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Abstract At present, natural polymers have found
applications in clothing, paper, medicine, fuel, etc.
The advancement in science and technology has paved
the way for nanotechnology, which combines the
unique properties of these abundant polymers on a
nanoscale to produce novel nanomaterials. Using
mechanical or chemical treatment, cellulosic materials
can be converted into cellulose nanofibers and
nanocrystals which have excellent capabilities com-
pared to microscale native cellulose fibers, especially
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in water purification applications. This review sum-
marizes the most recent processing methods for
nanocellulose and techniques employed for rational
surface chemical modification. It also critically
assesses the applications of cellulose-based nanoma-
terials with respect to their functionalization for
removal of pollutants such as heavy metals, organic
compounds and pharmaceutical residues from water.
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Introduction

The growing demand for a clean environment has led
to the fabrication of membranes and filters that are
semi-permeable, allowing certain chemical species to
pass through while retaining others. The selectivity
and permeability of the membranes depend upon the
microstructure and the chemistry of the material used.
The emerging field of nanotechnology has shown
tremendous developments in the use of nanomaterials
derived from renewable natural resources for the
removal of environmental pollutants. Among the
natural materials, cellulose is one of the most abundant
polysaccharides (Fig. 1). It is typically used for
clothing, energy, and other commodities such as
paper. Unlike the bulk form, nanocellulose exhibits
properties such as high strength and large surface area,
which make it a highly promising material for the
fabrication of high-performance membranes and fil-
ters. Due to these properties, it is employed in many

Fig. 1 The chemical
structure of cellulose
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applications in removing contaminants and purifying
industrial and drinking water systems. Moreover, the
high mechanical strength and rigidity of nanocellulose
render it useful in high-pressure water treatment
applications (Tashiro and Kobayashi 1991; Sturcovd
et al. 2005). In recent literature, the standard surface
area of cellulose pulp was increased from 4 m?%/g to
over 500 m%/ g by conversion into cellulose nanopaper
using preparation methods, such as mechanical mix-
ing, treatment with enzymes, and electrospinning
(Banavath et al. 2011; Sehaqui et al. 2011, 2014).

It is well known that various pollutants like heavy
metals, organic compounds and pharmaceuticals in
water ultimately end up in our bodies through the food
chain. It is essential to develop cheap and effective
filtration systems from readily available and cost-
effective raw materials like cellulose to keep costs
down in developing nations where clean water is
becoming a growing pressure. Using mechanical or
chemical treatment, cellulosic materials can be con-
verted into cellulose nanofibers (CNFs), nanowhiskers
(CNWs) and nanocrystals (CNCs) with an excellent
capacity for water purification. These CNFs, CNWs
and CNCs can be further fabricated into filter mem-
branes through methods that will be described later in
the review. Indeed, the expectations for these

Reducing end

Repeated unit



Cellulose (2019) 26:687-701

689

materials are quite high and thus many reviews have
been previously published in this area (Zhou et al.
2014; Carpenter et al. 2015; Jamshaid et al. 2017;
Abou-Zeid et al. 2018b; Kargarzadeh et al. 2018).

In our review, we have mainly focused on the most
recent research in the application of cellulose-based
nanomaterials for water purification. We have focused
on the most recent developments in the rational
surface chemical functionalization of nanocellulose
and the fabrication methods for nanocellulose-based
membranes. We have also critically assessed the
properties, applications and limitations of nanocellu-
lose with respect to their functionalization for removal
of pollutants such as heavy metals, organic com-
pounds and pharmaceutical residues from water.

