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Preface

In this book, authors have discussed their experiences and how they changed our
thoughts in understanding the fundamentals of adsorption-based rapid refrigeration
and water purification systems. You will find experimental and theoretical knowl-
edge that we hope will help you to overcome the research problems. Adsorbents have
secured a special place in rapid refrigeration and pose huge advantages for ultra-grade
water purification. Besides bulk adsorbents, various nanoadsorbent materials are of
interest due to their nano-confinement effects, resulting in superior surface area, high
reactivity, and other leapfrogging properties to build complex nanostructures. This
book contains nine chapters in which Chap. 1 introduces the essential background
of the book and covers a nutshell of all the chapters. Chapter 2 shows the synthesis
technique to prepare silica gel-based high-quality consolidated adsorbents. Chapter 3
highlights new functional adsorbents and investigates their interactions with water
under the adsorption desalination cycle’s operating parameters. Chapter 4 represents
the significance of specific heat capacity, detailed experimental procedure, and the
parent materials at the operating temperature range of adsorption heat pump and
adsorption desalination cycles. Chapter 5 focuses on atomic force microscopy, a
recent characterization technique that uses nanoprobes to extract three-dimensional
images of surfaces. The authors discuss two new adsorption methods in Chap. 6
to increase water harvesting from the atmosphere and heat and moisture recovery
in ventilation systems. Chapter 7 presents thermochemical methods for powder-
activated carbon preparation from abundant and cheap biomasses. Some crucial
nanocarbon-based adsorbent materials for water purification are well corroborated
in Chap. 8. Chapter 9 explores the potential applications of various nanoparticles-
based adsorbentswith special reference to nano zero-valent iron, iron oxide, titanium,
alumina, and silica in the field of adsorptive removal of inorganic and organic pollu-
tants from water. These nano adsorbents show good adsorption capacity, reaction
rate, and competence for diverse pollutants removal.

Most of these book chapters are contributed by a collection of authors from
different research groups worldwide including the USA, Japan, Bangladesh, Singa-
pore, Republic of Korea, Russia, Malaysia, Australia, and India; mainly focused on
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vi Preface

the uses of nanomaterial for adsorptive refrigeration and water treatment applica-
tions. It ensures a broad view of each topic, rather than reflecting the work of specific
research groups. We are thankful to the authors who produced these preceding excel-
lent chapters that will greatly benefit the potential readers interested in different
adsorbents for rapid cooling/refrigeration and water purification applications.

New York, USA
Fukuoka, Japan

Rasel Das
Bidyut Baran Saha
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Chapter 1
Introduction

Rasel Das and Bidyut Baran Saha

Abstract This chapter defines common terms and discusses some fundamental
concepts for adsorption-based refrigeration and water pollutants removal systems. It
also summarizes important topics of every chapter that has beenpublished in this book
entitled, ‘Rapid Refrigeration and Water Protection—Next Generation Adsorbents.’

Keywords Adsorbent · Refrigeration ·Water pollution

1.1 Background

The adsorbent is a mass-separating agent because of its capability to separate solutes
present in the vapor and liquid phases or both phases to the solid matrices. This
process can be expedited by choosing an appropriate adsorbent with desired physic-
ochemical properties. For example, activated carbon, zeolite, silica gel, activated
alumina, and other materials have been extensively used commercially for cooling
[1], refrigeration [2], heat pump [3], desalination [4, 5], separation, and purification
[6]. Adsorbents can be implemented in different columns or fixed-bed on continuous
and/or discontinuous processes. Since the solutes have sufficient contact timewith the
sorbent in the discontinuous process, the adsorption is more favorable as compared
with a discontinuous method. However, this is not true for all cases, especially in a
situationwhere an adsorbentwith a high-affinity binder is used for solutes adsorption.
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2 R. Das and B. B. Saha

The research and development of adsorption refrigeration system should be on mate-
rial science and heat transfer enhancement techniques. For the former, synthesis of
adsorbent materials having (i) adsorption of a large amount of adsorbate under low-
temperature conditions typically below 100 °C, (ii) high packing density, (iii) high
thermal conductivity, (iv) non-corrosive and non-toxic, and (v) low cost and widely
available. Also, the adsorbent and adsorbate pairs should have broad uptake and
offtake changes with a slight change of temperature. The reversibility of the process
for many thousand cycles is also desired. The research efforts to find an alternative
system for refrigeration application have been intensified worldwide since the impo-
sition of international restrictions on production and use of refrigerants accountable
for environmental degradation. Recently, the demand for adsorption refrigeration
systems has also increased due to safeguarding the adverse environmental effects,
resulting in additional consumption of electrical energy and ecological problems.
The use of an adsorption system is considering as one of the promising alternatives.
The adsorbent material’s low heat and mass transfer coefficient is the main bottle-
neck of the adsorption refrigeration system, resulting in a large footprint and poor
performance. The appropriate choice of adsorbent and design of adsorber/desorber
beds with enhanced heat and mass transfer is essential to overcome this limita-
tion. Figure 1.1 shows a schematic diagram of an anticipated adsorber/desorber heat
exchanger with an enhanced heat transfer mechanism as listed below:

a. Adsorbent should have a high thermal conductivity
b. Reduced thermal contact resistance between adsorbent material and heat

exchanger tube
c. Good contact between heat exchanger tube and fin

Heat transfer fluid

SEM image of mesoporous
silica gel

Desired properties of an adsorbent

• High surface area
• Large pore volume
• High adsorption capacity
• Reduced specific heat capacity
• High packing density
• Good heat and mass transfer

Fig. 1.1 Schematic of anticipated adsorber/desorber bed for refrigeration applications
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d. Reduced thermal contact resistance between adsorbent material and fin
e. Optimized number of fin pieces
f. Optimized fin height.

Besides securing these properties, special emphasis should be given to developing
efficient, low-cost, thermally powered systems that will allow small (several watts)
to largescale (a few 100 kW) capacity refrigeration systems.

For water purification, the adsorption process is typically better than the other
methods such as filtration, catalysis, separations, and so on due to their highly porous
networks, which typically ensure high removal efficiency. Different materials have
different adsorption sites, and for example, carbon nanotube bundles typically have
four types of adsorption sites, as shown in Fig. 1.2. Overall, there are four ways
through which most of the nanoparticles adsorb pollutants that entail (a) water pollu-
tants transport from the bulk solution to the external adsorbent surface, (b) film
diffusion of the pollutant ions through the boundary around the surface, (c) migra-
tion of pollutants within the sorbent internal pores or intraparticle diffusion and (d)
chemical interaction between pollutant ions and active sites of the sorbent.

Solutes can be adsorbed by either physisorption and/or chemisorption processes.
The former one exists where intact electronic orbital remained, whereas the latter
process occurs through electron transfer between the adsorbate and adsorbent, as
shown in Fig. 1.3. Generally, physisorption is less selective and stable as compared
with chemisorption. Equilibrium would be reached after adsorbing/absorbing suffi-
cient amounts of pollutants or refrigerants. Adsorption isotherms commonly express
this. Studying isotherms and reaction kinetics is especially important for an adsor-
bent’s industrial application, from where one can measure the maximum adsorption
capacity of a tested adsorbent. Different mathematical models, such as Langmuir,
Freundlich, Halsey, Henderson, Smith, Elovich, Lagergren, and so on, can express
these reaction behaviors [5].

Fig. 1.2 Schematic
illustration of four possible
adsorption sites of carbon
nanotubes
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Fig. 1.3 Common
adsorption forces that
participate in
adsorbent-adsorbate
interactions

1.2 Conclusions

Various adsorbent materials are used for adsorption-based refrigeration as well as
water purification. Studies are there to increase refrigeration and/or cooling perfor-
mances of adsorbent materials, such as the requirement of low specific power, low
mass transfer, and heat. Alternatively, pore size tuning, high surface area, and greater
chemical reactivity are needed to ensure using various novel materials for water
pollutants adsorption. In this book, authors from cross-disciplinary research fields
are nicely evaluated and highlighted the properties of different adsorbent materials
with a special focus on refrigeration and water purification processes.

Chapter 2 presents the synthesis technique to prepare silica gel-based high-quality
consolidated adsorbents. This chapter provides a detailed comparison of numerous
thermophysical parameters of parent silica gel and silica gel-based composite adsor-
bents. Finally, modeling studies are used to examine and optimize the performance of
the adsorption cooling system. The aim of Chap. 3 is to create new functional adsor-
bents and investigate their interactions with water under the adsorption desalination
cycle’s operating parameters. The authors give a basic grasp of metal–organic frame-
works (MOFs) synthesization and functionalization in this chapter. The hydrothermal
reaction process is used to make a variety of MOFs. The porosities, thermal proper-
ties of original and modified MOFs/zeolite-MOF composite are characterized by X-
ray diffraction, thermo-gravimetric analysis, scanning electron microscopy, and N2

adsorption. Water uptake/offtake in an adsorption desalination system has also been
studied under equilibrium and dynamic conditions. The following Chap. 4 presents
the significance of specific heat capacity, detailed experimental procedure, and the cp
of composites and the parent materials at the operating temperature range of adsorp-
tion heat pump (AHP) and adsorption desalination (AD) cycles. All of the experi-
mentallymeasured data is thoroughly examined and correlatedwith the cp equations.
The fitted parameters and the supplied experimental cp data are critical in designing
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AHP and AD cycles. Chapter 5 focuses on Atomic Force Microscopy (AFM), a
recent characterization technique that uses nanoprobes to extract three-dimensional
(3-D) images of surfaces. These three-dimensional images include both qualitative
and quantitative data. The authors provided a concise overview of image extraction
strategies for various porous materials, including silica gel, activated carbon, along
with quantitative analysis of the obtained images. The authors discuss two new
adsorption methods in Chap. 6 to increase water harvesting from the atmosphere
and heat and moisture recovery in ventilation systems. Both systems are open-type,
and they may be analyzed as a whole by looking at a thermodynamic cycle of the
process to account for different climatic circumstances. The authors proposed a nano-
tailoring strategy for selecting or synthesizing improved adsorbents for atmospheric
water harvesting and heat and moisture recovery in the ventilation systems.

Chapter 7 shows thermochemical methods for powder-activated carbon prepara-
tion from abundant and cheap biomasses. At the beginning of the chapter, the authors
nicely illustrated different routes for thermochemical processing of lignocellulosic
waste. Then, some of the simple pyrolysis reactors and the obtained products are
highlighted. As a byproduct, some of the value-added products (bio-gases and bio-
fuels) could be generated during pyrolysis, which is also shown in the chapter. The
authors nicely tabulated most carbon activation processes such as physical activa-
tion, chemical activation, and physiochemical activation. They discuss some factors,
gas flow rate and temperature, which directly affect activated carbon production. At
the end of the chapter, the removal of both metallic and non-metallic water pollu-
tants using this prepared activated carbon is demonstrated. Chapter 8 highlights
some crucial nanocarbon-based adsorbent materials for water purification. At the
beginning of their chapter, they discuss the fundamental of adsorption isotherms,
which are essential to understand the adsorption phenomena at the atomic level. The
highlighted carbon nanostructures are carbon nanotube, carbon nanofiber, graphene-
family member, etc. They also tabulated many reinforcing materials such as poly-
mers, nanoparticles (e.g., SiO2, Fe3O4, MnO2, etc.), 2D nanosheets like MOS2, and
othermaterials,which directly help to accelerate the rate of pollutants adsorption. The
preparation methods of these nanocomposites are also well corroborated. Chapter 9
explores the potential applications of various nanoparticles-based adsorbents with
special reference to nano zero-valent iron (NZVI), iron oxide, titanium, alumina,
and silica in the field of adsorptive removal of inorganic and organic pollutants
from water. These nano adsorbents show good adsorption capacity, reaction rate,
and competence for diverse pollutants removal. The recyclability and reusability of
some adsorbents are discussed. This chapter gives an overview of the progress and
application of bare and functionalized metal and metal oxide nanoparticles for this
purpose.Moreover, themechanismof heavymetal ions, dyes, and organic chlorinated
compounds removal by nanoparticles has also been discussed. The present chapter
offers advanced information about the imperative characteristics of some metal and
metal oxide-based nanoparticles and demonstrates their advantages as adsorbents in
water remediation.
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Chapter 2
Towards the Development of Compact
and High Efficiency Adsorption Heat
Pumps

Md. Amirul Islam, Mahbubul Muttakin, Kaiser Ahmed Rocky,
and Bidyut Baran Saha

Abstract A set of thermal compressors (often referred to as adsorption beds) is
employed in an adsorption heat pump (AHP) system to achieve the desired cooling,
whereas electricity-driven compressors are used in a conventional vapor compres-
sion refrigeration system (VCRS). Although an AHP is much more environmentally
friendly than VCRS, its massive size is one of the major hindrances towards its
commercial application. The primary reason for this bulkiness is the huge amount
of adsorbents that are being used in the adsorption beds. A remedy to this major
flaw can be the use of composite adsorbents instead of loosely packed powders.
Another colossal issue is the poor efficiency of this system which can be partially
resolved by (i) proper selection of adsorbent, adsorbate, binder, thermal conduc-
tivity enhancer and optimizing their composition; (ii) applying optimum pressure in
the consolidation process; (iii) determining the thermophysical properties of adsor-
bents to select the most suitable one, and (iv) ensuring efficient operation of the
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system by optimizing the duration of different recovery schemes. In this chapter, the
synthesis technique to prepare silica gel-based high-quality consolidated adsorbents
is demonstrated, a comparison of several thermophysical properties of the parent and
composite adsorbents is presented, and finally, the system operation is investigated
and optimized through simulation studies.

Keywords Adsorption · Consolidated adsorbent · Heat pump · MATLAB
Simulation · Thermophysical properties

2.1 Introduction

Nowadays, heating, ventilation, air-conditioning, and refrigeration (HVAC&R)
systems have become an integrated part of our daily life. The temperature must
be maintained within a certain range for specific applications [1]. For example, fresh
vegetables can be preserved between –5 and15 °C, for freshfish andmeat, the temper-
ature range is between –5 and 0 °C, long time preservation temperature for certain
products including fish/meat is –30 to –20 °C [2, 3], the data centers require less
than 20 °C to prevent damage of the servers and equipment [4]. An air-conditioning
unit is usually operated between 20 and 25 °C to attain thermal comfort; indus-
tries, and chemical factories require a certain level of cooling/heating to manufac-
ture their products; power generation plants especially nuclear reactors require huge
heat removal for smooth operation; automobiles interior is cooled/heated by burning
the fuel. Conventional cooling systems suffer from various issues such as fossil
fuel-based energy consumption, which is indirectly responsible for global warming.
Besides, high-GWP (high global warming potential) refrigerants used in the system
directly contribute to global warming due to leakage or during the disposal of the
system after its lifetime [5]. Researchers are earnestly trying to replace conventional
cooling systems with alternative technologies such as an adsorption cooling system
(ACS). These ACSs are far better than the traditional coolers in terms of electricity
consumption (<90%), environmentally benign refrigerant usage, low-temperature
waste heat utilization, longer lifetime (~3 times), lower maintenance requirement
and so on. However, these systems also have some major drawbacks, such as, bulk-
iness, being expensive, having a low thermal coefficient of performance (COP), and
having insufficient data about the working pairs [6]. Numerous researchers inves-
tigated the feasibility of building a compact system by consolidating the adsor-
bent by compressing and adding binders. In order to enhance the performance of
the ACS, thermally conductive materials are also added. Bauer et al. [7] prepared
zeolite/aluminum composites. They found that alteration of the structure by using
hydrophilic materials can reduce the mass of adsorbent by a factor of 4. Besides,
kinetics, specific cooling power (SCP), COP, and thermal behavior also improve. El-
Sharkawy et al. [8] studied activated carbon-based composites by mixing Maxsorb
III with expanded graphite of type EC500 as thermal conductivity enhancer and
polyvinyl alcohol (PVA) as a binder at various compositions. According to their
results, the packing density of the composite adsorbent (50%Maxsorb III, 40% EG,
10%PVA) is 11 times higher than the powder adsorbent, and the thermal conductivity
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is 8 times. Pal et al. [9, 10] investigated various composites made with the adsorbent
Maxsorb III, binder PVA, and thermal conductivity enhancer expanded graphite and
graphene nanoplatelets. They found up to 23.5 times thermal conductivity improve-
ment along with 23% volumetric uptake capacity increase. Younes et al. [11] synthe-
sized silica gel-based consolidated composite with four types of binder hydroxyethyl
cellulose (HEC), PVA, polyvinylpyrrolidone (PVP), and gelatin at various compo-
sitions. Their results show up to 32% thermal conductivity enhancement. Since the
amount of binder is small, there was no compromise on net uptake. Despite that,
there was 12.5% volumetric uptake improvement than the parent silica gel powder.

Thermophysical and adsorption characteristics changes due to the consolidation.
Researchers have reported many important properties of consolidated adsorbents
such as specific heat capacity, thermal conductivity, thermal diffusivity, packing
density, net adsorption uptake, volumetric adsorption uptake, adsorption kinetics, and
so on [11–19]. It is infeasible to build adsorption cooling systems by employing all
these parent and composite adsorbents to determine the actual system performances.
Therefore, computer programs are designed to simulate the operation of an actual
adsorption cooling system. Cho and Kim [20] modeled the operation of a two bed
silica gel–water adsorption chiller. But their model did not include the heat and mass
recovery processes. However, these processes were included in several other models
[21, 22], and the performance of the chiller was also investigated in those models.
One of the major objectives of this chapter is to utilize a similar model in order
to investigate the performance of an adsorption-based cooling system that uses (i)
silica gel powder and (ii) silica gel powder +2 wt% PVP (composite) as adsorbent
materials. Such an investigation indicates whether or not the use of this composite
material as an adsorbent of such a cooling system is justified.

2.2 Methodology to Develop Composite Adsorbents

Adsorbent materials are considered as the core element of an adsorption heat pump.
The widely used adsorbents, namely silica gel (SG), zeolite, activated carbon (AC),
and metal–organic framework (MOF), all have a high surface area and pore volume
that result in high adsorption capacity of refrigerants. However, these materials are
commonly used in powdered form and possess low packing density and heat transfer
coefficient, which in turn cause the system to be bulky and poor heat transfer in
adsorption bed. Consolidation of the adsorbents may improve the packing density
as well thermal conductivity because through the process of consolidation, the parti-
cles of the adsorbents are brought closer to each other, and the thermal resistance,
thus, gets reduced. Nevertheless, most of the adsorbents are dispersive in nature and
cannot be consolidated by applying only pressure. In effect, nowadays, researchers
are focusing on the development of consolidated composite adsorbents. Here, the
binder material is mixed with adsorbent material to make it solid form, which will
result in improved packing density and heat transfer. Besides, thermally conductive
materials are also added with adsorbent and binder to enhance the packing density
and thermal conductivity significantly. However, binders and thermal conductivity
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enhancers (TCE) have almost no adsorption capacity. One strong positive point is
that consolidated composite adsorbent contributes to the improvement of volumetric
adsorption capacity, which would result in developing a compact system. Thus,
the selection of suitable binders and TCE will play a vital role in the synthesis
of composite adsorbents. PVA, PVP, HEC, polytetrafluoroethylene (PTFE), gelatin,
polymerized ionic liquid (PIL), etc., are the widely used binders. On the other hand,
expanded graphite (EG), graphene nanoplatelets (GNPs), carbon nanotube (CNT),
zinc oxide, boron nitride, etc., are considered as promising TCEs.

Sharkawy et al. [8] and Pal et al. [9] developed consolidated composite adsor-
bents employing AC of type Maxsorb III as a parent adsorbent, EG of type EC-
500 as a TCE and PVA as a binder for ethanol and CO2 adsorption, respectively.
They showed that their developed composite have 2.2 and 11 times higher packing
density and thermal conductivity, respectively than that of parentMaxsorb III. Zheng
et al. [23] synthesized a highly conductive compact composite by combining SG
with sulfuric acid-treated EG and showed that the consolidated composite exhibits
270 times higher thermal conductivity than that of parent SG. Pal et al. [10, 24]
also developed AC–GNPs–PVA based composites for ethanol and CO2 adsorption.
Here, the authors reported that their fabricated composite possesses 3.2 times higher
packing density and 23.5 times higher thermal conductivity than that of parent AC.
Besides, the composite exhibits 23% enhancement of effective volumetric adsorption
uptake of ethanol. Sharafian et al. [12] synthesized SG–PVP composite for adsorp-
tion cooling system applications, which results in 78.6% higher thermal conductivity
than that of dry SG. Besides, several researchers developed composite adsorbents
employing PTFE [25], HEC [26], PIL [13, 27] as a binder to improve packing density,
thermal conductivity, and volumetric adsorption capacity. Moreover, Younes et al.
[11] performed a comparative study among the SG-based composites developed
using four types of binders, namely HEC, PVA, PVP, and gelatin. Here, the authors
showed that SG–PVPcomposite exhibits 32%higher thermal conductivity and12.5%
higher volumetric adsorption uptake than that of parent SG.

Some of the thermophysical properties of promising binders and TCEs are
summarized in Table 2.1.

Synthesis of consolidated composite adsorbents draws special attention for devel-
oping a compact and efficient AHP. There are two processes to synthesize composite
adsorbents—(i) chemical process, (ii) physical mixing process.

In the chemical process, a chemical reaction occurs at any of the steps of the
synthesis. Several researchers synthesized composite adsorbents by a chemical
process. Zheng et al. [33] developed an activated carbon fiber composite by chem-
ically activating a phenolic precursor on a glass fiber substrate using ZnCl2 as the
catalyst. Sukhyy et al. [34] fabricated silica gel–sodium sulphate composites from
Na2SO4, tetraethoxysilane, hydrochloric acid, and ethanol employing the sol–gel
method. Palash et al. [35] synthesized MOF composite by doping metallic ions in
parentMOF.Besides, several notable researches regarding the synthesis of composite
adsorbents can be found elsewhere [36–39].

In the physical mixing process, after the suitable heat treatment of the constituent
elements of a composite, the elements are mixed physically in such a way that
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Table 2.1 Thermophysical properties of promising binders and thermal conductivity enhancers

Type Material Short name Surface
area (m2

g−1)

Total pore
volume
(cm3 g−1)

Specific heat
capacity* (kJ
kg−1 K−1)

Binder Hydroxyethyl cellulose HEC 117 [11] 0.104 [11] –

Polyvinyl alcohol PVA 125 [11] 0.104 [11] 1.428 [16]

Polyvinyl pyrrolidone PVP 148 [11] 0.125
[11]

1.220 [16]

Polytetrafluoroethylene PTFE 11.67 [28] – 0.926 [29]

Gelatin Gelatin 126 [11] 0.108 [11] 2.25 [30]

Poly
vinylbenzyltrimethyl
ammonium alanate

Poly[VBTMA]
[Ala]

– – 1.400

Poly
vinylbenzyltrimethyl
ammonium serinate

Poly[VBTMA]
[Ser]

– – 1.187

TCE Multiwalled carbon
nanotube

MWCNT 640 [31] 1.151 [31] 0.878

Graphene nanoplatelets H25-GNPs 44 [32] 0.065 [32] 0.698 [16]

C750-GNPs 777 [32] 1.097 [32] 0.860 [16]

Expanded graphite EC-100 – – 0.775 [16]

EC-500 99 [32] 0.002 [32] 0.757 [16]

EC-1500 – – 0.738 [17]

*At room temperature

the mixture will be uniform. Sometimes, researchers use the planetary ball milling
process to obtain the homogenous distribution of the elements in a composite. The
detailed synthesis procedure of composite adsorbents adopting a physical mixing
process can be found in the literature [8, 27, 40–43].

In this study, a silica gel-based consolidated composite adsorbent has been synthe-
sized employing physical mixing process. Here, the parent materials are RD type
silica gel and PVP procured from Fuji Silysia Chemical Ltd., Japan, and Sigma-
Aldrich Chemistry Co., USA, respectively. For developing a consolidated composite
adsorbent, initially, SG powder is dried at 100 °C in a vacuum oven for 4 h to remove
moisture. Meanwhile, a certain amount of PVP is added to water to make a viscous
solution. After that, the dried SG and the viscous solution are mixed properly to get a
homogeneous mixture. Hereafter, the mixture is placed in the compression chamber
of a pressing machine and compressed at 10 MPa. This step results in a consolidated
composite adsorbent. Finally, the consolidated composite is placed in a vacuum oven
at 100 °C for 6 h to eliminate water content. Figure 2.1 shows the steps involved
in the synthesis of SG-PVP composite. The dry mass of the composite is 0.30 g,
where SG holds 98wt% of the total mass and PVP possesses the remaining 2wt%.
The diameter of the pellet shape composite is 17 mm, and thickness is 1.45 mm.
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Fig. 2.1 Synthesis of silica gel and PVP-based consolidated composite adsorbent

2.3 Thermophysical Characterization

An ideal adsorbent has a high surface area, large pore volume, high thermal conduc-
tivity/diffusivity. When an adsorbent is consolidated, some properties change posi-
tively, and some of them are altered to the negative direction of the expectation. For
example, the surface area change after the consolidation is negligible. However, the
addition of binders affects the adsorption uptake. The uptake of per unit mass of the
adsorbent is lower after consolidation, since the contribution of binders in adsorption
is negligible. However, the volumetric uptake increases tremendously since a larger
amount of adsorbent can be accommodated in a smaller volume. Contrarily, the
thermal conductivity increases with the packing density due to the closeness of the
adsorbent particles. Since very high packing density causes the adsorption kinetics
to become slower, the degree of compactness should be optimized for better results.

2.3.1 Specific Heat Capacity

Calorimetric method is the most employed technique to measure the specific heat
capacity of any substance. Figure 2.2 shows the basic components of a heat flux
type differential scanning calorimetry (DSC) apparatus. The basic principle is that
the reference and sample are heated at a constant temperature increment rate. The
empty reference crucible requires less amount of heat to maintain the temperature
increment rate than the crucible with the sample. The power consumption of each
side is recorded. Therefore, the specific heat capacity of the target material can be
assessed from Eqs. (2.1) and (2.2) based on three measurements (baseline, standard
sample, and target sample) [44].

cp = Signal di f f erence (sample − baseline)

Sample mass × Heating rate × Sensi tivi t y
(2.1)
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Fig. 2.2 Illustration of working principle of the DSC apparatus [44]

where,

Sensi tivi t y = Signal di f f erence (standard − baseline)

Mass (standard) × Heating rate × theoretical Cp(standard)

(2.2)

2.3.2 Thermal Conductivity and Thermal Diffusivity

An advanced apparatus designed by NETZSCH is employed to measure the thermal
diffusivity of the solid samples. The apparatus is named laser flash analyzer (LFA),
and the schematic is shown in Fig. 2.3. The LFA technique is a fast, non-destructive,
and non-contact method to determine thermal diffusivity. A short energy light pulse
is applied on the front surface (surface and pulse are perpendiculars) of the sample
(Fig. 2.4). The resulting temperature emission from the rear face is measured with an
infrared (IR) detector. Thermal conductivity can be determined from the Eq. (2.3).

λ(T ) = a(T ) × Cp(T ) × ρ (2.3)

Here,

λ Thermal conductivity [W m–1 K–1].
a Thermal diffusivity [m2 s–1].
Cp Specific heat capacity [J kg–1 K–1].
ρ Packing density [kg m–3].
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Fig. 2.3 Laser flash
analyzer (NETZSCH LFA
457) apparatus for thermal
diffusivity measurement [45]

2.3.3 Porous Properties Measurement

Surface area, pore volume, and pore width are the most significant properties of
an adsorbent. These properties are determined by the volumetric method with N2

gas adsorption at 77 K temperature (boiling point Nitrogen). The internal schematic
of the porous properties’ measurement apparatus is shown in Fig. 2.5. The basic
principle is that the vapor adsorbate is brought into contact with the solid adsorbent.
Hence, the adsorbent pores soak a part of the adsorbate, and the rest remains attached
to the outer surface of the adsorbent. It is assumed that physisorption occurs between
the adsorbate and adsorbent where a weak Van der Waals attraction force exists.

2.3.3.1 BET Surface Area

Brunauer, Emmett and Teller (BET) is the most common method used to describe
the specific surface area. The equation can be written as follows:
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Fig. 2.4 Laser flash technique to measure thermal diffusivity

Fig. 2.5 Schematic of porous properties measurement apparatus (Micromeritics 3FLEX) [46]

1

W
(( P0

P

) − 1
) = 1

WmC
+ C − 1

WmC

(
P

P0

)
(2.4)

where,

W weight of adsorbed gas.
P/P0 relative pressure.
Wm adsorbate weight as monolayer.
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C BET constant.

TheBETEq. (2.4) requires a linear plot of 1

W
((

P0
P

)
−1

) versus P
P0
where the slope (s),

intercept (i), with y-axis and weight of monolayer (Wm) can be written as Eqs. (2.5),
(2.6), and (2.7), respectively.

s = C − 1

WmC
(2.5)

i = 1

WmC
(2.6)

Wm = 1

s + i
(2.7)

Total surface area (St) can then be derived from Eq. (2.8),

St = Wm N Acs

M
(2.8)

where,

N Avogadro’s number (6.023 × 1023).
M Molecular weight of adsorbate.
Acs Cross sectional area of adsorbate (16.2 Å2 for Nitrogen).

Specific surface area is then determined by dividing the total surface area by
sample weight:

S = St
w

(2.9)

2.3.3.2 Pore Volume

Total pore volume can be estimated from the amount of vapor adsorbed at a rela-
tive temperature close to unity (assuming pores are filled with liquid adsorbate). A
mathematical expression can be written as Eq. (2.10),

Vliq = Pa Vads Vm

R T
(2.10)

where,
Vads volume of adsorbed gas.
Vliq volume of liquid N2 in pores.
Vm molar volume liquid adsorbate.
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Pa ambient pressure.
T ambient temperature.
R universal gas constant.

2.3.3.3 Pore Radius

The average pore size can be estimated from the pore volume by Eq. (2.11). In this
case, the pore geometry is considered as cylindrical (type A hysteresis).

rp = 2Vliq

S
(2.11)

2.3.4 Summarization of Thermophysical Properties

Table 2.2 shows the variation of the thermophysical properties of some silica gel-
based composite samples [11]. Their results clearly indicate that the change of
surface area and total pore volume is not so significant; still, the increment in thermal
conductivity and thermal diffusivity are substantial.

2.4 Computer Simulations

The consolidation of SGP with 2 wt% PVP certainly improves its volumetric uptake
capacity. However, on the other hand, it loses its equilibrium uptake capacity as
PVP does not contribute to the adsorption process. The rate of adsorption, i.e., the
kinetics, also deteriorates with the consolidation. Hence, the combined effects of all
these parameters need to be investigated, and this is accomplished through simulation
studies. A MATLAB model that simulates the operation of an adsorption chiller,
employing mass and heat recovery schemes, is utilized to serve this purpose.

A typical adsorption chiller contains two beds filled with an adsorbent material.
Each bed goes through (i) adsorption/desorption, (ii) mass recovery, and (iii) heat
recovery processes. The operation cycle timemaybe defined as the total time required
by all these processes. A detailed description of all these processes, including their
model equations, can be found in literature [21]. In the present investigation, the same
mathematicalmodel is used to compare the performance of two types of adsorbents—
(i) SGP and (ii) SGP with 2% PVP. In the previous study [21], granular particles of
silica gel were used as the adsorbent material. It is further assumed in this study that
the adsorber beds are of the same type as described in the previous investigation.
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Table 2.2 Thermophysical properties of the consolidated samples [11]

Composition
(wt%)

Packing
density
(kg m–3)

Total surface
area
(m2 g–1)

Total pore
volume
(cm3 g–1)

Thermal
conductivity
(W m–1 K–1)

Thermal
diffusivity
(m2 s–1)

Parent silica gel
powder 100%

810 601 ± 15 0.284 0.119 1.60 × 10–7

SGP 98%, PVA
2%

~900 576 ± 13 0.272 0.145 1.74 × 10–7

SGP 95%, PVA
5%

~900 548 ± 12 0.253 – –

SGP 90%, PVA
10%

~900 493 ± 15 0.234 – –

SGP 98%, PVP
2%

~900 572 ± 12 0.274 0.158 1.88 × 10–7

SGP 95%, PVP
5%

~900 558 ± 12 0.262 – –

SGP 93%, PVP
7%

~900 550 ± 11 0.257 – –

SGP 90%, PVP
10%

~900 520 ± 12 0.252 – –

SGP 98%, HEC
2%

834 570 ± 15 0.265 – –

SGP 98%, HEC
2%

911 562 ± 15 0.266 0.157 1.88 × 10–7

SGP 98%, HEC
2%

949 564 ± 14 0.268 – –

SGP 98%, HEC
2%

975 568 ± 13 0.268 – –

SGP 95%, HEC
5%

~900 557 ± 12 0.257 – –

SGP 98%,
Gelatin 2%

~900 553 ± 13 0.254 0.157 1.88 × 10–7

SGP 95%,
Gelatin 5%

~900 486 ± 14 0.230 – –

SGP—Silica gel powder; PVA—Polyvinyl alcohol; HEC—Hydroxyethyl cellulose; PVP—
Polyvinyl pyrrolidone

2.4.1 Isotherm Model

The maximum amount of adsorbate (water in the present investigation) that the unit
mass of adsorbent can adsorb at a specified temperature is termed as equilibrium
uptake. Several researchers presented different models, such as Dubinin-Astakhov
(D-A) model, Dubinin-Raduskevich (D-R) model, Tóth model, Freundlich model,
Saha, Boelman andKashiwagi (S-B-K)model, etc., tomathematically determine this
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equilibrium uptake values [6]. These models are known as isotherm models. In this
investigation, Tóth model [47] is used to determine the vapor adsorption capacity of
the two adsorbents at a particular temperature. The model equation is given below,

w∗ = ws
bP

[1 + (bP)t ]
1
t

(2.12)

where w* and ws are the equilibrium uptake and saturation adsorption capacity,
respectively; P is the equilibrium pressure; b and t are the adjustable parameters.
The constant b can be determined by the following equation,

b = k0 exp

(
Qst

RT

)
(2.13)

where k0 is the pre-exponential constant, Qst is the isosteric heat of adsorption, R is
the gas constant, and T denotes the adsorption temperature.

Younes et al. [11] experimentally investigated the adsorption of water vapor by
both SGP and SGP+ 2wt%PVP adsorbents. They fitted their experimental data with
the Tóth model and determined the values of the constants of Eqs. (2.12) and (2.13).
In our simulation studies, Tóth model is used to determine the equilibrium uptake
capacity of both the adsorbents, and the values of the equation parameters (from
literature [11]) are presented in Table 2.3.

2.4.2 Kinetics Model

It represents the rate of adsorption, which is also important as it determines the cycle
time of the system. The commonly used kinetics models used by the scientists are the
Langmuir model, linear driving force (LDF) model, Fickian diffusion (FD) model,
semi-infinite model and so on [6]. In this investigation, LDF model is utilized to
determine the rate of adsorption ofwater vapor by the adsorbents. Themodel assumes
that the rate of adsorption at any point of time is proportional to the difference between
the equilibrium uptake capacity and the uptake at that point of time. Mathematically
it can be presented by,

Table 2.3 Tóth equation parameters for adsorption of water vapor by SGP and SGP + 2wt% PVP

Adsorbent k0 (kg kPa–1) Qst (kJ kg–1) ws (kg kg–1) t (–)

SGP 1.1739 × 10–9 2592 0.3 4.15

SGP + 2wt% PVP 1.2975 × 10–9 2580 0.3 4.35
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dw

dt
= k1[w ∗ −w(t)] (2.14)

where k1 is the overall mass transfer coefficient. In the current study, both SGP
and SGP + 2wt%PVP adsorbents are assumed to possess spherical shaped parti-
cles. Hence the value of k1 can be determined by [48–50], k1 = 15Ds

R2
p
, where Ds

is the diffusion time constant and Rp represents the particle radius. Ds depends on
temperature, T, by the following relation,

Ds = Dso exp

(−Ea

RT

)
(2.15)

where Ea represents the activation energy. Hence, the final form of Eq. (2.14) can be
written as,

dw

dt
= 15Dso

R2
p

{
exp

(−Ea

RT

)}
(w ∗ −w) (2.16)

Younus et al. [11] determined the values of kinetics parameters for both SGP –
water and SGP + 2wt% PVP—water pairs, and they are presented in Table 2.4.

As can be seen inEq. (2.16), the adsorption rate is directly proportional to the value
of Dso/Rp

2. Furthermore, from Table 2.4, it is observed that Dso/Rp
2 decreases with

the consolidation of SGP for synthesizing the composite adsorbent. Furthermore, a
higher value of Ea is reported in the case of composite material as compared to SGP,
which also contributes to the reduction of kinetics in SGP + 2%PVP—water pair.
And based on the kinetics data alone, it can be opined that a reduced specific cooling
capacity will be observed with the SGP + 2wt% PVP, when they will be used as the
adsorbent material in an adsorption heat pump system, as compared to SGP.

On the other hand, due to the consolidation, the volumetric uptake of the adsorbent
is improved by 12.5% [11]. Since PVP has no contribution to the adsorption of water
vapor, we can state that a specific volume of space of an adsorption bed of the chiller
can accommodate 12.5% more mass of SGP, as in the case of composite adsorbent.
This will eventually increase the uptake andwill contribute to the enhancement of the
cooling capacity of the chiller. So, the cumulative effects of reduction of kinetics and
improvement of volumetric efficiency on the performance of chiller are investigated
in the present article through simulation studies.

Table 2.4 LDF parameters
for adsorption of water vapor
by SGP and SGP with 2 wt%
PVP

Adsorbent Dso/Rp
2 (s–1) Ea (kJ kg–1)

SGP 3.56 × 10–3 434.2

SGP + 2wt% PVP 3.13 × 10–3 442.8
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2.4.3 Energy Balance Equation and Chiller Specification

A typical adsorption chiller consists of two adsorption beds, one evaporator, and one
condenser. During adsorption/desorption stage, one bed goes through adsorption,
and desorption occurs in the other bed. The hot water and cold water flow through
the tubes of the desorbing and adsorbing beds, respectively, which in turn heat or
cool the fins of the heat exchangers. Again, heat transfer between these fins and
the adsorbent materials takes place as the adsorbents are packed between these fins
Fig. 2.6.

On the other hand, evaporation and condensation of the refrigerant take place in the
evaporator and condenser, respectively. The incoming chilled water transfers its heat
to the evaporating water. And cold water from the exit of the adsorber bed enters the
condenser and causes the condensation of the refrigerant vapor. The energy balance
equation for all the components and different stages of operation can be generalized
as,

[
MCp

]
H.Ex

dTk
dt

= Mbedhads
dw

dt
+ [

ṁCp(Tin − Tout )
]
H.Ex . f luid (2.17)

where subscript k stands for different components of the chiller, i.e.,
adsorbing/desorbing bed, evaporator or condenser; subscripts H.Ex and H.Ex.fluid
represent heat exchanger and heat transfer fluid, respectively. The left-hand side of
the equation indicates the rate of change of enthalpy of the component k. For the
adsorption bed, the thermal massMCP includes the thermal masses of tubes, fins, as
well as, adsorbents. As reported in literatures [11, 14], the specific heat capacity, CP,
of SGP is 918.2 J kg–1 K–1, and that of SGP + 2wt% PVP is 933.8 J kg–1 K–1. Thus,
the thermal mass of the adsorbent is increased as both specific heat and mass (by
12.5%) are increased due to consolidation, and this contributes to the enhancement
of the performance of the chiller.

Fig. 2.6 The side view and top view of a commonly used finned tube type heat exchanger in an
adsorption bed
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Again, since Mbed stands for the mass of adsorbent used in each bed, the total
amount of heat released or absorbed in each bed during adsorption or desorption
is represented by the first term of the right-hand side. And from the last term, the
outlet temperature, Tout , of the heat transfer fluid, i.e., chilled water, cooling water,
or hot water, can be determined after its sensible heat transfer with the respective
component.

A detailed description of all the components of the chiller and their respective
model equations can be found in literature [21, 22]. Furthermore, in the present
investigation, the same specifications of the chiller, as used in literature [21], are
assumed to be applicable for both the adsorbents under consideration, and they are
presented in Table 2.5.

The specifications of chiller necessarily remain the same for both SGP—water
and SGP + 2wt% PVP—water pairs. But for the composite adsorbent, 12.5% more
mass is considered in the investigation as compared to the parent SGP adsorbent.

Table 2.5 Specifications of
the different components of
the chiller used in the
modelling

Ad/de-sorber bed

Number of modules, Nm 10

Length of each module, Lm 3.65 m

Tube material Copper

Number of tubes in each module, Nt 3

Outside diameter of tube, Dm,o 16.6 mm

Inside diameter of tube, Dm,i 15 mm

Fin material Aluminium

Number of fins in each module, Nf 3310

Length of fin, Lf 342 mm

Height of fin, Hf 30 mm

Width of fin, Wf 0.105 mm

Evaporator

Tube material Copper

Number of tubes, Nt,evap 115

Length of tube, Lt,evap 3.9 m

Mass per tube, Mt,evap 1.4 kg

Inner diameter of tube, De,i 17.65 mm

Condenser

Tube material Copper

Number of tubes, Nt,cond 220

Length of tube, Lt,cond 2.65 m

Mass per tube, Mt,cond 0.96 kg

Inner diameter of tube, De,i 17.65 mm
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2.4.4 Specific Cooling Capacity and Coefficient
of Performance

The specific cooling capacity, Qc, is defined as the cooling effect produced by the
chiller and can be determined by,

Qc =
∫ tcycle
0 ṁchCp,ch

(
Tin,ch − Tout,ch

)
dt

tcycle
(2.18)

where tcycle is the operation cycle time considered, and subscript ch represents chilled
water. The SI unit of Qc is kW. Another commonly used unit is ‘Ton of refrigeration
(TR)’, which relates to kW by, TR = 3.517 kW.

The coefficient of performance (COP) indicates the efficiency of the chiller. It is
defined as the ratio of the cooling effect produced to the energy input to the chiller.
In an adsorption chiller, heat is the principal form of energy, provided as input to the
chiller through the hot water circulation. Thus, the amount of energy input can be
calculated by,

Qh =
∫ tcycle
0 ṁhotCp,hot

(
Tin,hot − Tout,hot

)
dt

tcycle
(2.19)

where hot represents hot water. Hence COP can be expressed as,

COP = Qc

Qh − Qrec
(2.20)

whereQrec is the amount of heat energy saved due to the inclusion of the heat recovery
process. It needs mentioning that during the heat recovery stage, there is no cooling
effect produced by the chiller, but this stage can significantly improve the COP, as
can be seen from Eq. (2.20). Hence the optimum duration of the heat recovery stage
needs to be carefully determined in order to obtain a higher COP at the minimum
cost of cooling capacity.

2.4.5 Simulation Results and Discussion

The simulation studies are carried out for both SGP—water and SGP+ 2wt%PVP—
water pairs. As observed in Table 2.5, the value of Dso/Rp

2 for both the cases is of
the order of 10–3, which is 107 orders less than that of the RD (regular density) silica
gel, as can be seen in literature [51]. Due to this poor kinetics of the adsorbents under
consideration, the operation cycle time, tcycle, of the chiller needs to be sufficiently
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high in order to achieve around 80% of the equilibrium uptake and a moderately
high coefficient of performance. In the current investigation, a cycle time of 745 s is
considered, of which 700 s is for ad/desorption stage, 30 s is spent for mass recovery,
and 15 s is the duration of heat recovery stage.

The specific cooling capacity of the chiller is then determined for both the
adsorbent-adsorbate pairs, and the result is depicted in Fig. 2.7. It is observed that a
reduced cooling capacity is observed in the case of composite adsorbent, although a
12.5% higher mass can participate in the adsorption/desorption process, as compared
to the parent SGP adsorbent. Hence, the decrease in equilibrium uptake and kinetics
parameters due to consolidation are playing the dominant role here. The average
chilling capacities obtained with SGP and SGP+ 2wt% PVP adsorbents are 7.32 TR
and 6.88 TR, respectively, at COP of 0.52 and 0.48, respectively. Simulation results
further indicate that an enhancement of 23% in the volumetric uptake capacity of the
composite as compared to that of the parent SGP could produce a similar cooling
capacity as demonstrated with the parent SGP. Results show that a composite with
23% improved volumetric uptake would produce a cooling capacity of 7.33 TR at a
COP of 0.48. It needs mentioning that, apart from the increased mass of adsorbent
for the composite, all other parameters (e.g., specific heat capacity, isotherm, and
kinetics parameters) are assumed to be the same as those used for SGP+ 2wt% PVP.

Thus, based on the reported isotherm and kinetics data [11], it can be opined that
a 12.5% increase in volumetric efficiency and a nominal increase in the specific heat
capacity are not sufficient enough to employ this composite as the primary adsorbent
material in an adsorption chiller. Because it demonstrates a poorer performance in
terms of both, cooling capacity and COP when compared to parent SGP.
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Fig. 2.7 Instantaneous chilling capacity of the chiller operating with SGP and SGP + 2wt% PVP
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2.5 Conclusions

In this chapter, the synthesis of consolidated adsorbent and thermophysical prop-
erties improvement/measurement techniques is focused. Moreover, a mathematical
model is utilized to simulate the performance of an actual cooling system with the
synthesized composites. A nominal amount of binder (2 wt%) is required to consol-
idate the adsorbent (silica gel powder). Hence, there is no significant change in the
net adsorption uptake and specific heat capacity. Besides, there is 32% improvement
in the thermal conductivity and 12.5% increase in the volumetric uptake. However,
the simulation results indicate that both chilling capacity and COP of the system
decrease due to the consolidation. The reason is that a volumetric uptake of 12.5% is
not enough to improve the system performance. The simulation results also suggest
that the consolidation will enhance the system performance if the improvement in
the volumetric uptake exceeds 23%, provided all other parameters for the composite
remain the same.
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Chapter 3
Synthesis and Characterization
of Various MOFs and MOFs-Zeolite
Composites: Water Adsorption
and Rapid Cooling Production

Bo Han and Anutosh Chakraborty

Abstrct This chapter beginswith the synthetization ofmethyl-functionalized-MOF-
801 (Zr) and Aluminium Fumarate-zeolite/alkali metal cations composites. The
porous structures are characterized byXRD, TGA, SEM, andN2 adsorption analysis.
Later water adsorption on these synthesized materials is measured gravimetrically.
Based on the experimental results, the adsorption chiller performance adoptingmodi-
fied fumarate-based MOFs as adsorbents is predicted by thermodynamic modeling.
Enhanced hydrophilicity and fasterwater adsorption kinetics are observed forMOFs-
zeolite/alkali metal cations composites. It is also observed that the methyl functional
groups (–CH3) enhance the thermal stability of MOF structures as well as increases
the water uptake/offtake kinetics. Under adsorption-assisted cooling system oper-
ating conditions, thewater transfer per cooling cycle formethyl functionalizedMOF-
801 (Zr) is found 25% higher as compared with the originalMOF-801 (Zr) materials.
On the other hand, modified fumarate MOFs improve the water loading rates signifi-
cantly up to two folds. Therefore, the SCP andCOPare also found higher formodified
fumarate-based MOF-801 (Zr) and Al-Fum MOFs.

Keywords Cooling · Metal organic frameworks · Water adsorption

Nomenclature

A Area (m2)
cp Specific heat capacity [kJ/(kg · K)]
COP Coefficient of performance –
Ea Energy activation (J/mol)
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hfg Latent heat of evaporation (k J/kg)
h Enthalpy/heat transfer coefficient (k J/kg)
K Isotherm coefficient –
kads Adsorption rate (1/s)
kdes Desorption rate (1/s)
L Length (m)

m Mass/heterogeneity coefficient (kg/−)

dm/dt Mass flow rate of heat transfer fluid (kg/s)
P Pressure (kpa)
Q Heat input/output (kW · horkW)
Qst Isosteric heat of adsorption (kJ/kg)
q Amount of adsorbate uptake (kg/kg)
q0 Limiting adsorbate uptake (kg/kg)
R Gas constant (J/(mol · K))
r Radial direction (m)
r0 Radius of adsorption bed (m)
SCP Specific cooling capacity (kw/kg)
T Temperature (◦C)
t Time (s)
U Overall heat transfer coefficient (W/(m2 · K))
u Velocity (m/s)
v Specific volume (m3/kg)
V Volume (m3)
z Axial direction (m)
�T Temperature lifts (between condenser and evaporator (◦C)

Symbols

α Pre-exponential coefficient
β0 Sticking coefficient –
λ Thermal conductivity (W/(m · K))
τ Half cycle time (s)
φ Porosity of bed –
ψ Flag for defining switching and operation modes

Subscripts/Superscripts

a Adsorbed phase
ads Adsorption
bed Adsorption bed
cc Cooling capacity
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chill Chilled water
cond Condenser
cool,in Cooling fluid at inlet
cw Cooling water
cw,in Cooling water inlet
des Desorption
eff Effective
evap Evaporator
f Fluids
f-m Fluid to metal (heat transfer)
fin Fin
fin-b Fin to bed (heat transfer)
g Gaseous phase
heating Heat transfer fluids
hot,in Heating fluid at inlet
in Inlet/input
i Heating/cooling water
l Liquid phase
m Metal
m-b Metal to bed (heat transfer)
m-M Metal to MOFs (heat transfer)
mt Metal tube
MOF Metal organic framework adsorbents
ref Refrigerant (water vapor)
s Surface/saturated
tube Heat exchanger tube
w-bed Water to bed heat transfer

3.1 Introduction

The major needs for daily life are electric power, cooling, heating, and drinkable
fresh water, and these needs are traditionally obtained by the combustion of natural
gas and fossil fuels in power plants (to generate heating energy sources and elec-
tricity). On the other hand, the thermal and cooling requirements are achieved by
employing energy-efficient chillers and boilers [1, 2]. All processes for generating
these major needs involve irreversible resource exhaustion and environmental pollu-
tion. For example, serious atmosphere degradation such as global climate change,
acid rain, and smog is due to the excessive emission of greenhouse gas and other
pollutants [1]. In addition, the abuse and improper disposal of refrigerants also lead
to the global warming potential (GWP) [2]. On the other hand, more than 70% of the
earth’s surface is covered by water, and only 2.5% of the drinkable water is avail-
able. Therefore, the desalination technology for converting seawater to fresh water
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is essential. However, the production and supply of clean, potable water consume
energy from various energy sources, such as fossil fuel, natural gas, and coal, and
result in the GWP. The implementation of the adsorption cycle for desalination can
be applied as the adsorption-assisted desalination system is environmentally friendly
and requires renewable energy such as solar to operate [3]. Therefore, for the devel-
opment of a green environment with less carbon footprint, researches on innovative
heat transformation systems to produce cooling, heating, and desalting water has
become much more popular [4–8].

The adsorption-assisted cooling (ADC) system is energy-efficient and environ-
mentally friendly. The ADC shows no noise or vibration with low maintenance
cost and a long system life. In addition, the adsorption heat can be regeneratively
re-cycled during the operation. Water is adopted as the refrigerant (adsorbate) due
to higher evaporation heat. Furthermore, conventionally adsorbents such as silica
gel, graphite, and zeolites are chosen as adsorbents. Furthermore, good number of
research activities on the performances of ADC are investigated, both experimentally
and theoretically [3, 4, 9, 10].

