� �
¼ � 1

q
rð/PÞ þ mr2vþ F; ð15Þ

where / is porosity, P is cell total pressure, and v is

kinematic viscosity. F represents total body force due

to the presence of the porous medium and other

external force fields, expressed by:

F ¼ �/v

K
v� /F/ffiffiffiffi

K
p vj jvþ /G; ð16Þ

where G is the body force induced by an external

force, and F/ and K are, respectively, the geometric

function and permeability, which can be estimated

from Ergun’s experimental results and expressed by

(Ergun 1952; Vafai 1984):

F/ ¼
1:75ffiffiffiffiffiffiffiffiffiffiffiffiffi
150/3

p and K ¼
/3d2

p

150ð1� /Þ2
; ð17Þ

where dp is the effective average diameter of the solid

in the porous electrode.

In general, the Boltzmann transport equation with

single relaxation time approximation can be written as

Eq. (18). In order to simulate flow through the porous

media, we consider the drag effect of the medium and

present the LBM equation by the following statistical

average form:

�fiðxþ ciDt; t þ DtÞ ¼ �fiðx; tÞ �
1

s
½�fiðx; tÞ � �f eq

i ðx; tÞ�

þ FiDt : ð18Þ

where �fiðx; tÞ and �f eq
i ðx; tÞ are volume-averaged distri-

bution and equilibrium distribution function at REV

scale, respectively (From now on, the overbars will be

omitted for the sake of convenience). Fi is the force

term for ith particle of fluid. Fi is chosen as (Cancel-

liere et al. 1990):

Fi ¼ xiq 1� 1

2s

� �
ei � F

c2
þ ðei � vÞðei � FÞ

/c4
� v � F

/c2

� �
:

ð19Þ

The density and velocity of the fluid are defined by

qðx; tÞ ¼
X

i

fi and

vðx; tÞ ¼ 1

qðx; tÞ
X

i

cifi þ
Dt

2
F

ð20Þ

The macroscopic equations for fluid flowing

through porous media may be recovered by Taylor

expansion and Chapman–Enskog expansion, which

become

oq
ot
þr � ðqvÞ ¼ 0; ð21Þ

and

oðqvÞ
ot
þr � qvv

/

� �
¼ �rPþr � qmðrvþ vrÞ½ �

þ F:

ð22Þ
We see that above equations recover Eqs. (14) and

(15) for incompressible flow. Note that as / = 1, Eqs.

(15) or (22) are reduced to the standard LBKE for the

fluid flows in the absence of porous media.

Xu et al. have successfully introduced the Brick-

man–Forcher extended Darcy equation in order to

solve the performance of molten carbonate fuel cell

(Xu et al. 2006). As a verification of REV method,

Poiseuille flow profiles were simulated in the porous

media modifying LBM with Brickmann–Forcher

extended Darcy equation. The porosity is set to be

0.1, Reynolds number (Re) ranges from 0.01 to 100,

and the Darcy number (Da) ranges from 10-6 to 102.

The lattice used is an 80 9 80 square mesh, and the

relaxation time is set to be 0.8. Periodic boundary

conditions are applied to the entrance and the exit. The

velocity field is initialized to be zero at each lattice

node with a constant density q = 1.0, and the

distribution function is set to be its equilibrium at

t = 0. In Fig. 11a, the numerical results of the REV

LBM are compared with the finite difference results,

which were solved by Guo and Zhao (2002). Excellent

agreement is observed between REV LBM and the

finite-difference solutions, which confirms the validity

of the REV LBM for the continuum scale exhibiting

that velocity profiles tend to be unity when the finer

porous media is used with same porosity. REV LBM is

also compared to the standard LBM with manipulated

porous media geometry in same parameter conditions

as a verification of REV LBM at lower scale level.
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Figure 11b shows that the standard LBM with porous

geometry shows behavior similar to the results from

REV LBM. Since the flow in PEMFC is multi-

component/-phase, which results in clogging effects,

the details of porous media geometry cannot be

discarded for an accurate GDL model. Therefore,

multi-scale integration in GDL can be obtained via

combining REV LBM and LBM with the porous

media geometry.

LBKE can be further modified to capture the multi-

component/-phase phenomena in GDL as well as GC.

This modification also allows modeling the hydro-

philic effect such as bubble transport phenomenon.

Bubble phenomenon in situ was visualized by using

the hydrophilic carbon cloth since it has more

regularly distributed pores than the hydrophobic one.

Therefore, the hydrophilic diffusion layer is more

preferred to remove bubbles. In order to simulate a

multi-component, -phase flow in the fuel cell, we need

to solve the same number of LBKEs as the number of

components. The additional effects from the multi-

phase flow, such as the surface tension, the fluid–solid

force, and the buoyancy force can be treated as

external forces for the momentum equation. There-

fore, the modified LBM equation can be expressed as

qrðx; tÞvrðx; tÞ ¼
X

i

f r
i ðxi; tÞciþFr

totalðx; tÞ; ð23Þ

for the multi-component, -phase flow. In Eq. (23),

Fr
totalðx; tÞ represents the total external force parameter

(momentum per volume) of the component r contrib-

uted by the surface tension, the fluid–solid interaction

force, and the buoyancy force:

Fr
totalðx; tÞ ¼ Fr

surface tensionðx; tÞ þ Fr
fluid�solidðx; tÞ

þ Fr
buoyancyðx; tÞ:

ð24Þ
To model the surface tension force in the multi-

component fluid, an interaction potential /ðx; x0Þ was

defined as

/ðx; x0Þ ¼ Grr0wrðxÞwr0 ðx0Þ; ð25Þ

where wrðxÞ is a function of the mass density of the

species r at the position vector x; and Grr0 is set to be

the interaction strength between the species r and the

other species r0. For simplicity, we assume that Grr0

only accounts for the nearest–neighbor interactions.

The rate of change of the momentum per volume for

the multi-component fluid becomes,

dFr
surface tension

dt
ðx; tÞ ¼ �Wrðx; tÞ

X
r0

Grr0

�
X

i

Wr0 ðxþ eiDt; tÞei:
ð26Þ

Fig. 11 a Comparison of normalized velocity profile

(Re = 0.1); solid line analytical solution, symbol LBM; blue
Da = 10-4, red Da = 10-3, / = 0.1, and b comparison of

REV (blue) and standard (red) methods: Re = 0.1, Da = 10-4,

/ = 0.1. (Color figure online)
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Hence, the force parameter contributed by the

surface tension can be approximated by the following

equation:

Fr
surface tensionðx; tÞ

¼ �sr Wrðx; tÞ
X
r0

Grr0
X

i

Wr0 ðxþ eiDt; tÞei

" #
;

ð27Þ

where sr is the collision time for the species r.

The interaction force at the fluid–solid interaction

can be expressed by

Fr
fluid�solidðx; tÞ ¼ �qr

X
i

Gr
i sðxþ eiDtÞei; ð28Þ

where Gi
r is the fluid–solid interaction potential

parameter; s is a function of the position of the

particle, s = 0 when the particle is in the fluid, and

s = 1 when the particle is at the fluid/solid interface.

The angle between the fluid and the wall, due to the

hydrophilicity, can be controlled by adjusting the

fluid–solid interaction potential parameter Gr. The

angle increases with larger Gr. When the contact angle

increases, the wall is less hydrophilic. The momentum

contributed by the buoyancy force can be expressed

by:

Fr
buoyancyðx; tÞ ¼ �g

X
i

qrðxþ eiDt; tÞei; ð29Þ

where g is the gravitational constant.

By modifying LBM, the multi-physical models can

be realized with the combination of the thermal effects

on the nanoscale systems, which effectively describes

nanoscale thermal phenomena due to its broad length

and time scale coverage. Since electrons as well as

phonons play a vital role in the energy transport in the

nanoscale system, the thermal behavior of both

electrons and phonons needs to be simultaneously

considered to accurately predict the transient sub-

continuum thermal transport. LBM can successfully

resolve such complicated systematic problems since

the complexity of the collision term in the BTE can be

significantly reduced by using the single relaxation

time approximation (Ghai et al. 2006). LBKEs for heat

transfer obtained from the BTEs are written as:

eelec;iðxþ Dxelec; t þ DtÞ ¼ ð1� welecÞeelec;iðx; tÞ
þ welec e0

elec;iðx; tÞ � Qelec�pDt=Dþ SDt=D ; ð30Þ

and

ep;iðxþDxp; tþDtÞ¼ ð1� wpÞ ep;iðx; tÞ
þwp e0

p;iðx; tÞþQelec�pDt=D : ð31Þ

The subscripts elec, p, i, and D represent electron,

phonon, a specific direction in the lattice, and the

number of propagation directions in the lattice,

respectively. w : Dt/s and ei(x, t) are the dimension-

less relaxation time and the discrete energy distribu-

tions of an energy carrier, respectively. Dxi is related

to the time step (Dt) as Dxi ¼ ciDt. S is the energy

density absorbed by the electrons per unit time and

Qelec-p is the coupling term which represents the

energy transfer between electrons and phonons. The

total energy density and the equilibrium energy

distribution are given by

eðx; tÞ ¼
XD

i¼1

eiðxi; tÞ and e0
i ðx; tÞ ¼ eðx; tÞ=D:

ð32Þ
The study of multi-scale approach from atomistic/

molecular to mesoscale/continuum levels still has

challenges for the systems such as non-equilibrium

dynamics and thermally sensitive systems since the

communication between scales drastically increases.

To resolve the issue, we need to develop more

effective intermediate level or bridging methods,

which can also be incorporated to the multi-physics

analysis.

Device-scale/process scale level

A more physically accurate representation includes

space–time dependencies on physical parameters via

conservation laws as well as electrochemistry based

on irreversible thermodynamics. This model for

PEMFC system consists of an integrated assembly of

several interacting physical components, each com-

prising multi-dimensional, -physical transport, and

electrochemical reaction processes. There are seven

chambers in the model, the GCs, the GDLs, and the

CLs both on anode and the cathode sides, and a central

PEM region. This device-level model is based on

multi-phase continuum mechanics model coupled

with species, and energy conservation along with

electrochemistry. The descriptive equations for vari-

ous sub-components are integrated and incorporated
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into the optimization framework. Although this

approach primarily originated from continuum mechan-

ics, one can obtain spatial dependencies and temporal

resolution of physical parameters through an optimiza-

tion scheme. The process level comprises three subsys-

tems (1) fuel processing, (2) PEMFC stack, and (3)

post-combustion. The design questions at this level are

sensitivity and risk analyses and optimization of

network connections of these subsystems and the

individual components within each subsystem. In

addition, the process operation requires handling

external disturbances, model uncertainties, future

upgrades and the ability to incorporate technological

advances. State-of-the-art flowsheet optimization strat-

egies based on black-box or phenomenological models

have some predictive capabilities, but these are usually

limited to early stage decision-making and not detailed

design (Biegler et al. 1997). Nevertheless, this limita-

tion can be remedied through integration with ROMs

(Lang et al. 2011). This provides motivation for

stepping down each level toward the ‘‘bottom,’’ where

the bottom-most level is electronic/atomistic. The

multi-scale approach combined with the system design

procedure will provide the optimized solution for

complex combinatorial problems of nanotechnology

development resulting from the convergence of existing

technologies and novel nanotechnology, and will

address the broad range of applications utilizing

nanoscale materials and phenomena (Fig. 12).

Summary and conclusions

A holistic strategy in hierarchical modeling, which

enables communication among physical phenomena

at different length and time scales and provides

understanding of system properties with nanoscale

parameters, has been presented in this paper in the

context of the PEMFC benchmark system. Through

representative modeling methods at each scale, phys-

ical phenomena in each subsystem have been

explained and possibilities for integrating different

scale methods were provided. As explained in the

benchmark system, bridging methodologies, which

enable an organic linkage of subsystems, were

discussed as a key to build the successful multi-scale

model. Here, molecular to continuum scales can be

bridged by introducing LBM, which characterizes a

broad range from mesoscale to continuum level

behavior. Moreover, molecular level models with

quantum level parameters can be incorporated to LBM

via coarse-graining procedure using ROM, which

simplifies detailed molecular structures while trans-

ferring relevant physical parameters to upper scale

levels. The parameters in coarse-grained model

include nanoscopic information obtained stochasti-

cally from sequential coarse-graining procedures that

include ab initio and bead-spring models.

The development of the hierarchical multi-scale

paradigm consolidates theoretical analysis methods

Fig. 12 The multi-scale approach with the system optimization procedure and nanotechnology convergence
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and extends to large-scale design and decision-making

at the process level, with models based on first-

principles. Although the current integration method

still has topics to be explored, recent significant

advances in multi-scale modeling for each application

will bring profound understanding of complex systems

and lead to the multidisciplinary impact on the entire

science and engineering fields. When molecular

architecture becomes important, nanotechnology and

convergence applications that deal with optimization

can be resolved through the modeling paradigm

presented in this paper.
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Abstract Membrane gas separation technology has

been rapidly growing for industrial applications such

as air separation, carbon dioxide (CO2) separation

from natural gas production, hydrogen separation, etc.

Needs for CO2 separation are increasing as carbon

capture technology has been recognized as an essential

part when combating the global warming issue.

Membrane gas separation technology deals with mass

transport phenomena through the membrane engi-

neered on a sub-nanoscale controlling transport prop-

erties of small gas molecules such as CO2, N2, O2, H2,

etc. In this review, we will report on the recent

developments in capture technologies utilizing vari-

ous membranes including nano-engineered thermally

rearranged (TR) polymers. TR polymer membranes

show high gas permeability as well as good separation

properties, especially in CO2 separation processes

such as from post-combustion flue gas and natural gas

sweetening.

Keywords Polymer membrane � CO2 capture �
Gas separation � Sustainable development

Introduction

Global warming has been an important issue with

climate change caused by greenhouse gases (Marchant

and White 2011). The emission of carbon dioxide

(CO2), one of the most effective greenhouse gases, is

rapidly growing with recent industrial development

for the last several decades. However, fossil fuels,

which have been used in most major industrial fields

producing CO2, are still the most efficient energy

source. Carbon capture and storage (CCS) technology

was introduced to reduce CO2 concentration in the

atmosphere and has been investigated for substantial

installation. The CO2 separation process is the chal-

lenging part known to be about 70 % of the total cost

of the CCS process (Pires et al. 2011). The capture cost

can be reduced by developing efficient CO2 separation

processes (Chu 2009; Gibbins and Chalmers 2008;

Herzog 2001). Among CO2 emission sources such as

transportation or industrial activities, the emission

from power generation, especially from coal-fired

power plants, is regarded as the major source (Chu

2009). In post-combustion CO2 capture, the CO2

separation process is applied at the final stage of the
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power generation process after desulfurization as

shown in Fig. 1. The post-combustion capture process

is appropriate for existing facilities, so it can effec-

tively reduce CO2 emission (Pires et al. 2011; Terry

2007; Zhao et al. 2008).

Carbon capture technology

Post-combustion flue gas from coal-fired power plants

mainly consists of carbon dioxide and nitrogen (N2).

The flue gas component consists of about 14 % CO2

and *80 % N2 with a small amount of oxygen (O2)

and water vapor (H2O) (\5 %) (Herzog 2001; Zhao

et al. 2008). CO2 in flue gas can be separated by means

of various technology and materials using physical

properties and/or chemical affinities of CO2 mole-

cules. The chemical absorption process uses CO2

sorption properties of amine solvent. Monoethanola-

mine (MEA) solvent is the most well-known and

applicable chemical agent for this technology. The

absorption process uses chemical affinity of CO2

molecules with sorbent. It has been developed for

more than 60 years and many demonstration projects

are in progress (Idem et al. 2005; Pires et al. 2011; Rao

and Rubin 2002). Recently, rigid materials with

intrinsic porosity are under investigation for the CO2

separation process such as zeolites (Gramm et al.

2006; Pham et al. 2011; Shin et al. 2009), zeolitic

imidazolate framework (ZIF) (Banerjee et al. 2008;

Venna and Carreon 2009), polyhedral oligomeric

silsesquioxanes (POSS) (Dasgupta et al. 2010; Li

and Chung 2010), and metal–organic frameworks

(MOFs) (Bae and Snurr 2011; Rosi et al. 2003;

Rowsell et al. 2004, 2005). These materials possess

well-defined three-dimensional micropores suitable

for molecular sieving materials. Gas transport is based

on gas diffusion into microporous structure, and thus

CO2 separation rate is dependent on pore size and

porosity.

Membrane processes

A membrane is a selectively permeable material which

can separate mixtures based on physical and chemical

properties such as size, vapor pressure, affinity, etc.

Membranes are usually thin layers with small holes or

cavities which allow some molecules to pass through,

while other molecules cannot (Brunetti et al. 2010;

Mulder 1996). Gas separation membranes, which

separate small gas molecules, control transport of gas

molecules mainly by size and transport rate differ-

ences of gas molecules. Gas transport in membranes is

described as both diffusion and sorption mechanism

(Bernardo et al. 2009; Koros and Fleming 1993).

Permeation properties of gas molecules through

membranes can be elucidated from diffusion and

sorption which is described as

P ¼ D � S ð1Þ

where P, D, and S are permeation, diffusion, and

solubility coefficient (Mulder 1996). Gas transport

rate is usually based on a solution-diffusion mecha-

nism: sorption of penetrant into the membrane,

diffusion through the membrane, and desorption from

the opposite side of the membrane. Transport rate is

mainly determined by kinetic diameter of gas mole-

cules and chemical affinity with membranes. Gas

transport mechanism of polymer membranes is

Fig. 1 Schematic of a flue

gas cleanup train for a coal-

fired power plant (Merkel

et al. 2010)
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dominated by the properties of polymers. For rubbery

polymers such as poly(dimethyl siloxane) (PDMS),

solubility-based permeation is dominant although it

has an amorphous and rubbery structure and reason-

able gas diffusion. However, for glassy polymers such

as poly(1-trimethylsilyl-1-propyne) (PTMSP) or

polyimides (PI), diffusion-based permeation is appro-

priate to explain the gas transport mechanism due to

gas diffusion through free volume element in glassy

polymers.

Gas permeability and selectivity are two important

factors. Permeability, which is described in Barrer and

GPU units (1 Barrer = 10-10 cm3 (STP) cm cm-2

s-1 cmHg-1, 1 GPU = 10-6 cm3(STP) cm-2 s-1

cmHg-1), interprets how fast gas molecules pass

through the membrane. Selectivity is a membrane

property that selectively picks target molecules (Mul-

der 1996). Selectivity of gases is defined as,

ai=j ¼
Pi

Pj

¼ Di

Dj

� Si

Sj

ð2Þ

where P is permeability and ai/j is selectivity in gas

mixture i and j.

As shown in Fig. 2, some gas molecules have fast

transport rates and some have slow rates determined

by kinetic diameter and chemical affinity. For CO2/N2

separation application, their size difference is quite

small (only 0.03 nm) so that gas separation for CO2/N2

is difficult unless high pressure is applied as a driving

force. However, application of high pressure requires

high energy cost in the flue gas separation process,

increasing capture cost and lowering competitiveness

of membrane is an option for capture technology.

Membrane processes have many advantages such

as small footprint, environmental suitability, eco-

nomic efficiency, etc. In spite of its advantages, the

membrane process is regarded as a minor process in

current CCS technology because of low permeability

particularly at low driving force (Baker 2002). It is

important to have the right cavity size in polymer

membranes, between 0.3 and 0.4 nm, in order to have

high gas permeability and selectivity (Park et al.

2007). Diffusion selective membranes from glassy

polymers have been developed for promising mem-

brane materials with high performance for gas sepa-

ration processes. Thermally rearranged (TR) polymer

membranes, which will be discussed in the following

section, have been investigated for diffusion selective

membranes with nanoengineered free volume

elements.

Many institutes and companies that have

researched the development of membrane materials

and processes have demonstrated membrane pro-

cesses. Research Institute of Innovative Technology

for the Earth (RITE) in Japan has reported on CCS

technology including membrane separation. RITE

reported a hollow fiber membrane module which has

CO2 permeance of 1,000 GPU and CO2/N2 selectivity

of 40 (Kazama 2004).

Membrane Technology & Research Inc. in the US

has reported membrane modules called PolarisTM for

CO2 separation from flue gas (Merkel et al. 2010).

They developed membrane materials as well as

membrane processes and verified efficiency of mem-

brane processes in energy consumption and total cost.

PolarisTM membranes were demonstrated in a coal-

fired power plant for CO2 separation from flue gas.

Polymers with intrinsic microporosity (PIMs) have

been reported as a microporous glassy polymer and

developed for membrane materials (Budd et al. 2006;

Du et al. 2011; McKeown et al. 2006; McKeown and

Budd 2010).

Fig. 2 Gas transport in

membrane modules and

kinetic diameters of small

gas molecules (Freeman

et al. 2006)
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The membrane process is a good candidate to

retrofit the CO2 separation process from post-com-

bustion flue gas (Powell and Qiao 2006). Currently,

the chemical absorption process is the most available

technology for practical application. However, the

process cost is high due to the cost of amine solvent

and excessive heat energy to regenerate CO2 from

solvent. Its long-term stability is poor with degrada-

tion, but the reason for the degradation is still an

unsolved problem (Rochelle 2009). The membrane

process is a desirable future technology to overcome

the limit of the absorption process.

TR polymer membranes

Conventional polymeric membranes have been

applied for many gas separation processes due to the

advantage of manufacturing such as low cost, easy

handling, and processability despite its poor chemical

and thermal stability (Baker 2002). However, aro-

matic glassy polymers interconnected with heterocy-

clic rings such as polybenzoxazoles (PBO),

polybenzothiazoles (PBZ), polypyrrolone (PPL), and

polybenzimidazoles (PBI) have excellent chemical

and thermal stability even in harsh conditions. These

properties make the materials attractive for many

applications; however, they also reduce the process-

ability. This kind of polymer cannot be dissolved in

common organic solvents for membrane formation

and can only be dissolved in strong acids (Imai et al.

1965).

Recently, TR polymers have been studied as

membrane materials. TR polymers are aromatic

polymers with heterocyclic rings prepared by in situ

thermal conversion of polyimides with ortho-func-

tional groups (PIOFG). The thermal conversion

mechanism of TR polymers was studied by Tullos’s

group (Tullos and Mathias 1999; Tullos et al. 1999)

and has been studied for membrane materials by Lee’s

group (Calle and Lee 2011; Choi et al. 2010; Han et al.

2010a, b; Jung et al. 2010; Park et al. 2007). TR

polymer has an aromatic structure with a rigid polymer

backbone, so it does not have processability. However,

the precursor polymer for TR polymer is an aromatic

polyimide which is widely used for many industrial

applications and easily dissolved in common organic

solvents. Therefore, it is easy to form into any shape

such as flat film and hollow fibers. TR polymer

membranes can be prepared by simple thermal rear-

rangement after membrane formation with precursor

polymers. Figure 3 describes the thermal conversion

reaction from PIOFG to TR polymer. Ortho-func-

tional group can be hydroxyl (–OH), thiol (–SH), and

amine (–NH2) groups and resulting TR polymers have

PBO, PBZ, and polypyrrolone (PPL) structures. PBI

structure can also be prepared from PPL (Han et al.

2010a). Those TR polymers are chemically and

thermally stable aromatic polymers which have

exceptional gas transport properties. During the ther-

mal rearrangement process in solid state, a micropo-

rous structure is obtained. Thermal conversion results

in the evolution of interconnected microcavities with a

narrow cavity size distribution which is accessible for

small gas molecules. TR polymers are novel micro-

porous membrane materials with large free volume

elements and narrow cavity sizes, and they induce fast

mass transport of gas molecules and good separation

properties. By conversion in solid state, free volume in

PIOFG is dramatically increased when converted to

TR polymer. This unusual free volume structure

accounts for permeability with fast diffusion of gases.

CO2 permeability of TR polymer membranes is

enhanced by more than two orders of magnitude over

those of precursor polymers and typical glassy

polymers.

From TR polymers, various PBO membranes have

been studied (Han et al. 2010b; Jung et al. 2010; Park

et al. 2007, 2010). The precursor of TR-PBO was

prepared by conventional polycondensation reaction

of dianhydride and diamine with hydroxyl function

group in common polar aprotic solvents such as N-

methyl-2-pyrrolidione (NMP), and hydroxyl group

containing poly(amic acid) (HPAAc) was obtained.

HPAAc was converted to hydroxyl polyimide (HPI)

by various imidization methods such as thermal,

chemical, and azeotropic imidizations, based on

dehydration reaction of poly(amic acid) structure.

The final thermal rearrangement of HPI for TR-PBO

was followed at a high temperature of about 450 �C in

inert atmosphere after membrane formation. The

physical properties of TR-PBO membranes, such as

gas permeability and selectivity, were distinguished

by polymer backbone structures as well as the

imidization method (Han et al. 2010b).

Polymer backbone structure influences physical

properties as well as membrane performance. Com-

mercial polyimides such as Matrimid� and P84� have
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carbonyl linkage, and these membranes show good

mechanical properties and high gas permeability due

to free volume created by bulky carbonyl group (Bos

et al. 2001; Tin et al. 2004). Bulkier fluorine-contain-

ing group can create larger free volume in polymers

and improve membrane gas permeation properties.

Many fluorine-containing polyimide membranes have

been reported for gas separation membranes and

showed better performance for gas separation (Cui

et al. 2011; Das and Koros 2010; Wang et al. 2008).

TR polymer membranes that have been prepared with

fluorine group containing monomers (TR-1) in dian-

hydride and diamine presented the highest gas

permeation properties with good selectivity. However,

TR polymer membranes with ether linkage (TR-3)

showed the lowest gas permeation properties due to

packing effect caused by flexible ether linkage in the

polymer backbone.

Positron annihilation lifetime spectroscopy (PALS)

is commonly used to determine the cavity size

distribution and relative intensity of free volume

elements, which are critical for gas separation

(a)

(b)

Fig. 3 Mechanism of

thermal rearrangement from

PIOFG to TR polymer:

a chemical structure of

PIOFG, b TR polymers
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materials. PALS provides polymer structures by the

estimate of the free volume elements of polymers

(Ammala et al. 2002). A positron, which is emitted

from a radioactive 22Na source injected into the

sample, forms a spin parallel bound state with an

electron called ortho positron (oPs) and annihilates

with an antiparallel electron. In the annihilation,

r-photons are set free and detected. The lifetime of

oPs relies on the electron density and the free volume

elements. For analysis of membrane materials, PALS

measurement is appropriately used to investigate free

volume element and cavity size distribution. More-

over, it can provide an explanation of the transport

mechanism of small gases. Compared to diffraction

analysis using X-ray, PALS measurement can detect

cavity size of various materials, even amorphous

polymer, more accurately (Anderson et al. 2008;

Merkel et al. 2003).

Table 1 describes physical properties and free

volume characterization of representative highly per-

meable polymers such as PTMSP, PIMs, and TR

polymers. By calculation of s3 and s4, cavity size in

bimodal systems can be determined. Typical glassy

polymers such as polyimide (PI) and polysulfone

(PSf), which have low fractional free volume, are

depicted as only unimodal cavity distribution. How-

ever, highly permeable polymers, as shown in Table 1,

are described with bimodal cavity distribution. Larger

cavity size of TR polymers was about 8–10 Å

(1 Å = 0.1 nm), which was efficient for fast mass

transport and high permeability. Small cavity size of

TR polymer membranes was about 3 Å, which was

suitable for CO2 separation. Note that kinetic diameter

of CO2 is 3.3 Å. Moreover, PALS data explain free

volume increase during thermal rearrangement by

relative intensity increase. Large free volume elements

resulted in extraordinarily high gas permeability

especially for CO2 molecules (Han et al. 2010b).

Gas permeation properties of TR polymer mem-

branes and their copolymer membranes are summa-

rized and compared in Table 2. Typical glassy

polymer membranes such as PI show diffusion-

enhanced gas permeation. Therefore, smaller gas

molecules such as H2 and CO2 show higher perme-

ability compared with larger molecules such as N2 and

CH4, but relatively low permeability for all the gas

molecules. However, TR polymer membranes show

very high gas permeability for smaller gas molecules

such as H2 due to enlarged free volume element.

Nanoengineered and well-tuned cavities with

\0.38 nm in cavity size, a little larger than kinetic

diameter of CO2 molecules (0.33 nm) and similar to

that of CH4 (0.38 nm), lead to fast gas transport of CO2

and good selectivity over N2 and CH4. CO2 perme-

ability of TR polymer membranes presents over a few

thousand Barrer, which is the highest level of perme-

ability of typical glassy polymers reported.

Gas permeation properties of TR polymer mem-

branes can be controlled by degree of thermal

rearrangement, which is determined by thermal treat-

ment conditions (Park et al. 2010). Thermal rear-

rangement of PIOFG was generated at around

300–350 �C and fully converted to TR polymer at

around 450 �C. When PIOFG were thermally treated

below 450 �C, partially rearranged TR polymers had

an imide part as well as a benzoxazole part. Conse-

quently, the gas permeation properties of those

polymers were dependent on the degree of thermal

conversion. Thermally kinetic studies of TR polymers

were also carried out. The gas permeability and

selectivity were tunable by degree of thermal conver-

sion for specific gas separation applications.

Table 1 Comparison of physical properties and cavity characterization of highly permeable polymers (Han et al. 2010b; Staiger

et al. 2008; Thomas et al. 2009)

Sample Physical properties Cavity characterization

Density

(g/cm3)

FFV s3 (ns) I3 (%) s4 (ns) I4 (%) Cavity

diameter (Å3)

Cavity

diameter (Å4)

PTMSP 0.75 0.34 1.7 7.4 8.8 34 5.1 12.4

PIM-1 1.13 – 2.06 6.15 6.28 18.6 5.8 10.6

TR-tPBO 1.17 0.28 1.2 5.0 5.26 6.0 4.0 9.7

TR-aPBO 1.38 0.22 1.1 7.1 3.9 12.7 3.5 8.4

TR-cPBO 1.15 0.35 1.0 5.3 5.00 3.7 3.4 9.5

J Nanopart Res (2012) 14:265–275

123 270 Reprinted from the journal



TR polymers with various monomers in dianhy-

dride and diamine have shown different gas perme-

ation properties. Commercial monomers such as

4,40-hexafluoroisopropylidene diphthalic anhydride

(6FDA), 1,2,3,5-benzentetra carboxylic dianhydride

(PMDA), etc., as a dianhydride, and 2,2-bis(3-amino-

4-hydroxyphenyl)hexafluoropropane (bisAPAF), etc.,

as a diamine were used to prepare precursor of TR

polymers. Synthetic monomers, which were not

commercially available, such as bis(o-aminophenol)

monomer [e.g., 2,2-bis(4-(4-amino-3-hydroxyphen-

oxy)phenyl)-hexafluoropropane (6FBAHPP)] (Calle

and Lee 2011), were also introduced. Because TR

polymer membranes with bulky hexafluorine groups

present the highest gas permeation properties as well

as fractional free volume, a monomer with bulky

fluorine groups and with ether linkages was intro-

duced. TR poly(ether-benzoxazole) (TR-PEBO)

membrane was prepared to observe the effect of chain

flexibility on physical properties and gas permeation

properties (Calle and Lee 2011). TR polymers with

flexible polymer backbone showed large rotational

freedom. Thermal rearrangement of those polymers

occurred at lower temperature and mild conditions.

The full conversion to TR polymers was achieved at

400 �C, which was lower than the conventional TR

temperature.

Copolymerization was introduced to control phys-

ical properties as well as to confirm the effect of

thermal rearrangement. Poly(benzoxazole-co-imide)

membranes were obtained from the thermal rear-

rangement of poly(hydroxyl imide-co-imide) (Jung

et al. 2010). From TR-PBO-co-PI membranes, gas

permeability and selectivity were easily controlled by

varying composition of the imide part during copoly-

merization. Size and distribution of free volume

elements and cavities were created during thermal

rearrangement. Another copolymer of TR polymers

was studied with ladder-type polymer, polypyrrolone

(PPL). Poly(benzoxazole-co-pyrrolone) was obtained

by thermal rearrangement of precursors of polyimides

with hydroxyl group for the benzoxazole part and

Table 2 Gas permeability and selectivities of TR polymer membranes

Sample code Permeability (Barrer) Selectivities

H2 CO2 O2 N2 CH4 O2/N2 CO2/N2 CO2/CH4

TR-PBO series (Park et al. 2007, 2010)

TR-1 2,774 4,045 747 156 73 4.8 26 55

TR-2 444 597 93 20 15 4.7 30 41

TR-3 91 73 14 2.3 1 6.1 31 58

TR-4 356 469 81 15 10 5.4 31 41

TR-PBI (Han et al. 2010a)

PAI 36 24 3 0.7 0.3 4.1 35 92

PPL 376 234 65 13.0 8.0 4.9 18 29

TR-PBI 1,779 1,624 337 62.0 35 5.4 26 46

PBO–PPL copolymer (Choi et al. 2010)

TR-PBO 4,194 4,201 1,092 284 151 3.9 15 28

PBO–PPL 8:2 1,989 1,874 421 94 50 4.5 20 37

PBO–PPL 5:5 2,895 1,805 475 85 46 5.6 21 39

PBO–PPL 2:8 1,680 525 132 18 6.7 7.3 29 78

PPL 376 234 65 13 8.1 4.9 18 29

PBO–PI copolymer (Jung et al. 2010)

TR-PBO 1,228 1,014 220 48 41 4.6 21 24

PBO–PI 8:2 623 389 90 18 14 4.9 21 27

PBO–PI 5:5 47 25 4.8 0.82 0.65 5.8 31 39

PBO–PI 2:8 38 11 2.2 0.4 0.3 5.7 29 38

PI 14 2.7 0.72 0.09 0.03 7.7 30 91
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amino group for the pyrrolone part (Choi et al. 2010).

PPL was introduced as a selective site due to its well-

packed structure, and copolymers showed relatively

high selectivity. TR PBO–PPL copolymer presented

structural synergy effect for selectivity and perme-

ability. As PPL contents increased, as a selective part,

selectivity increased. Rigid PPL structure improved

molecular sieving effect and overcame original mate-

rial selectivity. As described in Table 2, gas separation

properties of TR copolymer membranes can be tuned

with well-defined nanoengineered free volume ele-

ment or cavities. PBI was prepared by a thermal

rearrangement process (Han et al. 2010a). Conven-

tional PBI shows very high thermal and chemical

stability as well as a high glass transition temperature;

therefore, PBI has been used in applications with harsh

conditions. However, due to its strong chemical

stability, it is difficult to prepare PBI membranes

using conventional solvent (Allcock et al. 2003). TR-

PBI was prepared from TR-PPL precursor. PPL has

rigid and strong backbone structure, but imide linkage

in PPL is weak at alkaline condition. TR-PBI was

prepared by simple thermal treatment after alkaline

hydrolysis of TR-PPL. During thermal rearrangement,

microporous characteristics were obtained and gas

permeation properties were enhanced compared to the

precursors. TR-PBI membranes show much higher gas

transport performance than conventional PBI mem-

branes and are widely applicable for various gas

separation processes.

Figure 4 shows the relationship of permeability and

selectivity for CO2/N2 separation, which was intro-

duced in data collection from literature to describe the

trade-off relationship of gas permeability and selec-

tivity (Robeson 2008). Robeson plotted gas perme-

ability and selectivity data for various gas separation

applications. From data collection, he demonstrated

the upper bound as a performance limit of membrane

materials. Many polymeric membrane materials have

been developed in the last several decades; however,

only some of the materials pass through the upper

bound. However, as shown in Fig. 4, all TR polymer

membranes are located near and some of them are

beyond the upper bound. TR polymer membranes

show much higher performance than any of the

polymeric membranes.

Various TR polymer membranes were fabricated

into hollow fiber membrane modules as shown in

Fig. 5. Hollow fibers are a typical membrane type for

gas separation modules. Hollow fiber membrane

fabricated with the phase separation method has large

membrane area per volume and packing density.
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Fig. 5 TR polymer membrane modules (hollow fiber type)
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Therefore, many commercial membrane modules for

gas separation are made of hollow fiber membrane

modules (Clausi and Koros 2000; Kosuri and Koros

2008; Lin et al. 2002). TR polymers can be prepared

into hollow fiber membranes from HPIs followed by a

thermal rearrangement process (Kim et al. 2012).

Laboratory scale TR-PBO hollow fiber membrane

module showed CO2 permeance of about 2,000 GPU

with selectivity over nitrogen of about 13. Develop-

ment of high performance membrane modules made

of TR hollow fiber membranes will lead to effective

CO2 separation, and thus capture technology with TR

membranes will be a promising option for CCS

technology with low capture cost.

Conclusions

TR polymer membranes have recently made signifi-

cant progress for gas separation applications. Gas

permeability of TR polymer membranes was

enhanced by two orders of magnitude over typical

glassy polymer membranes; therefore, it can signifi-

cantly reduce the industrial process cost and CO2

capture cost. Microporous structures and gas transport

properties of TR polymers are tunable by different

thermal protocols and backbone structure of precursor

polymers. Suitable TR membranes can be produced

for specific gas separation applications by tuning the

right cavity size. In particular, TR polymer mem-

branes are engineered for CO2 transport through

polymer free volume elements and show extraordi-

narily high permeability with proper selectivity of

CO2 over N2. TR polymer membranes can be one of

the promising options for CCS technology with low

carbon capture cost over conventional absorption and

adsorption technology currently trying to scale up.
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Abstract Intermolecular energy decomposition

analysis (EDA) is reported for the binding of CO2

with zeolitic imidazole frameworks (ZIF) to provide a

molecular level interpretation of the recent capacity

and selectivity measurements of several ZIFs and to

suggest a theoretical guideline to improve their

performance further, using 1 nm size of organic linker

fragment of the ZIFs as a target molecule. The EDA

suggests that the local electronic interaction of CO2

and the substituent groups, mainly frozen density and

polarization interactions with little charge transfer, is

the primary binding interaction, but the electron

correlation effects can be equally or more important

depending on the binding geometry and functional

groups. The present correlated calculations identify the

preferred ZIF binding sites for various gases including

CO2 to be mostly near the benzene substituent groups

rather than the plane of imidazole rings. We predict

that the NH2-substituted ZIF would have an enhanced

capacity of CO2 as compared to the NO2-substituted

ZIF that was recently synthesized and reported to be

one of the materials with the best capacity results along

with high gas selectivity. The present calculations may

imply that the local functionality of the linking

organics, rather than detailed framework structures,

may be of primary importance in designing certain

high capacity MOF or ZIF materials.

Keywords CO2 capture � Zeolitic imidazole

frameworks � Intermolecular interactions �
Nanostructures � Sustainable development

Introduction

In addition to generating and storing new eco-friendly

and renewable energy sources (Yang et al. 2007;

Samanta et al. 2006; Mueller and Ceder 2005; Mulder

et al. 2005; Sagara et al. 2004), direct removal of

carbon dioxide from vehicles or fossil fuels is an

important global problem to be addressed urgently due

to the global climate changes. Recently, new porous

crystalline materials (Kitagawa et al. 2004; Brant et al.

2006; Park et al. 2006; Hayashi et al. 2007; Wang et al.
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2008; Banerjee et al. 2008) have been developed with

stable tetrahedral networks that have large CO2

adsorption capacities. Among them, zeolitic imidazole

frameworks (ZIFs) (Hayashi et al. 2007; Wang et al.

2008; Banerjee et al. 2008, 2009) are promising ones

that are composed of Zn and functionalized ditopic

imidazolates (Fig. 1) linkers, each of them substituting

the Si and O atoms of zeolites. Compared with metal

organic frameworks (MOF) that are widely explored as

hydrogen or CO2 storage materials, ZIFs have higher

thermal and chemical stability (Banerjee et al. 2009;

Furukawa et al. 2010). The ZIF also shows remarkable

CO2 selectivity among various gases (Fig. 2) (Baner-

jee et al. 2008). Recently, MOFs that have high gas

adsorption capacity but are also thermally and mechan-

ically stable have been reported (Furukawa et al. 2010).

Research efforts are thus being focused on finding new

ways to increase capacities by controlling the pore size

or introducing new functional groups, both experi-

mentally and theoretically. As the pore size becomes

larger, more gases can be placed in the pore. By a rough

estimate, less than 10 carbon dioxide molecules can be

placed in a 15.9 Å diameter pore at 77 K and 40 bar for

some ZIFs (Banerjee et al. 2008). In this case, even for

the high pressure given, only 1 or 2 molecules can be

attached on the linker. When one carbon dioxide is

bound on the linker, induced dipole moment may

attract another carbon dioxide to be around and,

resulting in storing more carbon dioxides in the pore.

In general, synthesizing structures with larger pore size

(precombustion) and more effective linker with stron-

ger affinity (postcombustion) would be important for

high capacity but application dependent. Of course,

another issue for gas storage is gas selectivity among

various gas mixtures. MOFs with open metal sites

(Park et al. 2012) or amidoxime functionalities (Zulfi-

gar et al. 2011) are another promising candidates for

high capacities and selectivities.

Recently, as a large capacity CO2 capture material,

the Yaghi group synthesized (Banerjee et al. 2008) ZIF-

78 (NO2; nitrobenzoimidazolate) that has a large

adsorption capacity as well as high CO2 selectivity

among N2, O2, and CH4 gases, even though it has a

relatively small surface area among other synthesized

ZIFs. The ZIF-82 (CN; cyanideimidazolate) also

showed a large capacity. From the fact that ZIF-78 and

82 have large CO2 capacities, it was suggested that the

dipole–quadrupole interactions between ZIFs and gases

may be important because both ZIF-78 and ZIF-82 have

lone pair electrons on N atoms of substituent groups.