Nanocellulose: preparation, functionalization
and processing

Preparation

Plant cellulose has crystallinities as high as 95% that
contribute to the higher strength of the plant bodies
(Mazeau and Heux 2003; Brinchi et al. 2013).
However, it is difficult to isolate these natural
cellulose fibrils from their sources due to hydrogen

Step 1

bonding and van der Waals forces. The function of the
pretreatment process is to remove ash, wax, lignins,
hemicellulose, and other non-cellulosic compounds to
produce pure cellulose products. Mechanical pro-
cesses including ultrasonication, high-pressure
homogenization, grinding/crushing, and microflu-
idization are some of the physical techniques used to
prepare CNFs from precursors such as wood pulp
(Fig. 2). In the case of high-pressure homogenization,
more energy is generally required and the product
itself is mostly a micrometer-sized material (Pddkko
et al. 2007). Further, the product consists of bundles of
CNFs rather than individual fibrils. CNWs are pro-
duced by acid hydrolysis and are composed of short
fibrils. However, the yield and the shorter fiber lengths
are a concern in using this method for the preparation
of nanocellulose (Goffin et al. 2011, 2012; Ma et al.
2012a). Additionally, bacterial nanocellulose (BNC)
fibrils are interesting as they offer an opportunity to
obtain the fibrils on the nanoscale naturally (Lee et al.
2014; Mohite and Patil 2014). The characteristics and
sources of various types of nanocellulose are presented
in Table 1.

The below paragraphs highlight some of the
commonly used techniques employed to prepare
nanocellulose. During the high-pressure homogeniza-
tion (HPH), a cellulose slurry is pumped at an elevated

Cellulose-containing materials

Mechanical pretreatments
Cryocrushing
Refining

Step 2

Chemical pretretaments
Carboxylation
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Phosphorylation
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Hydrolysis
Silyation
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Fig. 2 Steps involved in the preparation of nanocellulose
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Table 1 Types and sources of nanocellulose

Type Origin

Average size

Cellulose nanocrystals (CNCs)

Cellulose nanofibrils (CNFs)
algae, bacteria

Cellulose nanowhiskers (CNWs)

Bacterial nanocellulose (BNC) Sugar, alcohol

Wood, cotton, hemp, flax, straw, tunicin, Avicel

Wood, cotton, hemp, flax, straw, tunicin, tubers,

Wood, cotton, hemp, flax

Width: 5-70 nm

Length: 100 nm to several micrometers
Width: 5-60 nm

Length: several micrometers

Width: 2-60 nm

Length: 100-500 nm

Width: 5-70 nm

Length: several micrometers

pressure through spring-loaded valves where they are
subjected to shearing and impact forces. This results in
a high degree of microfibrillation of the cellulose
fibers depending upon the number of homogenization
cycles as well as applied pressure. Electrospinning is
one of the most popular techniques for preparation of
nanofibrous materials from natural polymers. Since
natural polymers such as cellulose are known for their
insolubility in most of the common organic solvents,
most of the reports on electrospun CNFs use a soluble
precursor such as cellulose acetate (Frey 2008; Zhang
et al. 2018). Meanwhile, there was very little research
reporting the preparation of pure CNFs from the
natural cellulose itself. In most cases, the strategy is to
adopt the cellulose solution from a wet spinning
technique. This involves high temperature, concen-
trated harmful salts such as lithium, application of
higher voltages, and in some cases, the use of an
oxidizing agent before spinning the fibers. However,
Ohkawa et al. (2006, 2009) and Ohkawa (2015)
reported preparation of pure CNFs and its chitosan
composites from natural sources such as cotton, wood
pulp, and bamboo cellulose using an acidic solvent.
Using this robust strategy, the authors were able to
produce cellulose and/or chitosan composite nanofi-
brous mats.

Very recently, Zhou et al. (2018) reported the acid-
free preparation of CNCs by 2,2,6,6-tetram-
ethylpiperidinel-oxyl (TEMPO) oxidation and subse-
quent ultrasonication in water from softwood bleached
kraft pulp. Compared with typical CNCs acquired
through acid hydrolysis, the TEMPO-CNCs prepared
through the acid-free procedure displayed superior
mass recovery ratios, higher number of surface anionic
groups, and smaller and homogeneous dimensions.