In an adsorption-assisted heat transmission system, both heating and cooling
effects are generated by the unique assembly of adsorption-initiated-evaporation
and condensation-activated-desorption [11], and the scheme of cooling/heating with
water uptake-off take processes are shown in Fig. 3.1. The adsorption cooling (ADC)
comprises two or multi adsorption beds, which are switchable from adsorption
to desorption or vice-versa. For continuous cooling in ADC, the adsorption heat
exchanger adsorbs water vapor generated from the evaporator due to the cooling

Fig. 3.1 The scheme of an adsorption device under cooling, heating, and desalination. Source
Energy Conversion and Management 213 (2020) 112, 825
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load (Qevap) supplied in the evaporator with lower vapor pressure. The bed tempera-
ture increases due to the isosteric heat of adsorption, the cooling water flow through
the heat exchanger of the adsorption bed releases the heat generated during the
adsorption process (Qads) to the heat sink. Furthermore, the heating water is supplied
to the heat exchanger of the desorption bed to release heat (Qdes). Therefore, water
vapor is desorbed and, later, is condensed in the condenser, where the heat generated
during the condensation process is released into the environment. Both the tempera-
ture and the pressure increase during desorption and pre-heating periods. Finally, the
condensed fluid transfers back to the evaporator through a u-tube or expansion valve,
which drops the pressure from the condenser to the evaporator. The heat generated
during the condensation (Qcond) is released into the heat sink by the flowing of cooling
water through the heat exchanger of the condenser. In the next cycle, all beds are
switched i.e., adsorption to desorption and desorption to adsorption moods. These
processes are continuously repeated for the generation of heating and cooling power.
Here, (i) the amalgamation of adsorption and condensation enthalpies are calcu-
lated for heat-pumping purposes, and (ii) the required cooling power depends on the
latent heat of evaporation. In addition, the condensed liquid is stored as desalinated
water. The TES (thermal energy storage) combining both the mass and heat recovery
between the adsorption heat-exchanger enhances the cooling effects and heating
capacity (or the overall efficiencies characterized by the cooling/heating power and
specific water production).

3.1.1 Motivation of the Chapter

The isotherms shapes and kinetics behaviors of adsorbent plus adsorbate systems
depend on pore characteristics, porosity, and interaction between adsorbate and
adsorbent [5], and these are used to predict the thermal performances of the ADC.
Water adsorption on the conventional adsorbents (for example, zeolite and silica gel)
is used for heat pumps and cooling applications [6, 7]. However, these are suffered
from somedisadvantages related to highly hydrophilic, the requirement of a relatively
higher temperature for desorbing water from the pore-structures of the adsorbent,
and high operational cost [8]. On the other hand, silica gel shows less hydrophilic
with lower water uptake capabilities at the relative pressures ranging from 0.1 to
0.3 as compared with zeolite adsorbents [12]. Therefore, both zeolite and silica gel
structures achieve the lower water vapor transfer (�q) per adsorption cooling cycle,
which leads to the bulky size of adsorption-bed with lower specific heating/ cooling
capacity (SHP/SCP) and coefficient of performance (COP). As can be found from the
experimental observation that the higher �q is obtained with “S-shaped” isotherm
as compared with that of the type I isotherms for adsorption chiller application. As a
result, the ADC driven under the lower regeneration temperature (<60 °C) could be
achieved by employing “S-shaped” adsorbents [13]. The interactions between water
vapor and adsorbent are governed by adsorbent porosity, hydrothermal stability,
water adsorption capacity, recyclability and hydrophilicity/hydrophobicity [14]. As



34 B. Han and A. Chakraborty

compared with chiller/heat pump performances employing silica gel and zeolites
plus-plus water systems, water adsorption on metal–organic frameworks (MOFs)
shows more potentials recently for adsorption bed design and development [15–19].
MOFs are metal-containing nodes with organic ligands. Qualified adsorbents such as
zirconium-basedMOF-801 (Zr) [18], MIL-160 [20], MIL-68 [21], CAU-10 [22] and
Al-Fumarate [23] etc. deliver high �q with fast kinetics per adsorption–desorption
cycle. Currently, a number of MOFs such as HKUST-1, MIL-53, and Ni-MOF-74
are synthesized and tested widely [24–27] for various applications.

The foremost problem with the parent MOFs is their defective hydropho-
bicity/hydrophilicity behaviors in the low-pressure region. Normally, a three-step
uptake should be found in a typical “S-shaped” or type V water adsorption isotherm,
which is shown in Fig. 3.2. Firstly, rarely any water vapor is adsorbed onto theMOFs
structure at a low-pressure region, and thewater uptake is extremely low (nearly zero).
Secondly, as the pressure increase to a certain point, an intense rise of water uptake is
observed with a steep slope (approximately vertical). Finally, with the continues of
the adsorption process, somemore water is adsorbed onto theMOFs, and the slope of
the isotherm becomes smooth. For water adsorption with “S-shaped” isotherm, the
hydrophobic length is evaluated in terms of the relative pressure, which is measured
from the beginning of adsorption (P/Ps = 0) to the point where a rapid increase of
water uptake is observed.

For example, for Al-Fum, a relative long hydrophobic length is found (P/Ps ≈
0.23) and it results in a low �q (water uptake-offtake difference) per adsorption
chiller operation cycle, which results in unfavorable impact on practical ADC appli-
cations. Even longer hydrophobic lengths are found for Zr-UiO-66 (P/Ps ≈ 0.33).
Different from the MOFs discussed above, the key problem with MOF-801(Zr) is
that its hydrophobic length is too short. Although MOF-801 (Zr) exhibits a “S-
shaped” or type V water adsorption isotherm, the isotherm shape behaviors more
like Type I due to its extremely short hydrophobic length; therefore, it requires high
regeneration temperature up to 85 or 90 ◦C for the ADC applications. Besides the
hydrophobicity/hydrophilicity performance issue at low pressure region, some other
problems also exist. For example, the adsorption kinetics for the original Al-Fum and

Fig. 3.2 A typical example
of “S-shaped” water
adsorption isotherm
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Zr-UiO-66 is too slow, and a long cycle time is required for theADCoperation. These
constraints prevent the parent MOFs from being used in the adsorption-assisted heat
transmission system.

It is noted here that the porosity of MOFs influences the adsorption behaviors
strongly. For example, MOFs with extensively larger pore volume and higher BET
surface area such asMIL-101 (Cr) could achieve an impressive water uptake capacity
(up to 1.0 g/g); however, it results in a pretty long step pressure or hydrophobic
length (up to Ps/P ≈ 0.4) [16, 28, 29], which leads to a poor performance outcome in
cooling/heat pump application. Therefore, direct or post-modification by adding the
alkali metal dopants (such as Li+, Na+, K+) into the parent Zn/Cr-basedMOFs recon-
structs the microstructure of the parent MOFs so that more water can be adsorbed
and desorbed under the operating conditions of the ADC cycle [28, 30]. Another
method involves the replacement of the original organic ligands with the polar
chemical-functionalized ligands. For example, Bae et al. [31] achieved a promising
improvement of N2/CO2 selectivity by introducing the highly polar ligands to the
original MOF’s framework. In addition, by implanting ethylenediamine (ED) and
ethylene glycols (EG), the unsaturated metal sites of MIL-101 (Cr) are activated, and
enhanced water selectivity is achieved in the low-pressure region [32]. Other modi-
fication approaches such as ligand functionalization, hydrothermal post-synthesis
treatment, colloidal crystallization, decane injection or acid immersion [33–36] are
used for adsorbentsmicro-structure reconstruction (pore size enlargement,micropore
generation, and so on) purposes.

The performances of the ADC system can be projected employing adsorption
isotherms and kinetics for an ideal case. The water uptake/offtake on MOFs under
equilibrium and non-equilibrium conditions are explained thermodynamically by
isotherms [37–39] and kinetics models [23, 40]. Combining the thermodynamic
frameworks and theoretical models of various adsorbent-adsorbate system, the ADC
performances are predicted and simulated. The ADC-modelling is derived with
respect to the working principles for each component (such as the evaporator,
condenser, and beds) of the adsorption cooling as well as the chilled/ cooling water
loops and the heat sink/ source.

3.1.2 Research Objectives and Scope

The overall aims of this Chapter are to develop novel functional adsorbents and study
their behaviors with water under the operating conditions of ADC. The objective and
scope are listed as follows:

(1) Fundamental understanding of MOFs synthesization and functionalization-
Various MOFs are synthesized via the hydrothermal reaction method. The
original MOFs are modified with the additions of functional groups, alkali ion
dopants or mixing with conventional adsorbents.
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(2) The porosities, thermal properties of original and modified MOFs/zeolite-
MOF composite are characterized by XRD (X-ray diffraction), TGA (thermo-
gravimetric analysis), SEM (scanning electron microscopy), and N2 adsorp-
tion.

(3) Experimental investigation for water uptake/offtake under equilibrium and
dynamic conditions and the thermodynamic modeling of ADC system.

(4) Evaluation of the adsorption cooling performance employing various
MOFs/composites plus water in terms of the SCP (specific cooling power)
and COP (coefficient of performance) employing experimentally confirmed
adsorption kinetics and isotherms data.

3.2 Literature Review

3.2.1 MOFs for Cooling/Heat Pump

MOFs (metal–organic-frameworks) are a class of crystalline meso-microporous
hybrid structures, comprise metals or metal clusters and organic building linkers
[41]. Normally, divalent (Cu, Mg, etc.), trivalent (Al, Fe, Cr, etc.) or tetravalent
(Zr, Ti, etc.) metals are chosen as the metallic component, and the organic ligand
with multidentate chains are usually used to connect the metal clusters [42–48].
Research on metal–organic frameworks (MOFs) took off in the late decades as it
became more accessible to various synthesis approaches such as electrochemistry
(EC), conventional electric (CE) heating, ultrasonic (US), mechanochemistry (MC)
andmicrowave (MW) heatingmethods [49].MOFswith three-dimensional networks
usually attains massive pore volumes, large surface areas, uniform pore sizes, and
stable pore structures. These highly porous materials have been widely adopted in
the area of gas separation, liquid adsorption/purification, filtration and catalysis.
Among these applications, water plus MOFs-based heat transmission systems for
heat pump, cooling, and desalination purposes have met with much success and
gradually broadened into commercial use. A detailed literature survey of MOFs-
based cooling/heat pump/desalination applications is furnished in Table 3.1. In this
chapter, series of metal–organic frameworks (MOFs) adsorbents are synthesized and
investigated thoroughly for their performance regarding water adsorption via both
simulation and experimental methods.

3.2.2 Current Research Activities in Parent MOFs

Al fumarate (Al-Fum) MOFs are chosen for desirable “S-shaped” isotherms with
water adsorption plus the impressive hydrothermal stability [50]. Normally, Al-Fum
with the monoclinic lozenge-shaped inner cell has a relatively larger pore volume
(0.87–0.99 cm3/g) and higher specific surface area (750–1200 m2/g) [105, 109,
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Table 3.1 A summarization of the adsorption-assisted heat transmission (for cooling and heat
pump purposes) systems employing various MOFs plus water pairs

MOFs-type Adsorption
characteristics

Performance factors Applications

MIL-101 (Cr) [16] Isotherms with ‘S’ type
showing
long-hydrophobic-length
from P/Ps → 0.4 to 0.5
with higher
limiting-uptake of
1.01g/g

Water transfer
0.94 kg/kg with
40 °C of the
adsorption
temperature and
90 °C of
regeneration
temperature
Shows the poorer
SCP

Not suitable for heat
pump/ cooling but
suitable for desalination
and dehumidification

Al-Fum [50] Isotherms with ‘S’
shaped, narrow
hysteresis and limiting
uptake of 0 .45kg/kg.
Provides better
hydrothermal stability
within 5000 water
uptake/offtake cycles

Thermal
conductivity of 0.13
W/(mK) with the
heat capacity
ranging from 1.05 to
1.35 kJ/(kg.K)

Cooling/
Heat pump

CAU-10-H [51, 52] Surface area (BET) of
660 m2/g
Pore volume of 0.28
cm3/g showing the ‘S’
type isotherms and the
limiting uptake
equivalent to 0.25g/g.

Both numerical and
experiments study
with the adsorption
enthalpy of
49 kJ/mol

Heat pump/ thermal
storage

UiO-66 [53] Isotherms with type IV,
and the
step pressure up to
P/Ps → 0.20 with the
water uptake capacity of
0.4 g/g
-NH2 implanted UiO-66
(Zr) shows 0.37 g/g of
the water limiting
capacity
With promising cyclic
stability

Enthalpy of
adsorption:
89.5 kJ/mol for
NH2-UiO-66 (Zr)
and 41.3 kJ/mol for
UiO-66 (Zr)

Heat pump, cooling and
thermal energy storage

MIL-160 [51] Surface area = 1070
m2/g
Pore volume = 0.40
cm3/g
Showing type I isotherms
with the limiting capacity
of 0.35 g/g at 30 °C

Experimental
investigation with
GCMC simulation
Isosteric heat of
adsorption is
54 kJ/mol
COP = 1.6

Mainly heat pump

(continued)
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Table 3.1 (continued)

MOFs-type Adsorption
characteristics

Performance factors Applications

MOF-801 (Zr) [54] Type ‘S’ isotherms with
short hydrophobic length
0.05 < P/Ps < 0.1.
Relatively faster
uptake/offtake rates <

600 s for the temperature
varying from 20 °C to
90 °C

Water vapor transfer
�q of 0.31 kg/kg
with
SCP = 2 kW/kg and
COP = 0.67 (under
the conditions of
Tads = 303K and
Tdes = 353to358K).
Highly ambitious
results

Heat pump/
cooling/thermal storage

MIL-125 [53] ‘S’ type isotherms with
hydrophobic length up to
P/Ps → 0.32. Water
capacity equals to
0.33 kg/kg. Secondly
Amine-functionalized
MIL-125 exhibits the
water capacity of
0.37 kg/kg with the rapid
rise of water uptakes
from P/Ps = 0.1 to P/Ps
= 0.25

Enthalpy of
adsorption =
56.0 kJ/mol for
NH2-MIL-125 +
water systems

Desalination/
heat pump

fam-Al-Fum [55] Water uptake capacity of
0.45 kg/kg with
hydrophobic length up to
P/Ps = 0.2, and higher
water uptake/offtake
rates

Water vapor transfer
per thermal
compression
increases up to 12%
as compared with
that of the parent
materials

Cooling / heat pump

COP-27(Ni) and
MIL-101(Cr) MOF
[15]

MIL-101(Cr) provides
the maximum uptake
capacity of 1.46 kg/kg.
On the other hand,
COP-27(Ni) possesses
the limiting water uptake
of 0.47 kg/kg

Modelling and
simulation of
adsorption assisted
desalination system
CPO-27(Ni) is found
applicable at
relatively lower
evaporation
temperature (<5 °C)

Adsorption desalination
and dehumidification

110]. By using Al-Fum as an adsorbent, Youssef et al. [56] simulated 3.4 m3 water
per tonne ofAl-FumMOFs and 20.0 Rton cooling energy per tonne ofAl-FumMOFs
per day at 65 ◦C heating water temperature with the evaporator temperature of 10
◦C, which is almost three times higher as compared with zeolite and silica gel adsor-
bents. Karmakar et al. [55] used Al-Fum as the clean agent to extract fluoride from
water, and potable water was obtained at room temperature. Furthermore,Marta et al.
[57] developed one continuous process to achieve large-scale Al-Fum production at
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a rate of 5.6 kg/h and space–time-yields of 97,159 kg/m3 per day. Besides exper-
imental investigations, some inherent simulation works were performed to study
the interaction between Al-Fum with various adsorbates in molecular aspects [58,
59]. On the other hand, MOF-801 (Zr) is selected for fast kinetics and moderate
water adsorption limiting uptakes (0.3 g/g of adsorbent) [18]. For example, Kim
et al. [18] adsorbed water from the atmosphere employing solar energy as the driven
heat force, and they obtained 2.8-L water/ kg of MOF-801 (Zr) daily employing the
moist air of 20% relative humidity. Furukawa et al. [60] addressed the relationship
between the MOF-801 (Zr) (Zr) adsorbent-water molecules’ interaction with water
adsorption sites by the powder neutron diffraction study. Furthermore, UiO-66 (Zr), a
zirconium-basedmicroporousmaterial, should be considered as a qualified candidate
for ADC applications for its high adsorption heat and good recyclability [53]. For
example, Liu et al. [61] used UiO-66 polycrystalline membranes to desalinate water,
and the membranes exhibited impressive ion rejection, good permeability with high
water stability. Felix et al. [53] obtained high water adsorption heat up to 90 kJ/mol
by using UiO-66 based MOFs as adsorbents. It should be noted here that UiO-66
having a face-centered cubic topology, which provides considerable pore volume
(~0.49 cm3/g) and specific surface area (~1200 m2/g). Additionally, UiO-66 (Zr)
plus water adsorption system gives ‘S’ type isotherms indicating the possibility of
low regeneration temperature in adsorption cooling/heat pump application. Collec-
tively, MOFs presented in this thesis exhibit diversified metal cation types, different
topologies (from face-centred cubic to inner-caged) and various water adsorption
behaviours.

3.2.3 Modified MOFs and MOFs-Zeolite Composites

To revise the water adsorption behaviours of the parent MOFs and optimize the
MOFs-based ADC system performance, structural modification on the parent MOFs
is necessary. Numbers of direct or post-synthesis modification methods are avail-
able to reconstruct MOFs pore topologies, and metal-doping is one of them. For
example, by adding alkali metal ion dopants (such as lithium cations), Benjamin
et al. [28] shorten the hydrophobic length of the parent MIL-101 (Cr), and improved
uptake/offtake rates are observed. Yang et al. [62] doped Ni (II) ions into the
MOF-5 structure, and adsorbents with larger Langmuir surface area, enhanced
hydro-stability, and higher pore volume are obtained. Additionally, Zhu et al.
[63] proved that the porosity and hydrophobicity of the parent MOF STU-1 are
revised by doping various metal ions such as Fe2+, Cd2+ or Cu2+. Another popular
MOFs modification method is functionalization. By implanting organic ligands
with hydrophilic/hydrophobic functional groups onto the parent MOFs, the pore-
structures are re-constructed, and the water adsorption behaviours on the function-
alized MOFs are revised. For example, Jeremias et al. [53] showed that amino-
functionalized MIL-125 exhibits much-enhanced hydrophilicity at the low-pressure
region as compared with the original MIL-125, and it has huge potentials for heat
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storage and heat transmission applications. It is also found that a great improve-
ment of water uptakes is obtained by introducing −NH2 functional groups onto the
original UiO-67 at a low-pressure region. Furthermore, Ortiz et al. [64] proposed
that the hydrophobicity/hydrophilicity traits of MOFs are determined by the geom-
etry, porosity and structural flexibility of the MOFs, which could be tailored by
functionalization.

In this chapter, the original MOFs is mainly modified with three following
approaches: (1) post-mixing with conventional zeolite-based (AFI/CHA type)
adsorbents; (2) post-doping with hydrophilic alkali dopants (Li+) and (3) direct-
implanting with various of hydrophobic/hydrophilic functional groups. The func-
tional group additives involving in this chapter are: Pyridine group (−N), is used as
a crucial media to affecting the shape of adsorption isotherm [65]. Hydroxyl group
(−OH), a versatile polar functional group, has already been used to enhance the
MOFs’ affinity with various adsorbates [66, 67]. Amine group (−NH2), another effi-
cient functional group, plays an important role in MOFs’ hydrophilic enhancement
at low-pressure region [68, 69]. The nonpolar hydrophobic methyl functional group
(−CH3) for its impressive water capture stability [70, 71].

3.3 Methodology and Experiments

3.3.1 Synthesis

3.3.1.1 MOF-801 (Zr)

Zr assistedMOF-801 is synthesized by hydrothermal reaction method [72], in which
0.005 mol of zirconium oxide chloride octahydrate (ZrOCl2 ·8H2O, 99%) and 0.005
mol of fumaric acid (C4H4O4, 99%) are mixed in the formic acid-DMF solution
(volume ratio: v/v = 7:20, 27 ml totally). Next, the suspension is put into the sealed
autoclave for heating for 24 h at 130 °C. The white materials are then separated from
the waste reagent and purified with DMF (three times) and with ethanol (two times).
The humid fumarate-based MOFs are dried at 80 ◦C for 12 h and then transferred
to the vacuum oven for activation purposes (150 ◦C, 5 h). The fabrication processes
and purification procedures stay the same for methyl functionalized MOF-801 (Zr)
except for substituting the original ligand with 2,3-Dimethylfumaric acid.

3.3.1.2 Al Fumarate MOFs

TheAl Fumarate (Al-Fum) is fabricated via the reflux reactionmethod under ambient
pressure [58]. Firstly, 0.01 mol aluminium chloride hexahydrate (AlCl3 · 6H2O,
99%) and 0.01 mol fumaric acid (C4H4O4, 99%) are added into the beaker, 50 ml
of N, N-dimethylformamide (DMF, 99.8%) is used here as a reagent. The mixture
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is stirred for four days at a constant temperature (130 ◦C). Secondly, the mixture
is separated by a centrifugal spinning machine with a speed of 10,000 rpm. Next,
the condensed solid is washed twice with acetone then twice with methanol for
purification purposes. After purification, the moist synthesized adsorbent is heated
at 80 ◦C overnight for drying. Finally, the white power is heated in the vacuum oven
(150 ◦C, 3 h). This activation procedure is aimed for further removal of residual
unreacted organic ligands, reagents, water vapor, or any impurities. It is noted that
the activation process is necessary for fully unlocking the potentials of MOFs. It is
also important in minimizing the side reactions during the post-synthesis process.
The whole synthesis procedure for Al-Fum is shown schematically in Fig. 3.3.

3.3.1.3 Methyl Functionalized MOF-801 (Zr)

The original MOF-801 (Zr) is synthesized via the hydrothermal reaction method.
For (CH3)2-MOF-801 (Zr), the fabrication environment/conditions and purification
processes are the same as comparedwith the originalmaterials except substituting the
original organic ligand (Fumaric acid, C4H4O4) with two-methyl-groups function-
alized linker (2,3-Dimethylfumaric acid, C6H8O4). Later, the manufactured (CH3)2-
MOF-801 (Zr) is heated at 80 ◦Cfor 12h, andput them in a vacuumoven for activation
purpose (150 ◦C, 5 h). Hence, any other residual moisture, unreacted reagent, or acid
is removed. Figure 3.4 displays the scheme of the synthesization process for the
original and −CH3 implanted MOF-801 (Zr).

3.3.1.4 AFI/CHA-Zeolite Plus Al-Fum Composites

For the fabrication of composite materials, the activation of the parent Al-Fum
is performed before the mixing procedure. Firstly, 2 g of synthetized Al-Fum is

Fig. 3.3 Synthesis process (reflux reaction) of MOF Al-Fum. Source Energy Conversion and
Management 240 (2021) 114, 264
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Fig. 3.4 The schematic diagram of the original and −CH3 implanted MOF-801 (Zr) MOFs

dissolved into 50 ml hexane (C6H14, 95% Sigma-Aldrich) or distilled water. Next,
the suspension is stirred at 90 °C for 30 min, and a certain weight of zeolite-based
adsorbent (type AFI or CHA) is added to the suspension. The mixture is stirred for
one hour for complete physi-mix purpose.After stirring, the post-synthesized zeolite-
Al-Fum adsorbent is extracted by the filter method and heated at 80 °C overnight
for drying. Hence, zeolite-based adsorbents with various weight concentration ratios
(from 10 to 90%) are synthesized and investigated.

3.3.1.5 Alkali Ions Doped Al-Fum Composites

Before the doping process, the 2 mg of activated Al-Fum sample is mixed with 50 ml
of hexane. The suspension is mixed for half an hour at 80 ◦C. During the stirring
procedure, liquor contains alkali metal ions is pouring into the mixture carefully. The
alkali ions such as Li+, Na+, K+ solutions contain alkaline-metal-salt having 5%
concentration in weight, and distilled water (1 ml). After doping, the suspension is
separated, and the post-synthesized-Al-Fum is dried at 80 ◦C overnight.

The adsorbent structures such as Al Fum, Li-Al-Fum, CHA-Al-Fum, and AFI-
Al-Fum composites are shown in Fig. 3.5. This Figure also presents the snapshots of
the 30%CHA/AFI plus Al-Fum composites from various angles, which also indicate
the random mixing structure of adsorbents.
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Fig. 3.5 Snap shots representing the molecular structure of (i) Al-Fum MOF (ii) 5% Li-Al-Fum
MOF (iii) 30%AFI-Al-FumMOF and (iv) 30%CHA-Al-Fum. Hence ‘Al-Fum’ means ‘aluminium
fumarate’. (red is O2 in H2O and for aluminium fumarate, white means H2, grey is C, yellow shows
lithium, violet indicates O2 in CHA or AFI zeolites, orange represents phosphorus, cream-color
indicates silicon, and green stands for aluminum). SourceMicroporous and Mesoporous Materials
288 (2019) 109, 590

3.3.2 Characterization

3.3.2.1 X-ray Diffraction

The X-ray diffraction (XRD) characterization is performed to investigate the crys-
tallography of MOF adsorbents. The XRD apparatus is fitted with a 0.2 mm Cu
Attenuator by detecting the protection of direct beam and is functioned at 40 mA and
40 kV, employing Cu radiation prefix with parallel beam X-ray mirror. It should be
noted here that the divergence slit with respect to 1/6 or 1/4 degree is recommended
and depends on the maximum peak.

3.3.2.2 Scanning Electron Microscopy

The microstructures, particle sizes, and morphology of MOFs-structures are evalu-
ated by the scanning-electron-microscopy or SEM technique. Pre-platinum-coating
work on MOF powders is performed to enhance the electrical conductivity of the
sample. The investigation voltage range is 2–10 kV.

3.3.2.3 Thermogravimetric Measurement

Thermogravimetric characterization is applied to test the thermal stability of MOFs
and composite adsorbents. Before the utilization of theTGAapparatus, theMOFs and
composites are dried at 80 ◦C in a vacuum chamber. Later, in order to make sure that
the original and modified MOFs reach the fully-hydrated state, these adsorbents are
exposed to the atmosphere at ambient conditions for one day. Finally, theMOF-power
is heated from 30 ◦C up to 600 ◦C, including the ramp rate of 10 ◦C per minute. In the
apparatus, the air flow rate is maintained steady. During experimentation, the weight
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change of the hydrated material is logged temporarily (from dynamic to equilibrium
state) as a function of temperature. Technically, MOF adsorbents are considered as
thermally stable if no evident weight loss is observed at high temperature.

3.3.3 Adsorption Uptake Investigation

Generally, the amount of adsorbate uptakes under equilibrium and dynamic states
are measured by volumetric (manometric), gravimetric and dynamic flow adsorption
methods. The CVVP (constant volume variable pressure) or volumetric method is
used to calculate the adsorptive uptakes with respect to various pressures at a given
temperature. The pressure changes are achieved by partial vacuum conditions within
the confined adsorbent volume. Hence, pressure transducers with high accuracy are
required. The volumetric gas adsorption becomes a mature technique to characterize
the porosities of adsorbent materials. Nitrogen is recommended to be the guest gas
as compared with other gases such as argon, krypton or carbon dioxide for its distinct
advantages. For example, nitrogen has a similar buoyancy to atmospheric air, and it
is easily available. Due to its non-polar feature, the adsorption is not affected by the
surface charge of the adsorbent. Furthermore, the gravimetric method is preferred
for water adsorption, where the adsorption uptakes are monitored by varying the
relative humidity or concentration of water vapor and measuring the mass change of
the adsorbent.

3.3.3.1 Nitrogen Adsorption

The N2 assisted adsorption–desorption experiments are carried on by Autosorb
instrument at 77.4 K to determine the average pore size with pore size distribu-
tion (PSD curves), specific surface area (by BET analysis), and micro and mesopore
volume of the assortedMOFs adsorbents. The outgassing station, analysis station and
the main instrument accessories of the N2 adsorption apparatus are shown in Fig. 3.6.
Before N2 adsorption experiment, the sample is outgassed at 160 ◦C for 3 h to remove
any undesirable adsorbed vapors and water. The nitrogen adsorption isotherm data
can be converted into the specific surface area of MOFs by Brunuer-Emmet-Teller
or BET equation, and the pore volume is calculated relating to saturation conditions
(P/Ps = 1) i.e., the pore volume of the MOF powder sample is equivalent to the
total liquid nitrogen adsorbed onto the MOF sample. The liquid volume is calculated
by Vliq = PaVadsVm

RT , where Pa is the ambient pressure, Vads denotes the adsorbed
phase volume of nitrogen, Vm is the molar volume of liquid N2 with a value of
3.47 × 10−5m3/mol, R indicates the gas constant, and T defines the temperature.
Moreover, the average pore size (rp) is calculated by rp = 2V liq

As
, where As represents

the specific surface area of the MOF-sample.
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Fig. 3.6 Main components and schematic diagram of N2 adsorption machine

3.3.3.2 Water Adsorption

The experimental investigation on the water adsorption/desorption on MOFs mate-
rials at various temperatures (from 25 °C to 75 °C) and pressures (0 < P/Ps < 1) are
performed by a thermogravimetric analyzer (TGA), and its scheme is displayed in
Fig. 3.7. TheTGAapparatus ismade up of sixmain components, and these are sample
cell, micro-balance, humidifier, pumps, temperature sensor, and humidity probe. At
the very beginning of the experiment, the purified and water-free MOFs sample is
put on the sample cell held by the microbalance. The microbalance is located at the
top of the temperature-controlled chamber. The microbalance possesses a limiting
load capacity of 5 g (± 0.1 μg). The sample cell and the microbalance are connected

Fig. 3.7 Schematic diagram of the gravimetric equipment for the investigation of water adsorption
isotherms and kinetics. Source Energy Conversion and Management 213 (2020) 112, 825
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by an extension wire which makes the TGA give a direct mesearment of water vapor
uptake during the water uptake/offtake processes. The mass of water vapor gain or
loss on MOFs sample is measured directly by the microbalance and recorded in the
data logger. These data are then deduced to the water adsorption isotherms. The
water adsorption investigation is performed under different relative humidity or rela-
tive pressure (P/Ps) under isothermal conditions over time. The temperature sensor
(class A RTD, accuracy ± 0.15 °C) is installed inside the TGA, and by controlling
the furnace heating system, the isothermal condition is maintained. To maintain the
pressure same inside the TGA apparatus, the adsorption system is vacuumed and
purged by the vacuum pump at the beginning of the experiment. Maintaining the
temperature and regulate the relative pressure inside the chamber are considered as
two key procedures for the adsorption experiment. Before the experiment, the adsor-
bent materials are heated at 80 °C by a heater as installed hermetically around the
reaction chamber.

The temperature is regulated by the balance process employing the combina-
tion of radiant heater heat and the cooling air flows into the chamber. To prevent
possible condensation effects, the temperature of adsorption chamber is maintained
10 °C higher than the experimental conditions of the gravimetric apparatus. The
dry nitrogen (99.999% purity) is supplied across the adsorption chamber continu-
ously to maintain the control of the microbalance buoyancy effect and to remove
the residual moisture on the MOFs adsorbents. In addition, the relative humidity
inside the chamber is regulated by adjusting the flow of dry nitrogen into the adsorp-
tion chamber and is measured by the humidity probe. When the relative humidity
is lower than the expected value, the flow of nitrogen with additional water vapor
(generated from the humidifier) is pumped to the adsorption chamber. On the other
hand, dry nitrogen is injected to the adsorption chamber when the relative humidity
of water vaporis higher than the desired value. Thus the relative pressure is controlled
experimentally in the adsorption chamber. During water adsorption procedure, the
overall mass of the adsorbent sample is increased due to the fact that water vapor
adsorbs onto the adsorbent. The change of mass in the adsorbent-adsorbate system
is detected and recorded by the build-in microbalance. The mass of the water vapor
adsorbate is evaluated by ma,i = Ms(Pi ) − Ms(P0), where Ms(P0) is the initial
recorded mass of the MOF-material, and Ms(Pi ) is the overall sample mass as a
function of the relative pressrue at certain temperature. In addition, the gravimetric
water uptake is calculated by qi = ma,i/Ms . During the adsorption process, the mass
changes are varied from the dynamic state to static condition, and all uptake values
are recorded by the build-in software, and they could be deduced to analyze the
adsorption isotherms, kinetics, and the isosteric heat of adsorption under dynamic
and equilibrium conditions.
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3.4 Results for Surface Characterization

3.4.1 Functional MOF-801 (Zr)

3.4.1.1 Power X-ray Diffraction (PXRD)

Figure 3.8 illustrates the Powder X-ray diffraction (PXRD) curves of the original and
methyl functionalized MOF-801 (Zr). The (CH3)2-MOF-801 (Zr) exhibits similar
XRD trends as compared with the parent MOF-801 (Zr) [18], indicating that the
MOFs are fabricated correctly, and the functional group additives do not destroy
MOFs’ structural integrity. The distinct reflection for MOF-801 (Zr) and (CH3)2-
MOF-801 (Zr) is observed at around 8.65

◦
. The peaks correlate with the intensity of

Zr ions. It is noted here that few additional peaks are found for (CH3)2-MOF-801
(Zr) at certain angles, which is related to the addition of unreacted metal/organic acid
in the pore-structures ofMOFs, and inadequate purification work are conducted after
the synthesization procedure. However, methyl functional group-assisted MOF-801
(Zr) is a stable structure.

3.4.1.2 Thermogravimetric Analysis (TGA)

The TGA curves for the parent and –CH3 implanted MOF-801 (Zr) are displayed
in Fig. 3.9, where the weight losses of MOFs are observed in terms of three stages
as a function of temperature. At first, water vapors depart from the outer cages of
MOF-801 (Zr) based materials. Thus, the first stage of weight loss occurs between
50 and 80 ◦C. It should be noted here that 14%weight loss of (CH3)2-MOF-801 (Zr)
indicates the smaller pore volume. This result agrees with N2 adsorption analysis as
found in Table 3.2. In the second stage, theweight loss is obtained for the temperature
ranging from 80 to 260 °C, which is mainly because of the release of water vapor
from the inner pores. The decomposition of the organic ligands is found [73] as the
temperature increases up to 260 °C. Therefore, weight losses occur both in theMOF-
801 (Zr) and (CH3)2-MOF-801 (Zr) samples. Hence, the final stage of the weight
loss is due to the decomposition of MOFs structures at a higher temperature. The
final weight loss in MOF-801 (Zr) is found at 355 °C whilst it occurs at 380 °C

Fig. 3.8 The XRD (X-ray
diffraction) diagrams for the
parent and −CH3 implanted
MOF-801 (Zr) materials.
Source Applied Thermal
Engineering 175 (2020) 115,
393
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Fig. 3.9 TGA analysis for the parent and−CH3 implantedMOF-801 (Zr) samples. SourceApplied
Thermal Engineering 175 (2020) 115, 393

Table 3.2 The porosities of the original and –CH3 implanted MOF-801 (Zr) materials employing
N2 adsorption technique

Samples BET surface area
(m2/kg)

Pore volume
(cm3/g)

Average pore radius
(Å)

MOF-801 (Zr) 864.0 0.37 10.8

(CH3)2-MOF-801 (Zr) 756.2 0.30 11.0

for −CH3 implanted MOF-801 (Zr). Therefore, the thermal stability of the original
MOF-801 (Zr) is improved by the −CH3 functionalization work.

3.4.1.3 Scanning Electron Micrography (SEM)

Figure 3.10 shows the SEM diagrams for fumarate-based MOFs. The shape and the
size of the methyl functionalized MOF-801 (Zr) sample are similar to those of the
originalMOF-801 (Zr). In addition, strong agglomeration behaviors are observed for
both the original and –CH3 implanted MOF-801 (Zr) samples with typical rounded
particle presents. Therefore, the morphologies of the MOFs are not disrupted by
adding a methyl-functional-group.

3.4.1.4 N2 Adsorption for Measuring Pore Size Distribution

Figure 3.11 shows N2 adsorption isotherm results. All the functionalized adsorbents
show the similar N2 adsorption performance without major differences. It is found
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Fig. 3.10 Scanning electron micrography (SEM) of functionalized fumarate-based MOFs

Fig. 3.11 Isotherms curves showing N2 adsorption on two different MOFs. Here, is MOF-801

(Zr), and indicates (CH3)2-MOF-801 (Zr). Source Applied Thermal Engineering 175 (2020)
115, 393

that the original MOF-801 (Zr) has a higher N2 uptake as compared with functional-
ized MOF-801 (Zr) adsorbent, which indicates that the additional methyl functional
groups may obstruct the N2 molecules from being adsorbed into the pores of the
MOFs framework.

The PSD (pore size distribution) diagram of the –CH3 implanted MOF-801 (Zr)
is displayed in Fig. 3.12, and the parent MOF is presented for comparison purposes.
It is observed that the pore width mainly varies from 5.0 to 15 Å, which indicates
that fumarate-based MOFs consist majority of micropores through their surface. It
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Fig. 3.12 Pore size
distribution of functionalized
fumarate-based MOFs
adsorbents employing DFT
analysis. Here, is
MOF-801 (Zr), and

indicates
(CH3)2-MOF-801 (Zr).
Source Applied Thermal
Engineering 175 (2020) 115,
393

is found that the dual methyl functional group i.e. (CH3)2-MOF-801 (Zr) increases
the number of micro-pores. The PSD graph indicates that the pore distributions of
the −CH3 implanted MOF-801 (Zr) are found with the pore size varying from 12.0
Å to 20 Å.

3.4.2 Al Fumarate and MOF-Zeolite Composites

3.4.2.1 Thermogravimetric Analysis (TGA)

The TGA curves of the 5% doped Li+, Na+, K+ Al-Fum, 30% mixed AFI/CHA-
Al-Fum is displayed in Fig. 3.13 and original aluminium fumarate (Al-Fum) for
comparison purposes. Generally, all samples, as presented in Fig. 3.13 provides the
weight loss in three stages for the temperature increasing from 30 °C to 550 ◦C.

The weight loss for the first stage is due to the water vapor release from the outer
cage of Al-based adsorbents. The weight loss for the second stage due to the water
vapor release from the sample- inner cage. After that, the final weight decrement is
due to the collapse of the material pore-structure. The final weight loss process for
all the post-synthesis Al-Fum occurs around the temperature range from 400 to 450
◦C, which is lower as compared with the parent MOFs (around 460 ◦C). Hence, the
post-synthesis process slightly reduced the thermal stability of Al-Fum.

3.4.2.2 Scanning Electron Micrography (SEM)

Figure 3.14 shows the SEM diagrams for parent Al-Fum and the post-synthesis Al-
Fum (5% doped Li+, Na+, K+ and 10%, 50%, 90% mixed AFI/CHA). The shape
and pore size of the alkali metal cations doped materials are similar to the original
Al-Fum samples, which indicates that the pore structure of the original Al-Fum
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Fig. 3.13 TGA graphs showing the thermal stabilities for the parent, alkali ions doped and zeolite
mixedAl-Fumcomposites basedMOFs. SourceMicroporous andMesoporousMaterials 288 (2019)
109, 590

Fig. 3.14 Scanning electron micrography (SEM) of Al-Fum (top left), AFI (top middle), and CHA
(top right). The second row shows the SEMs of 5% Li+, Na+ and K+ doped Al-Fum (from the
left side). The third row shows the SEMs of 10%, 50%, and 90% AFI mixed Al-Fum (from the left
side). The fourth row shows the SEMs of 10%, 50%, and 90% CHAmixed Al-Fum (from left-hand
side). Source Microporous and Mesoporous Materials 288 (2019) 109, 590
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is not destroyed by the doping of alkali cations. The coexistence of quadra-hedral
and rod-like shape in the 50%AFI/CHA-Al-Fum sample indicates that there is only
homogenous physical mixing inside the samples without any chemical reaction.

3.4.2.3 N2 Adsorption for Measuring Pore Size Distribution

Figure 3.15 shows N2 adsorption isotherms of 5% doped Li+, Na+, K+ Al-Fum,
10%, 30%, 50% mixed CHA/AFI-Al-Fum and parent Al-Fum MOFs is shown here
for comparison purpose. It is observed that the original Al-Fum exhibits the largest
N2 limiting capacity as compared to post-synthesized adsorbent samples. This is
because of the fact that some of the doped alkali metal cations may obstruct the
N2 molecules from being adsorbed into the pores of the adsorbents, and the poor
affinity between the AFI/CHA zeolite and nitrogen also results in a lower N2 uptake.
Furthermore, all the post-synthesized Al-Fum adsorbents (10%, 30%, 50% mixed
AFI/CHA-Al-Fum and 5% doped Li+, Na+, K+ Al-Fum) shares the similar N2

adsorption performance without any major difference.
Figure 3.16a–c shows pore size distribution (PSD) graphs of both the original and

the post-synthesized adsorbents. It is found that the porewidths of alkalimetal cations
doped and zeolite-based adsorbent mixed Al-Fum adsorbents vary from 6 Å to 15 Å
with a similar amount of increment in pore volume, which implies the majority of
micropores throughout the material surface.

The existence of alkali dopants or zeolite results in the decrement of adsorbent-
mesopores distribution, which indicates that the post-synthesis process could be
a reliable approach to generate the “S-shaped” water adsorption isotherm with a
shorter hydrophobic length. Based on N2 adsorption measurement, the pore volume,
the average pore radius, and the BET surface area of all the parent and modified
Al-Fum-based MOFs are calculated and furnished in Table 3.3. As can be found

Fig. 3.15 N2 adsorption isotherm for the original and post-synthesis Al-Fum adsorbents. Source
Microporous and Mesoporous Materials 288 (2019) 109, 590
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Fig. 3.16 Pore size distribution of the original and post-synthesis Al-Fum adsorbents employing
DFT analysis. Source Microporous and Mesoporous Materials 288 (2019) 109, 590
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Table 3.3 N2 adsorption
measurement (pore volume,
average pore radius, and BET
surface area) of samples

Samples BET surface
area (m2/kg)

Pore volume
(cm3/g)

Average pore

radius (Å)

Al-Fum 1093.3 0.93 11.75

Li-Al-Fum
(5%)

1061.4 0.43 11.80

Na-Al-Fum
(5%)

1061.7 0.44 11.78

K-Al-Fum
(5%)

1059.8 0.43 11.78

AFI-Al-Fum
(10%)

1089.4 0.45 11.78

AFI-Al-Fum
(30%)

822.0 0.34 11.79

AFI-Al-Fum
(50%)

598.4 0.25 11.78

CHA-Al-Fum
(10%)

1058.7 0.87 11.84

CHA-Al-Fum
(30%)

983.5 0.76 11.83

CHA-Al-Fum
(50%)

905.8 0.58 11.84

from Table 3.3, the micro-structure properties of alkali metal ions doped Al-Fum
are almost the same (pore volume ≈ 0.43cm3/g, BET surface area ≈ 1060 m2/g
and pore size ≈ 11.78 Å). However, mixing different amounts of AFI/CHA zeolite
results in different BET surface area with a range from 598 m2/g to 1089 m2/g.

3.5 Water Adsorption Isotherms and Kinetics

3.5.1 Functional MOF-801 (Zr) Plus Water

The plots of adsorption and desorption processes on the original and−CH3 implanted
MOF-801 (Zr) adsorbents are displayed in Fig. 3.17. The experiments are performed
at 25 ◦C with pressures extending from the low-pressure region (P/Ps ≈ 0) to the
saturated condition (P/Ps= 0.9). Hence, MOF-801 (Zr) is detected by the solid black
line, whereas the brown dotted line defines the (CH3)2-MOF-801 (Zr) adsorbent. The
experiments for the measurement of water uptakes are performed at least three times
for reliability and error analysis purposes. The hysteresis phenomena are observed in
the low-pressure region, which is similar to other research findings [72]. It is found
that the hydrophobic length in Henry’s region is slightly increased even though
the maximum uptake of water vapor on (CH3)2-MOF-801 (Zr) drops slightly as
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Fig. 3.17 Adsorption–desorption isotherms show the hysteresis phenomena for the original MOF-
801 (Zr) (solid black line) and (CH3)2-MOF-801 (Zr) (color dotted line) at the experimental
temperature of 25 ◦C. Source ATE 175 (2020) 115, 393

compared with that of the original material. This is because of the fact that the
implantation of the −CH3 additives into the parent MOF-801 (Zr) not only reduces
the size of the pore openings and the surface area of the MOF-801 (Zr) but also
degrades the effect of interactions between water and (CH3)2-MOF-801 (Zr).

The adsorption isotherms of water plus MOF-801 (Zr) and water plus (CH3)2-
MOF-801 (Zr) systems under equilibrium conditions are illustrated in Fig. 3.18a, b.
The isotherms diagrams are shown here for the temperature varies from 25 ◦C to

Fig. 3.18 Experimental results for water adsorption isotherms on a the parent MOF-801 (Zr) (Zr)
and b (CH3)2-MOF-801 (Zr) adsorbents from 25 °C to 80 °C. Hence A-B-C-D loop indicates the
thermal compression process under adsorption and desorption conditions, where C-D is the pre-
cooling process, D-A defines the adsorption process, A-B indicates the pre-heating process, and
B-C shows the desorption process. Source ATE 175 (2020) 115, 393
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80 ◦C, and the pressure ranges from the low-pressure region to the saturated state.
The adsorption-cooling performances can be predicted from the water adsorption
isotherm analysis. However, the effects of adsorption kinetics should be consid-
ered. The performance in terms of cooling/heat pump is calculated by water storage
capacity (�q) per adsorption cooling cycle. In Fig. 3.18, the �q (= qads−qdes) for
both the original and −CH3 implanted MOF-801 (Zr) are displayed with respect to
adsorption chiller operating conditions, in which adsorption experiment is performed
at 1 kPa and 25 °C, and desorption investigation is conducted at 5 kPa and 80 °C.

The �q of (CH3)2-MOF-801 (Zr) is found 25% more as compared to that of the
original MOF-801 (Zr), which is due to very enhanced interactions between water
and −CH3 implanted MOF i.e., the space-loss effects are observed in the original
materials. Additionally, it is found that at the heat source temperature of 75 °C, the
�q is found to be 0.09 kg/kg for the original MOF-801 (Zr), and the�q for the water
plus (CH3)2-MOF-801 (Zr) system is 0.14 kg/kg at the same operating conditions.
Hence, –CH3 functional group in MOF-801 (Zr) reduces the pore volume and pore
size of the parent MOF-801 (Zr). Still, it increases the water interaction, which does
not override the smaller pore-openings (i.e., more micro-pores are generated) of
methyl functionalized MOF-801 (Zr) pore. Therefore, a significant decrease of the
water uptake (q) is observed at higher regeneration temperatures (> 60 °C). On the
other hand, the �q increases.

The isosteric heat of adsorption (Qst) evaluated on the basis of Clausius Clapeyron
equation for water adsorption on various fumarate-basedMOFs systems are shown in
Fig. 3.19. A rapid increase in Qst is found forMOF-801 (Zr) at the low uptake region,
and it is mainly because abundant water molecules are adsorbed violently onto the
high-energy pore site at the beginning of adsorption. As the pressure increases, a
continuous decrement of Qst is observed. Similar trends are found for (CH3)2-MOF-
801 (Zr) except that there is a quick drop-in Qst at the saturation pressure point,
which indicates abundant meso and macro pores are available in (CH3)2-MOF-801
(Zr) structure. This can also be observed from the PSD distribution curves, as shown
in N2 characterization section. Generally, by implanting the methyl functional group

Fig. 3.19 Isosteric heat of
water adsorption on original
and –CH3 implanted
MOF-801 (Zr) based
systems. Here, is
MOF-801 (Zr) plus Water,
and indicates
(CH3)2-MOF-801 (Zr) plus
water adsorption systems
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Fig. 3.20 Under dynamic conditions, water adsorption kinetics on (a) MOF-801 (Zr) and (b)
(CH3)2-MOF-801 (Zr) at 1 kPa and 30 °C for adsorption and 5 kPa and 60 °C for desorption
conditions of a thermal compression system. Source ATE 175 (2020) 115, 393

into MOF-801 (Zr), the water plus (CH3)2-MOF-801 (Zr) interaction is increased.
Therefore, as the pressure (water uptake) increases, the additional interactionbetween
MOFs-framework and water vapor will result in the increment of Qst.

Under dynamic conditions, the amount of the water vapor uptakes as a function of
time for both the original and−CH3 implantedMOF-801 (Zr)materials are displayed
inFig. 3.20a, b, inwhich the kinetics data are plotted under the operation conditions of
an adsorption chiller, where the adsorption occurs at 1 kPa and 30 °C, and desorption
takes place at 5 kPa and 60 °C. The adsorption kinetics data are obtained from t =
0 up to the equilibrium condition. As can be shown in Fig. 3.20 that up to 600 s,
(CH3)2-MOF-801 (Zr) shows twice faster adsorption kinetics as compared to that of
the original MOF-801 (Zr). It takes the parent MOF-801 (Zr) about 1000 s to reach
the equilibrium.

It is noted here that the interactions between the adsorbate and adsorbent depend
on pore chemistry and topology [74, 75]. By embedding −CH3 in the pore-structure
of MOF-801 (Zr), the pore topologies in the original MOF structure can be changed,
i.e., the total pore volume is lessened and more narrow pores are generated. Hence,
the narrow pores enhance the binding energies between the (CH3)2-MOF-801 (Zr)
and water vapor, which could also be explained by the interatomic mechanisms.
At first, the water molecules move inside the “methyl functional group-blocked
pores” and lead to the higher electrostatic potential, LJ (Lennard–Jones) potential, the
induction interaction as well as the high order interactions. Additionally, the lateral
attractions between adsorbed water molecules in MOFs pores are also enhanced
at higher pressure due to the existence of methyl functional group-blocked pore
walls. All these factors enhance the overall interactions between the (CH3)2-MOF-
801 (Zr) and water, as compared to that of the original MOF-801 (Zr) adsorbent.
Therefore, with the injecting of methyl functional group, (i) the pore-blocking effect
is resulted, (ii) the stronger interaction potentials are achieved, and (iii) the faster
adsorption/desorption kinetics are obtained. However, the reduction of pore volume
reduces the limiting uptake slightly.
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From the kinetic theory of gas, the desorption kinetics should be faster than that of
adsorption as at relatively higher pressure and temperature, and water vapor moves
in the adsorbent-pores quickly. As can be observed from Figs. 3.20 (a) and 20 (b) that
the desorption-equilibrium is reached less than 600 s for the parent MOF-801 (Zr),
and it is observed that up to 200 s, methyl functionalized MOF-801 (Zr) provides
twice faster desorption kinetics.