Molecular dynamics simulations (Babarao and Jiang

2009; Liu et al. 2009; Rankin et al. 2009; Liu and Smit

2010; Pérez-Pellitero et al. 2010) and quantum chemical

calculations were performed to provide insights into the

CO2 capture by porous materials. Molecular dynamics

simulation studies suggested the possible binding sites

of CO2 to be near the substituent groups. Although these

MD studies provided potentially useful insights into the

possible binding modes of CO2 in ZIFs, the results

would depend critically on the empirical force field (FF)

Fig. 1 Ditopic imidazolates considered in this work. IMBZ(ZIF68), IMBZBr(ZIF81), IMBZCl(ZIF69), IMBZMe(ZIF79) and

IMBZNO2(ZIF78) are used in the study of Banerjee et al. (2009) and IMBZCN and IMBZNH2 are additionally suggested in this work

Fig. 2 The experimental adsorption isotherms data from

Banerjee et al. (2009) for various ZIFs for different gases,

CO2, N2, O2, and CH4 under 298 K and 800 Torr

J Nanopart Res (2012) 14:277–288
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used. For example, the FF used in the study of Pérez-

Pellitero et al. (2010), namely Universal Force Field

(UFF) (Rappe et al. 1992) is a general force field that is

not optimized for the ZIF systems under consideration.

Quantum chemical calculations are also performed by

many groups. Vogiatzis et al. (2009) showed that lone

pair electrons of nitrogen are a binding site in the general

imidazole group in the context of ZIF systems. But in

experimental ZIFs, both lone pair electrons are used in

making conjugate orbitals on the imidazole ring because

of the zinc coordinations, making these model systems

not suitable to study ZIFs. Negri and Sendig (2007)

studied the binding of CO2 with conjugated ring

systems, and more recently, Torrisi et al. (2009, 2010)

also calculated the interactions between CO2 with

functionalized benzenes. The latter authors found

various energy minimum structures and analyzed the

origins of binding of CO2 with C6H6, C6H5NO2,

C6H5NH2, C6H4(OH)2, C6H5SO3H, and C6H5COOH.

They found that the molecules that have lone pair

electrons or polar groups involving acidic hydrogens

have large CO2-ligand affinity.

In this work, we explore various model systems that

can best describe the experimental ZIF system while

maintaining the size of systems under computational

feasibility, and using them, attempt to provide the

molecular level interpretation of the CO2 binding of ZIF

systems as well as binding sites. Although at high

pressures the pore volume becomes important, the

experimental conditions we are comparing our calcula-

tions with are measured at 1 bar (Banerjee et al. 2009)

where there was no direct correlation between the pore

metric and CO2 update, and the CO2 uptake was rather

influenced primarily by functionality effects. To this end,

we perform energy decomposition analysis and identify

the key intermolecular interactions that are responsible

for the strong binding and selectivity. On the basis of

these understanding, we propose a new functional group

that could have larger capacity and selectivity.

Methodology

Computational details

The minimum energy structures were optimized by

B3LYP/6-311?G*, and reoptimized using RIMP2/

VDZ(d) using the development version of QCHEM

software package (Shao et al. 2006) to allow the long

range correlation effects in the nonbonding interactions

of CO2 with various model ZIFs. For improved energet-

ics on the optimized geometries (i.e., single point energy

evaluation), we used scaled MP2 methods, SOSMP2

(Jung et al. 2004; Lochan et al. 2005; Jung and Head-

Gordon 2006) and SCSMP2 (Grimme 2003), to correct

usual overestimation trends of the conventional MP2.

Indeed our results indicate that SOSMP2 and SCSMP2

systematically lower the binding strengths predicted in

RIMP2. The VDZ(d) basis for zinc and cc-pVTZ basis

(Peterson and Puzzarini 2005) for all other elements were

used for correlated single point energy calculations (Hill

and Platts 2008; Yousaf and Peterson 2009). Frozen core

approximation was used in MP2 calculations.

Using the absolutely localized molecular orbitals

(ALMO) energy decomposition analysis (Khaliullin

et al. 2007), we decompose intermolecular interac-

tions into the geometric distortion (GD), frozen

density component (FRZ), polarization (POL), and

the charge-transfer (CT) terms (Wu et al. 2009a, b).

DEBINDING ¼ DEGD þ DEFRZ þ DEPOL þ DECTð
þDEHF�BSSEÞ þ DECORR ð1Þ

In Eq. 1, the first five terms in the parenthesis are

calculated and analyzed using the Hartree–Fock wave

function and the last term, DECORR, is the BSSE (basis

set superposition error)-corrected correlation energy

contribution that is computed at the scaled MP2 level

in this study. The GD denotes the geometric distortion,

and the frozen density term (FRZ) is understood by the

energy associated with the interaction of two frag-

ments under its isolated density when brought to a

supermolecule complex without any density relaxa-

tion of fragments. Polarization (POL) and charge

transfer (CT) lower the energy by allowing the fully

relaxed electron densities, where POL corresponds to

the intramolecular density relaxation and CT includes

the intermolecular density relaxation and fully opti-

mized delocalized MOs. The CT term is further

divided as a sum of the charge transfer from ZIFs to

gas, and from gas to ZIFs, plus higher order charge

transfer correction terms which are typically negligi-

ble (Figgen et al. 2005). The HF-BSSE term is the

BSSE correction for the HF energy. We note that to

quantitatively compare with experiments in general, it

is more appropriate to consider free energy rather than

an electronic energy. However, in the present case,

since the main purpose is to consider various model

substituents, and predict the functional groups with
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the higher relative binding affinity, we suppose the

consideration of just the electronic energy contribu-

tion is sufficient. The latter reasoning is because a

missing component in the free energy estimation of

binding in our case is mainly the entropy of free CO2

gas molecule and cage which is roughly the same for

all model systems compared, adding only a constant in

our predicted relative energetics.

Model system

Due to the large size of the basic building blocks of ZIFs,

we used smaller models to simplify the system. In the

experiment, the bridging imidazolate group has a -1

formal charge (Banerjee et al. 2008, 2009; Wu et al.

2009a, 2009b) with the oxidation state of Zn ?2 to

neutralize the framework. Each Zn atom is fully

coordinated by imidazolate linkers in a tetrahedral

manner, and thus the main role of Zn is regarded as

supporting flat structures around imidazolate with

negligible interactions with CO2, unlike in the open

metal sites of other MOFs that interact directly with

CO2. Geometry optimization of the [CO2 ? REF]

complex, where REF denotes the fixed cyclic geometry

taken from the X-ray crystal structure database of ZIF-

68 shown in Fig. 3, supported this structural role of Zn,

in which CO2 was optimized geometrically near the

center of imidazole ring or the substituent group, but

remote from the Zn atom. Therefore, in our model, we

decided to terminate Zn with hydrogen atoms after

testing terminations with –H, –ZnH, –ZnH2, –ZnH3,

–Zn(CH4)2, and –Zn(CH4)3. Some of the model struc-

tures were found to be unstable or did not yield a flat

structure in the gas phase, but among them, the

negatively charged –ZnH2 model yielded the correct

flat structure, similar natural bond orbital (NBO) charges

as compared with REF (Table 1), negative formal

charge on the imidazole ring, and remained stable with

and without complexation with CO2. Therefore, –ZnH2

model was used for all calculations reported here.

To validate the chosen model, we compared the

binding energies of CO2 with the model and REF

(Fig. 3) systems, which yielded -11.2 and -4.5 kJ/

mol (model structure) versus -19.0 and -7.1 kJ/mol

(reference structure) at RIMP2/cc-pVTZ for two

different binding modes ONIM and NRSB, respec-

tively (acronyms ONIM and NRSB are described in

the next section). Although there is some quantitative

difference between the reference and model calcula-

tions, the trends of the two binding modes are the

Fig. 3 The simplest cyclic

building unit (REF) of the

experimental ZIF (IMBZ)

taken from the X-ray crystal

structure database,

interacting with CO2. Atoms

in blue are fixed during

geometry optimization

while CO2 was fully relaxed.

Shown left is the optimized

ONIM structure, and shown

right is the optimized NRSB

structure. (Color figure

online)

Table 1 The –ZnH2 model system considered in this study to

study the local binding with CO2 with experimental ZIF sys-

tems, and calculated natural bond orbital (NBO) charges for the

key atoms in the framework

Targets NBO charge

C N Zn H

ZnH2 0.20 -0.65 0.63 -0.41

REF* 0.24 -0.60 0.53 -0.44

Structures are optimized by B3LYP/6-31?G* level

* NBO charges of the reference ZIF unit obtained from the

crystal structure (Wang et al. 2008). This consists of circularly

connected three Zn-imidazolate units and is the smallest

symmetric structure. The C is the carbon atom sandwiched

between two nitrogens

J Nanopart Res (2012) 14:277–288
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same, supporting the validity of the model. As will be

described in ‘‘Results and discussion’’ section, our

model also reproduces the experimental trend (order-

ing) of adsorption capacities of five different ZIFs with

different substituents in excellent agreement, again

justifying the validity of the model used in this paper.

The fact that there are no experimental changes in

properties of the frame upon binding of CO2 is

consistent with our calculations with weak and

physical adsorption.

Results and discussion

Binding on the imidazole ring (ONIM)

In general, two binding sites can be considered in

ZIFs, one on the imidazole ring (ONIM) and the other

near the edge of imidazole or benzene substituent

group (NRSB). Binding of CO2 near Zn is generally

not favorable because of the steric crowdedness from

the neighboring linkers. In this section we consider

ONIM configurations, and the NRBZ cases are

considered in the next section.

When the carbon dioxide binds to the imidazole

ring, the center of CO2 carbon directs to the negatively

charged carbon center of imidazole (Fig. 4). All of

seven optimized structures considered in this study are

similar and ZIF68 is shown in Fig. 4 as a represen-

tative. For all structures, there is no noticeable

structural distortion on CO2, and binding distances

between the carbon center of CO2 and the carbon

center of imidazole ring range between 3.14 and

3.31 Å, indicating van der Waals complexes.

From the small orbital overlap under this binding

distance, one might expect the dominant binding

nature of carbon dioxide to be mainly the dispersion

force and some electrostatic interactions between the

quadrupole moment of CO2 and local functionalities

of the imidazole ring. The fact that the binding does

not occur at the Hartree–Fock (HF) level and the

binding occurs after the correlation treatment at the

RIMP2 level, however, indicates that dispersion

interactions are the main intermolecular interactions

for this type of binding since the electrostatic inter-

action is usually well described at the HF level. The

results are summarized in Table 2. All seven func-

tional groups have similar interaction energies both at

the HF and RIMP2 level, roughly ?10 and -11 kJ/

mol, respectively. Using the SCS-MP2 (or SOS-MP2)

method which we regard as the most accurate ener-

getics in the present study, the binding strength

decreases by approximately 5 kJ/mol. A sharp differ-

ence in the capacity observed experimentally depend-

ing on different functional groups is thus not explained

by considering the ONIM modes of binding alone.

Fig. 4 Top view (left) and

side view of IMBZ. Distance

between C center of CO2

and ZIFs are shown in a side

table

Table 2 The interaction energies of CO2 for the ONIM case: CO2 binds to the center of imidazole ring of target molecules as in

Fig. 3

BZ Br Cl CN CH4 NH2 NO2

HF (kJ/mol) 9.5 9.6 9.8 10.3 8.7 9.4 10.2

RIMP2 (kJ/mol) -11.2 -11.0 -10.4 -10.5 -11.6 -11.3 -10.7

SOSMP2 (kJ/mol) -4.1 -3.9 -3.4 -3.4 -4.6 -4.1 -3.6

SCSMP2 (kJ/mol) -6.5 -6.3 -5.7 -5.8 -6.9 -6.5 -6.0

J Nanopart Res (2012) 14:277–288
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The energy decomposition analysis is summarized

in Fig. 5. The largest unfavorable interaction compo-

nent is frozen density term that arises from bringing

the two monomer densities without relaxing the

orbitals, but is recovered by the large dispersive

correlation effects due to the parallel stacking geom-

etry. There are some polarization effects and charge-

transfer interactions, but their magnitudes are small,

1–2 kJ/mol and less than 1 kJ/mol, respectively. The

relative importance of various interaction terms (FRZ,

POL, and CT terms) is similar throughout different

functional groups.

Binding near the substituted benzene groups

(NRSB)

Optimized structures for the NRSB modes of binding

are summarized in Fig. 6. Depending on the sub-

stituent groups, the binding distance from the carbon

center of CO2 to the center atom of substitute groups

varies from 2.79 to 3.45 Å. There are also possibilities

of weak hydrogen bonding between the oxygen of

CO2 and C–H groups of benzene rings, and they are

indicated in Fig. 6 as arrows with the distances

explicitly shown. The internal geometry of CO2 after

binding is more or less intact throughout different

functional groups, with the largest bending of 4.1

occurring for NH2.

The binding energetics for the NRSB cases are

summarized in Table 3 and their decomposition

analysis is summarized in Fig. 8. Unlike the ONIM

modes of binding, the binding of CO2 occurs for

NRSB even at the HF level for all functional groups

considered in this study except for the bare benzene

case. The EDA indicates that those molecules with

local dipole moments at the substituent site (CN, NH2,

and NO2) all bind CO2 at the HF level due to their

electrostatic interaction with the quadrupole moment

of CO2. Electronegative atomic substituents such as Br

and Cl also bind CO2 molecule, but to a much smaller

extent. These mainly electrostatic binding interactions

at the HF level are then strengthened after correlation

treatments by 3–10 kJ/mol at the SCS-MP2 level.

The order of SCS-MP2 binding strength is given as

NH2 [ NO2 [ CN [ Br & Cl [ Bz & Me, among

which NO2, Br, Cl, Me, and BZ are synthesized and

measured experimentally in the study of Banerjee

et al. (2009). The capacity measurements (Banerjee

et al. 2008) showed the binding order of

NO2 [ Br & Cl [ Bz & Me, in excellent agreement

with our computed binding affinity order. From this

agreement, we can suggest that the experimental

capacity results reflect the binding affinity of CO2, and

the primary binding interaction and sites are the local

interactions of CO2 with the benzene substituent

groups, rather than with the imidazole rings, consistent

with experimental interpretations (Banerjee et al.

2008). A further examination of the pore structure of

these ZIFs suggests that places where the imidazole

rings reside may be spatially too tight for CO2 to be

stored. Since the binding distance of CO2 with the

imidazole rings is about 3.2 Å, at least the spherical

space of about 6 Å in diameter may be needed as

drawn in Fig. 7. The crystal structure implies that CO2

would barely fit in a region where the imidazole rings

can interact with CO2, consistent with our finding that

the capacity order agrees well with the NRSB modes

of binding. The previous MD simulations also pre-

dicted the NRSB as possible and primary binding sites

(Rankin et al. 2009). By contrast, spaces near the

benzene substituents are open pores that are readily

accessible to CO2.

Fig. 5 a EDA results for the case of binding ‘on the imidazole

ring (ONIM)’. b More details about the polarization and charge

transfer terms. The DE(A ? B) means charge transfer from

ZIFs to CO2, DE(B ? A) means charge transfer from CO2 to

ZIFs, and DE(HOCT) means higher order charge transfer terms

J Nanopart Res (2012) 14:277–288
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The binding affinities of CO2 with the ZIF model

systems calculated here are in good agreement with the

previous study of interactions of CO2 with the isolated

functionalized benzene molecules as shown in Table 3

(Torrisi et al. 2009, 2010). This important agreement

suggests that in ZIFs the local interaction of substituted

groups with CO2 is most important to determine the

binding strength without much perturbation from the

Fig. 6 Optimized geometries of CO2 binding ‘near the benzene substitute groups (NRBZ)’. From left to right; IMBZ, IMBZBr,

IMBZCl (1st row), IMBZCN, IMBZMe, IMBZNH2 (2nd row), and IMBZNO2 (3rd row)

Table 3 The interaction energies of CO2 for the NRSB case: CO2 binds near the substituent groups of target molecules as in Fig. 5

BZ Br Cl CN CH4 NH2 NO2

HF (kJ/mol) 1.5 -0.8 -1.2 -4.4 1.5 -3.4 -8.2

RIMP2 (kJ/mol) -4.5 -7.7 -7.5 -10.5 -4.2 -16.5 -12.6

SOSMP2 (kJ/mol) -2.3 -4.5 -4.5 -7.1 -2.2 -10.6 -9.2

SCSMP2 (kJ/mol) -3.0 -5.5 -5.5 -8.2 -2.9 -12.6 -10.3

J Nanopart Res (2012) 14:277–288
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linker framework or the presence of metals. In other

words, in the design of MOFs or ZIFs for higher CO2

storage capacity, the present calculations suggest that

the detailed structural effects may be secondary and the

local functionality is of primary importance.

The EDA is summarized in Fig. 8. Again, electro-

static effects on the binding can be seen from the HF

results: only the functional groups that are electro-

negative or have local dipole moments bind CO2 at the

HF level, with the NO2 group having the strongest

binding. The functionality that is predicted to have the

highest binding strength is NH2 which is bound by

-3.4 kJ/mol at the HF level but by -12.6 kJ/mol at

the SCS-MP2 level. This can be compared with the

experimental NO2 group, that is bound by -8.2 kJ/

mol at the HF and by -10.3 at the SCS-MP2 level.

Therefore, the stronger interaction of CO2 with the

NH2 group as compared to NO2 is largely a correlation

effect. Frozen density and polarization effects account

for 12%, charge transfer accounts for 8%, and the

correlation effects (mainly dispersion) are responsible

for 73% of the total interaction energy, unlike NO2

where the largest contribution is electrostatic

interactions.

In a very recent report of ZIFs that have large surface

area and high CO2 capacity, Morris et al. (2010)

reported that the amine-substituted imidazole (direct

attachment) has a high uptake for CO2, but the system

is different from the one considered in this study (6 in

Fig. 1). In a computational interpretation for the

measured high uptake, the authors suggested that the

functionality’s asymmetry and polarizability signifi-

cantly influences the CO2 uptake capacity, that is,

imidazoles with asymmetric functionalization have

greater capacity as compared with those with symmet-

ric functionalization. We note that the symmetric

frameworks that showed low capacity in the latter

interpretation incidentally had functional groups with

low local binding affinities toward CO2 (i.e., methyl or

chloride substituents), and therefore whether the

observed low uptakes are due to the symmetry aspect

or to the low local binding strength seems unclear.

Additional computational interpretations and insights

would be helpful.

Gas selectivity

Gas selectivity is considered in this section. In particular

in the study of Banerjee et al. (2009), ZIF78 (with NO2

group) showed a remarkable selectivity toward the CO2

capture in a mixture of various other gases, CH4, O2, and

N2. We explain its molecular origin here.

Gases have local minimum between the benzene

ring and the nitrogen center of the NO2 substitute

Fig. 7 The near-imidazole pore space of the experimental

crystal structure of IMBZCl that may be accessible to CO2

(Wang et al. 2008). The shaded sphere in pink is too crowded for

CO2 to be adsorbed. (Color figure online)

Fig. 8 a EDA results for the case of binding ‘near the benzene

substitute groups (NRBZ)’. b More details about the polariza-

tion and charge transfer terms
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group. Optimized structures are shown in Supporting

Information. Binding distances are 3.24 Å(CO2),

3.31 Å(N2), 3.31 Å(O2), and 3.47 Å(CH4). In

Table 4, our model system for the ZIF78 predicts

that the decreasing order of binding strength is CO2

(-10.3 kJ/mol) [ CH4 (-3.5) [ N2 (-2.1) [ O2

(-0.8), in reasonable agreement with experiment

(CO2 [ CH4 [ N2 & O2). Using these SCS-MP2

energetics and a simple Boltzmann distribution, the

CO2/CH4 (selectivity of CO2 over CH4), CO2/N2 and

CO2/O2 can be estimated to be 16, 27, and 45,

respectively, which can be compared with estimated

10, 50, and 48, respectively, based on experiments

(Banerjee et al. 2008). These simple estimates suggest

that although there are quantitative differences

between the experimental and calculated selectivities,

the adsorption isotherms can be roughly understood by

considering binding energy differences among gases.

The EDA analysis is shown in Fig. 9. Among

various gases tested, only CO2 molecule has negative

interaction energy of isolated densities, perhaps due to

specific interactions of the lone pair electrons of

nitrogen of amino group and the electron deficient

carbon of CO2 (Torrisi et al. 2009), as well as the large

quadrupole moment of CO2. However, quadrupole

moments alone cannot explain the overall adsorption

trend since CH4 has a zero quadrupole moment but has

a larger capacity than O2 and N2 with nonzero

quadrupole moments (Rallapalli et al. 2010). It was

also suggested (Rallapalli et al. 2010) that there is a

strong correlation between the polarizability of gases

and the adsorption capacity of gas molecules in some

metal–organic frameworks. Our EDA analysis, how-

ever, indicates that the frozen density, FRZ, term

(in the absence of polarizability) is relatively more

important than the intra and intermolecular electronic

relaxation (POL, CT) and correlation effects, terms

that are related to polarizability.

For the NO2-substituted model, CO2 is bound by

-8.2 kJ/mol while the other gases are unbound by

about 10 kJ/mol at the HF level. Due to the lack of

favorable electrostatic interaction of the NO2 sub-

stitute group with the other gases (N2, O2, CH4), the

latter gas molecules move between the benzene ring

and the substitute group for rich electron density and

favorable dispersion interactions (Fig. 9). For these

gases, the optimized structures have relatively large

face-to-face overlap between the gas molecules and

the benzene rings or substituents. On the other hand,

CO2 prefers the position near the benzene substitute

group to experience larger frozen density, polariza-

tion, and charge transfer effects. From the comparison

of binding energy and energy decomposition analysis,

polarization or charge transfer is larger for the NRSB

case than for the ONIM case.

We also predicted the binding selectivity for the

NH2 case, which offers the tightest binding. The

optimized binding sites are depicted in Supporting

Information. Binding distances are 3.24 Å(CO2),

3.13 Å(N2), 3.20 Å(O2), and 3.48 Å(CH4). The

Table 4 The calculated interaction energies of various gases

(selectivity) for IMBZNO2 (ZIF78): gases bind near the NO2

groups of IMBZNO2 (ZIF78), with optimized structures shown

in Supporting Information

CO2 N2 O2 CH4

HF (kJ/mol) -8.2 10.5 9.1 9.1

RIMP2 (kJ/mol) -12.6 -5.3 -3.9 -7.0

SOSMP2 (kJ/mol) -9.2 -0.6 0.8 -1.8

SCSMP2 (kJ/mol) -10.3 -2.1 -0.8 -3.5

Fig. 9 a EDA results for the binding of various gases to the

NO2-substituted ZIF system. b More details about the frozen

density, polarization, and charge transfer terms (The ALMO

EDA is not implemented for a triplet ground state, and for O2

only a separation of the total interaction energy into the positive

HF and negative correlation contribution is thus given)
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binding sites of all gases are similar and on the lone

pair electrons of the N center of NH2. The EDA

summarized in Fig. 10 indicates that there is a

substantial correlation effect between the NH2 group

and CO2, N2 and CH4, but large electrostatic effects

are found only for CO2. The FRZ term is favorable for

binding only for CO2.

Using the Boltzmann factor, we can calculate

expected ratio of adsorbed gases for the NH2 substi-

tuted case. From the calculation employing the

SCSMP2 level binding energy in Table 5, we obtain

12 (CO2/CH4), 23 (CO2/N2), and 85 (CO2/O2). These

results are comparable to or better than the NO2-

substituted case, namely, 16, 27, and 45. From these

results, we suggest that the NH2 substitute will result

in a better adsorption capacity for CO2 and also the

good selectivity among N2, O2, and CH4 gases than the

NO2 substituent group.

Conclusions

Based on the comparison of NBO charges and

structural features with experimental ZIF system, we

developed a model system that is terminated with

ZnH2 and captures the experimental binding energet-

ics quite well. The most likely binding sites that

reproduce the experimental binding capacity data are

near the benzene substitute groups, rather than on the

imidazole rings, consistent with previous MD simu-

lations and experimental interpretations (Banerjee

et al. 2009). The sterics of the confined space of the

ZIF structures also suggest that the places near the

imidazole rings may be too congested to be a capable

binding site, unlike near the benzene substituents that

are found in open pores and readily accessible to CO2.

The binding order of different functional groups

observed experimentally is well reproduced in our

calculations with the chosen model/method, justifying

the analysis presented in this paper. The energy

decomposition analysis suggests that the local elec-

trostatic interaction between CO2 and the substituent

groups is the primary binding interaction, but the

correlation effects can be equally or more important

depending on the binding geometry and functional

groups.

An excellent gas selectivity of ZIF78 toward CO2

and the selectivity order among N2, O2, and CH4 gases

observed experimentally are reasonably reproduced

computationally, where the primary interaction

responsible for the selectivity is identified to be the

electrostatic interaction of CO2 with the local NO2

group. The NH2 group is then predicted to have the

strongest binding for CO2 among the ones tested in

this work along with the high selectivity in a gas

mixture due mainly to dispersion-like correlated

effects. The present calculations may imply that the

local functionality of the linking organics, rather than

detailed framework structures, may be of primary

importance in designing certain high capacity MOF or

ZIF materials.

Fig. 10 a EDA results for the binding of various gases to the

NH2-substituted ZIF system (predicted). b More details about

the frozen density, polarization, and charge transfer terms. See

also the caption of Fig. 8

Table 5 The predicted interaction energies of various gases

(selectivity) for IMBZNH2: gases bind near the NH2 groups of

IMBZNH2, with optimized structures shown in Supporting

Information

CO2 N2 O2 CH4

HF (kJ/mol) -3.4 7.3 6.3 5.8

RIMP2 (kJ/mol) -16.5 -8.1 -1.2 -9.2

SOSMP2 (kJ/mol) -10.6 -3.1 2.5 -4.0

SCSMP2 (kJ/mol) -12.6 -4.8 1.3 -5.7
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Hayashi H, Côté AP, Furukawa H, O’Keeffe M, Yaghi OM

(2007) Zeolite a imidazolate frameworks. Nat Mater

6:501–506

Hill JG, Platts JA (2008) Auxiliary basis sets for density fitting-

MP2 calculations: nonrelativistic triple-f all-electron cor-

relation consistent basis sets for the 3d elements Sc–Zn.

J Chem Phys 128:044104

Jung Y, Lochan R, Dutoi T, Head-Grodon M (2004) Scaled

opposite spin second order Møller-Plesset correlation

energy: an economical electronic structure method. J Chem

Phys 121:9793

Jung Y, Head-Gordon M (2006) A fast correlated electronic

structure method for computing interaction energies of van

der Waals complexes applied to the fullerene-porphyrin

dimer. Phys Chem Chem Phys 8:2831

Khaliullin RZ, Cobar EA, Lochan RC, Bell AT, Head-Gordon M

(2007) Unravelling the origin of intermolecular interactions

using absolutely localized molecular orbitals. J Phys Chem A

111:8753–8765

Kitagawa S, Kitaura R, Noro S (2004) Functional porous

coordination polymers. Angew Chem Int Edn 43:

2334–2375

Liu B, Smit B (2010) Molecular simulation studies of separation

of CO2/N2, CO2/CH4, and CH4/N2 by ZIFs. J Phys Chem C

114:8515–8522

Liu D, Zheng C, Yang Q, Zhong C (2009) Understanding the

adsorption and diffusion of carbon dioxide in zeolitic im-

idazolate frameworks: a molecular simulation study. J Phys

Chem C 113:5004–5009

Lochan R, Jung Y, Head-Gordon M (2005) Scaled opposite spin

second order Møllet-Plesset theory with improved physical

description of long-range dispersion interactions. J Phys

Chem A 109:7598

Morris W, Leung B, Furukawa H, Yaghi OK, He N, Hayashi H,

Houndonougbo Y, Asta M, Laird BB, Yaghi OM (2010) A

combined experimental–computational investigation of

carbon dioxide capture in a series of isoreticular zeolitic

imidazolate frameworks. J Am Chem Soc 132:11006–11008

Mueller T, Ceder G (2005) A density functional theory study of

hydrogen adsorption in MOF-5. J Phys Chem B 109:

17974–17983

Mulder FM, Dingermans TJ, Wagemaker M, Kearley GJ (2005)

Modelling of hydrogen adsorption in the metal organic

framework MOF5. Chem Phys 317:113–118

Negri F, Saendig N (2007) Tuning the physisorption of molec-

ular hydrogen: binding to aromatic, hetero-aromatic and

metal-organic framework materials. Theor Chem Acc 118:

149–163

Park J, Kim H, Han SS, Jung Y (2012) Tuning metal–organic

frameworks with open-metal sites and its origin for

enhancing CO2 affinity by metal substitution. J Phys Chem

Lett 3:826
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Abstract Advances in nanoscale science and engi-

neering suggest that many of the current problems

involving the sustainable utilization and supply of

critical materials in clean and renewable energy

technologies could be addressed using (i) nanostruc-

tured materials with enhanced electronic, optical,

magnetic and catalytic properties and (ii) nanotech-

nology-based separation materials and systems that

can recover critical materials from non-traditional

sources including mine tailings, industrial wastewater

and electronic wastes with minimum environmental

impact. This article discusses the utilization of nano-

technology to improve or achieve materials sustain-

ability for energy generation, conversion and storage.

We highlight recent advances and discuss opportuni-

ties of utilizing nanotechnology to address materials

sustainability for clean and renewable energy

technologies.

Keywords Critical materials � Clean energy �
Nanotechnology � Urban mining

Introduction

Global climate change is one of the greatest challenges

facing the world in the twenty-first century [Intergov-

ernmental Panel on Climate Change (IPCC) 2007].

During the past two decades, a consensus has grad-

ually emerged that increasing emissions of greenhouse

gases such as carbon dioxide (CO2) from the combus-

tion of fossil fuels (e.g. coal and petroleum) are the key

drivers of global climate change (IPCC 2007). Meet-

ing the growing demand for energy while significantly

reducing CO2 emissions will require the deployment

of orders of magnitude more clean and renewable

energy systems than what is now in place as the world

population reaches 8–10 billion by 2050 (Fromer et al.

2011; Diallo et al. 2013). However, there is a growing

realization that the development and large-scale

implementation of clean and renewable energy sys-

tems will require sizeable amounts of technology
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metals (Diallo and Brinker 2011; Fromer et al. 2011;

Diallo et al. 2013). Like energy and water, the

availability of metals derived from minerals and other

sources is critical to the world economy and global

sustainability. Recent stresses in the global market of

rare-earth elements (REEs) have brought the sustain-

able supply of technology metals to the forefront

(Diallo and Brinker 2011; Fromer et al. 2011). In

addition to REEs and platinum group metals (PGMs),

significant amounts of copper, silver, cobalt, nickel,

gold, magnesium, lithium, titanium, gallium, molyb-

denum and tungsten will be needed to build the clean

and renewable energy technologies of the twenty-first

century including (i) solar cells, (ii) wind turbines, (iii)

electrical vehicles, (iv) batteries and (v) energy-effi-

cient lighting devices [Fromer et al. 2011; Department

of Energy (DOE) 2011]. The United States (US)

National Research Council (NRC) published one the

first comprehensive studies of critical minerals/mate-

rials in 2008. In this seminal study, the NRC devel-

oped the concept of ‘‘criticality matrix’’ and showed

that a mineral/material must be both essential in use

and subject to supply restriction to be deemed critical

[NRC 2008]. The NRC subsequently applied its

criticality matrix to eleven elements and mineral

groups including PGMs and REEs. They reported that

metals with the highest degree of criticality included

indium, manganese, niobium, PGMs and REEs (NRC

2008). Recently, the role of critical materials in

energy generation, conversion and storage has been

the subject of several reports (Fromer et al. 2011; Moss

et al. 2011; DOE 2011).

As nanotechnology looks toward the next 10 years

and beyond, two key questions arise:

• Can nanotechnology address the challenges of

achieving or improving materials sustainability for

clean and renewable energy technologies?

• Can nanotechnology help augment the supply of

critical materials required for clean and renewable

energy technologies technologies?

This perspective article highlights and discuss

opportunities of using nanotechnology to address

materials sustainability in clean and renewable energy

technologies. The focus is on selected areas where

nanotechnology is likely to have the greatest impact

over the next decade: (1) solar photovoltaics, (2) solid

state lighting, (3) wind turbines, (4) electric vehicles,

(5) solar fuels and (6) batteries. Following the

‘‘Introduction’’, ‘‘Nanotechnology and clean energy:

opportunities for improving materials sustainability’’

section gives an overview of recent advances in the

development of nanostructured materials with

enhanced electronic, optical, magnetic and catalytic

properties that can reduce or eliminate the utilization of

critical materials in energy generation, conversion and

storage. ‘‘Nanotechnology and clean energy: opportu-

nities for improving the supply of critical materials’’

section highlights advances in the development of

nanotechnology-based separation materials and sys-

tems that can efficiently recover critical materials from

non-traditional sources including mine tailings, indus-

trial wastewater and electronic wastes with minimum

environmental impact. ‘‘Summary and outlook’’ sec-

tion provides a summary and outlook of the utilization

of nanotechnology to improve or achieve materials

sustainability in clean and renewable energy

technologies.

Nanotechnology and clean energy: opportunities

for improving materials sustainability

As noted above, meeting the world’s growing demand

for clean and renewable energy will require not only

substantial amounts of technology metals, the REEs

being foremost, but also PGMs, indium, lithium,

gallium, tellurium and precious metals (e.g. silver).

Although the current industrial demand for these

technology metals is small in terms of tonnage, they

are deemed essential for a number of energy applica-

tions, including (i) permanent magnets for wind

turbines and EVs, (ii) metal alloys for batteries, (iii)

light absorbers and emitters for photovoltaics, (iv)

light emitting diodes (LEDs) and (v) catalysts for

solar-fuel generation. In 2010, clean and renewable

energy technologies consumed about 20 % of the

global supply of technology metals, and this is likely

to increase significantly in the future (Fromer et al.

2011; DOE 2011; Diallo et al. 2013). To address

materials criticality in clean and renewable energy

technologies, several new programs supported by both

the public and private sectors have been initiated.

These programs aim to both (1) increase materials

supply through investments in mining, exploration and

materials recycling and (2) reduce demand using

various mechanisms including the initiation of

research and development (R&D) programs by the
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Advanced Research Projects Agency-Energy (ARPA-

E) of the US DOE to replace REEs in motors and

turbines (ARPA-E 2011). More recently, DOE has

established the Critical Materials Institute, an Energy

Innovation Hub led by Ames National Laboratory to

address materials sustainability for clean and renew-

able energy technologies (http://cmi.ameslab.gov/

about_home.html).

In order to address the critical nature of technology

metals, it is important to understand the nature of their

criticality. Clean and renewable energy technologies

often use large quantities of metals such dysprosium,

gallium and platinum due to some unique functionality

that each of these metals provides including superior

magnetic, optical and catalytic properties (Fromer

et al. 2011; DOE 2011). In some cases, the required

functionality (e.g. magnetism) can be replaced both at

the system level (e.g. using induction motors that do

not rely on high coercivity magnets) and at the bulk

material level (e.g. using niobium–titanium supercon-

ducting magnets that do not require REEs). In many

cases, however, a decrease in the usage of a critical

material or a reduction of its criticality will depend to a

large extent on finding new ways to re-engineer the

required material functionality using substitutes. For

every application in which this could be achieved, the

criticality of a material could be lowered thereby

reducing its importance for those applications. Ideally,

the new material would exhibit superior performance

in terms of functionality as well. But even if that would

not always be the case, this could still ease criticality by

replacing the material in other applications where a

decrease or loss of functionality would be acceptable.

Nanotechnology provides unprecedented opportuni-

ties to address materials sustainability in clean and

renewable energy technologies. As we become more

proficient at manipulating and controlling matter at the

atomic scale, we will also become more successful at

preparing new functional materials ‘‘by design’’ with

the required electronic, optical, magnetic and catalytic

properties while utilizing little or none of the critical

elements that are currently required in clean and

renewable energy technologies. Below, we discuss

selected areas where nanostructured materials are

emerging as viable alternatives to reduce or eliminate

the utilization of critical materials in energy genera-

tion, conversion and storage. Table 1 highlights

selected examples and strategies for reducing materials

criticality in clean and renewable energy technologies.

Photovoltaics and solid state lighting

In PV and solid-state lighting, the optical properties of

critical materials are their key attributes. The increase

in the use of semiconductor lasers and LEDs in

commercial applications over the past several decades

has been largely driven by our ability to fabricate high-

quality nanostructures (quantum wells and now quan-

tum dots) with enhanced optical properties, most

notably in III–V devices. These nanostructures are

providing new opportunities to tune the absorption

properties of photovoltaic materials. It is worth

mentioning that companies such as Cyrium Technol-

ogies and QuantaSol (acquired in 2011 by JDSU) are

already using semiconductor nanocrystals (or quan-

tum dots) and quantum wells to fabricate high-

efficiency multi-junction solar cells for concentrating

photovoltaics (CPV) applications (Valdivia et al.

2010). The improvement in efficiency enables these

new CPV systems to compete on a cost basis with flat

panel solar cells while using much less amounts of

active semiconductor material (i.e. 1/1000th) and

silver. Ordered films/arrays of photoactive semicon-

ductor nanocrystals are also being employed to

fabricate more efficient thin-film solar cells that are

directly tuned to the solar spectrum (Gur et al. 2005;

Ma et al. 2009). This is in turn providing new

opportunities to reduce materials criticality through

the utilization of earth-abundant elements or non

critical materials (Guo et al. 2010). Nanotechnology

could also help find solutions to the so-called ‘‘green

gap’’ in semiconductor LEDs (O’Donnell et al. 2012).

A conventional semiconductor lighting device gener-

ates ‘‘white’’ light by mixing blue or UV light

produced by an InGaN LED with that emitted by a

yellow-orange (amber) AlInGaAsP LED. However, in

both cases the efficiency drops off as the materials are

tuned towards the green region of the spectrum.

Nanotechnology offers potential solutions to this

problem through the fabrication of quantum-dot LEDs

that do not require REEs (Zhang et al. 2011). Finally,

we would like to mention that advances in plasmonics

and nanophotonics are providing new opportunities to

develop more efficient optical materials for renewable

and clean energy technologies. Plasmonic or photonic

nanostructures assembled on a periodic lattice with

unit length comparable to the wavelength of light have

the capability to alter the optical properties of

materials by inducing light to couple into guided

J Nanopart Res (2013) 15:289–303
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modes or absorb much more strongly than in standard

thin films, thereby enabling the use of orders of

magnitude less materials in solar cells and semicon-

ductor LEDs (Deceglie et al. 2012; Callahan et al.

2012; Grandidier et al. 2012).

Wind turbine and Electric vehicles

High-power rare earth permanent magnets (REPMs)

have been at the core of the growth in the size and

efficiency of wind turbines over the past decade. They

are also commonly used in the motors for Electric

vehicles (EVs) because they provide better power/

weight ratios. There is a renewed interest in materials

that can achieve comparable energy density and

coercivity as the REPMs with no or little amounts of

REEs. Several strategies are being implemented to

achieve this objective. These range from a simple

reduction in the grain size of REPM magnets (Shen

et al. 2006) to the development of entirely new systems

including coupled ‘‘exchange-spring magnets’’ (Knel-

ler and Hawig 1991; Liu et al. 2011). These consist of

hybrid nanostructures with two functional nanoparti-

cles of different chemistry (e.g. FePt and Fe0.8Ni0.2)

that are selected for their hard or soft magnetic

properties and coupled together to produce permanent

magnets with high energy density and coercivity

(Kneller and Hawig 1991; Liu et al. 2011). Finally,

we would like to mention that the ARPA-E REACT

program is supporting several projects focused on the

development of high-performance magnets based on

nanostructured materials from earth-abundant ele-

ments including cerium, iron, nitrogen, manganese

and aluminum (ARPA-E 2011).

Table 1 Nanotechnology and materials criticality reduction strategies in clean and renewable energy systems

Systems Components Critical materials Materials criticality reduction strategies

Wind turbines Generators Neodymium, dysprosium Develop nanostructured REPMs that utilize less amounts of

neodymium and dysprosium

Use non-critical materials and earth-abundant elements to develop

nanocomposite ‘‘exchange spring magnets’’ by coupling

nanoparticles with hard and soft magnetic domains to achieve high

energy density and coercivity

Electric

vehicles

Motors Neodymium, dysprosium Same strategy as above

LIB Lithium, cobalt Use electrospun nanofibers made of earth-abundant elements to

prepare more efficient anodes, cathodes and separators for LIB

NiMH

Batteries

REEs, cobalt Develop magnesium batteries and new batteries using nanomaterials

based on earth-abundant elements

Solar cells Thin film Tellurium, gallium,

germanium, indium, silver,

cadmium

Find new nanostructured and absorbing materials that match the

solar spectrum without using critical materials

Exploit quantum confinement to tune and improve the optical

properties of solar cells materials built using non critical materials

Exploit advances in nanophotonics and plasmonics to build thin-film

solar cells that utilize orders of magnitude less active materials

Solid state

lighting

devices

LED

devices

Gallium, indium See strategy as above

Utilize nanoparticles and quantum confinement to improve light

emitting efficiency throughout the visible spectrum

Phosphors Yttrium, europium, terbium,

other REEs

Switch from fluorescent lights to LED lights to decrease the use of

phosphors (REEs) by an order of magnitude

Utilize nanoparticle light emitters to reduce or replace REEs in

phosphors

Solar fuel

generators

Catalysts Platinum, palladium, iridium,

yttrium

Develop hydrogen/oxygen evolution catalysts using nanomaterials

based on earth-abundant elements

Optimize grain size and exploit quantum size effects to tune band

energies, surface states, and thermal properties to increase catalyst

activity and reactivity
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Solar fuels

Because solar radiation is intermittent, the large-scale

implementation of solar power will require efficient

systems that convert solar energy into high-density

chemical fuels. One of the great challenges in clean

energy technology is to build an efficient and scalable

photo-electrochemical reactor that combines solar

energy with water and CO2 to generate fuels such as

hydrogen and methanol (Lewis and Nocera 2006). To

achieve high efficiency, the first generation of bench

scale solar fuel generators employed PGMs (e.g.

platinum and iridium) as base metals for their

hydrogen and oxygen evolution catalysts. PGMs are

among the most critical and expensive technology

metals on Earth. Thus, the discovery and optimization

of non-platinum based catalysts is a critical step in the

development of an industrial scale solar fuel generator.