@ Springer

Functionalization

It is essential to address the challenges associated with
the application of nanocellulose to water purification,
such as its agglomeration, difficulty in separation from
effluent, and recyclability. There are a large number of
ways in which the nanocellulose filtering membranes
can be rationally designed depending upon the chem-
istry of the biosorbent and the complexity of the
solution that needs to be purified. The functional
groups or molecules can be grafted onto the nanocel-
lulose’s surface through techniques such as carboxy-
lation, sulfonation, oxidation, phosphorylation,
esterification, etherification and amidation (Fig. 3)
(Isogai et al. 2011; Bozi¢ et al. 2014; Singh et al.
2014). It has also been demonstrated that carboxyl,
sulfonate, and phosphonate groups, when present on
nanocellulose can exhibit selective uptake of contam-
inants, such as metal ions, dyes and microbes for water
purification (Wang et al. 2013; Liu et al. 2014, 2016;
Suman et al. 2015; Zhu et al. 2015; Sehaqui et al. 2016;
Thakur and Voicu 2016).

Among the different functionalizing methods, car-
boxylation of nanocellulose for the adsorption of
cationic species has been the most widely studied
(Hasani et al. 2008; Qiao et al. 2015). This method has
the maximum adsorption efficiency for most metallic
cations and cationic dyes. Also, esterification with a
dicarboxylic acid or TEMPO-mediated oxidation can
lead to more sorption of cationic species. The grafting
of polymers that contain reactive moieties is an
emerging technique used to produce cellulose with
high adsorption for various species. Though these
polymers normally result in relatively low adsorption
rates for metallic cations, when the cellulose extracted
from sawdust was grafted with carboxylic-containing
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Fig. 3 The major surface chemical functionalizations of
nanocellulose for application in water purification
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polymers it led to higher adsorption capacities for
cations (Geay et al. 2000). This created a scope for
increased adsorption through a decrease in the size of
systems. When the polymers containing amino groups
were grafted to nanocellulose, they showed a signif-
icantly higher adsorption rate for a variety of dyes due
to the interactions between dye and amino group (Jin
et al. 2015a). However, the disadvantage of this
method over direct functionalization is the difficulty to
incorporate the polymers containing amino groups
into filtration membranes as the nanocellulose prop-
erties and dispersibility are greatly modified.

Processing of nanocellulose-based water
purification membranes

The application of nanocellulose membranes depends
on the pore structure and the flow mode, i.e., static or
cross-flow mode. The CNFs have a high surface area,
and the performance of these membranes is mostly
related to their potential of selectively adsorbing
contaminants from water. The selective adsorption by
CNCs is significantly correlated to the different
surface functionalization groups as described earlier.
CNCs have inherent hydrophobicity and when this
property is used with a controlled surface chemistry, it
can be used to eliminate bio-fouling and hydrofouling
which are basic hurdles in membrane technology. In
the design of nanocellulose-based membranes, the
main challenge is to ensure sufficient access to
functional sites, along with high flux and mechanical
stability.

The nanocellulose membranes are frequently pro-
cessed using the following methods: (a) impregnation
of  electrospun  mats  with  functionalized

nanocellulose; and (b) vacuum filtration and coating.
Impregnation of the electrospun mats with modified
nanocellulose involves the impregnation of nanocrys-
tals of different aspect ratios on the mats (Akhlaghi
et al. 2014). Hence, the possibility of processing
charged microporous membranes which had both
isotropic and anisotropic structures was demonstrated
(Ma et al. 2012b). This technique produced mechan-
ically strong composite nanofibrous membranes. The
first step was to introduce the TEMPO-oxidized
cellulose nanocrystals (TOCNCs) into an electrospun
polyacrylonitrile (PAN) nanofibrous frame. Then, the
resulting material was heated to 100 °C for 10 min to
obtain cross-linking. A sturdy polyethylene tereph-
thalate (PET) non-woven substrate was used to
support the membrane and the pore diameter of the
membrane was around 50 nm. The membranes pro-
duced by this TOCNC composite possess a high
negative surface charge density and demonstrated 16
times higher adsorption uptake of positively charged
crystal violet dye than that of the commercial nitro-
cellulose-based microfiltration (MF) membrane. A
fully bio-based membrane was developed by Goetz
et al. (2016) by following a similar technique. The
process used cellulose acetate (CA) polymer-based
electrospun mats in order to support chitin or cellulose
nanocrystals and did not use the extra non-woven
support. This resulted in a thin microfiltration mem-
brane with a hydrophilic surface with pore diameter
around 100 A and porosity of 85.6%.