3.5.2 Al Fumarate and MOF-Zeolite Composite Plus Water

Figure 3.21a–c shows water adsorption isotherms on the synthesized Al-Fum-based
materials at 30 °C for various relative pressures. Themaximumwater vapor uptake on
aluminium fumarate is found to be 0.4 kg/kg, which can be compared with published
work available in the literature [23, 76]. The porosities of Al-Fum MOFs define
the nature of water interactions, which also calculates the shape of the adsorption
isotherm. Generally, water vapor firstly adsorbs onto the pore sites of the MOFs with
higher energy; however, it is not equivalent to the strong binding energy between the
adsorbent and the adsorbate.When the pore size is too big as comparedwith thewater
molecule, the interactions become weaker, and relatively lower water uptakes are the
result. For example, the weaker interactions between the larger pores and the water
vapors at the low-pressure region are the main cause for the hydrophobic behavior
of the water plus the Al-Fum adsorption system. Due to the increment of relative
pressure in the adsorption bed up to P/Ps ≈ 0.20, more water molecules penetrate into
the micro-pores of the Al-Fum. As a result, the binding energy dominates, and the
water uptake increases sharply in the low pressure or at the beginning of adsorption.
Secondly, at moderate and higher pressure, some water vapors are adsorbed onto
the lower energy pore sites. Therefore, the interactions between the adsorbate and
adsorbent become slower, and the slope of uptake versus pressure becomes more
gentle. For Al-Fum plus water system, the hydrophobic length is found up to the
relative pressure (P/Ps) up to 0.2. Furthermore, more micro-pores are generated
by the combination of parent Al-Fum MOFs and zeolites or doping MOFs with
lithium cations. Hence, the interaction between the water and modified Al-Fum-
based adsorbent can be improved from the low-pressure region, which thereby, the
hydrophilicity is enhanced and the hydrophobic length is reduced. For example, the
hydrophobic length of the modified Al-Fum-based adsorbents can be decreased up
to P/Ps → 0.15 by mixing 10% to 50% (in weight basis) AFI/CHA based zeolites
on parent aluminium fumarate.

Experimentally, it is found that the water uptake capacity of the zeolite mixed
adsorbents decreases. On the other hand, the water transfer on these composite struc-
tures is found better for the relative pressure varying from 0.2 to 0.25 with respect to
chiller-operating conditions. Hence 50%AFI-Al-Fum composite provides the higher
water transfer. As can be shown in Fig. 3.21b that the same trends are observed CHA-
Al-Fum composites too. Additionally, Fig. 3.21c shows the impacts of alkali-ions on
MOFs structure, and 5% Li-Al-Fum adsorbent exhibits better performances in terms
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Fig. 3.21 Isotherms for water uptakes on a the parent and 10%, 30%, and 50% AFI-Al-Fum
MOFs, b parent and 10%, 30%, and 50% CHA-Al-Fum MOFs, (c) parent and 5% Li+, Na+
and K+ doped Al-Fum MOFs at the adsorption temperature of 30 °C ( Source: Microporous and
Mesoporous Materials 288 (2019) 109,590)
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of higher �q under adsorption assisted cooling system working conditions. Higher
water uptake is presented with the relative pressure varies from 0 to 0.25 as Li+
dopants provide hydrophilic behaviors. On the other hand, Na+ and K+ dopants
do not provide significant improvements on the original Al-Fum for higher water
transfer per cycle, which is because of the larger size of Na+ / K+ ions as compared
to Li+ ions.

The uptake data in the form of adsorption isotherms or (uptake vs. pressure) coor-
dinate system is displayed in Fig. 3.22a–d for (a) the original aluminium fumarate,
(b) 5% Li-Al-Fum, (c) 30% CHA-Al-Fum, and (d) 30% AFI-Al-Fum composites
pluswater systems. These results are provided here for the temperatures ranging from
30 to 60 °C. In Fig. 3.22, the water uptake-offtake loop (A-B-C-D) is illustrated in
the form of both adsorption and desorption, where the water transfer per thermal
compression cycle i.e., �q per operation cycle, is depicted with respect to adsorp-
tion (1 kPa and 30 °C) and desorption (5 kPa and 60 °C) conditions. As shown in
Fig. 3.22a, b, the �q values of the original and Li cations added Al-FumMOFs plus
water per cycle are found almost the same. Furthermore, the �q/cycle for 30% AFI-
Al-Fum and 30%CHA-Al-FumMOFs composites plus water systems are calculated
12% and 17% lower as compared to that of the original Al-Fum material, and these

Fig. 3.22 Plots of adsorption isotherms for parent and modified Al-Fum plus water systems, where
temperatures range from 30 to 60 °C: a original Al-Fum MOFs, b 5% Li Al-Fum MOFs, c 30%
CHA-Al-FumMOFs, d 30% AFI-Al-FumMOFs. Hence, indicates 30 °C, (�) stand for 40 °C,

represents 50 °C and (�) is 60 °C. SourceMicroporous and Mesoporous Materials 288 (2019)
109, 590
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results are shown in Fig. 3.22c, d. It should be noted here that the �q/cycle for AFI-
type zeolites and CHA-type plus water systems are observed to be 0.15 kg/kg and
0.05 kg/kg, respectively.

The experimental data forwater uptakes onAl-Fumbased adsorbents are shown in
Fig. 3.22 for pressures fromHenry’s regions to the saturated regions and temperatures
ranging from 30 ◦C to 60 ◦C (30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C), which will be deduced to
the isosteric adsorption heat. Figure 3.23 illustrates the isosteric heat (Qst) of water
adsorption on the original and post-synthesis Al-Fum MOFs based on Clausius–
Clapeyron relation dln(P)/dT = −Qst/RT2 with a wide temperature range from 30
◦C to 60 ◦C, where P indicates the adsorption pressure, R stands for the gas constant
for water, and T represents the experiment temperature. A sharp increase of Qst for
Al-Fum and 5% Li-Al-Fum is observed at low water uptake region, which is due to
the rapid adsorbed process of the water molecules onto the higher energy pore sites.

Therefore, the post-synthesis process enhances the sample affinity to water
molecules. A relative steady Qst level is found for the water uptakes from 0.1 kg/kg
to 0.3 kg/kg for all the adsorption systems. This is because of the fact that as the
adsorption process continues,morewater vapors are adsorbed onto lower energy sites
of the Al-Fum-based material pores. Furthermore, an increase in Qst is observed for
both 30% AFI-Al-Fum and 30% CHA-Al-Fum MOFs near the saturated regions as
the interactions between water molecules are increased.

The water adsorption–desorption rates on the synthesized-Al-Fum-based MOFs
at 30 and 60 °C are displayed in Fig. 3.24a–d. The practical working criteria of
the adsorption assisted chiller are applied as a reference in the water adsorption
experiments for a better investigation of the Al-Fum-based MOFs kinetics perfor-
mance. Firstly, the water adsorption kinetics is characterized at 30 °C, where the
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Fig. 3.23 Isosteric heats for the water adsorption on the parent Al-Fum, 5% Li-Al-Fum, 30%
AFI-Al-Fum and 30% CHA-Al-Fum for temperature from 30 to 60 ◦C. Source Microporous and
Mesoporous Materials 288 (2019) 109, 590
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Fig. 3.24 The kinetics diagram of the water adsorption/desorption on the original andmodified Al-
Fum-based MOFs at the temperature of 30 °C and 60 °C. Here a original Al-Fum, b 5% Li-Al-Fum
c 30% CHA-Al-Fum, and d 30% AFI-Al-Fum. Source Microporous and Mesoporous Materials
288 (2019) 109, 590

pressure is rising from extremely low pressure (P/Ps ≤ 0.05) to 1 kPa (P/Ps ≈ 0.24)
directly. Secondly, the desorption kinetics is tested at 60 °C,where theAL-Fumbased
MOFs are immediately desorbed at 60 °C, 5.0 kPa (P/Ps ≈ 0.25). To minimize
uncertainties, all the experiments are conducted three times. The adsorption–desorp-
tion kinetics results are displayed from the beginning to the equilibrium state, from
where one can concludes that the adsorbent structures have great effects on the
adsorption–desorption period. It is found that the water uptake/offtake rates of the
original Al-Fum MOFs are significantly improved by the alkali cations adding or
conventional zeolite-based adsorbent mixing method. The overall kinetics ranking
of all the parent and modified Al-Fum-based MOFs could be summarized as CHA-
Al-Fum > AFI- Al-Fum > Li dope Al-Fum > original Al-Fum. It is observed that
30%CHA-Al-Fum adsorbent exhibits higher performances in terms of water adsorp-
tion (30 °C) and desorption (60 °C) kinetics (Fig. 3.24) as compared to those of the
original Al-Fum material. The addition of the AFI/CHA zeolite leads to numbers of
micro-pores generation in the parent Al-Fum MOF structure. Therefore, enhanced
electrostatic and interatomic interaction potentials have resulted between water and
zeolite-MOF composite. Experimentally, it is observed for adsorption kinetics inves-
tigation (30 °C), (i) the original Al-Fum requires about 1900s to reach equilibrium
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Table 3.4 Total experimental duration (in the unit of hours) needed for one complete adsorption–
desorption cycle employing the parent and modified Al-Fum MOFs as adsorbent

Samples 30 ◦C 40 ◦C 50 ◦C 60 ◦C
Al-Fum MOF 94.2 77.9 63.2 43.1

Li-Al-Fum MOF (5%) 90.2 72.8 59.3 30.7

AFI-Al-Fum MOF (30%) 84.0 60.3 43.2 36.1

CHA-Al-Fum MOF (30%) 29.2 26.3 18.7 12.5

(Fig. 3.24a), (ii) the modified 5% Li-Al-FumMOF needs the 1790s for steady condi-
tions (Fig. 3.24b), (iii) 30% CHA-Al-Fum reaches equilibrium at 1214 s and 30%
AFI-Al-Fum requires 1702s to reach equilibrium states (Figs. 3.24 c, d), (iv) for prac-
tical adsorption assisted cooling system working conditions (i.e., half-cycle time =
500 s), the original Al-Fum completes 49% of the overall adsorption process, whilst
5% Li-doped Al-Fum, 30% AFI-Al-Fum and 30% CHA-Al-Fum accomplish 55%,
60% and 81% of the overall adsorption process, respectively. Furthermore, it is found
that the water offtake rates are faster as compared to that of the water uptake rates at
higher temperatures for all the adsorption cases.

All the desorption experiments for Al-Fum-based materials could be finished
within 1000 s, especially for CHA/Al-Fum (around 500 s). The doubts aboutwhether
the experiment reaches the full equilibrated state are mainly caused by the limitation
of the apparatus. For one step of the adsorption experiment under certain pressure
and temperature, the adsorbents (Al-Fum-basedmaterials)will keep adsorbingwater,
and the mass of the Al-Fum-based MOFs will keep increasing. The current adsorp-
tion step will continue if the increase of the adsorbent mass is detected within the
weight change tolerance and short time interval (which depends on the machine’s
characteristics and could not be changed). However, the experiment process will
move on to the next adsorption set point automatically if there is no significant mass
change of the adsorbent detected by the machine. Therefore, some of the kinetics
graphs at the equilibrium state may behave stiffly rather than asymptotic even the
curve is reaching coverage 1. Nonetheless, in that case, the current adsorption process
should be fully equilibrated. Table 3.4 shows the total times need for one complete
uptake-offtake cycle employing parent andmodified Al-FumMOFs, fromwhere one
can understand that the overall uptake/offtake kinetics is improved by employing the
alkali ion-doped or zeolite-based adsorbent mixed Al-Fum materials.

3.6 Thermodynamic Frameworks of Adsorption Assisted
Cooling

Two-bed adsorption assisted cooling (ADC) system is structured by an evaporator, a
condenser, and a pair of adsorption/desorption beds. For a complete ADC operation
cycle, four steps, namely isosteric cooling, isobaric adsorption, isosteric heating, and
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isobaric desorption, are involved. By monitoring the valve states and the direction
of the cooling/hot water supply, the adsorbent beds are refreshed, and continuous
cooling is achieved in the evaporator. The adsorption-triggered-evaporation proce-
dure and the desorption-activated-condensation process are shown schematically in
Fig. 3.1. Hence, specific amounts of solid porous adsorbents (original or modified
MOFs) are installed in the fin-tube adsorption beds. For the adsorption process, as a
result of the supply of chiller water (cooling load, Qevap) to the evaporator, the refrig-
erant (water here) is kept releasing from the evaporator and being adsorbed by the
porous adsorbent placed in adsorption-bed (mass transfer from the evaporator). The
adsorption heat (Qads) is removed by circulating the cooling water. Water vapor is
adsorbed onto the bed until the bed pressure is equivalent to the evaporator pressure.

During the desorption process, the desorption-bed is constantly heated up (byQdes

amount) by circulating hot water through the heat exchanger tubes at the regenera-
tion temperature of Tdes . Therefore, the water vapor is dehydrated from the porous
adsorbent by the driving heat source Qdes . The released water vapor enters into the
condenser and condenses at condenser pressure Pcond and the heat rejection temper-
ature of Tcond . The condensation heat Qcond is removed by the cooling water at the
same time. Both adsorption and desorption processes require some-times to reach
equilibrium. After adsorption and desorption, all mass-transfer valves between beds
and evaporator/condenser are closed, and the whole ADC system changes into a pre-
heating or pre-cooling state. The cooling and hot water are redirected inside the two
adsorption beds, and the role of the two adsorption/desorption beds are switched.
After switching, the normal adsorption–desorption process continues to complete
the batch operation of the ADC. In the ADC cycle, the enthalpy of evaporation is
used for cooling purposes. The combined effects of enthalpies of condensation and
adsorption are used as the required heating effect.

3.6.1 Adsorption Isotherms and Kinetics Fitting

The experimental MOFs and MOFs-zeolite composite plus water adsorption show
type I and type V (“S-shaped”) isotherms which could be well fitted by the following
isotherm equation [77].

θ =
K

(
P
Ps

)m

1 + (K − 1)
(

P
Ps

)m (3.1)

where θ = q/q0 indicates the surface coverage, q0 is the limiting uptake, and q repre-
sents the uptake under equilibrium state as a function of pressure and temperature.
The adsorption equilibrium constant K = αexp[m(Q∗

st −h f g)/RT ], wherem stands
for the heterogeneous coefficient, α represents the pre-exponential coefficient, h f g
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denotes the evaporation-enthalpy and Q∗
st defines the isosteric heat at zero coverage.

Furthermore, R represents the universal gas constant.
Based on the Langmuir analogy [78], K = kads/kdes , Where kads indicates the

adsorption rate coefficient and kdes denotes the desorption rate coefficient. Under the
equilibrium states of adsorption/desorption process, substituting K = kads/kdes into
Eq. (3.1), the surface coverage becomes:

kads(1 − θ)

(
P

Ps

)m

= k
des

θ

[
1 −

(
P

Ps

)m]
(3.2)

where kads = WβAs , As indicates theBET surface area of the adsorbent.β represents
the sticking coefficient, and it is given by β = [β0exp(Ea/RT )], where β0 is the
pre-exponential or frequency factor with unit value for monolayer; Ea resembles the
activation energy. W stands for the adsorbate molecule–collision with the adsorbent
surface per unit time and it is given by W = MP/

√
2πMRT , where M denotes the

adsorbate molecular weight. Therefore, the water vapor uptakes with respect to time
can be calculated under non-equilibrium conditions

dq

dt
= kads(1 − q)

(
P

Ps

)m

− kdesq

[
1 −

(
P

Ps

)m]
(3.3)

dq

dt
= kads

(
P

Ps

)m

− q

{
kads

(
P
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)m

pluskdes

[
1 −

(
P

Ps

)m]}
(3.4)

Hence the time constant is given as 1
τ

= kads
(

P
Ps

)m
pluskdes

[
1 −

(
P
Ps

)m]
,

therefore Eq. (3.4) becomes

dq

dt
= kads

(
P

Ps

)m

− q
1

τ
(3.5)

Tables 3.5 and 3.6 show the water adsorption kinetics and isotherms fitting param-
eters on the original and −CH3 implanted MOF-801 (Zr). On the other hand, the
kinetics and isotherms fitting parameters for the parent Al-Fum/lithium ions added
Al-Fum/Al-Fum-zeolite composite plus water systems are furnished in Tables 3.7
and 3.8, respectively.

Table 3.5 Parameters of isotherm fitting for water adsorption on various parent and modified
MOF-801 (Zr) adsorbents

System q0(kg/kg) Q∗
st (kJ/kg) m α

MOF-801 (Zr) plus Water 0.31 3132.5 3.2 4.54 × 10−3

(CH3)2-MOF-801 (Zr) plus Water 0.30 3110.5 3.3 7.78 × 10−4
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Table 3.6 Kinetics fitting parameters for water adsorption on various parent and modified MOF-
801 (Zr) adsorbents

System kads (1/s) Ea@30◦C(J/mol) β0 kdes (1/s) Ea@60◦C(J/mol)

MOF-801 (Zr) plus
Water

1.694 39,800 1 0.0037 43,300

(CH3)2-MOF-801 (Zr)
plus Water

3.193 37,900 1 0.0061 42,000

Table 3.7 Parameters of isothermfitting forwater adsorption onparent andmodifiedAl-Fum-based
adsorbents

System q0(kg/kg) Q∗
st (kJ/kg) m α

Al-Fum plus Water 0.40 2786.5 6.8 9.98 × 10−5

5%Li-Al-Fum plus Water 0.41 2861.4 5.7 1.86 × 10−5

30%AFI-Al-Fum plus Water 0.34 2877.5 5.6 1.12 × 10−5

30%CHA-Al-Fum plus
Water

0.39 2781.2 5.9 3.49 × 10−4

Table 3.8 Kinetics fitting parameters for water adsorption on parent and modified Al-Fum-based
adsorbents

System kads (1/s) Ea@30◦C(J/mol) β0 kdes(1/s) Ea@60◦C(J/mol)

Al-Fum plus Water 1.177 41,200 1 0.0041 40,100

5%Li-Al-Fum plus
Water

1.183 41,100 1 0.0039 43,500

30%AFI-Al-Fum plus
Water

1.122 42,700 1 0.0052 42,600

30%CHA-Al-Fum plus
Water

2.177 39,500 1 0.0068 40,780

3.6.2 ADC System Modelling

Numbers of papers describing the thermodynamic frameworks of the adsorption–
desorption process for various heat transformation applications such as heat pump,
cooling and distillation/ desalination are available in the literature. For simplicity, the
lumped thermal capacity model is considered. The limitations of the thermodynamic
modelling are (i) the adsorption bed temperature depends on time, i.e., the temper-
ature is independent of space and position of bed, and (ii) the simulation domain
begins with initial conditions and stops by setting a tolerance or error between the
last two values as a function of time.

It should be noted here that (i) the chilled water flows through the heat exchanger
in the evaporator, and (ii) the high heat sink temperature (>25 °C) generating from
the TES (thermal energy storage) provide the extra cooling loads to the AHT system.
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For the generation of continuous cooling, heating, and desalination, the refrigerant
(hence water vapor) under low-pressure conditions is evaporated and flows into the
porous adsorbents of the bed. The combination of sensible and latent heat flow is
involved in the evaporator by (i) the transfer of heat from cooling/chilled water to
the refrigerant via the copper tubes and (ii) energy transmission from the evaporated
water vapor to the adsorption bed. Both the mass and heat interactions between the
adsorption bed and the evaporator evolve the energy balance within the evaporator
as given by the following equation

(
Mcp

)
e

dTe
dt

= −h f gMs
dqa
dt

+ (U A)e
1

N

N∑
i=1

(Te − Ti ) − h f Ms
dqd
dt

(3.6)

The water uptake and offtake rates dqa
dt and dqd

dt are evaluated by the adsorp-
tion kinetics and isotherms models. Secondly, the heat capacity of the copper
tube-heat exchanger, as presented on the left-hand side of Eq. (5.1), becomes(
Mcp

)
e

[= Mehxcp,ehx + Mwcp,w
]
. Thirdly, the first item of the right-hand-side of

Eq. (5.1) shows the latent heat involved during evaporation, the second terms present
the liquid phase enthalpy in the evaporator generation from condensate liquid, and
the third term stands for the load generating from the supply of chilled/warm/cooling
water. The chilled water temperature for each segment of the heat exchanger tube
(Ti) becomes

Ve(ρcp)cw
N

dTi
dt

= (ṁcp)cw(Ti−1 − Ti ) + (U A)e

N
(Te − Ti ) (3.7)

The heat is evolved as the water vapor enters into the bed during adsorption.
The generated heat in the bed-heat-exchanger is removed by flowing cooling water
through the heat exchanger tubes. Furthermore, during pre-heating and desorption
periods, the hot water is transferred to the heat-exchanger tubes of the bed. Therefore,
the water vapor is rejected from the surface of porous adsorbents, i.e., the water vapor
mass transfer takes place. All these phenomena as observed in the adsorption bed
can be expressed mathematically by the following equation

(
Mcp

)
b

dTb,k
dt

= ψ.Ms
dqb,k
dt

�H − (U A)b,k

N

N∑
j=1

(
Tb,k − Tj

)
(3.8)

where k shows either water uptake (adsorption) or offtake (desorption) condi-
tion with flag ψ = 1 (for adsorption) and ψ = −1 (for desorption). The thermal
heat capacity of the bed is shown on the left-hand side of Eq. (5.3) and is
calculated with respect to the summation of heat and mass capacity of tube-fin-
adsorbent heat exchanger plus the amount of water vapor in the adsorbed phase, e.g.(
Mcp

)
b

[= Mbhxcp,bhx + Ms
(
cp,s plusq.cp,a

)]
. On the other hand, the right-hand

side of Eq. (3.8) is related to the amount of energy input and output in the bed
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control volume, in which the first term represents the latent-heat transfer due to the
heat of adsorption, and the second term indicates the rejection of heat energy from
the bed to the coolant fluid (during adsorption and pre-cooling periods) or the addi-
tion of heat to the bed by the driving heat source (hot water) during pre-heating and
desorption periods. The amount of water vapor in the bed is calculated with respect
to the bed temperature and evaporator/condenser pressure. The valves effects are
considered to calculate the bed pressure under adsorption and desorption conditions.
However, the bed pressure is based on isosteric conditions during pre-cooling and
pre-heating periods. All these phenomena, as mentioned above, depending on the
flow rates and temperature of the heat transfer fluid. Hence the temperature, Ti of the
heat transfer fluid (hence hot and cooling water) for the N segment of heat-exchanger
tubes is evaluated as

Vb(ρcp) f

N

dTj

dt
= (ṁcp) f

(
Tj−1 − Tj

) + (U A)b,k

N

(
Tb − Tj

)
(3.9)

The term Vb(ρcp) f as shown on the left-hand side defines the total heat capacity
of cooling/heating water passing through the tubes. On the other hand, the right-
hand side relates to the heat input and output involved in fluid control volume in
tubes. The water vapor is desorbed from the porous adsorbents by the supply of
heating fluid to the heat exchanger tubes of the bed. The desorbed water vapor
enters into the condenser, and condensation occurs. Cooling water flows through the
condenser tubes, and heat is rejected to the environment simultaneously. Finally, the
condensed fluid reflux-back to the evaporator via a U-tube or an expansion valve,
which maintains the pressure difference between the condenser and the evaporator.
In the present modeling, it is assumed that the condenser tube holds some liquid
condensate. Therefore, the energy balance in the condenser is calculated based on (i)
heat input from the desorbed water vapor as shown in the first term of the right-hand
side of Eq. (3.9), (ii) the heat transfer from the condenser to the heat sink as indicated
by the second term of the right-hand side, and (iii) the transfer of warm condensate
through the expansion valve (3rd term of Eq. (3.9)). The condenser temperature (Tc)
is calculated by

(
Mcp

)
c

dTc
dt

= −h f gMs
dqd
dt

plus
(U A)c

N

N∑
i=1

(Ti − Tc) + h f Ms
dqd
dt

(3.10)

Hence
(
Mcp

)
c
is the total heat capacity of condensed water and heat exchanging

tubes of condenser, and is defined by
[
Mchxcp,chx + Mwcp,w

]
. The cooling water

temperature at each segment (total N segment) of the condenser heat exchanger tube
is calculated by the following equation

Vc(ρcp)c
N

dTi
dt

= (ṁcp)cw(Ti−1 − Ti ) + (U A)c

N
(Tc − Ti ) (3.11)
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The amount of water uptake/offtake per adsorption–desorption cycle is obtained
by the mass interaction during adsorption–desorption operation and the switching
periods. The amount of sea water in the evaporator decreases as the evaporation of
water vapor continues. Therefore, themass balance in the evaporator becomes dMe

dt =
−Ms

dqa
dt − Ms

dqa
dt . The mass and energy balance equations are solved numerically,

and a finite difference method is applied with the boundary and initial conditions.
The computational region is discretized into many discrete elements having equal
steps. In the programming code, the fins and MOFs adsorbents are considered as the
same temperature at the initial condition and considered as a control volume. In the
modeling, a one-dimensional transfer is assumed for the heat transfers through the
fin. The temperature difference in the heat-exchanging tubes is approximated by a
forward difference scheme. Double precision is used with the tolerance of 1 × 10–6.
The adsorption kinetics and isotherms are correlated by a series of subroutines. The
simulated variables such as the temperature of adsorption/desorption beds and the
amount of the water vapor uptake/offtake are continuously updated by numerical
integration momentarily. The overall simulation of the AHT system begins with
the initial conditions, and subsequent simulation automatically performs, from the
dynamic state to the cyclic steady condition. The parameters [5, 79] for mass and
energy balance frameworks are furnished in Table 3.9.

During the operation of the ADC system, both the heating and cooling power are
generated simultaneously. Furthermore, the enthalpy of evaporation is applied for
cooling purposes. In addition, the combined effects of enthalpies of the condensation
(in the condenser) ofworking fluid and the adsorption (in the adsorption bed) could be
used for heat pump applications. Mathematically, these useful effects for continuous
cooling productions such as COP (coefficient of performance) and SCP (specific
cooling power) can be evaluated under cyclic steady-state conditions. The calculation
is time-based, where the total cycle time (tcycle) comprises the switching period and
adsorption–desorption operation period. The energy required for evaporation (Qe)
and desorption (Qh) are calculated as

Qe =
tcycle∫

0

(ṁcp)cw(Tcw,i − Tcw,o)dt

tcycle
(3.12)

Qh =
tcycle∫

0

(ṁcp)hw
(Thw,i − Thw,out )dt

tcycle
(3.13)

The performances of adsorption cooling such as SCP and COP are calculated by

SCP =
tcycle∫

0

(ṁcp)cw
Ms

(Tcw,i − Tcw,o)dt

tcycle
(3.14)
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Table 3.9 The mass and
energy balance parameters for
the simulation of the ADC
system

Parameter Numerical description

cp 750 J(/kg · K) at 300 K

Ms 18 kg

(Mcp)b 184.1 W/(m2 · K) [38]

(Mcp)c (24 kg × 386 J/(kg · K)plus 5 kg×
4180J/(kg · K)) [38]

(Mcp)e (8.9 kg × 386 J/(kg · K) plus 40 kg×4180
J/(kg · K)) [38]

T i
f 30 ◦C

T j
f 60 ~ 80 ◦C

T in
chill 14.8 ~ 30 ◦C (Maintained by TES)

(U A)e (2557 W/(m2 · K) × 1.37 m2) [6]

(U A)c (4115 W/(m2 · K) × 3.71 m2) [6]

(U A)b 10.3 kW/K (experimental investigation)

(U A)b 9.85 kW/K (experimental investigation)

ucw 0.20 m/s

ucw 0.15 m/s (chilled water)

u f 0.20 m/s (for heating)

Vb = πr20 Lt r0= 8.6 mm, Lt= 2.5 m

Ve = πr20 Le Le = 2.0 m, r0= 8.6 mm

Vc = πr20 Lc Lc = 2.0 m, r0= 8.6 mm

ṁ f 2.08 kg/s for both beds

ṁcw 1.4 kg/s

COP = Qe

Qh
(3.15)

3.6.3 ADC Performance Analysis

3.6.3.1 Heat Transfer Fluid Dynamic Profile

Employing the proposedmodelling, the temperature changeswith respect to the oper-
ation time of the heat transfer fluids and the major components of the AHT (here,
Al-Fumpluswater pair as an example) are shown in Fig. 3.25.Hence, adequate cycles
are run to minimize any single structure effects, and two half-cycles of the adsorber
(Bed-1 and Bed-2) are exhibited under cyclic-steady-state. The regeneration temper-
ature, chilled water temperature inlet, and cold water inlet temperature are kept at 80
◦C, 14.8 ◦C, and 30 ◦C, respectively. The half-cycle time is fixed at 500 s. Initially,
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Fig. 3.25 Cyclic-steady-state overall temperature profiles of the Al-Fum—water ADC system as
a function of time. Here, a temperature profiles of the evaporator, condenser, adsorption, and
desorption chamber

Bed-1 is designed as the desorber where its temperature increases steeply from 32
to 76 ◦C by the heating processes with the external flow of hot water. In addition,
Bed-2 is used as the adsorber, and a quick temperature decrease is observed due to
the cooling effect by the supply of the coolant. Both the switching time and operation
time are labeled in Fig. 3.25. During the switching periods, heat transfer fluids (cold
and hot water) redirect, and the role of the two beds switches and temperature surges
are found especially in sorption-beds. For the first half cycle, the hot/coldwater outlet
temperature reaches the regeneration/cooling water inlet temperature (80/30 ◦C) at
about 300 s. The evaporator and condenser temperatures are also shown. Under
the steady-state condition, it is found that the evaporator water outlet distributes
around 13 ◦C (< 14.8 ◦C). Hence, continuous cooling power production is achieved.
Furthermore, the heat generation in the adsorber and condenser could be applied in
the adsorption heat pump application, and the condensed water can be used for water
distillation purposes.

The variations of pressure with respect to temperature for Al-Fum and water-
assisted cooling cycle are shown in Fig. 3.26,which is known as theDühring diagram.
Here, regeneration temperature, chilled water temperature inlet, and cold water inlet
temperature are kept at 80 ◦C, 14.8 ◦C, and 30 ◦C, respectively. On the other hand,
the operation and switching periods are optimized 500 s and 25 s for the best perfor-
mance in COP and SCP. Four ADCoperation stages, namely pre-cooling, adsorption,
pre-heating, and desorption, are also provided in Fig. 3.26, from which one could
understand the transientwater vapor transfers under various pressure and temperature
conditions. It is found that the maximum water vapor �q per cooling cycle for the
parent Al-Fum and zeolite-Al-Fum composites could be ranked as 5% Li-Al-Fum
>30% CHA-Al-Fum >30% AFI Al-Fum > parent Al-Fum. During the switching
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Fig. 3.26 The D ü hring diagram (pressure versus temperature, P–T) for the original Al-Fum and
zeolite-Al-Fum composites plus water-based ADC under cyclic-steady-state

time, the entire bed follows the isosteric path. It is noted here that the rise in pres-
sure is observed during the adsorption process due to the presence of more water
vapor with isosteric heat in the adsorption bed. Additionally, both the temperature
and pressure increase at the end of the cold-to-hot thermal swing process in the bed.
Hence, the desorption process occurs within the bed.

The �q per adsorption cooling cycle for the original Al-Fum and composites
plus water-based ADC system at various regeneration temperatures (60 to 90 °C)
is furnished in Table 3.10. It is found that the regeneration temperature of 60 °C
suits well for the original Al-FumMOFs for its hydrophobic trait at the low-pressure
region (�q = 0.192 g/g). The maximum cooling capacity of the original Al-Fum
is achieved at the regeneration temperature of 70 °C (�q = 0.195 g/g), and no
improvement of �q is found when the regeneration temperature increases (> 80 °C).
On the other hand, higher�q under higher regeneration temperatures are found for all
the modified Al-Fum-basedMOFs for their enhanced hydrophilicity. For example, at
the regeneration temperature of 60 °C, the�q for 5% Li-Al-Fum, 30%AFI-Al-Fum,
and 30% CHA-Al-Fum are 0.311 g/g, 0.255 g/g, and 0.285 g/g, respectively. As the
regeneration temperature increases up to 70 °C, the �q for 30% AFI-Al-Fum, 5%
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Table 3.10 Water uptake-offtake difference (�q) at various regeneration temperatures (from 60 to
90 °C) for original and modified Al-Fum based ADC systems (cold water inlet temperature/chilled
water inlet temperature/switching time/half-cycle time = 30 ◦C/14.8 ◦C/25 s/500 s)

�q
(Tregen = 60 °C)

�q
(Tregen = 70 °C)

�q
(Tregen = 80 °C)

�q
(Tregen = 90 °C)

Al-Fum 0.192 0.195 0.195 0.195

5% Li-Al-Fum 0.311 0.353 0.355 0.355

30%AFI-Al-Fum 0.255 0.284 0.285 0.285

30%CHA-Al-Fum 0.285 0.333 0.335 0.335

Li-Al-Fum and 30%CHA-Al-Fum are 0.284 g/g (plus11.4%), 0.353 g/g (plus13.5%)
and 0.333 g/g (plus16.8%), respectively.

3.6.3.2 Performance Factors: Influence of Heat Transfer Fluids

The hot water (driving heat source) inlet temperature (55–90 ◦C) affects the COP
and the SCP for various original and modified MOF-based ADC systems, and these
results are shown in Fig. 3.27. Here, the cooling water and the chilled water inlet
temperature are 30 and 14.8 °C, while the half-cycle time is fixed at 400 s. For the
parent (such as Al-Fum and MOF-801 (Zr)) and modified (Al-Fum–zeolite compos-
ites and functional MOF-801 (Zr)) adsorbents plus water systems, the best COP is
obtained at the hot water inlet temperatures between 55 and 60 ◦C. The COP starts
to drop when the regeneration temperature is higher than 60 ◦C. The reason is that
all the Al-Fum based materials show “S-shaped” water adsorption isotherms with a
medium hydrophobic length (P/Ps > 0.22); therefore, no evident enhancement of
the water vapor transfer per thermal compression cycle is achieved at Tdes > 60◦C.
The maximum COP for 30% CHA-Al-Fum composite is 0.39 (Tdes = 60◦C) while
the maximum COP for 5% Li-Al-Fum, 30%AFI-Al-Fum and the parent Al-Fum are
0.37, 0.32, and 0.27, respectively (Tdes = 55◦C). On the other hand, the SCP rises
sharply between the regeneration temperature of 55 ◦C and 65 ◦C as the water vapor
delivery per adsorption cooling cycle increases. When Tdes > 65◦C, the SCP drops
due to incomplete utilization of applied heat to the desorption bed for the rejection
of water vapor. Therefore, the decrease of the �q thermal compression cycle has
resulted. At 65 °C, the maximum SCP for the functional MOFs and MOFs-zeolite
composites (such as 30% CHA-Al-Fum, 5% Li-Al-Fum, 30% AFI-Al-Fum, and Al-
Fum MOFs) are found to be 0.54, 0.45, 0.37, and 0.31 kW/kg, respectively. Unlike
the Al-Fum group, MOFs such as MOF-801 (Zr) and (CH3)2-MOF-801 (Zr) present
type I resemble isothermswithwater adsorption, and high regeneration temperature is
required for a completed desorption process. Therefore, the evident increases of SCP
and COP are found as the regeneration temperature increases. Additionally, MOF-
801 (Zr) (0.498, Tdes = 90 ◦C) and (CH3)2-MOF-801 (Zr) (0.603,Tdes = 85 ◦C)
shows the maximum COP at higher heat source temperature due to the higher
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Fig. 3.27 Effects of regeneration temperatures on SCP (kW/kg) and COP for original andmodified
MOFs plus water-based adsorption chillers at the half-cycle time of 400 s and the cooling water
inlet temperature of 30 ◦C

transfer of water vapor per thermal compression cycle. Similarly, at higher regener-
ation temperatures (Tdes > 80 ◦C), the functional (CH3)2-MOF-801 (Zr) adsorbent
provides the highest SCP with the value of 0.83 kW/kg as compared with the parent
MOFs.

It is found that all the modified MOFs present substantially better results as
compared with the original MOFs. For example, at a lower regeneration temperature
of 60 ◦C, 42.3% higher COP, and 70.0% more SCP are observed for 30% CHA-Al-
Fum as compared with that of the parent Al-Fum. At the same time, similar results
are found for 5% Li-Al-Fum (33.3% more COP and 43.5% more SCP) and 30%
AFI-Al-Fum (12.6% higher COP and plus17.0% higher SCP). Hence, the impres-
sive ADC performances are obtained by the post-modification of the parent MOF
materials. By balancing the ADC performances in terms of the SCP and COP, the
optimal regeneration temperature is found between 55 ◦C and 65 ◦C (for Al-Fum
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MOFs and zeolite plus Al-Fum composites adsorbent). In addition, higher COP and
SCP are obtained bymethyl-functionalizedMOF-801 (Zr) adsorbents even at a lower
regeneration temperature of 55 ◦C.

Figure 3.28 illustrates the effects of heat sink temperature (varying from 20 to
35 ◦C) on the ADC performances. Generally, the coolant fluid flowing through
the adsorbent-heat exchanger absorbs heat from the adsorbent, which increases the
water uptake capabilities. As furnished in Fig. 3.28, both the SCP and COP drop
monotonously for all the assorted MOF adsorbents plus water systems as the heat
sink temperature increases. The main reason is that the higher heat sink temperature
leads to the decrement of �q (water transfer) per adsorption cooling cycle. Due to
higher heat sink temperature, the water uptake drops, and the water offtake increases,
and the SCP decreases. Generally, water at room temperature is used as the heat sink
for energy-saving purposes. At 25 ◦C, the original Al-Fum MOF delivers moderate
performance with the SCP of 0.43 kW/kg and COP of 0.39. By doping the lithium

Fig. 3.28 The COP and SCP (kW/kg) at various cooling water inlet temperature original and
modified MOFs—water adsorption chillers with the half-cycle time of 400 s and regeneration
temperature of 60 ◦C
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ions onto the Al-Fum structure (for 5% Li-Al-Fum), 17.5% higher COP (0.46) and
23.9% larger SCP (0.54 kW/kg) are obtained. In addition, 30% AFI-Al-Fum shows
4.7% higher COP (0.41) and 17.5% larger SCP (0.49 kW/kg) as compared with the
parent Al-Fum. The best performance is found for 30% CHA-Al-Fum.

Water adsorption chiller, where the COP is 0.48 (24.1%), and the SCP is
0.59 kW/kg (37.6%). On the other hand, the functionalized MOFs also yield exten-
sively better results in terms of COP and SCP as compared with original materials.
As for the hydrophilic materials such as MOF-801 (Zr), the effect of the heat sink
temperature on chiller behaviors is not significant. For example, only 7.4% drop of
SCP (from 0.434 kW/kg to 0.404 kW/kg) is found for water plus MOF-801 (Zr)
ADC system when the heat sink temperature increases from 20 ◦C to 35 ◦C. On
the other hand, The cooling water inlet temperature provides significant effects on
(CH3)2-MOF-801 (Zr) adsorbents, where the COP decreases 81.6% (from 0.53 to
0.29) and the SCP drops 30.6% (from 0.681 kW/kg to 0.522 kW/kg) when the heat
sink temperature increases from 20 ◦C to 35 ◦C.

3.6.3.3 Effect of Half-Cycle Time

Figure 3.29 shows the SCP and COP of the original and modifiedMOF-based adsor-
bent–water adsorption assisted cooling system for the heat sink temperature of 30
◦C and heat source (hot water) temperature of 60 ◦C at the various half-cycle time
(τ ). As shown in Fig. 3.29, the COP increases monotonically with τ for all the
adsorbents. This is because that the water uptake/offtake process is not finished
with a short half-cycle time, the heating energy is poorly utilized, and the �q per
thermal compression cycle is very low; hence, low COP has resulted. As the cycle
time increases, the use of the heat energy is reduced significantly as compared with
the reduction in the production of the cooling power, which results in a favorable
impact on the COP. Hence, higher COP is obtained. From this standpoint, saturated
COP is excepted when a relatively long cycle time is considered. For Al-Fum-based
adsorbent system, the largest COP (τ=1000 s) for Al-Fum, 5% Li-Al-Fum, 30%
AFI-Al-Fum and 30% CHA-Al-Fum is 0.446, 0.476, 0.539 and 0.564, respectively.
Furthermore, 71.2% increase in terms of COP is found for (CH3)2-MOF-801 (Zr)
(0.437, τ=1000 s) as comparedwith that of originalMOF-801 (Zr) (0.255, τ=1000 s).
It should be noted that the effect of the half-cycle time is considered negligible for
MOF-801 (Zr) and (CH3)2-MOF-801 (Zr) when a longer cycle time is applied (τ
> 600 s). It is because that both of these materials exhibit impressively fast water
adsorption kinetics, and 80% of the equilibrium state could be reached within 600 s
(as shown in Fig. 3.20). Hence, no evident COP improvement is found when longer
half-cycle time is employed (600 < τ < 1000 s).

Unlike COP, the SCP (cycle average specific cooling power) delivers the
nonmonotonic behaviors with the change of τ for the majority of the adsorbents.
For the Al-Fum-based ADC system, the SCP increases rapidly up to 300 s, and the
slope becomes more gentle when longer half-cycle time is applied (>500 s), where
even a slight decrease is found for 5% Li-Al-Fum and 30% CHA-Al-Fum based



3 Synthesis and Characterization of Various MOFs and MOFs-Zeolite … 77

Fig. 3.29 Effects of half-cycle time on SCP (kW/kg) and COP for original and modified Al-Fum
or MOF-801 (Zr) based adsorption chiller at the heat source o temperature of 60 °C and heat sink
temperature of 30 °C. Source ATE 175 (2020) 115, 393

adsorption chiller. Hence, the highest SCP is labeled in red color, and the lowest
SCP is marked in green. Lower SCP is found when a shorter half-cycle time (150
to 300 s) is applied, which is because that the adsorption and desorption processes
are not fully complete with the scanty cooling and heating of the bed (lower �q is
caused). At the longer half-cycle time, more heat energy is utilized in the adsorption
beds, and all the Al-Fum-based adsorbents approach their adsorption limit. Further-
more, reverse-adsorption may also be found for theMOF-801 (Zr) plus water system
if a longer desorption cycle time is used, which is because of the strong adsorbent
plus adsorbate interaction.

These constraints will lead to unfavorable cooling capacity and poor SCP. Hence,
a decrease of SCP is found for MOF-801 (Zr) and (CH3)2-MOF-801 (Zr) when a
longer half-cycle time is applied (τ > 400 s). The highest SCP for all the systemswith
variousMOF adsorbents is summarized as (a) Al-Fum, 5%Li-Al-Fum, 30%AFI-Al-
Fum and 30% CHA-Al-Fum is 0.353 (τ=1000 s), 0.394 (τ=1000 s), 0.473 (τ=800 s)
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and 0.551 (τ=700 s), respectively; (b) MOF-801 (Zr) and (CH3)2-MOF-801 (Zr) is
0.416 (τ=300 s) and 0.576 (τ=300 s), respectively. The results demonstrate that the
performance of the ADC system could be enhanced significantly by employing the
modified MOFs as adsorbent as compared with the original MOFs. For example,
among the four Al-Fum-based adsorbents, the original Al-Fum shows the poorest
ADC performance (COP and SCP) for its slow adsorption/desorption kinetics as well
as the strong hydrophobic performance under low-pressure conditions. By mixing
the parent Al-Fum with the AQSOA-Z02 (CHA type) zeolite, the modified 30%
CHA-Al-Fum delivers the best adsorption performance.

ADC performance with the highest COP of 0.564 (τ=1000 s) and SCP of 0.551
(τ=700 s). Significant enhancements are also found for 5%Li-Al-Fum and 30%AFI-
Al-Fum for their enhanced hydrophilicity at the low-pressure region, faster adsorp-
tion–desorption rates, and higher �q per adsorption cooling cycle. For example, at
a half cycle time of 300 s, a 14.3% larger COP and 18.8% higher SCP are found
for 30% AFI-Al-Fum as compared with the original Al-Fum. Even better results are
obtained for 5% Li-Al-Fum (plus35.0% COP and plus44.7% SCP) and 30% CHA-
Al-Fum (plus35.0% COP and plus44.7% SCP). At other half cycle times such as
500 s, obvious enhancements of ADC performance are also found, which is shown
in Fig. 3.30. The overall performance for different Al-Fum-based adsorbent—water
adsorption chiller in terms of SCP and COP could be summarized as 30% CHA-Al-
Fum > 5% Li-Al-Fum > 30% AFI-Al-Fum > Al-Fum. Similar results are also found
for MOF-801 (Zr) based ADC systems.

3.6.4 Comparison Study

Figure 3.30 shows a comparative study of the effects of various types of adsorbents
on the adsorption chiller performances. Here, original and modified Al-Fum based
MOFs, original and−CH3 implantedMOF-801 (Zr) basedMOFs, conventional silica
gel and AQSOA-Z01/Z02 type zeolite-based adsorption assisted cooling system are
studied, and the results are listed in Table 3.11. The SCP of conventional materials is
found relatively lower as compared with the parent MOF-801 (Zr) based MOFs as a
result of the low water vapor transfer (Ms × Δq) per thermal compression cycle. In
addition, it is noted that the COP of the silica gel is comparable to that of the original
MOF-801 (Zr), which is mainly because of the stronger hydrophilic performance of
MOF-801 (Zr) (0.25 g/g of the water uptake at P/Ps= 0.1). It is also observed that all
theAl-Fum-basedMOFs could operatewith relatively low regeneration temperatures
(55 to 60 °C). These results could be compared with the published literatures. For
example, it is reported that at the regeneration temperature of 82.1 ◦C, conventional
silica gel could deliver a moderate SCP (0.2 kW/kg) and COP (0.49). Significant
enhancement is achieved when silica/CaCl2 plus activated carbon composites are
used, where 90% and 32.7% of increment are resulted for the SCP and the COP
as compared with those of the RD-type silica gel. It is noted here that a higher hot
water inlet temperature (85 ◦C) is needed. In addition, the original MOF-801 (Zr)
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Fig. 3.30 The SCP and COP of the adsorption assisted chiller employing various adsorbents plus
water pairs under the optimal regeneration temperature conditions

Table 3.11 The COPs and SCPs for conventional adsorbent and parent/modified MOFs based
adsorption assisted chiller

Material Optimal COP Optimal SCP Regeneration temperature (°C)

AQSOA-Z01 0.43 0.44 60

AQSOA-Z02 0.37 0.31 90

AQSOA-Z05 0.25 0.04 55

Silica gel 0.50 0.55 80

Al-Fum 0.28 0.19 60

30% AFI-Al-Fum 0.32 0.30 55

5% Li-Al-Fum 0.37 0.35 55

30% CHA-Al-Fum 0.39 0.35 60

MOF-801 (Zr) 0.50 0.54 90

(CH3)2-MOF-801 (Zr) 0.6 0.83 85

shows the comparable higher COP (0.47 > 0.44) and SCP (0.54 > 0.51 kW/kg) as
compared with those of the FAM Z01 type zeolite. By optimizing the hydrophilicity
behaviors of the parent MOFs at low-pressure region with modification procedures
(alkali ions doping, functionalization, ormixingwith conventional zeolite adsorbent),
the hydrophilicity of the original Al-Fum or MOF-801 (Zr) is revised. Higher COP
and SCP are found for the modified fumarate-based MOFs as compared with those
of the original ones. Collectively, these results prove that the modified Al-Fum or
MOF-801 (Zr) basedMOFs are promising candidates for adsorption-assisted cooling
applications.
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3.7 Conclusions

In this chapter, fumarate-basedMOFs, namely Al-Fum andMOF-801 (Zr) are modi-
fied with zeolite composites/alkali cations/−CH3 additives. The parent and modi-
fied adsorbents are characterized by XRD, TGA, SEM, and N2 adsorption. Water
adsorption investigations on parent and modifiedMOFs are performed both theoreti-
cally and experimentally. It is observed that the synthesized MOFs exhibit improved
stability properties with enhanced micro-porosities. Noteworthy, faster adsorption––
desorption kinetics with the higher water vapor transfer per adsorption cooling cycle
are found for modified materials as compared with parent Al-Fum or MOF-801 (Zr)
adsorbents. Thewater adsorption kinetics and isotherms are fittedwith the Langmuir-
based equation, and the critical parameters are applied to analyze adsorption chiller
(ADC) performance. The adsorption chillers employing various original and modi-
fied MOF adsorbents—water pairs are successfully modeled, and the performances
in terms of the SCP (specific cooling power) and COP (coefficient of performance)
are presented. The effects of the operation conditions on the ADC performance are
investigated regarding the different regeneration temperatures (55–90 ◦C), coldwater
inlet temperature (20–35 ◦C), and half-cycle time (150–1000 s). Superior results are
seen for modified MOFs-based adsorption chiller. Collectively, the ranking in terms
of the ADC performance (SCP and COP) is summarized as: (a) 30% CHA-Al-Fum
> 5% Li-Al-Fum >30% AFI-Al-Fum > parent Al-Fum; (b) (CH3)2-MOF-801 (Zr)
> MOF-801 (Zr). The simulated results indicate that:

(a) Overall, the optimal half-cycle time (τ ) for all the original and modified adsor-
bents ranges from400 to 800 s,which is related to thewater adsorption kinetics.
The original Al-Fum and 30% AFI-Al-Fum achieve the maximum SCP at
1000 s while 5% Li-Al-Fum and 30% CHA-Al-Fum require a much shorter
time (800 s and 700 s, respectively). For MOF-801 (Zr) based MOFs, both
MOF-801 (Zr) and (CH3)2-MOF-801 (Zr) could achieve 90% of themaximum
SCP within 600 s.

(b) The modified MOF-based adsorbent–water adsorption chiller could be driven
readily by the low-grade heat source, for example, solar energy or waste heat.
At a low regeneration temperature of 75 ◦C, all the modified MOF adsorbents
achieve optimized SCP, and the maximum COP is obtained at even lower
temperatures (55– 65 ◦C) for some materials. Furthermore, inlet cold water at
room temperature (25–30 ◦C) is suitable for cooling purposes.

(c) Among all the Al-Fum-based MOFs, 30% CHA-Al-Fum exhibits the best
ADC performance. For the heat sink temperature of 30 ◦C and heat source
temperature of 60 ◦C, 30% CHA-Al-Fum presents a promising SCP of 0.52
kW/kg and COP of 0.39, which is 42.3% and 70% higher as compared with
the original Al-Fum. Furthermore, (CH3)2-MOF-801 (Zr) is suitable for ADC
applications for a wide regeneration temperature range (70–90 ◦C).

Hence the simulation results are based on experimentally confirmed MOFs plus
water adsorption isotherms and kinetics data. The conclusion provides a potential
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guideline for the optimization and design of the parent and modified MOF—water
adsorption chiller. Further research should be devoted to the development of practical
adsorption chiller experiments to confirm these novel findings. Additionally, the
original MOFs could be further revised by other modification methods such as the
pore size enlargement to deliver higher water uptake—offtake difference (�q) with
faster kinetics per adsorption cooling cycle.
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Chapter 4
Specific Heat Capacity of Carbon-Based
Composites for Adsorption Heat Pump
and Desalination Applications

Kaiser Ahmed Rocky, Md. Amirul Islam, Animesh Pal, Bidyut Baran Saha,
Hyun-Sig Kil, Seong-Ho Yoon, and Jin Miyawaki

Abstract Environmentally benign adsorption heat pump (AHP) and desalination
(AD) systems have already attracted considerable attention for space cooling/heating
and potable water production since they require no electricity and are driven by solar
or waste heat. The adsorbent material is the key element of these adsorption systems.
Highly porous carbon-based consolidated composites are very promising adsorbents.
Specific heat capacity (cp) of adsorbent is one of the most significant thermophysical
properties. It plays a vital role in predicting the performance of the systems accurately.
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However, the estimation of the cp of adsorbent materials is a demanding issue and has
not been focused sufficiently yet. Therefore, this chapter will present the significance
of specific heat capacity, detailed experimental procedure, and the cp of composites,
as well as the parent materials at the operating temperature range of AHP and AD
systems. Finally, all the experimental data are analyzed rigorously and correlated
with the established equations of cp. The presented experimental cp data along with
the fitted parameters are crucial in the design of AHP and AD systems.