Recent work has shown that molybdenum sulfide and

nickel–molybdenum alloy based nanomaterials hold

promise as new hydrogen evolution catalysts (Vrubel

et al. 2012; Mckone et al. 2013). It is worth mentioning

that progress on the development of oxygen evolution

catalysts has been slower. However, recent work

points to the possibility of optimizing the nanoscale

structures of perovskite oxide materials for this

purpose (Suntivich et al. 2011). This work is a major

thrust of the Joint Center for Artificial Photosynthesis

(JCAP), a Department of Energy innovation hub

dedicated to the development of a prototype solar fuel

generator (http://solarfuelshub.org/). JCAP has initi-

ated an extensive research program to discover new

catalysts for solar-fuel generation based on earth-

abundant elements. This program combines high-

throughput combinatorial search for new catalysts

with experimental and theoretical investigations of

fundamental reaction pathways and mechanisms.

Batteries

In industrialized countries such as the United States,

transportation is responsible for approximately 67 %

of oil consumption and 33 % of CO2 emissions (Davis

et al. 2013; EPA 2008). Electricity is the cleanest and

most versatile source of energy for meeting the

world’s growing demand for energy while signifi-

cantly reducing CO2 emissions. Thus, increase in the

usage of EVs and plug-in hybrid electric vehicles

(PIHEVs) could result in significant decreases in both

oil consumption and CO2 emissions. Because lithium-

ion batteries (LIB) currently provide the best combi-

nations of energy density (*100 Wh/kg) and power

density (*200 W/kg) at the lowest cost (See http://

www.allaboutbatteries.com/Battery-Energy.html),

they have emerged as the most widely employed

electricity storage media for EVs and PIHEVs

during the past 10 years. However, EVs and PI-

HEVs will need to have batteries ‘‘with twice the

energy storage of today’s state-of-the-art LIB at

30 % of the cost’’ to be competitive with gasoline-

powered cars (ARPA-E 2010). Nanotechnology

provides new opportunities to improve the perfor-

mance of LIB including energy density, power

density, size, weight, stability and safety while

reducing their costs (Aricò et al. 2005; Brinker and

Ginger 2011). A significant development in battery

technology is the emergence of electrospun nanof-

ibers as versatile classes of nanomaterials for the

preparation of high-performance anodes and cath-

odes for LIB using earth-abundant elements such as

silicon, magnesium, vanadium, carbon and sulfur

(Cavaliere et al. 2011; Raghavan et al. 2012).

Electrospinning is also being employed to develop

more efficient separators for LIB (Cavaliere et al.

2011; Raghavan et al. 2012) using polyvinylidene

fluoride (PVDF) and polyacrylonitrile as base

polymers (Cavaliere et al. 2011; Raghavan et al.

2012).

Nanotechnology and clean energy: opportunities

for improving the supply of critical materials

Most of the technology metals that are currently being

utilized in clean and renewable energy technologies

are produced through the mining, extraction and

processing of virgin ores (DOE 2011; Fromer et al.

2011). Because there is a significant time lag between

the discovery and processing of new virgin ores,

current and future shortages of technology metals

cannot be addressed by just opening new mines and

mineral/metal processing facilities. Thus, there is a

critical need for a multipronged strategy to augment

the supply of technology metals for clean and renew-

able energy technologies. Such strategy will include

(i) improvements in extraction efficiency and process

yields, (ii) extraction and recovery from non-tradi-

tional sources and (iii) recycling. Because the recovery
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of REEs from virgin ores such monazite and bastnasite

requires a multistep extraction/purification process, a

20 % improvement of the yield of each of the five

basic unit processes could double the production

(Fromer et al. 2011). During the past two decades,

advances in industrial ecology (e.g. material flow

analysis) have established that industrial waste

streams are important and largely untapped sources

of technology metals including wastewater (Allen and

Behmanesh 1994), mine tailings (Bian et al. 2012) and

electronic wastes (Johnson et al. 2007; Reck and

Graedel 2012). This has led to the emergence of

‘‘urban mining’’ as a potentially viable technology for

augmenting the supply of technology metals (Nakam-

uro and Sato 2011).

The overall goal of urban mining is to extract

valuable metals/elements from wastes. The National

Institute for Materials Science of Japan has estimated

the total reserves of gold, silver and indium in Japanese

urban mines to be, respectively, equal to 6800, 60000

and 1700 tons (Nakamuro and Sato 2011). With

funding from the recently established DOE Critical

Materials Institute (http://cmi.ameslab.gov/about_

home.html), the Idaho National Laboratory has initi-

ated an urban mining research program to extract REEs

from consumer electronic products (Stricker 2013). It

is worth mentioning that many of the technology

metals in waste streams ‘‘have concentrations that are

more enriched than minimum profitable ore grades’’

(Johnson et al. 2007). Figure 1 shows a generic process

flow diagram for a processing facility designed to

recover metals from liquid wastes (e.g. industrial

wastewater and mining effluents) and solid wastes (e.g.

mine tailings and electronic wastes). This metal

recovery system is structured around four core unit

operations and processes: (1) pretreatment, (2)

extraction and concentration, (3) recovery and purifi-

cation and (4) post treatment. The pretreatment system

is designed to process the waste streams into metal-

laden solutions that can be subsequently utilized to

extract the technology metals of interest with high rate

of recovery and minimum environmental impact (e.g.

zero liquid discharge through water reuse). Following

pretreatment, the metal-laden solutions are sent to the

extraction/concentration and recovery/purification

units where the target metals of interest are selectively

recovered and converted to pure metals or metal oxi-

des, etc. depending on the product end-uses. Allen and

Shonnard (2008) have shown that there are no

fundamental thermodynamic limitations (i.e. entropy

barrier) in recovering metals from solid and liquid

wastes. Thus, the key bottleneck to metal extraction

from waste streams is the availability of energy-effi-

cient, cost-effective and environmentally acceptable

separation technologies. A broad range of separations

processes could be coupled together to recover metals

from solutions including solvent extraction, ion

exchange, membrane filtration, electrorefining and

crystallization (DOE 2006). Nanotechnology has

emerged an enabling platform for a new generation of

high-performance separation materials and systems for

metal extraction from solutions (Diallo and Brinker

2011). Below, we highlight selected areas where

nanotechnology-based separation materials and sys-

tems have great potential to advance urban mining and

the sustainable recovery of critical materials from

waste solutions: (1) Dendrimer-based ligands and

metal recovery systems, (2) anion exchange and che-

lating resins and (3) nanofiltration (NF) membranes.

Dendrimer-based ligands and metal recovery

systems

In aqueous solutions, metal ions exist as cationic

species depending on metal and background electro-

lyte concentrations (Stumm and Morgan 1996).

Technology metal ions that are often present as

cationic species in aqueous solutions include REEs,

copper, nickel, cobalt and lithium (Martell and

Hancock 2006). Chelating agents are the most effec-

tive ligands for cationic metal species in solutions

(Martell and Hancock 2006). Thus, a Grand Challenge

in urban mining and metal recovery from wastes is to

design and synthesize high-capacity, selective, recy-

clable and stable chelating ligands that (i) can operate

efficiently in complex aqueous solutions (e.g., highly

acid or basic media) under continuous mixing and (ii)

are easily and efficiently separated from aqueous

solutions using low-pressure and room-temperature

separation technologies. Metal ion complexation is an

acid–base reaction that depends on several parameters

including (i) metal ion size and acidity, (ii) ligand

basicity and molecular architecture and (iii) solution

physical–chemical conditions. Three milestones in

coordination chemistry were the discoveries of the

Hard and Soft Acids and Bases principle, the chelate

effect and the macrocyclic effect (Martell and Hancock

1996). Although macrocycles and polydentate ligands
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have been shown to form stable complexes with a

variety of metal ions, their limited binding capacity

(i.e. 1:1 complexes in most cases) is a major imped-

iment to their utilization as high-capacity chelating

agents for industrial and environmental separations.

Their relatively low molecular weights also preclude

their effective recovery from industrial wastewater

streams by low-pressure membrane filtration.

The invention of dendritic macromolecules is

another milestone in ligand architecture and coordina-

tion chemistry. Dendritic macromolecules, which

include random hyperbranched polymers, dendrigraft

polymers, dendrons and dendrimers, consist of 3-D

globular nanostructures with characteristic sizes (e.g.

diameter) ranging from 1 to 20 nm (Fréchet and

Tomalia 2002; Tomalia and Diallo 2012). Dendritic

macromolecules can be designed and functionalized to

serve as high-capacity, selective and recyclable ligands

for metal ions in aqueous and nonaqueous solutions.

Poly(amidoamine) (PAMAM) dendrimers were the first

classes of commercially available dendrimers. They

provide good model systems for probing metal ion

complexation with dendrimer-based ligands. Figure 2a

depicts a 2-D structure of a generation 4 PAMAM

dendrimer (G4-NH2) with terminal primary amine

groups. The G4-NH2 PAMAM is a globular macromol-

ecule with a molar mass of 14215 Dalton and a

hydrodynamic diameter of 5 nm (Dvornic and Uppuluri

2002). This dendrimer has 64 primary amine groups, 62

tertiary amine groups and 124 amide groups. Molecular

dynamics simulations by Maiti et al. (2005) have shown

that a G4-NH2 PAMAM can encapsulate *201 water

molecules at pH 7.0. This unique combination of high

density of ligands and globular/open structure with a

high number of trapped water molecules provide a key

advantage of dendrimer-based ligands such as the G4-

NH2 PAMAM over open-chain multidentate ligands

and macrocycles; that is the covalent attachment of

nitrogen and oxygen donors to flexible PAMAM chains

enclosed within a water-soluble globular nanostructure

(*5.0 nm in diameter) results in a macroligand field

with multiple binding sites and large binding capacity/

selectivity for transition metal ions, lanthanides and

actinides including Cu(II), Pd(II), Pt(II), Ag(I), Au(I),

Gd(III) or U(VI) (Cohen et al. 2001; Diallo et al. 2004,

2008; Scott et al. 2005).

Because dendrimers such as the G4-NH2 PAMAM

(Fig. 2a) have persistent globular shapes and rela-

tively large molecular weights, they are readily

separated from solutions using low-pressure

Fig. 1 Conceptual process

flow diagram of a generic

processing facility designed

to extract technology metals

from waste streams
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membrane ultrafiltration (UF) (Diallo et al. 2005,

Diallo 2008). Figure 2b shows a conceptual depiction

of the utilization of dendrimer-based ligands in a metal

recovery system that couples a dendrimer enhanced

UF [DEUF] (Diallo et al. 2005; Diallo 2008) process

with the well-established metal purification process of

electrowinning and crystallization. This new metal

recovery system is structured around four unit pro-

cesses with an optional post-treatment unit designed to

produce ‘‘clean’’ water for reuse or dischargeable

‘‘effluent’’ water (Fig. 2). In the extraction unit, a

solution of a dendrimer-based ligand with large

molecular weight (e.g. Mw [ 10000 Da) is mixed

with a metal laden solution containing the target metal

ions (Fig. 2b). Following complexation, the solution

of dendrimer-based ligand ? bound metal ions is sent

to the separation unit where it is filtered using low-

pressure UF. The metal ion-rich membrane retentate is

(A) 2-D Structure of a G4-NH2 PAMAM dendrimer

(B) Metal Recovery from solutions by dendrimer-enhanced ultrafiltration 
coupled with electrowinning and crystallization 

Fig. 2 Dendrimer-based

chelating agents and

separation systems for metal

extraction and purification

from solutions
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subsequently sent to the recovery unit. For most metal

ions, a change in solution acidity and/or salt concen-

tration will cause the dendrimer-based ligand to

release their bound metal ions. Thus, a low-pressure

UF membrane system could also be used as recovery

unit to separate the dendrimer-based ligand following

the release of the bound metal ions. In the final step,

the concentrated solution of metal ions is sent to the

purification unit to extract and purify the target metals.

By integrating the DEUF process with well-estab-

lished purification technologies such as electrowin-

ning and crystallization (Fig. 2b), it should be possible

to develop and optimize a new generation cost-

effective and environmentally sound processes that

can recover a broad range of technology metals from

waste solutions including industrial wastewater, min-

ing aqueous effluents and solid-waste leaching solu-

tions (Fig. 1).

Although dendrimers have shown great potential as

high-capacity, selective and recyclable chelating

agents for many technology metals used in clean and

renewable energy technologies, they are expensive

due to the multiple steps required for their synthesis

and purification (Fréchet and Tomalia 2002; Tomalia

and Diallo 2012). Hyperbranched polymers (HBP)

have emerged as viable and low-cost alternatives to

dendrimers in industrial applications (Fréchet and

Tomalia 2002; Seiler 2006; Zhao et al. 2013). Unlike

dendrimers, HBP are readily synthesized via one-step

reactions using various ABn monomers. Branched

polyethyleneimine (BPEI) macromolecules have

emerged as low-cost alternatives to dendrimers with

amine groups such PAMAM for a broad range of

industrial applications (Krämer et al. 2004; Seiler

2006). BPEI macromolecules consist of primary,

secondary and tertiary amines linked by C2 alkyl

chains (Fig. 3a). Two very attractive features of BPEI

macromolecules as chelating agents for metal ions are

(i) their high contents of functional amine groups

(18–20 mol/kg) and (ii) the availability of industrial-

scale quantities of BPEI macromolecules with molec-

ular weights (Mw) ranging from about 2000 to several

millions Dalton. Moreover, BPEI macromolecules can

be functionalized with groups various to synthesize

ion-selective ligands (Krämer et al. 2004). Thus, they

have great potential as low-cost alternatives to

dendrimers for the synthesis of high-capacity, selec-

tive and recyclable chelating agents for metal extrac-

tion from waste solutions by DEUF (Fig. 2b). Finally,

we would like to mention the recent development of a

‘‘vinyl oligomer combination’’ strategy to the synthe-

sis of HPB by Zhao et al. (2013). The authors believe

that this new approach will ‘‘allow facile synthesis of

highly branched polymeric materials from readily

available multi-vinyl monomers’’ (Zhao et al. 2013).

The optimization of this new synthetic method could

provide additional opportunities to develop high-

performance chelating agents for metal recovery from

solutions by DEUF (Fig. 2b).

Anion exchange and chelating resins

from dendritic macromolecules

In aqueous solutions, metal ions can also exist as

anionic species (Stumm and Morgan 1996; Martell

and Hancock 1996). Technology metal ions that form

anionic species in aqueous solutions include uranium,

platinum, gold and oxyanions of various important

metals including molybdenum, vanadium, tungsten

and germanium. Thus, the availability of efficient,

cost-effective and environmentally acceptable anion

separation technologies will be critical to the urban

mining and extraction of technology metals from

waste solutions. The design of selective ligands and

sorbents for anions is a challenging undertaking.

Anions have a variety of geometries [e.g., spherical for

chloride (Cl-) and tetrahedral for molybdate] (Moyer

and Bonnesen 1997; Gloe et al. 2003). The charge-to-

radius ratios of anions are also lower than those of

cations (Gloe et al. 2003). Thus, anion binding to

ligands and sorbents through electrostatic interactions

tends to be weaker than cation binding. The anion

binding capacity and selectivity of ligands and

sorbents also depend on (i) the extent of ion solvation,

(ii) solvent polarity and (iii) host preorganization

(Moyer and Bonnesen 1997; Gloe et al. 2003). During

the past two decades, significant progress has been

made in the supramolecular chemistry of anions. A

variety of hosts including calixarenes, tripodal

ligands, azacrowns and dendritic macromolecules

have been designed and synthesized for the selective

recognition, complexation and extraction of anions

from solutions (Moyer and Bonnesen 1997; Gloe et al.

2003). Despite these important advances, anion

exchange and chelating resins will remain the most

widely utilized separation media for anion extraction

from solutions in the foreseeable future.
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Ion exchange (IX) is the reversible exchange

between ions from a solution and fixed ions from a

resin as the solution passes through the medium. For

example, strong-base resins with ammonium Cl-

exchange sites can be utilized to extract gold from

mining leach liquors (Gomes et al. 2001). In contrast,

chelating resins are employed to selectively extract

PGMs from solutions (Harland 1994). Most metal

extraction processes by IX from mining leach

solutions and industrial wastewater are carried out in

columns (Harland 1994). In these applications, the

exchange/binding capacity (EC)—defined as the num-

ber of exchange/binding sites in equivalents (Eq) per

unit volume (L) of swollen resin bed—is the key

performance parameter. Today, the vast majority of

commercial anion exchange and chelating resins are

prepared by functionalization of crosslinked styrene–

divinylbenzene (STY–DVB) beads (Harland 1994).

(A) Synthesis of branched polyethyleneimine resins with quaternary ammonium chloride groups

(B) Synthesis of branched polyethyleneimine resins with vicinal diol groups 
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Fig. 3 Anion exchange and

chelating resins from

dendritic macromolecules

(Chen et al. 2012; Mishra

et al. 2012). The resin shown

in b contains vicinal diol

groups that can selectively

chelate oxyanions ions in

solutions including borate,

vanadate, molybdate and

tungstate
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However, commercial anion exchange and chelating

resins have limited exchange/binding capacities with a

maximum EC of 1.4 eq/L (Cl-) for STY–DVB resins

with methyl quaternary ammonium Cl- groups (Chen

et al. 2012). For STY–DVB chelating resins with

n-methylglucamine, the EC is 0.7 eq/L (Mishra et al.

2012). Because of this, current commercial anion

exchange and chelating resins have limited opera-

tional capacity in column-based separation processes

that are used to recover metals from mining leach

solutions and industrial wastewater.

Dendritic macromolecules are providing new

opportunities to develop high-capacity anion

exchange and chelating resins for metal extraction

from solutions (Chen et al. 2012; Mishra et al. 2012).

Chen et al. (2012) have shown that BPEI macromol-

ecules can be used as building blocks to synthesize

anion exchange resins (Fig. 4a) with exchange capac-

ities that are 1.5–2 times larger than those of

commercial STY–DVB resins. To achieve this, the

authors first reacted BPEI macromolecules with a

mixture of crosslinkers [epichlorohydrin (ECH) ? 1-

bromo-3-chloropropane] using an inverse suspension

process to produce spherical beads (Fig. 4a). The PEI

beads were subsequently alkylated to afford anion

exchange resins with methyl ammonium Cl-

exchange sites and ECv reaching 2.7 eq/L (Chen

et al. 2012). BPEI macromolecules can also be used as

precursors to synthesize chelating resins that can

selectively extract oxyanions from solutions. Mishra

et al. (2012) reacted BPEI beads with glucono-1,5-D-

lactone to afford a resin (BSR-2) with high density of

vicinal diol groups (Fig. 4b). Because boron can

selectively complex with ligands containing vicinal

diol groups, the authors tested the boron sorption

capacity/selectivity of the BSR-2 PEI resin. Mishra

et al. (2012) reported that the new resin has a boron

sorption capacity of 1.93 ± 0.04 mmol/g in deionized

water and 0.1 M NaCl solution, which is 66 % larger

than that of standard commercial boron-selective

resins with n-methylglucamine groups. The authors

also reported that the PEI BSR-2 resin shows excellent

regeneration efficiency using a standard acid with a

1.0 M HCl solution followed by neutralization with a

0.1 M NaOH solution (Mishra et al. 2012). Finally, we

would to mention that oxyanions of a number of

critical metals (e.g. molybdenum, vanadium, tungsten

and germanium) can also selectively complex with

resins/sorbents containing vicinal diol groups

(Matejka et al. 2004). Thus, the optimization and

successful optimization of PEI-based resins with

vicinal diol groups could provide a new family of

high-performance chelating resins for metal extraction

from waste solutions.

NF membranes from polymeric nanofibers

and dendritic macromolecules

Pressure-driven membrane processes such microfil-

tration (MF), UF, NF and reverse osmosis (RO) have

become the key components of a broad range of

environmental and industrial separation processes

including water purification, wastewater treatment,

biochemical separations, chemical processing and

metal recovery (Strathmann 2011; Schäefer et al.

2005). UF and MF membranes have large pore sizes

(e.g., 10–100 nm) allowing them to operate at much

reduced pressures (e.g., 0.3–5.0 bar). However, they

can only retain particles/colloids and are not effective

at retaining or extracting dissolved ions from solu-

tions. In contrast, RO membranes are very effective at

retaining dissolved ions in solutions while allowing

pure water to pass through. However, they require

large pressures to operate (Strathmann 2011; Schäefer

et al. 2005). NF is increasingly being used as

alternative to RO in water reclamation, industrial

wastewater treatment and metal/acid recovery from

solutions (Schäefer et al. 2005). NF membranes have

larger pores (e.g. 1.0–3.0 nm) and thus require much

less pressure than RO membranes. Because of this, NF

is increasingly being used in industrial separation

processes including the recovery of metals, acids and

bases from mining leach liquors and metal finishing

solutions (Soldenhoff et al. 2005).

Today, the vast majority of commercial NF mem-

branes are thin-film composite (TFC) membranes with

three components: (1) a nonwoven poly(ethylene

terephthalate) support, (2) a microporous polysulfone

support and (3) a thin separation layer consisting of

crosslinked polyamide (PA) prepared by interfacial

polymerization of trimesyl Cl- with an aromatic

amine (e.g. m-phenylene diamine) or an aliphatic

amine (e.g. piperazine) (Vankelecom et al. 2005). TFC

PA NF membranes have small pores (e.g. 0.5–1.5 nm)

and are negatively charged (Schäefer et al. 2005).

Their mechanisms of ion rejection include (i) size

exclusion, (ii) Donnan exclusion and (iii) dielectric

exclusion (Vezzani and Bandini 2002; Escoda et al.
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2010; Déon et al. 2011). Although TFC–PA NF

membranes are effective in most cases at retaining

([90 %) negatively charged divalent anions (e.g.

SO4
2- and PO4

3-), they tend to exhibit lower rejection

for positively charged metal species of technology

metals including Cu2?, Ni2?, Co2? and Zn2? (Cheng

et al. 2011; Ji et al. 2011; Ba et al. 2009). Thus, there is

a need for novel and positively charged NF mem-

branes to expand the applicability of NF by improving

its viability as a cost-effective and environmentally

sound process to (i) separate/concentrate technology

metals from mining leach liquors and (ii) reclaim

water from acid/basic mining leach liquors, industrial

wastewater and mining liquid effluents (Fig. 1).

The convergence between membrane technology,

polymer nanofiber technology and dendrimer nano-

technology is providing new opportunities to develop

low-pressure and positively charged NF membranes.

Park et al. (2012) have recently described the prepa-

ration of a new family of low-pressure and positively

charged NF membranes consisting of crosslinked

BPEI separation layers supported by PVDF nanofi-

brous scaffolds that are deposited onto commercial

PVDF MF membrane supports (Fig. 4). To prepare

these new membranes, the authors first utilized

electrospinning to deposit blends of PVDF/BPEI

nanofibers onto commercial PVDF MF membranes

(Fig. 4). Following completion of the electrospinning

process, Park et al. (2012) electrosprayed solutions of

BPEI ? methanol onto the PVDF nanofibrous scaf-

folds (Fig. 4a). The BPEI-laden nanofibrous PVDF

scaffolds were subsequently reacted with solutions of

trimesoyl Cl- (TMC), 1,3-dibromopropane and ECH,

respectively, to produce NFC membranes with cross-

linked PEI separation layers (Fig. 4). Park et al. (2012)

used a broad range of analytical tools/assays to

characterize the morphology, composition, hydropho-

bicity and surface charge of the new NFC membranes.

They also measured the ion rejection and permeate

flux of the new membranes by carrying cross-flow

filtration experiments at constant pressure of 7.0 bar

using aqueous solutions (2,000 mg/L) of four salts

(NaCl, MgCl2, Na2SO4, and MgSO4). The overall

results of the characterization and filtration experi-

ments indicate that the NFC–PVDF–PEI membrane

with TMC crosslinker has good potential to serve as a

low-pressure and positively charged NF membrane for

metal recovery from waste solutions (Fig. 1). This

membrane is hydrophilic with a surface charge (zeta

potential) of *40 mV at pH 6.0 and a water contact

angle of *39.0� that is lower than those of commer-

cial TFC–PA NF membranes, which have contact

angles of 50–60� (Park et al. 2012). The filtration

experiments showed that the NCF–PVDF membrane

with a separation layer of BPEI macromolecules

crosslinked with TMC has a high water flux

(*30 L m-2 h-1) and high rejections for MgCl2
(*88 %) and NaCl (*65 %) at pH 6 using a pressure

Fig. 4 Low-pressure and

ion selective nanofibrous

composite membranes (Park

et al. 2012). This class of

membranes could be used to

extract and concentrate

metal ions from solutions

J Nanopart Res (2013) 15:289–303
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of 7 bar. The optimization of the NFFC–PVDF–PEI

membranes could provide new opportunities to

develop efficient NF pretreatment membranes that

can extract and concentrate technology metals from

waste solutions (Fig. 1) to improve their selective

recovery and purification using DEUF (Fig. 2b) or

chelating resins (Fig. 4).

Summary and outlook

Energy is a major challenge of the twenty-first

century, and meeting the world’s growing demand

for energy while significantly reducing CO2 emissions

will require the deployment of orders of magnitude

more clean and renewable energy systems than what is

in place now. There is a growing realization, however,

that the implementation of clean and renewable energy

systems will require sizeable amounts of technology

metals including critical materials such as REEs and

PGMs. Nanotechnology provides unprecedented

opportunities to address materials criticality in clean

and renewable energy technologies. Nanomaterials

are particularly attractive as functional materials for

clean and renewable energy systems due their large

surface areas and size and shape-dependent optical,

electronic, magnetic and catalytic properties. Thus,

nanomaterials based on non critical materials and

earth-abundant elements are increasingly being opti-

mized and evaluated as components and building

blocks of energy generation, conversion and storage

systems. The most promising applications of nano-

structured materials in clean and renewable energy

technologies include (i) solar cells, (ii) wind turbines,

(iii) EVs, (iv) batteries, (v) energy-efficient lighting

devices and (vi) solar fuel generation. Nanotechnol-

ogy can also help augment the supply of critical

materials for clean and renewable energy technolo-

gies. Nanomaterials can be processed into various

form factors including water-soluble ligands, parti-

cles, fibers and membranes. These unique properties of

nanomaterials are being utilized to develop new more

effective separation materials and systems for the

selective recovery of technology metals from non-

traditional sources including mine tailings, industrial

wastewater and electronic wastes with minimum

environmental impact.

In summary, nanotechnology has great potential to

help improve or achieve materials sustainability for

clean and renewable energy technologies as we

become more proficient at manipulating matter at the

atomic scale to prepare functional materials ‘‘by

design’’ with the required electronic, optical, magnetic

and catalytic properties while utilizing little or none of

the critical elements that are currently required in

energy generation, conversion and storage. However,

a key challenge will be to process/integrate nanoma-

terials into systems with demonstrated added values

including (i) terawatt-scale electricity generation from

solar radiation at cost comparable to that of electricity

from fossil fuels and (ii) batteries and motors that

enable EVs to be cost-competitive with gasoline-

powered cars. Moreover, it is important to keep in

mind that energy technologies are materials intensive

and that criticality is not a fixed property of a material.

As we discover, invent and optimize new energy

materials and technologies (e.g. more efficient ther-

moelectric materials for terawatt-scale electricity

generation using waste heat), almost any material

could find its way onto a critical list. Thus, scientists,

engineers, policy makers and business leaders need to

approach energy innovation with this in mind and

adopt a holistic approach to achieve materials sustain-

ability in clean and renewable energy technologies

including (i) materials substitution and/or system

design to reduce or eliminate criticality, (ii) recycling,

(iii) improvements in metal extraction efficiency and

yields from existing mines and (iv) recovery from non-

traditional sources such as mine tailings, industrial

wastewater and electronic wastes.
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Krämer M, Stumbé JF, Grimm G, Kaufmann B, Krüger U, Webe

M, Haag R (2004) ChemBioChem 5:1081–1087

Lewis NS, Nocera DG (2006) Powering the planet: chemical

challenges in solar energy utilization. Proc Natl Acad Sci

103:15729–15735

J Nanopart Res (2013) 15:289–303

123 302 Reprinted from the journal

http://science.energy.gov/bes/news-and-resources/reports/abstracts/#ANES
http://science.energy.gov/bes/news-and-resources/reports/abstracts/#ANES
http://energy.gov/pi/office-policy-and-international-affairs/downloads/2010-critical-materialsstrategy
http://energy.gov/pi/office-policy-and-international-affairs/downloads/2010-critical-materialsstrategy
http://resnick.caltech.edu/programs/critical-materials/index.html
http://resnick.caltech.edu/programs/critical-materials/index.html


Liu XQ, He SH, Qiq JM, Wang JP (2011) Nanocomposite

exchange-spring magnet synthesized by gas phase method:

from isotropic to anisotropic. Appl Phys Lett 98:222507

Ma W, Luther JM, Zhend HM, Wu Y, Alivisatos AP (2009)

Photovoltaic devices employing ternary PbSxSe1-x nano-

crystals. Nano Lett 9:1699–1703

Maiti PK, Lin T, Cagin ST, Goddard WA (2005) The effect of

solvent and pH on the structure of PAMAM dendrimers.

Macromolecules 38:979–991

Martell AE, Hancock RD (1996) Metal complexes in aqueous

solutions. Plenum Press, New York

Matejka Z, Parschova H, Ruszova P et al (2004) Selective

uptake and separation of oxoanions of molybdenum,

vanadium, tungsten, and germanium by synthetic sorbents

having polyol moieties and polysaccharide-based biosor-

bents. In: Moyer BA, Singh P (eds) Fundamentals and

applications of anion separations. Kluwer Academic/Ple-

num Publishers, New York

Mckone J, Sadtler B, Werlang C, Lewis NS, Gray HB (2013)

Ni–Mo nanopowders for efficient electrochemical hydro-

gen evolution. ACS Catal 3:166–169

Mishra H, Yu, CJ, Chen DP, Dalleska NF, Hoffmann MR,

Goddard, WA, Diallo MS (2012) Branched polymeric

media: boron-chelating resins from hyperbranched poly-

ethyleneimine. Environ Sci Technol 46:8998–9004

Moss R, Tzimas E, Kara H, Willis P, Kooroshy J (2011) Critical

metals in strategic energy technologies. Publications Office

of the European Union. http://publications.jrc.ec.europa.

eu/repository/handle/111111111/22726

Moyer BA, Bonnesen PV (1997) Physical factors in anion

separations. In: Bianchi A, Bowman-James K, Garcı́a-Es-

pana E (eds) Supramolecular chemistry of anions. VCH,

New York, pp 1–44

Nakamuro E, Sato K (2011) Managing the scarcity of chemical

elements. Nat Mat 10:158–161

NRC (National Research Council) (2008) Minerals, critical

minerals, and the U.S. economy. ISBN: 0-309-11283

O’Donnell KP, Maur MAD, Di Carlo A, Lorenz K (2012) It’s

not easy being green: strategies for all-nitrides, all colour

solid state lighting. Phys Stat Solidi 6:49–52

Park S-J, Cheedrala RK, Diallo MS, Kim CH, Kim IS, Goddard

WA (2012) Nanofiltration membranes based on polyvi-

nyldene fluoride nanofibrous scaffolds and crosslinked

polyethyleimine networks. J Nanopart Res 14:884

Raghavan P, Lim DH, Ahn JH et al (2012) Electrospun polymer

nanofibers: the booming cutting edge technology. React

Funct Polym 72:915–930

Reck BK, Graedel TE (2012) Challenges in metal recycling.

Science 337:690–695
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Abstract The electronics industry is one of the

world’s fastest growing manufacturing industries.

However, e-waste has become a serious pollution

problem. This study reports the recovery of e-waste for

preparing valuable MCM-48 and ordered mesoporous

carbon for the first time. Specifically, this study adopts

an alkali-extracted method to obtain sodium silicate

precursors from electronic packaging resin ash. The

influence of synthesis variables such as gelation pH,

neutral/cationic surfactant ratio, hydrothermal treat-

ment temperature, and calcination temperature on the

mesophase of MCM-48 materials is investigated.

Experimental results confirm that well-ordered cubic

MCM-48 materials were synthesized in strongly

acidic and strongly basic media. The resulting meso-

porous silica had a high surface area of 1,317 m2/g,

mean pore size of about 3.0 nm, and a high purity

of 99.87 wt%. Ordered mesoporous carbon with

high surface area (1,715 m2/g) and uniform pore size

of CMK-1 type was successfully prepared by

impregnating MCM-48 template using the resin waste.

The carbon structure was sensitive to the sulfuric

acid concentration and carbonization temperature.

Converting e-waste into MCM-48 materials not only

eliminates the disposal problem of e-waste, but also

transforms industrial waste into a useful nanomaterial.

Keywords E-waste � Silica � MCM-48 � CMK-1 �
Textural characterization � Nanotechnology �
Sustainable development

Introduction

Silica-based mesoporous materials, designated M41s,

have attracted much attention because these materials

exhibit a high surface area, large pore volume, and

adjustable pore size. Mesoporous silica with pore sizes

ranging from 2 to 50 nm has found many applications,

including catalysts (Ying et al. 2011), nanocomposites

(Kim et al. 2009), storage and recovery of H2 and CO2

(Prasanth et al. 2010; Jang et al. 2009), and biotech-

nological applications (Liu et al. 2010). The main

members of the M41’s family are MCM-41, MCM-48,

and MCM-50, which have hexagonal, cubic, and

unstable lamellar structures, respectively. Because

MCM-48 material has a three-dimensional pore sys-

tem that helps reduce pore blockage and provides

more efficient mass transfer kinetics, it is a better

candidate for catalytic and adsorption applications

than with MCM-41 materials (Zhao et al. 2010a). The
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channel structure of MCM-48 silica consists of an

interconnected pore system that acts as a template for

ordered mesoporous carbon (OMC) synthesis (Ryoo

et al. 2001). The ordered mesoporous carbon with

large adsorption capacity is highly favorable for the

development of advanced materials in CH4 and H2

storage (Peng et al. 2008), adsorbents for removal of

organic pollutants (Hao et al. 2010), carbon composite

films for supercapacitor (Dai et al. 2011), fuel cells

(Salgado et al. 2010), and biomedical materials (Kim

et al. 2008). However, owing to its very sensitive

synthetic conditions, relatively few studies investigate

MCM-48. Electronic packaging resin waste is rich in

silica. Thus, achieving high-quality MCM-48 and

OMC materials with well-ordered mesoporous struc-

ture by a green approach and electronic waste has

important economic and environmental implications.

Over the past decades, the electronics industry has

developed rapidly around the world. Estimations of

the worldwide revenue of the semiconductor industry

exceeded US 226 billion in 2009, and this figure is

expected to grow by 13 % each year (Kim et al. 2010).

However, the disposal of electronic and electrical

waste (e-waste) has become a serious environmental

problem as a result of the huge amounts of electronic

goods being produced. The current annual production

of e-waste, including old computers, mobile phones,

television sets, stereos, and radios, is estimated to be

approximately 20–50 million tons (Chen et al. 2011).

Taiwan’s Environmental Protection Administration

(EPA) established its Scrap Home Appliances and

Computers Recycling Regulation, based on the Waste

Disposal Act (WDA), to require manufacturers and

importers to take back their products (Shih 2001).

Electronic packaging materials are widely used in

many types of electrical and electronic equipment.

This material is used to protect electronic products

such as integrated circuits (IC). Electronic packaging

material is generally a mixture of epoxy resin, phenol

resin, silica, and additives (Liou 2003). In present, the

treatment of e-waste includes reuse, remanufacturing,

and recycling, along with incineration and landfilling

(Cui and Zhang 2008). Because plastic materials are

essentially non-biodegradable, putting them in landfill

is not a viable long-term solution. The chemical

composition of packaging resin waste is approxi-

mately 80 wt% silica (Liou 2004), which is useful for

the mass production of MCM-48 mesoporous molec-

ular sieves. Therefore, using recycled industrial resin

waste offers benefits in terms of waste treatment and

the recovery of valuable materials.

Numerous studies indicate the synthesis and char-

acterization of mesoporous MCM-41 materials by

adding an appropriate surfactant to the silica precursor

(Bhagiyalakshmi et al. 2010a; Lelong et al. 2008).

However, the use of e-waste to prepare MCM-48

materials is generally neglected in the literature. The

phase characteristics of MCM-48 are strongly influ-

enced by its synthesis time, temperature, silica source,

and type of surfactant template (Peña et al. 2001;

Petitto et al. 2005). Doyle et al. (2006) studied the

evolution of phases during MCM-48 synthesis and

found that increasing reaction time or temperature

alters the overall phase transformations from MCM-

41/MCM-50 to MCM-48 to MCM-50. Wei et al.

(2010) synthesized MCM-48 with mixed surfactants of

cethyltrimethylammonium bromide (CTAB) and Tri-

ton X-100 (TX-100), showing that TX-100/CTAB

ratio is crucial to the formation of a pure MCM-48

structure. Solid wastes, such as coal fly ash and rice

husk, provided the silicon sources for the synthesis of

mesoporous silica materials, SBA-15 and SBA-16

(Chandrasekar and Ahn 2008; Bhagiyalakshmi et al.

2010b). These mesoporous silica materials were

impregnated with sucrose in the presence of sulfuric

acid solution and then were pyrolyzed in inert gas to

obtain ordered mesoporous carbon.

The recovery of valuable metals from e-waste has

been well studied in the literature (Cui and Zhang 2008).

However, little attention has been paid to the recovery

and utilization of silica from e-waste. The current study

investigates MCM-48 prepared using a sodium silicate

precursor obtained from recycled electronic packaging

resin wastes. The commercial fabrication of sodium

silicate from quartz sand and sodium carbonate at

1,300 �C requires a lot of energy (Brinker and Scherer

1990). In contrast, using cheap inorganic silica sources

from e-wastes can improve the industrial scale produc-

tion of MCM-48 materials. Previous studies provide a

detailed analysis of the recovery of packaging resin ash

and its application in preparing MCM-41 materials

(Liou 2003; 2004; 2011). The aim of this study is to

synthesize highly ordered MCM-48 using cationic and

neutral surfactant mixture. The high-quality MCM-48

produced in this study is suitable as a template for the

synthesis of ordered mesoporous carbons. The synthesis

of MCM-48 and ordered mesoporous carbon by a green

approach enables the effective use of e-waste resources.

J Nanopart Res (2012) 14:305–319
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Experimental

Materials

The electronic packaging resin waste used in this study

was obtained from an electronic packaging mill

(Siliconwave Precision Co., Taiwan). The basic con-

stituents and properties of this material were described

in a previous report (Liou 2003). Commercially

available surfactants, including cetyltrimethylammo-

nium bromide (CTAB, C16H33(CH3)3NBr, Acros

organics) and polyethylene glycol dodecyl ether

(C12(EO)4, Sigma-Aldrich), served as organic tem-

plates. Analytical grade sulfuric acid (H2SO4), hydro-

chloric acid (HCl), hydrofluoric acid (HF), and sodium

hydroxide (NaOH) were used as acid and base

treatments (Merck, Germany). Sucrose (C12H22O11)

and glucose (C6H12O6) were used as the carbon

precursors (Sigma-Aldrich). High purity air and N2

were used as the reaction gas and purge gas, respec-

tively (Sun Fu Co., 99.995 %).

Extraction of silica from electronic packaging

resin waste

Resin wastes were first ground and fine powders were

obtained by sieving to below 45 lm. The packaging

resin ash (denoted as PRA) was used as a raw material

for preparing mesoporous silica by Liou’s method

(Liou 2004). For each heat-treated sample, the pow-

dered resin of approximately 5.0 g was heated at

800 �C in air. The amount of ash produced is 4.1 g.

After the heating period, the ash was refluxed using

HCl solution to remove any metallic impurities. The

remaining solid was washed with distilled water

several times to remove acid from the filtrate, and

then dried in an oven at 105 �C for 24 h.

The dissolution of silica from PRA was performed

by an alkali-extracting method (Liou 2011). The 50 g

of acid-leached PRA powder was added to a flask

containing a 4.0 M 325 ml of NaOH solution and

boiled at 100 �C for 6 h with constant stirring. This

process converted the silica into a sodium silicate

solution. The solution was centrifuged to separate the

suspended particles, and then filtered through a glass

filter (Whatman plc, England) to remove any metal or

carbon residue. This filtration process was repeated

several times and finally obtained a colorless, trans-

parent solution. The concentration of alkali-extracting

solution was diluted with deionized water from 4.0 M

to 2.0 M.