Vacuum filtration is one of the fastest and simplest,
yet scalable, processes used to fabricate CNCs with
layered structures. Vacuum filtration can be used to
create fully bio-based membranes based on nanocel-
Iulose by incorporating hot pressing in a process called
‘Nano paper approach’ (Mautner et al. 2014, 2015).
The resulting membrane has nanofibrils that are
densely packed and form a network with pore
dimensions similar to that of the CNCs’ diameter.
This property helps to modulate the pore size, and by
varying nanocellulose with different aspect ratios, the
molecular weight of the membranes can be controlled.
The Nano paper method has produced membranes that
can adsorb metal ions, fluorides, nitrates, phosphates,
sulfates, and organic compounds effectively (Mautner
et al. 2016a). Table 2 gives a tabular representation
with respect to the pore size of filtration membranes
and what can be excluded.
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Table 2 Relationship of

Membrane type Pore size Size excluded species

pore size to standard

excluded species Reverse Osmosis <1 nm Aqueous salts (0.3-1.2 nm)
Nanofiltration 1-10 nm Pesticides and herbicides (0.7-1.2 nm)
Ultrafiltration 10-100 nm Virii (10-100 nm)
Microfiltration 0.1-50 microns Bacteria (200 nm—30 micron)

Metreveli et al. (2014) demonstrated that a large
number of viruses with size > 50 nm can be removed
by cladophora nanocellulose-based filter paper mem-
branes. The process of vacuum filtration of a thin film
of CNCs onto a supporting layer produced multilay-
ered anisotropic membranes (Karim et al. 2016).
Another process where cellulose nanofiber suspen-
sions are vacuum filtered and then dip coating thin
films into a dispersion of CNCs with sulfate or
carboxyl surface groups. The membranes thus pro-
duced had a narrow pore size of 74 A. By treating
them with acetone, the pore size could be increased to
194 A, and the flux to 250 Lm~2 h™' bar. The uptake
capacity of these membranes for Ag*, Cu®" and Fe’ "
ions was high, showing that the high efficiency was
due to both electrostatic interaction and size exclusion.
The tight support layer resulting in a low flux of this
membrane proved to be a drawback.

In order to overcome the issue of low permeability,
cellulose microfibers and CNCs surface-functional-
ized with sulfate, carboxyl, and phosphoryl groups
were fabricated in a gelatin matrix as a nanoporous
upper layer (Mautner et al. 2016b). The pore sizes
were in the range of 5.0-6.1 um and this helped a very
high permeability for water at pressures of < 1.5 bars.
The mechanical strength of these membranes was
excellent and being anisotropic negatively-charged,
they could adsorb Ag(I) and Cu®*"/Fe*™/Fe’" ions
from industry effluents. The adsorption capacity of
these CNC membranes was highest for the phospho-
rylated ones, followed by carboxylated and sulfated
CNCs. Zhu et al. (2017) prepared the CNC/poly(vinyl
alcohol-co-ethylene (PVA-co-PE) composite func-
tionalized with 1,2,3,4-butanetetracarboxylic acid
(BTCA) to adsorb the heavy metal ions. The adsorp-
tion capacity enhanced after the CNC was coated onto
the PVA-co-PE nanofibrous membrane because CNC
possessed abundant hydroxyl groups to react with the
carboxyl group. The maximum adsorption of Pb*"
reached 471.55 mg/g and 58.08% using 1000 ppm
lead nitrate solution at 15 °C. The adsorption kinetics

@ Springer

indicated that the adsorption involved surface adsorp-
tion and intra-particle diffusion.