Keywords Activated carbon · Adsorption heat pump · Composite · Specific heat
capacity

4.1 Introduction

Nowadays, the energy crisis and environmental pollution are the most concern
issues in the world. Therefore, conventional heating, ventilation, and air conditioning
(HVAC) system is now encountering momentous challenges due to employing vapor
compression technique as the basicworking principle. The traditional vapor compres-
sion system uses a mechanical compressor which consumes a substantial volume
of electrical energy. Besides, this system causes the increase of global warming
potential (GWP) and the depletion of the ozone layer. In order to protect the ozone
layer, substances that are liable for ozone layer depletion should be phased out.
To execute this plan, an international agreement is signed, which is known as
the Montreal Protocol. Therefore, under this protocol, hydrochlorofluorocarbons
(HCFCs) and hydrofluorocarbons (HFCs) have replaced the use of chlorofluoro-
carbons (CFCs) in the HVAC system. However, CFCs, HCFCs, and HFCs all have
large global warming potential. In the 28th meeting of the Montreal Protocol, one
amendment has been included to the protocol that aims to phase out HFCs. It is
expected that this phasing out could prevent global warming up to 0.5 °C by the
end of this century. Therefore, conventional HVAC and refrigeration systems should
replace HFCs with environmentally benign refrigerants. From the environmental
issue and energy consumption perspective, researchers are trying to develop an
alternate cooling/heating system that could utilize natural fluids as refrigerants and
consumes almost no electrical energy. In this case, an adsorption heat pump (AHP) is
strongly treated as a prospective alternate to the traditional vapor compression system.
In AHP, the mechanical compressor is replaced by a thermal compressor which is
driven by utilizing thermal energies. The widely used thermal energy sources are
solar, geothermal and waste heat of industrial or domestic processes. Besides, the
adsorption desalination (AD) system that mitigates the thirst for drinkable water also
employs low-grade thermal energy activated thermal compressor [1, 2]. The working
principle of these compressors is almost similar. The key element of the thermal
compressor is adsorbent materials. These materials can be synthesized by adopting a
green synthesis process. Silica gel, activated carbon (AC), metal–organic framework
(MOF), and zeolite are extensively used adsorbent materials. Each adsorbent has a
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strong affinity to a specific refrigerant. Silica gel, MOF, and zeolite have an affinity
to water vapor, whereas AC has more susceptibility to carbon dioxide and ethanol.
Therefore, AHP uses natural fluids such as water, CO2, methanol, ethanol, and so
on as refrigerant, which in turn makes AHP as an environmental-friendly system.
However, the performance of an AHP/AD is not still satisfactory due to the low heat
transfer in the adsorption bed, and the system is bulky. Usually, the adsorbents used
in the adsorption bed exhibits poor thermal conductivity and packing density, which
decrease the system efficiency. Hence, researchers are focusing on the consolidated
composite adsorbents instead of the powder form. The consolidated compositewould
exhibit an improved heat transfer phenomenon, a higher volumetric capacity which
would result in an efficient and compact system. Several research works related to
composite adsorbents can be found in the literature [3–8]. The literature review indi-
cates that AC-based consolidated composite could be very promising for designing
the next generation cooling, heating, and desalination systems.

Before designing anAHP/ADsystem, thefirst task is to determine the thermophys-
ical properties of the adsorbents. Specific heat capacity (cp) is considered as the most
important thermophysical property since it plays a vital role in the system character-
istics, simulation, design, and analysis [9, 10]. However, few research works [11–14]
are available regarding the cp of adsorbent materials. Uddin et al. [11] investigated
the cp of several carbon-based adsorbent materials and showed cp as an increasing
function of temperature. Rahman et al. [15] calculated the adsorbed phase cp of
the AC-methane system as a function of temperature and pressure. Nevertheless,
many researchers adopted cp as a constant quantity in their simulation of adsorption
processes. Boelman et al. [16], Mitra et al. [17], and Thu et al. [18] considered the cp
value of silica gel as constant in their studies.Askalany et al. [19] estimated the perfor-
mance of the granular AC-based adsorption cooling system, assuming the cp value
of AC as 0.930 kJ kg–1 K–1. Chan et al. [20] also assumed the cp of zeolite13X/CaCl2
composite as a constant value of 0.836 kJ kg–1 K–1 for the performance prediction
of the system. Since adsorption cycles include alternate cooling and heating, consid-
ering the cp value as constant will reflect an erroneous result which would hinder
the design and the performance of the AHP or AD systems. Therefore, precise cp
measurement finds immense importance in the energetics of the systems.

This chapter, firstly, focuses on the significance of specific heat capacity in
AHP/AD design and its performance analysis. Secondly, a concise description of
the prospective materials for the preparation of composite adsorbents and the devel-
opment procedure of consolidated composites are summarized. Thirdly, the working
principle of differential scanning calorimetry (DSC) and cp measurement procedure
are summarized. Finally, specific heat capacity data of parent substances are corre-
lated with a well-known equation, and a universal equation proposed by Rocky et al.
[12] is employed to determine the specific heat capacity of composite adsorbents.
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4.2 Significance of Specific Heat Capacity

The amount of input energy of an AHP/AD system strongly depends on the specific
heat capacity of adsorbents and materials used for fin and heat exchanger tubes.
Hence, specific heat capacity plays an important role in the design and optimization
of minimum desorption temperature and adsorption cycle time. Besides, before the
overall system design, the essential thermodynamic quantities such as enthalpy and
entropy should be evaluated. Several researchers [21–24] showed that the enthalpy
and entropy of an adsorbent-adsorbate system depend on the cp of adsorbent and
adsorbate. Rupam et al. [23] derived the equations of enthalpy and entropy for various
adsorbent/adsorbate pairs. The equations can be expressed as

h =
T∫

To

cp,ad(T )dT +
T∫

To

[
cp,re f (P, T ) + �Hads

T
− �Hads

vre f

∂vre f

∂T
− ∂�Hads

∂T

]
dT

+
q∫

0

[
hre f (P, T ) − �Hads

]
dq +

P∫

Po

vad .dP

(4.1)

and

s =
T∫

To

cp,ad (T )

T
dT + q

T∫

T0

(
cp,re f (P, T ) + �Hads

T
− �Hads

vre f

(
∂vre f

∂T

)
p
− ∂Hads

∂T

)
dT

+
q∫

0

{
sre f (P, T ) − �Hads

T

}
dq

(4.2)

Here, h and s represent enthalpy and entropy, respectively; Hads denotes the heat
of adsorption; q is adsorption uptake; P, v, and T carry the conventional meaning.
The subscripts ad and ref stand for adsorbent and adsorbate (refrigerant), respectively.

From Eqs. (4.1) and (4.2), it is clearly observed that specific heat capacity has a
significant contribution in the calculation of the enthalpy and entropy of the system.
Moreover, the thermal conductivity of adsorbent strongly depends on the cp value
[25–27], whereas thermal conductivity is also considered as a key parameter for
AHP/AD design.

An energy balance equation is required for the design of an AHP/AD system.
The cp of adsorbent is a significant parameter of the energy balance equation. A
generalized energy balance equation [28] for an adsorber can be written as -

[
mcp

]
adsorber

dTadsorber
dt

= mad Hads
dq

dt
+ [

ṁcp(Tin − Tout )
]
H.Ex . f luid (4.3)
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The heat capacity term of the left side of the Eq. (4.3) could be extended as -

[
mcp

]
adsorber = mtcp,t + m f cp, f + madcp,ad (4.4)

Here, m stands for mass. The subscripts H.Ex.fluid stands for the heat transfer fluid
of heat exchanger; in and out represent inlet and outlet, respectively; t and f denote
tubes and fins of the adsorber, respectively.

Usually, the cp of the tube and fin materials is known, as it is provided by the
manufacturing company. Thus, accurate cp determination of adsorbents is essential
since Eq. (4.3) is potently influenced by the specific heat capacity of the adsorbents.
In AHP/AD, adsorption usually occurs at room temperature, whereas regeneration is
done at a higher temperature. Hence, assuming the cp value of adsorbents as constant
will result in an imprecise energy balance equation. This erroneous equation will
considerably affect the performance of an AHP/AD system.

4.3 Promising Materials for Composite Adsorbents

Adsorbent materials are the heart of an AHP/ AD system. Therefore, the selection of
a suitable material is one of the most important tasks. An adsorbent material should
have the following properties for an efficient system:

• Stable physicochemical property
• High surface area
• Uniform pore size distribution
• Large pore volume
• High adsorption capacity
• Low specific heat capacity
• Good heat and mass transfer capacity
• High packing density
• High affordability and availability

However, a single adsorbent material cannot meet all the properties mentioned
above. Hence, researchers are focusing on composite adsorbents.

Nowadays, carbon-based adsorbent materials, namely activated carbon fiber
(ACF), AC, biomass-derived AC, etc., are the most promising adsorbents for their
high availability and low production cost. Nevertheless, these types of materials
exhibit low packing density and poor thermal conductivity, which render the system
bulky and inefficient. Therefore, the composites, which consist of adsorbents, ther-
mally conductivematerials, and bindermaterials, are considered potential adsorbents
to solve the current limitations of AHP/AD. The following sub-sections will describe
the widely used carbon-based adsorbent, thermally conductive, and binder materials.
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4.3.1 Adsorbent Materials

Nowadays, researchers are focusing on AC as an adsorbent material. AC is a form
of graphitic materials. It occupies special attention as green energy material. This
has an immense gas adsorption capacity for its high pore volume and huge surface
area. Saha et al. [29] showed that 1 g of ACF of type A-20 and AC powder of type
Maxsorb III could adsorb up to 1.56 g and 3.06 g of CO2, respectively. EI-Merraoui
et al. [30] considered that A-20 has a slit-shaped pore, and this ACF possesses a high
specific surface area of 1770 m2 g–1, micropore volume of 0.96 cm3 g–1, and pore
width of 1.09 nm. On the other hand, Maxsorb III exhibits a huge specific surface
area of 3045 m2 g–1, micropore volume of 1.70 cm3 g–1, and average pore width
of 1.12 nm [31]. Since ACs exhibit high pore volume and surface area, these might
be used as promising adsorbents for adsorption applications. Akkimaradi et al. [32]
presented the adsorption of HFC-134a onto three types of ACs, namely Maxsorb
III, Fluka, and Chemviron for adsorption refrigeration application. Besides, several
researchers are working on the adsorption of different refrigerants onto different
types of ACs for the development of adsorption cooling and heating systems. Here,
some notable research findings regarding the physical and adsorption properties of
ACs are furnished in Table 4.1.

4.3.2 Thermal Conductive Materials

Thermal conductivematerials are incorporatedwith the adsorbent to improve the heat
transfer, packing density, and volumetric adsorption uptake. The literature review
reveals that silicon carbide (SiC), expanded graphite (EG), graphene nanoplatelets
(GNPs), and carbon nanotubes (CNT) are the most potential thermal conductive
materials to synthesize consolidated composite adsorbents. EI-Sharkawy et al. [3]
used expanded graphite, namely EC-500, to enhance the heat transfer of AC-based
composite adsorbents. According to their findings, packing density and heat transfer
of composite adsorbent have been increased to 2.2 and 11 times, respectively, than
those of parent AC. Pal et al. [25] developed AC and GNPs based novel composites.
The composite had 3.2 times higher packing density than the parent adsorbent, with
an improvement of the thermal conductivity to 23.5 times.Moreover, Rocky et al. [41]
and Yan et al. [42] mentioned that multi-walled carbon nanotube (MWCNT) could
be used as thermal conductive material along with parent adsorbent to develop an
efficient AHP. Besides, several researchers [43–47] studied the adsorption of various
materials/molecules onto CNT for different applications.
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Table 4.1 Physical and adsorption properties of promising carbon-based adsorbents

Adsorbent Type Surface
area
(m2 g–1)

Micropore
volume
(cm3 g–1)

Average
pore
width
(Å)

Packing
density
(g cm–3)

Refrigerant Adsorption
uptake
(g g–1)

Maxsorb III Powder 3045
[31]

1.79a [22] 11.20
[31]

0.281
[32]

n-butane 0.80 [22]

CO2 3.06b [29]

HFC-134a 1.55c [32]

HFC-32 2.25b [33]

Ethanol 1.24 [34]

A-10 Fiber 1160
[30]

0.48 [30] 8.30
[30]

– – –

A-15 Fiber 1350
[30]

0.61 [30] 9.10
[30]

– Ethanol 0.57d [35]

A-20 Fiber 1770
[30]

0.96 [30] 10.90
[30]

– CO2 1.56a [29]

– Ethanol 0.80d [35]

– HFC-32 2.08b [33]

Fluka Powder 1143
[36]

0.41 [36] – 0.391
[32]

HFC-134a 0.45c [32]

Chemviron Granules 750 [32] 0.27 [32,
36]

– 0.752
[32]

HFC-134a 0.28c [32]

Norit R1
extra

– 1450
[22]

0.47 [22] – – – –

Norit RB3 – 978.04
[24]

0.43 [24] 21 [24] – CO2 1.09c [24]

Norit Darco – 876.45
[24]

0.61 [24] 33.30
[24]

– CO2 0.90c [24]

BPL Granules 1150
[22]

0.43 [22] - – – –

Kureha – 1300
[22]

0.56 [22] - – – –

Phenol resin
derived AC
(KOH4-PR)

Powder 3060
[37]

1.85 [37] 12.50
[37]

– Ethanol 1.43 [37]

Phenol resin
derived AC
(KOH6-PR)

Powder 2910
[37]

2.37 [37] 17.80
[37]

– Ethanol 1.98 [37]

Waste Palm
Trunk
(WPT)
derived AC
(WPT-AC)

Powder 2927
[38]

2.41 [38] 16.8
[38]

– Ethanol 1.90b [38]

– CO2 3.90b [39]

Mangrove
derived AC

Powder 2924
[38]

2.13 [38] 14.7
[38]

– Ethanol 1.65b [38]

CO2 3.85b [39]

(continued)
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Table 4.1 (continued)

Adsorbent Type Surface
area
(m2 g–1)

Micropore
volume
(cm3 g–1)

Average
pore
width
(Å)

Packing
density
(g cm–3)

Refrigerant Adsorption
uptake
(g g–1)

Coconut
shell
derived AC

Powder 2288
[40]

1.012 [40] – – -

a Total pore volume [cm3 g–1]; b Saturated amount of adsorption uptake [g g–1] determined by
Tóth model.; c Saturated amount of adsorption uptake [cm3 g–1] determined by Dubinin-Astakhov
model.; d Saturated amount of adsorption uptake [g g–1] determined by Dubinin-Radushkevich
model

4.3.3 Binder Materials

Basically, carbon-based adsorbents are in powder form and have a dispersive nature.
Therefore, they cannot be consolidated by applying pressure only. Consequently,
a small weight percentage of binder material is assimilated with parent adsorbent
to obtain the consolidation, which results in the development of thermal conduc-
tive path as well as an increase of packing density. Numerous binders such as
polyvinylpyrrolidone (PVP) [48], polyvinyl alcohol (PVA) [3, 49], hydroxyethyl
cellulose [50], polytetrafluoroethylene (PTFE) [51], etc., have been employed to
synthesize composite adsorbents for the enhancement of the compactness of system
andheat transfer in the adsorption bed. Sharafian et al. [48] showed that silica gel-PVP
composite possessed 78.6% higher thermal conductivity than that of dry silica gel
packed bed. Besides, Pal et al. [52] presented thatMaxsorb III-PVA composite exhib-
ited a 50% higher thermal conductivity than that of parent Maxsorb III. However,
these binders have a poor affinity to the refrigerant molecules, which results in the
negative adsorption effect of composite adsorbents. Thus, several researchers [5,
52] are employing polymerized ionic liquid (PIL) as a promising binder to develop
consolidated composite adsorbents. Pal et al. [52] and Rocky et al. [5] revealed
that amino acid-based PIL, namely poly vinylbenzyltrimethyl ammonium alanate
(simply written as Poly[VBTMA][Ala]), had an affinity to refrigerant molecules.
As a result, the Maxsorb III-PIL composite exhibited higher adsorption uptake of
CO2 and ethanol than that of the Maxsorb III-PVA composite. Besides, the Maxsorb
III-PIL composite possessed higher packing density and thermal conductivity than
that of the Maxsorb III-PVA composite.
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4.4 Synthesis of Consolidated Composite Adsorbent

Reflection of the particular properties of one or more materials in a parent material
to meet specific demands is the main motivation of the synthesis of composite.
There exist two processes, namely chemical process, and simple mixing process
to synthesize composite adsorbent. In the chemical process, basically, a chemical
reaction takes place in any step of the synthesis process. A number of researchers
[53–55] developed composite adsorbents adopting the chemical process. Here, we
are focusing only on the simple mixing process. In this process, firstly, adsorbents
and thermally conductive materials are separately regenerated in a heater at 120–
150 °C for 6 h to eliminate moisture and volatile materials that might be adsorbed on
the surface. After that, a certain percentage of adsorbent and thermally conductive
materials are mixed. Meanwhile, water or other solvents such as ethanol, methanol is
poured into the predetermined percentage of binder tomake a viscous solution. Then,
the mixture and the viscous solution are combined and tried to mix all the materials
to get a homogeneous mixture. Hereafter, employing a compressing machine, the
final mixture is compacted, which results in a consolidated composite adsorbent in
a pellet form. Finally, the composite adsorbent is heated at 120–150 °C for 24 h to
remove the solvent and other materials that might be adsorbed during the synthesis.
The steps involved in the synthesis of consolidated composite adsorbent are depicted
in Fig. 4.1.

4.5 Methodology of Specific Heat Capacity Measurement

Numerousmethods [56–63] have been established to investigate the cp of substances.
Differential scanning calorimetry or simply DSC is the most well-known and effi-
cient thermoanalytical technique. Here, the difference in the amount of heat energy
required to raise the temperature of the sample and standard material is investigated
as a function of temperature. In the DSC experiment, both the sample and standard

Fig. 4.1 Preparation of consolidated composite adsorbent
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materials are kept at the same temperature throughout the whole measurement. Basi-
cally, in a DSC analysis, the temperature profile is programmed in such a way that
the temperature of the sample holder increases linearly with time. It should be noted
that the standard material should possess a well-defined heat capacity value over the
measuring temperature range. In principle, differential scanning calorimeters can be
categorized into two types:

(a) Heat flux DSC
(b) Power compensation DSC

The main difference between these DSCs lies in the measurement principle and
construction. In the heat flux DSC, a single furnace is employed to heat the sample
and standard material, and the difference of the temperature of the sample and stan-
dard material varies proportionally to the heat flow. Here, the amount of heat flux or
heat flow is determined through the temperature difference and thermal resistance
associated with the specimen and its surroundings. In this type of DSC, the tempera-
ture difference represents DSC output. On the other hand, in the power compensation
DSC, two independent furnaces are used to increase the temperature of the sample
and standard material. The temperatures of the sample and standard material are
maintained the same through independent heating. In this case, the difference in the
heating power of two furnaces is recorded against temperature or time.

In the following section of this chapter, we will present several experimental
specific heat capacity data of parent substances and composite adsorbents, which are
obtained employing DSC-60A. This DSC is developed by Shimadzu Corporation
Ltd., Japan. DSC-60A is a heat flux type DSC. It has a built-in autosampler section
that can measure samples automatically. It has a noise level of less than 1 μW and
offers improved sensitivity. The heating or cooling rate can be set from 0.1 °C/h to
99.9 °C/min. The major components of this type of DSC are the thermal analyzer,
heater control circuit, gas flow controller, temperature sensors, and data acquisition
unit. Figure 4.2 shows the schematic construction of DSC-60A.

From Fig. 4.2, it is seen that on the heating block (furnace) of the DSC section,
there exist two portions—one is the reference portion (R), and the other is the sample
portion (S). These two portions can be warmed or cooled by a predesigned program.
When power is supplied to the heater, heating block temperature changes to TB

at a predefined rate. QS and QR heat per unit time flow from the heating block
through the thermal resistance to the sample section and reference section, respec-
tively. Therefore, the temperature of the sample section and the reference section
increases/decreases to TS and TR, respectively. At this time, the temperature differ-
ence (ΔT = TS – TR) between the sample section and the reference section is
detected. In DSC-60A, chromel–alumel thermocouples are used for the detection of
TB and TS, and a chromel-constantan thermocouple is employed for the detection of
ΔT.

In the experimental investigation of cp, the most important concern is to uphold
uniformity in all aspects of the analysis. InDSC-60A, three successivemeasurements
are carried out under the same conditions to investigate the cp of any material. In
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Fig. 4.2 Schematic of DSC-60A apparatus

every measurement, a blank sample crucible sealed with the lid is placed on the
reference section. The three consecutive measurements are:

(a) Blankmeasurement: In thismeasurement, a blank sample cruciblewith closed
lid is kept in the sample portion (S), and the DSC output is obtained for it.

(b) Standard sample measurement: A certain amount of standard material (α-
Al2O3) is placed into the crucible and sealed with the lid. DSC data is then
attained by putting the pan in the sample section (S).

(c) Sample measurement: In this step, the target sample is put into an empty
crucible. The sample mass should be close to the standard sample that was
measured in the previous step. The crucible is then sealed, kept in the sample
portion (S), and the DSC data is measured for similar operating conditions.

In the cp measurement, the execution of a temperature program is a prerequisite.
Fig. 4.3 shows a temperature program consisting of one isothermal phase followed
by a heating phase and another isothermal phase. When the temperature increases at
the fixed rate, the system is considered stable.

Fig. 4.3 Temperature
program for cp measurement
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The relationship among the heat capacity of the sample section (sample crucible
stage + sample crucible + sample) CS, heat capacity of reference section (sample
crucible stage + sample crucible + sample) CR, and the temperature rising rate can
be expressed as

CS − CR = −TS − TR

αR
(4.5)

where, TS and TR refer to the temperature of the sample side and reference side in a
stable state, respectively, α denotes the rate of temperature rise, and R is the thermal
resistance between the sample/reference side and furnace. According to the principle
of heat flux DSC, (TS – TR) will represent the DSC output. If we define the DSC
output as Z and the proportion constant as k, then the Eq. (4.5) can be written as

CS − CR = kZ (4.6)

Since three successive measurements are accomplished to calculate the specific
heat capacity of an unknown substance, therefore, threeDSCoutputswill be obtained,
and they can be expressed as by Eqs. (4.7) to (4.9)

kZblank = Cl
s − Cl

r (4.7)

kZstandard =
(
Cl
s + mstandard.cp,standard

) − Cl
r (4.8)

kZsample =
(
Cl
s + msample.cp,sample

) − Cl
r (4.9)

where, Zblank, Zstandard, and Zsample represent the DSC outputs for blankmeasurement,
standard sample measurement, and unknown sample measurement, respectively. All
these DSC data are plotted and depicted in Fig. 4.4; Cl

s and Cl
r denote the heat

capacity of sample section (sample crucible stage + sample crucible) and reference
section (sample crucible stage+ sample crucible), respectively; mstandard and msample

stand for the mass of standard material and the target sample, respectively; cp,standard
and cp,sample are the specific heat capacity of the standard material and the unknown
sample, respectively.

Now, from the Eqs. (4.7), (4.8), and (4.9), we can obtain –

cp,sample = mstandard

msample
.
Zsample − Zblank

Zstandard − Zblank
× cp,standard (4.10)

As the cp,standard is known, then the specific heat capacity of any unknownmaterial
(cp,sample) could be calculated by adopting the Eq. (4.10).
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Fig. 4.4 DSC plots of blank, standard, and measured samples as a function of time

4.6 Specific Heat Capacity of Composite Adsorbents

In this section, the experimental specific heat capacity data of parent substances
(adsorbent, thermal conductive, and binder materials) as well composites are
reported. Here, the adopted experimental procedure is explained briefly, and the cp
data are correlated with a well-known polynomial equation. Besides, a generalized
cp equation for composite adsorbents is employed to determine the cp of composites.

4.6.1 Experimental Procedure

The cpmeasurement of adsorbents is quite challenging since theymight containwater
vapor or other materials into the pores. Therefore, the specimen preparation should
be proper, and the final result is not affected by the adsorbed impurities. Hence,
sample regeneration and accurate mass measurement of samples play significant
roles for precise cp measurement. Therefore, parent materials are degassed at 120 °C
for 24 h. After that, the masses of the blank crucible (diameter: 5.6 mm, height:
2.8 mm) and the lid (diameter: 5.2 mm, height: 1.4 mm) are weighted. Then, the
sample is kept in the blank sample crucible and sealed with the lid. After that, the
sealed sample crucible is placed in a vacuum heater at 140 °C for 4 h, and after the
drying, instantly the mass of the sealed sample crucible is weighed again. Finally, the
sample mass is calculated from the two mass measurements. It should be noted that
the sample mass should be very close to that of standard material. However, in the
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Fig. 4.5 A three-cycle temperature profile of DSC experiment

case of consolidated composite adsorbents, the specimen is prepared by resizing the
larger consolidated composite into a disk of 4.5 to 5 mm diameter. After the resizing,
the regeneration and mass measurement processes are also performed here. These
processes are analogous to those for the parent substances.

After the preparation, samples are kept on the autosampler slots of the DSC. A
suitable temperature profile is designed for the determination of cp. The furnace of
the DSC heats/cools the samples according to the designed profile. Researchers [11,
12] usually programmed three/four cycles of heating and cooling to determine the cp
of porous materials since moisture or other undesirable substances may be adsorbed
at the pores during sample preparation. Each cycle consists of one heating phase,
followed by one isothermal, one cooling, and another isothermal phase. It is expected
that all the impurities are removed during the first two cycles, and the cp is analyzed
at the third or fourth cycle.

In our study, the adopted temperature profile is illustrated in Fig. 4.5. Here, the
temperature profile comprises three cycles. Each cycle starts with heating from 25 °C
to 130 °C at the rate of 10 °C/min. Just after this heating phase, the isothermal phase
originates and continues for 60 min. After that, cooling starts from 130 °C to 25 °C
at the same rate. Hereafter, another isothermal phase starts for 60 min. Finally, DSC
analysis is carried out at the heating phase of the last cycle to determine the cp of the
substance.

4.6.2 Results and Discussion

In this section, the experimental cp data of parent materials and composite adsorbents
will be presented. Besides, we will show the correlation of the cp data of parent mate-
rials with a cp equation, which is a fourth-order polynomial function of temperature.
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Tomeczek and Palugniok (TP) proposed this equation and correlated the cp data of
coal with this equation [64]. The equation can be expressed as

cp = A + BT + CT 2 + DT 3 + ET 4 (4.11)

Here, T represents the temperature [K]; A, B, C, D, and E are coefficients.

Adsorbents: Fig. 4.6 illustrates the correlation of experimental cp data with TP
equation of several carbon-based adsorbents. Polynomial coefficients for adsorbents
are also summarized in Table 4.2.

From Fig. 4.6, it is observed that cp is an increasing function of the temperature
and could be expressed as a polynomial equation since the RMSD value of the TP
equation and the corresponding experimental data is very small (tabulated in Table
4.2). Among all the studied ACs, phenol resin based AC (KOH6-PR) exhibits the
lowest cp value, whereas KOH-H2 treatedMaxsorb III possesses the highest cp value.
WhenMaxsorb III is treated with H2, the cp value increases. If Maxsorb III is treated
with KOH and H2 then the cp value further increases. In the case of WPT-AC, the cp
value lies in between Maxsorb III and H2 treated Maxsorb III.

Thermal conductive materials: The specific heat capacity of several promising
thermal conductive materials, namely multi-walled carbon nanotube (MWCNT),
graphene nanoplatelets (R25-GNPs, H25-GNPs, C750-GNPs), and expanded
graphite (EC-100, EC-500) are presented along with TP model fitting.

From Fig. 4.7, it is observed that all the cp data are correlated well with the TP
equation. All the polynomial coefficients and the RMSD values for these materials
are listed in Table 4.3. It is investigated that H grade graphene nanoplatelets (H25-

Fig. 4.6 Illustration of cp mapping of different ACs
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Table 4.2 Polynomial coefficients of TP model with RMSD value for different AC-based
adsorbents

Adsorbent Coefficients RMSD
(%)Aad

[kJ
kg–1 K–1]

Bad
[kJ
kg–1 K–2]

Cad
[kJ
kg–1 K–3]

Dad
[kJ
kg–1 K–4]

Ead
[kJ kg–1 K–5]

Maxsorb III 11.54686 –
0.11885

4.79695 ×
10–4

– 8.36726
× 10–7

5.39044 ×
10–10

0.0964

H2 treated
Maxsorb III

5.57681 –
0.06177

3.00800 ×
10–4

– 6.43661
× 10–7

–105.19334 ×
10

0.1917

KOH-H2 treated
Maxsorb III

36.93756 –
0.41431

1.77453 ×
10–3

– 3.34924
× 10–6

2.36185 ×
10–9

0.2244

KOH6-PR AC 109.40739 –
1.24928

5.36803 ×
10–3

– 1.02196
× 10–5

7.27667 ×
10–9

0.3536

WPT-AC –75.98262 0.83623 – 3.40459
× 10–3

6.14217 ×
10–6

– 4.13186 ×
10–9

0.0956

Fig. 4.7 Illustration of cp mapping of different thermal conductive materials

GNPs) exhibit the lowest cp value, whereas R grade graphene nanoplatelets (R25-
GNPs) possess the highest cp value. Expanded graphite of type EC-100 shows a
higher cp value than that of expanded graphite of type EC-500.
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Table 4.3 Polynomial coefficients of the TP model with RMSD value for promising thermal
conductive materials

Thermal
conductive
material

Coefficients RMSD
(%)ATCM

[kJ
kg−1 K−1]

BTCM
[kJ kg−1 K−2]

CTCM
[kJ
kg−1 K−3]

DTCM
[kJ
kg−1 K−4]

ETCM
[kJ
kg−1 K−5]

MWCNT −9.44522 0.10718 −4.28089 ×
10−4

7.73244 ×
10−7

−5.16988 ×
10−10

0.3147

R25-GNPs −16.38973 0.17742 −6.83150 ×
10−4

1.17061 ×
10−6

−7.37179 ×
10−10

0.5054

H25-GNPs −8.59435 0.10481 −4.47099 ×
10−4

8.45953 ×
10−7

−5.87069 ×
10−10

0.2684

C750-GNPs −7.13628 7.41276 × 10−2 −2.58989 ×
10−4

4.05260 ×
10−7

−2.32694 ×
10−10

0.3226

EC-100 0.23944 −2.09282 × 10−3 2.46345 ×
10−5

−4.95572 ×
10−8

3.37382 ×
10−11

0.1405

EC-500 14.74781 −0.14925 5.79545 ×
10−4

−9.74257 ×
10−7

6.08081 ×
10−10

0.3194

Binders: Binders play an important role to consolidate the adsorbent material.
Figure 4.8 shows the cp values of four types of binders, namely PVA, PVP,
Poly[VBTMA][Ala], and poly vinylbenzyltrimethyl ammonium serinate (simply
written as Poly[VBTMA][Ser]). It is clearly observed that the TP model can explain
the experimental cp data well. The fitting coefficients and RMSD values are tabulated
in Table 4.4.

From Fig. 4.8, it is noticed that PVA exhibits the highest specific heat capacity
among the studied binders. However, at lower temperatures, Poly[VBTMA][Ala]
shows a higher cp value than that of PVA. Besides, among the ionic liquid-based
binders, Poly[VBTMA][Ser] shows the lowest cp value.

Consolidated composite adsorbent: Since composite adsorbent consists of adsor-
bent, thermal conductive material, and binder, the effects of individuals are reflected

Table 4.4 Polynomial coefficients of TP model with RMSD value for binders

Binder Coefficients RMSD
(%)Ab

[kJ
kg−1 K−1]

Bb
[kJ
kg−1 K−2]

Cb
[kJ
kg−1 K−3]

Db
[kJ
kg−1 K−4]

Eb
[kJ
kg−1 K−5]

PVA 939.61951 −10.56792 4.43688 ×
10−2

−8.23358 ×
10−5

5.70513 ×
10−8

2.4637

PVP −37.91221 0.45005 −1.98146 ×
10−3

3.93575 ×
10−6

−2.94289 ×
10−9

0.2012

Poly[VBTMA][Ala] −93.13202 1.10967 −4.91416 ×
10−3

9.67982 ×
10−6

−7.09499 ×
10−9

0.1611

Poly[VBTMA][Ser] −267.38593 3.05691 −1.30269 ×
10−2

2.46086 ×
10−5

−1.73514 ×
10−8

0.2626
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Fig. 4.8 Illustration of cp mapping of different binders

in the cp of composite adsorbents. Considering these effects, Rocky et al. [12]
proposed a generalized temperature-dependent equation as depicted below to
calculate the cp of any composite.

cp,c = Ac + α
(
BcT + CcT

2 + DcT
3 + EcT

4
)

(4.12)

where, cp,c represents the cp of composite adsorbent and α is a dimensionless param-
eter. Ac, Bc. Cc, Dc, and Ec are the coefficients, which are determined by the coef-
ficients of TP model for adsorbents, thermal conductive materials, and binders. The
coefficients can be defined as

Ac = x Aad + yATCM + zAb

Bc = x Bad + yBTCM + zBb

Cc = xCad + yCTCM + zCb

Dc = xDad + yDTCM + zDb

Ec = xEad + yETCM + zEb

Here, x, y, and z denote the mass fraction of adsorbent, thermal conductive mate-
rial, and binder, respectively, and it should be noted that the summation of x, y, and
z will always be one. In the Eq. (4.12), if we consider α = 1, then it will turn into
Eq. (4.11) and represent that the constituent materials of the composites are well
distributed. However, the value of α higher than 1 indicates that the percentage of
material having a high cp value is governing in the tested sample. On the other hand,
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the value of α between 0 and 1 represents that thematerial of low cp value is dominant
in the sample. Rocky et al. validated the proposed equation with some experimental
results shown in Figs. 4.9 and 4.10. In the legend section of the figures, the mass
fractions of constituent materials of each composite are mentioned.

FromFigs. 4.9 and4.10, it is clear that the proposed equation can accurately predict
the cp of any composite adsorbent. In these figures, it is observed that the cp of the
individual components of the composites have contributed to the cp of composites
according to their mass fractions. Therefore, the cp of several composites has been
calculated employingEq. (4.12) and illustrated in Figs. 4.11 and 4.12. FromFig. 4.11,
it is seen that the increase of themass fraction ofMaxsorb III in the composites results
in the decrease of cp of composite adsorbents since Maxsorb III possesses the lowest
cp value among the comprising materials of the composites. A similar phenomenon
is investigated in the case of WPT-AC, R25-GNPs, and Poly[VBTMA][Ser] based
composites, which is depicted in Fig. 4.12. Here, when the mass fraction of WPT-
AC increases in the composites, then cp of the composites decreases, as WPT-AC
exhibits the lowest cp value among all the comprising substances of the composite
adsorbents.

Fig. 4.9 Illustration of cp mapping of Maxsorb III—EC-100—PVA-based consolidated composite
adsorbents
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Fig. 4.10 Illustration of cp mapping of Maxsorb III—H25-GNPs—PVA-based consolidated
composite adsorbents

Fig. 4.11 Illustration of cp mapping of Maxsorb III, MWCNT, and Poly[VBTMA][Ala] based
composites
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Fig. 4.12 Illustration of cp mapping of WPT-AC, R25-GNPs, and Poly[VBTMA][Ser] based
composites

4.7 Conclusions

This chapter briefly describes the significance of cp in the design of an adsorption
heat pump and desalination systems. Besides, the physical and adsorption proper-
ties of several carbon-based adsorbents are summarized here. This chapter mainly
focuses on the cp of parent substances as well carbon-based composite adsorbents.
The procedure adopted to obtain the accurate specific heat capacity is also described
here concisely. From the experimental cp data, it could be concluded that cp is the
increasing function of temperature. The experimental cp data are correlated with the
well-known fourth-order polynomial equation proposed by Tomeczek and Palugniok
[64], and good agreements are noticed. Besides, a universal temperature-dependent
cp equation for composite adsorbents proposed by Rocky et al. [12] is described
here. Through this equation, one can determine the cp of any composite adsorbent
by knowing only the cp value of the consisting parent substances. In this study, this
generalized equation is employed to determine the cp of several composite adsor-
bents. The precise cp value of adsorbents or composites will significantly contribute
to the rigorous analysis and accurate performance evaluation of an AHP/AD system.
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Chapter 5
Characterizing Adsorbent Materials
Employing Atomic Force Microscopy

Mujib L. Palash, Animesh Pal, Mir Shariful Islam, and Bidyut Baran Saha

Abstract This chapter focuses on a modern characterization technique, Atomic
Force Microscopy (AFM), which uses nanoprobes to extract three-dimensional (3-
D) images of surfaces. These 3-D images contain both qualitative and quantitative
information. Qualitative information is useful for visually understand the differ-
ences between various adsorbents that influence the physical properties. Quantita-
tive information is suitable for determining roughness, shape, and depth of surface
pores, pore size distribution, etc. However, it is quite challenging to take images of
highly coarse surfaces like the porous materials usually have. Each of the materials
requires different techniques for image extraction. Therefore, this work contains a
brief description of the image extraction techniques for various porousmaterials with
quantitative analysis.

Keywords Atomic force microscopy · Porosity · Porous materials · Surface
imaging
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5.1 Introduction

Characterization of porous materials is essential in various areas of research. Particle
size, surface area, and porosity are the three key characteristics that control various
properties of materials such as adsorption, filter-ability, flowability, agglomeration,
the storage capacity of fluids and gases. In the case of gas adsorption, which has a
major application in energy-efficient chiller systems, specific surface area (SSA) and
pore size distribution (PSD) is needed to determine quantitatively [1]. Larger SSA
means higher adsorption,where PSD is directly related to the response of adsorbent to
adsorbate. For example, activated carbon is considered a suitable adsorbent because
of having a high SSA, which is about 3,000 m2/g [2]. Similarly, different sizes of the
pores of adsorbent contribute to varying adsorption kinetics for specific adsorption.
Adsorption kinetics of ethanol onto activated carbon and mesoporous silica gel is
completely different due to PSD [3]. Therefore, measuring these characteristics is
practiced before the primary research.

Various methods are existed to measure specific surface area and pore size distri-
bution. One of the common practices to measure these characteristics is the gas
adsorption technique. In this technique, nitrogen (N2) or helium (He) is used at a
low-pressure condition to indirectly measure the surface characteristic, and the pore
size distribution is measured by capillary condensation of the adsorbate molecules
[4, 5].

On the other hand, imaging techniques are more of a straight-forward method,
which takes the surface images to extract the topographic information of the
surface. Wide varieties of imaging techniques are present to determine the type of
porosity of various porous materials. Optical Microscopy and Transmission Electron
Microscopy (TEM) [6], Nuclear Magnetic Resonance Imaging (NMRI), Scanning
Electron Microscopy (SEM) [7], and X-ray spectroscopy are the popular techniques
in this category. Atomic Force Microscopy (AFM) is a considerably new technique
with an identical feature of providing height-based information of surface [8]. This
feature can be used to generate three-dimensional images and calculate the surface
topographic information, such as pore size distribution, fractal dimension, roughness,
etc.

In this chapter, various types of materials are used to identify the challenges of
extracting topographic images of different types of surfaces. First of all, standard
sample TGG1 and HOPG samples are studied to understand the limitation of AFM
techniques. As a representative of porous materials, silica gels and activated carbon
were studied. Three important quantitative parameters, pore size distribution, rough-
ness, and fractal dimension, were measured, which are challenging to study using
conventional characterization techniques.

.
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5.2 Characterization Techniques

The gas adsorption method is a standard method for measuring specific surface area
and pore size distribution. This method is based on the principle of gas adsorption
on solid surfaces. Usually, nitrogen, helium, carbon dioxide gases are used in this
method. Equilibrium gas adsorption capacity is measured under certain pressure
and temperature, known as adsorption isotherm. The specific surface area and pore
distribution of the studied sample can be obtained from the analysis of this adsorp-
tion isotherm curve. Nowadays, nitrogen adsorption at 77 K temperature is widely
used to measure the materials’ specific surface area and pore size distribution. The
adsorption amount of nitrogen in a particular solid sample depends on the relative
pressure of nitrogen. Capillary condensation happens in the micropores when the
relative pressure is equal to or larger than 0.4. Several theoretical models such as
BET (Brunauer, Emmett, and Teller), t-plot, Langmuir, Alpha-S are used for specific
surface area estimation, whereas NLDFT (Non-Local Density Functional Theory) is
used for the calculation of pore size distribution, which may vary according to the
several parameters of the model. Calculated surface area and pore size do not reflect
the actual value of thematerial. Because, in the gas adsorptionmethod, some nitrogen
gas molecules do not completely infuse into the pores of the material but stay on its
surface due to the weak van der Waals forces. As the volume of injected nitrogen
increases (equivalent to pressure increase), gas molecules occupy the surface and
start to fill in the pores. Therefore, obtained pore information from the gas adsorp-
tion method is mainly a combination of both connected pore wall and pore openings
[9]. As a result, the gas adsorption method is known as an indirect technique for the
measurement of surface area and pores. However, AFM provides a direct measure-
ment of surface area and counting of the surface pore numbers even at ambient
conditions. AFM method is crucial for adsorption-related research to analyze the
porosity at ambient conditions, which is not possible in the conventional gas adsorp-
tion method [10]. AFM provides three-dimensional topography images, and thus
height, perimeter, diameter, and surface roughness can be extracted from images that
can be used to compute the specific surface area and volume of each particle when
the density of the sample is known [11]. However, the scanned area often doesn’t
represent the bulk properties of the sample, a limitation of the AFM method. This
scanning area problem can be lessened by taking several images at different locations
of the same sample [10].

5.3 Overview of Physical Properties of Studied Adsorbents

5.3.1 Silica Gel

Silica gel is mesoporous and has spherical structures, which have potential appli-
cations in the adsorption of various gases/vapors. In our experiment, three different



116 M. L. Palash et al.

silica gels are studied; RD silica gel, Generic (commercial food sample) silica gel,
and CaCl2 coated silica gel, which has a specific surface area of about 768, 654, and
316 m2/g, respectively.

RD-type silica gel is also used in this study, a well-known material used in a wide
range of applications [12]. This silica gel sample is spherical in shape, crystalline,
and mesh size is 80. The initial water content amount is nearly zero, and the pH value
is 4.0. Figure 5.1a shows a picture of a typical RD-type silica gel.

5.3.2 Activated Carbon and 2-D Material

Amorphous Maxsorb III (commercial activated carbon) is used in this experiment
(Fig. 5.1b). This material has a high surface area, which is around 3,000 m2/g, and
pores are in the micropore range (<2 nm) [13]. As a 2-D material, HOPG is used in
this experiment (Fig. 5.1c), which has roughness around 0.3 nm.

5.3.3 Standard Sample

Standard sample TGG1 (collected from Tipsnano OÜ, Estonia) has a reparative
triangle pattern, which has regularity on both X–Y and Z directions. This sample is
used to understand the effect of variation of different set points. A general description
of TGG1 is given (Table 5.1). The height of the triangle is about 1.5 µm, and the
edge separation is about 3 µm.

5.3.4 Methodology: Surface Porosity Using Direct Imaging

Silica gel samples were first cleaned and heated in a vacuum chamber to remove the
pre-adsorbed water content. After cooling, the samples were scanned using Scanning

Fig. 5.1 Materials used for surface analysis a silica gel, b activated carbon, and c highly ordered
pyrolytic graphite (HOPG)
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Table 5.1 Features of TGG1. Adapted with permission from [14]

Structure A grating is formed on Si wafer top
surface

Pattern types 1-D array of triangular steps (in X
or Y direction) having precise linear
and angular sizes

Edge angle 70°

Edge radius ≤10 nm

Period 3 ± 0.05 µm

Chip size 5 × 5 × 0.5 mm

Effective area Central square 3 × 3 mm

Probe Microscopy (SPM) in phase mode to generate topographic images. Scanning
was directed through continuous monitoring by a live scanning window with tilt
correction mode. The images were then further corrected by post-image processing
preserving its topographic features, specially undistorted pore structures. For detec-
tion and counting of pores, Fast Fourier Transformation was used to mitigate the
parts of the images which contain high topographic variation, which was then further
segmented by the Watershed method. The inverse grain detection technique counted
segmented pores. NLDFT method was used on N2 adsorption data to found the pore
size distribution. The process is illustrated in Fig. 5.2.

Sample 
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•Vacuum 
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Sample 
scanning •Scanning Probe Microscopy

Image 
processing

•Fla ening
•Tilt correc on
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Pore 
detec on 
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NLDFT pore size 

distribution

NLDFT pore size 

distribution

• N2 adsorp on

Fig. 5.2 Concept of adsorbent characterizing procedure using a direct imaging technique
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Table 5.2 Cantilever used in phase mode

Name Company Reflective coating Lever shape k (N/m) f (kHz)

SSS-10 Nanoworld None Rectangle 42 (250–390) 320

NCHR-20 Nanoworld Al Rectangle 42 (260–410) 330

NSG-10 Single-crystal Si Au Rectangle 11.8 (140–390) 240

5.4 Experimental

5.4.1 Instrumentation

In this work, we have used Scanning Probe Microscopy (SPM-9700, Shimadzu
corp.), where SPM is the generic term used to describe a microscope that allows the
high-magnification observation of 3-D topographic variation, especially height, force
modulation, magnetic force, friction force, electric-current, and electric-potential
images [15]. The scanning is performed by a sharp microscopic probe (Fig. 5.3). In
contrast, an AFM is a device that allows the observation of a sample’s surface topog-
raphy by holding a microscopic cantilever close to the sample surface and detecting
the force (atomic force) acting between the cantilever and the sample.

SPM-9700 is based on AM-AFM, which can be operated in ambient conditions.
Operationmodes are essential to understand to use for applying scanning on different
types of materials. The resolution indicates the lowest possible visible features of the
sample topography. SPM head indicates the types of detection techniques. Besides
these features, the maximum sample size andmaximum operating frequency are also
included here.

There are various kinds of cantilevers available for different modes of operation.
It is very challenging to select a suitable cantilever for a specific mode of operation.
In our experiment, three different kinds of the cantilever are used to observe the
variation (Table 5.2).

5.4.2 Procedure

This experiment contains three major sections (Fig. 5.4). The first one is sample
preparation, which is very important because SPM-9700 is designed for flat sample
analysis.We have taken flat, amorphous, spherical, and 2-Dmaterial, which is treated
differently before observation. The details of different types of sample preparation
and their scanning process will be discussed in the next section. The second part
is setting the SPM equipment, which includes selecting appropriate observation
mode, setting setpoint, and scanning parameters. Though SPM-9700 is amplitude
modulation-basedAFM, the variation of amplitude is essential to determine. Setpoint
plays a vital role in this part; error in setting may distort the image and even cause
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Fig. 5.3 Schematic diagram of the SPM system operated in the phase mode
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Fig. 5.4 Experimental procedure of image processing using SPM system

breaking the cantilever. Scanning parameter selection includes finding the appro-
priate scanning location, area, z-parameter values, etc. In most cases, these values
are set on a trial and error analysis basis. The third part is image processing, which is
required to get acceptable surface images. The collected image data may have tilted,
drifted, or even contains thermal noises. Image processing is, in this case, useful to
mitigate these effects.

5.4.2.1 Observation Using SPM-9700

The experiment is performed using phase mode. Two types of images are collected,
one is a height image, and another is the phase image. In this case, phase images
are only used to guide the observation, and height images are used for constructing
images. The procedures of operation are illustrated in Fig. 5.5. In observation using
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Fig. 5.5 Observation procedure using SPM-9700

SPM-9700, the observation procedures are almost similar, and the differences are in
setting modes, setpoints, and scanning area.

Installing the cantilever is concerning in choosing the appropriate cantilever,
placing it on the cantilever holder. In every observation, three different kinds of
cantilevers are used to verify the observation. The specification of used cantilevers
is shown in Table 5.2.

Laser detection is used to detect the amplitude variation. It is vital to set the
optical axis properly. The laser should be incident upon the top of the lever/tip of
the cantilever. The vibrating frequency of the cantilever is set to the vicinity of its
resonance frequency and in the steepest descent part of the left side of the curve.
If the tune is set correctly, the whole process should be started from the beginning.
Another critical parameter is the operating point. For dynamic mode, zero value in
the operating point indicates the tips will vibrate near the surface. It is recommended
to start from a higher value to a lower one. The higher value provides safe operation
but low-quality features [16]. At the same time, the lower value is risky but offers
high-quality images. For high topographic variation, higher values are recommended.

A proper scanning area is required to set before starting the observation. A large
scanning area with a low-resolution setting provides blur images. Nevertheless, high-
resolution images are affected by the drift problem, which changes the topography
entirely into a different one. In our experiment, we have optimized these values to
get good images.

A live monitoring option is available in SPM-9700, which shows tilt corrected
images. Observation error is possible to correct by observing these images. Trou-
bleshooting is also possible; if data is drifted, it can be corrected by lowering the
scanning resolution and frequency.
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5.4.2.2 Image Processing

The raw images have tilt problems in every axis due to the hysteresis effect of the
piezoelectric scanner. This can be adjusted by calibrating the scanner. Another way
is to mitigating the tilt effect by various image processing mechanisms, which are
subtracting average, a median of the values along a different axis, polynomial correc-
tion, line fit, plane fit, and curve fit option. For a regular-shaped sample, average
subtraction is useful, but for an irregular-shaped sample, median correction is effec-
tive. If the sample is flat and similar 3 points can be determined, then the plane fit is
convenient.

SPM offline module software is used to correct the raw images, which contain
noise and tilt effects. Moreover, flattening is required to extract the topographic
images. Gwyddion (ver. 2.47) is used for further image processing, especially for
2-D FFT operation, segmentation, pore detection, and counting.

2-D Fast Fourier Transform (FFT) is used to decompose an image to its sine
and cosine components denoted at frequency domain transformation, i.e., the spatial
domain images are transformed into theFourier domain. In theFourier domain image,
each point represents a particular frequency contained in the spatial domain image
[17]. In the Fourier domain, low-frequency points are aligned in the center, the high
topographic variation data of the spatial image resides center of the Fourier domain.
Similarly, low topographic variation data resides on the border. This is useful to
remove the high topographic data by filtering.

TheWatershed segmentationmethod is used to detect local minima determination
and image segmentation. At the first step, virtual water drops are placed all over the
image; drop size is selected by taking the optimum value. Then the local minima are
measured under each drop and marked. Several steps are performed to find minima,
which is like detecting the catchment basin. Then these multiple layers of virtual
water are placed to fill up the pores. Overlapped water drops are considered as pore
boundaries, and the pores are masked to identify [18].