Synthesis of mesoporous silica molecular sieves

By a typical synthesis procedure, 1.82 g of CTAB and

0.27 g of C12(EO)4 were dissolved in 32 ml of

deionized water. The 10 ml of sodium silicate solution

was mixed with the CTAB/C12(EO)4 solution with

constantly stirring. A 1.0 M H2SO4 solution was

titrated slowly into the silicate solution. The mixture

pH was monitored with a S20-K pH meter (Metter

Toledo) to control pH at a constant value of 1–11. The

gel was transferred into PTFE-lined stainless steel

autoclave and allowed to hatch at a constant temper-

ature for 48 h. The precipitates were water-washed,

filtered, and dried. The dried powders were calcined in

air at a 1 �C/min heating rate and then maintained at

450–850 �C for 6 h.

Preparation of mesoporous carbon molecular sieve

The OMC synthesis method reported by Ryoo et al.

(2001) was adopted. Essentially, MCM-48 was

impregnated with sucrose and water in the presence

of H2SO4. The impregnated silica was dried in an oven

at 100 �C for 6 h, and then dried at 160 �C for 6 h. The

impregnation and drying steps were repeated once.

The obtained sample was placed in a tubular reactor

and was heated to 500–900 �C at a temperature rate of

10 �C/min in N2. After carbonization, the silica

template was removed in an aqueous HF solution.

Finally, the OMC was obtained by washing the solid

sample repeatedly with deionized water and drying it

in air at 105 �C for 24 h.

Characterization of the mesoporous silica

and mesoporous carbon samples

The amounts of metallic impurities were estimated

using an inductively coupled plasma-mass spectrom-

eter (Kontrin Plasmakon, model S-35). A Heraeus

elemental analyzer was used to determine the amount

of fundamental organic element. The adsorption–

desorption isotherms of N2 at -196 �C were measured

using a Micrometric ASAP 2010 instrument.

The mesophase of samples was analyzed using a

small angle X-ray scattering (SAXS) system (Osmic,

model PSAXS-USH-WAXS-002). The crystalline
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structure of the samples was identified using powder

X-ray diffractometer (PANalytical, model X’pert pro

system). The FTIR spectra of samples were obtained

using a Shimadzu FTIR-8300 spectrometer. The

surface morphology of samples was studied using a

JEOL JSM-6700F field-emission scanning-electronic

microscope (FE-SEM). The mesoporous structure of

powders was observed by high-resolution transmis-

sion electron microscopy (JEOL, model JEM-1200CX

II). The remaining amount (W/Wo) of samples

were recorded using a thermogravimetric apparatus

(Mettler, model TGA/SDTA851e). Each sample was

heated at a 10 �C/min heating rate in air.

Results and discussion

Analysis of metallic impurities of silica molecular

sieve

The amounts of metallic ingredients present in PRA

and mesoporous silica samples were analyzed by ICP-

MS (Table 1). When silica was synthesized from

alkali-extracted PRA at pH 7 without the addition of a

surfactant, the sample possessed a higher proportion of

Na impurities. This is because Na salts are embedded

in the silica gel during precipitation and are not easily

removed from the gel (Liou 2011). No Na impurities

appeared in the mesoporous silica samples, which

were synthesized from alkali-extracted PRA by adding

a surfactant. This is due to the well-dispersed silica

particles in the surfactant solution. The Na ions can

easily diffuse out of the silica matrix and be removed

by a water-washing procedure. Comparing silica

samples synthesized at various pH values shows that

the total impurity content produced under strongly

acidic (pH 1) and strongly basic (pH 11) conditions is

relatively lower than neutral (pH 7) and weakly acidic

(pH 3 and pH 5) conditions. The silica synthesized at

pH 5 has highest impurity content. The remaining

masses for thermal decomposition of as-synthesized

silica in air are in the order of pH 5[pH 3[pH 7[pH

1[pH 9[pH 11 (in subsequent TGA observations).

This suggests that when silica materials are synthe-

sized in the neutral and weakly acidic media, it results

in a higher degree of poly-condensation of the silicate

species. As a result, trace amounts of metal may be

cached in the silica matrix and cannot be removed by a

water-washing procedure. The purity of PRA-MCM-

48 silica synthesized at pH 11 is as high as 99.87 wt%.

Synthesis conditions of silica molecular sieve

Effects of gelation pH value

Figure 1a shows that a maximum surface area of

1,153 m2/g at pH 11. According to SAXS analysis

(Fig. 1c, d), the three diffraction peaks at (211), (220),

and (332) appeared when the solution pH was adjusted

to pH 1 or pH 11. The two SAXS patterns correspond

to the characteristics of the MCM-48 material (Han

et al. 2004; Doyle and Hodnett 2003). This result can

Table 1 Metallic ingredients analysis of PRA and mesoporous silica samples synthesized at various pH values

Metallic ingredients as oxides, ppm

Na Sb K P Au Fe Mg Al Cr Ag Total

PRAa 87 6,100 8 75 8 92 101 501 9 8 6,989

pH 7b 7,181 812 ND 9 ND 48 4 888 2 ND 8,944

pH 1c ND 1,277 ND 5 ND ND ND 394 3 ND 1,679

pH 3c ND 1,495 ND 3 ND ND ND 363 ND ND 1,861

pH 5c ND 1,457 ND 12 ND 25 ND 447 ND ND 1,941

pH 7c ND 1,213 ND 8 ND 138 ND 416 20 ND 1,795

pH 9c ND 1,090 ND 9 ND 133 ND 413 ND ND 1,645

pH 11c ND 759 ND 2 ND 124 ND 430 3 ND 1,318

a Raw resin was burnt in air at 5 �C/min heating rate
b Silica sample was prepared from alkali-extracted PRA without the addition of surfactant
c Silica sample was prepared from alkali-extracted PRA by adding the neutral/cationic surfactants

ND means not detected
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be explained by the electrostatic attraction between

charged silica species and surfactant micelles (Zhao

et al. 2010b). At a high pH (pH 11), the negatively

charged silica interacted with positively charged

CTA? micelles, leading to the formation of a cubic

framework. Therefore, the silica possessed a high

surface area. At a low pH (pH 1), an ordered

mesophase was constructed through reversal arrange-

ment of cationic silica and neutral micelles (Liou

2011). This situation also increases the surface area of

the products. At pH 3–7, the SAXS patterns show

mainly one diffraction peak at 1.26�. This indicates

that the surfactant micelle may be destroyed, convert-

ing the pore structure into a less ordered structure.

Consequently, the surface area steeply decreases. The

SAXS pattern for pH 9 sample shows an intense

diffraction (100) peak and three higher order (110),

(200), and (210) reflections at 2H values below 10�,

indicating the hexagonal arrangement of a MCM-41

mesoporous structure (Samadi-Maybodi et al. 2011).

Figure 1b shows that the silica yield has the opposite

tendency as surface area analysis. The silica yield

from PRA was defined as (weight of mesoporous

silica produced after calcination)/(weight of PRA

sample) 9 100. For further comparison, Table 2

shows the relationship between gelation pH and the

amount of organic element in the as-synthesized

samples. The silica phase at pH 5 is approximately

82 wt%, and at pH 1 and pH 11 has wt% only around

64 and 40, respectively. These observations indicate

that the higher proportion of silicate species in the

surfactant solution under neutral and weakly acidic

conditions increases the silica yield for pH 7 and pH 5

samples.
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Effects of neutral/cationic surfactant ratio

Figure 2a shows the surface area of mesoporous silica

obtained by changing the neutral-to-cationic surfac-

tant ratio, where a fraction of the neutral surfactant,

fn, varied from 0 to 1. The highest surface area of

1,317 m2/g appeared at a fraction of 0.04. Based on

SAXS observations (does not show here), typical

hexagonal phase MCM-41 products appeared without

the addition of neutral surfactant (fn = 0) (Ryoo et al.

1999). A pure mesophase MCM-48 was obtained as fn
increased to 0.04 and 0.13. When the fn was 0.26, the

product was lamellar. Further increasing fn beyond

0.40, the mesophase transformed to a poor structural

order. Therefore, the surface area steeply reduced.

This observation indicates that excessive neutral

surfactant can dilute the CTA? concentration, causing

the micelles to gradually disappear and transforming

the lamellar phase to the disordered phase.

Effects of hydrothermal treatment temperature

Figure 2b shows that the surface area increases with

increasing hydrothermal treatment temperature from

25 to 75 �C is due to the progressive formation of

ordered mesophase silica. However, the surface area

decreases with increasing temperature from 75 to

Table 2 Elemental content of as-synthesized silica samples

prepared at various pH values

Composition (wt%)

C H Oa N Ash

pH 1 24.39 4.85 5.77 0.96 64.03

pH 5 12.34 3.33 2.54 0.23 81.56

pH 7 21.97 5.91 4.14 0.75 67.23

pH 11 38.84 7.23 12.66 1.47 39.80

Silica samples were un-calcined
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150 �C due to silica pore shrinkage. This suggests that

increasing the hydrothermal treatment temperature

can accelerate the silicate condensation on the silica

wall, which subsequently thickens the silica frame-

work (Wang et al. 2000). Mesoporous silica obtained

at a low temperature (25–75 �C) has the characteris-

tics of a hexagonal MCM-41 structure. At high

temperature (100–125 �C), the silica shows the char-

acteristics of a cubic MCM-48 structure. When the

hydrothermal temperature is 150 �C, the material

structure transforms to the disordered phase accom-

panied by a significant decrease in surface area.

Effects of calcination temperature

The purpose of calcination is to remove the organic

template from silica/surfactant composite, leaving the

porous surface of product. Figure 2c shows that the

maximum of the BET surface area appears at 550 �C.

The surface areas increase as the calcination temper-

ature increases from 450 to 550 �C due to the release

of organic volatiles. However, the surface areas

decrease when the calcination temperature exceeds

550 �C is probably caused by the collapse of the gel

structure due to the rapid release of water from the

pores.

Analysis of silica product characteristics

Pore structure analysis of mesoporous silica

molecular sieve

Figure 3 shows the N2 adsorption–desorption iso-

therms of silica samples. The isotherms for samples

synthesized at pH 1–5 (Fig. 3a) show a type IV

isotherm, typical characteristics of mesoporous solids.

The sample at pH 5 shows a hysteresis loop similar to

H3 (Sing et al. 1985). The isotherm for the pH 3

sample is similar to that of the pH 5 sample. The

sample synthesized at pH 1 shows a type H2 hysteresis

loop and an obvious increase in adsorbed volume.

Figure 3b shows the pore size distribution of silica

samples produced in acidic conditions. The silica

produced at pH 1 shows a narrow pore distribution
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with average size of 3.7 nm. The samples synthesized

at pH 3 and pH 5 have a wide pore size distribution and

larger pore diameter, showing that the pore structure is

not uniform.

The isotherms of samples obtained at pH 7–11 are

type IV (Fig. 3c). These pores may come from the

primary pores of silica framework and the voids

between particles (Han et al. 2004). The isotherm of

the sample synthesized at pH 7 shows a hysteresis loop

similar to H3. The pH 9 and pH 11 samples show a

sharp increase in adsorbed volume at P/Po = 0.2–0.4

due to the capillary condensation of nitrogen, implying

a uniform size of the pore channels (Liu et al. 2009).

One H2 hysteresis loop appears at 0.4 \ P/Po \ 1.0

due to the formation of a mesoporous structure. The

pore size distribution of silica samples synthesized at

pH 7–11 is shown in Fig. 3d. The maximum pore

distribution ranges from 2.5 to 3.1 nm increases

with pH.

Table 3 lists the specific surface area, pore volume,

and average pore diameter of PRA and mesoporous

silica samples. In acidic media (pH 1–5), the surface

area and pore volume decreased with the increase of

the pH values. In neutral and basic media (pH 7–11),

the surface area increased and pore volume decreased

with the increase of the pH value. The maximum pore

volume was 0.985 cm3/g at pH 7 and the minimum

pore volume was 0.444 cm3/g at pH 5.

Analysis of thermal characteristic, chemical

constitution, and crystalline structure

Figure 4a shows the TG and DTG curves of as-

synthesized samples obtained in acidic media. The

mass loss occurs in two temperature zones, revealing

an initial mass loss for temperatures up to *400 �C

due to the decomposition and thermodesorption of the

cationic surfactant. The first peak temperature at

approximately 228 �C is related to the Hoffmann

elimination (giving alkene and trimethylamine) and

subsequent trimethylamine desorption (Zhao et al.

2005). The second and third peaks at approximately

275 and 330 �C can be associated with further thermal

decomposition of surfactant intermediates. The mass

loss increased as the pH decreased. This is because the

content of organic substance in the as-synthesized

samples increased with decreasing the pH values

(Table 2). The mass loss in the range of 400–800 �C

may be attributed to the release of water via conden-

sation of silanol group (Kruk et al. 2000). Figure 4b

shows the TG and DTG curves of as-synthesized

samples produced in neutral and basic media. This

figure reveals two major mass loss regions: *330 �C,

330–800 �C. The DTG curves reveal two peak tem-

peratures at 179–249 and 305 �C for pH 7–9. This

mass loss is due to the decomposition and desorption

of the organic templates and the water loss due to the

condensation of silanols in the silica framework. The

mass loss of sample increased as the pH increased

because the content of organic substance in the as-

synthesized sample increased.

Figure 5a shows the FTIR spectra of the MCM-48

silica obtained from PRA at various calcination

temperatures. The bands appearing between 450 and

1,300 cm-1 are due to the presence of silica (Liou and

Wu 2010). The bands at approximately 475 cm-1

correspond to the Si–O–Si vibrations. The peak at

970 cm-1 is related to the Si–OH bond, while the peak

at 1,115 cm-1 is related to Si–O stretching vibrations.

Surface silanols and adsorbed water molecules create

the broad band appearing in the region between

3,200–3,700 cm-1. The peak position does not change

when the temperature exceeds 550 �C, indicating that

the combustion reaction is complete. Figure 5b shows

the XRD pattern of MCM-48 with a wide range scan,

revealing only a broad peak in the region 2H greater

than 10o, which suggests the presence of disordered

cristabolite (Liou and Yang 2011).

Table 3 Specific surface area, pore volume, and average pore

diameter of PRA and mesoporous silica samples synthesized at

various pH values

SBET

(m2/g)

Vt

(cm3/

g)

Vmic

(cm3/

g)

Vmeso

(cm3/

g)

Vmeso/

Vt

( %)

Dp

(nm)

PRAa 2.72 0.006 0.000 0.001 16.67 51.10

pH 1b 730 0.916 0.022 0.894 97.60 3.67

pH 3b 308 0.762 0.003 0.759 99.61 3.65

pH 5b 176 0.444 0.003 0.441 99.32 3.74

pH 7b 641 0.985 0.022 0.963 97.77 2.46

pH 9b 936 0.907 0.021 0.886 97.68 2.97

pH 11b 1,153 0.851 0.000 0.851 100.00 3.05

SBET BET surface area, Vt total pore volume, Vmic micropore

volume, Vmeso mesopore volume. Dp average pore diameter
a Raw resin was burnt in air at 5 �C/min heating rate
b Silica samples were prepared from alkali-extracted PRA by

adding the neutral/cationic surfactants
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Synthesis of ordered mesoporous carbon

molecular sieve

Experimental results indicate that the optimal proce-

dure for synthesizing MCM-48 is to employ a neutral-

to-cationic surfactant ratio of 0.04–0.13 at pH 11 with

a hydrothermal temperature of 100 �C and a calcina-

tion temperature of 550 �C. Therefore, this study

conducts the remaining experiments for preparing a

MCM-48 template by these reaction conditions.

Figure 6 displays the SAXS patterns for carbons

prepared by impregnation of the MCM-48 template

with sucrose. As shown in Fig. 6a, the carbon sample

obtained without the addition of sulfuric acid

(H2SO4 = 0 g) did not have an ordered porous

structure. However, adding varying amounts of sulfu-

ric acid obtained CMK-1 carbons predominantly

containing two sharp low-angle reflections typical of

cubic structure (Hussain and Ihm 2009). This was

caused by sucrose’s hydrophilic nature; it does not

easily enter pores surrounded by a hydrophobic silica

framework (Joo et al. 2001). However, adding a

sulfuric acid catalyst transformed the sucrose into a

less hydrophilic substance. As a result, the sucrose

successfully penetrated the silica pore. When the

amount of sulfuric acid was higher than 0.28 g (for

each gram of sucrose), sulfuric acid occupying

proportions of the silica pore volume may have caused

the decreased SAXS intensity. Some carbons also

formed outside the silica pores. Figure 6b shows the

carbon sample obtained at 500 �C demonstrated weak

diffraction intensities, indicating a poorly ordered

mesoporous structure. When carbonization tempera-

tures were in the range of 600 to 1,000 �C, these

samples revealed characteristics of ordered mesopor-

ous carbon with CMK-1 structure. The relative

intensities of the diffraction peaks increased with

increasing carbonization temperatures. Higher car-

bonization temperature facilitates the formation of

carbons with enhanced framework and structural

ordering. However, at a carbonization temperature of

1,000 �C, contraction or collapse of pores may have

caused the resulting decrease in SAXS intensity (Liou

and Wu 2009).

Following carbonization of the sucrose/MCM-48

composites, removal of the MCM-48 templates by

leaching using HF solution obtained pure mesoporous

carbon products. The TG curves in Fig. 7 shows the

effects of HF concentration on the amounts of silica
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template remaining after burning samples in air. The

remaining silica decreased as the HF concentration

increased. HF concentration of 5 wt% was sufficient

for complete removal of the MCM-48 template. As

revealed in the DTG curves in Fig. 7, the peak height

increased with increasing HF concentrations, indicat-

ing that leaching of silica templates with high HF

concentrations had the effect of increasing oxidation.

Figure 8a, b show the N2 adsorption–desorption

isotherm and pore size distribution for carbon obtained

without the addition of sulfuric acid. The isotherm

displayed the carbon sample including both micropo-

rous and mesoporous structures (Liou 2010). A narrow

peak in pore size distribution occurred at 3.9 nm. The

carbon sample exhibited a low BET surface area of

approximately 877 m2/g and a total pore volume of

0.680 cm3/g. Figure 8c shows the N2 adsorption–

desorption isotherm of CMK-1 carbon with carbon-

ization temperature of 900 �C. The isotherm exhibits

two capillary condensation steps at P/Po = 0.2–0.3

and 0.4–1.0. These well-pronounced capillary con-

densation steps indicate a high uniformity in pore size.
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The pore size distribution displayed in Fig. 8d reveals

a bimodal mesoporous structure. Two narrow peaks

appear at a pore diameter of approximately 2.3 and

3.9 nm. The CMK-1 sample exhibits a high BET

surface area of 1,715 m2/g and total pore volume of

1.02 cm3/g.

Observation of surface morphology of silica

and carbon products

Figure 9a–g shows the surface morphologies of mes-

oporous silica obtained at pH 1–11. The silica sample

synthesized at pH 1 consists of very fine grains with a

mean size smaller than 5 nm, while the silica synthe-

sized at pH 3 has a like-sponge porous tissue. The

silica synthesized at pH 5 shows semi-sphere grains,

while that formed at pH 7 shows an aggregate of fine

grains. The MCM-41 sample synthesized at pH 9

shows irregularly shaped particles. The surface mor-

phology of MCM-48 synthesized at pH 11 shows

mainly rectangular particle shapes (Sayari 2000).

Figure 9g shows the lamellar structure of silica

synthesized at a neutral/cationic ratio of 0.26. The

micrometer-sized spherical particles consist chiefly of

thin platelets measuring 20-nm thick and 0.5-lm wide.

Figure 9h–l shows the surface morphologies of meso-

porous carbon samples. Figure 9h illustrates the direct

synthesis of mesoporous carbon from as-synthesized

MCM-48 silica nanocomposite. The proposed method

uses CTAB/C12(EO)4 surfactants as a carbon precursor

to substitute sucrose. SEM analysis shows that this

carbon material is a hollow and spherical solid. SAXS

confirms that this carbon material did not have an

ordered porous structure (data not shown here). This

observation indicates that the surfactant mixtures were

unable to completely penetrate the silica pores. The

surface area of direct synthesis of carbon material is only

750 m2/g. The surface morphology of carbon material in

Fig. 9i obtained from the MCM-41 template resembles

nanotubes without an ordered arrangement. The same

result was also confirmed by SAXS analysis (data not

shown). This observation indicates that MCM-41 silica

was unsuitable as a template for OMC synthesis (Ryoo

et al. 2001). Figure 9j–l shows the carbon samples
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Fig. 8 Nitrogen

adsorption–desorption

isotherm and differential

pore size distribution of

mesoporous carbon samples

prepared by the

impregnation of MCM-48

template with sucrose: a,

b without the addition of

sulfuric acid; c, d addition of

sulfuric acid
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Fig. 9 FE-SEM images of samples: a–f mesoporous silica

samples synthesized at various gelation pH values of 1, 3, 5, 7, 9,

and 11, respectively; g mesoporous silica with lamellar

structure; h carbon sample obtained from direct carbonization

of as-synthesized MCM-48 composite; i carbon sample obtained

using a MCM-41 as template; j carbon sample obtained without

the addition of sulfuric acid; and k–l carbon samples obtained

using sucrose and glucose as carbon precursors, respectively

J Nanopart Res (2012) 14:305–319
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Fig. 10 High-resolution TEM images of samples: a PRA, b particle morphology of MCM-48, c, d MCM-48 synthesized at pH 11,

e, f CMK-1 carbon

J Nanopart Res (2012) 14:305–319
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obtained using a MCM-48 as template. The carbon

formed without the addition of sulfuric acid reveals a

corrugated tissue (Fig. 9j). The carbon deposition on the

sample surface indicated that sucrose does not easily

penetrate the silica pores. Figure 9k, l shows the CMK-1

carbons obtained using sucrose and glucose as carbon

precursors by adding a sulfuric acid catalyst. The

appearance of the two carbon materials is similar to

MCM-48 silica (Kaneda et al. 2002). As expected from

the results of SAXS analysis in Fig. 6, H2SO4 pre-

treatment successfully converted sucrose and glucose to

ordered mesoporous carbons.

Figure 10a shows the typical PRA powder after

burning the packaging resin waste in air. The size

of the particles was approximately 60-nm long and

10-nm wide. Figure 10b is a low-resolution TEM

image of MCM-48 particles, showing a well-defined

edge and a rectangular particle shape. Figure 10c, d

shows the high-resolution TEM images of MCM-48

particles. The sample shows a regular array of

mesopores along the (111) direction (Fig. 10c), and

a uniform pore structure along the (100) direction

(Fig. 10d). These images indicate that the cubic

mesostructure of MCM-48 is well developed, which

is in agreement with the results of SAXS (Fig. 1d).

Wang et al. (Wang et al. 2005) observed similar

morphologies. Typical HR-TEM images of OMC

samples are shown in Fig. 10e, f. Figure 10e shows a

pattern of parallel stripes with black and white in sharp

contrast. The carbon materials consisted of highly

ordered mesopores. Figure 10f shows rectangular

edges of the carbon particles with a uniform pore

distribution. No carbon deposition is apparent on the

external surface of OMC, indicating that the amount of

sucrose was just sufficient to fill the internal cellular

pores of MCM-48.

Conclusion

MCM-48 mesoporous molecular sieves free of Na

impurities were synthesized using cheap, recycled

silica from electronic packaging resin ash. The

structure of silica samples achieved using different

pH media, hydrothermal temperatures, and ratios of

surfactant changed continuously from hexagonal to

cubic to lamellar. Results confirm that ordered CMK-1

carbon can be successfully synthesized from the

MCM-48 template using sucrose as a carbon

precursor. The conversion of packaging resin ash into

MCM-48 offers a better alternative for recycling and

utilization of e-waste. Both MCM-48 and CMK-1

materials reveal a high surface area and uniform pore

size, rendering them suitable for the development of

advanced materials in energy and green application.
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Abstract The use of nanomaterials for the controlled

delivery of pesticides is nascent technology that has the

potential to increase the efficiency of food production

and decrease pollution. In this work, the prospect of

mesoporous silica nanoparticles (MSN) for storage and

controlled release of metalaxyl fungicide has been

investigated. Mesoporous silica nanospheres with

average particle diameters of 162 nm and average

pore sizes of 3.2 nm were prepared by a sol–gel

process. Metalaxyl molecules were loaded into MSN

pores from an aqueous solution by a rotary evaporation

method. The loaded amount of metalaxyl as evaluated

by thermogravimetric analysis was about 14 wt%.

Release of the fungicide entrapped in the MSN matrix

revealed sustained release behavior. About 76 % of the

free metalaxyl was released in soil within a period of

30 days while only 11.5 and 47 % of the metalaxyl

contained in the MSN carrier was released in soil and

water, respectively, within the same period. The study

showed that MSN can be used to successfully store

metalaxyl molecules in its mesoporous framework and

significantly delay their release in soil.

Keywords Mesoporous silica nanoparticles �
Metalaxyl � Loading � Sustained release

Introduction

Globally, only *10 % of the applied pesticides

realizes their intended purpose, otherwise, the rest is

lost to the environment through various modes, such

as, drift during application, as run-off, leaching,

volatilization, and degradation by photolysis, hydro-

lysis and by microbial action (Ghormade et al. 2011).

This has led to periodic application of the pesticides so

as to achieve threshold concentration for effective

crop protection. A direct and negative consequence of

the prevailing phenomena is the unprecedented high

cost of agricultural production and heavily polluted

environment. Emerging pesticide application technol-

ogies need to be harnessed in order to improve

efficacy, reduce the amounts applied, and provide

better control of the agrichemicals, thus, make agri-

culture sustainable and the environment greener.

A successful pesticide formulation is one that

possesses the following properties: remains potent

for a significant period of time even in harsh environ-

ment, is pest/pathogen specific with less ecotoxicity,

does not suffer pest resistance, is economically viable

and is benign to plants and mammals (Nair et al. 2010).
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Most of such requirements may be achieved by a state-

of-the-art pesticide delivery system. In the last decade,

scientists have put considerable efforts in studying

suitable systems for the controlled release of drug

molecules. Amongst the widely investigated tech-

niques are the use of polymeric materials and

liposomes. Zheng and co-worker suggested polymeric

nanocapsules as vehicles for the pesticides ivermectin

and acetamiprid (Zheng and Shang 2005). Liu et al.

(2001) controllably released fungicides tebuconazole

and chlorothalonil from polyvinylpyridine and poly-

vinylpyridine-co-styrene matrix. However, the com-

mercialization of most reported potential pesticide

carriers has not been realized due to low drug payload,

scale-up difficulties, regulatory limitations and struc-

tural instability.

Recently, nanomaterials have been identified as

potential targeted delivery carriers for pesticides. In

particular, MSN attributes include well defined and

tunable pore sizes (2–50 nm), large pore volumes,

high surface areas, chemical stability, resistance to

microbial attack, nanostructures that can be tailored,

easily modified surface properties, biocompatibility,

and aqueous degradability (Al-Kady et al. 2011;

Ambrogio et al. 2011). In addition, MSN protect-

loaded guest molecules against environmentally

induced enzymatic degradation since no swelling or

porosity changes occur in response to external stimuli,

such as, pH and temperature (Yang 2011). Further-

more, MSN are excellent pesticide delivery carriers, as

their structural properties can be modified to either

enhance or slow down release kinetics (Ukmar et al.

2011). Arguably, MSN offers great promise for the

fabrication of stimulus responsive and targeted pesti-

cide delivery scaffolds. Indeed, various attempts have

been made to study the suitability of siliceous

materials for storage and sustained release (SR) of

pesticides. Experimental results have shown that

porous hollow silica nanoparticles (PHSNs) are

excellent carriers for the SR of avermectin; an oil-

soluble pesticide (Wen et al. 2005). Moreover, they

can protect avermectin from photodegradation (Li

et al. 2006). The pesticide molecules were loaded into

PHSNs by simple immersion loading (SIL) and

supercritical fluid loading (SFL) technologies, respec-

tively. Liu et al. (2006) employed SFL method to

entrap a different molecule, validamycin; a water-

soluble pesticide into PHSNs, they observed a multi-

stage release pattern from the nanocarrier.

Metalaxyl, [methyl-N-(2,6-dimethylphenyl)-N-(2-

methoxyacetyl)alaninate] (Fig. 1) is an acylanilide

fungicide with residual and systemic activity against

fungi of the order Peronosporales, which attack a wide

range of crops. Its application may be foliar, soil

incorporation, surface spraying (broadcast or band),

drenching, sprinkler or drip irrigation, soil mix or seed

treatment (Sukul and Spiteller 2001).

In this study, MSN with honeycomb like structure

were loaded with fungicide metalaxyl by rotar vapor

method. Metalaxyl was chosen as a model pesticide

molecule due to nature of its use. Sustained release

profiles of metalaxyl–MSN composites (RMSN) were

investigated in water and in soil. Our results epitomize

a novel application of MSN as sustained release carrier

for fungicides.

Materials and methods

Cetyltrimethylammonium bromide (CTAB), tetraeth-

ylorthosilicate (TEOS), NaOH, Metalaxyl were pur-

chased from Sigma-Aldrich Company. All chemicals

used in this study were analytical grade. Nano pure

water was used for the analysis.

Synthesis of mesoporous silica nanoparticles

MSN were synthesized under basic conditions using

CTAB as the structure-directing agent, and TEOS as

the silica source. In summary, TEOS (24.0 mL) was

slowly added into a homogeneous surfactant solution-

containing 4.0 g CTAB/1920 mL water/14 mL NaOH

(2.0 M) that had been heated to 80 �C at a stirring rate

of 1,000 rpm. After stirring for 2 h, the resulting

precipitate was filtered and washed with water, then,

oven dried at 120 �C for 4 h and finally calcined at

550 �C for 5 h in air.

Fig. 1 Structure of metalaxyl

J Nanopart Res (2013) 15:321–329
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Loading of metalaxyl into mesoporous silica

nanoparticles

To entrap the pesticide into MSN, metalaxyl

(14.0 mg) was homogenously dissolved in 20.0 mL

of water by sonication for 15 min. Then, 220 mg of

MSN was added and suspended in the solution by

magnetic stirring at RT for 12 h. The solvent was then

slowly evaporated under reduced pressure

(0.085 mPa) in water bath at 50 �C for 2 h using a

rotary evaporator. The metalaxyl-loaded MSN

denoted as RMSN was dried at RT for 24 h and used

for further tests.

Characterization

The crystallinity and structural properties of the MSN

and RMSN samples were characterized with XRD

diffractometer (LR 39487C XRD) using nickel filtered

CuKa (k = 1.542 Å) radiation operated at 40 kV/

40 mA in the range 0.5–10� with a step size of 0.002� 2h.

The adsorption of metalaxyl was examined by

Infrared (IR) spectroscopy. IR spectra were recorded

on a FT-IR spectrophotometer (SPECTMM ONE B)

using KBr discs in the range 400–4,000 cm-1.

The morphology and size of MSN and RMSN were

observed by a scanning electron microscope (SEM,

Hitachi S4800) and transmission electron microscope

(TEM, Tecnai G2 20 S-TWIN).

The quantification of the relative amount of the

loaded metalaxyl was carried out by thermal analysis,

that is, thermal gravimetric analysis (TGA), and

differential thermal analysis (DTA) at a heating rate

of 3min-1 with N2 using thermal gravimetric analyzer

(TGA-7) from RT to 800 �C. The nitrogen adsorption/

desorption isotherms were collected on Micromeritics

equipment (ASAP 2020). Specific surface areas and

pore volumes were determined by standard BET and

BJH methods, respectively, from adsorption branches

of the isotherms.

Sorption–desorption studies

Sorption isotherms were measured using a batch

equilibration method. Triplicates of 20 mg of MSN

were treated with 6 mL of solutions containing

0.2–0.8 mg mL-1 initial concentrations (Ci) of met-

alaxyl in water. The suspensions were shaken at

25 ± 2 �C for 24 h and centrifuged at 10,000 rpm for

10 min. Supernatants were filtered through 0.22 lm

diameter nylon filters and equilibrium concentrations

(Ce) determined by UV spectrophotometry scan in the

range 330–200 nm. The UV absorption peak at

270 nm was used to monitor concentration changes.

Standard concentrations of metalaxyl ranged from

0.05 to 0.8 mg mL-1. The amount of fungicide

adsorbed (Cs) was calculated from the difference

between the initial (Ci) and the equilibrium (Ce)

solution concentrations. Adsorption isotherms were

fitted to the logarithmic form of the Freundlich

equation:

log Cs ¼ log Kf þ 1
�
nf

log Ce

where Cs (mg kg-1) is the amount of herbicide

adsorbed at the equilibrium concentration Ce

(mg l-1) and Kf (mg1-nlng-1) and nf (unitless) are

the empirical Freundlich constants.

Desorption was followed immediately after adsorp-

tion using the 0.8 mg mL-1 metalaxyl concentrations

by replacing 3 mL of the supernatant with 3 mL of

pure water. This desorption procedure was repeated

three times for each sample. Desorption isotherms

were also fitted to Freundlich equation and desorption

coefficients calculated. A desorption hysteresis coef-

ficient was calculated as the percentage of ratio

between the sorption and desorption isotherms slopes

(Fernandes et al. 2003):

H ¼ nfads

nfdes

� 100

Release measurements

Batch release kinetics in water

The release of metalaxyl from RMSN was carried out

by suspension of 4.0 mg of RMSN in 4.0 ml of water

contained in glass bottles and sealed with screw caps

for different time periods. Different experiments for

the different periods of time were set up simulta-

neously. In all cases, the release kinetics was obtained

in triplicate. After each time lapse, the bottles were

hand-shaken, and centrifuged at 10,000 rpm for

10 min. The supernatant were filtered, and analyzed

by high performance liquid chromatography (HPLC).

The following HPLC conditions were used: detector,

UV, k = 220 nm; column, supelcosil LC-18 5 lm,

J Nanopart Res (2013) 15:321–329
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250 9 4.6 mm2; temperature, 30 �C; mobile phase,

acetonitrile/water (50/50 v/v); injection volume,

10 lL; flow rate 1.0 ml min-1; run time, 10 min.

Release in soil

The controlled release characteristics of the RMSN

were determined with soil-filled glass separating

funnels with a volume of 25 cm3. Pure metalaxyl

(7.0 mg) corresponding to the amount entrapped in the

controlled release systems was used as control. The

soil columns were settled by the addition of 20 ml of

water, 50 mg of RMSN were placed on top of the soil

column and 10 ml of pure water was applied on a

3 days interval for 1 month to the tubes. The elute was

filtered through 0.22 lm syringe filters and analyzed

for metalaxyl content by HPLC method previously

described.

Results and discussion

Loading and characterization of samples

Rotavapor-loading method was employed, a driving

concentration gradient was generated by evaporating

the solvent slowly but steadily. Metalaxyl was driven

into the MSN pores in a fashion similar to immersion

loading method which requires utilization of high drug

concentration (Limnell et al. 2011).

Powder SAXRD patterns for MSN and RMSN

samples are shown in Fig. 2. For MSN, three diffrac-

tion peaks at 2h (2.4�, 4.1�, and 4.7�) were observed,

which could be indexed as (100), (110), and (200)

reflections based on the hexagonal unidirectional

structure system. XRD of RMSN reveals a similar

pattern with the intensity of the peaks greatly reduced,

indicating reduced scattering contrast between the

pore walls and pore space of silica due to successful

loading of metalaxyl (Popovici et al. 2011). It is clear

that loading efficiency was improved by increasing the

metalaxyl: MSN particle ratio from 1:16 to 1:10 w/w.

However, the presence of d100 reflection suggests that

the mesoporous structure of MSN was retained after

loading with the fungicide molecules.

A comparison of Fourier transform-IR (FT-IR)

spectra (Fig. 3) of free metalaxyl, MSN and RMSN

reveals that the metalaxyl characteristic stretching

frequencies of the di-substituted amide and carbonyl

ester groups at 1,457 and 1,735 cm-1, respectively, are

depicted in RMSN spectrum without any significant

bond shift. This corroborates the XRD results. MSN
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exhibits characteristic absorption bands corresponding

to Si–OHStretching (3,435 cm-1), SiO–HBending

(1,630 cm-1), Si–O–SiStretching (1,100 cm-1), Si–

OHBending (965 cm-1), and SiO–HStretching (804 cm-1).

Moreover, the absence of new peaks that cannot be

ascribed to either metalaxyl or MSN in the RMSN

spectrum suggests MSN–metalaxyl interactions

through noncovalent bonding in the adsorption pro-

cess. Weak van der Waals forces and hydrogen bonds

describe the kind of host–guest chemistry observed in

the entrapment of metalaxyl molecules into the MSN

pores.

N2 sorption studies resulted in type-IV isotherms

(Fig. 4) typical of mesoporous materials according to

the International Union of Pure and Applied Chem-

istry (IUPAC) convention. Both isotherms depicted a

type H3 hysteresis loop in the high pressure region.

This indicates existence of mesoporosity. A sharp

inflection point at P/PO = 0.3 is indicative of narrow

pore-size distribution as confirmed by the inset figure.

The amount of nitrogen adsorbed by RMSN was

reduced while the shape of the hysteresis loop was not

altered, which indicated that some adsorptive sites in

MSN were already occupied by metalaxyl and the

loading process had no significant effect on the pore

shape. Single point surface area of MSN reduced from

810 to 766 m2g-1 while total pore volume and

adsorption average pore size reduced from 0.67 to

0.58 cm3g-1 and 3.2 to 2.9 nm, respectively, after

loading with metalaxyl (inset). The reduction in

sorption parameters confirmed further the successful

entrapment of the fungicide onto the nanocarrier.

Electron microscopy was used to examine the effect

of the entrapment of metalaxyl on physical and

morphological characteristics of the MSN. The SEM

and TEM images of MSN and RMSN are shown in

Fig. 5. Particle diameters were estimated from SEM

images using a nano measurer 1.2 software and an

average of 70 randomly selected particles calculated.

Respective particle sizes for MSN and RMSN are

averaged at *160 and *162 nm with a narrow

distribution (inset in Fig. 5a, c). Positions of mesop-

ores on the TEM images are indicated by arrows. All

materials show highly ordered honeycomb-like porous

system typical of mesoporous silica. Evidently, the

structural integrity of MSN was preserved after the

loading process.

The amount of metalaxyl entrapped in MSN was

estimated by thermogravimetry. TGA curves (Fig. 6)

revealed that, MSN and RMSN showed a weight loss

of 10 % (Fig. 6a) and 24 % (Fig. 6b), respectively,

after heating to 800 �C. The difference of 14 wt% was

taken to be the amount of metalaxyl loaded in MSN.

The greatest weight loss happened at \300 �C since

far beyond this temperature range, metalaxyl which

has a melting point of *73 �C and a boiling point

of *296 �C in pure state had decomposed. Adsorbed

water and surface silanol groups contribute to extra

weight loss at low and high temperature, respectively.

The amount of fungicide loaded was considered

significant cognisant to the fact that application of

metalaxyl active ingredient is in very minute amounts,

typically, in the range of 0.151–8.970 kg ha-1 for
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agricultural crops, 0.154–0.700 g kg-1 for seed treat-

ment, and 1.00–8.07 kg ha-1 for ornamental trees and

plants (Monkiedje et al. 2002). However, the amount

of fungicide loaded in the MSN carrier matrix could be

increased by increasing the concentration of the

pesticide solution as demonstrated by XRD studies.

Sorption studies

UV spectra of metalaxyl standard concentrations and

corresponding calibration curve are exhibited in

Fig. 7. The spectra express two distinct absorption

peaks of equal intensity at 270 and 247 nm, the

absorbance values of the peaks varied proportionally

with concentration. The peaks were ascribed to the R-

and S-enantiomers of metalaxyl which is a racemic

mixture of the two. The absorbance values of the peak

at 270 nm were used for quantification. R2 value

ratified the analysis method.

Metalaxyl sorption isotherms and corresponding

Freundlich curves are shown in Fig. 8. Type L-

isotherms (Fig. 8a) according to Giles classification

(Giles et al. 1960) are exhibited which suggested that

sorption occurred by physical forces. The adsorption

and desorption isotherms fitted the Freundlich sorption

equation with R2 values of 0.99 and 0.93, respectively

(Fig. 8b) which indicated a strong linear relationship

between equilibrium concentration (Ce) and amount

sorbed (Cs). Values of Freundlich adsorption–desorp-

tion coefficients are inset in Fig. 8b. Low value of Kf

implied that the fungicide was adsorbed in low

amounts while the low nf value suggested broad

distribution of adsorption site types on the MSN

surface (Rodrıguez-Cruz et al. 2008). Low fungicide

payload was attributed to low metalaxyl concentration

in the loading solution. The finding on availability of

multiple adsorption sites on MSN resonated well with

its structural nature of having outer and inner surfaces.

A much lower Kf d than Kf value confirmed desorption.

A nf d value that approached zero implied desorption

process involving multiple stages. Low value of the

desorption hysteresis coefficient (H) value verified

reversibility of the sorption process. Reversibility is

sine-qua-non for sustained release application of any

carrier matrix.

Fungicide release studies

The amount of metalaxyl released from RMSN was

determined using high performance liquid chroma-

tography. The metalaxyl standards calibration curve

and HPLC chromatogram are displayed in Fig. 9.