5.4.3 Experimental Error Analysis

The error generated in SPM is a result of quantumand chaotic phenomena. The source
of quantum phenomena is the interaction between tip and sample, whereas chaotic
phenomena are associated with the dynamic behavior of measurement techniques
and the control system used in SPM equipment. Therefore, the overall uncertainty
effects are linked with the instantaneous phenomena both from fundamental physical
limits (quantum), chaos, and various kinds of instabilities, including technical faults
in the microscope. It is complex to determine the cumulative effects of the errors
by analyzing individual sources and apply in the measurement to understand data
integrity. Therefore, a more simplistic approach was adopted in this work, which can
be termed as ‘dimensional measurement’ error correction. Dimensional measure-
ment is vital in nanometrology because, in this method, standard three-dimensional
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calibration gratings are used to measure the errors as well as the uncertainty directly
from the image data.

In this work, a standard 3-D grating (TGG1, Tipsnano OÜ, Estonia) is used to
determine both the lateral and vertical variances. Generally, for the evaluation of
uncertainty, an average of many individual period measurements is taken from the
grating profile. Additionally, the grating itself is prone to have dimensional errors
generated from the synthesis process. In the case of TGG1, the dimensional error
of the lateral period is ±0.05 µm, whereas the length is 3.0 µm. Similarly, the
height of the period is 1.5 ± 0.05 µm. Using the height measurement of the various
periods of the 3-D calibration gratings, it is possible to evaluate the uncertainty
satisfactorily. The uncertainty of the weighted average can be measured using the
following equation:
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here σi is a local variance belonging to the measured height value xi . Similarly, the
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These equations can be used to calculate the root mean square deviation of the
final calibration grating pitch volume of the calibration grating pitch value. The
measurement process is illustrated in Fig. 5.6.

Using the above equations, the weighted average of the height measurement is
1,440 nm, and the variance of this mean is 56 nm, which is 0.025% of the mean.
Compare to the actualmeasurement, the variance is negligible. The SPM-9700 equip-
ment includes a build-in calibration system, which provides the ability to correct the
height measurement for each sample. In this work, mean correction is used for every
measurement before image processing.

5.4.3.1 Scanning Process of Different Materials

SPM-9700 is designed for observing flat surfaces in the nanometer range. However,
we have used flat, spherical, amorphous, and 2-D material for extended observation.
The following sections are arranged based on sample materials. For each case, the
most mentionable features are explained.
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Fig. 5.6 Error measurement procedure, a 3-D view of the standard calibration sample and its
corresponding line graph, b measured height of individual pitches of TGG1

5.4.3.2 TGG1

As mentioned earlier, TGG1 is a standard sample, which is used in this experiment
to observe the effect of changes of different parameters, which are then applied to
an unknown sample. TGG1 has a flat and guided surface that is placed on a metallic
sample holder. A two-sided adhesive tape has been used to bound the sample with
the holder. Sometimes dust remover is used to avoid unwanted variation due to dust.
Figure 5.7a represents a top view of the sample where we can find that the height
distribution of the points along the X–Y plane is uniform, and the maximum value is
1.46µm. Figure 5.7b presents the side view of the 3D image, which is clearly helpful
for visualizing and understanding the surface topography of the sample. Later inmost
cases, we have taken 3D side view and top view to visualize the feature. However, by
changing the set value or the operating point, which determines the position of the
tip, near or far from the sample, different height values are acquired. Nevertheless,
the shapes of the topographies are still triangular. Some important understandings of
the operation are stated briefly in the successive sub-sections.

Phase images show different information, and it is sensitive to edges rather than
height values. Once the edges are detected, it shows a fixed angle a while before
detecting another edge. Figure 5.8a shows a continuous red color for a while until
it detects a sharp decline, which is indicated by dark color. Figure 5.8b, c show
corresponding line profiles for both phase and height images, respectively.

X-direction scanning is much faster than the Y-direction in the scanner in SPM,
and due to this, there is an inherent drift problem with this equipment. This problem



124 M. L. Palash et al.

Fig. 5.7 SPM images of TGG1: a top view, b 3-D view

Fig. 5.8 Phase image extraction: a phase image of TGG1, b line profile of phase image, and c line
profile of height image

changes the shape of the real image as the sample is first set on the holder so that
the features lie parallel in the Y-direction, which suffers less drift problem, as can be
seen in Fig. 5.9a. However, when rotated 90°, the same sample suffers a massive drift
problem (see Fig. 5.9b). One way to overcome this problem is to set the scanning
resolution as low as possible. Not to mention, faster scanning is sometimes helpful
to avoid drift problems [19].
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Fig. 5.9 Drift problem a suffers less drift problem b suffers a high drift problem

5.4.3.3 Silica Gel

Silica gel adsorbs vapor at room temperature, which is removed by vacuum heating
at 85 °C for 2 h. Then samples are placed in the sample holder with adhesive tape.
RD-type silica gel samples are first cleaned with ethanol to remove dust and other
impurities. In this process, some ethanolmight have been absorbed,which is removed
by vacuum heating for two hours at 85 °C. Adhesive tape is used to tautly stick the
silica gel particle with the AFM sample holder. An optical microscope has been used
to locate the scanning location. To avoid the spherical shape problem, an optimized
scanning area is taken. RD-type silica gel consists of pores in the mesoporous region
(above 2 nm and below 50 nm). Considering this, the surface scanning area is taken
below 5 µm2. Figure 5.10 shows the images of RD-type silica gel. The first one is
the position of the cantilever on the silica gel; the top and the less coercive surface
are ideal for selecting the scanning area. After the scanning is finished, the second
image is found, which has a severe tilt problem. To mitigate the tilt problem, post-
processing such as filtering and flattening is required. Figure 5.10c is the ideal image
of the surface, which is corrected by the flattening process. Orthogonal scanning is
done to avoid the drift problem [19].

3-D topographic features of RD-type silica gel are also changes due to its types
and location, which are shown in Fig. 5.11.

5.4.3.4 Activated Carbon

Powder like Maxsorb III is not suitable to observe using SPM. In this experiment,
Maxsorb III is placed on the sample holder, then 5MP pressure is applied to compact
in a small area, and additionally flat surface is prepared for observation.
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Fig. 5.10 SPM images of RD-type silica gel: a position of the cantilever on the sample, b tilted
raw image, c flattened image, and d 3-D image after flattening

To get an SPM image of activated carbon, which is in powder form, it has been
consolidated under a hydraulic press using 5 MPa [20]. Then the adsorbed water is
removed by vacuum heating for 3 h at 200 °C temperature. As the surface is very
coercive, the operating point is taken as large as possible. This value is reduced to
optimum value gradually on a trial and error basis. To get a clear image, the feedback
controller’s P and I values are also taken with care. These values are the controlling
parameters of the feedback circuits.

Firstly, the phase images are searched as the features are more visible in the phase
image (Fig. 5.12); when the acceptable image [21] is found then, the parameters
are changed to find the height image (Fig. 5.12b). Here, the phase image acts as
a guiding image. The features of the height image are becoming visible after the
flattening operation. From the live monitoring, it is complicated to find the features
of this sample. The 3-D image is drawn after the post-processing (Fig. 5.12c). The
explanation of the post-processing is beyond the scope of the thesis.
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Fig. 5.11 Topographic variation of silica gel: a RD-type silica gel scanning area 5µm2, bRD-type
silica gel scanning area 1.5 µm2, c RD-type silica gel scanning area 200 nm2, and d Cu sputtered
silica gel scanning area 5 µm2

5.4.3.5 Two Dimensional (2D) Materials

2D materials have minute variations in the surface. Our equipment has a limitation
in spatial resolution, which is 0.2 nm, whereas the atomic separation of graphene is
below 0.3 nm [22]. There is another influential parameter called tip radius, which
is required to take as small as possible. In the case of graphene, we have used a
super sharp cantilever (SSS-10, nanoworld) having a 1.0 nm tip radius. After having
the images, we have used a 2-D FFT operation to extract the features (Fig. 5.13a)
[23]. This time the layered structure is not visible, probably due to the operation
is done in the ambient condition, and noise due to vibration is in its topographic
range. However, the roughness of the image is found near the roughness of graphene
(Fig. 5.13c).



128 M. L. Palash et al.

Fig. 5.12 SPM images of activated carbon: a phase image, b height image, and c 3-D image

5.4.3.6 Extracting Quantitative Information

Extraction of quantitative data from the surface of the porous materials is quite chal-
lenging since the surface contains various topographical irregularities such as cracks,
overlapped pores, gaps, and uneven variation of structures. It is possible to extract
pore-related information from the topographic images by converting the spatial
domain images to that of the frequency domain. The conversion can be performed
by Fast Fourier transformation (FFT). In the FFT image, the high topographic varia-
tion resides in the central region, which can be filtered out by eliminating the center
frequencies. After the elimination, the FFT images can be converted to spatial domain
images by Inverse Frequency Domain Transformation (IFDT). The filtered images
are dominated by pore information which can be further detected by the Watershed
method [10]. The pore counting procedure is applied to three different silica gel
samples, and the result is shown in Fig. 5.14. Most of the detected pores reside in the
nano and mesopore regions. In the case of RD silica gel, the peak of the pore count
is single, and others have double, indicating the homogeneous distribution of pores
for the former one.
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Fig. 5.13 SPM image of graphene and its features: a 2D image, b line profile, and c roughness
profile
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Fig. 5.14 Pore count results of three silica gel samples
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Another two critical parameters, fractal dimension and roughness, can be
measured using AFM. The fractal dimension is a measure of self-similarity of the
surface profile, indicating the complexity and irregularity of the material surface.
Whereas the roughness is the arithmetic mean deviation of the topographic height
that reflects the variation of peaks and valleys of the surface. One of the disad-
vantages of roughness calculation is that it depends on the scanning resolution and
length, while the fractal dimension is scale-independent. Moreover, it is found that
the surface fractal dimension can be used to determine the critical supersaturation of
cloud droplets forming on insoluble nuclei [24]. Therefore, in this work, two silica
gel samples (RD and CaCl2 coated) are used to determine the fractal dimension and
the corresponding roughness. In the measurement, the scanning area was fixed to
1.2 µm × 1.2 µm, and the resolution was 512 × 512. For each of the silica gel
samples, several locations are randomly selected. The results are shown in Fig. 5.15.

The result shows that both the RMS roughness and fractal dimension of RD silica
gels are slightly lower than CaCl2 coated silica gel. When the RMS roughness is
zero, i.e., in the absence of RMS roughness, the fractal dimension of RD silica gel
is around 2.14, and that of CaCl2 is 2.20. That implies the surface of RD silica gel is
flatter than the other samples.

5.5 Conclusions

Atomic forcemicroscopy can provide additional characterization information, which
might carry essential values in surface property measurements. This chapter initially
presented the techniques of extracting 3-D images of silica gel, activated carbon
samples. These 3-D images provide additional visual understandings, which are not
possible in conventional imaging techniques. Additionally, several surface parame-
ters such as pore size distribution, fractal dimension, and roughness are calculated
from the height profile data, which carries extra advantages.
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Chapter 6
Advanced Adsorbents for Ecological
Applications: Water Harvesting
from the Atmosphere and Recuperation
of Heat and Moisture in Ventilation
Systems

Larisa G. Gordeeva and Yuri I. Aristov

Abstract The Chapter addresses two emerging adsorption processes aimed at
improving the Earth’s ecology, namely, water harvesting from the atmosphere and
recuperation of heat and moisture in ventilation systems. Both systems are open and
can be examined in a unified way by analyzing a thermodynamic cycle of the process
to account for various climatic conditions. Since these conditions can significantly
vary for seasons andgeographic locations, they have to be correctly taken into account
to formulate thermodynamic requirements to an optimal adsorbent. Special attention
is paid to a) harmonization of the adsorbent and the cycle, and b) the preparation of
the optimal adsorbent and its testing. Advanced adsorbents selected/developed/tested
for both applications are considered

Keywords Advanced adsorbents · Moisture recuperation · Water harvesting

6.1 Introduction

Many natural materials (clays, charcoals, lime, zeolitic tuffs, volcanic ash, etc.)
having a good ability to concentrate various substances on the surface have been
known since the earliest times. For instance, wood chars were empirically selected
by the Egyptians and Sumerians for use in medicine [1], water purification and
manufacture of bronze [2]. Their scientific research started only at the end of the
eighteenth century [3–6], whereas the first synthetic porous solids (metal oxides)
were prepared about a century later [2]. However, the first industrial production of
adsorbents (activated carbons) was organized at the very beginning of the twentieth
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century [2]. Useful historical excursus of the adsorption science development can be
found elsewhere [2, 7].

By now, the main technological application of adsorbents, namely, the gas and
liquid separation, has been brought to near-perfection [8]. Many other adsorptive
applications, like catalysis [2], ion exchange [2], maintaining relative humidity [9],
shifting chemical equilibrium [10], pharmaceutics andmedicine (drugdelivery, blood
cleaning, etc.) [2], active heat insulation [11], conditioning of indoor air [12], life
support system on a spacecraft [13], gas storage [2], etc., are quite advanced as well.
Many emerging adsorptive technologies are aimed at improving the Earth’s ecology.
Among them, the most needed are heat conversion/storage/amplification [14], water
harvesting from the atmospheric air [15], and recuperation of heat and moisture in
ventilation systems [16]. This Chapter addresses the last two applications that now
attract increasing attention.

Due to the growing world population and environmental pollution, fresh water
scarcity is becoming a global challenge. Nowadays, about two-thirds of the popula-
tion live in regions facing water shortage [17]. Meanwhile, the atmosphere contains
13,000 km3 of water [18–20], three times more than the world water demands of
3000–4000 km3 per year, including industry, agriculture, and domestic sectors [21,
22]. For these reasons, water generation from the atmosphere has drawn human
interest since immemorial time. The first attempt to collect fresh water from the
air using ancient artificial “springs” and “ponds” made in Russia (Altai moun-
tains) and England are described in [21]. Today, adsorptive water harvesting (AWH)
from the atmosphere brings great promise for potable water supply for domestic
purposes in water scarcity regions remote from other water sources (sea, rivers,
lakes, underground water, etc.) [15, 23].

Nowadays, it is impossible to contemplate our manner of life without modern
Heating, Ventilating, and Air-Conditioning Systems. It is particularly true for the
urban population, which has been persistently growing for past centuries. At present,
more than half of the world’s population lives in cities [24]. As a result, a significant
part of primary fossil fuels is spent on heating/cooling of buildings, thus, greatly
contributing to GHG emissions. In Europe, the heat consumption in buildings is
responsible for 24% of the total energy consumption of the EU-27 (2008) [25]. In
the Russian Federation, 43% of the produced centralized heat or 138 Mtoe is used
for buildings [26]. For modern dwellings with better fabric insulation, a fraction
of the heat losses through ventilation system significantly increases and becomes
dominant, especially in high-rise buildings. The same tendencywas reported bymany
researchers (see e.g. [27]). Therefore, a further improvement of the dwellings thermal
efficiency is associatedwith a decrease in heat losses through ventilation system. This
can be achieved by the implementation of traditional and novel technologies of heat
recovery in ventilation systems (see e.g. [16, 27, 28]).

It is especially important for the winter season in cold climates (typical for Russia,
Northern Europe, the USA and Canada). At these conditions, the difference �T
between indoor and outdoor temperature can reach 50–60 °C or even more, which
leads to enormous heat losses through ventilation andmoisture freezing at the system
exit. As a result, common heat recovery units integrated into ventilation systemsmay
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notwork at these harsh conditions.Moreover, such systems cannotmanage the indoor
humidity, which dramatically reduces in the winter season that greatly disbalances
the indoor heat comfort. Thus, to fill these three main gaps in the current ventilation
techniques, the following actions should be performed:

• efficient exchange of heat between the exhaust and supply air fluxes to reduce
heat losses,

• reasonable drying of the exhaust air to avoid ice formation at the system exit,
• moisturizing the supply air to provide indoor conditions of human thermal

comfort.

These problems can be solved or, at least, alleviated by an adsorptive heat and
moisture regeneration (AHMR) approach, which was suggested in [29, 30] specif-
ically for cold countries. This method, called VENTIREG, and its very recent
modification VENTIREC [31] are comprehensively considered below.

Both applications considered in this Chapter have already been realized at a proto-
type level. However, there is still big room for their further improvement. In our
opinion, the main direction in this way is a harmonization of the adsorbent used
with the particular process/cycle/unit. The main idea of this approach is that for each
adsorptive process, there is an optimal adsorbent (OA), the properties of which could
allow a perfect performance of this process. As a first, theoretical step, it is necessary
to understand what properties the OA should have. The next, practical step is the
synthesis of a real material with adsorption properties close to those predicted for
the OA. The application of this strategy for several adsorption processes mentioned
above was reported in the recent book [32]. Below, the nano-tailoring approach is
applied to select or synthesize advanced adsorbents for the two ecological appli-
cations: water harvesting from the atmospheric air as well as heat and moisture
recuperation in the ventilation systems.

6.2 Process Thermodynamic Diagrams

For formulating requirements for the adsorbent optimal for both AWH and AHMR,
we consider here thermodynamic diagrams of these processes. Both technologies are
realized in practice as open cycles because they exchange moisture with the ambient.
Hence, AWH and AHMR can be examined in a unified way by studying the process
cycle in thermodynamic diagrams to account for various climatic conditions.

We assume that the process occurs in a flow adsorber (Ad), in which the adsorp-
tion front with the thickness �L is much smaller than the Ad length L, �L << L
(Fig. 6.1). It indicates that the equilibrium between the process air and the adsor-
bent is achieved, and the dynamic uptake wd in the Ad is virtually equal to the
thermodynamic (equilibrium) uptake w(P,T ).
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Fig. 6.1 Evolution of the
water vapor pressure and the
water uptake along a flow
adsorber. Reprinted from
[33] with permission from
Elsevier

6.2.1 Adsorption Water Harvesting

It is known that the air temperature in arid regions varies strongly during a day, while
the absolute air humidity changes only slightly. This result in a wide variation of the
air relative humidity of 15–20%between night and day-times [34]. Theworking cycle
of AWH consists of alternating adsorption and regeneration/condensation stages
(Fig. 6.2a) [35]. Let’s consider the thermodynamic cycle of AWH in the Clausius-
Clapeiron diagram, which represents water adsorption isosters at various uptakes w
and the water liquid–vapor equilibrium line (Fig. 6.2b).

Fig. 6.2 General scheme of the AWH process (a). Adsorption isosters w1 – w4 and water–vapor
equilibrium in the Clausius-Clapeiron diagram (b). Arrows denote changes in the water uptake
during adsorption (1–2) and desorption (3–4) stages of the AWEA process. Fig. (b) is reprinted
from [33] with permission from Elsevier
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The adsorption stage (1–2 in Fig. 6.2b) takes place at night-time,when the relative
humidity of the air is high. The ambient air with night temperature T n and the
water vapor pressure Pam enters the Ad loaded with the adsorbent regenerated during
the preceding desorption stage to the uptake w1 (Fig. 6.1, bottom). Due to water
adsorption the uptake in Ad rises tow4 =w(T n, Pam) (point 2 in Fig. 6.2b). The vapor
pressure in the process air decreases to the equilibrium value Pout.ad = P(w1,T n) over
the regenerated adsorbent with the minimum uptake w1, (Fig. 6.1, top, and point 1
in Fig. 6.2b).

During the following desorption stage, the adsorbent saturated with water up to
the maximal uptake w4 at the previous adsorption stage is blown with the ambient
air with the vapor pressure Pam and heated up to temperature T re. The adsorbed
water is released to the air, the uptake w falls down to the value w1 = w(T re, Pam)
(Fig. 6.1b middle, and point 4 in Fig. 6.2b). The vapor pressure in the air grows to
equilibrium value Pout.re = P(w4,T re) over the wet adsorbent, having the uptakew4 at
T re (Fig. 6.1 top and point 3 in Fig. 6.2b). If the condenser is cooled by the ambient
air, the desorbed water is collected at day-time temperature T d, and Pcon = P0(T d)
(Fig. 6.2b).

There are twomodifications of the AWH cycle: open [36, 37] and semi-open [38].
The adsorption phase is open for both cycles, and the ambient air passed through the
adsorber is discharged into the ambient. The desorption/condensation stage differs:
for semi-open systems, the process air circulates between theAd,where it captures the
desorbed moisture, and the condenser, where moisture is collected. The performance
of the semi-open cycles can be enhanced because the rest of the moisture remaining
in the air after condensation re-enters the Ad.

The main AWH performance index is the specific water productivity SWP or the
ratio�wcol =mcol/mads of the massmcol of water collected per cycle to the adsorbent
mass mads. This parameter determines the mass of adsorbent, needed to harvest, let
say, 1 L water and, consequently, the AWH unit volume. The SWP alone, however,
is not sufficient for evaluating the actual AWH performance. Another important
indicator is the specific energy consumption SEC, which includes the electric SECel

for blowing the air through the Ad, and the thermal SECth for water vapor desorption:

SECth = (Qsen + Qre)/mcol

= [mad(Cpad + wadCpw)(Tre − Tad) + mad�w�Had]/mcol
(6.1)

SECel = Welτ/mcol, (6.2)

where Cpad and Cpw are the specific heats of the adsorbent and water, wad is the
specific mass of adsorbed water, T re and T ad are the regeneration and adsorption
temperatures, and �w = wad – wre is the mass of water released during desorption,
Wel is the electric power consumption, and τ is the cycle duration. If �w is large,
Qsen << Qre, and

SECth ≈ mad�w�Had/mcol (6.3)
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The importance of SECel can be brought to light when considering a small water
vapor content of 4–15 g/(m3_air) in arid regions. Thus, even if the whole atmospheric
moisture is adsorbed, 67–250 m3 of the air have to be blown through the Ad just
to collect 1 L of water in the adsorbent during the adsorption stage. Air blowing is
also required during the desorption/condensation stage. The SECel depends mainly
on the humidity ratio of the ambient air and the efficiencies δex of water extraction
during the adsorption stage, and δcol of water collection during the desorption stage
(see below).

6.2.2 Heat and Moisture Recuperation in Ventilation
(AHMR)

First, the principle of the common method VentireG for heat and moisture regenera-
tion in ventilation systems in cold regions [30] is briefly described. Then, we consider
its recent modification VentireC [31].

The VentireG unit is mounted in a ventilation system, and contains an Ad, located
on the inside of the system (closer to the room), and the heat storing bed (HSB), placed
on the outside (Fig. 6.3a). The process is intermittent and consists of two stages: the
indoor air dehumidification and outdoor air moisturizing. During the dehumidifica-
tion stage, the wet and warm indoor air with temperature T in and relative humidity
RH in (point 1 in Fig. 6.4) passes through the dried Ad, where the vapor is captured.
The adsorption heat is released, increasing the air and adsorbent temperature (line
1–2). If no heat is transferred from the Ad bed through the walls, the process is
almost adiabatic. Then the air enters the HSB (line 2–3), where the sensible heat
is absorbed. Then, cold and dry air (point 3) is discharged. During the moisturising
stage, the fresh outdoor air with temperature T out and humidity ratio Xout passes
through the HSB and absorbs the stored heat (line 3–2). Then, the warm and dry air
enters the wet Ad, where the adsorbed water is desorbed, and enters the room, being
warm and humid. Thus, the indoor heat and humidity are partially recovered.

The implementation of the VentireG reveals two main drawbacks [14]:

Fig. 6.3 Scheme of the common Ventireg (a) and new VentireC (b) processes [30]. Reprinted from
[31] with permission from Elsevier
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Fig. 6.4 VentireG (1-2-3) and VentireC (1-2’-3) processes in a psychrometric (Mollier) chart of
wet air. Isosters of water sorption on LiCl/Davisil 646 composite for various uptakes are shown by
empty symbols and dashed lines. Reprinted from [31] with permission from Elsevier

• The rise of the adsorbent temperature due to the released adsorption heat reduces
the dehumidification performance of the adsorbent.

• The air blowing through the flow Ad and HS beds requires a significant power
consumption that diminishes the energy efficiency of the process.

In the improved VentireC approach, a thermal coupling of two desiccant coated
heat exchangers (DCHEs) is employed to overcome both drawbacks of the common
VentireG. A VentireC unit contains two blocks of DCHE and HSB and operates
continuously (Fig. 6.3b). The adsorption heat released in DCHE1 working at the air
dehumidification mode is transferred by the heat transfer fluid to DCHE2, which
works at the moisturizing mode. The water adsorption occurs in DCHE1 near-
isothermally (line 1–2’ in Fig. 6.4), facilitating air dehumidification. The heat trans-
ferred is consumed by the wet adsorbent in DCHE2, which promotes the vapor
desorption and moisturizing the dry outdoor air. The sensible heat of the indoor air
is recovered in the HSBs like in the conventional VentireG process.

Thus, in the VentireC process, the decoupling of the latent and sensible loads
of indoor air enhance the moisture recovery. Moreover, utilization of the DCHE
instead of a fixed granular Ad is expected to reduce the bed hydraulic resistance and,
accordingly, the electric power consumption for the air blowing. This approach is
called VentireC = Ventilation + ReCuperation. Contrary to VentireG that can be
both intermittent and continuous, VentireC is an intrinsically continuous process.

The basic indexes, characterising the AHMR performance, are the efficiencies δhr
of heat regeneration and δmr of moisture regeneration, equal to

δhr = Qin/Qout (6.4)
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δmr = min/mout, (6.5)

whereQin andQout are the sensible heat of the air incoming to and outgoing from the
room; min and mout are the amounts of moisture in the air incoming to and outgoing
from the room, respectively. Since the heat exchange occurs in VentireC similar to
that in VentireG, we mainly consider here the moisture recuperation efficiency δmr,
which depends on the degree δex of moisture extraction during the adsorption stage
and the degree δm of moisturizing during the desorption stage

δex = mad/mout, (6.6)

and

δm = mde/mad = min/mad, (6.7)

wheremad andmde are the amounts of moisture adsorbed and desorbed, respectively.
Then, δmr = δexδm.

6.3 Harmonization of the Adsorbent with the Cycle

Properties of the used adsorbent is a key factor affecting the efficiency of both AWH
and AHMR systems. In our opinion, to improve the process performance these prop-
erties have to be harmonised with the specific cycle parameters, which, in their turn,
depend on the ambient climatic conditions. Below we consider what adsorbent is
optimal for these processes from the thermodynamic point of view.

6.3.1 Qualitative Requirements

AWH The thermodynamic requirements for the adsorbent optimal for AWH can be
derived considering the SWP and the fractions δex of water extracted and δcol of water
collected, as the performance indexes. Based on the AWH P–T diagram (Fig. 6.2 b),
the fractions δex and δcol can be expressed as

δex = �Pad/Pam = 1 − Pout.ad/Pam, (6.8)

δcol = �Pcon/Pout.re = 1 − P0(Td)/Pout.re. (6.9)
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To enhance the fraction δex (Eq. 6.8), an adsorbent, which at temperature T n

adsorbs water vapor strongly at low vapor pressure Pout.ad = P(T n, w1) (point 1 in
Fig. 6.2b), is needed. Such an adsorbent possesses a strong affinity to water vapor.

On the contrary, to increase the fraction δcol (Eq. 6.9), at temperature T re the
adsorbent has to release water easily at higher vapor pressure Pout.re = P(T re, w4)
(point 3 in Fig. 6.2b). Such an adsorbent possesses a weak affinity to water vapor.

AHMR. The thermodynamic requirements to theOAfor theAHMRprocess canbe
formulated considering the efficiencies of the moisture extraction and humidification
(Eqs. 6.6 and 6.7):

• During the dehumidification stage (1–2 and 1–2’ for VentireG and VentireC,
Fig. 6.4), the adsorbent with a strong affinity to water is needed to dry the indoor
air to low humidity ratio, and to prevent the unit outlet from moisture freezing at
the ambient temperature (point 3). Such an adsorbent ensures a large δex-value.

• During the opposite moisturising stage, the adsorbent with a low affinity to water
is required to easily disengage the adsorbed vapor at point 1 and moisturise the
outdoor air to a comfortable level of 40–60% RH. It promotes large efficiency
δhum.

• OA has to exchange a large amount �w = wmax – wmin of water between points
1 and 2 (2’) in Fig. 6.4 to minimize the needed adsorbent volume.

Thus, for both AHMR and AWH, the requirements to the properties of optimal
adsorbent can be formulated in a unified way by analyzing the process thermody-
namic cycle in a psychrometric chart of wet air. The requirements differ for adsorp-
tion/dehumidification and regeneration/moisturizing stages. Namely, an adsorbent
with a strong affinity to water vapor is needed for efficient adsorption, while a weak
affinity is demanded for easy desorption. Consequently, the OA has to possess both
strong and weak adsorption sites, in other words, to exhibit the affinity distributed
in a wide range. The strong sites adsorb vapor at its low pressure to assure high
efficiency of water extraction δex from the ambient air in AWH and from the humid
indoor air in VentireC. During the desorption stage, the weak sites disengage vapor
at a high pressure to increase the efficiency δhum of the inflowing air humidification
for AHMR and the efficiency δcol of water collection for AWH.

6.3.2 Quantitative Requirements

Quantitative demands to the adsorbent optimal for AWH and AHMR can also be
formulated in a uniform way: if the water adsorption equilibrium obeys the Polanyi
principle of temperature invariance [39], the water uptake w is a function of the only
parameter—thePolanyi-Dubinin adsorption potential�F=−RT ln[P/P0(T )],where
P is the partial vapor pressure, P0 is the saturation vapor pressure at temperature T.
In this case, the OA should have energy different adsorption centers with the affinity
distributed in a wide range between�Fad = -RT n [lnPam/P0(T n)] for rich isoster and
�Fre = −RT re [lnPam/P0(T re)] for weak isoster. For the VentireC processes, both
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stages occur at a temperature close to the indoor one (Fig. 6.3), and relative humidity
RH(1) and RH(2’) instead of �F can be used to formulate the requirements. The
adsorption isotherm of such OA should be a curve with the uptake gradually rising
at the appropriate �F or RH range (Fig. 6.5).

To be particular, we give below examples of quantitative demands for the adsor-
bent optimal for AWH and AHMR in various climatic regions. For making this
analysis, the needed climatic data were collected from a Meteonorm database [40].

AWH. To outline the OA properties, we analyze the average night temperature
T n and the partial pressure Pam of water vapor in the ambient air for several regions,
suffering from the freshwater scarcity, including the Sahara desert, theMojave desert,
Riyadh Old in Saudi Arabia, Noyon in Southern Mongolia, Atacama in Southern
America and Alice-Spring in Central Australia (Fig. 6.6). The appropriate values
�Fad and �Fre are calculated at T re = 70 and 80 °C for the dry season (January
in Alice Spring and July for the rest). Three climatic zones are selected, namely
that with extremely dry (ED), dry (D) and moderate humid (MD) climates. Riyadh

Fig. 6.5 Characteristic adsorption curve of the OA for the AWH and VentireC processes

Fig. 6.6 Selected reference regions with extremely dry (red symbols), dry (yellow symbols) and
moderate humid (green symbols) climate [17]
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Old with �Fad = 4.1 kJ/mol during the dry season is characterized by ED climate.
The Mohave and Sahara deserts and Noyon are zones with D climate (�Fad = 3.2–
3.4 kJ/mol), while Atacama and Alice Spring with�Fad = 2.3–2.5 kJ/mol belong to
MH zone. The �Fre–value at T re = 80 °C varies from 10.4 for Alice Spring to
16.4 kJ/mol for Atacama. Accordingly, the OA for AWH for these climatic zones
has to exchange a large amount of water between these boundary �F-values.

AHMR. For analyzing the VentireC process, the average minimum temperature
T (3) in the coldest month (January) (Table 6.1) is taken into account. We considered
the climatic data for several zones with warm (T (3)= −10–−3 °C), moderate warm
(T (3) = −15– −10 °C), moderate cold (T (3) = −20– −15 °C), cold (T (3) = −
25– −30 °C), and extremely cold (T (3) < −30 °C) climates. Regions from Central
Europe (Minsk (Belarussia), Warsaw (Poland), Prague (Czech Republic), belong
to the warm zone. Northern USA (Anchorage), Northern Europe (Oulu, Finland),
and Central Russia (Moscow), etc. can be assigned to the moderate warm zone.
Southern Canada (Quebec, Whitehorse), can be classified as the moderate cold zone.
The southern parts of Siberia (Novosibirsk, Krasnoyarsk, Irkutsk) belong to the
cold zone. Northern Canada (Yellowknife, Iqaluit) and northern parts of Far East
in Russia (Anadyr, Magadan, Chita, Norilsk) constitute the extremely cold zone.
The comfortable indoor T (1) and RH(1) values are assumed to be 22 °C and 50%,
respectively [41]. The relative humidityRH(1) at point 2’ is defined as an intersection
of isotherm 1–2’ and line 3–2’ with constant moisture content X (Fig. 6.4). The
ranges ofRH(2’) corresponding to different climatic zones are presented in Table 6.1.
Accordingly, the strongest sites ofOA forVentireC realization in the abovementioned
climatic zones have to sorb water vapor at RH(2’)-values, while the weak sites have
to release vapor at RH(1) = 50%. The uptake swing �w = w(1) – w(2’) has to be
maximized.

6.4 Tailoring Adsorbents Optimal for Heat Storage
and Water Harvesting

After the properties of the OA required for AWH and AHMR (VentireC) have been
defined, the next step is the selection of real adsorbents, which properties meet
the formulated requirements. One way (screening) is searching for such an adsor-
bent among those already known and available. The other option (nanotailoring)
is preparing a new adsorbent with the pre-requested properties. Unfortunately, the
performance of traditional adsorbents used for water adsorption (silica gels, active
alumina, and zeolites) is quite low due to a small amount of water exchanged under
conditions of the AWH and AHMR processes.

To date, a huge number of novel materials with advanced adsorption properties
have been developed, which offer new opportunities for AWH and AHMR. We
mainly consider here two new families of advanced sorbents, namely, Composites
based on a hygroscopic Salt inserted into Pores of a solid Matrix (CSPMs) [32,



144 L. G. Gordeeva and Y. I. Aristov

42] and Metal–Organic Frameworks (MOFs) [43, 44]. They are characterized by
advanced adsorption capacity and offer wide opportunities for the rational design
of materials with predetermined adsorption properties. Below we briefly discuss
the water adsorption properties of CSPMs and MOFs, and factors affecting these
properties.

The CSPMs were shown to surpass traditional adsorbents (zeolites, silicas, etc.)
in water adsorption capacity. The common adsorbents, such as silica gels, alumina,
activated carbons, natural clays, etc. are matrices for CSPMs. The halides, nitrate,
and sulphates of alkaline and alkaline-earth metals mainly serve as hygroscopic salts
[32, 42]. The sorption of water vapor on SCPMs includes three mechanisms:

• Physical adsorption on active surface sites of the matrix;
• Formation of salt hydrates via a reaction between water and salt S + nH2O =

S·nH2O;
• Deliquescence of the hydrate and absorption of water by the salt solution formed

inside the pores.

The active surface sites of the matrix (silica, alumina, etc.) possess a quite strong
affinity to water vapor and adsorb it at high �F (or low RH) values; however,
the impact of this mechanism is usually minor. For mesoporous and macroporous
matrices commonly used for CSPMs, the uptake due to the physical adsorption on
their surface usually does not exceed 0.03–0.05 g/g. At decreasing �F (increasing
RH), the salt reacts with water, forming solid hydrates, which deliquesce and trans-
form to the salt solution inside pores. The solution retainswaterweakly, thus allowing
its easy release during the desorption stage. The properties of CSPMs can be tuned in
a wide range by judicious selection of the active salt, being the main water absorbing
component [32, 42, 45–47]. The nature and porous structure of the matrix also affect
the adsorption equilibrium of CSPMs with water vapor [32, 42, 48, 49]. Besides, it
can be further altered by varying the synthesis conditions [50] and embedding two
salts inside the matrix [51].

MOFs consist of metal clusters bonded through polydentate organic linkers [52],
forming a porous framework. Due to extremely high porosity and specific surface
area, the combinationof both hydrophilic andhydrophobicmoieties in the same struc-
ture,MOFs possess unique adsorption properties: largewater adsorption capacity and
variable hydrophilicity. A wide variety of water adsorption isotherms is observed for
diverse MOFs: hyper-hydrophobic ZIF-8; strongly hydrophilic HKUST-1 and CPO-
27; MIL-101(Cr) and Cr-soc-MOF-1 with an extraordinary adsorption capacity of
1.6 and 1.95 g/g, respectively [53–55].Three types of water adsorption mechanisms
on MOFs are usually distinguished, namely [56, 57]:

• Chemisorption on open (or coordinatively unsaturated, CUS) metal sites via
coordination bonds;

• Reversible layer or cluster adsorption, or continuous pore filing;
• Irreversible capillary condensation.

Adsorption on CUS modifies the first coordination sphere of the metal ion (e.g.
MIL-100(Cr) [58], MIL-101(Cr) [54], HKUST-1 [59], MOF-74 (CPO-27), UIO-66
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[60]). The water—CUS interaction is rather strong, and adsorption on CUS occurs
at low P/P0-values. Further adsorption may occur through continuous pore filling
leading to the gradual adsorption isotherms. Such a behavior is typical ofmicroporous
MOFs. For MOFs with larger pores, capillary condensation occurs at increasing
P/P0, which is described by isotherms of type IV (MIL-100(Cr), MIL-101(Cr)) [54,
58]. Furthermore, the flexibility of the crystalline structure of several MOFs (e.g.
MIL-53(Cr) [61], CAU-10 [62]) results in unique step-wise adsorption isotherms.

Various adsorption mechanisms result in a wide variety of types of adsorption
isotherms reported for MOFs and CSPMs. The opportunity of rational designing the
materials with the required adsorption equilibrium is a corner-stone of potentially
revolutionary advancements in AWH and AHMR. Below the adsorbents, selected or
tailored for these two applications are comprehensively described.

6.5 Advanced Solid Sorbents

6.5.1 MOFs for AWH

As shown above, two factors, the affinity of the strong andweak sites of the adsorbent
towater vapor and uptake swing under conditions of a specificAWHcycle are corner-
stones for the OA selection. Remind that the adsorption isotherm of OA for AWH is a
smooth curvewith the gradual gradient in uptake in the�F-range from�Fre to�Fad,
and large uptake variation �w = w(�Fad) − w(�Fre) (see Sects. 6.3.1 and 6.3.2).
For MOFs, the hydrothermal stability is a critical issue for practical application as
well.

In this section, the suitability of MOFs for AWH in regions with different climatic
conditions is assessed. First, the water adsorption isotherms were collected from the
literature and plotted as function w = f(�F) [32]. Then, considering the values
�Fad and �Fre for the three climatic zones (Sects. 6.3.2) and keeping in mind the
abovementioned requirements, the most promising MOFs are selected.

Two famous mesoporous MOFs, MIL-101(Cr) [54] and Cr-socMOF-1 [55]
(Fig. 6.7a) demonstrate outstanding water adsorption capacity of 1.6 and 1.95 g/g,
respectively. However, the uptake rise is observed at �F ranges 1.8–2.2 and 0.7–
1.3 kJ/mol for MIL-101(Cr) [54] and Cr-socMOF-1, respectively, which is below
�Fad = 2.3–2.5 kJ/mol even for the zone with MH climate. These MOFs can
be employed for AWH in regions with a more humid climate. For MH zone,
Co2Cl2-BTDD [63], MIL-100(Fe) [58], MIL-101(Cr)-SO3H [54], can be selected as
promising adsorbents for AWH. The strongest sites of these MOFs adsorb vapor at
�F range 8–9 kJ/mol that ensures large fraction δex. At lower �F < 4 kJ/mol, the
rise on adsorption isotherms is observed up to uptake w = 0.6–0.9 g/g (Fig. 6.7b),
which can be attributed to capillary condensation in pores.
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Fig. 6.7 Characteristic curves of water adsorption on (a) MIL-101(Cr) , Co2Cl2-BTDD ,
MIL-100(Fe) , MIL-101(Cr)-SO3H ; (b) MIP-200 , MIL-160, , CAU-10(pydc)

. The boundary values of �Fad and �Fre for the operating conditions of adsorption and regen-
eration stages in HM (a) D (b) and ED (c) climatic zones. T re = 80 °C. Reprined from [33] with
permission from Elsevier

For D climatic zone with harsher conditions during the adsorption stage (higher
�Fad value), MIL-160 [64], CAU-10(pydc) [64] and MIP-200 [65] can be recom-
mended, which gradually adsorb water vapor at �F < 10 kJ/mol (Fig. 6.7b) up to
w = 0.35–0.36 g/g at �Fad = 3.2–3.4 kJ/g (Fig. 6.8b). For ED climatic zone with
�Fad = 4.1 kJ/g, the same adsorbents could also be appropriate with slightly lower
uptake w = 0.32–0.34 g_H2O/g. It is worthy to note, that under conditions of the
desorption stage at moderate temperature 80 °C (�Fad ≥ 10.4 kJ/g), the captured
water can be completely desorbed (Fig. 6.7). If a heat source with a higher tempera-
ture is available for regeneration, MIP-200 can be recommended for D climate with
maximum uptake w = 0.4 g/g (Fig. 6.7b).

The selected MOFs adsorb water vapor at �F ≤ 8–9 kJ/mol that promotes the
high extraction fraction δex = 0.78–0.93. They can be regenerated at reasonable T re

= 80 °C that allows utilization of solar heat to drive AWH cycles. At this desorption
temperature, the fraction δcol = 0.75–0.93 can be achieved at T con = 20 °C. Thus,
for MOFs, the screening version of the harmonization concept demonstrates a high
potential for selection of OA, which ensures efficient AWH realization.

6.5.2 LiCl/Silica Composite Specialized for VentireC

In this part,we illustrate the secondversion of the harmonization concept anddescribe
the rational design of OA specialized for VentireC process for the cold climatic zone,
e.g., Western Siberia. Based on the literature data on water—salt equilibrium, LiCl
was selected for the preparation of the CSPM. The LiCl/silica composite was synthe-
sized by a dry impregnation method using the mesoporous Silica Gel Davisil©grade
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Fig. 6.8 Water sorption isotherms for the LiCl/silica composite. Reprinted from [31] with
permission from Elsevier

646 (specific surface area Ssp = 265 m2/g, pore volume V p = 1.12 cm3/g, average
pore size Dav = 17 nm) as a matrix. The salt content Cs was 25.7 wt.% [31].

The isotherms of water vapor adsorption (Fig. 6.8a) show three distinct ranges. At
a small pressure, active sites of the silica adsorbwater vapor (the uptakew≤ 0.02 g/g).
A step on the isotherms detected at increasing pressure, attributes to the LiCl·H2O
formation. Then the uptake increases slightly because the hydrate is stable. Finally,
the hydrate LiCl·H2O deliquesces and transforms into an aqueous LiCl solution
inside the pores, which further absorbs water vapor.

The isosteric enthalpy of sorption at various water uptakes varies from 64 ±
1 kJ/mol at n = 0.1 mol-H2O/mol-LiCl, indicating a strong interaction between LiCl
and water in LiCl·H2O, to 44–50 kJ/mol at n = 3–7 mol-H2O/mol-LiCl, showing a
weak interaction between water molecules and ions Li+ and Cl− in the solution.

Based on the water sorption equilibrium data for the LiCl/silica the feasibility
of the VentireC process using this composite was assessed using a psychrometric
chart of humid air combined with the isosteric chart of the composite (Fig. 6.4) [66].
During the adsorption mode, the strong sites of LiCl/silica sorb water to reach low
air RH ≈ 3% at point 2’ with the uptakew= 0.02 g/g. This assures the discharged air
dehumidification to a required RH to prevent the unit outlet from moisture freezing.
At increasing RH the uptake gradually rises to reach 0.73 g/g at RH ≈ 50% (point
1 in Fig. 6.4). At this point, water is easily desorbed from the salt solution inside
silica pores and moisturizes the dry outdoor air up to the comfort level. The uptake
variation �w can be evaluated as about 0.6–0.7 g/g. Assuming the recommended air
change rate (ACR) for a domestic sector of 1 air change per hour, the mass of the
adsorbent needed for the humidity recuperation in a room of volume V r = 75 m3 was
estimated as 530 g [31]. This reasonable result provides a good base for the design
of a compact VentireC unit.

To verify the feasibility of the VentireC process employing the LiCl/silica
composite, a mathematical simulation of humidity recuperation with and without
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thermal coupling was carried out in [67] for a single fin-tube heat exchanger coated
with the LiCl/ silica composite. This analysis was based on the assumption that the
adsorption heat transfer from one DCHE to another one is fast; so that the tempera-
tures of the considered DCHE and air are equal T in = 22 °C (line 1–2’ in Fig. 6.4)
and constant. Thus, the “ideal” VentireC system was simulated.

The results show that:

• At the beginning of the sorption stage, the humidity ratio X of the outlet air equals
1.2 – 2.2 g/kg for various process parameters and DCHE geometry [67]. In the
course of sorption, this ratio gradually increases to 1.35–3.2 g/kg. As a result, the
fraction of water removed from the room air varies from 62 to 84%.

• During the desorption stage, the VentireC unit maintains X = 7.2 – 7.65 g/kg for
the incoming air flux. This corresponds to RH = 42–47% at 22 °C, which meets
the required value of 40–60% for indoor humidity [41].

Thus, the harmonization of the adsorbent properties with the climatic conditions
of the region, where the VentireC process to be realised, allows efficient humidity
recuperation.

This analysis was carried out for other climatic zones, and appropriate adsorbents
were selected for each zone (Table 6.1) [31]. For instance, for the extremely cold
climatic zone, a sorbent with a stronger affinity to water vapor, which sorbs vapor
at RH < 2.4% is required. The LiCl/(silica grade 636) with narrower pores (Dav =
6 nm) or LiBr/silica (15 nm), which sorbs water at RH ≥ 1–2% [31, 68], could be
recommended. Accordingly, for zoneswithwarmer climates, a sorbent with aweaker
affinity to water is needed. Ca(NO3)2 in the silica gel pores of 6–15 nm size, which
sorbs vapor at RH ≥ 9–18% [49], can be employed.

Table 6.1 Average minimum temperature T (3) and relative humidity RH(2’) for various cold
regions as well as composite sorbents potentially promising for the VentireC process in these zones

Zone T (3), °C RH(2’), % Appropriate sorbents

Warm −10– –3 9.9 – 18.0 Ca(NO3)2/SiO2 (12 nm)
Ca(NO3)2/SiO2 (15 nm)

Moderate warm −15– –10 6.2 – 9.9 Ca(NO3)2/SiO2 (10 nm)
Ca(NO3)2/SiO2 (6 nm)

Moderate cold −20– –15 3.9–6.2 Ca(NO3)2/SiO2 (6 nm)
LiCl/SiO2 (15 nm)

Cold −25– –20 2.4–3.9 LiCl/SiO2 (15 nm)

Extremely cold <−25 < 2.4 LiCl/SiO2 (6 nm)
LiBr/SiO2 (15 nm)



6 Advanced Adsorbents for Ecological Applications … 149

6.6 Conclusions

Two emerging adsorption processes aimed at improving the Earth’s ecology, namely,
water harvesting from the atmosphere (AWH) and heat and moisture recuperation
in ventilation systems (AHMR) are considered in this Chapter. The adsorbent and
its harmonization with the process conditions are corner-stones for the effective
performanceof both technologies. First, the process thermodynamic cycle is analyzed
to formulate qualitative and quantitative requirements for the optimal adsorbent. It
is revealed that for both processes, the adsorbent has to possess energy different
adsorption sites with the affinity to water distributed in a certain range. This range
depends on the climatic conditions of the region, where the process is realized.
The searching/tailoring of real adsorbent, which fits the formulated requirements, is
discussed for two families of adsorbents, Metal Organic Frameworks (MOFs) and
Composites “Salt in Porous Matrix”. Several MOFs are suggested as adsorbents for
AWH in three arid regions (the Sahara Desert, Saudi Arabia and Central Australia),
and their potential for AWH is evaluated. The composite “LiCl in the mesoporous
silica gel” is intently designed for AHMR in the cold climate of Western Siberia
and Northern Canada. Its sorption equilibrium with water vapor is studied, and the
performance in humidity recuperation is estimated.
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Abstract In the last decade, the amount of contaminated water resources has
increased dramatically with the rapid growth in industrial sectors. Additionally, the
growth in world population and the effects of climate changes have also increased the
water contamination levels in several areas. Thus, there is a crucial need for effective
and eco-friendly water treatment materials. The current available water treatment
methods and materials have multiples drawbacks that limit their usability. Materials
such as metal oxide nanoparticles, carbon nanotubes, and polymer membranes are
used widely in the water treatment field. However, the efficiency of these materials
is limited by the complexity of the water contaminants. Therefore, highly efficient
activated carbon is introduced as a proper approach to treat contaminatedwater. Typi-
cally, activated carbon is produced from different types of biomass. Hence, activated
carbon can be produced almost everywhere. Currently, Lignocellulosic biomass is
provided as a reliable renewable resource that can be used to produce activated
carbon. Indeed, Lignocellulosic biomass can be utilized to produce several mate-
rials such as biogases, biofuels, and biochar. Activated carbon is produced from
biomass using different thermal conversion technologies such as pyrolysis, anaer-
obic digestion, torrefaction hydrothermal processing, and gasification. Historically,
pyrolysis technology is used for hundreds of years to produce biofuel and char from
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woody biomass. This chapter focuses on the different reaction phases during pyrol-
ysis and the effect of the reaction conditions on biomass to produce activated carbon.
Moreover, the impact of technological development on the energy density of the
lignocellulosic residues is covered in the chapter.

Keywords Activated carbon · Pyrolysis · Biomass · Cellulose · Lignin · Water
treatment

7.1 Introduction

The inevitability of seeking reliable wastewater treatment techniques is evident.
Presently, the global supply of clean water relies on accessible natural resources
such as rivers, lakes, and groundwater. Moreover, recent studies show a massive
decrement in the amount of natural water resources. The vast demand for new water
andwastewater treatment approaches is associatedwith the huge growth in the human
population, climate changes, and industrial revolutions. The industrial revolutions
have the most significant impact on the water treatment sector. In fact, the dramatic
growth in the industrial fields is associated with the growth in the world population
and climate change. Hence, the three factors are connected like a circle. Nonethe-
less, the impact of the industrial revolution on the environment is not comparable
with population growth or climate change. In the last years, industrial fields have
introduced new types of complex contaminants into the environment in the form
of wastes known as industrial wastes. The danger of industrial wastes rises with
industrial developments. Generally, industrial wastes are discharged in the natural
water resources such as rivers and lakes. Consequently, the industrial waste leak
from surface water to the surrounding area and groundwater. The industrial waste
stored inform of wastewater causes other challenges in urban areas. Apart from the
environmental effects, wastewater is associated with severe health issues in urban
areas.

Researchers seek effective, inexpensive, and environmentally friendly techniques
and materials for water treatment to eliminate the adverse health and environmental
effects of wastewater. Lignocellulosic biomass is proposed as a promising precursor
to produce highly efficient activated carbon from natural resources. The special char-
acteristics of biomass products have drawn the attention of several researchers. Also,
the inorganic component of biomass contains a few sulphur, ash, and nitrogen quan-
tities that can be neglected or utilized for other applications. Thus, the combus-
tion of biomass is preferable because it produces fewer toxic gases such as carbon
dioxide (CO2), sulphur dioxide (SO2) and nitrogen oxides (NOX). Nevertheless,
photosynthesis can be used to recycle and control carbon dioxide emissions (CO2)
[1]. At present, biomass products require more practical applications and demon-
strations with an appropriate calculation of materials and energy. Indeed, there are
multiple methods used to produce biomass products, such as biofuel, biogases, and
char. Nonetheless, the thermotical base of the methods requires more sophisticated
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studies. Thermal conversion technologies such as pyrolysis, anaerobic digestion,
hydrothermal processing, and gasification are used widely to produce biofuel and
char from different biomass types. Typically, thermochemical production of liquids
and chars is conducted via flash or fast pyrolysis on an industrial scale. However,
these products have not been implemented for commercialization applications.

Several biological and thermochemical processes have been adopted to convert
biomass into value-added products. In general, pyrolysis is considered the most
convenient conversion process among the other processes. Indeed, the pyrolysis
process is considered inexpensive, flexible, efficient, requires simple transportation
methods, easy to operate, and requires simple storing of products. Despite the unique
features of the pyrolysis process, some challenges face the process, such as processing
solid waste and biomass. Furthermore, the pyrolysis process is considered at the
initial stage; several practical challenges are facing the expansion of the process
to compete with the conventional thermochemical technologies [2, 3]. The pyrol-
ysis of different lignocellulosic residues to produce biomass products such as solid
char, gas, or liquid biofuel has been intensively studied earlier. Examples of these
biomass species include woody biomass [6, 7], straws [8], seedcakes [9], bagasse
[5], municipal solid waste (MSW) [10, 11], and beechwood [4]. Figures 7.1, 7.2, and
7.3 illustrate the different types of biomass conversion processes with their outputs
and the decomposition temperature.

Pyrolysis is a process where a thermal decomposition of lignocellulosic deriva-
tives occurs under an inert atmosphere in the absence of oxygen. The word is derived
from two Greek words: ‘pyro’, meaning fire, and ‘lysis’ which means separation into
different parts. Historically, pyrolysis is used by people in Southern Europe and the
Middle East to prepare charcoal as a source of energy [12]. Additionally, ancient
Egyptians made tar for sealing boats using pyrolysis technology [13]. The recent
widespread applications of pyrolysis technologies can be seen in the energy field
in the form of char and biofuel production. The pyrolysis products are also used in
multiple industries such as materials fabrication, electronics, and fertilizers. Typi-
cally, high temperature obtained from burning charcoal is used to melt copper with
tin to produce bronze. Throughout the modern era, pyrolysis processes gained the
attention of many researchers as an effective technology for transforming waste and
biomass into bio-oil [14]. Most of the present studies revolve around eventual objec-
tives to enhance pyrolysis processes and produce reliable high-value products that
can compete and replace the non-renewable fossil fuels and conventional materials
to treat wastewater. Biowaste to produce value-added products via pyrolysis shadows
several global challenges such as waste management, energy, and water and wastew-
ater treatment. However, gaining more knowledge about pyrolysis technology is the
true challenge. Several ideas proposed the use of biofuel in the airplane, trains, ships,
and vehicles to replace fuels such as petrol and diesel [15, 16]. Nonetheless, few
studies focused on the use of biomass-based carbon materials to remediate wastew-
ater. Pyrolysis technology is under continuous enhancements to increase the quality
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Fig. 7.2 Schematic diagram of simple pyrolysis reactors and the obtained products. a Production
of biochar and bio-oil. b The production of biochar and heat

Fig. 7.3 The decomposition of lignocellulosic biomass components at different temperatures

of biomass products. Commonly, equipment such as pyrolysis reactor, lignocellu-
losic residues pre-treatment unit, and subsequent unit for downstream processing are
parts of the pyrolysis system unit. The units are classified further into slow pyrolysis
units to produce only heat and biochar or units that use fast pyrolysis to produce
biochar and bio-oils.

Researchers have been working on the thermal conversion of biomass into
biomass-based carbon products using advanced pyrolysis processes in the last year.
The optimization of process parameters offers many advantages to pyrolysis tech-
nology over other thermochemical conversion technologies. Nevertheless, pyrol-
ysis technology needs more improvements for commercial applications. Hence, this
chapter investigates the current status of pyrolysis technology and the potential for
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practical application for biochar to produce highly efficient activated carbon. Addi-
tionally, the pyrolysis products, types of pyrolysis and principles, biomass compo-
sitions and characteristics, physiochemical properties of pyrolysis products, and the
economic aspects of amorphous carbon for wastewater treatment are discussed in
this chapter. Moreover, the production and properties of activated carbon are stated
in this chapter to study the limitations in wastewater treatment. Eventually, the future
of activated carbon production from biomass is discussed to enhance the wastewater
treatment process.

7.2 Classification of Thermochemical Processes to Produce
Activated Carbon

Thermochemical processes are the conversion of carbonaceous materials such as
biomass into value-added products like gaseous and liquid fuels, solid fuel, and
chemical feedstock. Indeed, thermal conversion techniques are used in ancient India
and China before 4000 BCE to produce charcoal from biomass. At present, gaseous
and liquid biomass products are treated and used in several fields. Besides that,
charcoal is still used by several countries as a primary source of energy. Mainly, ther-
mochemical conversion processes are classified into pyrolisation and gasification.
The significant difference between the techniques relies on the final product. Pyroli-
sation is primarily used to produce char and liquid fuel, whereas gasification is used
to convert biomass into a conventional gaseous product. The process of producing
liquid fuel from biomass is known as liquefaction. Pyrolisation is further classified
into multiple methods according to the preparation temperature and final production.
In general, pyrolisation is classified into pyrolysis, carbonization, and torrefaction
methods. Pyrolysis is the most adopted approach to convert biomass into carbon-
rich materials. Pyrolysis, carbonization, and torrefaction processes are conducted
in an oxygen-starved atmosphere. Therefore, carbonaceous materials are mainly
formed from biomass via thermochemical conversion processes in the absence of
oxygen. The presence of oxygen during the thermochemical convention will burn
the biomass precursors and produce a large amount of ashes. The thermochemical
process which involves oxidation is known as combustion. As discussed before,
studying and improving the thermochemical processes will produce a high quality
of carbon materials from biomass. Using high-quality activated carbon will improve
the quality of wastewater treatment. In several publications, thermochemical conver-
sion processes are stated to be independent due to the different temperature values.
Nevertheless, the thermochemical convention processes used to produce solid carbon
substances are interconnected. In fact, carbonization and torrefaction are part of the
pyrolysis process. Figure 7.4 illustrates the connection between the thermochemical
processes.
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Fig. 7.4 Diagram of the relation between thermochemical processes for activated carbon,
biogasses, and bio-fuels production

7.2.1 Pyrolysis

The thermal decomposition of pyrolysis using lignocellulosic biomass requires a
special environment. Initially, the pyrolysis of lignocellulosic biomass occurs in an
oxygen-deficient environment in an inert atmosphere. Followingly, nitrogen (N) or
argon (Ar) gases are diffused into an inert atmosphere to complete the process. Gener-
ally, several steps are involved in the chemical reaction of the process, which makes
it very complicated. The outputs of biomass pyrolysis are products such as biochar,
gases, and bio-oil. The pyrolysis process emitsmaterials that can be either discharged
or used in further applications, such as hydrogen (H), carbon dioxide (CO2), carbon
monoxide (CO), and methane (CH4). The decomposition of organic materials based
on biomass substrate starts around 350–550 °C. However, the decomposition can
proceed until 700–800 °C in the absence of oxygen/air [17, 18].

The chemical structure of biomass consists of lignin, a long polymer chain of
cellulose, pectin, hemicellulose, and others. The small molecules formed from the
bulky molecules of organic materials. These small molecules are then released from
the pyrolysis process as solid char, steam of gases, tar, and oil as condensable vapors.
Multiple factors affect the proportion of the final products, such as heat rate, tempera-
ture, and types of precursors, pressure, reactor design, and system configuration. The
effect of temperature on the decomposition process of prime lignocellulosic residues
is shown in Fig. 7.3 and, the effects of pyrolysis on the lignocellulose components is
illustrated in Fig. 7.5. Likewise, the moisture percentage of the biomass has a vital
impact on the pyrolysis processes. The raw biomass moisture percentage must be
around 10% during the fast pyrolysis process [18]. The high percentage of biomass
moisture will turn the major final products into liquids.
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Fig. 7.5 The relationship between the composition of lignocellulosic biomass and obtained
products during pyrolysis

On the other hand, the low water level will cause a high risk because the process
will produce an enormous amount of dust instead of oil. Hence, it is necessary to dry
the sludge produced frommeat-processingwastes andwaste streams before involving
it in the pyrolysis process. To demonstrate, the required condition to produce biochar
is a temperature less than 450 °C when the heating rate is slow. In contrast, when the
heating rate is high and the temperature is higher than 800 °C, the obtained products
are a large amount of gases and ash. In like manner, medium temperature when the
heating rate is high, the main yield is bio-oil. When the temperature is between 250
and 300 °C at the beginning of the process, a large amount of volatile materials is
disposed of almost ten times faster than the subsequent step [20].

As mentioned before, charcoal is mainly produced using woody biomass. The
charcoal produced from wood has many advantages, like the production of a limited
amount of smoke. Historically, charcoal is used to melt ore rocks to yield iron.
Nevertheless, this process has many disadvantages, like it produces a huge amount
of air pollutants, less production percentage, and less energy.Consequently, advanced
technology has been adopted and developed to extract the extreme amount of energy
from biomass via exothermic and endothermic processes such as combustion, gasi-
fication, and pyrolysis [21]. Combustion is used to produce heat by burning biomass
in the presence of oxygen. The efficiency of combustion is not sufficient [22, 23].
Gasification may occur in an oxygen-starved environment to produce gaseous fuels.
However, the pyrolysis process is more advantageous compared to combustion and
gasification [24, 25]. Indeed, pyrolysis can be present as part of the combustion
and gasification processes [26]. Figure 7.6 shows the products of biomass substrate
during the pyrolysis process [27].

In general, the pyrolysis process is classified into slow and fast processes. The
significant difference between the two types is the heating rate involved in the process.
The required time of heating precursors to reach pyrolysis temperature in the slow
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Fig. 7.6 The Conversion of biomass feedstock into value-added products through pyrolysis

pyrolysis process is longer than the time used to keep the substrate at the characteristic
pyrolysis reaction temperature. On the other hand, the initial heating time of the
biomass substrate in the fast pyrolysis process is less than the final retention time
of the substrate at the maximum pyrolysis temperature. There are two other types
of pyrolysis based on the ambiance of the process, hydro-pyrolysis and hydrous
pyrolysis. As mentioned before, usually fast and slow pyrolysis process takes place
in an inert atmosphere, while hydro-pyrolysis occurs in the presence of hydrogen
and hydrous pyrolysis occurs in the presence of water. In the slow pyrolysis process,
vapors present in the pyrolysis medium for a longer time. Hence, this process is
utilized to produce more char and activated carbon. In fact, slow pyrolysis is usually
classified into conventional and carbonization processes. Conversely, in fast pyrolysis
vapors exist in themedium for seconds ormilliseconds. Thus, fast pyrolysis is mainly
utilized to produce gas and bio-oil. Fast pyrolysis is further classified into a flash and
ultra-rapid pyrolysis process. Table 7.1 shows different types of pyrolysis processes
with basic characteristics.

(i) Fast Pyrolysis

The fast pyrolysis process involves using a high heating rate to burn the
precursors at high temperatures in the absence of oxygen. The quantity of
the products produced via fast pyrolysis is related to the initial weight of the
biomass. Using 15–25% of biochar precursors in the fast pyrolysis process can
produce60–75%of liquid biofuels [54].Besides that, it is possible to obtain 10–
20% of gaseous products, depending on the biomass type [54]. Fast pyrolysis
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Table 7.1 Summary of pyrolysis processes for biomass

Pyrolysis process Temperature (°C) Heating rate Products

Fast 500 Very high Biofuel

Slow 400 Very low Charcoal, biofuel, and biogas

Flash <650 High Chemicals, biofuel, and biogas

Ultra-fast 1,000 Very high Chemicals and biogas

Hydro-pyrolysis <500 High Biofuel

Conventional 600 Low Charcoal, biogas, and biofuel

Carbonisation 400 Very low Charcoal

Vacuum 400 Medium Biofuel

involves short vapors retention time. Nevertheless, the produced vapors and
aerosol can be chilled quickly during the process to increase the percentage
of obtained bio-oil [54]. Typically, the obtained liquid biofuels are used to
operate engines, turbines, boilers, and industrial applications. Fast pyrolysis
technology is receiving global attention as a liquid fuel producing process
due to its practical advantages, such as the inexpensive development cost,
simple storability and transportation of obtained products, and the utilization
of second-generation bio-oil as industrial wastes, and municipal to produce. In
addition, fast pyrolysis can derive secondary fuels and chemicals from motor
fuels. Lastly, the process can assure a pre-disintegration of lignin portions and
simple oligomers from lignocellulosic biomass with consecutive improvement
[55–57].

(ii) Slow Pyrolysis

The slow pyrolysis technology uses a low heating rate and low temperature
to produce a high quality charcoal. In this process, the vapor residence time
is longer than flash pyrolysis, around 5–30 min. To obtain char and liquid in
slow pyrolysis, a reaction occurs between the volatile organic fragments [61].
Nonetheless, the quality of the obtained bio-oil in this process is very poor.
Longer vapor residence time creates further cracking, which lowers bio-oil
production. Slow pyrolysis has some drawbacks, such as the higher consump-
tion of energy due to the low heat transfer rates with longer retention time
[62, 63]. The charcoal produced via slow pyrolysis is the core of activated
carbon production. Basically, high-quality charcoal means the high efficiency
of activated carbon. The following equation is the stoichiometric Eq. (7.1) of
charcoal production by [11].

C6H10O5 → 3.74C + 2.65H2O + 1.17CO2+1.08CH4 (7.1)
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7.2.2 Carbonization

Thermochemical carbonization is a process where the pyrolysis of biomass precur-
sors is conducted in a deficient oxygen atmosphere. Carbonization is conducted at
a low temperature between 300 and 700 °C. Primarily, the carbonization process
is used to produce carbon-rich char from organic substances. The carbonization of
biomass is widely known in rural areas due to the simplicity of the process.Moreover,
several industries are using carbonization to produce high-quality commercial char
for energy sectors. Usually, carbonization is preferred to produce activated carbon
as it is an inexpensive process and consumes low energy. In addition, the carboniza-
tion process produces a low amount of wastes compared to other thermochemical
processes. Carbonization produces a char with a high volume of narrow pores on
the surface. Frequently, a large amount of surface pores on the char are blocked by
liquid tar and other substances. The tarry substances are attached to the pores of
the char during the diffusion of volatile components out of carbon structure into the
gas stream. Indeed, the diffusion process also forms cracks on the char structure.
Thus, the structure of the char contains a high volume of pores and tunnels. The char
produced by carbonization can be used for water and wastewater treatment as adsor-
bents. However, this char will have a poor adsorption capacity due to the existence
of blocked pores. Carbonization involves four main phases at different temperatures
(Table 7.2). Carbonisation of biomass is further subdivided into a process known as
hydrothermal carbonization. Hydrothermal carbonization is utilized to reduce energy
consumption and increase the porosity of produced char.

(i) Hydrothermal Carbonization

Hydrothermal carbonization (HTC) is a widely used process to convert indus-
trial and agricultural wastes into green products. It produces solids, liquids, and
gaseous products [44]. The solids formed are known as hydrochar (HC), while
liquids and gases are known as biofuels and biogases, respectively [44, 45].
Hydrochar is a carbon-rich product that is further treated to produce activated
carbon. Meanwhile, the liquids are usually used in the agricultural field as
fertilizer or converted into effective biofuels. Normally, HTC is used as a pre-
treatment process to optimize the surface chemistry of activated carbon [45].

Table 7.2 The phases of biomass carbonization

Phase Temperature (°C) Process

First ≤200 Beginning of drying process for biomass precursor

Second 170–<300 The pre-carbonization phase, few amounts of liquids and
condensable gases are produced such as methanol and CO2

Third 250–<300 The amount of produced tar increases, and some acids are
formed from the biomass precursor to produce char

Fourth >300 The percentage of carbon content in char increase while
volatile compounds are leaving the char structure
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After HTC, hydrochar yields are further treated with a pyrolysis process to
produce high-quality activated carbon with low moisture percentage [44–46].

The major feature of HTC is the presence of oxidants in the form of deion-
ized water. Indeed, deionized water is used as a green solvent. During the
HTC, deionizedwater is added to the reactor alongwith the biomass feedstock.
Subsequently, the biomass is carbonized at a low-temperature range between
180 and 250 °C. The deionized water evaporates and creates high inner pres-
sure [44]. Followingly, the water molecules bounce at high speed inside the
reactor and break down the bulky biomass into small particles. Simultaneously,
water function as an oxidation agent that optimizes the surface chemistry of
the hydrochar, hence enhancing the pores volume of the material [45].

HTC is used on an industrial scale as it consumes low energy, produces
a low amount of toxic gases or tars, inexpensive, easy to operate, and eco-
friendly [45, 47]. Besides, the process produces high-quality hydrochar, which
is further treated through the pyrolysis process to obtain highly effective acti-
vated carbon.The activated carbon is subsequently treatedwith physical, chem-
ical, or physiochemical activation to increase the surface area via open blocked
pores and tunnels.

(ii) Torrefaction

Torrefaction is a new thermal conversion process used to produce carbon-rich
solids from biomass. The torrefaction process is adopted in energy sectors as it
is inexpensive and requires lower operational energy compared to carboniza-
tion. The principle of torrefaction is similar to carbonization but at a lower
temperature. Typically, torrefaction occurs in the absence of oxygen. However,
oxygen may introduce into the reaction but in a deficient percentage to prevent
combustion.

Briefly, torrefaction converts biomass precursors into solids in slow heat
under temperatures between 200 and 300 °C. During the heating process, the
carbon content and energy density increase while the oxygen and moisture
content decrease [46]. Thus, the obtained is a charcoal-like product with a
high percentage of carbon content. Torrefaction is used to reduce storability and
simplify the transportation process. Therefore, torrefaction is used to enhance
the commercial value of wood by-products for energy production.

7.3 Preparation of Activated Carbon

The preparation of activated carbon using biomass precursors involves two stages,
thermochemical conversion, and activation. The two stages may conduct simultane-
ously as one-step processes or sequentially as dual steps processes. At the first stage,
a thermochemical conversion such as pyrolysis, carbonization, or torrefaction is used
to produce char with high carbon content. As discussed before, the obtained charmay
have a very poor adsorption capacity due to the existence of a high volume of blocked
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pores on its structure. Thus, different activation types are used to eliminate the pres-
ence of blocked pores and increase the adsorption capacity. The activation process
may include chemical activation, physical activation, or physiochemical activation.
Basically, the primary objective of the activation stage is to convert biomass-based
char into highly efficient activated carbon.

Briefly, the activation process is used to enhance the porosity and create a fine solid
cavity on the surface of the char. Generally, the created pores are classified into three
types, macropores (>50 nm), mesopores (2–50 nm), and micropores (<2 nm) [47].
Adjusting the percentage of pores type relies on the type of biomass precursor and
activation process. Usually, activated carbon with a high percentage of micropores is
used for gas filtration or as a base substance for other nanocarbon materials. On the
other hand, macropores and mesopores are used in water and wastewater treatment
to trap and hold different types of water contaminants such as heavy metals, phar-
maceutical wastes, dyes, and pesticides. Chemical and physical activation processes
are the most widely adopted activation methods to produce activated carbon. Phys-
iochemical activation is a combination of physical and chemical activations which
usually used to enhance the adsorption performance of activated carbon.

7.3.1 Physical Activation

Physical activation involves the oxidation of char using oxidizing agents such as
air/oxygen, water steam (H2O), diluted oxygen gas, carbon dioxide (CO2), or their
mixture [47]. Usually, physical activation conducts at an elevated temperature around
800–1,100 °C [48]. During the physical activation, the volatile chemicals on the char
structure tend to skip in the form of gases. Simultaneously, existed narrow pores are
widening, and new pores are formed, thence, the porosity and surface area of the char.
At this stage, the modified char is known as activated carbon. Physical activation can
be conducted in a single or dual stages process. There are no significant differences
between the two processes on the efficiency of produced activated carbon.However, a
single-stage process requires a shorter preparation time and lower operational energy.

The most remarkable oxidizing agents are water stream and carbon dioxide.
Carbon dioxide has an endothermic nature and low reactivity at high temperatures
[49]. Therefore, carbon dioxide is typically used to ensure high controllability of the
activation process. In addition, carbon dioxide is simple to handle and provide a slow
reaction rate at low temperature. Indeed, increasing the activation time and temper-
ature will increase the CO2 reaction. However, increasing the activation time and
temperature to a certain limit may form ash residues and destroy the existed pores.
Carbon dioxide as an activation agent tends to formmore micropores, whereas water
steam tends to expand the existedmicropores.Hence,water steamgenerates activated
carbons with low micropore volume and high meso and macropore volumes [49].
Nonetheless, both carbon dioxide and steam can be very effective activating agents
because the most important factor is the conditions of the activation process. There-
fore, steamand carbon dioxide can be suitable for certain types of biomass precursors.
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The physical activation process is commercially favorable as it is inexpensive and
requires no chemicals that will make it an environmentally friendly procedure. On
the other hand, physical activation has drawbacks that limit its scalability, like it
produces activated carbon with low adsorption capacity, consumes high energy, and
usually, the process needs a long activation time [48, 49]. The precise selection of
proper oxidizing agents for specific biomass precursors will help produce activated
carbon with large pore size distribution and surface area. The detailed process for
activated carbon production using physical activation is shown in Table 7.3.

7.3.2 Chemical Activation

The chemical activation method, also known as wet oxidation, uses chemical agents
as dehydrating and oxidizing agents. The chemical activating agents can be acids,
bases, or salt. Usually, the activation process is synchronized with the carbonization
process at a temperature between 400 and 900 °C according to the used precursor
and activating agents [48]. The chemical activation process is divided into three
main steps. First, impregnation in which the carbonaceous materials are oxidized
and dehydrated with chemicals. Subsequently, the mixture is dried and then heated
for a given time at a specific temperature. Lastly, the mixture is washed repeatedly to
remove the excess activating agent and obtain activated carbon [48].Although several
chemicals are studied as activating agents, only a few produce activated carbon with
high efficiency. The activating agents with high potential are either alkaline or acidic
groups. Examples of commonly used alkaline groups are sodium hydroxide (NaOH),
potassium carbonate (K2CO3), potassium hydroxide (KOH), and calcium chloride
(CaCl2). On the other hand, the most used acidic groups are sulphuric acid (H2SO4)
and phosphoric acid (H3PO4). In addition to acidic and alkaline groups, some metal
salts exhibited high potential, such as zinc chloride (ZnCl2) [48].

Generally, potassium hydroxide produces activated carbon with a high surface
area. However, the surface area of the activated carbon is also related to the type
of used precursors [47, 48]. Indeed, recent studies are focusing on enhancing the
activation performance of potassium species to form different types of pores on the
surface of activated carbons [50]. To obtain activated carbon with high pores size
and volume, some variables need to be monitored, such as activation method, time,
temperature and atmosphere, carbonization temperature and time, and impregnation
ratio [45]. Although chemical activation produces activated carbons with more pores
size distribution and high pores volume, the process has drawbacks that limit its
applicability. For instance, the produced activated carbon by chemical activation
requires repeated and long washing steps to remove the excess activating agent.
Moreover, the process produces toxic wastewater, which contains some chemical
agents that can be harmful to the environment upon discharging inappropriately
[48]. Nonetheless, chemical activation has several advantages that make it desirable
over physical activation. For instance, chemical activation produces activated carbon
with a high adsorption capacity. Additionally, the process is economically viable
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because it requires a lower temperature and less activation time [48]. The detailed
process for activated carbon production using chemical activation is shown in Table
7.4.

7.3.3 Physiochemical Activation

Physiochemical activation is a process where physical and chemical activations are
performed simultaneously. The physiochemical activation is mainly used to enhance
the pore volume and surface area of activated carbon. Typically, physiochemical acti-
vation is conducted via two approaches, a chemical treatment before the carboniza-
tion following by physical activation or a chemical treatment after the carbonization
following by physical activation. Studies revealed that the sequence of chemical
activation has negligible effects on the properties of produced activated carbon.
Generally, activated carbon produced via physiochemical activation has a better
pore structure and higher surface area compared to physical or chemical activa-
tions. Physiochemical activation can be used to increase the volume of mesopores
on the surface of activated carbon. Thus, producing activated carbon is suitable for
wastewater treatment. Apart from the advantages of physiochemical activation, the
process is considered costly and time-consuming in comparison to physical activa-
tion and chemical activation. The detailed process for activated carbon production
using physicochemical activation is shown in Table 7.5.

7.4 Types of Lignocellulosic Biomass Precursors
for Activated Carbon

Lignocellulosic biomass is a natural material that is formed from living species
such as animals and plants. Recently, lignocellulosic biomass is proposed as an
alternative source of energy. In compassion to fossil fuel, biomass is inexpensive
and environmentally friendly. Moreover, biomass is used to produce value-added
products such as activated carbon and fertilizers. The new adoption of lignocellulosic
biomass will solve the environmental challenges caused by waste management and
fossil fuels.

Lignocellulosic biomass has a very complicated chemical structure as it is
composed of several types of organicmaterials. In general, lignocellulosic biomass is
composed of three biomacromolecules, Lignin, cellulose, and hemicellulose. In addi-
tion, the chemical structure contains minerals and extractives. Each type of biomass
has a different percentage of chemicals in the structure [11, 29, 30]. Pyrolysis of
cellulose and hemicellulose produce chemicals in the form of liquids and gases or
condensable steam. However, the pyrolysis of lignin produces solid char, liquid,
and gas. Additionally, the simplicity of extractives to evaporates and decompose
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also helps in producing liquids and gases. The ashes in the char structure are mainly
composed ofminerals. To summarise, Table 7.6 shows the components of the biomass
with its related products.

The obtained vapors from the primary stage of reaction go through a second
stage to produce soot. This soot varies according to the type of pyrolysis, either
fast or slow. Catalysts like alkali metals are added to enhance char production. The
ignition properties of biochar are directly related to the percentage of minerals [11].
Typically, the cellulosic substrate produces bio-oils when the temperature is around
500 °C [31]. Lignin is mainly used to extract biochar. Hence, biomass substrate with
a higher percentage of lignin derivatives is used to obtain char. Table 7.6 contains a
list of biomasses with the proportion of hemicellulose, cellulose, and lignin substrate
[1, 32–37].

Table 7.6 The distribution of
biomass composites [1,
32–37]

Biomass Cellulose (%) Hemicellulose
(%)

Lignin (%)

Almond shell 50.7 28.9 20.4

Bamboo 26–43 15–26 21–31

Banana waste 13.2 14.8 14

Barley straw 31–37 24–29 14–15

Corncob 50.5 31 15

Corn stover 28 35 16–21

Cotton seed
fibers

80–95 5–20 0

Coastal
Bermuda grass

25 35.7 6.4

Hazelnut shell 28.8 30.4 42.9

Jute fiber 45–53 18–21 21–26

Nut shell 25–30 25–30 30–40

Oat straw 31–37 24–29 16–19

Olive husk 24 23.6 48.4

Rice straw 32.1 24 18

Rye straw 33–35 27–30 16–19

Sunflower shell 48.4 34.6 17

Sugarcane
bagasse

19–24 32–48 23–32

Silvergrass 24 44 17

Tea waste 30.20 19.9 40

Wood 35–50 20–30 25–30

Walnut shell 25.6 22.7 52.3

Wheat straw 33–40 20–25 15–20
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7.4.1 Cellulose

Cellulose is the most abundant organic compound on earth. The basic structure of
cellulose is a linear polymer contain six-carbon glucose units. The glucose units
are connected together via β-(1–4)-glycosides bonds. Typically, cellulose is insol-
uble in some solvents due to the connection between glucose units and cellulose
polymers. Indeed, the cellulose polymers are arranged and connected parallel to
each other. The cellulose connection is influenced by the presence of intermolecular
and intramolecular hydrogen bonds among the hydroxide groups (OH) of the cellu-
lose polymer. The cellulose structure has two different terminals, which allow for
different reactions at the same structure. One of the cellulose terminals is known as
the reducing end group as it consists of the reducing hemiacetal group in position
C1. The second terminal is known as a non-reducing group and consists of an extra
secondary hydroxyl group in position C4. Biomass with high content of cellulose
is typically used to produce biofuel through a thermochemical convention. There-
fore, the new approach of studying cellulosic materials involves the modification of
chemical structure to produce a high quality biofuel and replace fossil fuel.

7.4.2 Lignin

Lignin is a complex form of organic polymers found in lignocellulosic biomass.
Lignin polymers are the core of biomass structure. Lignin consists of phenyl propane
building blocks and has a form similar to resin. The structure of lignin consists
of hydroxyl group and methoxyl group in para and meta positions, respectively.
Moreover, the aromatic rings in the structure are connected via carbon-to-carbon
or carbon-to-oxygen bonds. Lignin has a complex structure that contains multiple
groups such as carbonyl, hydroxyl, and methoxyl groups. Therefore, lignin has a
strong structure and insoluble. The lignin present in biomass at different percentages.
On average, biomass may contain 10% to 30% of lignin. Nonetheless, materials such
as coconut fibers and husk may consist of 45% of lignin. Additionally, hardwood
contains 16–24% of lignin, and softwood composed of 25–31%. Lignin in hardwood
is connected with xylans via a covalent bond, whereas softwood is connected to
galactoglucommannans. Lignocellulosic biomass with a high percentage of lignin
is used to produce carbonaceous solids such as char and activated carbon. Thus,
the quality and structure of biomass have a significant impact on the properties of
produced activated carbon used for wastewater treatment.
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7.4.3 Hemicellulose

Hemicellulose (also known as polyose) is a heteropolymer that has a random amor-
phous structure. Typically, hemicellulose exists along with cellulose in the biomass
structure. Hemicellulose structure consists of several monosaccharide units joined
together. The primary units of hemicellulose are pentose sugar. In comparison to
cellulose, the hemicellulose chain is shorter and unorganized. Thus, hemicellulose
has better solubility compared to cellulose. The hemicellulose polymer has two
forms, either a homopolymer or a heteropolymer. Homopolymer structure composes
of units from a single type of sugar, whereas heteropolymer structure composes of
different kinds of sugar units. Hemicellulose acts as an adhesive where it holds the
fiber and cellulose in biomass structure.

7.4.4 The Physiochemical Properties of Lignocellulosic
Biomass

The final obtained products of the biomass conversion process are significantly influ-
enced by the percentage of moisture in biomass which is further affected by the type
of biomass feedstock, the design of the reactor, and process parameters [11]. As
discussed before, charcoal production involves two steps: the drying and pyrolysis
processes. In the primer phase of the drying step, the water contained in the pores
structure as free water tends to evaporate and diffuse at a temperature around 110 °C.
The higher is the percentage of water, and the more energy is required to evaporate
water. Additionally, when the temperature is between 150 and 200 °C, an obvious
reduction occurs for the combined water inside the cellulose chain of wood. White
smoke of water vaporizes from the charcoal oven chamber during the initial stage of
carbonization. Generally, the rate of temperature rise does not rely on the evaporated
water because the fast pyrolysis process is effective in drying the feedstock [38].
The existence of moisture in the wood is usually around 15–20% [11]. Moisture
content can significantly affect the properties of the production of activated carbon
[39]. The differences between the obtained char or liquid are directly connected to
the particle size of the biomass matrix. When the particle sizes of the biomass are
large, char is mostly formed. However, a secondary char forming reaction is usually
required due to the low rate of disintegration caused by the size of the large particles
[11]. Hence, to produce more carbon, it is better to use larger particle sizes, while
smaller particle sizes are used to increase the percentage of gained liquid during the
fast pyrolysis process. Better biochar substrate production is related to the tempera-
ture of the pyrolysis and lignin and carbon quantity. Thus, to obtain a better biochar
substrate, a higher percentage of lignin and fixed carbon is used while the pyrolysis
process occurs at a medium temperature of 500 °C. On the other hand, to obtain
more bio-oils and syngas, the proportion of the volatile materials must be high [29].
Precursors such as olive stone, walnut shell, and hazel nutshell are highly selected to
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produce biochar because it contains a higher percentage of lignin. Furthermore,mate-
rials such as dead wood, cereal straw, and grasses are suitable to produce syngas and
bio-oils [40]. Briefly, the physicochemical properties, transformation mechanisms,
and composition of lignocellulosic biomass directly impact the type of final products
as shown in Fig. 7.6.

7.4.5 The Influential Factors on Activated Carbon
Production

(i) Temperature

Controlling the temperature profile is crucial for biomass product optimization
because the heating rate, pressure, contact time, and peak temperature between
solid and gaseous phases are partially affected by the temperature profile.
During the fast pyrolysis, rapid heating and cooling rate are utilized to reduce
the duration of secondary reactions. As a result, the product quality will be
downgraded, whereas the liquid yield is reduced. Additionally, the obtained
product will contain a mixture with high complexity and viscosity [38]. On
the contrary, to increase the char yields, the pyrolysis process involves slow
heating rates, though; this is not consistent [11]. Increasing the temperature can
assure the release of more evaporative fractions, which increase the content of
carbon in the biochar. At the same time, hosting the biomass for a long time
under high temperatures will significantly reduce the biochar yield. In regard
to liquid and gaseous products, the effect of temperature is very complicated.
To obtain a higher portion of liquid, the pyrolysis temperature must reach up
to 400–550 °C. Moreover, when the temperature is higher than 550 °C, the
final products contain fewer liquid percentages due to the decomposition of
condensable vapor via secondary reactions. A higher percentage of liquid can
be obtained during the fast pyrolysis when the temperature is around 500 °C.
Around 28–4% of liquid can be gained during the slow pyrolysis when the
temperature is between 377 and 577 °C, and this depending on the type of
biomass feedstock [13]. On the other hand, 4.93–45% of the liquid can be
obtained at a temperature around 385–450 °C using different cellulose-rich
feedstock [19].

(ii) Gas Flow Rate

The influence of the gas flow rate during the pyrolysis process appears on the
degree of secondary char formation. Applying a low gas flow rate is prefer-
able during the slow pyrolysis process to form char. Conversely, higher gas
flows are applied during the fast pyrolysis to adequately and quickly remove
formed vapors. High pressure will increase the formation of secondary char
because it increases the activity of vapors at the surface of char particles and
within the reactor. On the other hand, conducting pyrolysis under vacuum
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produces a higher proportion of liquid and less char. Moisture that exists in the
form of vapors can increase carbon production systematically when pyrolysis
takes place under pressure. This occurs due to water, which acts as a catalyst
and lowers the activation time of pyrolysis reactions [46]. Conspicuously, the
gas flow rate affects the thermodynamics of the pyrolysis process. Using a
low gas flow rate, the reaction is more exothermic when the pressure is high.
The exothermic pyrolysis process assures more char yield. Additionally, these
conditions are favorable because the total energy balance of the processes will
seek carbon and char as prime products. Generally, to formmore char and gain
less liquid, it is important to increase the contact between the main generated
vapors and hot char surface during the pyrolysis process. This can happen using
particles with large size, high pressure, slow heating rate, or low gas flow rate.

7.5 Applications of Activated Carbon for Water Treatment

Activated carbon is used in several industrial and agricultural applications. Primarily,
activated carbon is used for air andwater filtration. Indeed, the use of activated carbon
in water treatment to remove contaminants and pollutants has increased dramatically
[89]. It is stated thatwater purification andfiltration consume around 80%of activated
carbon worldwide [90]. Activated carbon is widely adopted in the water treatment
field due to its unique physical and chemical characteristics. Activated carbon is used
mainly as highly efficient adsorbents for several types of contaminants. The high
adsorption capacity of activated carbon is directly related to its high surface area
and porous structure [91]. Moreover, the surface of activated carbon contains several
types of functional groups that interact efficiently with contamination particles in
water.

The recent approaches of utilizing activated carbon in water treatments revolve
around enhancing the adsorption performance via nanoparticles [92, 93]. Basically,
activated carbons are loadedwith nanoparticles to produce nanocompositeswith high
adsorption capacity and high chemical and mechanical stability. Popularly adapted
nanoparticles include iron nanoparticles [94], tungsten oxide nanoparticles [95],
silver nanoparticles [96], and zero-valent iron nanoparticles [97]. Typically, acti-
vated carbon modified with nanoparticles is used to remove metal ions and dyes
from contaminated water. However, removing these types of contaminants relies
on other factors such as the solution temperature and pH level. Indeed, pH level
is considered as a key factor. pH level control both the anionic and cationic nature
of the surfaces and the surface charge density. Therefore, a high pH level solution
will attract cations, whereas a low pH level will attract anions. In general, the pH
level is considered during the synthesis of modified activated carbon. Acidic carbons
are preferred to catch cations, while basic carbons are used to remove anions from
polluted water [90].
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7.5.1 Elimination of Metallic Contaminants

Metallic contaminants exist in a high percentage of wastewater. Typically, metallic
contaminants present as heavymetals and/ormetalloids.Generally,metallic contami-
nants are extremely dangerous to human health.Moreover, metallic contaminants are
subject to biomagnification in plants and animals. Above all, they are non-degradable
materials that make the water purification and treatment process difficult and costly.
Consuming food or water contaminated with metallic pollutants for the short term
may cause several diseases such as diarrhea, fever, and damage to the liver and kidney.
However, long-term exposure to metallic contamination via water or food can cause
liver cancer, skin cancer andmay lead to death. The impact of heavymetals on human
health is associated with the long-term accumulation of these materials in the human
body [98]. In general, metallic contaminants are introduced to the environment from
different agricultural and industrial sources. These sources include activities such as
mining, the metal industry, usage of pesticides and fertilizers, and semiconductors
manufacturing [99].

In the last decade, removal processes of metallic contaminants from water have
developed significantly. New technologies are explicitly designed to eliminate heavy
metals and loids fromwater. However, most of the developed technologies are expen-
sive and have low efficiency compared to activated carbon. Thus, several studies
reported the use and development of activated carbon for metallic pollutant removal.
Activated carbon is considered a low-cost and highly efficient solution for water
contamination [98]. Activated carbon is used to remove metals such as lead (Pb(II)),
cadmium (Cd(II)), copper (Cu(II)), chromium (Cr(II)), iron (Fe), and arsenic (As)
[100]. Indeed, the elimination process of metallic contaminants from the water via
activated carbon is considered a simple process due to the size of metallic contami-
nants and the properties of activated carbon. Usually, metallic contaminants present
in the water as small charged particles. Hence, the interaction between the activated
carbon and the metal ions occurs directly (electrostatic interaction) [101]. Similar to
other types of contaminants, the adsorption process of metallic pollutants is affected
by the pH level of the solution. Moreover, there are other factors that influence the
adsorption behavior, such as the structure and size of metal ions, the surface area
and porosity of activated carbon, and the functional groups present on the surface of
activated carbon [84].

Asmentioned before, the type of biomass used to produce activated carbon greatly
influences the adsorption of metallic pollutants. Min et al. has conducted a study
on the removal of Cd(II) from contaminated water using oil palm shell-activated
carbon [57]. Their study revealed that oil palm shell-activated carbon has 99.5%
removal efficiency for Cd(II). A similar study is conducted by Ahmed, where he
used chemically activated date seeds activated carbon to remove Cd(II) ions from
water [58]. His results exhibited a great tendency of date seed activated carbon to
adsorb cadmium ions. The reported adsorption capacities were in the range of 118.1–
127mg·g−1. Sajjadi et al. have published a study on the removal ofmercury (Hg) from
polluted water using chemically activated pistachio wood wastes activated carbon
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[77]. The study used ammonium nitrate (NH4NO3) as an activation agent for the
carbon. The produced activated carbon has a high surface area of about 1,448m2·g−1.
The maximum adsorption capacity was 201.095 mg·g−1.

Heavy metals are highly toxic metallic elements that have a higher density than
other commonmetals. Indeed, heavymetals exist naturally inmany areas and contam-
inate soil, air, and water. The danger of heavy metals is related to their toxicity, wide
distribution, and extensive usage in industrial applications. There are several types
of heavy metals such as arsenic (As), lead (Pb), cadmium (Cd), nickel (Ni), mercury
(Hg), chromium (Cr), selenium (Se), and cobalt (Co). These heavy metals contami-
nate the environmental resources at different levels. Generally, the dramatic increase
in the concentration of heavy metals is associated with anthropogenic activities such
as semiconductor manufacturing, mining, combustion of fossil fuel, and material
fabrication.

Heavy metals can be found in natural water resources such as lakes, rivers, and
groundwater. In fact, heavymetals such as arsenic can be found at high concentrations
in groundwater as it leaks fromsurrounding soils and rocks. Such a high concentration
of heavy metal above the standard level poses health risks. Moreover, in urban areas,
the concentration of heavy metals increases in surface water resources, especially
rivers. In general, urban areas discharge highly toxic wastes into rivers and coastal
regions. The discharged wastes contain several contaminants such as heavy metals,
polyaromatic hydrocarbons (PAHs), and polyfluoroalkyl substances (PFAS).

Primarily, heavy metals are removed from water using different types of adsor-
bents. Nonetheless, other methods such as membrane filtration and reverse osmosis
are used to remove certain types of heavy metals. Generally, removing heavy
metals from contaminated water using adsorbents is the most preferred treatment
approach. Among the different types of adsorbents, activated carbon has exhibited
an outstanding performance in removing highly toxic heavy metals such as arsenic,
lead, and mercury. Activated carbon has special physical and chemical properties
that make it suitable for wastewater treatment. Briefly, activated carbon is inexpen-
sive, environmentally friendly, easy to regenerate, and has high adsorption capacity.
Typically, activated carbon is used to eliminate arsenic and lead from water and
wastewater. Arsenic and lead are used intensively in manufacturing and can spread
quickly in the environment.

7.5.2 Elimination of Non-Metallic Contaminants

The threat of non-metallic contaminants on human health has been observed in
the last few years. Similar to metal ions, anions as non-metallic contaminants are
considered essential elements to human bodies. Nonetheless, excessive consumption
of non-metallic pollutants can cause diseases and lead to death. Molybdate, phos-
phate, and fluoride are the most popular types of anions consumed by humans. These
anions are detrimental not only to humans but also to other living species. Globally,
millions of people have consumed excessive fluorosis and suffered from fluorosis
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[102]. Typically, people consume fluoride through contaminated water, especially in
developing countries. Indeed, fluoride is used in some water treatment plants as part
of the process in controllable percentages. However, in some developing countries,
fluorides are used in excessive amount due to the lack of monitoring and regulations.
Viswanathan et al. have published a study on the impact of fluoride ions on human
health [103]. In the study, they measured the level of fluoride ions in drinking water.
The level of fluoride ion was 3.24 ppm, and children are the most affected with
fluorosis. Like fluorides, molybdate ions can accumulate in humans and animals and
cause severe diseases [104]. Anions can be removed easily via activated carbon. The
removal of anions is influenced by the type of activated carbons and the pH value of
the solution.

7.5.3 Elimination of Various Dyes from Water

In the last decades, the rapid development in the industrial sectors caused severe
damage to the environment via introducing new types of complex contaminants.Dyes
are one of the most extensively used materials in several industries such as textiles,
papers, cosmetics, and paint production. Indeed, the textile industry is considered
the major source of water contamination in several areas [105]. It is estimated that
there are around 3,600 types of dyes in the industries, where 2–20% are typically
discharged directly into the environment [106, 107]. Dyes discharged into the natural
water resources are highly toxic and deadly. Regarding the environmental effects,
the presence of dyes can reduce the photosynthesis process of the aquatic flora and
fauna [89].

Several studies have proposed activated carbon as a great solution to remove
different types of dyes from water. The adsorption of dyes is directly influenced by
the types and properties of activated carbon, such as the porosity and high surface
area, the functional groups. Besides that, the solubility andmolecular size of dyes and
the pH level of the aquatic medium affect the adsorption behavior [108]. Katheresan
et al. stated that pretreating and activating carbon via steam could produce activated
carbon with a high tendency to adsorb dye [109]. Further studies have revealed the
great performance of activated carbon prepared from Acacia Mangium and Acacia
Nilotica in removing different types of dyes such as Methyl orange (90.5%) and
Methylene blue (250 mg·g−1) [66, 110].

Methylene Blue (MB) is considered the most popular among the different types
of dyes. In fact, MB present in wastewater at high percentages. Wang et al. have
published a study on the removal of MB using activated carbon [111]. The study
used potassium hydroxide (KOH) as an activation agent. The analytical data showed
that activated carbon has a surface area of 1,430 m2·g−1. Moreover, the obtained
adsorption capacity was 934.579 mg·g−1 at pH 5.8. Further study has been published
by Ahmed on the removal of MB via rice straw and Ramulus mori-based activated
carbon [112]. The study involved the use of diammonium phosphate (N2H9PO4) as
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an activation agent. The adsorption capacities of both rice straw-based and Ramulus
mori-based activated carbon was 129.5 and 1,061 mg·g−1, respectively.

7.5.4 Elimination of Phenolic Compounds

Phenolic compounds are highly toxic chemicals that can affect the ecosystem for
decades. Usually, phenolic compounds are discharged into the environmental system
through chemicals and petrochemical industries [113]. The impact of phenolic
compounds is monitored by the environmental protection agencies. Phenolic
compounds are carcinogenic and can destroy the aquatic ecosystem [114]. Different
standards are made to limit the amount of phenolic compounds in water bodies [115].
For instance, the Environmental Protection Agency (EPA) has limited the amount of
phenolic pollutants to 0.1 mg·L−1 at maximum. However, theWorld health organiza-
tion (WHO) has made the acceptable standard lower to 0.001 mg·L−1 for drinkable
water [115]. Activated carbon has shown an outstanding performance in removing
phenolic compounds from contaminated water. The removal of phenol via activated
carbon relies mainly on surface functionality. Therefore, the presence of functional
groups such as carboxyl and hydroxyl on the activated carbon surface will increase
the adsorption of the phenolic compounds. The interaction between the activated
carbon and phenol is directed by pi-pi bond [116]. Besides the surface functionality,
the pH level of the solution has a significant impact on the removal of phenolic
compounds from water. Indeed, the adsorption performance decrease for both high
and low pH values [117].

7.5.5 Elimination of Pesticides

Recently, pesticides are used intensively in agricultural fields to eliminate pests
and several plant diseases. However, the intensive use of pesticides has formed
global environmental threats. Pesticides can leak from the agricultural fields to the
surrounding water resources. As a result, the contamination level of the natural water
resources increases and destroys the ecosystem. The most commonly used pesticides
include. 2,4-dichlorophenoxyacetic acid, carbofuran, and bentazon. Generally, the
environmental protection agencies have set a permissible concentration of these pesti-
cides to 0.1, 0.05, and 0.09 mg·L−1 for 2,4-dichlorophenoxyacetic acid, bentazon,
and carbofuran, respectively [118]. Typically, pesticides are removed from water
via highly efficient activated carbon. The removal process relies on the presence of
organic matter and the flow rate in the adsorption [108].



7 Thermochemical Conversion of Lignocellulosic Waste … 183

7.5.6 Elimination of Pharmaceutical Contaminants

Recently, pharmaceutical contaminants have been introduced in the ecosystem due to
the increase in the usage of medical products. Pharmaceutical contaminates involve
the waste and the byproducts of pharmaceutical products discharged into the envi-
ronment. The pharmaceutical compounds are difficult to remove due to their high
stability and hydrophilicity. Thus, they can present in water bodies for a long time.
Although the concentration of pharmaceutical contaminants is considered low, the
longtime exposure to contaminated water via drinking can cause severe diseases
[119–121]. Activated carbon is used as an adsorbent for different types of phar-
maceutical compounds [119]. Indeed, the adsorption of pharmaceutical compounds
via activated carbon relies on operational conditions, type of precursor, activation
method, and the properties of a pharmaceutical compound. The operational condi-
tions involve the pH level of the solution, temperature, organic structure, adsorbent
(activated carbon) dose, and ionic capability [122].

7.6 Conclusions

In summary, the production of value-added products using proper biomass feedstock
requires more studies and experiments to enhance the overall technology. There is
a crucial need for more experiments on the consistency of pyrolysis reactions to be
used in large-scale applications and become more sustainable. Moreover, the rela-
tion between the general operation of the pyrolysis plant and the applied feedstock or
precursors must be more evident. Nevertheless, the fundamentals of pyrolysis tech-
nology have been covered elaborately in this chapter to specify the influential factors
on the process performance. This includes different factors to design the process
and obtain a preferred product, such as an activated carbon with high adsorption
performance for wastewater. The major influential factors involve the selection of
conditional parameters for the pyrolysis process, types of reactors, and the type of
lignocellulosic biomass.