Fig. 5 SEM and

corresponding TEM images

of MSN (a, b) and

metalaxyl–MSN hybrid (c,

d). Inset particle-size

distributions
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Correlation coefficient (R2) value demonstrated linear

relationship between peak areas and metalaxyl con-

centration. The release profiles are shown in Fig. 10.

Slow and sustained release behavior was manifested

with 47 and 11.5 % of the loaded metalaxyl been

released in water (Fig. 10a) and soil (Fig. 10b),

respectively, within a period of 30 days. Application

of free metalaxyl in soil (control) resulted in 76 %

release. The results demonstrated *7 times delay in

the release of metalaxyl into the soil from the MSN

matrix. This would facilitate long periods of soil

protection and treatment using the same quantity of the

fungicide. MSN are inorganic and water insoluble

materials that do not leach in soil. However, their

efficiency as fungicide carriers could also be improved
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by functionalizing them with moieties that would

make them ‘‘achor’’ to the plant roots. Moreover,

future studies should aim at determining the long term

residual levels of various pesticide molecules loaded

in the siliceous nanoscale delivery vehicles.

Conclusion

Metalaxyl was successfully loaded into MSN meso-

porous framework; payload was significant at 14 %

w/w. A slower and more sustained release of metal-

axyl was realized from the nanoscale carrier compared

with free fungicide. It is demonstrated that MSN can

provide an efficient means to deliver pesticides in a

controlled fashion thus reducing wastage and envi-

ronmental hazard. We envisage that, in future, MSN

will find application in smart pesticide delivery

systems not only for slow release but also capable of

detecting an early stress or infection and offer targeted

treatment.
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Abstract New nanomanufacturing technologies,

although still in research labs, present a great oppor-

tunity to drastically reduce the cost of making

nanostructures on a large scale and at high-rates. Such

new bottom-up directed assembly-based approaches

involve adding materials selectively thereby both

reducing waste and the number of required processes.

Directed assembly-based processes are conducted at

room pressure and temperatures which significantly

reduces the cost of nanomanufacturing equipment and

tools, ensuring long-term sustainability by reducing

energy, consumables, and waste costs. This paradigm

shift in nanomanufacturing will unleash not only a

wave of creativity in sustainable nanomanufacturing

but lessons learnt along the way can be used in various

other sectors. Along with the exquisite technological

promise that nanotechnology holds, nano-enabled

products are heralded as a means for energy and

resource reduction, resulting in potential manufactur-

ing cost reductions and further, for potential improve-

ments to environmental remediation. Sustainable

nanomanufacturing will, by dramatically lowering

current nanomanufacturing barriers, spur innovation,

and the creation of entirely new industries by leveling

the playing and ultimately leading to the democrati-

zation of nanomanufacturing.

Keywords Nanomanufacturing �
Sustainability � Directed assembly �
Nanomaterials

Introduction

Considerable investment and progress have been made

in nanotechnology over the last decade. Much of the

initial investment was justifiably focused on fundamen-

tal research, resulting in significant advancement in

nanomaterials, new manufacturing processes capable of

making 2D and 3D nanoscale structures, and new device

concepts. However, most of today’s products involving

fabricated nanostructures are made using top down

conventional technologies such as semiconductor man-

ufacturing. Today, a semiconductor fabrication facility

that manufactures consumer electronics containing

nanoscale features costs $7–10 billion to construct.

Semiconductor processing equipment cost ranges from

a few hundred thousand dollars to a few million with
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some lithography equipment exceeding $50 million.

This high cost entry barrier completely shuts out small-

and medium-sized businesses. In addition, such large

facilities have a huge environmental impact; for exam-

ple, these facilities consume more than 4 million gallons

of water per day. Dramatically lowering such barriers

will spur innovation and the creation of entirely new

industries. Imagine if a company of any size could

manufacture nanoscale systems and devices at a small

fraction (e.g., one hundredth) of today’s cost. It would

unleash a wave of creativity by making nanoscale

manufacturing accessible and affordable for a range of

industries in the same way as the advent of PC

technology did for the computing industry, and in the

process revitalize manufacturing.

Manufacturing is the process of adding or removing

materials at the macro, micro, or nanoscales. Current

micro and nanoscale manufacturing involves deposi-

tion (thin film using chemical or physical processes),

etching, polishing, assembly, packaging, and wire

bonding. Successful nanoscale manufacturing that

leads to commercialization of nano-enabled products

requires robust, additive, and multiscale nanomanu-

facturing systems that can be used to make a diverse

array of applications. There are already signs of the

shift in manufacturing of devices and other products

from vacuum-based processes. For example, some

photovoltaic manufacturers use screen-printing, and

some display applications (already commercialized)

use inkjet printing of circuit patterns. Recently, the use

of 3D and electronic printing additive technologies is

on the rise, however, they are slow and are only capable

of microscale resolutions, so products requiring higher

resolution or large sizes take a very long time. In

addition, these printing technologies are top down

processes and cannot be scaled down to enable the

manufacturing of nanostructures. Even with today’s

slow electronic printing and lower resolution, they still

offer significant savings compared to conventional

(semiconductor manufacturing based) electronics. For

example, the cost of a printed integrated sensor-

plus-digital-readout device is 1/10–1/100th the cost

of current silicon-based systems (Ernst 2012).

Of course, success of an emerging technology is not

dependent on the technology alone. Ethical, legal, and

societal implications (ELSI) for nano-enabled pro-

ducts must be weighed with the technological advan-

tages. Unintended implications of nanotechnology to

human health and the environment should be avoided

by early examination of the effects of nanoparticle

releases throughout the product lifecycle. Many

organizations and research labs are striving to find

safe practices for working with nanomaterials in light

of the uncertainties of exposure (Murashov and

Howard 2011; NIOSH Workplace Safety and Health

Topics, National Institute of Occupational Safety and

Health, Center for Disease Control and Prevention,

http://www.cdc.gov/niosh/topics/nanotech/, Accessed

July 5 2013; OECD series on the safety of manufac-

tured nanomaterials, organisation for economic co-

operation and development, http://www.oecd.org/

science/nanosafety/publicationsintheseriesonthesafety

ofmanufacturednanomaterials.htm Accessed July 5

2013). The environmental health and safety (EHS)

implications remain paramount to the responsible

commercialization of nano-enabled products.

Sustainable nanomanufacturing opportunities

New nanomanufacturing technologies, although still

in research labs, present a great opportunity to address

these manufacturing challenges. New directed assem-

bly (Vossmeyer et al. 1997; Polleux et al. 2004; Park

et al. 2001; Davis et al. 2001; Zirbs et al. 2005) and

transfer approaches (Allen et al. 2006; Ahn et al. 2006;

Kim et al. 2010) involves adding materials selectively

such that no material removal is needed; thereby both

reducing waste and the number of required processes.

These directed assembly processes offer high-rate,

bottom-up, directed, and precise assembly of nanoel-

ements (such as carbon nanotubes, nanoparticles, and

polymer nanostructures). These techniques are capa-

ble of making nanoscale systems and devices with

unique properties that harness the individual and

synergistic properties of underlying nanomaterials.

Most of the directed assembly and transfer processes

are conducted at room pressure and temperatures. This

drastically reduces the cost of nanomanufacturing

equipment and tools, ensuring long-term sustainability

by reducing energy, consumables, and waste costs.

Such a nanomaterials-based nanomanufacturing

system could be built for a fraction of today’s fab

cost. So why is the directed assembly-based nano-

manufacturing approach lower in cost? The processes

used are operated at room temperature and pressure

(no vacuum or high temperature), which will provide a

significant cost reduction in equipment, energy, and
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maintenance costs. Most of the tools used to conduct

the directed assembly processes are simple—mostly

dip coating or spinning-based processes—signifi-

cantly reducing tool and operation costs. Also, with

reduction of the number of process required the

consumption of water, material, and energy would be

significantly reduced. Many of the directed assembly

and transfer processes are scalable and high-rate.

Opportunities exist at the initial stages of product

design to create environmentally benign products,

beginning with assessment of nanomanufacturing

practices (Eckelman et al. 2012; Dahlben et al.

2013). The economic and environmental assessment

of products during their manufacture, use and end-of-

life disposal is encouraged to establish best practices

now—while the processes are under development—

instead of after intended consequences arise.

Sustainable nanomanufacturing processes

Various processes for large scale manufacturing of

nano-enabled products have been developed. In this

paper, the author will focus on efforts developed at the

NSF Nanoscale Science and Engineering Center for

high-rate nanomanufacturing (CHN). The CHN efforts

focused on processes that utilize directed assembly and

transfer for assembling various types of nanoelements

on different substrates with precise addressing and

orientation. Pre-patterned templates are used to direct

the assembly of nanoparticles (as small as 2 nm),

conducting polymers (Wei et al. 2006), and single wall

carbon nanotubes (SWCNTs) (Xiong et al. 2005). CHN

has also developed damascene templates to provide a

uniform electrophoretic force throughout the template

for any pattern size enabling reliable assembly over

large areas. These techniques enabled the directed

assembly of nanoparticles (Xiong et al. 2006) and

SWCNTs into nanoscale patterns in 1 min and over a

large area (in inches) (Makaram et al. 2007a). More-

over these assembly techniques are used to assemble

more than one type of nanomaterial on the same

substrate for increased functionality and performance.

Truly 3D integrated circuits based on conventional

CMOS technology are hindered by fabrication related

challenges. Introduction of nanomaterials into preex-

isting systems and architectures can result in superior

performance. However, techniques developed to

selectively place nanometer-sized materials (Nihei

et al. 2004; Chen et al. 2006) are restricted to planar

substrates. CHN has developed a hybrid technique

combining both bottom-up dielectrophoresis and top-

down microfabrication techniques to enable low

temperature integration of SWNTs (Makaram et al.

2007b; Selvarasah et al. 2011) and gold nanoparticles

(Yilmaz et al. 2010) into three-dimensional architec-

tures. In addition, CHN demonstrated the assembly of

SWCNTs into exiting CMOS platforms to create

highly robust sensors for the detection of various

chemicals (Chen et al. 2009, 2010).

An emerging area of commercial importance is

flexible electronics, but they suffer from a significant

performance drawback when compared to standard

CMOS devices. Unprecedented advantages can be

realized if nanomaterials are used as active elements in

flexible electronics. To addresses this issue CHN has

demonstrated directed assembly of SWNT structures

on soft polymer substrates using a surface controlled

fluidic assembly (Selvarasah et al. 2010; Xiong et al.

2009). Polymer structures patterned in non-uniform

geometries, such as sharp 90� bends and T-junctions

(Stoykovich et al. 2007) have also been shown.

Directed assembly of polymer blends into non-

uniform structures (Wei et al. 2009; Fang et al.

2010), with multiple length scales on a single template

(Chiota et al. 2009) and into arbitrary structures at a

high-rate has been demonstrated by CHN (Fig. 1).

Transfer of assembled nanoelements from one

surface to another is important for the integration of

nanoscale processes. The CHN has demonstrated the

successful transfer of conducting polymers and CNTs

to a number of polymer substrates (Kumar et al. 2008;

Wei et al. 2006). By combining template-guided

fluidic SWNT assembly (Xiong et al. 2007; Jaber-

Ansari et al. 2009a, b; Somu et al. 2010) and transfer

techniques (Li et al. 2011a, b) researchers at CHN has

created horizontally organized SWNTs network archi-

tectures at nano/microscale on diverse substrates with

enhanced functionality.

Sustainable nanomanufacturing challenges

There are many challenges facing this new nanoman-

ufacturing technology, some of the challenges are

technical and some are cultural. For example, the

electronics industry has spent hundreds of billions of

dollars on fabrication facilities and will not entertain
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or consider a new manufacturing technology unless

there is a remarkable enhancement over existing

performance in addition to low cost.

Most of the technical challenges deal with scala-

bility while maintaining the nanoscale properties. In

macroscopic systems comprising nanomaterials, the

absence of nanomaterial properties at macroscopic

length scales is a huge challenge. In order to achieve

this, control of surface properties over large areas

while maintaining the necessary forces at the nano-

scale needs to be achieved thus enabling multiscale,

heterogeneous, and monolithic nanomanufacturing

that is scalable, fast, and repeatable with high yield.

Hence compatibility and flexibility of the developed

processes for a wide range of nanomaterials-substrates

needs to be addressed. In a multilayered process, i.e.,

where several directed assembly and transfer process

are sequentially conducted for creating a fully func-

tional device the effect of surface tension, solvent, and

viscosity of suspension/solution used in individual/

subsequent processes on assembly needs to be

addressed. For processes involving multiple transfers,

the effect of substrate compliance (for flexible

substrates) on assembly, contact area, adhesion, and

transfer need to be addressed.

These innovations will lead to products with

embedded nanomaterials—the health and environ-

mental impacts of which must be established through-

out their life cycles. The US National Nanotechnology

Initiative Strategic Plan advocates the responsible

development of nano-enabled products as central to

promoting scalable nanomanufacturing and product

commercialization, calling for more effective use of

life cycle analysis in decision-making as nanomanu-

facturing scales to commercial production. Given the

uncertain potential hazards, it is important to identify

the likely workplace and environmental exposures

during manufacture, functionalization, use, and end-

of-life management including recycling and dis-

posal—to avoid any unintended consequences. Only

with broader perspectives of the systems into which

nano-enabled products are inserted can nanomanufac-

turing succeed in becoming sustainable.

Conclusion and outlook

Many applications such as sensors, electronics, energy

harvesting or storage, medical devices or functional

structures can be made entirely through directed

assembly and transfer process platform encompassing

various nanoelements with specific functionality.

Concerted efforts from scientist and engineers are

needed to realize this manufacturing capability. This

paradigm shift in manufacturing of nano-enabled

products will unleash not only a wave of creativity

in sustainable nanomanufacturing but lessons learnt

along the way can be used in various other sectors.

50 nm 50 nm 50 nm 

copper 
fluorescent PSL fluorescent silica 

Metal 
II

Metal I

SWNT 
Bundles

Rapid, multi scales assembly of nanopar cles tiRapid, multi scales assembly of nanopar cles ti

Rapid, multi scales assembly of Carbon Nanotubes     Rapid, multi scales assembly of Carbon Nanotubes     

scales assembly of polymers  Rapid, multi scales assembly of polymers  Rapid, multi

Fig. 1 Assembly of various

nanoelements, including

nanoparticles, carbon

nanotubes, and polymers in

different configuration and

orientation
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Along with the exquisite technological promise that

nanotechnology holds, nano-enabled products are

heralded as a means for energy and resource reduction,

resulting in potential manufacturing cost reductions

and further, for potential improvements to environ-

mental remediation. A systems approach to imple-

mentation will allow for responsible and effective

commercialization of these emerging industries. Sus-

tainable nanomanufacturing will, by dramatically

lowering current nanomanufacturing barriers, spur

innovation and the creation of entirely new industries

by leveling the playing and ultimately leading to the

democratization of nanomanufacturing.
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Abstract In the present study, extracellular synthesis

of iron oxide nanoparticles (IONPs) was achieved using

Aspergillus japonicus isolate AJP01. The isolate dem-

onstrated its ability to hydrolyze the precursor salt

solution, a mixture of iron cyanide complexes, under

ambient conditions. Hydrolysis of these complexes

released ferric and ferrous ions, which underwent

protein-mediated coprecipitation and controlled nucle-

ation resulting in the formation of IONPs. Transmission

electron microscopy, selected area electron diffraction

pattern, energy dispersive spectroscopy and grazing

incidence X-ray diffraction analysis confirmed the

mycosynthesis of IONPs. The synthesized particles

were cubic in shape with a size range of 60–70 nm with

crystal structure corresponding to magnetite. Scanning

electron microscopy analysis revealed the absence of

IONPs on fungal biomass surface, indicating the

extracellular nature of synthesis. Fourier transform

infrared spectroscopy confirmed the presence of pro-

teins on as-synthesised IONPs, which may confer their

stability. Preliminary investigation indicated the role of

proteins in the synthesis and stabilization of IONPs. On

the basis of present findings, a probable mechanism for

synthesis of IONPs is suggested. The simplicity and

versatility of the present approach can be utilized for the

synthesis of other nanomaterials.

Keywords Iron oxide nanoparticles �
Biosynthesis �Soil fungi � Extracellular proteins �
Aspergillus japonicus � Nanobiotechnology

Introduction

The advent of nanotechnology has revolutionized

science, economy and everyday life. Intrinsic properties

with respect to bulk materials change drastically in the

event of reduction of size to nanoscale-like quantum

confinement in semiconductors, surface plasmon reso-

nance in some metallic nanoparticles and

Reprinted from the journal

Special Issue Editors: Mamadou Diallo, Neil Fromer,

Myung S. Jhon

This article is part of the Topical Collection on

Nanotechnology for Sustainable Development

Electronic supplementary material The online version of
this article (doi:10.1007/s11051-013-2031-5) contains supple-
mentary material, which is available to authorized users.

A. Bhargava � N. Jain � M. Barathi L. � J. Panwar (&)

Centre for Biotechnology, Department of Biological

Sciences, Birla Institute of Technology and Science,

Pilani, India

e-mail: drjitendrapanwar@yahoo.co.in

Mohd. S. Akhtar

Department of Applied Microbiology, College of Natural

Sciences, Jimma University, Jimma, Ethiopia

Y.-S. Yun

Division of Environmental and Chemical Engineering,

Chonbuk National University, Chonbuk, South Korea

123

DOI 10.1007/978-3-319-05041-6_27

Reprinted from the Journal of Nanoparticle Research, DOI 10.1007/s11051-013-2031-5

337

http://dx.doi.org/10.1007/s11051-013-2031-5


superparamagnetism in magnetic nanoparticles (No-

guez 2007; Jun et al. 2008; Wu et al. 2008). As compared

to the larger particles of the bulk material, nanoparticles

exhibit completely new or improved properties based on

their size, distribution and morphology. Changes in

properties at nanoscale have been thoroughly used in

various interesting applications involving optoelectri-

cal, catalytic, photochemical and electrochemical phe-

nomena (Fedlheim and Foss 2001).

Iron oxide nanoparticles (IONPs) have been con-

sistently used in developing technologies related to

data storage, environmental remediation, energy gen-

eration, water purification, etc. (Teja and Koh 2009).

Narrowing our focus to applications of IONPs in

biology, their amenable properties offer very useful

and attractive potentials in biomedicine, viz. biomo-

lecular targeting, hyperthermia, cell manipulations and

as carrier/delivery molecule (Bhargava et al. 2011). As

evident by the importance of IONPs, their synthesis has

received considerable attention. Biosynthesis of nano-

particles presents an appealing approach which inte-

grates material science and microbial biotechnology,

potentially overcoming limitations associated with

conventional physical and chemical methods of nano-

particle synthesis (Laurent et al. 2008). Presently, the

biological method relies on the use of plants, bacteria

and fungi for the synthesis of nanoparticles and became

an eco-friendly, yet cost-effective alternative with the

ability of controlling synthesis at the molecular level in

certain cases. Molecular control can be well appreci-

ated in the biosynthesis of magnetosomes by mag-

netotactic bacteria where the overall synthesis is

regulated at the genetic level by a group of genes

collectively called ‘magnetosome island’ which is a

conserved gene cluster (Komeili 2007). Recently,

Parikh et al. (2011) reported the presence of a gene

homolog of a putative gene of the silver-binding

protein (silE) from various strains of Morganella spp.

that were tested for silver nanoparticles synthesis.

Fungi have emerged as potential candidates for the

biosynthesis of nanoparticles because of their ease in

handling, low cost maintenance as well as easy

downstream processing, due to the predominantly

extracellular nature of nanoparticle synthesis (Gade

et al. 2010). Additionally, being a eukaryotic organ-

ism, fungi have been reported to secrete a versatile

range of extracellular components in higher amounts

as compared to prokaryotic organisms. This might be

helpful in achieving significantly higher and desired

productivity of various nanoparticles (Dhillon et al.

2011).

Appreciating the perspective that organisms isolated

from metal-rich regions show improved ability for high

metal tolerance as well as microbial activities that adapt

to stressed environment, Jain et al. (2013) reported the

efficiency of metal-tolerant fungal isolates toward

extracellular synthesis of nanoparticles. In the present

study, we report the mycosynthesis of IONPs utilizing

Aspergillus japonicus isolate AJP01 isolated from iron-

rich soil. The fungal isolate demonstrated its ability to

hydrolyze the precursor salt solution, a mixture of iron

cyanide complexes, under ambient conditions. Hydro-

lysis of these complexes releases ferric and ferrous ions,

which possibly undergo protein-mediated coprecipita-

tion and controlled nucleation resulting in the formation

of IONPs as suggested by the experimental inferences.

The IONPs were synthesised extracellularly and stabi-

lized by proteins of fungal origin. Based on the

preliminary molecular and biochemical investigations,

the probable mechanism for synthesis and subsequent

stabilization of IONPs is discussed.

Materials and methods

Materials

All chemicals used were of analytical grade and

procured from Sigma-Aldrich (Sigma-Aldrich, St.

Louis, MO, USA) or Merck Chemicals (Merck KGaA,

Darmstadt, Germany) unless otherwise stated. Com-

mercially available magnetite nanoparticles (637106)

were purchased from Sigma-Aldrich. All culture

media and molecular biology kits were purchased

from HiMedia Laboratories (HiMedia Laboratories,

Mumbai, India). Reagents and enzymes used in PCR

reactions were obtained from Promega (Promega,

Mannheim, Germany). The primers ITS1 and ITS4

were purchased from Sigma-Aldrich and Bt2a, Bt2b,

CL1 and CL2A from Eurofins MWG Operon (Euro-

fins MWG Operon, Ebersberg, Germany).

Isolation and molecular identification of fungal

isolate

The fungus was isolated from soil samples of iron-rich

regions of Udaipur, Rajasthan, India. Briefly, the

collected soil samples were serially diluted and plated
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on Martin Rose Bengal Agar media (pH 7.2) supple-

mented with chloramphenicol at a final concentration

of 30 lg/mL after autoclaving. Petri plates were

incubated at 28 �C for 96 h under dark conditions.

Individual and morphologically distinct fungal colo-

nies were selected and further purified by repeated

sub-culturing on potato dextrose agar (PDA) medium

(pH 5.6). Glycerol stocks of the isolates were prepared

and preserved at -70 �C.

Fungal DNA was extracted using HiPurATM plant

genomic DNA miniprep purification spin kit with

minor modifications. Amplification of the internal

transcribed spacer (ITS) regions of ribosomal DNA

was amplified using primers ITS1 (50-TCCGTAGGT-

GAACCTGCGG) and ITS4 (50-TCCTCCGCTTATT-

GATATGC) (White et al. 1990). Partial amplification

of b-tubulin gene was performed using the primers

Bt2a (50-GGTAACCAAATCGGTGCTGCTTTC)

and Bt2b (50-ACCCTCAGTGTAGTGACCCTTG

GC) (Glass and Donaldson 1995). In addition, partial

amplification of the calmodulin gene was performed

using the primers CL1 (50-GARTWCAAGGAG

GCCTTCTC) and CL2A (50-TTTTTGCATCATGA

GTTGGAC) (O’Donnell et al. 2000). PCR reactions

were carried out in total volumes of 50 lL containing

Taq Buffer A, 15 mM MgCl2, 50 lM each of deoxy-

nucleoside triphosphates, 50 pmol of each primers

(30 pmol in case of partial b-tubulin gene amplifica-

tion), 1 unit of TaqDNA polymerase and 4 lL of

template genomic DNA. The reactions were carried

out on a Veriti� Thermal Cycler (Applied Biosystems,

Carlsbad, CA, USA). The PCR conditions followed for

amplification of ITS regions were as follows: 2 min of

preheating at 94 �C followed by 30 cycles of denatur-

ation at 94 �C for 1 min, annealing at 57 �C for

1.5 min, extension at 72 �C for 2 min and a final

extension of 4 min at 72 �C. The PCR conditions

followed for amplification of partial b-tubulin gene

were as follows: 5 min of preheating at 94 �C followed

by 35 cycles of denaturation at 94 �C for 1 min,

annealing at 60 �C for 45 s, extension at 72 �C for

1 min and a final extension of 7 min at 72 �C. The PCR

conditions followed for amplification of partial cal-

modulin gene were as follows: 10 min of preheating at

94 �C followed by 35 cycles of denaturation at 94 �C

for 50 s, annealing at 58 �C for 50 s, extension at

72 �C for 1 min and a final extension of 7 min at 72 �C.

The PCR products were separated on 1.0 % (w/v)

agarose gel including DNA ladder SM0241

(Fermentas Life Sciences, Burlington, ON, Canada)

and purified using a HiPurATM PCR product purifica-

tion spin kit.

The purified PCR products were sequenced using an

ABI prism DNA sequencer by BigDye terminator

method (Applied Biosystems, Foster City, CA, USA).

The resulting nucleotide sequences were compared

using Basic Local Alignment Search Tool (BLAST)

network services of the National Center for Biotech-

nology Information (NCBI) database (http://www.ncbi.

nlm.nih.gov/) and the most closely related species were

determined. The sequences were further submitted to

GenBank and the accession numbers were obtained.

Extracellular mycosynthesis of IONPs

All the fungal isolates were screened to check their

ability to hydrolyze the precursor salt solution com-

prising freshly prepared potassium ferricyanide

K3[Fe(CN)6] and potassium ferrocyanide K4[Fe(CN)6]

in a millimolar ratio of 1:0.5 (data not shown). The

isolate showing maximum hydrolysis was selected for

further study. The fungal isolate was maintained on

PDA slants (pH 5.6) with repeated sub-culturing on

fresh media. From an actively growing culture, a

loopful of spores was inoculated in 80 mL of MGYP

medium (0.3 % malt extract, 1.0 % glucose, 0.3 %

yeast extract, 0.5 % peptone; pH 7.0) in 250 mL

Erlenmeyer flasks. The inoculated flasks were incu-

bated at 28 �C for 72 h on a rotary shaker (120 rpm)

under dark conditions. After incubation, the fungal

biomass was separated from the culture medium by

centrifugation (5,000 rpm) at 4 �C for 15 min and

washed thrice with autoclaved Milli-Q water to remove

all traces of media. Typically, 20 g of biomass (fresh

weight) was resuspended in 100 mL of precursor salt

solution in a 250 mL Erlenmeyer flask and incubated at

28 �C for 96 h on a rotary shaker (120 rpm) under dark

conditions. After incubation, the biomass was sepa-

rated by filtration using Whatman grade 1 filter paper

(Whatman Inc., Florham Park, NJ, USA) and the cell-

free filtrate containing IONPs was obtained for further

characterization. Biomass in autoclaved Milli-Q water

(without precursor salt solution) as positive control and

pure precursor salt solution (without biomass) as

negative control were also incubated simultaneously

along with the experimental flasks in three replicates.

The growth (colony forming unit, CFU) and

viability of fungus before and after exposure to
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precursor salt solution were checked. For determina-

tion of CFU, the fungal biomass was cut into pieces

(5 9 5 mm) and shaken with 0.02 % Tween 80 for

30 min on a rotary shaker (250 rpm). Suitable dilu-

tions were spread on the surface of PDA medium (pH

5.6). CFU on the plates were counted after incubation

at 28 �C for 72 h under dark conditions (Schnurer

1993). The fungus viability was observed by inocu-

lating the exposed fungal biomass on PDA medium

(pH 5.6). The inoculated Petri plates were incubated at

28 �C for 72 h under dark conditions.

A separate experiment was performed to examine

the possibility of IONPs synthesis, solely by the fungal

extracellular proteins. For this, 20 g (fresh weight) of

fungal biomass was suspended in 100 mL of auto-

claved Milli-Q water and incubated for 72 h in an

Erlenmeyer flask in similar conditions as described

earlier. After incubation, the cell-free filtrate contain-

ing extracellular proteins was recovered by filtration

using Whatman grade 1 filter paper. The precursor salt

solution at a final millimolar ratio of 1:0.5 was added

to the flask containing cell-free filtrate and incubated

on a rotary shaker (120 rpm) at 28 �C for 96 h under

dark conditions. Cell-free filtrate (without precursor

salt solution) as positive control and pure precursor

salt solution (without cell-free filtrate) as negative

control were also incubated simultaneously along with

the experimental flasks in three replicates.

Characterization of mycosynthesized IONPs

Hydrolysis of iron cyanide complex was monitored by

taking UV–visible absorption spectra of the culture

supernatant at different time intervals. UV–visible

measurements were carried out on a V-630 UV–

visible spectrophotometer instrument (Jasco Corpora-

tion, Tokyo, Japan) at a resolution of 1 nm with a scan

speed of 400 nm/min using a 1 cm path length quartz

cuvette. Samples for transmission electron micros-

copy (TEM) imaging and selected area electron

diffraction (SAED) pattern determination were pre-

pared on a carbon-coated TEM grid by drop coating

the cell-free filtrate containing IONPs after 30 min of

sonication. TEM measurement and SAED pattern

determination were carried out on a JEM-2100

instrument (JEOL, Tokyo, Japan) operated at an

accelerating voltage of 80 and 200 kV for low- and

high-resolution imaging, respectively. Energy disper-

sive spectroscopy (EDS) analysis was carried out

using a H-7650 scanning electron microscope (SEM)

instrument (Hitachi High-Technologies Corporation,

Tokyo, Japan) equipped with Quantax EDS attach-

ment (Bruker AXS Ltd., Coventry, UK) by freeze

drying the cell-free filtrate containing IONPs followed

by coating on a double-sided carbon tape attached to

the grid surface. The crystalline phase of the iron oxide

was identified by grazing incidence X-ray diffraction

(GIXRD) measurements of thin layer of mycosynthe-

sized IONPs on glass substrates carried out on an

X’Pert PRO X-ray diffractometer instrument (PANa-

lytical BV, Almelo, The Netherlands). The diffraction

pattern was recorded between 20� and 80� (2h) with

the diffractometer operated at a voltage of 40 kV and a

current of 30 mA with CuKa radiation. The crystal

phase was determined by comparing the calculated

values of interplanar spacing and the corresponding

intensities of diffraction peaks with theoretical values

from the Joint Committee on Powder Diffraction

Standards-International Centre for Diffraction Data

(JCPDS-ICCD) database. Fourier transform infrared

(FTIR) spectroscopy measurements of the freeze-

dried IONPs diluted with potassium bromide in the

ratio of 1:100 were recorded on an IR Prestige-21

FTIR instrument (Shimadzu, Nakagyo-ku, Japan) with

a diffuse reflectance mode (DRS-8000) attachment.

All measurements were carried out in wavenumber

range of 400–4,000 cm-1 at a resolution of 4 cm-1.

For scanning electron microscopy (SEM) analysis

of the fungal biomass exposed to precursor salt

solution, the biomass was fixed overnight at 4 �C

with 2.5 % (v/v) glutaraldehyde in 0.1 M sodium

phosphate buffer, pH 7.2. The specimen was rinsed in

buffer, dehydrated in a series of 30–100 % ethanol and

then dried in a desiccator under vacuum. An automatic

Polaron OM-SC7640 sputter coater instrument (Quo-

rum Technologies, Sussex, UK) was used for coating

the specimens with gold particles. The specimen was

examined using EVO 40 scanning electron micro-

scope instrument (Carl Zeiss, Oberkochen, Germany).

Ferrozine assay for estimation of free iron

To estimate the free iron content in the solution after

completion of reaction, ferrozine assay was performed

in the cell-free filtrate (Gibbs 1976). The aliquot

(1 mL) was treated with ferrozine at a final concen-

tration of 1 mM and the absorbance was recorded at

562 nm against blank (1 mM ferrozine). Ferrous
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sulfate solution (1 mM) was used as positive control,

whereas cell-free filtrate (without precursor salt solu-

tion) and pure precursor salt solution (without cell-free

filtrate) were used as negative controls. The experi-

ment was performed in triplicate.

Protein purification and one-dimensional gel

electrophoresis

Extracellular proteins from both the test (biomass

exposed to precursor salt solution) and control (bio-

mass in autoclaved Milli-Q water) were purified using

ammonium sulfate precipitation. Solid ammonium

sulfate was added slowly at a final concentration of

80 % (w/v) (Simpson 2004). The mixture was gently

stirred for 4–5 h at 4 �C. The resulting precipitate was

subsequently collected by centrifugation at

10,000 rpm for 20 min at 4 �C. The proteins obtained

thereafter were resuspended in a minimum amount of

50 mM phosphate buffer, pH 7.2, and dialyzed using a

Sigma-Aldrich 12-kDa cutoff dialysis bag pre-treated

as per the manufacturer’s instructions. Briefly, the

precipitated protein was filled in the treated dialysis

bag, which was then suspended in dialysis buffer

(50 mM phosphate buffer, pH 7.2) and stirred slowly

at 4 �C. The buffer was changed three to four times

over a 12 h period. The total protein concentration in

the dialyzed samples was estimated by the standard

protocol of Lowry et al. (1951), using bovine serum

albumin as standard.

The dialyzed protein fractions were separated on

the basis of molecular weight by sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) as per standard procedure with adequate

modifications (Laemmli 1970). Samples were dena-

tured in 29 sample buffer containing 60 mM Tris (pH

6.8), 25 % glycerol, 2 % SDS, 14.4 mM 2-mercap-

toethanol and 0.1 % bromophenol blue, boiled for

5 min, followed by centrifugation at 8,000 rpm for

1 min at 4 �C. Unstained protein molecular weight

marker SM0661 (Fermentas Life Sciences) was run

along with samples. Electrophoresis was performed on

a Mini Protean�3 Cell instrument (BioRad Laborato-

ries, Hercules, CA, USA) at a constant voltage of

100 kV for 120 min. After electrophoresis, the gel was

stained with Coomassie Brilliant blue G-250 stain and

was observed in a BioRad Gel DocTM XR imaging

system.

Role of proteins in nanoparticle stability

The role of extracellular proteins in nanoparticle

stabilization was investigated. For this, the cell-free

filtrate containing extracellular proteins from positive

control flask (without precursor salt solution) was

recovered by filtration using Whatman grade 1 filter

paper. The commercially available magnetite nano-

particles at a final concentration of 50 mg/mL was

added to the cell-free filtrate and incubated on a rotary

shaker (150 rpm) at 28 �C for 48 h under dark

conditions. After this, zeta potential measurements

were carried out on a Zetasizer Nano ZS (Malvern

Instruments Ltd, Worcestershire, UK) at neutral pH.

Magnetite nanoparticles (50 mg/mL) suspended in

water were used as control.

Results

Molecular identification of fungal isolate

Fungi were isolated from soil samples of iron-rich

regions of Udaipur, Rajasthan, India. Preliminary

identification of fungi was performed on the basis of

morphological parameters such as color, spore shape,

arrangement and hyphal branching pattern after stain-

ing with cotton blue. A total of 16 fungal isolates were

observed on the basis of distinct morphological

parameters. After screening, the isolate showing

maximum hydrolysis of precursor salt solution was

identified at the molecular level by comparative

sequence analysis of the ITS regions of ribosomal

DNA as well as that of partial b-tubulin and partial

calmodulin gene sequences. The sequencing of PCR

products resulted in 540 bp (ITS region), 491 bp

(partial b-tubulin gene) and 699 bp (partial calmodulin

gene) long nucleotide sequences. These sequences

were compared using BLAST algorithm. Isolate

AJP01 showed the maximum similarity with Asper-

gillus japonicus. The derived fungal sequences were

deposited in GenBank with the following accession

numbers: JF770435 (ITS region), JX103558 (partial b-

tubulin gene) and JX103559 (partial calmodulin gene).

Aspergillus japonicus isolate AJP01 has been depos-

ited in the Microbial Type Culture Collection and

Gene Bank at the Institute of Microbial Technology,

Chandigarh, India with the MTCC number 11733 and

is available at public domain.
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Characterization of mycosynthesized IONPs

The absorption spectra of precursor salt solution

showed highly symmetric band absorption with peak

maximum at 420 nm, which is attributed to the

characteristic absorption maximum of potassium fer-

ricyanide (Williams 1997). A steady decrease in

intensity of peak as a function of time of reaction

was observed during the reaction spanning 96 h

(Fig. 1). The hydrolysis of iron cyanide complexes

accounted for the highest magnitude (37.28 %) in the

initial 24 h (Fig. 2). After 96 h of incubation, no

significant increase was observed in the percent

hydrolysis.

The size and morphology of mycosynthesized

IONPs were determined by TEM measurements. A

representative TEM micrograph (Fig. 3) revealed the

particle morphology to be cubic in shape with strict

control over particle size. The particle size distribution

histogram obtained from TEM measurements (Fig. 4)

showed that the maximum number of particles con-

fined in the range of 60–70 nm and possessed an

average size of 82.25 ± 5 nm. The SAED patterns

(Fig. 5) confirmed the nanoparticles to be crystalline

and the diffraction pattern data were found to be

consistent with the typical structure characteristics of

iron oxide (magnetite [Fe3O4] and maghemite [c-

Fe2O3]). On the basis of calculated d-values, the

diffraction pattern analysis suggested that the particles

belonged to magnetite (Sun et al. 2004). High-

resolution TEM micrograph (Fig. 6) demonstrated

the well-resolved interference fringe pattern attesting

to the crystallinity of a typical magnetite nanoparticle

with no sign of crystal defects. EDS analysis of freeze-

dried sample was performed to determine the elemen-

tal composition of nanoparticles (Fig. 7). The EDS

spectrum showed an optical absorption band at

*6.5 eV, which is representative of iron (Njagi

et al. 2010). Figure 8 shows the XRD pattern of

synthesised IONPs. Analysis of XRD spectra showed

characteristic Bragg’s diffraction peaks which are in

good agreement with the standard magnetite pattern

(JCPDS: 19-0629).

Fig. 1 UV–visible absorption spectrum of cell-free filtrate

representing the gradual synthesis of IONPs as a function of

time

Fig. 2 Graphical representation of increase in the rate of

hydrolysis of iron cyanide complex (in percent) observed at

420 nm (open squares) and increase in reaction pH (open

circles) as a function of time

Fig. 3 TEM micrograph of mycosynthesized iron oxide

nanoparticles (scale bar equivalent to 100 nm)
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To examine the possibility of synthesis of IONPs

bounded to the fungal biomass, SEM imaging of the

fungal biomass exposed to the precursor salt solution

was performed after completion of the reaction. A

representative SEM micrograph of the exposed bio-

mass (Fig. 9) showed the absence of IONPs on the

fungal surface, signifying exclusively extracellular

synthesis by this fungal isolate.

Ferrozine assay for qualitative estimation of free

metal ions

The hydrolysis of the iron cyanide complex was

further confirmed by the ferrozine assay, wherein

ferrozine specifically binds with free ferrous ions.

However, it may non-specifically bind to free ferric

ions. The precursor salt solution exposed to fungal

biomass for 96 h showed positive result in the

ferrozine assay. However, the precursor salt solution

failed to give positive results on reaction with

ferrozine as metal ions were strongly bound with

cyanide and remained in the form of iron cyanide

complexes. In the absence of free metal ions, there was

a negative result in the ferrozine assay.

Fig. 4 Particle size distribution histogram of iron oxide

nanoparticles extracted from TEM analysis

Fig. 5 SAED pattern from a single iron oxide nanoparticle. The

diffraction rings corresponds to the allowed (511), (422), (400)

and (220) Bragg’s reflections

Fig. 6 High-resolution TEM micrograph of a single iron oxide

nanoparticle (scale bar equivalent to 5 nm)

Fig. 7 EDS spectrum of freeze-dried cell-free filtrate contain-

ing mycosynthesized iron oxide nanoparticles
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Role of fungal proteins in synthesis

and stabilization

Fourier transform infrared measurements were carried

out to identify the possible interaction between fungal

proteins and IONPs (Fig. 10). FTIR analysis of freeze-

dried samples showed a prominent vibration band at

wavenumber 1,635 cm-1 assigned to the amide I bond

of proteins arising due to carbonyl stretch in proteins,

wavenumber 1,458 cm-1 representing –CH2– bend-

ing mode characteristic of protein side chains and

wavenumber 1,400 cm-1 indicating COO- stretching

(Macdonald and Smith 1996; Wang et al. 2006; Yang

et al. 2007).

A significant difference was observed in the

concentration of various extracellular proteins

expressed from biomass exposed to the precursor salt

solution as compared to the control (unexposed

biomass). The concentration of extracellular proteins

secreted by the fungal biomass exposed to the precur-

sor salt solution was determined to be 1,125 ± 7.5 lg/

mL, which was nearly twice the concentration of

extracellular proteins (587 ± 2.3 lg/mL) secreted by

the unexposed biomass as estimated by Lowry’s assay.

Fig. 8 Grazing incidence X-ray diffraction pattern of myco-

synthesized iron oxide nanoparticles. The XRD pattern indicates

Bragg’s reflections corresponding to the magnetite structure

Fig. 9 SEM micrograph of fungal biomass exposed to precur-

sor salts showing the absence of iron oxide nanoparticles on

biomass surface (scale bar equivalent to 200 nm)

Fig. 10 FTIR spectrum of freeze-dried sample of iron oxide

nanoparticles

Fig. 11 SDS-PAGE analysis of purified extracellular proteins

from Aspergillus japonicus isolate AJP01. Lane 1 10–200 kDa

molecular size marker (Fermentas SM0661). Purified extracel-

lular proteins obtained from unexposed (lane 2) and exposed

(lane 3) fungal biomass to precursor salt solution. The arrows

indicate extracellular proteins with molecular weight ca. 85 kDa

(a), 76 kDa (b), 55 kDa (c), 49 kDa (d), 42 kDa (e), 38 kDa (f),

36.5 kDa (g), 31 kDa (h), 28 kDa (i) and 21 kDa (j)
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To identify the active role of extracellular proteins

secreted by fungal biomass in synthesis and/or stabil-

ization of IONPs, the protein profiles were compared

by one-dimensional SDS-PAGE (Fig. 11). The SDS-

PAGE analysis revealed the presence of several

extracellular proteins, ca. 85 kDa (a), 76 kDa (b),

55 kDa (c), 49 kDa (d), 42 kDa (e), 38 kDa (f),

36.5 kDa (g), 31 kDa (h), 28 kDa (i) and 21 kDa (j).