The suggestions for future studies on the thermochemical convention of biomass
include the improvement of the biochar separation process to enhance the quality of
biofuels and activated carbon production. Moreover, the type of selected biomass is
considered a vital factor in the process. Lignocellulosic biomass with a high portion
of cellulose is preferred to obtain amaximum bio-oil yield. On the other hand, lignin-
based biomass can be used to obtain biochar. Apart from activated carbon production,
there are few studies on the enhancement of gas production from biomass precursors.
Hence, there is a crucial need for sophisticated studies on the development of gaseous
products via metal catalysts. Several methods can be utilized for the kinetics of the
pyrolysis of biomass. Initially, to obtain char and gas, lower activation energy is
used by applying a low temperature. On the other hand, applying higher temperature
results in higher activation energy and produces condensable fumes, liquid aerosols,
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and oils. However, heating biomass quickly at a proper high temperature will lead to
obtaining a high percentage of liquid fuels. For fast biomass heating, it is preferable
to use smaller particle sizes of precursors to initiate constant particle heating. The
pyrolysis processes requiremore development from the environmental and economic
aspects. As a result, the cost of biomass products will become competitive with
conventional products. In addition, maximizing the activated carbon production is
also related to the quality of pyrolysis reactors. Attention must be drawn towards
the pyrolysis efficiency, physicochemical properties of the biochar, carbon and slag
deposition, and emission of microparticles during the pyrolysis process. Presently,
activated carbon exhibited a great performance in treating wastewater at an industrial
scale as an alternative to metal oxides and membrane polymers. However, the need
for development in activated carbon production is continuous as novel contaminants
become more challenging to remove from wastewater.
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11. Świechowski K, Syguła E, Koziel JA, Stępień P, Kugler S, Manczarski P, Białowiec A (2020)
Low-temperature pyrolysis of municipal solid waste components and refuse-derived fuel—
process efficiency and fuel properties of carbonized solid fuel. Data 5(2):48. https://doi.org/
10.3390/data5020048

12. Lofrano G, Brown J (2010) Wastewater management through the ages: a history of mankind.
Sci Total Environ 408(22):5254–5264. https://doi.org/10.1016/j.scitotenv.2010.07.062

13. Parkash V, Singh S (2020) A review on potential plant-based water stress indicators for
vegetable crops. Sustainability 12(10):3945. https://doi.org/10.3390/su12103945

14. Panwar NL, Paul AS (2020) An overview of recent development in bio-oil upgrading and
separation techniques. Environ Eng Res 26(5):200382–0. https://doi.org/10.4491/eer.202
0.382

15. Mizik T, Gyarmati G (2021) Economic and sustainability of biodiesel production—a system-
atic literature review. Clean Technol 3(1):19–36. https://doi.org/10.3390/cleantechnol301
0002

16. Popp J, Kot S, Lakner Z, Oláh J (2018) Biofuel use: peculiarities and implications. J Secur
Sustain Issues 7(3). https://doi.org/10.9770/jssi.2018.7.3(9)

17. Sarkar JK,WangQ (2020) Different pyrolysis process conditions of south asianwaste coconut
shell and characterization of gas, bio-char, and bio-oil. Energies 13(8):1970. https://doi.org/
10.3390/en13081970

18. Pawar A, Panwar NL, Salvi BL (2020) Comprehensive review on pyrolytic oil production,
upgrading and its utilization. J Mater Cycles Waste Manage 22(6):1712–1722. https://doi.
org/10.1007/s10163-020-01063-w

19. Jahirul M, Rasul M, Chowdhury A, Ashwath N (2012) Biofuels production through biomass
pyrolysis —a technological review. Energies 5(12):4952–5001. https://doi.org/10.3390/en5
124952

20. XuZ,XiaoX, FangP,YeL,Huang J,WuH,TangZ,ChenD (2020)Comparison of combustion
and pyrolysis behavior of the peanut shells in air and N2: kinetics thermodynamics and gas
emissions. Sustainability 12(2):464. https://doi.org/10.3390/su12020464

21. Tanneberger T, Schimek S, Paschereit CO, Stathopoulos P (2019) Combustion efficiency
measurements and burner characterization in a hydrogen-oxyfuel combustor. Int J Hydrogen
Energy 44(56):29752–29764. https://doi.org/10.1016/j.ijhydene.2019.05.055

22. Chunbao X, Baoqiang L, Shushen P, Madhumita BR, Mohammad ST (2018) 1.19 Biomass
energy, vol 19, 1st edn. Elsevier Inc., pp 770–794. https://doi.org/10.1016/B978-0-12-809
597-3.00121-8

23. Gvero P, Papuga S, Mujanic I, Vaskovic S (2016) Pyrolysis as a key process in biomass
combustion and thermochemical conversion. Therm Sci 20(4):1209–1222. https://doi.org/10.
2298/tsci151129154g
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Chapter 8
Carbon Nanomaterial-Based Adsorbents
for Water Protection

Umma Habiba and Tawsif Ahmed Siddique

Abstract The pollution of water resources with different inorganic and organic
pollutants and deterioration of drinkable water quality is pressing the need for the
introduction of new and advanced material for water treatment technology. Nanoma-
terials are being very popular in water purification technology because of their excel-
lent removal efficiency for a vast spectrum of pollutants via the adsorption process.
Nowadays, carbon nanomaterials (carbon nanofiber, carbon nanotube, graphene, and
its derivatives, etc.) have attracted great attention as adsorbents because of their
extraordinary physicochemical properties for water treatment. This chapter explores
the adsorption performance of carbon nanotube, carbon nanofiber, graphene, and
its derivatives, etc., for organic dye, heavy metal, and pharmaceutical pollutants. It
starts with the fundamental of the adsorption mechanism and isotherms. The chapter
describes all the details on material from the synthesis process to the application
and concisely states that adsorption performance can be improved by functionaliza-
tion and modification of the pristine material. The current hurdle and prospects of
the carbon nanomaterial also have been discussed. This chapter will contribute to
a proper understanding of the implementation of carbon nanomaterials in the field
of adsorption for environmental remediation and designing future experiments for
water treatment.
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8.1 Introduction

Water an indispensable component to survive in this world. Unfortunately, the quality
of water is deteriorating because of environmental pollution and climate change
effect. Moreover, the steep increases in the world population at a rate of 80 million
per year causes increasing the demand for water by 64 billion cubicmeters per annum
[1–3]. Therefore, there is a pressing need to search for new technologies for water
purification. Different technologies such as adsorption, flocculation, coagulation,
aerobic and anaerobic treatments, and membrane filtration are used to get pure water
from primary resources and contaminated water [4]. Among them, adsorption is
mostly implemented for water purification due to its easy operation, reusability, and
availability of a vast range of the adsorbent [5]. A wide range of materials has been
reported as an adsorbent for water purification. However, various nanomaterials-
based adsorbents are being examined for the removal of different contaminants from
water as their size-dependent property like large surface area and high density of
low coordinated atoms facilitate the adsorbent rate. The most common nanomate-
rial adsorbents are different metal oxides (TiO2, titanates, CuO, Fe3O4, etc.) [6, 7],
hexagonal boron nitride [8, 9], transitionmetal carbides, and carbonitrides (MXenes)
[10, 11], layered double hydroxides [12], zeolites [13], magnetic nanomaterials [14],
polymer nanocomposite and carbon nanomaterials [15–18] or their superstructures
or hybrid [19, 20]. Carbon nanomaterials are graphene and its derivatives, carbon
nanotubes (CNT), activated carbon, nanoporous carbons, carbon nanofibers (CNF),
fullerenes, nanodiamonds, and graphite-carbon nitride [21–28]. These materials are
receiving more attention as they ensure fast adsorbent kinetics as a consequence of
high specific surface area and active sites of the nanomaterials [29, 30].

In this chapter, the application of carbon-based adsorbent for water purification
will be discussed, focusing on CNT, CNF and graphene and its family, etc. The
adsorption performance depends on the adsorption kinetics, the adsorption isotherm
of pollutants such as dye, heavymetal, pharmaceutical, and other organic compounds.
Besides, the high surface area, easy synthesis process, and low energy demand deter-
mine its practical applicability. The adsorptionperformance andprospects of different
carbon-based nano-adsorbent have been presented.

8.2 Adsorption Isotherms and Fundamentals

Adsorption is an exothermic surface phenomenon that helps to transfer a substance
from a liquid or gaseous phase to the surface or pores of a solid called adsorbent.
The adsorption occurs when the attraction between the surface of the adsorbent and
the adsorbate overcomes the cohesive energy of the adsorbate itself [31]. Usually,
the adsorbent is agitated with the solution containing the pollutants, and the pollu-
tants adhere to the adsorbent. The adsorption occurs via different interactions such
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as chemical or physiochemical interactions and can be categorized as chemisorp-
tion and physisorption. The driving force in the chemisorption process is the strong
chemical interaction among the adsorbent and adsorbates via electron exchange [32].
On the other hand, physisorption is a reversible process, where the driving forces
for adsorption are van der Waals forces, hydrogen bonding, dipole–dipole inter-
actions, π-π interactions, etc. [33, 34]. The adsorption performance is defined by
several factors such as the adsorbent dosage, surface area of adsorbent, reaction time,
operational temperature, and pH of the contaminate solution [34, 35].

The characteristics of the adsorption process are investigated by adsorption kinetic
models, adsorption isotherms, and thermodynamic parameters. Among them, the
isotherms contain most of the information about adsorption behavior and proficiency
[36, 37]. The adsorption mechanism can be homogeneous/heterogeneous or mono-
layer/multilayer. Several adsorption isotherms such as Henry, Freundlich, Lang-
muir, Temkin, Dubinin-Radushkevich, Halsey, Koble-Corrigan, Redlich-Peterson,
and Jovanovic have been developed to define the adsorption mechanism. The Lang-
muir isotherm model is designed for homogeneous monolayer adsorption with two
parameters. This model indicates the maximum number of occupied adsorption sites
[38]. The Freundlich model is based on multilayer adsorption on the nonuniform
surface [39]. Redlich-Petersen and Sips model abided the parameters of Langmuir
and Freundlich to present the difference between adsorption of low concentration
and high concentration solution [40]. The Fritz-Schlunder is a three-component
model and also a combination of Langmuir and Freundlich isotherms [41]. The
Toth isotherm model is for heterogeneous adsorption for both low and high-end
boundaries of the concentration [42]. Hill’s model assumes the adsorption process is
a shared incident with the ligand-binding ability at one site on the molecule, where
the different binding sites on the same molecule are also considered [43]. Among
different isotherms model, the Langmuir and Freundlich adsorption isotherms are
widely used as it helps to measure the ultimate adsorption capacity of an adsorbent
for a specific adsorbate. These two models also symbolize the surface roughness of
the adsorbent by fitting the experimental data fitting whether with Langmuir (mono-
layer surface) or Freundlich model (heterogeneous surface) [38, 39]. The Langmuir
model is presented by the Eq. 8.1 written below [44].

qe = qmkaCe

1 + kaCe
(8.1)

where qm (mg/g) represents maximum adsorption capacity and Ka (L/mg) is the
Langmuir constant related to the affinity of the binding sites.

The Freundlich model is described by the following Eq. 8.2 [45]

qe = KFC
1/n
e (8.2) (8.2)



196 U. Habiba and T. A. Siddique

The KF is the adsorption constant that represents the adsorption capacity. The
magnitude of 1/n signifies the favorability of the adsorption process. It can be clas-
sified as irreversible (1/n = 0), favourable (0 < 1/n < 1) and unfavourable (1/n > 1)
[46–48].

8.3 Carbon Nanostructures

8.3.1 Carbon Nanotube

TheCNTs are distinctive nanostructuredmaterials,which are prepared by the bottom-
up synthesis process. They are a 1-dimensional tube-like rolled-up graphite sheet and
hollow structuredmaterial with thin carbonwalls [49]. A rolled-up sheet along lattice
vector (m, n) [50] in the graphene plane has been shown in Fig. 8.1. The tube diameter
is in the range of a nanometer and is made up of the allotropes of carbon molecules
[51]. The structure of CNTs is classified as single-walled, and multi-walled CNTs
based on the number of CNTs rolled up to form the tube structure and denoted as
SWCNTs and MWCNTs, respectively [52]. The structures of these two types of
CNTs have been shown in Fig. 8.2.

Although the chemical composition and bonding structure of CNTs are ordinary,
its unique cylindrical molecular structure ensures diverse applications in different
fields because it is advantageous with large surface area, high electrical conductivity,
mechanical, thermal, and chemical stability [54]. However, synthesized CNTs using
CVD [55] have few impurities, and methods are there to purify these CNTs [56–58]
that is important prior to water purification technology design [59, 60].

CNTs are considered as an efficient adsorbent ofwater purification [62] because of
its inbuilt structural porosity, layered structure, the small diameter of the tube and high
surface area, where the driving forces for adsorption are electrostatic interactions,
charge transfer, p–p and hydrophobic interaction [63–67]. There are four possible
adsorption sites of CNTs such as internal sites of the hollow tube, the interstitial
channels among the tube walls, the grooves among the peripheral nanobundles, and
exposed external surface area (Fig. 8.3a,b) [68, 69].

The adsorption capacity of CNTs for organic and inorganic pollutants is a rising
topic for research. A highly toxic chemical named dioxin was removed from water
by MWCNTs, where the adsorption was occurred because of the strong interac-
tions between aromatic dioxin and hexagonal array of carbon atoms [71]. Pristine
MWCNT was also used for the removal of dye, and a high adsorption capacity of
409.4mg/g at lower pHwas reported for Direct Blue 53 [72]. The adsorption rate was
high due to the 3.7 nm diameter of the tube, which was able to accommodate three
molecules of dye molecule at a time. Moreover, Xia et al. reported a low adsorp-
tion capacity of CNTs relative to graphene oxide because of its small particle size
[73]. It means that the architecture of CNTs is a role-defining property for adsorp-
tion performance. Another effective parameter is the morphology of the adsorbate.
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Fig. 8.1 a Two-dimensional
graphene sheet structure with
lattice vector along which it
can be folded to CNTs, b
zigzag, c chiral, and d tube
orientation for a different
angle of folding. The figure
is adapted with permission
from [53]

The planar polynuclear organic dyes such as anthracene, acridine orange, alizarin
red, and Rhodamine B (RhB) are more susceptible to adhere to the CNT surface.
On the other hand, non-planar and conjugated molecules such as xylenol orange, 1-
(2-pyridylazo)-2-naphthol, and orange G are less efficiently attached to the surface.
Besides, the adsorption efficiency of CNTs for non-conjugated molecules such as
bromothymol blue and diidofluorescein is very insignificant [74].

Although the SWCNTs are very expensive, their adsorption capacity is very high
relative to the MWCNTs [75]. So, the concern of the economy is influencing the
enhancement of the adsorption capacity by surface functionalization [76]. Kim et al.
prepared graphene-CNT nanohybrid aerogel, which has a highly porous structure
with very high specific surface area and the inbuilt properties of both components
for treatment of wastewater containing both anionic dyes e.g., methyl orange (MO)
and congo red (CR) and cationic dyes e.g., crystal violet (CV), methylene blue
(MB), where high adsorption rate was observed [77]. CNTs are functionalized with
magnetic particles to ease the separation process after the operation to ensure recycle
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Fig. 8.2 Schematic representation of a MWCNT and b SWCNT. The figure is adapted with
permission from [61]

Fig. 8.3 a adsorption points of CNTs and TEM images of SWCNTs, b model and TEM image of
aggregated pores, c interactions that cause the Cd adsorption on Al2O3/MWCNTs (II) and (d) TCE
molecule [70].
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of the adsorbent. Jin et al. prepared nanohybrids containing porous carbon,CNTs, and
Ni nanoparticles for adsorption of anionic dyes (MO,CR) and cationic dyes, e.g.,MB
andRhB, etc. The adsorbent was very effective forMalachite green (MG) (898mg/g)
and easily separated from the solution [78]. The magneticMnFe204/MWCNTs were
applied for adsorption of direct red 16 and yellow 40. Being anionic, the direct red
was efficiently removed from the water at lower pH as the number of protons was
increased and eventually causes strong electrostatic interaction with the negative
dye molecule. The opposite result was obtained for cationic dye yellow 40, where
maximum adsorption was observed at higher pH [79]. The amino-functionalized
magnetic MWCNTs adsorbed MB with a qe of 178.8 mg/g, where the adsorption
mechanism was well described by the Freundlich isotherm model. The adsorption
capacity was prominent up to 6 cycles [80].

The size and radius of pollutants are very important parameters for the alternation
of the performance of CNTs. Stacie et al. investigate the effect of the radius of heavy
metal ions and reported that the adsorption rate decreased in the following manner,
Cu (II) > Pb (II) > Co (II) > Zn (II) > Mn (II). Tofighy et al. also reported the
relation of adsorption performance with the radius of ion in the following order,
Pb (II) > Cd (II) > Co (II) > Zn (II) > Cu (II) [72, 81]. Therefore, the radius of
the ion is an important factor for controlling the adsorption affinity and mechanism.
Functionalized CNTs are also employed for the adsorption of heavymetal ions. Chen
et al. functionalized the MWCNTs with iron oxide for adsorption of Ni (II) and Sr
(II). The adsorption capacity was increased after functionalization, and the adsorbent
was easily removed from the solution. The adsorption process is pH-dependent and
follows the Langmuir isotherm model [82]. A similar study found enhancement of
adsorption capacity CNT for Cr (III) after functionalization with magnetic Fe3O4

probably because of oxygen functionalities of the oxide, which add more active sites
for adsorption [83]. Lu et al. reported enhanced adsorption of Cr (VI) at lower pH
by MWCNTs/Fe3O4. Adsorption performance was increased with temperature and
fitted well with Langmuir isotherm [84].

The research study for the application of CNTs to remove pharmaceuticals is
very limited. Ncibi et al. used MWCNTs for carbamazepine and dorzolamide, and
high adsorption capacity was observed comparatively with other studies [97]. Xu
et al. used hybrid CNTs bead with a polymer comprising a smooth outer surface and
hierarchical porous inner structure for adsorption of p-chlorophenol. The adsorption
capacity was prominent for neutral p-chlorophenol, where the adsorption interac-
tion was assumed to be π–π electron coupling and hydrophobic interactions [98].
Zhao et al. used MWCNTs for the removal of a wide range of pharmaceuticals
such as dichlorofenac, ibuprofen, carbamazepine, chloramphenicol, thiamphenicol,
florfenicol, sulfadiazine, sulfapyridine, sulfamethoxazole, sulfathiazole, sulfamer-
azine, sulfamethazine, and sulfaquinoxalin. The adsorption followed the Freundlich
isotherm model. The adsorption performance was increased with the surface area of
MWCNTs [99].Moodley et al. functionalized the CNTswith ionic liquid (CNT-ILs),
and they studied the adsorption behavior for sulfamethoxazole (SMZ) and ketoprofen
(KET) at various pH [100]. The adsorption capacitywas higher at higher pH, possibly
due to the presence of strong electron acceptor, benzene and heterocyclic rings of
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the pharmaceutical that dissociate to negatively charge hydrophilic species at higher
pH and positively charged surface of the (CNT-ILs), which results in an electro-
static interaction [101, 102]. The adsorption at low pH indicates that the mechanism
of adsorption also relied on other phenomena such as pore trapping, hydrophobic
interaction, etc.

Tables 8.1 and 8.2 summarized the performances of CNTs and functionalized
CNTs-based different adsorbents for the removal of organic dye and heavy metals,
respectively. The availability and scope of functionality will ensure the future
application of CNTs with improved adsorption capacity and selectivity.

8.3.2 Carbon Nanofiber

CNFs are 1-dimensional nanomaterial having diameters of 3–100 nm, usually
prepared by electrospinning method, CVD, and templating method, being studied
extensively for different practical applications [120–123]. The porous scaffold struc-
ture of CNFs is very favorable to its multifunctional pertinence [121, 124]. Besides,
different advantageous properties such as high tensile strength, low density, high
conductivity, outstanding thermal and chemical stability justify its application in
different fields [125–128]. Electrospinning is the most favorable process for making
CNF, where a polymer solution is loaded in a syringe, and voltage is applied between
a collector and the tip of syringe spinneret to create the fluid jet, and eventually, fiber
is accumulated in the collector. Usually, phenolic resins, polyvinyl alcohol, cellulose,
polyacrylonitrile, polybenzimidazole, polyvinyl pyrrolidone, etc., are electrospun to
make carbon nanofiber. Figure 8.4 represents the morphology of the carbonized
electrospun polyacrylonitrile nanofiber.

The high surface area, active sites, and porous scaffold structure of CNFs suggest
its relevance as an adsorbent [120].Minmin et al. prepared three differentmesoporous
CNFs via the electrospinning method for adsorption of cationic (methylthionine
chloride, MC) and anionic dye (MO and AR1). The adsorption capacity of CNFs
was increased with pH for cationic dye, while the adsorption for anionic dye was
superior at lowpH. TheCNFswith larger pore sizes showed the prominent adsorption
performance as it helps to hold more dye molecules [130]. Al Saadi et al. used
Design-Expert software for modeling the adsorption of Pb (II) [131].

The insertion of magnetic particles in the CNFs facilitates the adsorption capacity.
Several research reports have described the fabrication of magnetic CNFs for the
adsorption of organic molecules and heavy metals. Yang et al. prepared magnetic
Fe3O4/CNF for adsorption of organic dyes, where the polybenzoxazine was used as
the precursor for electrospinning. The final product, Fe3O4/CNFcontains different
porous structures, was prepared via a combination of in situ polymerization and
electrospinning (Fig. 8.5). The mesoporous structure facilitates the adsorption of dye
as well as the recovery process [132]. The same research group prepared magnetic
Fe3O4@CNF with a very high surface area (1885 m2/g) via in situ polymerization
which ensured high adsorption of cationic dye (MB and RhB) and eased the recovery
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Table 8.1 CNT-based
different adsorbents for
organic dye removal from
water

Water pollutants Adsorbent Adsorption
isotherm
Kinetics
qe (mg/g)

Refs.

MB Ni/aPC-CNT Langmuir
Pseudo Second
Order
312

[78]

bP-CSCNT Langmuir
Pseudo Second
Order
319

[85]

CNT–cMSN Langmuir
Pseudo First
Order
524

[86]

dG-CNT Freundlich
Pseudo Second
Order
82

87[]

MO Magnetic CNTs Freundlich
Pseudo Second
Order
28

[88]

CNT@NiCo2O4 Freundlich
Pseudo second
order
1188

[89]

CNT@MnCo2O4 Freundlich
Pseudo second
order
790

[89]

CNT@CuCo2O4 Langmuir
Pseudo second
order
826

[89]

CNT@ZnCo2O4 Langmuir and
Temkin
Pseudo second
order
935

[89]

Al-doped CNTs Langmuir
Pseudo second
order
69.7

[90]

(continued)
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Table 8.1 (continued) Water pollutants Adsorbent Adsorption
isotherm
Kinetics
qe (mg/g)

Refs.

Ni/aPC-CNT Langmuir and
Freundlich
Pseudo second
order
271

[78]

MG ZIF-CNT Langmuir
Pseudo second
order
2034

[91]

Ni/aPC-CNT Freundlich
Pseudo second
order
898

[78]

AR18 emCS/CNT Freundlich and
Redlich–Peterson
Pseudo Second
Order
771

[92]

Direct Red 80 fSF-CNT Langmuir
Pseudo second
order
120

[93]

Direct Red 23 SF-CNT Freundlich
Pseudo second
order
188

[93]

CR CNT/Mg(Al)O Langmuir
Pseudo second
order
1250

[94]

Ni/PC-CNT Freundlich
Pseudo second
order
818

[78]

Acid Blue 45 CNT-NH2 Langmuir
Pseudo second
order
714

[95]

Acid Black 1 CNT-NH2 Langmuir
Pseudo second
order
666

[95]

(continued)
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Table 8.1 (continued) Water pollutants Adsorbent Adsorption
isotherm
Kinetics
qe (mg/g)

Refs.

Basic Blue 41 CNT Langmuir
Pseudo second
order
123

[96]

Cd Basic Red 18 CNT Freundlich
Pseudo second
order
80

[96]

Basic Violet 16 CNT Langmuir
Pseudo second
order
84

[96]

aporous carbon, bporous cup-stacked carbon nanotube,
cmesostructured silica nanoparticles, dgraphene–carbon nanotube,
emagnetically retrievable chitosan, fcationic surfactant carbon
nanotubes

of the adsorbent [25]. Sun et al. prepared magnetic CNFs using a-Fe nanoparticles
for adsorption of dye and phenol. The CNFs acted as prominent adsorbent and was
easily recovered from the solution [133]. Verma et al. preparation of Fe-grown CNF
for removal of As(V) [134]. However, the application of CNFs for environmental
remediation is still very limited.

8.3.3 Graphene Family Members

Graphene is a two-dimensional material of sp2 hybridized carbon atoms arranged
in a hexagonal close-packed crystal lattice. It is receiving attention as an adsor-
bent because of its prominent chemical and physical properties. Its good chem-
ical and mechanical stability, high surface area (~2600 m2/g), and large delocalized
π-electron systems make it a suitable adsorbent of different pollutants of water
[135–137]. Graphene can be fabricated using different methods such as reduction of
graphite oxide, unzipping of carbon nanotubes, electromechanical, micromechan-
ical, and sonochemical exfoliation, acidic oxidation of graphite and arc discharge
method [70]. Figure 8.6 represents the fabrication method of graphene.

However, there is a drive to make graphene derivatives, e.g., graphene oxide
(GO), reduced graphene oxide (rGO), and functionalized graphene oxide (fGO) for
practical application due to challenges in graphene fabrication such as small yields,
a limited number of layers and minimization of folds. GO has received attention due
to its easy and inexpensive fabrication process [138]. It is a single layer graphene
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Table 8.2 CNT-based different adsorbents for heavy metals removal from water

Water pollutants Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Ref

Pb (II) MWCNT Langmuir
–
97

[103]

MoS2/aSH-MWCNT Freundlich
Pseudo second order
90

[104]

CNT/bTNT Langmuir
–
588

[105]

Oxidized CNT Freundlich
Pseudo second order
101

[106]

CNT/Sand Langmuir
Pseudo second order
92

[107]

Graphene–c-MWCNT
hybrid aerogel

Freundlich
Pseudo second order
105

[108]

MWCNT-f Freundlich
Pseudo second order
14

[109]

O-MWCNTs Langmuir
Pseudo second order
76

[110]

MWCNT/SiO2 Langmuir and Temkin
Pseudo second order
13

[111]

cKTEG-CNTs Langmuir
Pseudo second order
288

[112]

mHAP-oMWCNTs Langmuir and Freundlich
Pseudo second order
698

[113]

ePAMAM/CNT Langmuir
Pseudo second order
4870

[114]

NiO/CNT Freundlich
Pseudo second order
24

[115]

Cu(II) MWCNT Langmuir
–
24

[103]

(continued)
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Table 8.2 (continued)

Water pollutants Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Ref

CNT/TNT Langmuir
–
116

[105]

Oxidized CNT Freundlich
Pseudo second order
50

[106]

CNT/Sand Langmuir
Pseudo second order
67

[107]

Graphene–c-MWCNT
hybrid aerogel

Freundlich
Pseudo second order
33

[108]

O-MWCNTs Langmuir
Pseudo second order
15

[110]

fDTC-MWCNT Langmuir
Pseudo second order
98

[116]

PAMAM/CNT Langmuir
Pseudo second order
3333

[114]

Cd(II) MoS2/SH-MWCNT Freundlich
Pseudo second order
66

[104]

MWCNT Langmuir
–
10

[103]

Oxidized CNT Freundlich
Pseudo second order
75

[106]

O-MWCNTs Langmuir
Pseudo second order
32

[110]

DTC-MWCNT Langmuir
Pseudo second order
167

[116]

Hg(II) MnO2/CNT Freundlich
Pseudo second order
58

[117]

Graphene–c-MWCNT
hybrid aerogel

Freundlich
Pseudo second order
93

[108]

(continued)
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Table 8.2 (continued)

Water pollutants Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Ref

Zn (II) Oxidized CNT Freundlich
Pseudo second order
58

[106]

O-MWCNTs Langmuir
Pseudo second order
13

[110]

DTC-MWCNT Langmuir
Pseudo second order
11

[116]

CNT Langmuir
Pseudo second order
–

[118]

SWCNTs Langmuir
–
43.66

[119]

MWCNTs Langmuir
–
32.68

athiol-functionalized MWCNT, btitanate nanotubes, cfunctionalised triethylene glycol, dmagnetic
hydroxyapatite-immobilized oxidized MWCNT, epoly-amidoamine dendrimer, fdithiocarbamate
carbon

Fig. 8.4 a, b SEM, c TEM image of carbonized polyacrylonitrile nanofiber. Reproduced with
permission from [129]

oxides having oxygen with functional groups contributing high hydrophilicity and
negative charge density, which enable its profound adsorption capacity [139–141].
GO is prepared by exfoliation of graphite oxide into detached layers using different
methods such as mechanical stirring, sonication, rapid heating, applying microwave
or arc discharge [142].
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Fig. 8.5 Preparation of magnetic Fe3O4/CNFs. Reproduced with permission from [132]

Fig. 8.6 Graphene fabrication methods. Reproduced with permission from [70]
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rGO is imperfect graphene oxide but more conductive, where the graphitic system
is renovated in the basal plane. rGOs are fabricated by reducing GO using chemical
and hydrothermal reactions and thermal annealing [142]. rGO is a fascinating adsor-
bent than graphene and GO as it enables non-covalent physical sorption by π–π
stacking or van der Waals interactions [139].

In recent years,many research studies reported successful application of graphene,
graphene derivatives such as GO, rGO, and functionalized GO, and graphene-based
composite as an adsorbent for pollutants from wastewater. A considerable amount of
research reports proved the dynamic adsorption capacity of graphene and graphene-
based material for the removal of organic dyes, phenol, heavy metal ions, and phar-
maceutical compound [143–145]. The adsorption mechanism of graphene and its
derivatives is controlled by the electrostatic interaction via physisorption and follows
Langmuir adsorption isotherm, which implies monolayer formation of contaminant
on the adsorbent surface. The negatively charged oxygen functionality of GO and
rGO, such as –OH, –COOH, –COO– and –C–O–C–,makes it more attractive towards
positively charged contaminants [23, 146].

Several studies have reported a significant adsorption capacity of GO/rGO for
organic pollutants and metal ions. The interaction between the cationic dye and
GO is controlled by electrostatic attraction between the positive charge of dye and
negative charge density of GO, and π-π interaction between aromatic rings of dye
and electron cloud of GO rings. [147]. Electrostatic attraction is more dominating
to control the adsorption behavior of GO [148, 149]. The adsorption of cationic
dye increases exponentially with increasing oxygen density of GO [150, 151]. Peng
et al. reported a very high MB uptake of 2255.35 mg/g by GO [152]. Gupta et al.
reported high adsorption capacity of rGO with a high number of voids for (MG)
dye, where the adsorption mechanism was governed by π-π interaction between
graphene and moieties of dye, and electrostatic interaction of positive center of MG
dyewith residual oxygen functional groups and electron clouds of rGO [23]. Liu et al.
reported a 99.68% removal rate of MB by graphene nanosheet at pH 10. The high
pH has dominated the dye uptake as the more negative charge was present on the GO
surface, and consequently increases the electrostatic attraction between the positive
dye and GO [153, 154]. Many researchers have studied the thermodynamics of dye
adsorption and found it endothermic and spontaneous. The kinetic study showed that
it mostly obeys the pseudo-second-order kinetic model [141, 152, 153, 155, 156].
The rGOs are mostly effective for the adsorption of anionic dyes to non-covalent
and charge interactions. It was found that the adsorption rate was faster and uptake
of anionic dye was higher by rGO from a comparative adsorption study on cationic
and anionic dye by GO and rGO [146]. Table 8.3 lists the adsorption of organic dyes
using graphene and its derivatives.

The graphene and its derivatives are often susceptible to agglomerate because of
strong interplanar interactions and stacking [157]. Therefore, the surface of graphene,
GO and rGO are modified by a surfactant or organic compound to regulate the aggre-
gation. The most common surfactant cetyltrimethylammonium bromide (CTAB)
has been successfully used to modify GO and rGO. CTAB modified GO, and rGO
successfully adsorbed DR80 and DR23 dyes [158]. The adsorption mechanism of
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Table 8.3 Graphene and its familymembers-based adsorbents for organic dyes removal fromwater

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

MB rGO Langmuir
Pseudo Second Order
145

[146]

aHPA-GO Langmuir
Pseudo Second Order
740

[164]

bGO-SH Langmuir
Pseudo Second Order
763

[165]

cGO-N Langmuir
Pseudo Second Order
636

[165]

GO/Fauasite Freundlich
–
92.4

[166]

Graphene Langmuir and
Freundlich
Pseudo Second Order
481

[167]

dSGO Langmuir
Pseudo Second Order
2530

[168]

rSGO Langmuir
Pseudo Second Order
2187

[168]

G-Fe Langmuir
Pseudo Second Order
402

[169]

GO0123 Langmuir
Pseudo Second Order
365

[170]

GO0125 Langmuir
Pseudo Second Order
504

[170]

GO-calcium alginate
Gel

Freundlich
Pseudo first order
122

[171]

eGO-MNP Langmuir and
Freundlich
Pseudo Second Order
1428

[172]

(continued)
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Table 8.3 (continued)

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

MgO-GO Langmuir
Pseudo Second Order
237

[173]

GO-FeCl3 Pseudo Second Order
200
–

[174]

fPDA/RGO/HNTs Langmuir
Pseudo Second Order
12

[175]

GO/MOF Langmuir
Pseudo Second Order
274

[176]

rGO/Cu(4) Langmuir
Pseudo Second Order
1200

[177]

gSDS exfoliated graphene Freundlich
Pseudo Second Order
782

[178]

MnFe2O4-GO nanocomposite Langmuir
Pseudo Second Order
177

[179]

5% GO/MIL-100(Fe) Langmuir
Pseudo Second Order
1231

[180]

rGO–hMMT Langmuir
Pseudo Second Order
227

[181]

iPmPD/rGO/NFO Langmuir
Pseudo Second Order
103

[182]

NG-2 Langmuir
Pseudo first order
156

[183]

Fe3O4@GNs Langmuir
Pseudo Second Order
211

[148]

Fe3O4@SiO2@CS-jTETA-GO Langmuir
Pseudo Second Order
529

[184]

Fe3O4-GS Temkin
Pseudo Second Order
526

[185]

(continued)
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Table 8.3 (continued)

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

kCA-mGO5CS Freundlich
Pseudo Second Order
315

[186]

MgSi/RGO Langmuir
Pseudo Second Order
433

[187]

MrGO/TiO2 Langmuir
Pseudo Second Order
845

[188]

mGO/PVA-50% Langmuir
Pseudo Second Order
271

[189]

3D RGO-based hydrogels Freundlich,
Pseudo Second Order,
8

[190]

CR mCTAB-GO Langmuir
Pseudo Second Order
2767

[159]

G-Fe Langmuir
Pseudo Second Order
970

[169]

PDA/RGO/HNTs Langmuir
Pseudo Second Order
11

[175]

RGO/NMA Langmuir
Pseudo Second Order
474

[191]

PmPD/rGO/NFO Langmuir
Pseudo Second Order
285

[182]

npTSA-Pani@GO-CNT Langmuir
Pseudo Second Order
66

[192]

MoS2-rGO Langmuir
Pseudo First Order
441

[193]

oPPD-GO Langmuir
Pseudo Second Order
892

[194]

Ce–Fe/RGO Langmuir,
Pseudo Second Order
179

[195]

(continued)
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Table 8.3 (continued)

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

RhB GS Langmuir,
Pseudo Second Order
56

[196]

3D RGO-based hydrogels Freundlich
Pseudo Second Order
29

[190]

pTA-G Langmuir
Pseudo Second Order
201

[197]

Bi2O3@GO Langmuir & Temkin
Pseudo first order and
intraparticle diffusion
320

[198]

qSIS/RGO-2.5% Langmuir
Pseudo Second Order
174

[199]

A-rGO/Co3O4 Freundlich & Tempkin
Pseudo first order
434

[200]

Crystal violet (CV) rGO/ZIF-67 aerogel Pseudo first order
1714

[201]

G-Fe Langmuir
Pseudo Second Order
909

rGO/Cu(4) Langmuir
Pseudo Second Order
238

[177]

Fe3O4/porous graphene
nanocomposite

Langmuir
Pseudo Second Order
460

[202]

rLI-MGO Langmuir
Pseudo Second Order
69

[203]

MG sN/S-GHs Langmuir
Pseudo Second Order
738

[204]

rGO Langmuir
Pseudo Second Order
476

[23]

GO-SBA-16 Langmuir
Pseudo Second Order
358

[205]

(continued)
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Table 8.3 (continued)

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

GO–Au Freundlich
Pseudo Second order
71

[206]

MO rGO/ZIF-67 aerogel Pseudo first order
426

[201]

G-Fe Langmuir
Pseudo Second Order
664

[169]

5% GO/MIL-100(Fe) Langmuir
Pseudo Second Order
1189

[180]

NG-6 Langmuir
Pseudo first Order
232

[183]

PmPD/rGO/NFO Langmuir
Pseudo Second Order
136

[182]

rGO Langmuir
Pseudo Second Order
244

[146]

DR80 rGO/CTAB Langmuir
Pseudo Second Order
213

[158]

umimGO sponge Langmuir
Pseudo Second Order
501

[163]

Orange IV (OIV) LI-MGO Langmuir
Pseudo Second Order
57

[203]

GOKOH Langmuir
Pseudo Second Order
606

[207]

ahyperbranched polyamine functionalized graphene,b4-aminothiophenol modified GO,c3-
aminopropyltriethoxysilane modified GO,dSulfonated graphene,egraphene oxide- magnetic
iron oxide nanoparticles, fpolydopamine modified reduced graphene oxide/halloysite
nanotubes,gSodium dodecyl sulfate,hmontmorillonite,ipoly (m-phenylenediamine)/reduced
graphene oxide/nickel ferrite,jtriethylenetetramine,kcitric acid functionalized magnetic graphene
oxide coated corn straw, mCetrimonium bromide,nNH2-MIL-68 (Al),npara toulene sulphonic
acid,op-phenylenediamine,ptannic acid,qSn0. 215In0. 38S, r1-amine-3-methyl imidazole chloride-
functionalized magnetized graphene oxide, snitrogen and sulphur co-doped three-dimensional
(3D) graphene hydrogels, tmesoporous silica, umethylimidazolium ionic-liquid-functionalized
graphene oxide
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anionic dye obeys the Langmuir isotherm and pseudo-second-order kinetic model. A
very high CR uptake of 2767 mg/g was reported by CTAB-GO at low pH [159]. Non
covalently functionalized GO with organic gelator 1-OA, tetrazolyl derivative (1)
(1,3-di(1Htetrazol- 5-yl) benzene) and octadecylamine showed concurrent adsorp-
tion of primary, binary and mixed pollutants from water [160]. The OA helps to
restrict the agglomeration of nanosheet and consequently ensure synergistic inter-
action such as hydrogen bonding, π–π stacking, hydrophobic interaction, and van
der Waal forces to boost the adsorption efficiency. The adsorption of cationic dye is
higher at high pH, where low pH leads to promote adsorption of anionic dye.

The GO or rGO is often functionalized with Fe3O4 nanoparticles to expedites the
recovery process of the adsorbent by using an eternal magnet [161]. However, the
Fe3O4 nanoparticles reduce the active sites of GOwhich reduces the adsorption. Jiao
et al. prepared magnetic nanohybrid Fe3O4-GO for adsorption of cationic dyes. The
tuned geometry and dimensions of Fe3O4 ensured very high adsorption of MB and
RhB [162].

A methylimidazolium ionic-liquid-functionalized graphene oxide (mimGO)
sponge was used to remove Direct Red 80 from water. The mimGO was prepared by
the functionalization of GO sponge with methylimidazole ionic liquid. The adsorp-
tion mechanism has been shown in Fig. 8.7. The interaction between the sulfonic
group of dye and imidazolium rings of the mimGO increased the adsorption rate.
Besides, π-π interaction and hydrogen bonding between dye and adsorbent also

Fig. 8.7 Adsorption mechanism of DR80 by ionic liquid functionalized GO [163]
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participate in the adsorption process. The adsorbent was regenerated and performed
efficiently until 4 cycles (99.2% of removal efficiency at the 4th cycle) [163].

The adsorption capacity of GO for the metal ion is higher than graphene as oxida-
tion of graphene introduces a hydrophilic oxygen functional group.Wu et al. usedGO
nanosheets for the removal of Cu (II), where the adsorption data was fitted well with
the Freundlich isotherm and attributed to electrostatic interactions and complexation
[208]. Priestly et al. compared the adsorption capacity of EDTA-GO, amine-GO,
and GO for Ni (II) and reported the superiority of functionalized GO [209]. The
EDTA-GO was more selective to Ni (II) competing for other ions such as Cu (II),
Cd (II), and Fe (II). The magnetic nanohybrid of GO with MnFe2O4 showed very
good removal efficiency for Pb (II), As (III), and As (IV) and easy separation after
adsorption [22]. The efficient removal of two types of Arsenic is also reported by
using Fe3O4/non-oxidative graphene composite adsorbent [210].

The functionalization of GO/rGO is a well-practiced technique for enhancement
of its performance, such as adsorption efficiency and selectivity. Functionalization is
done with metal, metal chalcogenides, biopolymers, and by doping with a different
element such as nitrogen, Sulphur, etc. [211–214]. Doping of graphene with sulfur
results in increasing the adsorption capacity by 5 times that of GO and excellent
recyclability, where the main interaction causing the adsorption is pH-independent
[214]. Wei et al. compared the adsorption performance of GO, rGO, sulfonated
GO (SGO), and rGO (SrGO) and found that SGO performed best for adsorption
of Pb (II) and MB. The functional groups such as –COOH, –SO3H and –OH has
contributed to the enhancement of adsorption capacity. The functional groups at the
edges of the sp3 hybridized graphene of SGO and rGO influence the remarkable
adsorption capacity for Pb (II) [168]. The graphene nanosheet (GNSs) which was
prepared using vacuum-promoted low-temperature exfoliation was used to adsorb
Pb (II) ions from water. The adsorption capacity pristine GNSs and thermally treated
GNSs were compared, and enhanced adsorption was found for thermally treated
GNSs.Moreover, increased Pb (II) uptakewas increased at high pHprobably because
of improved Lewis basicity caused by heat treatment under a high vacuum [215].
However, the adsorption efficiency was not significant (35.46 mg/g). Deng et al.
reported higher removal efficiency of Pb (II) using functionalized graphene with
potassium hexafluorophosphate which was fabricated by the electrolysis process
[216]. Madandarg et al. found that the adsorption capacity of EDTA-GO was 1–2
times higher than GO for Pb (II) [217]. Zhao et al. prepared few-layered graphene
oxide and found that adsorption efficiency increases with temperature. The highest
adsorption for Pb (II) was 1850 mg/g at 333 k [218]. The adsorption of heavy metal
ions using graphene and its different derivatives have been listed in Table 8.4.

The adsorption capacity of functionalized GO is supreme towards pharmaceutical
pollutants. Zanella et al. studied the adsorption of sodium diclofenac on graphene and
functionalized graphene nanoribbons. The adsorption performance was improved
because of the presence of functional groups that improve the binding energies [255].
Saha et al. reported a faster adsorption rate of fulvic acid from water in low pH using
rGO functionalized with Fe. The electronegativity at frGO surface is increased at
high pH and eventually creates difficulties in the adsorption process [256]. Mamani
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Table 8.4 Graphene-based nanomaterial for adsorption of metal ions in water

Metal ion Adsorbent Adsorption isotherm
kinetics
qe (mg/g)

Refs.

Pb(II) Graphene Langmuir and Freundlich
–
35.46

[215]

Functionalized graphene Langmuir and Freundlich
Pseudo Second Order
406.4

[216]

Functionalized graphene Langmuir and Freundlich
Pseudo Second Order
74.18

[216]

GO Langmuir
–
367

[217]

GO –
–
35.6

[219]

GO Langmuir
–
692.66

[220]

GO Langmuir
Pseudo Second Order
1119

[221]

aEDTA modified GO Langmuir
–
525

[217]

EDTA modified rGO Langmuir
–
228

[217]

FGO Langmuir
–
842

[218]

SiO2/graphene Langmuir
Pseudo Second Order
113.6

[222]

Graphene/c-MWCNT –
–
104.9

[108]

Graphene/MWCNT –
–
44.5

[108]

GO–iron oxide Langmuir
–
588.24

[223]

(continued)
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Table 8.4 (continued)

Metal ion Adsorbent Adsorption isotherm
kinetics
qe (mg/g)

Refs.

bGO-SOxR@TiO2 Redlich Peterson
Pseudo Second Order
285

[224]

cIT-PRGO Langmuir
Pseudo Second Order
101.563

[225]

dGO-W-MC Langmuir
Pseudo Second Order
253

[226]

eGI-RGO Freundlich
Elovich
101

[227]

MoS2–rGO Langmuir
Pseudo Second Order
322

[228]

GO-fDPA Langmuir
Pseudo Second Order
360

[229]

HPA-GO Langmuir
Pseudo Second Order
819

[164]

GO-gHPEI1.8 K ge Langmuir
Pseudo Second Order
438

[230]

hLS-GH Langmuir
Pseudo Second Order
1308

[231]

iPAS-GO Langmuir
Pseudo Second Order
312

[232]

jGO-BPEI Langmuir
Pseudo Second Order
3390

[233]

Cu (II) GO Langmuir
Pseudo Second Order
294

[221]

GO/CdS Langmuir
–
137

[234]

GO membrane Langmuir
Pseudo Second Order
72

[235]

(continued)



218 U. Habiba and T. A. Siddique

Table 8.4 (continued)

Metal ion Adsorbent Adsorption isotherm
kinetics
qe (mg/g)

Refs.

Xanthated Fe3O4-CS-GO Langmuir
Pseudo Second Order
426

[236]

GO-DPA Langmuir
Pseudo Second Order
347

[229]

IT-PRGO Langmuir
Pseudo Second Order
19

[225]

CS/GO/Fe3O4-IIP Freundlich
Pseudo Second Order
132

[238]

kGO-CTPy Langmuir
Pseudo Second Order
119

[239]

lSA/PVA/GO Langmuir
Pseudo Second Order
247

[240]

GO-BPEI Langmuir
Pseudo Second Order
1096

[233]

Co(II) Few layered graphene oxide Langmuir
–
68

[241]

Amination graphene oxide Langmuir
Pseudo Second Order
116

[242]

Cr (VI) Nitrogen doped graphene oxide aerogel Langmuir
Pseudo Second Order
408

[243]

Bio-GM nanocomposite Langmuir
Pseudo Second Order
189

[244]

IT-PRGO Langmuir
Pseudo Second Order
37

[225]

Amino functionalized graphene oxide
decorated with Fe3O4 nanoparticles

Langmuir
Pseudo Second Order
123

[245]

Zn(II) GO Langmuir
Pseudo Second Order
345

[221]

(continued)
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Table 8.4 (continued)

Metal ion Adsorbent Adsorption isotherm
kinetics
qe (mg/g)

Refs.

GO Langmuir
Pseudo Second Order
246

[246]

GO-SOxR@TiO2 Redlich Peterson
Pseudo Second Order
196

[224]

Mn (II) GO/SA Freundlich
Pseudo Second Order
56

[247]

GO-NH2 Freundlich
Pseudo Second Order
161

[237]

GN-SDS Langmuir
Pseudo Second Order
223

[237]

Cd (II) GO Langmuir
Pseudo Second Order
530

[221]

MGO Langmuir
Pseudo Second Order
91

[248]

Few layered graphene oxide Langmuir
–
106

[241]

m3D-SRGO Langmuir
Pseudo Second Order
234

[249]

GO membranes Langmuir
Pseudo Second Order
83

[235]

GO-DPA Langmuir
Pseudo Second Order
253

[229]

GO-SOxR@TiO2 Redlich Peterson
Pseudo Second Order
217

[224]

GO-BPEI Langmuir
Pseudo Second Order
2051

[233]

Hg (II) GO@SnS2 Langmuir
Pseudo Second Order
342

[250]

(continued)
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Table 8.4 (continued)

Metal ion Adsorbent Adsorption isotherm
kinetics
qe (mg/g)

Refs.

IT-PRGO Langmuir
Pseudo Second Order
624

[225]

PPy–GO Langmuir
Pseudo Second Order
400

[251]

GO/Fe–Mn Sips
Pseudo Second Order
33

[252]

nMBT-functionalized graphene oxide Langmuir
Pseudo Second Order
107

[253]

As(V) oGNP/Fe − Mg Freundlich
Pseudo Second Order
104

[254]

M-nOG Sips
Pseudo Second Order
14

[210]

IT-PRGO Langmuir
Pseudo Second Order
–

[225]

MnFe2O4-GO Langmuir
Pseudo Second Order
240

[179]

aEthylenediaminetetraacetic acid, bsulfur functionalized graphene oxide, c2-imino-4-thiobiuret–
partially reduced graphene oxide, dgraphene oxide-covalently encapsulated magnetic composite,
eglycol, f2,2′-dipyridylamine, ghyperbranched polyethylenimines, hlignosulfonate-modified
graphene hydrogel, ipoly3-aminopropyltriethoxysilane, jGraphene oxide-branched polyethylen-
imine foams, k4′-carboxy-2,2′:6′,2′′-terpyridine modified GO, lGraphene oxide encap-
sulated polyvinyl alcohol/sodium alginate hydrogel, m3D sulfonated reduced graphene
oxide,nmercaptobenzothiazole,oGraphene nanoplates

et al. prepared rGONH2, which was immobilized with Horseradish Peroxide (HRP)
for adsorption of phenol. The HRP enzyme was immobilized onto rGONH2 via
physical adsorption andπ-π interaction. The resulting adsorbent efficiently adsorbed
the phenol, where the complex formation between the HRP and phenol was a key
driving force for adsorption.Besides, rGO-NH2 adsorb phenol via hydrogen bonding,
electrostatic interaction, and π-π interaction, which results in very high adsorption
of high concentration of phenol with the synergic effect of HRP-phenol complex
formation. The adsorbent was efficiently regenerative up to ten cycles [257]. The
magnetic recovery of adsorbent has been practiced for the removal of pharmaceutical
products using graphene-based adsorbent. Boruah et al. reported magnetic recovery
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Table 8.5 Graphene and its derivatives for adsorption of pharmaceutical pollutants in water

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

Phenol Graphene Langmuir
Pseudo Second Order
233

[260]

Graphene Langmuir and Freundlich
Pseudo Second Order
28

[261]

T-rGO Langmuir
Pseudo Second Order
23

[262]

H-rGO Langmuir
Pseudo Second Order
38

[262]

Graphene aerogels–mesoporous silica Langmuir and Freundlich
Pseudo Second Order
90

[263]

Reduced graphene oxide–sodium
alginate (rGO–SA)

Langmuir pseudo-second-order
26.126

[264]

Bisphenol A (BPA) GO Langmuir & Freundlich
Pseudo Second Order
10

[265]

Graphene oxide incorporated
Alginate hydrogel beads

Langmuir
Pseudo-second-order
342

[266]

Magnetic reduced graphene oxide
composites-1

Langmuir
Pseudo-second-order
93

[267]

Magnetic reduced graphene oxide
composites-2

Langmuir
Pseudo-second-order
71

[267]

T-rGO Langmuir
Pseudo-second-order
96

[262]

H-rGO Langmuir
Pseudo-second-order
81

[262]

Reduced graphene oxide–sodium
alginate (rGO–SA)

Langmuir
Pseudo-second-order
14.123

[264]

Aniline Fe3O4/graphene Freundlich
Pseudo Second Order
202.84

[268]

Cu2+-binded graphene oxide Langmuir
Pseudo-second-order
79

[269]

(continued)
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Table 8.5 (continued)

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

Naphthalene ZnO/Ag/GO Freundlich/Langmuir
Pseudo second order
500

[270]

ciprofloxacin (CIP) Activated graphene adsorbents (G-KOH) Langmuir
Pseudo-second-order/Intra-particle
diffusion
194.6

[271]

Modified alginate/graphene double
network porous hydrogel

Langmuir
Pseudo second order
344.83

[272]

GO Freundlich/Langmuir
Pseudo second order/Elovich models
379.0

[273]

GO-SA gel Langmuir
Pseudo Second Order
86

[274]

Reduced graphene oxide/magnetite
composites

Langmuir and Temkin
–
18.22

[275]

Diethylenetriaminepentaacetic
acid-functionalized magnetic graphene
oxide (DDMGO)

Freundlich isotherm
Pseudo-second-order
–

[276]

Aspirin Graphene nanoplatelet –
Pseudo-second-order
12.98

[277]

acetaminophen Graphene nanoplatelet –
Pseudo-second-order
18.07

[277]

caffeine Graphene nanoplatelet –
Pseudo-second-order
19.72

[277]

Ibuprofen Reduced graphene oxide-based hydrogel Langmuir
Pseudo second order
466

[278]

Diclofenac Reduced graphene oxide-based hydrogel Langmuir
Pseudo second order
489

[278]

Tetracycline Modified alginate/graphene double
network porous hydrogel

Langmuir
Pseudo Second Order
290.7

[272]

Magnetic graphene oxide sponge Langmuir model /Temkin model
Pseudo-second-order
473

[279]

Reduced graphene oxide–sodium
alginate (rGO–SA)

Langmuir
Pseudo second order
17.312

[264]

Diethylenetriaminepentaacetic
acid-functionalized magnetic graphene
oxide (DDMGO)

Freundlich
Pseudo-second-order
–

[276]

(continued)
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Table 8.5 (continued)

Pollutant Adsorbent Adsorption isotherm
Kinetics
qe (mg/g)

Refs.

sulfamethoxazole Graphene nanosheet Redlich–Peterson and Koble–Corrigan
isotherm
Pseudo second-order
103

[280]

Graphene oxide nanosheet Redlich–Peterson and Koble–Corrigan
isotherm
Pseudo second-order
127

[280]

GO Freundlich/Langmuir
Pseudo second order/Elovich models
240

[273]

of Fe3O4-rGO from water for the removal of trizine pesticides such as ametryn,
simeton, simazine, prometeyn and atrazine [258]. Ionic liquid functionalized GO has
been applied for adsorption of different organic chemicals. Zhou et al. used 4 types
of GO-ILs for the adsorption of different types of phthalates which is a plasticizer.
As the ionic liquid is composed of anion and cation, the adsorption capacity is
dependent on the design of the anion and cation. The adsorption of anionic ionic
liquid was superior for phthalates. Moreover, the smaller carbon chain in GO-ILs is
beneficial for extraction. On the other hand, from the comparative adsorption study
with magnetic GO, the GO-ILs was superior [259]. The Table 8.5 presents the list
of graphene and graphene-based adsorbent for pharmaceutical compounds.