The role of fungal protein in stabilization was

further proved in the context with commercially

available magnetite nanoparticles. A zeta potential

of -1.83 mV was observed in control having magne-

tite nanoparticles suspended in water, whereas a zeta

potential value of -12.2 eV was observed for mag-

netite nanoparticles incubated with fungal extracellu-

lar proteins. The more negative zeta potential

observed in the latter case signifies that the protein

plays an important role in the stabilization of nano-

particles making them more dispersed and stable (Patil

et al. 2007).

Discussion

Overall, 16 morphologically distinct fungi were

isolated from iron-rich soil. In our earlier study, we

have demonstrated the ability of metal-tolerant fungus

in the biosynthesis of nanoparticles (Jain et al. 2013).

A mixture of iron cyanide complex was chosen as the

precursor salt solution for the extracellular synthesis

of IONPs. All the fungal isolates were screened to

check their ability to hydrolyze iron cyanide com-

plexes. Isolate AJP01 showed the most promising

results on the basis of UV–visible spectroscopic

measurements and was selected for further studies.

For harnessing the complete potential of the remark-

able capabilities of any biological entity, it is a

prerequisite to identify the organism which improves

the possibility of constructive modification, both at the

physiological and molecular levels (Jogler et al. 2009).

On the basis of comparative sequence analysis of ITS

regions of ribosomal DNA, partial b-tubulin and

partial calmodulin gene sequences, isolate AJP01 was

identified as Aspergillus japonicus.

The extracellular synthesis of IONPs was achieved

by exposing fungal biomass to precursor salt solution

under ambient conditions. As shown in Fig. 1, the

fungus was successful in hydrolyzing iron cyanide

complexes, as the intensity at 420 nm corresponding

to the absorption maxima of potassium ferricyanide

observed a progressive decrease as a function of time.

Noteworthy is the development of a broad absorption

band at ca. 330 nm corresponding to the formation of

iron oxide (Sherman and Waite 1985). This indicates

the concurrent synthesis of IONPs as the cell-free

filtrate turned brown in color at the end of the reaction.

A similar kind of observation regarding change in

color of the cell-free filtrate has been reported by

Bharde et al. (2006), wherein the synthesis of IONPs

was achieved using Fusarium oxysporum and Verti-

cillium species. The percent hydrolysis of iron cyanide

complexes showed no increase after 96 h of reaction

(Fig. 2). The subsequent decrease in the rate of

hydrolysis with time may be credited to the increase

in pH toward alkalinity apart from a decline in

substrate concentration which might have affected

fungal enzyme activity such as nitrilase/cyanide

hydratase. Cyanide hydratase is primarily a fungal

enzyme responsible for the hydrolysis of cyanide

complexes forming formamide (Ebbs 2004). The

hydrolysis may be attributed to cyanide biodegrada-

tion as a consequence of its availability as a sole

source of carbon and nitrogen for the survival of

fungus under nutrient-deprived stress conditions

(Dumestre et al. 1997; Barclay et al. 1998).

The fungus was able to maintain its growth and

viability as it showed significant increase in CFU

values as well as good growth on PDA plates even

after 96 h of exposure with precursor salt solution

containing cyanide, proving the utilization and degra-

dation of cyanide as an energy source (Supplementary

Material, Table S1, Fig. S1).

It is notable that the size of mycosynthesized

nanoparticles is less than 100 nm as characterized by

TEM analysis (Fig. 3; Fig. 4). This amenable size

makes them potential candidates for use in various

bio-inspired applications, where particle size is an

essential consideration (Arruebo et al. 2007). SAED,

HR-TEM, EDS and XRD analysis in this study further

confirmed the composition and crystallinity of the

obtained IONPs, respectively (Figs. 5, 6, 7, 8). The

SEM analysis depicts the absence of nanoparticles on

fungal surface (Fig. 9). These results prove the

exclusive extracellular synthesis of IONPs by Asper-

gillus japonicus isolate AJP01.

The exposure of fungal biomass to the precursor

salt solution resulted in the release of metal ions from

cyanide complexes, which were confirmed by the
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positive results for ferrozine assay in the test samples

as compared to pure precursor salt solution. In earlier

reports, it has been clearly demonstrated that com-

plexed iron does not react with ferrozine and requires

to be released from its complex form (Riemer et al.

2004). Ferrozine assay clearly indicated the degrada-

tion of cyanide complexes by fungal isolate and

subsequent release of free metal ions (Dumestre et al.

1997; Barclay et al. 1998).

The mycosynthesis of nanoparticles is a result of

complex biochemical reactions which can be mediated

by a number of metabolic intermediates (Durán et al.

2011). In an earlier study, we showed that mycosyn-

thesized silver nanoparticles were individually coated

with extracellular fungal proteins (Jain et al. 2011). In

the present study, FTIR measurements showed close

interactions between fungal proteins and IONPs

(Fig. 10). The proteins are believed to be associated

with nanoparticles in their native secondary structure,

as indicated by the vibration band at wavenumber

1,635 cm-1 (Takekiyo et al. 2009). The concentration

of extracellular proteins secreted by fungal biomass

exposed to precursor salt solution was nearly twice the

concentration of extracellular proteins secreted by

unexposed biomass as estimated by Lowry’s assay and

also observed by SDS-PAGE (Fig. 11). These results

indicate the elevated expression of various extracel-

lular proteins in the presence of precursor salt solution,

which may be responsible for the coprecipitation,

controlled nucleation and/or stabilization of IONPs.

However, the hydrolysis of iron cyanide complexes

may not be attributed to these extracellular proteins, as

synthesis of IONPs using only cell-free filtrate (con-

taining extracellular proteins) exclusive of biomass

failed to give positive results for hydrolysis of iron

cyanide complexes. In this case, no change in the

intensity at 420 nm which is attributed to the charac-

teristic absorption maximum of potassium ferricya-

nide was observed as a function of time during the

course of reaction spanning 96 h. These results clearly

indicate the role of fungal membrane proteins in

hydrolyzing iron cyanide complexes and releasing

free ferric and ferrous ions, and expectantly subse-

quent hydrolysis of cyanide. Fungi are well known to

Fig. 12 Possible

mechanism suggesting

mycosynthesis of iron oxide

nanoparticles
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degrade (hydrolyze) metal cyanide complex by the

action of enzymes such as cyanide hydratase or

nitrilase, which hydrolyzes the metal cyanide bond,

releasing the free metal moiety (Barclay et al. 1998;

Ebbs 2004).

Based on the present experimental findings, a

schematic presentation of the possible mechanism

for synthesis of IONPs is speculated (Fig. 12). We

hypothesized that the synthesis process occurs in three

steps. The first step involves the immediate release of

potassium ions from the ferricyanide and ferrocyanide

complexes soon after the addition of precursor salts in

solution. In the second step, the ferricyanide and

ferrocyanide complexes undergo hydrolysis as sup-

ported by UV–visible spectroscopic analysis. This is

possibly mediated by one or more of the fungal

membrane proteins releasing ferric and ferrous ions as

determined by the ferrozine assay during the present

study. Expectantly, hydrolysis of cyanide may take

place as being the only nutrient source for growth and

survival of fungi under nutrient-deprived stress con-

ditions during the experiment. The role of extracellu-

lar proteins in the hydrolysis of iron cyanide

complexes can be disqualified as no observable results

were obtained in the reaction with only cell-free

filtrate. The third step involves the IONPs ‘synthesis’

by coprecipitation and controlled nucleation of ferric

and ferrous ions available at millimolar ratio of 1:0.5,

respectively. Progressing alkaline pH and interaction

of one or more extracellular proteins may mediate the

‘synthesis’, followed by stabilization of mycosynthe-

sized IONPs by other proteins, as suggested by the

FTIR studies. The role of extracellular proteins in

stabilization was further confirmed by the increase in

zeta potential value of protein stabilized nanoparticles

as compared to unstabilized ones.

Further investigations at the biochemical and

molecular level regarding the hydrolysis of iron

cyanide complexes, protein/polypeptide-mediated

synthesis and stabilization of IONPs are in progress

in our laboratory. Elucidation of the detailed mecha-

nism behind biosynthesis of IONPs using fungi can

lead to imperative modifications in the protocol for

augmentation in the overall yield of IONPs. Genetic

engineering implications to the present process can be

achieved if the involved proteins and their respective

genes can be identified making mycosynthesis com-

parable to commercially used physical and chemical

methods of nanoparticle synthesis.
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Abstract The electrochemical template synthesis of

gold nanorods within the cylindrical pores of track-

etched polycarbonate (PC) membrane using a remov-

able mercury cathode is reported. The novelty of this

new approach is that it eliminates the requirement of

coating an approximately 500 nm–1 lm-thick metal-

lic layer, as conducting substrate, onto one surface of

the insulating template membrane by the sputter

deposition technique. A two-compartment electro-

chemical cell was designed and used for this work.

The PC membrane was placed between the two

compartments separating the aqueous solution of

HAuCl4 from mercury. Mercury, filled in one of the

compartments, is in contact with one surface of the

membrane (similar to sputter-deposited metallic layer)

and serves as the conducting substrate/cathode for the

electrochemical deposition of gold in the nanopores of

track-etched PC membrane. Once the electrodeposit-

ion is completed, the mercury and the HAuCl4 solution

are removed from the compartments, and a malleable

track-etched PC membrane embedded with free-standing

gold nanorods is obtained. The ensemble of the metal

nanorods grown in the template membrane is not

attached to any conducting substrate, and gold nanorods

can be freed from the template membrane after the

dissolution. The Au-deposited PC membrane and free-

standing Au nanorods were characterized by EDXRF,

XRD, UV–Visible spectroscopy, AFM, and FEG-TEM.

The EDXRF and XRD studies confirmed the deposition

of the face-centered cubic phase of Au in the pores of the

PC membrane. The TEM studies showed the formation

of a cigar-shaped gold nanorod in the cylindrical pores of

the PC membrane. The diameter of gold nanorods ranges

from 100 to 200 nm. The new approach is simple, cost-

effective, and saves time.

Keywords Track-etched membrane �
Electrochemical synthesis � Removable mercury

cathode � Gold nanorods � Two-compartment

electrochemical cell

Introduction

Nanomaterials are of great interest to the research

community because of their unique chemical and

physical properties which are distinct from the bulk

(Nalwa 2000; Hodes 2007; El-Sayed 2004). Nanom-

aterials have found a wide range of applications in

almost every discipline of science and technology.

Nanomaterials are touching many aspects of human

life in the form of advanced materials for smart
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miniaturized devices, sensors, therapeutic agents, etc.

(Cao et al. 2002; Elghanian et al. 1997; Couzin 2002).

The properties of nanomaterials can be easily tuned by

changing their shape and size (El-Sayed 2004;

Schmidt et al. 1998; Ivanova and Zamborini 2010;

Berry 1998; Sanchez-Sanchez et al. 2010). Therefore,

the synthesis of shape- and size-controlled nanomate-

rials is still a subject of great interest to researchers

(Reetz and Helbig 1994). Many template- and non-

template-based methods for the synthesis of nanom-

aterials of various shapes and sizes are reported (Bale

et al. 2007; Xia et al. 2003; Xiong and Xia 2007;

Huang et al. 2000; Ahmadi et al. 1996; Sun and Xia

2002). The aqueous colloidal suspension of gold

nanorods was synthesized via an electrochemical

method by introducing a shape-inducing reagent in

solution (Yu-Ying et al. 1997). Templates are more

frequently used to tune the size and the shape of

the nanomaterials. Porous anodized alumina and

track-etched polycarbonate (PC) membranes are com-

mercially available templates for chemical and elec-

trochemical synthesis of one-dimensional (1D)

nanomaterials–nanowires, nanorods and nanotubules

of metals, semiconductors, and conducting polymers

(Martin 1994; Schonenberger et al. 1997; Hernandez

et al. 2007). Superior properties of 1D nanomaterial

have been theoretically predicted and experimentally

confirmed by the researchers.

The previously reported method of electrochemical

template synthesis of nanowires, nanorods, and nanotu-

bules in template membrane involves an indispensable

and inevitable step of coating an approximately 500

nm–1 lm-thick metallic layer onto one surface of the

insulating membrane by the sputter deposition tech-

nique. The schematic diagram in Fig. 1a shows the

various experimental steps involved in the method. The

coated metallic layer serves as the conducting substrate/

cathode for electrodeposition of metal nanowires within

the pores of the membrane. In some reports (Pena et al.

2002), sputter deposition was followed by the electro-

chemical deposition of metal to further increase the

metallic layer thickness so that the coated metallic layer

completely covers the pores that may not be blocked

during the sputter deposition method. The membrane is

then fixed on the conducting substrate (Au or Cu plate)

with the cathodic metallic layer in contact with the

substrate. The membrane fixed on the conducting

substrate is mounted either as the working electrode in

a three-electrode electrochemical cell or as the cathode

in a two-electrode electrochemical cell. The ensemble

of the metal nanowires grown in the template mem-

brane is attached to the coated metallic layer and

protrudes from its surface like the bristles of a brush

after the dissolution of the template membrane

(Schonenberger et al. 1997). Therefore, the nanowires

grown in the template membranes are not free-standing.

The free-standing nanowire can be obtained by detach-

ing it from a coated metal film. It is impossible to

prepare a malleable track-etched membrane embedded

with free-standing gold nanorods due to the sputter-

deposited metal coating on one surface. The sputter-

deposited metallic layer completely blocks the mouth of

the pores on one surface, and the availability of pores

with an open mouth on the other surface depends on the

electrodeposition time. If the electrodeposition time is

lesser than the time required for complete filling of the

cylindrical pores, a large number of pores with an open

mouth are available on the surface of the template

membrane due to the incomplete filling of the cylindri-

cal pores. The incomplete filled cylindrical pores with

an open mouth can be used for encapsulation of the

desired chemical or biochemical species by function-

alizing the gold nanorods within the pores.

In this work, we report the electrochemical synthe-

sis of gold nanorods within the cylindrical pores of the

track-etched PC membrane using a removable mer-

cury cathode, and this new approach eliminates the

requirement of sputter deposition of a metallic layer

coating onto one surface of the template membrane.

A simple two-compartment electrochemical cell was

used and the track-etched PC membrane was placed

between the two compartments separating the aqueous

solution of HAuCl4 from mercury as shown in Fig. 1b.

Mercury, filled in one of the compartments, is in

contact with one surface of the membrane (similar to

sputter-deposited metallic layer) and serves as the

conducting substrate/cathode for the electrochemical

deposition of gold in the nanopores of the track-etched

PC membrane. Once the electrodeposition is com-

pleted, the mercury and the HAuCl4 solution are removed

from the compartments, and the membrane is washed

with an ample amount of water. A malleable track-etched

PC membrane embedded with free-standing gold nano-

rods is obtained. The ensemble of the metal nanowires

grown in the template membrane is not attached to any

conducting substrate, and gold nanorods can be easily
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freed from the template membrane after the dissolution in

dichloromethane. The schematic diagram in Fig. 1c

shows the various experimental steps involved in the

method. The Au-deposited PC membrane and the gold

nanorods obtained after the dissolution of PC membrane

were characterized by EDXRF, XRD, UV–Visible

spectroscopy, AFM, and FEG-TEM. The TEM studies

showed the formation of a cigar-shaped gold nanorod in

(a) 

Sputter
deposition

Au
deposition

Metal coated 
membrane is fixed 

on conducting 
substrate and place in 
electrochemical cell

Membrane 
removed from the 
electrochemical 

cell

Dissolution of 
membrane 

(c) 

Membrane
place in 

electrochemical 
cell 

Au
deposition

Membrane 
removed from the 
electrochemical 

cell

Dissolution of 
membrane  

(b) 

Fig. 1 a Schematic of

electrochemical synthesis in

insulating template

membrane using sputter-

deposited metallic layer as

cathode. b Schematic of the

two-compartment

electrochemical cell

(W.E. working electrode,

C.E. counter electrode).

c Schematic of

electrochemical template

synthesis in insulating

template membrane using

removable mercury cathode
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the pores of the PC membrane. If the electrodeposition

time is lesser than the time required for complete filling of

the cylindrical pores, the surface of both the sides of the

gold nanorods-embedded PC membrane shows pores

with an open mouth (unlike the sputter-deposited metal

film-coated template membrane). AFM studies showed

that the PC membrane in which gold is electrodeposited

for a short time has a large number of pores with an open

mouth on the surface of both sides of the membrane.

The new approach is simple, cost-effective, and

saves time. It can be used be used to prepare nanorods

in other track-etched porous membranes without any

change in the present experimental setup. The internal

architecture of the pores will be reflected in the shape

of the electrodeposited nanorods. Therefore, the

template porous membranes should have well-defined

cylindrical pores to prepare good-quality nanorods

within the membrane. The incomplete filled cylindri-

cal pores with an open mouth at the membrane surface

can be used for encapsulation of the desired chemical

or biochemical species by functionalizing the gold

nanorods within the pores, and the functionalized

track-etched PC membrane can be used to develop

sensors based on the detection of analyte by surface-

enhanced raman scattering (SERS) techniques (Ruan

et al. 2007). These gold nanorods-containing track-

etched membranes can also be used as smart surfaces/

materials for catalytic and optical applications.

Experimental

All the reagents used were of analytical reagent grade.

PVP-coated Nucleopore track-etched porous PC

membrane with a pore diameter of 200 nm and

thickness of 10 lm was obtained from Whatman

Ltd. Deionised water (18 MX cm-1) purified using

the MilliQ water purifier system from Millipore was

used throughout the present study. The porous PC

membrane (diameter = 2 cm) was sonicated in water

for 5 min. It was placed in the two-compartment

electrochemical cell. Mercury and aqueous solution of

10 mM HAuCl4 were filled in two different compart-

ments separated by the PC membrane. The mercury in

contact with one side of the membrane served as the

cathode. The electrochemical deposition of gold

within the pores of the PC membrane was carried

out by applying a constant cathodic potential of

-0.2 V on mercury. The electrochemical deposition

time (td) was 1,000 and 3,000 s. Electrochemical

experiments were performed using CHI 760D elec-

trochemical workstation. The Ag/AgCl/3 M KCl

aqueous and Pt wire were used as the reference

electrode and the counter electrode, respectively.

The membrane was then washed thoroughly in water

and was allowed to dry in air. The deposition of gold in

the PC membrane is also carried out by a galvanic

reaction between HAuCl4 and mercury for 1,000 s in a

similar two-compartment cell as discussed above

without applying the cathodic potential. An energy

dispersive X-ray fluorescence (EDXRF) measurement

of the membrane was carried out using Jordan Valley

EX-3600 TEC EDXRF spectrometer with the Rh

target operated at a voltage of 40 kV and a current of

170 lA. Rh Ka was used as the excitation for La and Lb

lines of gold. X-ray diffraction (XRD) patterns

were recorded on STOE XRD unit using Cu target

(Cu Ka = 1.5406 Å) with graphite monochromator.

Absorbance spectra of membrane were recorded in the

transmittance mode using a UV–Vis spectrophotom-

eter (QE65000, Ocean Optic Ltd). The absorbance

spectra were measured in air by placing the membrane

in a quartz cell. For atomic force microscopy (AFM)

studies of the PC membrane samples, tapping mode

AFM measurements were performed in air at ambient

temperature conditions using a Nanosurf easyScan 2

AFM (Nanosurf, Switzerland) with 10 lm scanner

head. The cantilevers used were NCLR-10 (Nano

World) with a resonance frequency of 190 kHz and a

force constant of 48 N m-1. The scanned area was

2.4 9 2.4 lm. AFM data were analyzed by Nanosurf

Report 4.1 software. FEG-TEM measurements were

performed using a JEOL electron microscope (JEM

2100 F) operating at 200 kV. A sample preparation for

TEM experiment was carried out by dissolving the

Au-deposited PC membrane in dichloromethane and

the solution was pipetted onto carbon-coated copper

grids.

Results and discussion

AFM gives the surface morphology of the membrane

with a nanometer or even atomic resolution by

scanning the surface with a very sharp tip of atomic

dimension. Figure 2a shows the 3-dimensional AFM

image of the track-etched PC membrane surface

before the electrodeposition of gold. The pores are
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randomly distributed on the membrane surface as

shown in Fig. 2a. As measured from the AFM image,

the pore diameter ranges from 145 to 238 nm and the

average diameter of the pore is about 194 nm.

The overlapping of boundaries of two or more pores

is observed at some places on the surface of the PC

membrane. A number of pores in the membrane are

not normal to the membrane surface, but instead make

an angle with respect to the surface plane (Xia et al.

2003). The electrochemical deposition of gold within

the cylindrical pores of the PC membrane was carried

out by applying a constant cathodic potential -0.2 V

on mercury. At -0.2 V, a hydrogen evolution reaction

was not observed at the mercury working electrode.

There is a lot of published literature which described

the potentiostatic deposition/synthesis of gold nano-

structures in the potential range of ?0.5 to -0.5 V

versus Ag/AgCl/saturated KCl aqueous electrode

(Tian et al. 2006; Sakai et al. 2009). On applying the

cathodic potential, the gold nanorods started growing

almost simultaneously within all the cylindrical pores

available in the membrane (as shown in schematic

diagram in Figs. 1, 9). The nanorods grew along the

direction of the pore axis and completely blocked the

cylindrical pores within a very short duration of

applying the cathodic potential. This would prevent

the transport of water across the membrane. Therefore,

there was an almost complete loss of water perme-

ability due to the formation of gold nanorods within

the track-etched PC membrane by means of the

present method. However, in case of formation of

metal nanotubules in the track-etched membranes, the

metal electrodeposition occurs preferentially on

the pores’ wall leading to the pore constriction due

to the decrease in the pore radius and reduces the water

permeability. If the metal electrodeposition is contin-

ued for a longer time, the nanotubules close up to form

solid metal nanorods, thus leading to an almost

complete loss of water permeability.

Figure 2b shows the photograph of the track-etched

PC membrane after electrochemical deposition of

gold, and the dark colored circle of 1 cm diameter is

the area in the PC membrane where gold was

electrodeposited. EDXRF analysis was carried out to

confirm the electrochemical deposition of gold in the

pores of the PC membrane. The EDXRF spectrum of

the potentiostatically deposited gold in the PC mem-

brane (Fig. 3) shows the La1 and Lb1 lines of the Au at

9.76 and 11.52 keV, respectively. The crystal struc-

ture of the electrochemically deposited gold in the

pores of PC was investigated by XRD (Fig. 4). The

broad peaks at the scattering angles (2h) equal to

38.16�, 44.34�, and 64.52� correspond to the 111, 200,

and 220 planes, respectively, of the face-centered

cubic phase of the Au. The broadened peaks indicate

that Au particles deposited in the pores of the PC

membrane are nanocrystallites. Figure 5 shows

the visible absorbance spectrum of the PC membrane

Fig. 2 a AFM images of the track-etched PC membrane surface before electrochemical deposition of gold. b Gold-deposited PC

membrane
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Fig. 3 EDXRF spectrum of Au-deposited PC membrane

prepared by electrochemical deposition
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after electrochemical deposition of gold in its pores

(for both td = 1,000 s and td = 3,000 s). A single red-

shifted very broad peak was observed at around

636 nm. The nanostructured gold particles absorb

light in the visible and/or near-infrared region due to

the surface plasmon resonance (SPR), and the position

of the SPR band(s) depends on particle size, shape,

dielectric constant of the local surrounding medium,

inter-particle coupling, etc. (Mayer and Hafner 2011;

Halas et al. 2011; Eustis and El-Sayed 2006; Ghosh

and Pal 2007).

As is evident from TEM images in Fig. 6a, b, the

gold is electrodeposited as nanorods in pores of the PC

membrane. The nanorods are cigar-shaped and their

surface is rough. The physical characteristic (diame-

ter, length, surface roughness, etc.) of the electrode-

posited nanorods depends on the physical properties of

the template membrane (pore radius, pore length,

internal architecture of the pore, etc.) as well as on the

parameters used for the electrodeposition (electrode-

position time, electrode potential, etc.). The length of

the gold nanorods increases on increasing the electro-

deposition time (Fig. 6a, b). Track-etched PC mem-

branes are prepared by bombarding the PC sheets with

high energy ions, nuclear particles, etc. The latent

tracks produced by these ions are subjected to

chemical etching in alkaline solution to enlarge the

pore size which can be tuned by controlling the

process parameters. The damaged sites in the poly-

meric chain are more reactive than the undamaged

sites in the latent tracks; therefore, the etching and the

enlargement of the pores along the length of the latent

tracks are non-uniform. This leads to the surface

roughness of the pore wall, and the diameter of the

circular cross-section is non-uniform along the length

of the pore; more often, the pores are cigar-shaped.

Therefore, the metal nanorods or nanowires synthe-

sized in such a pore often have a rough surface, which

is the replica of the surface roughness of the pore wall.

Prior to the development of this newly reported

approach, we used to synthesize the nanorods or

nanowires of noble metals in track-etched PC mem-

branes by coating one surface of the template mem-

brane using metal film, and we observed a similar

rough surface morphology. Therefore, the observed

rough surface morphology of gold nanorods in our

present work is the replica of surface roughness of the

pore wall in the PC membrane. There are reports on

modification of the pores’ wall by molecular anchors

to synthesize the nanorods with a smooth surface

(Hernandez et al. 2007). In the TEM experiments, we

observed that some of the gold nanorods were

branched. The branching of nanorods corroborates

the AFM observations that a number of pores are not

perpendicular to the surface of the membrane, but

make an angle with respect to the surface plane, and

the overlapping of two or more pores occurs in the

membrane. Figure 6c shows a 2-nm resolution image

with a lattice distance of about 0.232 nm, which is

close to a lattice distance (dhkl) of (111) plane of face-

centered cubic structure of gold. From the SAED

pattern (Fig. 6d), the diffraction spots were indexed to

(111), (200), and (220) diffraction planes of the face-
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centered cubic structure of gold in agreement with the

XRD pattern.

AFM analyses of the surface morphology of the PC

membranes were done after the electrochemical

deposition of gold in the pores of the PC membranes.

Figures 7 and 8 show the surface morphology of both

the sides of the track-etched PC membrane after

carrying out the electrodeposition of gold for 1,000 s

and 3,000 s, respectively. In Fig. 7, the randomly

distributed pores are observed on both the sides of the

membrane with almost the same number density. As

evident from the Fig. 7, the pores in the PC membrane

are not completely filled with the gold because the

electrodeposition time of 1,000 s might not be suffi-

cient. If the cathodic potential is applied for a longer

time, the deposition of gold begins on the surface of

the PC membrane once the pores are completely filled.

After increasing the electrodeposition time to 3,000 s,

Fig. 6 FEG-TEM images

of the gold nanorods after

dissolution of the PC

membrane a td = 1,000 s,

b td = 3000 s, c 2-nm

resolution image showing

lattice distances, d SAED

pattern

Fig. 7 AFM images of both the surfaces of the track-etched PC membrane after electrochemical deposition of gold (td = 1,000 s).

Side 1 (a) and side 2 (b)
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the surface morphologies of both the sides of the PC

membrane were found to be completely different from

one another as shown in Fig. 8. The surface morphol-

ogy of one side, Fig. 8a, is almost similar to those in

Figs. 2a and 7. As shown in Fig. 8b, a very small

number of pores are visible on the surface of the other

side of the PC membrane due to the complete filling of

a large number of pores by the gold, and the gold

deposits are also observed on the surface. Figure 9

shows a schematic diagram of the growth of gold

nanorods in the PC membrane for shorter (a, b) and

longer (c, d) deposition times to elucidate the AFM

observations in Figs. 7 and 8.

In the absence of applied potential, the galvanic

reaction occurs between AuCl4
- ion and the elemental

Hg, leading to the formation of metallic gold,

Fig. 8 AFM images of both the surfaces of the track-etched PC membrane after electrochemical deposition of gold (td = 3,000 s).
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Fig. 9 Schematic of the growth of gold nanorods in the PC

membrane using the removable mercury cathode in a two-

compartment electrochemical cell for a shorter deposition time,

td = 1,000 s, (a, b) and a longer deposition time, td = 3,000 s,

(c, d). Gold-deposited membrane after removing the mercury

and HAuCl4 from the cell compartments and washing it with

deionized water: (b, d)
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prepared by galvanic reaction

123 Reprinted from the journal

J Nanopart Res (2012) 14:349–358

356



mercurous chloride, and mercuric chloride as shown in

the reactions below.

2AuCl�4 þ 6Hg! 2Auþ 3Hg2Cl2 þ 2Cl� ð1Þ
2AuCl�4 þ 3Hg2Cl2 ! 2Auþ 6HgCl2 þ 2Cl� ð2Þ

The EDXRF spectrum of the gold deposited in the

PC membrane by the galvanic reaction (Fig. 10)

shows the La1 and Lb1 lines of Hg at 10.02 and

11.88 keV, respectively, along with the La1 and Lb1

lines of Au at 9.76 and 11.52 keV, respectively. There

are no lines for Hg in the EDXRF spectrum of the

potentiostatically deposited gold nanorods in the PC

membrane, thus ruling out the possible contamination

of electrodeposited Au nanorods by Hg. These obser-

vations lead to a conclusion that the spontaneous

galvanic reaction between HAuCl4 and Hg is forbid-

den on applying the cathodic potential on Hg. The

visible absorbance spectrum of the gold deposited in

the PC membrane by the galvanic reaction shows two

peaks with maxima at 456 and 571 nm. The peak with

maxima at 571 nm can be attributed to the SPR of gold

nanoparticles.

Conclusion

The gold nanorods were electrochemically synthe-

sized within the pores of the track-etched PC mem-

brane by a simple and cost-effective novel approach

based on the use of mercury as a removable cathode.

The novelty of this new approach is that it does not

require the coating of a metallic layer on one surface of

the template membrane by the sputter deposition

technique. A malleable track-etched PC membrane

with free-standing cigar-shaped gold nanorods in its

pore was prepared. The gold-deposited PC membrane

with a shorter deposition time has a large number of

pores with an open mouth onto the surface of both the

sides. The gold-deposited PC membrane with a longer

deposition time has a large number of pores with an

open mouth on the surface of one side only, and a

significant decrease in the number of pores with an

open mouth is observed on the surface of the other

side. Further studies are in progress to biochemically

functionalize the gold nanorods within the incomplete

filled pores of the track-etched PC membrane with

desired biochemical species to develop sensors based

on the detection of analyte by the SERS techniques.
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Abstract In many data evaluation procedures for

particle measuring devices and in filtration models,

spherical particles are assumed. However, significant

fractions of aerosol particles are agglomerates of small

primary spheres. The morphology of particles in

filtration processes may not be known a priori and if

the filtration data are processed with wrong assump-

tion, errors can be induced. In this work, we have

quantified such errors for the case of open-structured

agglomerates. Filtration efficiency tests with polydis-

perse silver nanoparticle agglomerates and their

sintered spheres were performed. After the sintering

process, particles with a compact structure with the

shape close to a sphere are obtained, which are

referred to as sintered spheres in the present study. The

testing method involved generation of particulate

forms, passing the particles through the testing

section, and measurement of the particle number

concentrations and size distributions before and after

the filter. Measurements of the aerosols upstream and

downstream of the filter were conducted using

scanning mobility particle sizers (SMPS, TSI Inc.),

which covered the rage from 10 to 480 nm. Particles

were additionally characterized from the electron

microscopic images and the average primary particle

size was determined to be 16.8 nm. The number-size

distribution curves were obtained and used for

penetration calculation. The penetration was depen-

dent on the particle size and morphology. Silver-

sintered spheres were captured with a lower efficiency

than agglomerates with the same mobility diameter

because of the stronger interception effect for

agglomerates. Data analysis of the number-size dis-

tribution for agglomerates was processed based on

sphere assumption and using the model for open-

structured agglomerates developed by Lall and Fried-

lander. The efficiencies based on total concentrations
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of number, surface and volume were affected when

the agglomerate model was used. The effect was

weakest for the total number efficiency and strongest

for the total volume efficiency. Filtration efficiency

curves for agglomerates were additionally plotted as a

function of the volume equivalent diameter or number

of primary particles per agglomerate, because the

latter parameters provide more information for the

agglomerate structure.

Keywords Nanoparticle agglomerates � Silver �
Filtration � TEM � Mobility diameter

Introduction

Many engineered nanoparticles (NP) and natural aero-

sols exist in the form of NP agglomerates. Accordingly,

filtration of NP agglomerates is gaining more attention

(Fu et al. 1990; Lange et al. 1999; Kim et al. 2009a, b;

Cena et al. 2012). An important group of agglomerates

consist of clusters or chains of nanosize spherules with

point contacts. They are often produced by high

temperature processes leading to a solid particulate. It

has been suggested that particle surface area is the most

important parameter in terms of NP toxicity (Oberdör-

ster et al. 2005). Silver agglomerates, among the others,

are a health concern; they are expected to be more toxic

than spherical silver particles with the same mass due to

larger surface area. The additional reason for choosing

silver agglomerates for this study is the extensive

number of reports on their generation and properties and

the advantage of easy control over the morphology by

adjusting the sintering temperature (Ku and Maynard

2006; Lall et al. 2006; Shin et al. 2009a, b).

There are some reports available quantifying the

physical properties of agglomerates. Mobility is a

fundamental property that can be readily measured and

determines their transport and the kinetics of their growth

(Sorensen 2011). While there have been a number of

reports of the dynamic shape factor of regular 3-D

structures such as ellipsoids, rods, and of multiplets

(Kousaka et al. 1996; Song et al. 2005; Zelenyuk and Imre

2007), there have been few studies for larger agglomer-

ates produced by high temperature processes. One of

these was the study by Park et al. (2004) to measure the

dynamic shape factor of diesel exhaust particles. They

used a differential mobility analyzer (DMA) and electron

microscopy (EM) to measure the dynamic shape factor,

which is finally a function of only the mobility diameter

and the volume equivalent sphere diameter. They were

able to obtain dynamic shape factor measurements of

diesel exhaust particulates with an uncertainty of

10–15 % over a mobility size range from 50 to

220 nm. In some studies, various predictions for the

friction coefficient of large agglomerates were tested. In

order to get reliable data, the friction coefficient of NP

agglomerates as a function of the agglomerate size for

agglomerates with primary sphere size in the free

molecular regime was examined (Shin et al. 2009b).

So as to analyze agglomerates in detail, initial step is

the determination of the primary particle size, which is

an important structural parameter for open-structured

agglomerates with most primary particles available for

interaction with the suspending media and minimal

necking among primary particles. It may be determined

using electron microscopy, as presented in our study, or

quasi-online using the instrument UNPA (Shin et al.

2010; Wang et al. 2010). The second important step is

resolving the number of primary particles within the

agglomerate. There have been a number of agglomerate

studies on the relationship between the mobility radius

and the radius of gyration and between the mobility

radius and the number of primary particles in agglom-

erate. These include the studies for in-flame carbona-

ceous aerosols in the free molecular regime (Cai and

Sorensen 1994), or an insightful review of other

experimental studies covering a wide range of Knudson

number (Wang and Sorensen 1999).

The present work focuses on filtration of agglomer-

ates instead of detailed structural characterization.

Particle collection in fibrous filters is a very complex

problem in filtration theory, and therefore spherical

particles are mainly considered. Nevertheless, real-

world particles often have a complicated structure,

which influences their deposition behavior. The study

by Lange et al. (2000) showed that the concept of

equivalent diameters can be used to predict filter

penetration for nonspherical particles if relevant diam-

eters have been measured, and if these are inserted into

models for spherical particles. In a previous study by

Lange et al. (1999), filter penetration was successfully

predicted for the regime where diffusion and inter-

ception are the dominant deposition mechanisms.

The measured penetrations agreed well with the

calculations.

Air filtration tests are often performed by challenging

the filter with testing aerosols and measuring the aerosol

J Nanopart Res (2013) 15:359–369
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concentrations upstream and downstream of the filter

using a CPC for total efficiency and a SMPS for number

distribution as function of mobility diameter. Kim et al.

(2009a) measured filtration efficiency for monodisperse

silver NP agglomerates in standard fiberglass media. In

contrast, we tested polydisperse silver NP agglomerates

in nanofiber filters in the present study. Polydisperse

aerosols are frequently used since one test can provide

the filtration efficiency curve for a wide range of particle

sizes (Song and Park 2006; Japuntich et al. 2007). This

approach requires accurate measurement of the number-

size distribution of the aerosols. If polydisperse NP

agglomerates are used as challenging aerosols in

filtration experiments, the data evaluation for the

measurement could be based on sphere assumptions or

open-structured agglomerate assumptions, for example,

using a model developed by Lall and Friedlander

(2006). This model was validated and justified for open-

structured silver agglomerates in the studies reported

before (Shin et al. 2009a; Wang et al. 2010). We have

examined the filtration data using silver NP agglomer-

ates. The filtration efficiencies based on number, surface

area and volume are further on computed with these

different assumptions. Penetration of silver agglomer-

ates through fibrous filters was predicted, using a model

for spheres and suitable equivalent diameters for the

agglomerates. The main results are presented in five

folds: (1) Characterization of all silver particulate forms

produced. (2) Experimental results using polydisperse

aerosols, showing that the penetration of agglomerates

was lower than that of sintered spheres with the same

mobility diameter. (3) Modeling for filtration of sintered

spheres and agglomerates and the comparison to the

experimental results. (4) Analyses of the number-size

distribution data based on sphere and open-structured

agglomerate assumptions; the results show that using

the correct structural parameters impacts calculation of

the total filtration efficiency. (5) The filtration efficiency

of agglomerates considered as function of structure-

related parameters, e.g., the volume equivalent diameter

and number of primary particles per agglomerate.

Materials, methods, and characterization

Experimental set-up

Silver primary particles were generated by the evap-

oration and condensation method with silver slugs

(Alfa Aesar, 99.99 % metal based) within an electric

tube furnace. One silver slug, with the dimensions of

6.35 mm (diameter and length), was placed in a

ceramic boat and positioned in the middle of the first

tube furnace, where the silver was heated to 1150 �C

and further condensation led to silver NP. The particle

generation system was stable during our experiments.

Particle concentration at the peak and the standard

deviation of the size distribution measured with SMPS

varied within 20 %. The peak location varied by a few

nanometers.

Silver agglomerates were produced by passing

primary particles through an agglomeration chamber

to increase the residence time needed for coagulation

to take place. Nitrogen gas was used as the carrier gas

with a flow rate of 1.5 lpm. The general methodology

that was employed is similar to the ones reported

before (Ku and Maynard 2006; Lall et al. 2006; Shin

et al. 2009a, b). Silver NP, collided and attached to

each other in the agglomeration chamber leading to

NP agglomerates made up of a few up to hundreds

primary particles.

Downstream of the agglomeration chamber, the NP

agglomerates were sintered in a second tube furnace.

The agglomerates were coalesced at 600 �C, which

allowed direct comparison of the filtration behavior of

the agglomerate to that of a sphere with the same

mobility diameter and for the same material.

Schematic diagram of the experimental set-up is

shown in Fig. 1. It consisted of an NP agglomerate

generator (two electric tube furnaces), an agglomer-

ation chamber (16 l volume capacity), a nanometer

aerosol sampler for TEM sampling, a Kr-85 neutral-

izer, two SMPS systems for size distribution mea-

surements, and a filter penetration measurement

system (multiple layers of nanofiber filters and the

filter holder). The testing method involved generation

of silver particles, passing the particles through the

testing section, and measurement of the particle

concentrations and size distributions before and after

the filter. Size distributions of the primary particles, as

well as silver agglomerates and sintered agglomerates

upstream and downstream of the test filter, were

measured by SMPS systems. Each of the particulate

form (primary particles, silver agglomerates, sintered

silver spheres) was further on collected for the offline

electron microscopy analysis. Face velocity was

controlled with the flow meter and kept constant

(5 cm/s) throughout all of the experiments.

J Nanopart Res (2013) 15:359–369
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Instrumentation

The generated particles were characterized in the

aerosol form by particle size distribution measurement

and in the collected particle form by transmission

electron microscopy (TEM). The particle size distri-

bution was measured by an SMPS consisting of a

DMA column (Model 3081, TSI, USA) and a

condensation particle counter (CPC) (Model 3775,

TSI, USA). The imaging was carried out using TEM

(JEM-2200FS, JEOL, Japan). For TEM, the particles

were collected on a copper grid covered by an

amorphous carbon film with a nanometer aerosol

sampler (NAS) (3089, TSI, USA).

Results and discussion

Characterization of silver agglomerates

and sintered spheres

After producing silver NP from silver powder using

the electric tube furnaces and the agglomeration

chamber, SMPS measurements (Figs. 2, 4) and exten-

sive electron microscopy studies were performed

(Fig. 3). Size distributions of particles generated in

the first furnace and measured at the outlet at room

temperature (no agglomeration, no sintering) for three

times, which qualitatively demonstrated the temporal

stability and reproducibility. Respective SMPS results

are presented in Fig. 2a, which give a representation of

the primary particle size distribution since they do not

adequately agglomerate before the agglomeration

chamber. Primary particles were additionally identi-

fied from the TEM images of the open-structured

silver agglomerates and their sizes were determined.

The primary particle size was calculated out of 188

particles incorporated into agglomerates. It was

ascertained that the average primary particles of silver

agglomerates had an average diameter of 16.8 nm,

with a standard deviation of 3.75 nm as shown in

Fig. 2b. Primary particles were polydispersed as can

be seen on the graph. They were fitted well with a

Gaussian distribution function, as shown in the inset.

The studies reported before show that the primary

particle size of silver agglomerates in diameter was

15 nm in Schmidt-Ott (1988) and 18.5 nm in Lall et al.

(2006).

TEM analysis was performed to characterize the

primary particles, the agglomerates and the sintered

spheres formed after the sintering process in the

second furnace. All samples were collected for a

short period of time to avoid particle overlapping due

to the high concentrations. Figure 3a shows a TEM

image of the primary spheres. Figure 3b is showing

the open-structured agglomerates, sampled after the

agglomeration chamber and the second furnace at

room temperature. The image of the compact-struc-

tured particles formed by the sintering process at

600 �C is presented in Fig. 3c. This is a represen-

tative image out of 20 taken, and we notice a general

trend of small particles being attached to the surface.

Fig. 1 Schematic of NP

agglomerate synthesis and

characterization set-up

system

J Nanopart Res (2013) 15:359–369
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The melting temperature of silver is 962 �C which is

higher than the temperature used in the sintering

furnace. Thus, the sintered spheres are not totally

coalesced, instead smaller particles are attached to

the surface due to the heterogeneous coagulation. A

number of previous studies (Schmidt-Ott 1988; Ku

and Maynard 2006; Kim et al. 2009a; Cena et al.

2012) confirmed using SEM or low resolution TEM

that the Ag particles sintered at 600 �C had shapes

close to spheres. Our TEM analysis also showed the

overall particle shape was close to a sphere, but the

detailed structure of the small particles at the surface

is for the first time reported. The detailed surface

structure and the imperfect sphericity of the sintered

particles have little effect on the filtration behavior,

which is demonstrated by the good agreement

between the theoretical model assuming perfect

spheres and the experimental results in Sect. 3.3.

Similarly, Kim et al. (2009a) and Cena et al. (2012)

compared their filtration results using Ag particles

sintered at 600 �C with models assuming perfect

spheres. Significant size increase of spheres after the

sintering process in the second tube furnace (Fig. 3c)

is obvious when compared with the initial primary

particles shown in Fig. 3a (scale bar is the same for

all the images). Most likely, the grain boundary

diffusion took place when spheres were formed out

of the agglomerated NP during the sintering process.

Primary size distribution was estimated from the

TEM micrographs of silver agglomerates. During the

collection of the silver NP agglomerates, directly

after the agglomeration chamber, the sampling time

was optimized to be able to distinguish the sizes and

morphology of the agglomerates produced. Size of

the particles determined from TEM images was in

good agreement with the SMPS results obtained for

primary particles (Fig. 2a).
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Filtration tests of silver agglomerates and sintered

spheres

Tests were performed on nanofiber filters composed of

a layer of nanofibers on a substrate made of microm-

eter fibers. Nanofibers can improve the filtration

performance compared to conventional filters in

certain applications (Wang et al. 2008a, b). The

substrate provides necessary support for the fragile

nanofiber layer. Effective nanofiber solidity (a), which

represents the solid fraction in the nanofiber layer, as

well as the nanofiber efficiency (%) and pressure drop

(Pa) were measured and calculated elsewhere (Wang

et al. 2008b). We used three layers of the fibrous filter

and the face velocity of 5 cm/s for all of the

experiments presented.

Size distributions as function of mobility diameter

of the silver agglomerates upstream (solid line) and

downstream (dashed line) of the test filter were

measured by SMPS (Fig. 4). As it can be seen from

the diagram, the peak is shifted toward bigger particles

in the downstream measurements, which is an indica-

tion that the chosen test filter is more effective for the

smaller particles sizes at the selected face velocity.

Filtration efficiencies of silver-sintered spheres and

agglomerates with the same mobility diameters are

further on compared in Fig. 5. The slope and position

of the efficiency curve for sintered spheres (Fig. 5) is

between the curves for NaCl and agglomerates. The

silver spheres have much higher density than NaCl, so

the inertial impaction is stronger. The importance of

inertial impaction is negligible for small sizes but

increases with the size, which qualitatively agrees with

the results. It is noticeable that for smaller sizes, up to

70 nm, the morphology of the particles does not play a

significant role, whereas for bigger sizes the difference

becomes more obvious. Diffusion is dominant and

interception and inertial impaction have little effects

for small particles, thus the particle density and

morphology barely influence the filtration efficiency.

As the particle size increases, both interception and

inertial impaction come back to the play and the

difference in the behavior of spherical particles and

agglomerates (Fig. 5) becomes more obvious. This is

most likely due to the larger interception length in

comparison to spherical particles with the same

mobility diameter.

Modeling of filtration efficiency

From the penetration curves presented in Fig. 5, it is

obvious that agglomerate particles have lower pene-

tration through filter when compared to spherical

particles with the same mobility diameter. The differ-

ence in the deposition behavior of agglomerates and

sintered spheres is governed by the relationship

between the diffusion and interception equivalent

diameters for particles with the same density.

Besides the sphere assumption (Fig. 6, dotted line),

agglomerate model was used as well (Fig. 6, solid

line). We considered diffusion, interception, and

inertial impaction to calculate penetration of Ag

agglomerates through the nanofiber filter (Wang

et al. 2008b, 2011). Since the penetration P is related

to the single fiber efficiency E, we chose the following

expression for the single fiber efficiency due to the

diffusion (Eq. 1),
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ED ¼ 2:27K
�1

3
u P

�2
3

e ð1þ 0:62KnP
1
3
eK
�1

3
u Þ; ð1Þ

where Ku ¼ � ln a=2� 3=4þ a� a2=4 is the Kuwa-

bara hydrodynamic factor; Pe ¼ Ufdf=D is the Peclet

number with the diffusion coefficient (D), the face

velocity of the air incident on the filter (Uf) and the

fiber diameter (df); Kn ¼ 2k=df is the Knudsen num-

ber, k is the mean free path and a is the nanofiber

solidity.

The efficiency due to the interception is as follows

ER ¼
ð1þ RÞ�1 � 1þ Rð Þ þ 2 1þ 1:996Knð Þ 1þ Rð Þlnð1þ RÞ

2 �0:75� 0:5lnað Þ þ 1:996Knð�0:5� lnaÞ ;

ð2Þ
For parameter R, the equation shown below was

used for agglomerates,

R ¼ Bdc
m=df : ð3Þ

where B and c are the factors for the maximum

length calculation as reported by Kim et al. (2009a),

(c is found to be 1.268 and B 0.603 at room

temperature), dm is the mobility diameter.

The efficiencies due to the inertial impaction and

interception of particles undergoing diffusion are

presented, respectively:

EI ¼
Stk3

Stk3 þ 0:77Stk2 þ 0:22
; ð4Þ

EDR ¼
1:24R2=3

ðKuPeÞ1=2
: ð5Þ

The Stokes number Stk ¼ sUf=dfð Þ is the measure

of inertia. Stk ¼ qd2CcUf=18gdf is the Stokes number

for the spherical particles. The relaxation time of the

agglomerates is computed based on the mass (m) of the

agglomerate reported elsewhere (Kim et al. 2009a).

The resulting expression for the Stokes number is

given as Stk ¼ mCcUf=ð3pgdmdfÞ, where g is the

viscosity and Cc Cunningham slip correction factor.

The total efficiency can further on be computed as

E ¼ ED þ ER þ EI þ EDR; ð6Þ
The penetration of the nanofiber layer is presented

as follows,

PN ¼ exp � 4aEt

pdfð1� aÞ

� �
; ð7Þ

where t is the thickness of the nanofiber layer.

To obtain the total penetration for the composite

filter, we assume the nanofiber layer and the substrate

act independently and in series to capture particles; the

penetration through the substrate in the composite

filter is the same as that through the bare substrate.

Based on these assumptions, we can compute the total

penetration as P ¼ PN � PS, where PN and PS are the

penetrations through the nanofiber layer and the

substrate, respectively. We compute the PN from the

modeling (Eq. 7) and PS is assumed to give 94 %

penetration for 30 nm particles and 99 % for all

particles that are bigger than 30 nm (based on the data

of Wang et al. 2008a). Out of these results, we can

further on obtain P, presented in Fig. 6. For the

comparison purpose, only selected sizes of polydis-

perse Ag sintered spheres and Ag agglomerates were

chosen out of Fig. 5.

Analyses of the agglomerate filtration data

The SMPS scan results depend on the assumption of

the particle morphology. In order to better understand

the influence on the filtration data, we have performed

the calculations for the number, surface area, and

volume of agglomerates based on sphere assumption

and open-structured agglomerate assumption.

The number concentration was corrected due to the

different charging efficiencies for spheres and agglom-

erates. The charging efficiency for agglomerates (gagg)

is calculated from Eq. 8 (Wen et al. 1984), where dqe is
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the charging equivalent diameter (Eq. 9), e is the

elementary charge, T is the temperature, k is the

Boltzmann constant, N is the primary particle number,

and q is the charge on the particle,

gagg ¼
e

ðpdqekTÞ1=2
exp

�q2e2

dqekT

� �
; ð8Þ

dqe ¼
Nd

lnð2NÞ : ð9Þ

The number concentration from SMPS, based on

sphere, can further on be corrected taking in consideration

respective charging efficiencies, as presented in Eq. 10,

nagg ¼ nsph

gsph

gagg

: ð10Þ

In addition, for open-structured agglomerates, the

surface area may be computed as the sum of surface

area of primary particles,

Aagg ¼ N dmð Þ4pd2: ð11Þ

The number of primary particles according to Lall

and Friedlander model is shown in Eq. 12, where c* is

the dimensionless drag force. Thus, the surface area is

independent of the primary particle size (Eq. 13),

NðdmÞ ¼
12pk
c�d2

dm

CcðdmÞ
; ð12Þ

Aagg ¼ N dmð Þ pd2
� �

¼ 12p2k
c�

dm

CcðdmÞ
: ð13Þ

The volume of agglomerates may be computed as the

sum of volume of primary particles and if the number of

primary particles formula is introduced, it shows that it

is dependent on the size of the primary particles,

Vagg ¼ N dð Þ 1

6
pd3

� �
¼ 2p2k

c�
ddm

CcðdmÞ
: ð14Þ

The same SMPS scan can lead to significantly

different volume distributions depending on the

assumption of spheres or agglomerates with certain

primary size. If the primary particle size increases, the

volume increases. Spheres have significantly larger

volumes than the agglomerates with the same mobility

size (Fig. 7).

In the calculation for filtration efficiency, the

upstream and downstream concentrations can be

corrected assuming open-structured agglomerates

(Eq. 15). The correction factor cancels out and the

filtration efficiency Eagg is the same as computed

assuming spheres Esph. The filtration efficiency for

surface area or volume is the same as for number. At

each mobility diameter, the surface area or volume

calculation is the same up- and down-stream and

cancels out.

Eagg ¼ 1� downstream nagg dmð Þ
upstream nagg dmð Þ

¼ 1�
downstream nsph dmð Þ

gsph

gagg

upstream nsph dmð Þ
gsph

gagg

¼ Esph: ð15Þ

However, the agglomerate correction does affect

the filtration efficiency based on total concentrations

because the correction is size dependent and its

contribution to the total concentration cannot be

canceled out. The filtration efficiencies based on total

concentrations have wide applications, for example,

the NIOSH-standard-compliant filter tester (TSI

8130), uses polydisperse NaCl particles and a pho-

tometer to measure total up- and down-stream con-

centrations and to evaluate respirator efficiency; the

NP surface area monitor (NSAM) has been used to

measure up- and down-stream surface area concen-

trations to evaluate filters (Stanley et al. 2010).

The results regarding the efficiencies based on total

concentrations of number, surface area and volume, and

the effects by the agglomerate correction are presented

in Table 1. If agglomerates with d = 17 nm give the

right filtration efficiency (microscopic study gave the

average primary particle size of 16.8 nm), the error

using the raw SMPS results (spheres) is *2 % for the

number, 3 % for surface area, and 7 % for the volume
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(graphs not shown here). The results using d = 10, 17,

and 25 nm are very close, which indicates that the value

of the primary particle size is not critical for open-

structured agglomerates in the calculation of total

efficiency. The total efficiency is affected by the

agglomerate correction. The effect is weakest for the

total number efficiency, and strongest for the total

volume efficiency.

We applied multiple charge correction based on

sphere assumption to the size distributions of sintered

spheres before and after the filter, then the penetrations

with and without the multiple charge correction were

compared. The maximum difference between the

penetrations at each mid-point of the size channel

was less than 1.8 %; the difference between the total

number penetrations was 0.26 %. Thus, the effect of

multiple charged fractions is negligible for silver-

sintered spheres. The multiple charge fractions for

agglomerates are different than spheres, however, they

are in the same range (Wen et al. 1984). Thus, we

expect the multiple charge fractions have insignificant

effect on the penetration calculation.

Filtration efficiency of agglomerates as functions

of structure-related parameters

Our results indicate that the agglomerate structure can

affect calculation of the filtration efficiency. The

primary particle size is an important structural param-

eter for open-structured agglomerates. The number-

size distribution curve changes with the primary

particle size. Since the electrical mobility diameter,

as an equivalent diameter, does not describe the

morphology of the agglomerate, filtration efficiency

for NP agglomerates was additionally plotted as a

function of volume equivalent diameter. The penetra-

tion results for both silver-sintered spheres and

agglomerates are plotted in Fig. 8a. Three curves are

presented; the first one using the volume equivalent

diameter computed from the open-structured agglom-

erate model (dashed line), where the primary particle

size is assumed to be 17 nm; the second one using the

volume equivalent diameter from the sphere assump-

tion (solid line); the third one showing the experimen-

tal results for the sintered spheres (dotted line). The

electrical mobility diameter and the volume equivalent

diameter are the same for spheres. Thus, the curve for

sintered spheres in Fig. 8a, is the same as that in Fig. 5.

This approach is to illustrate how much the curve is

shifted depending on the assumption of the particle

morphology. Since the volume equivalent diameter is

smaller than the electrical mobility diameter for

agglomerates, the curve is shifted to the left. Compar-

ison between the curves for the sintered spheres and

agglomerates reveals that for a fixed volume equivalent

diameter less than about 40 nm, spheres have smaller

mobility diameter, higher diffusivity, therefore lower

penetration; for a fixed volume equivalent diameter

larger than about 75 nm, agglomerates have larger

interception length, therefore lower penetration.

The filtration efficiency is additionally plotted vs.

the number of primary particles per agglomerate

(Fig. 8b). Since the primary particle size may not be

known, three different sizes for primary particle

diameter d (10, 17 and 25 nm) are used. The curve

corresponding to 17 nm represents the correct one. If

the primary particle size increases, the number per

agglomerate decreases, causing the curve to shift to

the left. The choice of the primary particle size has

significant effect on the curve.

Primary particle size is essential in data analysis

and this information can be provided in different ways.

We have chosen to analyze the TEM images and

compare it to the SMPS results. Finally ascertained

value is further on implemented in the models for the

sphere and open-structured agglomerate assumption.

Table 1 Filtration efficiencies computed based on total concentrations of number, surface area and volume

Filtration efficiency Spheres Agg with

d = 10 (nm)

Agg with

d = 17 (nm)

Agg with

d = 25 (nm)

Total number concentration 0.6373 0.6318 0.6143 0.5905

Total surface area concentration 0.6118 0.5924 0.5879 0.5831

Total volume concentration 0.5485 0.5924 0.5879 0.5831

Spheres and open-structured agglomerate assumption with different primary particle sizes used
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Conclusions

Our study shows that agglomerate particles have lower

penetration through filter when compared to spherical

particles with the same mobility diameter. For smaller

particles, diffusion dominates, sintered spheres, and

agglomerates have similar filtration. For bigger sizes,

interception becomes important; agglomerates have

extended branches, therefore lower penetration. By

sintering the agglomerates to a spherical shape, we

were able to obtain a direct comparison of nanoparticle

agglomerate filtration to compact structure nanopar-

ticles of the same material. When the particle

morphology is not known a priori, the filtration data

may be processed with different assumptions. The

curve of filtration efficiency versus mobility size is not

affected by the assumption on particle morphology.

However, the efficiency based on total concentrations

is affected by the agglomerate correction. The effect is

the weakest for the total number efficiency, and the

strongest for the total volume efficiency. The filtration

efficiency of open-structured agglomerates as a func-

tion of geometric parameters, such as volume per

agglomerate, can only be characterized with informa-

tion of the primary particle size. Primary particle size

was ascertained with both SMPS and TEM. Such

filtration efficiency data provide insight for the effect

of particle structure on filtration.
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Abstract Nanotechnology is widely associated with

the promise of positively contributing to sustainabil-

ity. However, this view often focuses on end-of-pipe

applications, for instance, for water purification or

energy efficiency, and relies on a narrow concept of

sustainability. Approaching sustainability problems

and solution options from a comprehensive and

systemic perspective instead may yield quite different

conclusions about the contribution of nanotechnology

to sustainability. This study conceptualizes sustain-

ability problems as complex constellations with sev-

eral potential intervention points and amenable to

different solution options. The study presents results

from interdisciplinary workshops and literature

reviews that appraise the contribution of the selected

nanotechnologies to mitigate such problems. The

study focuses exemplarily on the urban context to

make the appraisals tangible and relevant. The solu-

tion potential of nanotechnology is explored not only

for well-known urban sustainability problems such as

water contamination and energy use but also for less

obvious ones such as childhood obesity. Results

indicate not only potentials but also limitations of

nanotechnology’s contribution to sustainability and

can inform anticipatory governance of nanotechnol-

ogy in general, and in the urban context in particular.

Keywords Nanotechnology � Sustainability �
Complex problems � Problem solving � Intervention

research � Anticipatory governance

Introduction

Nanotechnology is often touted as an important

contributor to sustainability. Nobel laureate Smalley

(2006) spoke highly of nanotechnology’s potential to

cope with global challenges such as energy production

for a growing world population. Karn (2005) states

similarly high hopes that ‘‘nanotechnology can help

with all these sustainability […] issues,’’ including

climate change, resource depletion, population

growth, urbanization, social disintegration, and

income inequality. Diallo et al. (2011) acknowledge

that ‘‘global sustainability challenges facing the world

are complex and involve multiple interdependent

areas,’’ but assert that nanotechnology is capable of

mitigating many of those. Weiss and Lewis (2010)
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reflect sentiments of the American Chemical Society

in recognizing the ‘‘significant contributions that

nanoscience is making toward sustainability.’’ In light

of these statements, it seems fair to conclude that

Smith and Granqvist (2011) summarize a widely held

position when stating: ‘‘Solutions to the urgent

challenges of environment degradation, resource

depletion, growth in population, and cities, and in

energy use, will rely heavily on nanoscience.’’ Even

when the complexity of sustainability challenges is

enumerated and the socially embedded nature of

technology is acknowledged, nanotechnological opti-

mism and even determinism prevail.

Such claims seem to align with the concept of

sustainability science, an emerging field that is

problem-focused and solution-oriented toward the

long-term vitality and integrity of human societies

(Kates et al. 2001; Clark and Dickson 2003; Komiy-

ama and Takeuchi 2006; Jerneck et al. 2011; Wiek

et al. 2012a). Over the last decade, sustainability

science has laid theoretic and methodological foun-

dations to comprehensively address ‘‘wicked’’ sus-

tainability problems in light of systemic failures

(Ravetz 2006; Seager et al. 2012; Wiek et al. 2012a).

However, the claims and related studies above gener-

ally fail to acknowledge that sustainability problems

are neither simple nor merely complicated, but are

rather truly complex in structure—and thus require a

complex approach to resolution. Such an oversight has

multiple origins. First, analysts sometimes confuse

sustainability problems with such natural resource

problems as energy supply or water contamination,

thus neglecting such numerous non-biophysical chal-

lenges as epidemics, violent conflicts, or economic

exploitation that equally threaten human societies and

are often fundamental to or accompany natural

resource problems (Jerneck et al. 2011; Wiek et al.

2012a). Second, there is a lack of consideration given

to the root causes of sustainability problems. For

example, by means of nanotechnology to remediate

water contamination is a typical ‘‘end-of-pipe’’ solu-

tion, which, while necessary, is doing nothing to stop

the proliferation of Superfund sites that are often

concentrated in low-income and minority communi-

ties (Lerner 2010). Third, nanotechnological solutions

are often proposed as technological fixes without

seriously considering alternatives. Yet, case studies

demonstrate that other, non-technical solutions might

be more effective and efficient (Sarewitz and Nelson

2008). Fourth, potentially negative side effects of

these nanotechnologies are seldom considered. This is

a particularly critical issue when addressing wicked

problems, which often stem from previous solutions

(Seager et al. 2012). Fifth, these studies suggest real

progress although they usually focus on potential

innovations to address the problem. Hypothesized

impacts bias the perception of nanotechnology’s real

contribution to sustainability and draw attention away

from urgent sustainability problems that nanotechnol-

ogy might not be capable of mitigating or away from

better positioned mitigation strategies. With the

promise of substantial economic gains and increased

sustainability-related awareness of consumers, a sixth

origin could be the use of sustainability claims as pure

marketing strategy similar to ‘‘greenwashing’’ cam-

paigns (Jones 2007).

Sustainability problems are not just any kind of

problem, but feature specific characteristics (Wiek

et al. 2012a). They threaten the viability and integrity

of societies or groups; they are urgent, requiring

immediate attention for decisions to avoid irrevers-

ibility; they have projected long-term future impacts

that necessitate consideration of future generations;

they are place-based, which means causes and impacts

can be observed within distinct localized area; they

exhibit complexity at spatial levels (reaching from

local to global levels) and cut across multiple sectors

(social, economic, environmental); and they are often

contested. Thus, complex sustainability problems are

unlikely to be solved in the simple sense that a hammer

can solve the problem of a nail sticking out—even

considering the sophistication of hypothesized nano-

technologies. Instead, we use the language of mitiga-

tion to refer to interventions intended to ameliorate

complex sustainability problem.

In light of these potential pitfalls, the study

presented here conceptualizes sustainability problems

as complex constellations (networked cause-effect

chains) that present potential intervention points,

amenable to different types of solution options. The

study relies on interdisciplinary workshops and liter-

ature reviews to appraise specific contributions of

nanotechnology to mitigating sustainability problems

with four questions in mind:

1. Are all sustainability problems amenable to

nanotechnological fixes? Which ones are and

which ones are not?
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2. How and where does nanotechnology intervene in

such problem constellations?

3. Are nanotechnological solutions more effective

and efficient than alternative mitigation options?

Are there any potentially negative side effects

associated with nanotechnological fixes (as expe-

rienced with other technological solutions)?

4. What is the evidence that the potential of nano-

technology for mitigating sustainability problems

is being realized through actual implementation?

The study focuses on nanotechnologies designed to

contribute to sustainability efforts, including applica-

tions for increasing the efficiency of solar panels,

water purification, air purification, environmental

remediation, etc. It is important, however, to recognize

that these ‘‘green’’ uses represent\10 % of nanotech-

nology applications currently patented (Lobo and

Strumsky 2011).

There is ample room here to select exemplary cases

of historic claim making and subsequently create a

hypothetical space to explore the nanotechnology

claims as rhetoric bent on exhibiting nanotechnol-

ogy’s potential. Rather than taking that road, this study

addresses the outlined questions in a specific context,

namely, the urban context, within which we analyze

the sustainability claims (cf. Jones 2007). Urban

locales, containing more than 50 % of the world’s

population, are confronted with urgent sustainability

challenges, and cities have started to take action on

these challenges independently (Svara 2011). Cities

are also the key hubs of innovation, as well as

decision-making centers for larger regions, states, and

nations. Their infrastructure, culture, and technolog-

ical developments—embodied in a dynamic set of

resources, institutions, and actions—represent soci-

ety’s general development path.

Phoenix, recently granted the disreputable distinc-

tion of being the world’s least sustainable city (Ross

2011), is an excellent case for intervention research on

urban sustainability problems. The commitment to a

sustainable future and a strong partnership between

researchers, city planners, and citizens has been

developing since 2009, resulting in a sustainability-

oriented draft General Plan with several accompany-

ing and followup projects (Wiek et al. 2010; Wiek and

Kay 2011). We build on these endeavors when

exploring nanotechnology’s potential in more detail

for three exemplary urban sustainability problems

prevalent in Phoenix: two obvious ones, water

contamination and non-renewable energy supply, are

presented along side one urban sustainability problem

less obviously addressed (but claimed to) by techno-

logical solutions, childhood obesity. The selected

issues receive considerable attention in scientific and

political communities as recently summarized by

Roco et al. (2011): ‘‘Global conditions that might be

addressed by mass use of nanotechnology include […]

constraints on using common resources such as water,

food, and energy.’’

Our ultimate goal is to perform research that

embeds nanotechnology in a suite of potential solu-

tions to urban sustainability challenges that warrant

consideration and assessment by experts and stake-

holders. In doing so, the study contributes to antici-

patory governance of emerging technologies in

general, and nanotechnology in particular, through

the lenses of urban systems and sustainability science

(Barben et al. 2008; Guston 2008; Karinen and Guston

2010; Wiek et al. 2012b; Wiek et al. in press).

Research design

In this study, we conceptualize nanotechnology as the

supply-side (technological solution options) to sus-

tainability problems as the demand-side (societal

needs). This supply–demand model follows Sarewitz

and Pielke’s (2007) proposed framework to assess a

given technology (supply) with respect to a given

societal need (demand) through an economics meta-

phor. The goal is to identify the overlap between

demand and supply, or in other words, reconcile to

what extent demand for solutions to sustainability

problems and supply of nanotechnology match

(Sarewitz and Nelson 2008), and thus to what extent

we might reasonably expect nanotechnology that is

currently being produced to contribute to their miti-

gation. Existing and proposed nanotechnologies have

the potential to address a spectrum of challenges, but

defining the overlap between demand and supply

means identifying how nanotechnology ‘‘solves’’

specific problems with what impacts (intended and

unintended), and whether or not other, more effective,

efficient, or equitable alternatives exist (Wiek et al.

in press).

To investigate specific intersections, we adopt

basic ideas of intervention research methodology
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(Fraser et al. 2009), namely to evaluate the effective-

ness of strategies for positive change (improvements

of social conditions). Accordingly, each nanotechnol-

ogy application is considered a unique intervention

into a complex problem constellation. We apply this

methodology to appraise the effectiveness of exem-

plary nanotechnologies to mitigate urban sustainabil-

ity problems. Previous technological interventions in

complex socio-technical systems, such as cities, have

not always led to the desired outcomes, and so it is also

important to account for unintended consequences in

the appraisal (Wiek et al. in press).

We conducted this study in three phases by means

of a case study approach that relied on a set of mixed

methods. The first phase began with initial literature

reviews on urban sustainability challenges (demand)

and nanotechnology applications (supply). We then

conducted two expert workshops to deepen the

supply–demand knowledge base through an explora-

tion of urban challenges in metropolitan Phoenix (see

case study details in the following section). One

workshop was conducted with an interdisciplinary

group of scholars (n = 13) from geography, urban

planning, social sciences, civil engineering, and

sustainability science with expertise in urban systems,

transportation, energy systems, climate change, jus-

tice, poverty, and resilience. Participants generated a

ranked list of sustainability problems and outlined for

each of the ten highest ranked problems the problem

constellation of root causes (drivers), causing activi-

ties, perceived benefits, negative impacts, and affected

populations. The other workshop was conducted with

an interdisciplinary group of scholars (n = 9) from

physics, chemistry, electrical engineering, materials

science, and energy systems engineering. The work-

shop validated and augmented materials gathered

through the nanotechnology literature review. The

participants ranked the nanotechnology solutions that

would most likely contribute to urban sustainability.

The second phase of the research consisted of in-

depth literature reviews to substantiate the nanotech-

nology applications and urban sustainability problems

elicited in the expert workshops. One was a review of

literature, documents, and datasets that provide evi-

dence of specific urban sustainability problems in

metropolitan Phoenix. The final literature review was

a reconciliatory analysis of the amenability of tech-

nological solutions to sustainability problems. Spe-

cific quantitative evidence, estimations, and data were

explored that apply to both the potential benefits and

life cycle costs of selected nanotechnologies.

The third and final phase of the research was a set of

three walking audits and reflections with a group of

nanotechnology researchers (engineers and social

scientists) and community members (n = 20) in the

case study area (see description below). The walking

audits explored the intersection of nanotechnologies

and urban sustainability problems, focusing on water

contamination, energy systems, and the food-health

nexus. Participants discussed the prospect, possibility,

and impact of nanotechnology interventions at specific

places where those urban sustainability problems

manifest.

In summary, we employed a case study approach

(focusing on exemplary sustainability problems in a

neighborhood in Phoenix) and gathered relevant data

from literature and document reviews, as well as

expert workshops and walking audits through partic-

ipatory research. The results integrate evidence from

published studies and official documents with insights

from community and subject matter experts.

Case study—the Gateway Corridor Community

in Phoenix, Arizona

In order to make the research more tangible, accessi-

ble, and relevant to stakeholders and decision-makers,

we conducted a case study following the paradigm

of place-based sustainability research (Wiek et al.

in press). Based on a previous study (Wiek and Kay

2011), we selected the Gateway Corridor Community

in metropolitan Phoenix for this study (see Fig. 1).

The community name is not an official title but reflects

the transportation and infrastructure corridor (coupled

light rail, airport, automobile, and canal) with the

Gateway Community College as central hub. The

community is bounded to the north and east by state

highways 202 and 143, to the south by Sky Harbor

International Airport and to the west by 24th Street.

The area is bisected from northwest to southeast by the

Grand Canal with the only canal crossings at Van

Buren Ave and Washington Ave. The community

comprises industrial, commercial, educational, cul-

tural, and residential areas. Recent socio-demographic

data indicate that, of the 5,096 residents, 66 % are

Hispanic or Latino (USCB 2010a). The American

Community Survey (ACS) identifies that 43 % of the
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population earns below established poverty levels,

median household income is $33,392, and one-third of

residents (33 %) do not have high school diplomas or

equivalencies (USCB 2010b). These data provide a

limited snapshot of the community; yet, they indicate

significant needs and barriers to sustainable commu-

nity development.

The selection of the Gateway Corridor was based

on two factors: the diverse set of urban sustainability

problems and the engagement in numerous interven-

tion activities by university, city, and civic entities.

The Gateway Corridor Community exhibits many of

the sustainability challenges identified by the expert

workshop, including: minimal economic opportunities

for residents, reflected in underinvestment in building

stock and deteriorating industrial base; a lack of

amenities accessible by walking or cycling; urban heat

island effects due to lack of vegetation cover and

choice of construction materials; social isolation

between the diverse (ethnic) sub-communities in the

area; and historic groundwater contamination from

industrial production. In response to these challenges,

several synergistic efforts are underway in the area,

including transit-oriented development along the new

light rail route through the ‘‘Reinvent Phoenix’’

project funded by the U.S. Department of Housing

and Urban Development (HUD) (Johnson et al. 2011),

energy efficiency efforts for the built environment

through ‘‘Energize Phoenix’’ funded by the U.S.

Department of Energy (DOE) (Dalrymple and Bryck

2011), high-tech economic development in the area

(Discovery Triangle 2011), proposals seeking to re-

invent the water utility-oriented Grand Canal (Ellin

2009), Phoenix’s General Plan update process, which

brings citizen input to bear on the planning process

(Wiek et al. 2010), and plans for a new community

health care center expanding services into the

community.

Results

Urban sustainability problems (demand)

Applying the concept of complex sustainability prob-

lems outlined above, experts identified a set of urban

sustainability problems for metropolitan Phoenix,

including lack of satisfactory economic opportunities,

non-renewable and inefficient energy systems, auto-

mobile reliant mobility, poor air quality, overuse of

water resources, environmental injustices, childhood

obesity, waste, lack of social cohesion, and urban heat

1 mile

CES

Fig. 1 Gateway Community Corridor in metropolitan Phoenix. GWCC Gateway Community College, CES Crockett Elementary

School. Note The zoning demarcations are based on fieldwork and do not necessarily match published city records
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island effects. The experts then initially explored the

root causes (drivers), causing activities, perceived

benefits, negative impacts, and affected populations.

The detailed results of the workshop are presented

elsewhere (Wiek and Foley 2011) and will be captured

in an interactive database of urban sustainability

problems (syndromes). We selected three of these

urban sustainability problems for illustrative purposes

here. The first two—water contamination and non-

renewable energy supply—are seemingly amenable to

technical solutions. The third, childhood obesity,

appears not to be, and yet, emerging nanotechnology

applications promise to address (childhood) obesity,

too. We further analyzed the selected urban sustain-

ability problems with respect to root causes (drivers),

causing activities, perceived benefits, negative

impacts and affected populations, based on expert

input, recent study results (e.g., Wiek et al. 2010; Ross

2011; Svara 2011), and specified for the Gateway

Corridor Community (as far as data were available).

The key information on the three problem constella-

tions is summarized in Table 1.

Water contamination

Stakeholders and researchers alike define the Motorola

52nd Street (M52) Superfund Site as an urban

sustainability problem, literally underlying the com-

munity. The Motorola semi-conductor facility

acknowledged the release of an estimated 93,000

gallons of tri-chloroethylene (TCE) in 1982 (ADEQ

2006). Numerous chlorinated and non-chlorinated

hydrocarbons are found at the M52 site, but the

93,000 gallons of TCE is the only published estimate.

The primary causes of the TCE releases were attrib-

uted to leaking tanks, improper hazardous waste

disposal into on-site dry wells, and poor chemical

management during the production of industrial

goods. These were common practices in semi-con-

ductor and metal-working facilities across the country

(EPA 2011b). At the M52 Superfund Site, TCE

migrated to the aquifer running west to east along

the Salt River that flows directly beneath the Gateway

Corridor. It is one of the only confirmed dense non-

aqueous phase liquid (DNAPL)-contaminated frac-

tured bedrock site beneath a large urban center. It is

divided into three operable units (OU1, OU2, and

OU3). OU1 and OU2 underlay the Gateway Corridor

case study area (EPA 2011b). Root causes included

cost cutting measures (the lack of preventative tank

maintenance, improper disposal, and employee train-

ing on chemical handling); the absence of anticipatory

chemical management regulations (before 1980); the

perception that dry well disposal was a safe chemical

management practice; and the drive to produce

inexpensive electronics to support profits and national

competitiveness. Inexpensive electronics meet deeper

societal root causes such as consumer value, conve-

nience, and utility maximization.

Adverse effects include an estimated 800 billion

gallons of contaminated groundwater with unmea-

sured impacts on alluvial-based biota. Ingestion

exposure risk for people was mitigated through the

installation of city-provided drinking water (from

surface water). Residents recall playing in contami-

nated water as children and complain of high cancer

rates in families living in the community, but cancer

cluster research has not produced statistically signif-

icant correlations (ADEQ 2011). Soil gas vapors,

previously not considered a substantive risk, are

migrating up from the fractured bedrock and alluvial

soil layers, eventually intruding concrete foundation

slabs of residents and businesses. Recently collected

data validated by EPA, in an area adjacent to Gateway

Corridor, show that more than 50 % of soil gas

samples exceed the current risk-based screening levels

(EPA 2011c). More recently, indoor air quality testing

shows elevated chlorinated hydrocarbons derived

from groundwater contaminants in 15 of 39 residences

(EPA 2011d). This presents a direct inhalation risk to

residents and workers and has triggered an extension

of the indoor air quality testing. Citizens had implored

state agencies, for years without success, to test soil

gas vapors—until EPA assumed control of vapor

intrusion and community involvement.

Twenty-eight years of poor information, unrespon-

sive state agencies, and corporate-led remediation

efforts fueled feelings by residents that there is an

industry-agency alliance. Community members

repeatedly questioned researchers conducting com-

munity surveys, for fear they represented government

or corporate interests. This history of mistrust now

plagues the ability of the regional EPA, while based in

San Francisco, to operate in Phoenix. EPA cannot

dedicate the requisite resources to rebuild community

relationships and trust due to budgetary constraints.

Diverse publics living in the Gateway Corridor are not

well represented in the community involvement group
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meetings. The Hispanic and Latino community faces a

racially biased state immigration law, enforced in a

manner recently deemed discriminatory by the US

Justice Department (USDOJ 2011). This penumbra of

discrimination overshadows attempts to bring the

community (en mass) to public meetings. The M52

Superfund Site depresses local property values, as

owners are required to disclose this fact to potential

buyers, and undermines the City’s property tax base.

The M52 Superfund Site is not merely a natural

resource or environmental justice issue, but is central

to a larger constellation of causing activities, root

causes, and effects (see Fig. 2).

Childhood obesity

The network of severe individual and societal impacts,

as well as their intermediate and root causes, constitute

childhood obesity as a complex global problem

(Finegood et al. 2008; Brennan et al. 2011). Based

on rudimentary data, childhood obesity is considered a

prevalent problem in Arizona, where 17 % of children

were obese and 30 % overweight in 2007 and which

suffered the highest rate of increase in obesity (46 %)

between 2003 and 2007 among all states (Singh et al.

2010). Obesity arises from two primary causing

activities, a lack of exercise and overconsumption of

(malnutritious) foods. A diverse set of root causes,

including environmental and social factors, underlies

these behaviors in the case study area (Wiek and Kay

2011). Residents in the Gateway Corridor must travel

north under state highway 202 to get to the preferred

shopping markets, Walmart and Food City. The only

food stores within walking distance of residents are

convenience stores and fast-food restaurants. (The

Chinese Cultural Center within the case study area

boundaries offers both dining and grocery services,

but they are not preferred by many non-Asian

community members.) Industrial-scale agricultural

production, processing, and distribution networks

supply large grocers, who provision low–cost and

low-quality foods. Marketing and branding efforts

successfully draw people into purchasing processed

foods that are high in fats and oils. Transporting food

by public transit in Phoenix’s summer heat, with

minimal shading structures for pedestrians, reinforces

a reliance on automobile transportation and values of

convenience. With highways and the airport walling

the community off, the only unbarred path for footT
a
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traffic is west toward the state prison facility at 24th

and Van Buren. Inmates in bright orange jumpsuits are

seen through mesh fences confined in their yard. This

stretch of Van Buren, Washington, and Jefferson

avenues running west is known locally for prostitu-

tion, hourly motel room rentals, pornography stores,

strip clubs, and narcotics distribution. Perceptions of

roads and local canals as dangerous for children

encourage indoor recreational activities. Local stu-

dents often travel to the YMCA facility for safe and

indoor recreation opportunities. There are no public

parks in the Gateway Corridor and there are currently

no plans to construct parks in the vacant lots due to

shrinking city budgets.

Adverse effects, studied in comparable urban areas,

range from increased morbidity and mortality to early

onset type II diabetes to foot and knee pain that reduces

mobility to psycho-social impacts observed in children

and adults (see Dietz 1998; Freedman et al. 2005;

Finegood et al. 2008; Biro and Wien 2010). The

prevalence of childhood obesity is elevated in commu-

nities of color with African Americans and Hispanics

having more than twice the likelihood as non-Hispanic

white children (Singh et al. 2010). Macro-economic

impacts are projected to reach an annual cost of

$10 billion in 2035 (Lightwood et al. 2009).

Lack of renewable energy supply

Residential and commercial energy needs are met

through a centralized production and distribution

network. Arizona Public Services Co. (APS) provides

electricity to residents in the Gateway Corridor with

the following energy portfolio: 38 % coal, 27 %

nuclear, 30 % natural gas, 3 % renewables, and 2 %

energy efficiency (APS 2012). APS released their

projected energy portfolio for 2025 revealing a 1 %

decrease in coal and nuclear. Natural gas is estimated

to increase 33 % and renewables and energy effi-

ciency by 600 % (APS 2012). The primary develop-

ment need expressed by APS officials is transmission

capacity. A plan shows redundancies in centralized

networks are emphasized through 2020 (APS 2011).

This reflects root causes including, growing societal

demand, path dependency in the infrastructure, elec-

trical device connectivity, and standardization poli-

cies. Adverse effects include anthropogenic-based

climate change with various subsequent effects such

Fig. 2 Problem constellation of water contamination at the M52 superfund site with the proposed intervention point of water

purification
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as water shortages in the desert southwest (Seager

et al. 2007). Second, localized urban heat island

effects are most likely to affect Hispanic residents and

those in the Gateway Corridor (Chow et al. 2012). The

electricity system from source to outlet encompasses

sectorial dimensions of economics, natural resource,

and social demands detailed in Table 1.

Nanotechnology applications (supply)

A broad literature review yielded a number of

nanotechnologies directly applicable to urban sustain-

ability problems. We validated the initial set of

applications through expert workshops and interviews,

which yielded a top ten list of nanotechnologies that

held promise to alleviate urban sustainability prob-

lems in metropolitan Phoenix. From this set, we

selected those applications that are pertinent to the

three urban sustainability challenges described above.

Table 2 reflects those applications, also captured in an

online database entitled ‘‘Nanotechnology in City

Environments’’ (NICE) that serves as a repository for

information on the functionality, as well as the

sustainability challenges these technologies are seek-

ing to ameliorate and information on potential benefits

and risks (http://nice.asu.edu).