In summary, graphene and graphene oxide can be modified and functionalized
to different derivatives, according to the nature of the pollutant to be adsorbed. Its
unique property and versatility in applicationmake it consider a prominent adsorption
nanomaterial for future applications.

8.4 Research Gaps

Although carbon nanomaterial offers several lucrative properties for water purifica-
tion, large-scale application is still in the premature stage because of several obstacles
such as high cost, toxic effects, and complicated fabricated processes [281]. Research
efforts for the large-scale application of carbon nanomaterials are crucial. Although
few industries have scaled up the production of CNT using CVD and arc-discharge
methods, the cost is very high. Moreover, methods for large-scale graphene produc-
tion have not been developed. On the other hand, high energy is required for the
electrospinning process for the fabrication of CNF. Therefore, more investigation is
certainly required to find low cost, feasible, and environmentally friendly fabrication
process.
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Although adsorption is an efficient process for water purification, it generates
secondary waste. It is encouraged to mitigate the problem by a circular approach,
where the secondary waste will be the source of a new cycle. Therefore, the nano
adsorbent should sustain its functionality after several adsorption cycles to mini-
mize waste. More research attention is required to increase the reusability of the
adsorbent by retaining its functionality or activity. The types and number of oxygen
functionality depend on the oxidation or reduction process used during synthesis and
governs the adsorption performance. The current research reports do not represent a
clear and consistent image of the relation between the adsorption performance and the
number and types of the functional group. Therefore, more investigation is required
to establish a correlation between adsorption performance and functional groups.
Moreover, the impact of exposure of carbon nanomaterial in the environment and
natural ecosystem is not well understood. Before approaching large-scale produc-
tion, the behavior of carbon nanomaterial under severe conditions and long exposure
should be investigated. An immense research effort is essential to understand the
toxicity of this material to ensure a safer application.

8.5 Conclusion

Adsorption, principally physisorption, chemisorption, and ion-exchangemechanism,
is an established method for the treatment of wastewater. Adsorption performance
depends on many factors such as type of adsorbent, adsorbate, and process param-
eters, and usually measured using different isotherms and kinetic models. Nano-
materials are a booming field for the adsorption of pollutants from water. Different
nano adsorbents, either in pristine form or a modified version, are being studied
widely. Among them, carbon nanomaterials are leading because of their impressive
properties. Although there are several limitations, the current research focuses on
improving the performance of carbon nano adsorbents. In this chapter, the role of
carbon nanomaterials such as CNF, CNT, and graphene for the adsorption of organic
dye, heavy metal, and pharmaceutical pollutants has been summarized. The pristine
adsorbents have impressive adsorption capacity for the aromatic pollutant. However,
pristine adsorbent has several disadvantages, such as low adsorption capacity for
a broad spectrum of pollutants and difficulty in segregation. Larger surface area,
charged functional groups, and porosity of the surface improve adsorption capacity.
This chapter revealed the emerging techniques for the modification of carbon nano-
materials. Functionalization and modification of adsorbent not only enhances the
adsorption capacity but also improve recyclability, ease the recovery process, and
helps to avoid aggregation of adsorbent particle. The magnetic composite of carbon
nanomaterial is very useful for the separation and reusability of the adsorbent. The
trend in research of graphene-based adsorbents shows the improvement of adsorption
capacity largely depends on the functional groups.

To establish the carbon nanomaterial as a pioneer in the field of adsorption tech-
nology, more research is required to overcome the current challenges. Even though
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the application of carbon nano adsorbents for water purification is still confined to
the lab scale, the bright future of these materials cannot be denied.
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Chapter 9
Nanoparticles-Based Adsorbents
for Water Pollutants Removal

Ayushi Jain, Shweta Wadhawan, and S. K. Mehta

Abstract Water pollution can cause severe health hazards in living organisms since
most of the contaminants are toxic, mutagenic, and carcinogenic. There is a critical
need to decontaminate the water from industrial effluents preceding their discharge
into water bodies. The current chapter explores the potential of various nanoparticle-
based adsorbents with special reference to nano zero-valent iron (NZVI), iron oxide,
titanium, alumina, and silica in the field of adsorptive hosting of inorganic and organic
pollutants from aqueous solutions. The nano adsorbents exhibit greater adsorption
capacity, rapid adsorption rate, and competence to host various pollutants, recycla-
bility, and reusability when compared to conventional adsorbents. These properties
emphasize the relevance of nano adsorbents for the remediation of water contami-
nated with heavy metal ions, dyes, and chlorinated organic compounds. This chapter
gives an overview of the progress and application of bare and functionalized metal
and metal oxide nanoparticles for this purpose. Moreover, the mechanism of heavy
metal ions, dyes, and organic chlorinated compounds removal by nanoparticles has
also been discussed. The present chapter offers advanced information about the
imperative characteristics of some metal and metal oxide-based nanoparticles and
demonstrates their advantages as adsorbents in water remediation.
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9.1 Introduction

Extensive growth in the population of the world, along with urbanization, has lead
to the rising demand for fresh water [1]. About 1.2 billion people in the world do
not have access to hygienic and safe drinking water, and this issue is anticipated to
augment in the years to come [2]. In addition, contamination ofwaterwith a variety of
pollutants such as heavy metal ions, dyes, chlorinated organic compounds, pharma-
ceuticals, sediments, and radioactive contaminants has intensified the problem [3].
Among these contaminants, heavy metal ions, even in relatively small quantities,
cause severe health vulnerability to human beings since they are poisonous, persis-
tent, and non-biodegradable in nature. The effluence of heavy metal ions into water
bodies caused by widespread industrialization and unsystematic removal results in
contamination of aquatic ecosystems [4]. For instance, Pb2+ is employed in various
industrial products, i.e., battery, pigments, printing, explosive, and fuel manufac-
turing. The Environmental Protection Agency (EPA) has recommended that the
maximum Pb2+ contamination level in drinking water is 15 l μg L−1. The toxic
effects of Pb2+ ions in human beings include inhibition of hemopoiesis, germinal cell
dysfunction, hypertension, cognitive deformities, miscarriages, renal dysfunctions,
and nervous disorders. Therefore, the elimination of Pb2+ from water is necessary to
save living organisms [5]. Another heavy metal ion, Hg2+ is the common inorganic
form of Hg, which can be transformed into more poisonous organic forms through
biological methylation [6]. Undesirable effects of Cu2+ in human beings encompass
an accumulation of this ion in the liver leading to Wilson’s disease, which further
causes psycho-neurotic defects [7, 8]. The intake of Cu for humans should be below
5.0 mg d−1, as recommended by the European Commission [9] and made mandatory
in the WHO guidelines. As a result, the concentration of Cu in drinking water has
been stipulated to below 2.0 mg L−1 [10]. Similar to Cu2+, the devastating effects
of numerous other heavy metal ions on the human body have been discussed by
different scientists from time to time. In this regard, Cd leads to multiple chronic
organ damage [11, 12], and Mn affects the CNS and respiratory system. Some of
the ions like Ag+ and Zn2+ are important trace elements but turn toxic when taken in
higher amounts. The removal of Ag could protect the resources and benefit human
beings’ sustainable development [13]. Zn2+ in high doses can be toxic and cause
detrimental health hazards to many biological and biochemical processes [14, 15].

Organic dyes constitute another category of pollutants that are released from
several industries such as paint, cosmetics, textile, leather, pigment, paper, etc. [16].
Dyeing runoff has a dangerous impact on the environment since its presence in water
causes carcinogenic effects. Moreover, colored effluents can decrease the level of
O2 in water by affecting the photosynthesis of aquatic plants, and in extreme cases,
leading to the suffocation of aquatic plants and animals [17]. Amongst the diverse
kinds of dyes, Methylene blue (MB) and Rhodamine B (RhB) are mainly used in
textile manufacture. These dyes may lead to eye burns and, in extreme cases, result in
permanent damage to the vision of humans and animals [18]. Literature studies reveal
that inhalation or ingestion of RhB may cause harm to the liver and thyroid [19].



9 Nanoparticles-Based Adsorbents for Water Pollutants Removal 239

The stability and persistence of the dyes in the water increase if not treated properly.
Consequently, it is essential to eliminate the perilous dyes from wastewater before
disposing of these into the aquatic ecosystem with an appropriate treatment process
[20]. Malachite green (MG), a triphenylmethane cationic water-soluble dye [21], has
carcinogenic, mutagenic, and teratogenic effects on humans. Noxious substances are
produced on MG degradation that causes damage to the liver, lungs, and bones [22–
24]. For that reason, it is obligatory to eliminate these contaminants from effluents
prior to their discharge into water bodies.

With the increasing water pollution resulting from various kinds of pollutants, it
becomes of utmost importance to develop and apply water remediation techniques to
diminish the effects of contaminants. Significant efforts have been dedicated to devel-
oping effective physical and chemical treatment processes for removing inorganic
and organic pollutants from contaminated water [25]. The methods such as adsorp-
tion, ion exchange, ozonation, precipitation, membrane separation, etc., are being
employed (Fig. 9.1) to eliminate pollutants from aqueous runoffs [26]. However,
some of these techniques have limitations, such as high processing cost, sludge
formation, and inappropriateness at a large scale (Fig. 9.1) [27].

Amongst different methods, huge consideration has been gained by the adsorp-
tion phenomenon because of its benefits such as simplicity, easy operation, recycla-
bility, uncomplicated removal, and reusability [28]. The characteristics of a partic-
ular adsorbent depend on its specific surface area, composition, and accessibility
of various functional groups; therefore, the effectiveness of an adsorption process

Fig. 9.1 Different techniques for the removal of dyes with positive and negative points
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is controlled by these factors. Numerous adsorbents like ion-exchange resins, acti-
vated carbons [29–32], natural zeolites [33], chitosan [34], bio sorbents [35–37],
and chelating materials [38, 39] have been investigated by the researchers for the
elimination of pollutants from aqueous solutions. The ability of adsorbents depends
on the presence of functional groups on their surfaces. For instance, an adsorbent
with nitrogen-containing ligands (amino, amidoxime, hydrazine, and imidazole) are
efficient in complexing metal ions [40–46].

In recent times, the production of nanomaterials with greater surface area,
improved absorption capacity, and superior regeneration performance has exhib-
ited immense potential in eliminating a wide range of pollutants [47]. For example,
manganese oxides have been found to be excellent nano adsorbents for the uptake
of heavy metal ions due to their greater adsorption ability, enhanced stability, and
low price [48–50]. Also, the rational design and adsorbents possessing outstanding
adsorption ability and easy separation are of paramount importance [51]. Compared
with traditional adsorbents, magnetic nanoparticles have attracted intensive atten-
tion of many researchers and been widely used for the removal of heavy metals in
wastewater treatment due to their excellent physical and chemical properties, such
as super paramagnetism, high surface area, easy separation under external magnetic
field and strong adsorption [52–55]. Based on these advantages, Fe3O4 nanoparticles
were exploited to remove heavy metals from water by strong adsorption [56–60].
Not only heavy metal ions, metal oxide nano adsorbents also were extensively used
for the hosting of dye pollutants owing to their enhanced surface area, improved
photocatalytic properties, and reusability. The nanoparticle-based adsorbent can be
recycled, thus leading to the production of very small volumes of sludge. A variety
of metal and metal oxide nanoparticles like Fe/Ni [61], Ni [62], TiO2 [63–66], ZnO
[67–70], Fe3O4, Fe2O3 [71–74], SnO2 [75, 76] ZnS [77], CdS [78], WO3 [79, 80]
etc. have been utilized for hosting of both cationic and anionic dyes.

In addition to heavymetal ions and dyes, chlorinated organic compounds have also
been effectively hosted mainly by metallic and bimetallic nanoparticles. Yet, there
are fewer reports available on the use of metal oxide nanoparticles for the hosting
of organo chlorines. The successful use of NZVI and Fe-based bimetallic in the
hosting of organo chlorines has been demonstrated both in situ and ex situ, attributing
to their high active surface area and higher number of adsorption sites. NZVI has
been used for the effective hosting of heptachlor, lindane, pentachlorobenzene, and
hexachlorobenzene [81].

The aim of this chapter is to explore the use of various types of metal and
metal oxide-based nanomaterials for the adsorptive hosting of different water pollu-
tants, particularly organo chlorinated compounds, dyes, and heavy metal ions, along
with their mechanism of hosting. Further, the role and need for functionalization of
these nanomaterials for the improved pollutant hosting performance has also been
discussed in detail. The last section depicts the future perspective and research gaps
regarding the use of these nanomaterials in the hosting of water pollutants.
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9.2 Metal and Metal Oxide Nanoparticles

The hosting of water pollutants using metal and metal oxide-based nano adsorbents
has emerged as the most promising approach for researchers. Many metal and metal
oxide nanoparticles have been synthesized and employed for the removal of both
organic (dyes and pesticides) and inorganic (heavy metal ions) pollutants present in
the waste water. Among the metal nanoparticles, nanoscale zero-valent iron (NZVI)
has emerged as the most successful nano adsorbent for hosting water pollutants,
whereas a variety of metal oxide nanoparticles viz TiO2, iron oxides (Fe2O3 and
Fe3O4), silicon dioxide (SiO2), aluminium oxide (Al2O3), etc. have also been fabri-
cated for adsorptive removal of water pollutants (Fig. 9.2). The role of these nano
adsorbents in the removal of pollutants from water has been proved very significant.

9.2.1 Nanoscale Zero-Valent Iron (NZVI)

Zero valent iron has been widely used for the breakdown of chlorinated organic
compounds and inorganic pollutants for water remediation. Iron in zero oxidation
state (Fe0) is known as zero-valent iron. Bulk zero-valent iron is a strong reducing
agent that gets oxidized to Fe2+ upon reduction of pollutant molecules. Further,
the properties of ZVI are improved when it is converted into nano-sized zero-valent
iron. NZVI is of utmost importance owing to its improved properties like high surface
area, greater thermal stability, less toxicity, better adsorption efficiency, and reducing
properties as compared to bulk zero-valent iron. NZVI is obtained by both top-down
and bottom-up approaches. Various studies describe the successful utilization of
NZVI in the treatment of water containing pollutants viz heavy metals, dyes, and
pesticides. An investigation [82] illustrated the use of NZVI for the complete removal
of multiple heavy metal ions like Ni2+, Hg2+, and As5+ from water. In another study,
the complete removal of As5+ from groundwater was demonstrated [83] usingNZVI,
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Fig. 9.2 Different types of metal-based nano adsorbents for hosting of water pollutants
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where adsorption of As5+ was followed by precipitation. NZVI was found to be more
effective as compared to ZVI in terms of efficiency and time duration.

Most of the studies demonstrate that when bare NZVI is exposed to an aquatic
system containing dissolved oxygen, an oxide layer is formed on its surface, which
provides core–shell nature to NZVI, where the shell forms the oxidized layer that
protects the Fe0 state in the core. Consequently, the direct implication of using bare
NZVI for hosting the pollutants leads to iron pollution as well as deactivation of
NZVI. This issue can be resolved by functionalizing and entrapping the NZVI with
some stabilizing agents, which not only prevents the quick oxidation of NZVI to
magnetite but also provides functional groups for better hosting of contaminants. For
example, NZVI can be entrapped into some non-toxic biomolecules like chitosan,
cyclodextrins, cellulose, etc.Oneof the research studies demonstrated the use of func-
tionalized NZVI, where it was entrapped into a complex of chitosan and cyclodextrin
for the complete adsorptive hosting of Cr6+ and Cu2+ ions. The mechanism of metal
ions hosting was supposed to be physisorption for both metal ions followed by their
reduction i.e., Cr6+ and Cu2+ to Cr3+ and Cu0, respectively, by NZVI. In this case,
NZVI itself gets oxidized from Fe0 to Fe3+ [84].

NZVI has also found a promising use in the hosting of organic pollutants, i.e.,
organochlorinated pesticides and dyes, followed by their degradation in the waste
water. NZVI has been employed for more than 97% removal of many pesticides,
including lindane, hexachlorobenzene, pentachlorobenzene, and hexachlorobuta-
diene [81]. Similarly, some experimental studies describe that bare and function-
alized NZVI can act as effective adsorbents for remediation of water contaminated
by colored pollutants, i.e., dyes. The studies for the removal of various dyes viz.
Basic Blue-3 [85], MB [86], AB24 [87], Reactive Red [88] etc. have been reported
from time to time.

The possible mechanism of removal of heavy metal ions is based upon adsorp-
tion followed by reduction, precipitation, and co-precipitation depending upon the
standard electrode potential of heavy metal ions (Fig. 9.3). The heavy metal ions like
Pb2+, Ni2+ and Cd2+ which possess reduction potential slightly higher than Fe2+ are
reduced by Fe0 corewhich is followed by their sorption on ferric hydroxide (FeOOH)
shell (Eqs. 9.1 and 9.2)

Fe0(Core) + Mn+ Reduction−−−−−→ Fe2+ + M0 (9.1)

FeOOH(Shell) + Mn+ Sorption−−−−→ FeOOM + H+ (9.2)

On the other hand, for the heavy metal ions such as Cr6+, Se2+, Cu2+ and Hg2+

whose electrode potential is significantly higher than Fe2+ ions, the mechanism
involves reduction by Fe0 core followed by precipitation or co-precipitation by ferric
hydroxide (FeOOH) shell (Eqs. 9.3–9.5).

Fe0 + Mn+ Reduction−−−−−→ Fe2+ + M0 (9.3)
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Fig. 9.3 Different possible mechanisms of heavy metal ions removal in NZVI reactor (adapted
from 89 with permission)

M0 + Fe(OH)2
Precipitation−−−−−−→ M(OH)x (9.4)

M0 + FeOOH
Co-precipitation−−−−−−−−→ M − Fe − OOH (9.5)

Further, the metal ions such as Ba2+ and Zn2+, whose standard electrode potential
is lower than iron, get oxidized on the iron hydroxide shell (Eq. 9.6).

Mn+ + Fe2+ Oxidation−−−−−→ M(n+z)+ + Fe0 (9.6)

The mechanism of hosting of chlorinated pesticides and dyes generally comprises
physisorption followed by reduction (Eq. 9.7)

R-Cl , Dyes + Fe0
Reductive degradation−−−−−−−−−−−→ R-H + Fe2+ (9.7)

The literature illustrates a variety of studies describing the use of bare as well
as functionalized NZVI for the hosting of organic and inorganic water pollutants.
In one of the reports [90], NZVI obtained from a plant extract of Syzygium jambos
(Malabar plum) was employed for the effective hosting of Cr6+ with an adsorption
capacity of 983.2 mg g−1. In another study [91], 99% of As5+ was also removed
using NZVI. Even though the use of NZVI for waste water treatment has many
advantages still there are certain shortcomings with their use. NZVI gets easily
agglomerated, resulting in reduced surface area for adsorption. Also, their oxida-
tion in water hinders the reduction process leading to their deactivation. In order to
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overcome these limitations, various functionalization strategies like a surfacemodifi-
cation or doping (discussed in Sect. 9.2.5) have been developed. In a study, NZVIwas
surface functionalized by chitosan and employed for the removal of Cr6+ ions [92].
Also, the chitosan carboxymethyl β-cyclodextrin NZVI complex was fabricated for
the effective removal of Cr6+ and Cu2+ ions [93]. The chitosan functionalized NZVI
nanostructure possessed higher removal efficiency towards Cr6+ ions as compared to
bare NZVI.

In addition to this, the use ofNZVI for the decontamination of dyes and chlorinated
organic compounds (R–Cl) from water has also been investigated. The hosting of
these organic pollutants is based upon adsorption of pollutants on NZVI surface
followed by their reductive degradation (Fig. 9.4). For example, an azo dye, i.e.,
Reactive Red A, was effectively removed using NZVI in the presence of hydrogen
peroxide within 40min [88]. Themechanismwas based on the Fenton process where
–OH free radicals are formed in two steps which lead to enhanced efficiency.

Adsorptive removal of a cationic dye, i.e., methylene blue with 100% efficiency
using NZVI with adsorption capacity of 208.33 mg g−1 was reported [94], where
the mechanism of removal was physisorption of dye onto the surface of NZVI via
electrostatic interactions. Also, the NZVI supported on the surface of pillared clay
for the effective hosting of Acid Red 315 dye where the removal efficiency of clay
supported NZVI was found to be higher (100%) as compared to alone NZVI (80%),
attributing to the enhanced surface area and higher number of functional groups [95].

Fig. 9.4 Mechanisms of hosting of different water pollutants by NZVI (adapted with permission
from [3])



9 Nanoparticles-Based Adsorbents for Water Pollutants Removal 245

NZVI alone or in combination with hydrogen peroxide has also been found
effective in the hosting of chlorinated organic compounds from waste water in a
Fenton-like process. The Fenton process using NZVI showed higher efficiency for
hosting of pollutants attributing to the double formation of –OH radicals in contrast
to conventional process which involves the use of bulk iron (Eqs. 9.8–9.10). This
is the most important process for the removal of organic pollutants like dyes and
organo chlorines.

Fe0 + H2O2 → Fe2+ + OH− + OH (9.8)

Fe2+ + H2O2 → Fe3+ + OH− + OH (9.9)

OH. + Organic compounds → H2O + oxidized products (9.10)

9.2.2 Nano Titanium Dioxide (TiO2)

Nano TiO2 generally exists in three forms; two of them are active crystalline phases,
i.e., anatase and rutile, and the third is an amorphous phase, i.e., brookite. The
anatase phase is distinguished for its photo catalytic behavior and used in sunscreen
for protection to the skin against UV rays. In contrast, the rutile phase of TiO2 is
a stable phase. Photocatalytic behavior of nano TiO2 (anatase) depends upon the
band gap of the material, which in turn is dependent upon the size and mode of
synthesis. Nano titanium oxide has been comprehensively used for hosting various
organic and inorganic contaminants via both adsorption and photocatalytic degrada-
tion. This can be attributed to its excellent stability, less toxicity, biocompatibility,
and strong oxidizing nature. Bare nano-TiO2 has been employed for more than 95%
removal of various organic dyes like Eriochrome Black T [96], Indigo Carmine [97],
Methyl Orange [98], and Malachite Green [78]. The commercial use of bare TiO2

nanoparticles is limited because these can be activated only throughUV radiation due
to the high energy band gap of 3.2 eV.Moreover, their separation from the dispersion
solution is very complicated. These limitations can be overcome by the functional-
ization of nano TiO2. For this, TiO2 NPs can be entrapped into a polymer matrix
which not only increases the volume to surface area ratio of the polymer but also
enhances the number of adsorption sites. A study illustrates the complete adsorptive
removal of MB dye by employing a nanocomposite where TiO2 nanoparticles were
filled into polyacrylamide-based hydrogel [99]. Here, the mechanism of adsorption
was mainly based upon the ion exchange process accompanying the adsorption of
dye molecules on the surface of the adsorbent.

In addition to the fact that nano TiO2 has been extensively employed for hosting
of organic pollutants, it also found its use in the adsorptive removal of heavy metal
ions.Many reports have described the use ofmesoporous nano titania for the effective
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removal of Cr6+ [100], Pb2+, Cu2+, Fe3+, Cd2+, Zn2+ [101], Fe3+ and As5+ [102]. The
functionalized nano titania has proved to be a superior adsorbent as compared to
bare TiO2 NPs due to their greater surface area and easy separation. In addition,
TiO2 embedded in the polymer matrix has also been employed for the hosting of
heavy metal ions via adsorption. For example, in a study, polyvinyl alcohol (PVA)
coated TiO2 was employed to host Cd2+, Ni2+, U6+, and Th4+ ions [103–105] from
an aqueous solution.

The mechanism of removal of heavy metal ions by TiO2 usually consists of
physical or chemical adsorption, whereas for organic dye pollutants, the adsorption
process is followed by photocatalytic degradation (Eqs. 9.11–9.19).

(Waste water)Dyes, Mn+ + TiO2
Adsorption−→ Clean Water + TiO2

(
Adsorbed Dyes, Mn+)

(9.11)

TiO2 + hv (UV) → TiO2
(
eCB− + hVB+)

(9.12)

TiO2
(
hVB+) + H2O → TiO2 + H+ + OH· (9.13)

TiO2
(
hVB+) + OH− → TiO2 + OH· (9.14)

TiO2
(
eCB−) + O2 → TiO2 + O− ·

2 (9.15)

O− ·
2 + H+ → HO·

2 (9.16)

Dye + OH· → degradation products (9.17)

Dye + hVB+ → oxidation products (9.18)

Dye + eCB− → reduction products (9.19)

Irradiation with UV light leads to the generation of electron–hole (hVB+–eCB−)
pair in TiO2. The positively charged hole interacts with water to produce ·OH and
H+ ions, whereas electrons interact with dissolved O2 to give superoxide ions (O2

−·)
which further reacts with water to give rise to hydroxide (OH−) ions and (·OOH)
peroxide radicals. Further, OH is formed by the combination of H+ with ·OOH and
hole with OH−. These ·OH free radicals, holes, and electrons are responsible for the
degradation of organic pollutants.

Researchers have illustrated the enormous use of bare and modified TiO2 NPs
and nanocomposites for the efficient hosting of heavy metal ions and organic dye
pollutants. In this context, the mesoporous TiO2 nanoparticles were fabricated with
the highest Cr6+ ion uptake capacity of 26.1 mg g−1 than ever reported [100]. Not
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Fig. 9.5 Mechanism of hosting of organic pollutant by pure and modified nano titania (adapted
with permission from [106])

only the nanoparticles, but nanowires of TiO2 having a diameter of 30–50 nm were
also established for the adsorptive hosting of different heavy metal ions viz Pb2+,
Fe3+, Cu2+, Cd2+, and Zn2+ ions. The TiO2 nanowires were found to be selectively
effective for the maximum uptake, i.e., 97 and 80% towards Pb2+ and Fe3+ ions,
respectively [101].

In addition to bare TiO2, functionalized and doped TiO2 nanocomposites have
also been investigated for the adsorptive uptake of metal ion pollutants. The addition
of metal and non-metal dopant or different supporting materials results in enhanced
removal efficiency of TiO2 by reducing the band gap (Fig. 9.5). Razzaz et al. devel-
oped a nano fibrous nanocomposite of TiO2 with chitosan for the adsorptive hosting
of Pb2+ and Cu2+ ions [107]. Another nanocomposite, i.e., TiO2− chitosan fabricated
using microwave synthesis technique were used for the 88, and 72.56% adsorption
of Cu2+ and Cd2+ ions, respectively, and maximum adsorption capacity was obtained
to be 1,800 mol g−1 [92]. Also, the nano TiO2 coated with a biomolecule, i.e., starch,
was also investigated for the hosting of Cd2+, Cu2+, Co2+, Ni2+ and Pb2+ ions with
90% removal efficiency [108]. Besides this, doped nanoTiO2 has also been employed
in heavy metal ions remediation, e.g., Fe-doped nano titania was used for the higher
uptake of As5+ ions where the adsorption efficiency of doped nano titania was found
to be higher than that of pure TiO2 attributing to the enhanced surface area by grain
growth termination and photo catalytic response [102]. Further, pure and modified
nano TiO2 can also be employed for the removal of organic dyes. The mechanism of
removal of dyes is based on adsorption followed by photo catalytic degradation. In
a batch adsorption experiment, Malachite Green dye was hosted by nano TiO2 with
85% removal efficiency [77]. Sood et al. and Yang et al. investigated the use of nano
TiO2 for the 95% photo catalytic removal of Indigo Carmine dye [97] and 98.6%
removal of Methyl Orange dyes [98]. Not only bare nano titania, functionalized or
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doped nano TiO2 have also been utilized for the removal of dyes. In a report, nano
TiO2 doped with Niobium (Nb), i.e., TiO2: (Nb, N-x), were fabricated for the photo-
catalytic hosting ofMethylene Blue dye (MB). The effect of doping was investigated
on the removal efficiency, indicating the sixfold increased adsorption performance
in doped NPs compared to bare ones [109], attributing to decreased band gap from
2.7 to 2.3 eV. In a batch experiment, TiO2 nanoparticles doped with 0.5–2.5% Bi3+

were employed for the removal of Alizarin Red S dye, where removal efficiency was
found to be as high as 80% [110]. Similarly, Pd and N co-doped nano TiO2 were
tested for the effective removal of Eosin Yellow dye [111]. Also, Ag+ doped TiO2was
reported for 99% degradation of MB dye [112].

9.2.3 Nano Iron Oxide

Iron is the fourth most abundant element found in Earth’s crust. It exists in divalent
and trivalent oxidation states. There are three types of iron oxides, i.e., hematite (α-
Fe2O3), maghemite (y-Fe2O3), and magnetite (Fe3O4) whereas Fe exists in trivalent
oxidation state in α-Fe2O3 and y-Fe2O3, while in Fe3O4, both divalent and trivalent
states exist. Nano iron oxide has received the great attention of researchers for hosting
both organic and inorganic water pollutants through adsorption due to its abundance
and simplicity of fabrication.

Both hematite (α-Fe2O3) and maghemite (y-Fe2O3) nanoparticles possess great
potential for the adsorptive removal of heavy metal ions from waste water. For this
application, both have their own advantages. α-Fe2O3 is one of the most stable
forms of nano iron oxide and exhibits corrosion resistant nature, whereas maghemite
possesses a large surface area and is magnetically separable. Bare nano iron oxide
(both α-Fe2O3 and y-Fe2O3) have been employed for the removal of heavy metal
ions like Cr6+, Cd2+, Cu2+, Pb2+, Zn2+, Al3+, Ni2+ and Mn2+ions [113, 114] from the
waste water. The mechanism of removal of heavy metal ions was based on electro-
static interactions, which were responsible for the adsorption of thesemetal ions. The
surface of nano iron oxide is covered with FeOH due to water which forms either
Fe−+ OH2 or FeO− depending upon the pH of the solution. The increased number
of FeO− sites leads to increased adsorption of positively charged heavy metal ions
and vice versa. Another simple, low cost and eco-friendly iron oxide, i.e., magnetite
(Fe3O4), is also widely used as a nano adsorbent for hosting heavy metal ions.
Magnetite also exhibits the property of magnetism which enables its easy separation
from the solution after adsorption. Magnetite has also been used for the removal of
Cr6+, Pb2+, Cu2+, Zn2+, Mn2+ [115–117] etc. Different values of adsorption capaci-
ties were obtained for diverse heavy metal ions using different iron oxide-based nano
adsorbents. This can be accredited to the fact that various metal ions have different
hydrated ionic radii in the aqueous solutions, which interact differently with dissim-
ilar negatively charged adsorption sites. Metal ions with higher hydrated ionic radii
adsorb weakly as compared to metal ions with lower hydrated ionic radii [118].
Scientific reports illustrate the extensive use of magnetic and non-magnetic nano
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iron oxide for the hosting of organic and inorganic pollutants. In a study carried out
by Iconaru et al., magnetite, i.e., nano Fe3O4, was utilized for the removal of As5+

and Cu2+ ions where better efficiency of nano-magnetite was observed as compared
to commercial magnetite [119]. In a batch adsorption experiment, nano-magnetite
were demonstrated for the removal of Cu2+, Pb2+, Mn2+ and Zn2+ ions where highest
and lowest adsorption capacities were observed towards Pb2+ and Mn2+, respec-
tively [120]. This is attributed to the difference in hydrated ionic radii of metal ions
resulting in different electrostatic interactions of metal ions on the surface of the
nanoparticle. Similarly, non-magnetic haematite, i.e., nano α-Fe2O3, was investi-
gated for the effective adsorption of Cd2+ and Cr6+ with the adsorption capacities of
146.41 and 16.17 mg g−1, respectively [121, 122].

Nevertheless, the use of bare iron oxide nanoparticles suffers from the limita-
tion of their easy oxidation in water due to the presence of Fe2+ ions, the tendency
to agglomerate, and corrosion by acids and bases as well. These limitations can
be overcome by the functionalization of nanoparticles with organic and inorganic
shell materials, which not only prevent their oxidation but also provide sites for
enhanced metal ion adsorption. Functionalization not merely improves the adsorp-
tion efficiency of the adsorbent but also provides chemical binding to the pollutant via
electrostatic and Van der Waals interactions for the adsorptive hosting of pollutants
on the surface of the adsorbent [123, 124]. Enhanced adsorption capacities have
been reported with polymer functionalized iron oxide nanoparticles. The surface
modification of these nanoparticles combines the advantage of a magnetic core with
organic and inorganic shell. Many materials like polypyrrole, polyaniline, polyvinyl
imidazole, silica, polyethylene glycol, chitosan, tannin and surfactants have been
used for the functionalization which improved the adsorption capacity and stability
of nano iron oxide [125–133]. A variety of studies demonstrated the use of function-
alized nano iron oxide for the improved adsorption efficiency towards heavy metal
ions. In a scientific investigation, improvement in stability, mechanical strength, and
removal performance was observed where nano Fe3O4 were functionalized with a
polymer, i.e., polymeric mercaptoethylamino [134] for the removal of Ag+, Hg2+,
Pb2+, and Cd2+ ions and with polyacrylic acid and diethylenetriamine for the uptake
of Cu2+ and Cr6+ with higher removal efficiency towards Cu2+ as compared to Cr6+

[135]. The higher adsorption capacity was calculated for Cu2+ ions as compared to
Cr6+ ions. Furthermore, the toxicity of nano iron oxide was minimized along with
improved metal ion uptake capacity by functionalization with some biomolecules
like glycine [136] and carboxy methyl cellulose [137] for improved hosting of Pb2+

ions. The incorporation of amino functional groups in the former and chelation in the
latter was responsible for the enhanced removal performance. Also, some organic
molecules have been used as chelating ligands to increase the adsorption capacity and
selectivity of nano iron oxide. In a scientific investigation, nano Fe3O4 were amino-
functionalized with a chelating ligand, i.e., triethylenetetramine [138] for the 85%
removal of Cu2+ ions and with humic acid [139] for the removal of Hg2+, Pb2+, Cd2+,
and Cu2+ ions where the adsorption capacity was found higher than bare nano-Fe3O4.

In addition, nano iron oxides have also found their application in the removal of
dyes. Both bare and coated iron oxide nanoparticles have been investigated for dye
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adsorption. In a report, Reactive Red 2/A [140] was 95% removed adsorptively using
nano-magnetite within 10 min. Another magnetite adsorbent functionalized by 3-
aminopropyltriethoxysilane (APTES) was illustrated for the 96% adsorptive hosting
of Sunset Yellow [141]. Similarly, surfactant i.e. sodium dodecyl sulphate (SDS) and
hyperbranched polyglycerol modified Fe3O4 based nano adsorbent, were success-
fully demonstrated for the efficient removal of Crystal Violet [72] and MB [142]
dyes, respectively. Scientists have also employed amino acids, i.e., L-arginine coated
magnetite nano adsorbent for the elimination of Reactive Blue 19 dye [143] through
adsorption. Not only bare and modified, but nano-magnetite supported on activated
carbon surface have also proved as an efficient candidate for the dye pollutant hosting,
attributing to the highly enhanced surface area of nano adsorbent.Magnetitemounted
on activated carbon and Mn-doped magnetite doped on activated carbon have shown
their implication in the elimination of MB [144] and MG [145] dyes with adsorption
capacities of 117 and 87.5 mg g−1, respectively.

9.2.4 Nano Silicon Dioxide

Silicon dioxide i.e., silica is a known inorganicmaterial due to its applications in chro-
matographic columns. It is a porousmaterial with high specific surface area of 700m2

g−1 whichmakes it suitable for the adsorptive removal ofwater pollutants.Nano silica
exhibits great potential in adsorptive removal of organic and inorganic pollutants
owing to its unique properties i.e. increased surface area, tailorable surface proper-
ties, and well-defined pore size. Further, the adsorption capacity and selectivity can
be enhanced by modification of nano silica with different organic functional groups
like –NH2, –SH, –OH, etc., or by using as support for other NPs and nanocompos-
ites. Biofunctionalized silica nanospheres were fabricated and were modified with
3-aminopropyl and phenyl groups for the hosting of Cu2+ ions and a cationic dye,
i.e., MB [146]. The adsorption capacity was increased towards Cu2+ ions and MB
upon increasing the number of amino groups, which may be due to the rise in the
number of binding sites on the surface of silica nanospheres. To enhance the adsorp-
tion capacity of nano silica, a nanocomposite of nano polyaniline and nano silica, as
well as a crosslinked nano polyaniline immobilized on the surface of nano silica, was
developed for the removal of different ions like Cu2+, Hg2+, Cd2+, and Pb2+. Higher
adsorption capacities were noticed towards each metal ion in the case of crosslinked
nanocomposite [147]. Not only the surface-modified but magnetic nano silica also
gained considerable interest for hosting different pollutants from waste water. In this
perspective, nano magnetite coated with silica showed their ability in this applica-
tion at an industrial scale. In addition, core–shell nanoparticles of Ni@SiO2 were
fabricated where magnetic properties of Ni were combined with porous silica for the
enhanced and cost-effective removal of different dyes containing –OH group, i.e.,
Rhodamine B and Orange II and dye without –OH groups, i.e., Methylene Blue and
Methyl Orange. Here, the effect of functional groups and charge on dye structures on
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the removal performance of nano adsorbent was examined, indicating higher adsorp-
tion capacity towards negatively charged dyes with –OH group with respect to the
positively charged without –OH groups [148].

9.2.5 Nano Aluminum Oxide

Nano aluminum oxide is another low-cost and effective adsorbent for hosting waste
water contaminants with efficient decontamination ability [149, 150]. Aluminium
oxide possesses different crystalline structures like α, y, ï and θ where y-alumina
(y-Al2O3) is most widely used. The bulk y-Al2O3 has been utilized as a conventional
natural adsorbent for the elimination of water pollutants due to its interesting proper-
ties viz high compressive strength, resistance to corrosion, good thermal conductivity,
and high electrical insulation [151]. The use of Al2O3 in the form of nano signifi-
cantly enhances the capability as compared to bulk alumina. This can be accredited
to the increased specific surface area, which leads to outstanding adsorption capacity
and mechanical strength, low-temperature modification process [152]. The nano
alumina has been used for hosting a number of organic and inorganic water pollu-
tants. Tabesh et al. fabricated nanoAl2O3 for the 97 and87%adsorptive removal [153]
of Pb2+ andCd2+ ions, respectively. Themaximum adsorption capacities of 47.08 and
17.22mg g−1 were obtained for Pb2+ andCd2+, respectively. The adsorption potential
of nano aluminawas also investigated for the removal of Zn2+, Cr6+, Ni2+, Cu2+, As2+,
and Hg2+ [154–158] ions. Excellent adsorption capacities were observed for these
metal ions. Further, the removal capacity of nano alumina can be enhanced by their
surface modification with surfactants. The modification process not only improves
the adsorption efficiency but also enhances their stability by preventing them from
agglomeration. The surface of nano Al2O3 was modified with two different surfac-
tants, i.e., SDS and Sodium tetra decyl sulphate (STS), for the enhanced removal of
NH4

+ and Cd2+ ions, respectively [159–161]. It was proposed that surface coating of
anionic surfactant leads to alteration in surface charge which was responsible for the
improvement in adsorption capacity. Nano alumina has also been found effective in
boosting the adsorption performance of polyethersulfone (PES) membrane matrix
towards Cu2+ ions [162].

Along with the hosting of heavy metal ions, nano-alumina has also found applica-
tions in the removal of organic pollutant dyes from the waste water. The high specific
surface area and charged surface enable them to be effective in the adsorptive elimina-
tion of dyes. A number of scientific studies report the exclusion of different cationic
and anionic dyes from the waste water. Scientists employed bare nano y-Al2O3, and
SDS modified nano y-Al2O3 for the removal of a cationic dye i.e., Rhodamine B.
The adsorption performance of SDSmodified nano y-Al2O3 (97.7%)was found to be
better as compared to bare y-Al2O3 (40%) [163]. This was due to the higher negative
charge on the surface of SDSmodified nano y-Al2O3 providing enhanced interaction
towards cationic dye. Another cationic dye i.e., MB was also removed using nano
y-Al2O3 with adsorption capacity of 1000 mg g−1 [164]. Electrostatic interactions
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between y-Al2O3 and MB were responsible for high adsorption capacity. In addi-
tion to cationic dyes, nano y-Al2O3 have also been found effective in the hosting of
anionic dye i.e. Orange G where adsorption occurred via physisorption with 100%
removal efficiency [165].

9.2.6 Bimetallic Nanoparticles

The name bimetallic nanoparticles indicate the blend of two different metals
providing an assortment of new, different, and improved properties. Bimetallic
nanoparticles are obtained in different forms like alloys, core–shell, and contact
aggregate. In alloyed structure, two different metals are present homogeneously,
whereas in core–shell type arrangement, one of the metals usually the inexpensive
one is made core and the other acts as a shell. Bimetallic nanoparticles are fabricated
by co-reduction or successive reduction of two metals. The properties of bimetallic
nanoparticles depend upon the metals combined, mode of combination, size, and
difference in reduction rates of two different metals. The process of bi-metallization
results into improved and flexible electronic, structural, catalytic and surface prop-
erties. These bimetallic nanoparticles have received great attention among indus-
trial and scientific areas owing to their novel properties. In the field of catalysis,
bimetallic nanoparticles have demonstrated improved performance as compared to
their monometallic counterparts. The mono metal and metal oxide nanoparticles
exhibit the limitation of easy deactivation [166–170] and are easily affected by pH
[171, 172] of the solution, which can be conquered by coating a small amount of
noble metals on the surface of other active metals. Till date, a variety of bimetallic
nanoparticles have been explored for the hosting of various organic compounds like
chlorinated organic compounds, dyes, and inorganicmetal ions fromwastewater. Fe-
based bimetallic nanoparticles containing Ni, Cu, Al, and Pd as second metals have
been investigated for the hydro dechlorination of polychlorine organic pollutants
(Table 9.1).

Table 9.1 Removal of various chlorinated water pollutants using bimetallic nanoparticles

Sl. no Chlorinated pollutant Bimetallic NPs % Removal Refs

1 2,4-Dichlorophenol Pd–Fe 99.0 [174]

2 Hexachlorobenzene Cu–Fe 99.4 [175]

3 2,4,6-Trichlorophenol Pd–Zn 100.0 [176]

4 3-Chlorophenol Pd–Al 99.7 [177]

5 Pentachlorophenol Ni–Fe 100.0 [178]

6 γ-Hexachlorocyclohexane Pd–Fe 100.0 [179]

7 Dichloromethane Cu–Al 98.0 [180]
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The use of Fe-based bimetallic nanoparticles suffers from the certain limitations
of spontaneous corrosion of Fe surface, which causes easy deactivation of nanopar-
ticles system. This issue can be addressed by loading of bimetallic nanoparticles on
carbon microspheres, or by adsorption of surfactants or polymers on the nanoparti-
cles surface for prevention of agglomeration and corrosion [179] which can lead to
increased cost-effectiveness of the process. Therefore, substantial attempts are being
made to replace Fe with other active metals Al, Pd, Zn,Mg, etc. [180, 181]. Scientists
have also synthesized Pd–Mg [182] and Pd–Al [183] bimetallic nanoparticles for the
dechlorination of 2-chlorobiphenyl.

In addition to the hosting of chlorinated organic compounds, bimetallic nanoparti-
cles have also emerged as a promising candidate for heavy metal removal. Bimetallic
nanoparticles pose higher redox activity and adsorption capacity as compared to their
monometallic counterparts. Again, the Fe-based bimetallic nanoparticles containing
other metals have achieved great success for the reductive hosting of Cu2+, Cd2+ and
Cr6+ ions [184–186]. Further, the removal performance of bimetallic nanoparticles
can be ameliorated by supporting them on polymeric surface. Enhanced removal
capacity of Fe-nanoparticles supported on montmorillonite clay towards Cr6+ was
observed because of the combined adsorption tendency of montmorillonite clay and
reduction capacity of nanoparticles [187]. Other toxic metals like As5+ and Se4+ have
also been successfully removed using bimetallic nanoparticles. Fe–Mn nanoparti-
cles were synthesized [188] for the oxidation of As3+ to As5+ followed by complete
removal of both ions owing to the oxidation capacity ofMn and adsorption efficiency
of iron oxide. Similarly, Fe–Al nanoparticles (Fig. 9.6) were also employed for the
complete elimination of As3+ to As5+ ions via simultaneous oxidation and reduction

Fig. 9.6 Possible mechanism of As ions hosting by Fe–Al bimetallic nanoparticles (adapted with
permission from [188])
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followed by adsorptive hosting [188]. The As5+ ions adsorbed on the Fe oxide layer
get diffused to Al part where these get reduced to As3+ which further reduced to As0

via oxidation of Al and Fe into Al3+ and Fe2+ ions.
Bimetallic NPs have also gained a lot of attention from researchers for the removal

of other organic and colored pollutants, i.e., dyes from the waste water. The scien-
tific literature describes the outstanding behavior of bimetallic nanoparticles for the
effective removal of dyes containing azo (–N=N–) functional groups, i.e., azo dyes.
Scientists utilized Fe–NiNPs for the effective hosting ofOrangeG in thewastewater.
The complete reductive degradation of dyes into by-products like aniline and naph-
thol was observed, which was followed by adsorption of byproducts [189]. Similarly,
Fe–Cu [190] nanoparticles were developed for the complete decolorization of MB
dye. Fe–Zn nanoparticles [191] were also exploited for the effective removal of
Congo Red and MG dyes.

Further, to reduce the toxicity and threats caused by the leaching of toxic metal
from bimetallic metals, these nanoparticles can be immobilized on many versatile
catalytic supports. These nanoparticles supported on catalytic surfaces considerably
enhance the removal performance and eco-friendliness of the system. Fe–Cu and
Fe–Pd supported on agar gel were employed for the removal of Methylene Blue and
Rhodamine B dyes with 90 and 80% efficiency, respectively [20].

9.3 Research Gaps

Although these nano adsorbents have emerged as the most promising candidates for
effective hosting of contaminants from waste water, however, there are some issues
in the bottleneck which are required to overcome for making them a superior host of
water pollutants. Most metal oxide nanoparticles exhibit the limitation of instability,
dispensability, and agglomeration, which lessens their removal performance. Also,
their nano scale size makes separation from the waste water difficult. The use of
modified and doped nano composites can provide the solution to these problems as
it not only enhances the removal capacity but also provides stability and selectivity
to the nano adsorbents. These metal oxide nanomaterials have been modified with
a variety of polymeric, organic, and inorganic compounds to increase their removal
capacity and selectivity towards the target contaminant. However, their synthesis and
long-term performance is an issue. Similarly, bareNZVI and bimetallic nanoparticles
containing iron suffer from the disadvantage of loss of activity due to corrosion and
agglomeration. This problem has been solved by supporting nanomaterials on the
surface of polymeric or surfactant support which combines the advantage of the
high surface area of support with the removal activity of bimetallic nanoparticles by
preventing them from agglomeration and corrosion. Although functionalized, doped,
and supported metal-based nanoadsorbents have emerged as a promising solution.
However, their synthesis and long-term performance are still an issue.

The commercial availability and use of nanoparticle-based adsorbents used for
the hosting of water pollutants are rare; therefore, it is required to fabricate these
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nano adsorbents at an industrial scale. Also, from the economic point of view, the
development and production cost of nano adsorbents should be optimized. Further,
the application of nano adsorbents for onsite treatment is simple, more effective,
and also reduces the operational cost of waste water treatment. Therefore, there is a
strong need to develop the nano adsorbents which can be utilized and recycled for
the onsite treatment of waste water.

Last but one, the escalated use of nano adsorbents at an industrial scale could
impart toxicity to fauna and flora persistent in the environment. Therefore, the toxi-
city evaluation and biocompatibility of developed nano adsorbents towards the envi-
ronment and human beings should be investigated prior to their implication in the
field of hosting of water pollutants. The synthetic procedure for the development
of nano adsorbents should meet the requirements of green chemistry. However, the
reports on the toxicity evaluation of synthesized nano adsorbents are fewer.

9.4 Conclusions

Themetal oxide-based nanostructures have been extensively utilized for the complete
removal of inorganic and organic water pollutants owing to their excellent properties.
The current chapter describes the extensive applicability of different metal, metal
oxide-based nanomaterials, viz. NZVI, nano iron oxide nano alumina, nanosilica,
nanotitania, and bimetallic nanomaterials for the removal of heavy metal ions, dyes,
and chlorinated organic compounds from waste water. The mechanism of hosting of
water pollutants using NZVI and bimetallic nanoparticles is usually based upon the
adsorption followed by oxidative or reductive degradation of contaminants. There-
fore, these have found great success in the complete removal of organic compounds,
i.e., dyes and chlorinated organic compounds. The hosting of heavy metal ions using
NZVI depends upon the standard reduction potential of heavy metal ions being
hosted. Fewer reports on the reductive removal of metal ions, specially As5+, Cu2+,
Cd2+, and Cr6+ involving the use of bimetallic nanoparticles are available. Among all
the metal oxides, oxides of iron, i.e., Fe2O3 and Fe3O4 have been exploited the most
for the adsorptive hosting of heavy metal ions owing to their magnetic properties.
Further, ceramic-based nano adsorbents like nano silica and nano alumina have also
established their higher applicability on the hosting of heavy metal ions as compared
to organic contaminants. Nevertheless, the commercial availability of such nanoma-
terials and their toxicity imparted on fauna and flora are also the issue of concern. To
minimize the harmful effects of nano adsorbents, regulatory measures on their use
are also recommended. So, nano adsorbents have emerged as an excellent alternative
to conventional adsorbents due to their unique and remarkable properties. Still, there
is a long way to go to use nano adsorbents in practical applications of the hosting of
waste water pollutants.
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