Nanotechnology interventions in urban

sustainability syndromes

To this point, we have analyzed three critical urban

sustainability challenges facing metropolitan Phoenix

and identified ten nanotechnologies that offer techni-

cal solutions to these sustainability challenges. Based

on this systemic problem understanding and functional

knowledge of potential nanotechnology solutions, our

next and final step is to appraise the interventions of

nanotechnology solutions into each of the three

problem constellations. Table 3 details the case, the

intervention point, mechanism, governing decision-

makers, the decision process, barriers to intervention,

potential resources required to intervene, effectiveness

and efficacy (if known) of the nanotechnology, and

restates the current intervention. We present the results

for our three case studies as an initial attempt to

reconcile nanotechnology applications (as supply) and

sustainability challenges (as demand) to exemplarilyT
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answer the guiding question on what nanotechnol-

ogy offers to address complex sustainability problems.

Addressing water contamination

The latent decision (made in 1986) was to address

remediation through pump and treat methods (EPA

2011b). The annual average volume of water pumped

per year between 2005 and 2010 was 844 million

gallons in OU1 and OU2 (EPA 2011f). The annual

average volume of TCE recovered per year from OU1

and OU2 was 115 gallons (EPA 2011f). The recovery

rate of TCE (gallons) per million gallons of ground-

water pumped per year from OU1 and OU2 between

2005 and 2010 is 0.14 gallons of TCE. A linear

extrapolation of the current TCE removal rate suggests

that the complete removal of TCE will occur after the

year 3000. This timeframe is untenable for current and

future residents.

The M52 Superfund Site appears to be amendable

to a nanotechnology solution as current pump and treat

technologies are neither efficient nor effective. The

efficacy rate of nanoscale Zero-Valent Iron (nZVI) to

remove TCE at the Goodyear-Phoenix Airport site is

reported at 82–96 % in pilot tests (Chang et al. 2010).

We must caution that the hydrology and geological

structures at the Goodyear-Phoenix airport site are not

directly comparable to the M52 site; however, these

are promising results. The effectiveness for nZVI

slurry jet injections into groundwater may eliminate

the need for groundwater pumping. Three rounds of in

situ nZVI slurry jet injections would theoretically

reduce TCE (at 82 % efficacy) to approximately 0.5 %

of current levels. From this rough appraisal, we can

conclude that in situ remediation with nZVI may

remove the TCE either sooner (in \1,000 years) and

with less effort (pumping 844 millions gallons of

groundwater annually). As for the filtration of con-

taminated air with CNTs, there is little evidence of in

situ testing. Ideal conditions in laboratory experiments

and placing devices in residences are different

contexts. Significant work is needed to refine proto-

types before testing CNT air filtration in non-labora-

tory settings.

There are issues with in situ nZVI slurry injections

and CNT air filtration. First, the fate, transport, and

toxicological assessments for both eco-toxicity and

human health of full-scale application of jet-injected

nZVI slurry have not been conducted. While

deploying CNTs in residences to clean organic toxins

from the air calls forth efforts to reduce fire risk with

asbestos tiles. Ensuring asbestos-like nanoparticles are

not released in homes is a critical issue (Philbrick

2010). Thereby, a potential unintended consequence

from injecting nZVI quantities sufficient to remediate

billions of gallons of contaminated groundwater could

be anticipated, as could the release of CNTs into

homes from design or user error. Second, the cost

estimates to produce the quantities of nZVI slurry

required to treat an estimated 800 billion gallons of

contaminated groundwater or those for CNTs for

filtration are not known. Net present value calculations

discount any future benefits past 30 years to a value of

zero, making the cost-benefit calculations appear

negative. Current cost-benefit models that discount

future generations will not support near-term and

high-cost solutions. Further, the formalized decision-

making structure, which cedes authority to EPA (with

judicial review by the 9th Circuit Court), may further

impede this intervention. Technical questions of the

applicability of nZVI and CNTs aside, significant

toxicological, financial, and decision-making hurdles

remain.

Considering applied pilot-scale testing of nZVI

slurry to remediate groundwater (EPA 2011e; Wat-

lington 2005; Chang et al. 2010) and laboratory-scale

application of CNTs, the evidence supports the

rhetoric on environmental applications of nanotech-

nology (Karn 2005) in this case. The proposed

nanotechnology intervention, although certainly

needed to optimize the current solution, occurs

downstream of the original incident (release of TCE)

as depicted in Fig. 2. The intervention will not address

upstream policies, values, or resources that influence

the actions that caused this historic release, including

potential health impacts from nZVI slurry or CNTs. In

fact, there are similar industrial practices that continue

to create new suites of large-scale environmental

challenges potentially analogous to superfund sites,

e.g., oil spills, hydraulic fracturing in natural gas

fields, and unregulated nanoparticle disposal.

When considering interventions in wicked prob-

lems, silver bullets lack the ability to resolve all the

complex problem elements (Seager et al. 2012).

Rebuilding trust, co-producing visions of the commu-

nity (with researchers, city planners, regulatory agen-

cies, and citizens), and strategic investments in

community assets are needed to transition the
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Gateway Community toward a sustainable neighbor-

hood consisting of vibrant businesses, lively parks,

and urban gardens—as expressed in visioning work-

shops (Wiek and Kay 2011). A more profound

approach would require a suite of interventions,

including non-technical (institutional) interventions.

Educating students at the nearby BioScience high

school and engaging parents and administrators at

Crockett Elementary School and planners at Gateway

Community College are ways to communicate these

issues to the next generation of citizens and decision-

makers. Strategic planning efforts to co-construct a

future vision of the community between citizens, city

planners, researchers, and businesses are underway. A

$10 M research proposal for long-term efforts toward

clean-up and community sustainability that explores

technical and non-technical solution options at the

M52 Superfund Site is currently under review with the

National Institutes of Health.

Addressing childhood obesity

Childhood obesity is currently a highly publicized

issue of public health concern. From the Office of the

President (Barnes 2010) to local parent and teacher

associations, numerous interventions are being

attempted. There are few evaluations of the effective-

ness of these interventions (Brennan et al. 2011). The

proposed nanotechnology interventions are twofold.

First, the food packaging with TiO2 that allows

industrial-scale agricultural production and distribu-

tion to reduce microbial contamination of vegetables

for longer a shelf life. The industry presents this

intervention as a means to overcome costs associated

with product loss (spoilage) and allow for greater

profitability in retailing fresh vegetables wrapped in

TiO2-coated packaging (Robinson and Morrison

2009). The second intervention is the construction of

nutritionally enhanced carbohydrates (a food staple in

US diets) with omega-3 fatty acids (Robinson and

Morrison 2009). This intervention is intended to

induce a compound that will confound adiposity

development at the cellular level.

Neither intervention is cognizant of physiologic,

socio-economic, or cultural preferences. Wang et al.

(2007) shows that TiO2 ingested in laboratory animals

is transported to a variety of organs, raising concerns

of acute toxicity and biotoxicity. Omega-3 fatty acids

are described as healthy fats at the rates currently

consumed; however, current engineered methods to

increase omega-3 levels are primarily observed in

farm-raised fish. Elevated risks of mercury, organo-

chlorine compounds, and polychlorinated biphenyls

are being discovered in farm-raised fish (Hamilton

et al. 2005; Domingo 2007). This stirs the question of

whether unintended compounds will join the engi-

neered omega-3 fatty acids encapsulated in

carbohydrates.

To shift perspective, who is the targeted market for

engineered carbohydrates, longer shelf life vegetables

that cost less than organic vegetables and wild caught

fish? Studies indicate that consumers’ preference for

engineered foods is lower than for non-engineered

foods (Siegrist et al. 2007, 2009). Childhood obesity in

the US is more likely in lower income groups (3.46

times), in neighborhood perceived as unsafe (1.61

times), in neighborhood with trash visible (1.44

times), and where no community recreation center is

located (1.23 times) (Singh et al. 2010). The Gateway

Corridor is primarily a low-income community that is

perceived as unsafe, lacks a recreation center, and

trash is visible on sidewalks and abandoned lots. This

suggests that Gateway Corridor residents could be a

considerable segment of the target market for products

addressing childhood obesity, presumably against

their preferences. The proposed nanotechnology inter-

ventions reinforce practices and norms of industrial-

scale agriculture and distribution to automobile-

oriented urban communities.

Residents and decision-makers have outlined more

holistic and preventative interventions in collaborative

visioning workshops (Wiek and Kay 2011). Such

visions include community organizations (schools,

neighborhood associations, and faith-based organiza-

tions) providing land for urban agriculture and skills

training; a community center which provides childcare

services, adult education, after school recreational and

learning opportunities for all ages; and job and skill-

oriented trainings offered through voluntary work

supporting community-based small business initia-

tives. Mountain Park Health Center, a non-profit

health care service provider, is funding community-

based participatory research to develop innovative,

effective, and comprehensive health care services

together with the community. Administrators at both

Gateway Community College and Crockett Elemen-

tary School are engaging with parents, students, and

researchers to better understand the problems and
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devise solutions in concert, rather than in top–down

management fashion.

Addressing the lack of renewable energy

Cadmium-telluride photovoltaic (CdTePV) in printed

thin-film applications would intervene at the point of

power generation and nano-enhanced LEDs at the point

of use. The life cycle impacts of CdTePV are 90–300

times less than coal-fired power plant impacts per watt

of capacity (Fthenakis et al. 2008). The greatest benefits

from CdTePV are realized in the power generation

phase, where almost no emissions occur. The Cree

Corporation in North Carolina produces nano-

enhanced LEDs having long since invested in optimiz-

ing the production of 6H-SiC crystals (Edmond et al.

1993). No data are available for a life cycle analysis, as

corporate secrets protect the crystal formation pro-

cesses. Lighting retrofits are the lowest cost, highest

return energy efficiency investment, and the most

preferred by businesses engaged with the initiative

‘‘Energize Phoenix’’ (Dalrymple and Bryck 2011).

Grid-scale solar electricity and energy storage at Solana

Generating Station, currently under construction, will

produce 280 megawatts. Solana relies on large-scale

batteries that offer 4–6 h of storage (Mahrer 2011).

Positive outcomes abound from these interventions.

However, there are unaddressed issues with both

CdTePV and LEDs. The reliability and storability of

CdTePV-generated energy may not meet user

demands for constant uninterrupted power supply.

Storing CdTePV-generated power in large-scale bat-

teries (offering near 100 % reliability) is currently not

cost effective (Mahrer 2011). The plan by Arizona

Power Supply (APS) for distribution reinforces pref-

erences for utility-scale solar, rather than addressing

uncertainties that accompany rooftop solar. Costs to

retrofit the electrical grid from a centralized to a

decentralized model will be significant. Both the

societal expectations for electricity and shortfalls in

component technologies influence the adoption of

these promising (yet unrealized) nanotechnology

interventions. A deeper root cause of the problem

constellation is the continued growth in the demand

for inexpensive electricity to power our expected

lifestyles, from entertainment to manufacturing capac-

ity. This and other background drivers remain unad-

dressed in the proposed interventions.

More profound strategies to address the outlined

lack of renewable energy problem require suites of

interventions, including non-technical (institutional)

interventions such as demand-side management.

Recently, the ‘‘Energize Phoenix’’ grant was awarded

to assist residents and businesses increase energy

efficiency and support renewable energy provision in

the Gateway Corridor (a subset of the Energize

Phoenix Corridor). The grant exemplifies a partner-

ship between city, businesses, and researchers. Initi-

ated in 2010, seventeen commercial projects were

completed in the first year with sixteen of the

seventeen total projects were lighting retrofits for an

estimated savings of 1.9 million kilowatt hours (kWh)

across all the projects (Dalrymple and Bryck 2011).

While businesses have leveraged subsidies and the

commercial programs were launched before the res-

idential programs, no residents participated in the first

year; all completed energy efficiency projects

occurred at commercial properties. A lack of aware-

ness and education, issues of trust, language, and

cultural barriers are some root causes preventing home

owners from taking action. The issues of trust range

from distrust in the idea of a ‘‘free lunch’’ to distrust of

authority and fear of potential immigration enforce-

ment action. Second, limited financial resources

prevent residents from paying the $99 fee upfront for

a subsidized energy assessment even though they are

rebated the fee later. And, despite a grant to cover

60 % of the upgrade costs and a subsidized loan to

cover the remaining 40 %, residents are hesitant to

take on any debt on a property that may have limited or

negative equity due to the real estate market, even as

the savings in their utility bills are estimated to more

than cover loan payments (Dalrymple and Bryck

2011). In the second year, overall participation in the

residential programs increased to approximately 400

households, attributable to increased marketing

awareness, outreach to and engagement with trusted

community leaders and organizations, exposure to the

participation of neighbors, door-to-door community

surveying, and community events. However, partici-

pation by low-income residents and in the Gateway

Corridor continues to lag considerably. This uneven

participation response demonstrates that these com-

plex problem constellations are challenging beyond

technical feasibility, demanding coordinated efforts to

affect change toward sustainability.
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Discussion

Our study explored the potential of nanotechnology

solutions as a means to mitigating urban sustainability

problems. In two cases (contaminated water and

energy systems), there is evidence that nanotechnol-

ogies can address existing problems. In the case of

childhood obesity, the proposed interventions (food

additives and food packaging) seem inappropriate in

the face of the significant social drivers underlying

childhood obesity, as well as the strong apprehension

consumers hold against food additives. In all cases, the

nanotechnology interventions fail to address root

causes, such as demand for electricity, reactive

policies addressing environmental contamination,

and consumption of cheap convenience foods and

sedentary indoor entertainment.

We are, however, focusing on intervention points

and potential effectiveness. Admittedly, these are not

technical feasibility assessments and this analysis is

not fully inclusive of all decision-making, legal, and

economic barriers that comprise robust intervention

research. We are taking a broader sustainability

perspective on the urban problems to understand just

how nanotechnology might intervene and what prob-

lem components accompanying initiatives would need

to address.

Here, we briefly discuss in how far this study

provides insights into the four research questions

posed at the beginning. First, over-simplified ideas

about sustainability perpetuate the false image that

nanotechnology will mitigate the majority of the

pressing and complex challenges societies face around

the world. It reproduces the technocratic proposition

that dominates the progress narratives in industrialized

and post-industrial societies (Pitkin 2001). Clearly,

there are nanotechnologies that can intervene in urban

sustainability problems, but we ought to be careful not

to over-sell their problem-solving potential and capac-

ity. Not all urban sustainability problems are amenable

to nanotechnology interventions; in fact, most of them

require a suite of interventions, of which technology in

general and nanotechnology specifically provide but

one stream of solutions. Informed by intervention

research, we have argued in this study that a compre-

hensive problem understanding must inform the

appraisal of this potential (Sarewitz and Nelson 2008).

Second, urban nanotechnological interventions are,

at best, midstream interventions, but many are end-of-

pipe (downstream) interventions. Systemic interven-

tions that affect positive changes, especially through

upstream interventions impacting key drivers and

underlying social phenomena, are critical to long-term

sustainable solutions (Midgley 2006; Schensul 2009).

Social interventions might have significantly higher

success rates than technical ones as they offer interven-

tions that address the root causes of problem constel-

lations. Addressing societal demand for cheap

convenience foods, the lack of precautionary regula-

tions managing chemicals, or the externalities from

fossil fuels not priced into the current power supply—all

these issues offer institutional interventions that demand

attention on par with technological interventions.

Third, nanotechnology is an enabling technology (on

top of other technologies) or a platform (below other

technologies) to deliver complimentary technologies.

The promised benefits are largely dependent on the

distribution and breakthrough of parallel technologies.

The unintended consequences that might result from

the ‘‘hosting’’ technology as much as from the applied

nanotechnology need to be explored through laboratory

experimentation, small-scale pilot tests, and research.

Nanotechnology will soon play a role in reducing the

material requirement for precious metals in exhausts

and increase profits in the automobile industry and

thereby optimizing an ultimately flawed technology

(SDC 2012). In addition to the traditional environmen-

tal, health, and safety concerns, research needs to

anticipate the ethical, legal, and social implications, for

instance, of pumping high volumes of nZVI slurry into

groundwater contaminated with various toxins.

Fourth, there is evidence that LED lighting retrofits

and photovoltaic panels will increasingly be intro-

duced and incentivized. Industrial-scale production of

TiO2 awaits the anticipated demand for nanotechnol-

ogy packaging. Field tests conducted with nZVI slurry

show initially promising results to catalyze organic

groundwater contaminants. Installing CNT-based air

filters into homes and encapsulating nutritional sup-

plements are still held within laboratory-scale exper-

iments. We would argue, however, that these

interventions do not address root causes (at all) and

only in the energy production and efficiency interven-

tion do they address causing behaviors. The other

cases demonstrate the technological path dependen-

cies and the conventional approach of optimization,

not disruption and transformational change necessary

for achieving sustainability.
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Conclusions

Clearly, there is potential for nanotechnology to

contribute to a sustainable future, but those interven-

tions must be coupled with and embedded in systemic

intervention strategies which are not solely reliant on

nanotechnology as the silver bullet. The goal of the

presented research is to support initiatives of antici-

patory governance that integrate nanotechnology in

comprehensive mitigation strategies to urban sustain-

ability challenges that warrant approval by experts and

stakeholders alike. Further research on how nanotech-

nology can be joined with other solution options to

comprehensively address urban sustainability prob-

lems is necessary. There remains significant work to

take a broader scan of all the potential interventions,

assess potential pathways, and implement compre-

hensive strategies to transition these urban sustain-

ability problems into a sustainable future.
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Abstract Korea has become one of the leading

countries in nanotechnology along with the U.S., Japan,

and Germany. Since 2001, the Korean Government

established the ‘‘Nanotechnology Development Plan.’’

Since then, the trend in nanotechnology is steadily

changing from fundamental research to application-

driven technologies. In this paper, we examine the

nanotechnology development and policy during the past

decade, which includes the investments in R&D,

infrastructure, and education. The Third Phase (2011–

2020) on clean nanotechnology convergence and inte-

gration in information, energy, and the environmental

sector is also given. Furthermore, the program on long-

term strategy dealing with sustainability in resolving

future societal demand and plans for sustainable energy

and environmental activities will be discussed in depth.

The outcomes and national evaluations of research and

education are also given.

Keywords Nanotechnology � Korea �
Sustainability � Energy and environment �
Governance � International perspective

Introduction

During the past decade, nanotechnology has globally

become a core technology, projecting the future

direction of science and engineering as well as the

industry (Serrano et al. 2009). Since 2001, when U.S.

Government announced ‘‘National Nanotechnology

Initiative (NNI),’’ the Korean Government has strate-

gically supported development with their own ‘‘Nano-

technology Development Plan (NDP) (July, 2001)’’ to

actively lead research and development in nanotech-

nology (Table 1) (Eighth National Science and Tech-

nology Commission 2001), in addition to establishing

various roadmaps including ‘‘Nanotechnology Strategy

for the Industry’’ and ‘‘Plan for the Training System in

the Nanotechnology.’’ The ‘‘Legislation on Nanotech-

nology Development’’ established in December 2002

expedites the progress of this development by providing

the systemic legal foundation. The direction of NDP is

regularly adjusted every 5 years (Second Phase NDP in

2005 and Third Phase in 2011). Unique from the
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programs in other countries, NDP provides the direction

for the nanotechnology research and development as

well as the infrastructure for the human resources. Since

the initial investment from the Korean Government in

constructing the framework, the National Nano-Fab

Center and the Korea Advanced Nano-Fab Center were

established in 2002 and 2003 for fundamental research,

while the Nano Integration Center was established in

2004 for investigating the applications of nanotechnol-

ogy. The Government has invested $ 693 million into

these nanotechnology centers. To sustain the support of

the Government, the Committee of Nanotechnology

Experts was founded, which is affiliated with the

National Science and Technology Commission.

The nanotechnology program strives to encourage

collaborations between affiliated organizations, and to

promote the safety aspect of nanotechnology. The

Ministry of Education, Science, and Technology

(MEST) suggested the roadmap for nanotechnology

development by establishing ‘‘Strategy for the Nano-

technology Convergence (2008),’’ and also announced

‘‘Mid-term Strategy for the Original Nanotechnology.’’

The Ministry of Environment presented ‘‘Mid to Long-

termPlan (2010–2014) forSafety Control of theNanom-

aterials’’ and the Government recently announced

‘‘Safety Control in Nanotechnology (October, 2011)’’.

The central Government initiated the evaluation and

correspondence of the societal impact of nanotechnol-

ogy, which has gained increasing attention as develop-

ments in nanotechnology occur as given in the report on

the effect of nanotechnology evaluated in 2006. As a

result of these governmental programs, Lux Research

projected Korea to become one of the most competitive

leading countries in nanotechnology along with the

U.S., Japan, and Germany (Nordan 2008).

In April 2011, the Korean Government evaluated

the nanotechnology policies which have been enacted

by the Government so far, and established ‘‘Third

Phase NDP’’ reflecting the global trend and confirming

the directions for the next decade (Korean Govern-

ment 2011). This program illustrates the vision of the

leading country in the nanotechnology emphasizing

the creation of the new industrial area, the infrastruc-

ture for the human resources, and the criteria for the

Table 1 NDP of Korea

Date Projects Korean Government Organization

04/2000 Agency for Tera-level Nanometerials Development Ministry of Science and Technologya

07/2001 First NDP (Eighth National Science and Technology Commission) Interministry

05/2002 Agency for Nanomaterials Technology Development Ministry of Science and Technology

05/2002 Agency for Nanomechatronics Ministry of Science and Technology

07/2002 Nano-Fab Center Ministry of Science and Technology

12/2002 Legislation of Nanotechnology Development Interministry

05/2003 Advanced Nano-Fab Center Ministry of Science and Technology

07/2003 Support for Nanotechnology Information Ministry of Science and Technology

01/2004 Nano Technology Research Society Ministry of Science and Technology

08/2004 Nanotechnology Intergration Center Ministry of Commerce, Industry, and Energy

12/2005 Second NDP Interministry

10/2007 Roadmap for Nanotechnology Standard Ministry of Knowledge Economy (MKE)

04/2008 Roadmap for Nanotechnology Ministry of Education, Science,

and Technology (MEST)

12/2008 Strategy for Nanotechnology Convergence MEST; MKE

09/2009 Mid-term Strategy of Original Nanotechnology (747 Initiative) MEST

11/2009 National Platform for the Safety, Certification,

and Enhancement of Nanomaterials

MKE

12/2009 Mid- and Long-term Plan (2010–2014) for the Nanomaterials Safety Ministry of Environment

08/2010 National Nanotechnology Policy Center Interministry

04/2011 Third NDP Interministry

10/2011 Nano Safety Program Interministry

a Note that the Ministry of Science and Technology became MEST in 2008
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ethical and societal responsibilities. For these pur-

poses, the Government selected 30 future technologies

in five major categories (Table 2), with investments up

to $720 million by 2020. These major categories

include the nanotechnology of energy and the envi-

ronment for sustainable growth, and the development

of the solar cell, secondary battery, fuel cell, mem-

brane, thermo-electric, and piezo-electric systems

with nanostructured materials were selected as the

technologies primarily investigated.

The recent nanotechnology policy in Korea can be

compared to the establishment of NANO2 policy in the

U.S. for this decade (2011–2020) (Roco et al. 2011),

which selected ‘‘safe and sustainable development of

nanotechnology’’ as one of the primary objectives.

Diallo et al. illustrated that a clean environment, water

resources, food supply, mineral resources, green

manufacturing, habitat, transportation, climate change

and biodiversity especially including nanotechnology-

based energy solutions are key technologies in this

area. They defined the sustainability to be a technology

satisfying societal, environmental, and economic

aspects. In this paper, we provide the NDP outcomes

on the research, education, and industries during the

past decade, and a mid- and long-term nanotechnology

plan for energy and environmental areas with sustain-

able growth and the details of major technological

progress based on the ‘‘Third Phase NDP.’’

Nanotechnology development plan

Here, we provide the Korean national evaluation of the

past investments on nanotechnology, including exam-

ples of research outcomes. The projects on establish-

ing infrastructure are discussed along with the

industrial and educational impacts, and future direc-

tions, which are the current projection by the Korean

Government.

National investment and research outcomes

Since the Korean Government initiated NDP in 2001,

$1,905 million had been invested in the research and

development of the nanotechnology. Among the

national institutions, MEST and Ministry of Knowledge

Economy (MKE) have invested over 75 % of overall

national investment on nanotechnology (Fig. 1), imply-

ing that fundamental research and educational activities

were emphasized during the past decade.

The amount of the investment in nanotechnology

has been drastically increased from $94 million in

2001 to $ 227 million in 2009 after NDP was

established (Fig. 2a). The investment during the First

Phase (2001–2005) NDP was $ 959 million with $ 674

million for research and development (R&D), $ 238

million for the infrastructure, and $ 47 million for the

human resources (HR) in the nanotechnology area.

During the Second Phase (2006–2010) NDP, $1,174

million was increased with $ 922 million for R&D,

$ 186 million for the infrastructure, and $ 64 million

for HR (Fig. 2b). This indicates that the investment for

the R&D steadily increased, which represents the

active R&D projects on nanotechnology were suc-

cessfully achieved based on the infrastructure estab-

lished during the First Phase NDP.

As a result, Korea has made a new leap forward

to be in the top four countries in the nanotechnology

area, and the NDP strategy and the governmental

investment have led to fruitful success in nanotech-

nology with drastic advances in the practical

applications. The selected highlight of scientific

Table 2 30 technologies in five major categories

Categories Future technology

Nano devices Nano memory device, nano CMOS logic device, ultrasmall nano sensor, nano electronic device, and

nano flexible device

Nano bio Nano-based food, nano wellbeing product, nano diagnosis, nano analysis of cell, and intelligent nano

medicine

Nano energy/environment Nanostructured solar cell, secondary battery, fuel cell, membrane, thermo-electrics, and piezo-

electric systems

Nanomaterials Mass production, functional material, printed electronic materials, energy harvesting, nanocatalyst/

porous media, resource collection, and substitute

Nano manufacturing/

measuring devices

Large-sized nanomaterial manufacturing, nanostructured patterning, measurement in nano

manufacturing, nano thin film manufacturing, simulation, and smart manufacturing
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achievements at the academic institution is given

below. The novel methodology for large-scale

pattern growth of graphene films for stretchable

transparent electrodes, which enables an up to 30

inch transparent electrode by the roll-to-roll method,

was developed by Sungkyunkwan University

(SKKU), thereby breaking through the barrier to

the practical application of graphene (Kim et al.

2009). In collaboration with MIT, Korea Advanced

Institute of Science and Technology (KAIST)

developed high-power lithium-ion batteries using

multiple virus genes having affinity for single-

walled carbon nanotubes (SWNT), which increase

the electric conductivity by using the characteristics

of nano-sized electrode materials (Lee et al. 2009a).

Nano satellites, which communicate the information

of the chemicals including proteins, and heavy

metals within the cell, were investigated by Sogang

University (Choi et al. 2009). The world’s first

nano-sized lens was invented by Pohang University

of Science and Technology (POSTECH), which

enables near-field focusing and magnification

through self-assembled nanoscale spherical lenses

(Lee et al. 2009b). Flexible memory, which enables

achievement of highly integrable organic memory

devices and other organic-based electronics with

greatly increased cell density, was developed by

Gwangju Institute of Science and Technology

(GIST) (Song et al. 2010). In addition to these

achievements, the number of the scientific publica-

tions in SCI journals has drastically increased from

196 in 2,000 to over 2,500 (China: 8,297, U.S.:

8,061, and Japan: 2,820) in 2008 with a citation per

article of 9.9 (U.S.: 22.0, Germany: 16.6, UK: 16.1,

France: 15.4, Japan, 12.7, and Italy: 12.5). Total

share of the U.S. patents increased from 187 in 2001

to 2940 in 2009 (Fig. 3). Particularly, the number of

the U.S. patents shared by Korea has increased by

Fig. 1 Investment of the

Korean Government on

nanotechnology since 2001

Fig. 2 a Annual

investments and b the

investment during the First

and Second Phases NDP
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50 % since 2005, when the Second Phase NDP was

initiated.

Infrastructure, industries, and educations

From the Second Phase NDP, the Korean Government

established six major nanotechnology infrastructures

(Table 3), which supports the network between aca-

demia and industries, provide the special facilities and

equipment for nanotechnology, and devise the nano-

technology R&D frames preventing overlapping

investments and encouraging organized development

plans. These infrastructures were evaluated to be

highly impactive on the Korean economy with 7.28

benefit-cost ratio (BCR). Since the plan for these

infrastructure projects will be terminated in a few

years, the Korean Government is currently establish-

ing alternative plans for organized collaborations

among these six major infrastructures for synergetic

development and securing steady investments with the

replacement measure for old facilities and equipment.

For the commercialization of nanotechnology in the

next phase projects, the Government plans to establish

research institutes or organizations, which investigate

the toxicity of the nanomaterials on the human and the

environment, which will be one of the most critical

issues in the nanotechnology applications.

The share of nanotechnology in the world market

is expected to reach $2.6 trillion within the next

few years. In addition to the development of the

nanomaterials, nano-devices recently became the

major subject since nanotechnology made a transition

from the fundamental to application-driven develop-

ment (Table 4). In Korea, the industries have applied

the nanotechnology to produce semiconductors,

vehicles, display, and household devices and items.

The industries including the small and medium-sized

businesses are increasingly involved in the nanotech-

nology area (154 companies in 2005 and 184 in 2009

with 35.1 % of entire industries engaged in developing

the applications of nanomaterials, 12.6 % in the nano-

bio, and 8.7 % in the nano-device areas). As the

Korean Government encouraged the collaboration

between the industries and academia with the NDP

strategy, the number of core researchers working in

this area increased five times more than in 2000. In

the education sector, 43 universities established the

nanotechnology department with 7,385 students (B.S.:

6,084, M.S.: 887, and Ph.D.: 404) graduating in 2015,

which will form the core R&D resources for the

growing market of the nanotechnology.

Although broad scientific achievements with enor-

mous investments have been made during the past

decade, nanotechnology barely generated significant

profitable returns. Therefore, the Korean government

is attempting to shift the investment from the funda-

mental R&D to commercialization by reinforcing the

collaboration between the industries and academia.

Fig. 3 Korean share of U.S.

patents: (blue) annual

number, (red) cumulative

number, and (black) ranking
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The government encourages supporting the technol-

ogy transfer from academia to the industry as well as

the foundation of small business directly operated by

the universities similar to programs such as SBIR/

STTR in the U.S..

Nanotechnology Development Plan on Energy

and Sustainability

Innovative progress in nanotechnology has tremen-

dously contributed to the area of sustainable energy

including energy production/conversion/storage as

well as improvement in the environment by utilizing

novel nano materials. This trend has become a

core technology, which breaks through the technical

barriers in sustainable energy systems with ultra-high

efficiency and low cost for commercialization. For the

power generation and conversion systems, nanostruc-

tured materials are investigated to increase the effi-

ciency for the gas/liquid fuel separations, the polymer

electrolyte fuel cell (PEFC), solid oxide fuel cell

(SOFC), dye-sensitized solar cell (DSSC), thin film

fuel cell (TFFC), organic solar cell (OSC), and bio

fuels (Khan et al. 2011; Ermete 2011; Natalia and

Alessandro 2011; Alvarez and Cervantes 2011).

Research on the high density energy storage has also

been advancing for lithium-ion and lithium polymer

secondary batteries, super capacitor, and materials for

hydrogen storage. Nanotechnology controls the envi-

ronmental effects of current and future technologies by

using nanoscale adsorption and separation phenomena

Table 3 Infrastructures of Nano-Fab Center and National Center for Nanomaterials Technology (NCNT) in Korea

Institution R&D area Investment (million $)

MEST National Nano-Fab Center Si based nanomaterials, MEMS Total: 260

Government: 106

Local: 154

Korea Advanced

Nano-Fab Center

Nanocomposite semiconductor,

electronic materials, optical materials

Total: 147

Government: 43

Local: 104

MKE NCNT (Pohang) Semiconductor, display, nanomaterials Total: 101

Government: 38

Local: 63

NCNT (Jeonju) Semiconductor, nano-patterning, etching Total: 67

Government: 21

Local: 46

NCNT (Gwangju) Semiconductor, nano-deposition Total: 71

Government: 24

Local: 47

NCNT (Daegu) Nanomaterials, energy materials Total: 44

Government: 30

Local: 14

Table 4 Prospect of

Nanotechnology in the

World Market: billion

$ (in %)

Category 2000 2010 2020

Nanomaterial 180.3 (42.6) 605.7 (38.2) 680.2 (27.7)

Nano-device 174.0 (41.1) 734.6 (46.3) 1,259.6 (51.2)

Bio and pharmacy 43.7 (10.3) 87.4 (5.5) 188.6 (7.6)

Environment and energy 11.6 (2.7) 106.4 (6.7) 230.3 (9.4)

Process, measurement, and facility 14.0 (3.3) 52.3 (3.3) 100.1 (4.1)

Total 423.7 1,586.2 2,458.8
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for toxic chemicals and inventing nano sensor for

contamination detection.

Trends in the Nanotechnology

Most of the countries including the U.S., E.U., and

Japan have focused on developing novel nano mate-

rials for electrolyte in fuel cells, which reduce the cost

and provide enhanced stability and durability for

commercialization. Consequently, new nano material

alloys have been extensively investigated to reduce the

usage of platinum catalyst in low temperature fuel cells

through the interdisciplinary research activities in the

U.S. national laboratories (e.g., Army Research Lab-

oratory, Brookhaven National Laboratory, National

Renewable Energy Laboratory) and universities (e.g.,

Brown, Georgia Tech). The nanostructured thin film

solid oxide electrolytes and new materials and pro-

cesses by using nano bionics for high temperature fuel

cell have been developed especially by the E.U., Japan,

U.S., and China. The E.U. has the most number of core

patents in nano materials for the photoelectric trans-

formation efficiency in solar cells (EPFL in Switzer-

land). For the DSSC, the nano material electrodes, dye

synthesis, electrolytes, high performance conductors,

and technologies for modulations are investigated to

obtain high energy efficiency. For the OSC, various

research activities have been performed to obtain the

energy efficiency for commercialization via tech-

niques for system design and orientation of materials,

deterioration control, cell inosculation, and module

processing.

The area of energy storage has significantly

advanced by utilizing novel nanoscale materials and

engineering for high energy efficiency. The U.S. is

focusing on obtaining original technologies such as

nanoscale design by computational methods and new

types of electrodes, while Japan is intensively devel-

oping the process engineering for coating and surface

modification. These technologies are further investi-

gated for the energy storage systems with high speed

charging and stability.

BASF in Germany and Engelhard in the U.S. have

intensively investigated nano-sized pore catalysts for

environmental technologies, and M. Haruta (Okumura

et al. 2002) in Japan and D.W. Goodman (Choudhary

and Goodman, 2005) in the U.S. lead the research on

nano dispersed catalysts. The carrier, which harvests

and purifies the resources from the contaminated

environment, is also being developed, and the mem-

brane coated by the nano-sized pore materials will

enable resource separation with high efficiency.

Future directions

The global regulations of CO2 demands the develop-

ment and application of nanotechnology in the area of

energy and sustainability technologies including energy

production/conversion/storage with high efficiency,

zero emission energy systems, and environmental

devices, which detect, improve, and purify the contam-

inated resources. Also, the nanotechnological innova-

tions converge to the existing technologies, where the

development has been stunted due to insufficient

performance. Nanotechnology convergence in the

energy and sustainability will enable scientists to

resolve the concerns of energy shortages and environ-

mental issues via systems with zero emission and

purification as well as high performance energy

production and storage systems (e.g., high performance

solar cell, fuel cell, and secondary battery).

Societal demand on the energy and environment

The global concern on energy comes from the shortage

of the fossil energy resources, which is also the cause

of pollution when the resources are combusted for

energy. Therefore, the paradigm for the future energy

system is focusing on developing clean energy

systems such as fuel cells in motor vehicles and

portable electronic devices, as well as the OSC and

DSSC, so that the load on the nation wide power grid

is reduced. Table 5 shows the societal demand on

nanotechnology predicted for the next decade. The

novel nano energy storage systems can also reduce the

energy loss since society adopts ubiquitous frame-

works, which demand small yet reliable power

sources. In addition, the nanotechnology convergence

systems (e.g., the power generator combining solar

and thermoelectric powers) will maximize the effi-

ciency of the energy conversion providing societal

benefits in the aspects of energy cost as well as

environment. Nanomaterials for the catalysts and

membrane will be utilized for purification (e.g.,

micro/ultrafiltration, reverse osmosis, nano adsorbent)

(Matsumoto et al. 2004; Zaidi et al. 1992; Vrijenhoek

et al. 2001), and simultaneously for energy resource

production (e.g., hydrogen separation for the fuel cell)
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(Sircar and Golden, 2000). Nano sensors will be

invented for the inspection of the environment for the

post-production stage.

Strategy for the nanotechnology for sustainability

in Korea

The Korean government is striving to keep pace with

the rapid changes in the nanotechnology area by

establishing the long-term strategy for nanotechnol-

ogy integration with the information, energy, and

environmental sectors. Major research subjects on

nanotechnology convergence selected by this strategy

will expedite the commercialization of evolutionary

technologies for energy and the environment, thereby

increasing the market share of sustainable energy area

to 15 % (Fig. 4) (Korea Institute of Science and

Technology, 2011; Rockstrom et al. 2009). This

national plan results in breakthroughs in energy

production/conversion/storage promising high effi-

ciency as well as water management. For instance,

thermoelectric generation and energy harvesting in the

submicron scale are being intensively investigated

along with molecular recognition, which enables

detection of the contaminant materials after

production. Table 6 shows selected research subjects

based on the current societal demand. The major

technologies in energy/environmental areas are

selected and evaluated to understand the current status

of the subjects and find the direction for high

efficiency energy systems with no environmental

impact. Solar cells and secondary batteries are being

evaluated as the stable stage in research bringing the

impact on the industry to the near future, while the fuel

cell system is still being developed, possibly contrib-

uting enormously to the energy production. Nano-

structured solar cell systems are currently investigated

through multiple exciton generation (MEG), organic/

inorganic materials, and biomimetrics. Due to the high

cost of fuel cell materials, alternative nano catalysts

for platinum and new types of fuel cell systems are

being developed. The applications of nanostructured

membrane for purification, thermo-electric, and piezo-

electric materials are identified motivating the funda-

mental research and application-driven development.

This area emphasizes the research on nanostructured

porous materials, which control the molecular scale

separation and adsorption by modifying the membrane

architecture. Figure 5 shows the plan for the selected

research areas during the next decade.

Table 5 The societal demand on nanotechnology

Area Products Market breadth Market Share

in 2020 (%)
2010

(millon $)

2020

(millon $)

Energy production/conversion Fuel cell 6 37 30

Photosynthesis 0 30 70

OSC/DSSC 700 2,000 20

Energy storage Secondary battery 23 170 60

Super capacitor 5 270 70

Energy system with the

convergence technology

Thermoelectric power (vehicle) 5 100 70

Thermoelectric power (portable) 0 30 70

Small scale energy harvesting 140 760 50

Environment purification Air purification catalyst 30 55 80

Nano adsorbent 24 44 80

Catalysts for the power plant and motor vehicle 95 352 90

Polymer/ceramic nano membrane 36 142 80

Resource recycling Microfiltration 43 11 50

Ultrafiltration 27 71 70

Reverse osmosis membrane 31 80 80

Nanosensor for the environment Portable sensor 2 40 45

Ubiquitous sensor network (USN) system 10 40 30
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Conclusions

From July 2001, as the Korean government established

the strategy for nanotechnology, NDP and seven

Korean governmental ministries including the MEST

have invested about $ 1.9 billion in this program during

the last decade. As a result, Korea is considered one of

the top four countries in the area of nanotechnology

with significant research outcomes. The Korean gov-

ernment found that the past investment on nanotech-

nology during the First and Second NDPs successfully

led to research projects and the establishment of the

infrastructure, which impacted the industrial and

educational improvement of nanotechnology. Cur-

rently, the government has extended the program to

‘‘Third Phase (2011–2020)’’ to achieve the original

technologies, which have enormous impacts on the

industry and economy, and lead the growth with clean

nanotechnology convergence information technology

(IT), energy technology (ET), and biotechnology (BT),

which produce the new paradigm in the industry.

Furthermore, the program contributes by resolving the

shortage in resources secured by nanomaterial-based

systems for energy production/conversion/storage, and

the use of nanoscale devices will enable medical

treatment. For the energy and environmental areas, the

evolutionary benefits from the nanotechnology such

as high efficiency and low production cost will solve

the issues of the societal and industrial demand (e.g.,

water management via nanostructured membrane) by

focusing on the application-driven development. The

Korean government is attempting to shift the invest-

ment from fundamental R&D to commercialization by

reinforcing the collaboration between industries and

academia. The Government encourages supporting the

technology transfer from academia to industry as well

as the foundation of small businesses directly operated

by the universities, similar to programs such as SBIR/

STTR in the U.S. The R&D on identifying and

controlling the toxicity of nanomaterials is to be

focused first, which is a globally discussed critical

problem for commercialization. For these purposes,

the government should provide the next generation

nanotechnology policy, which encourages balanced

investments from the Korean governmental ministries

with active collaboration.

Fig. 4 Strategies for

nanotechnology

convergence in energy and

environmental areas in

Korea (Alvarez and

Cervantes 2011)
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