Functionalized cellulose nanomaterials
for sorption of heavy metals from water

Heavy metal ions and compounds can evolve from
manufacturing processes which may potentially mix
with water and naturally toxic pollutants. The heavy
metal species are mostly non-biodegradable and can
be only transformed into lesser toxic species and not
fully broken down. The heavy metal ion-sorption
materials should be designed with the consideration to
identify the dominant species in the contaminant. The
uptake capacity, partitioning coefficient and selectiv-
ity should be maximized by optimizing the chemistry
of the absorbent material. The pH level of the solution
plays an important role in choosing adsorbents. It was
found that the best adsorption rate was near neutral pH
and when the pH was acidic, the uptake rate was
significantly lower. A large number of hydroxyl
groups on the nanocellulose surface renders it inherent
hydrophilicity, which hinders its applications in
polymeric matrices. Nevertheless, the presence of
numerous hydroxyl groups makes nanocellulose
amenable to a range of surface modifications, extend-
ing its use to sophisticated applications.

Carboxylated nanocellulose

The pioneering work by Saito and Isogai (2005) in this
field has led to the use of TEMPO-oxidized cellulose
nanofibers (TOCNFs) in the removal of various
elements like Pb>", La>" and Ag'" ions from water.
This was done by the selective formation of C6
carboxylate groups from hydroxyl groups on the
surface of CNFs using TEMPO. This reaction weakens
the bonds between cellulose fibrils, consequently
preventing the formation of strong interfibril linkages
(Gamelas et al. 2015). In another study, the same
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method was used to observe the adsorption rate of
Cu”" on the fibril surface by varying the pH and the
carboxylate content (Sehaqui et al. 2014). This study
revealed that the increase in the Cu®" adsorption was
directly proportional to the carboxylate content. It was
noted that in addition to enhanced adsorption, effec-
tive desorption by acidic washing was possible in this
technique and TOCNFs can be regenerated easily. It
was demonstrated that TOCNFs adsorbed up to
167 mg/g of radioactive uranyl ions (UO,*") from
solutions at pH 6.5, which was 2—threefold superior to
that attained with conventional adsorbents such as
hydrogels, montmorillonite and silica (Ma et al.
2012c).

Carboxyl groups were created through selective
oxidation of the C, and C; hydroxyl groups to
aldehyde groups and then to 2,3-dicarboxyl groups
in acidic media (Yang et al. 2013). It was reported that
the CNC created and functionalized using this tech-
nique attained a maximum uptake of 185 mg/g for
Cu’" at pH 4 (Sheikhi et al. 2015). These observations
led to the conclusion that the maximum uptake of
cellulose fibrils created using mechanical treatment
was much lower than the carboxylated CNCs (11 mg/
g for Cd**, 10 mg/g for Pb>", 11 mg/g for Ni** at p™
6.5) (Kardam et al. 2014). Even CNFs with surface
aldehyde functional groups, prepared through a mild
periodate oxidation process, were applied as adsor-
bents for Cu®" and Pb>" from aqueous solutions with a
maximum adsorption capacity of 38.36 and
157.73 mg/g, respectively (Yao et al. 2016).

2,3,6-tricarboxy cellulose nanofibers (TPC-CNFs)
were synthesized by TEMPO oxidation of cellulose
pulp (selective at C-6) followed by periodate-chlorite
oxidation (selective at C-2 and C-3) (Abou-Zeid et al.
2018a). Efficient adsorption of heavy metal ions
including Cu?*, Ca®>" and Pb*" from aqueous solu-
tions was achieved using these TPC-CNFs. Zheng
et al. (2014) established that the carboxylated CNFs
incorporating polyvinyl alcohol (PVA) hybrid aero-
gels, fabricated by freeze-drying the crosslinked
carboxylated CNFs/PVA composites, have excellent
metal ions adsorption potential. Carboxycellulose
nanofibers with lower crystallinity, higher surface
charge, and hydrophilicity were synthesized from an
Australian spinifex grass through a nitro-oxidation
process with nitric acid and sodium nitrite (Sharma
et al. 2018). The resultant nitro-oxidized carbon
nanofibers (NOCNF) at low concentration

(0.20 wt%) were effective in removing Cd** ions

(50-5000 ppm) from water within 5 min. At lower
Cd** concentrations (< 500 ppm), the adsorption was
mediated by interactions between carboxylate func-
tionalities on the NOCNF surface and Cd*". At higher
Cd*" concentrations (> 1000 ppm), the main reme-
diation pathway involved the formation of Cd(OH),
nanocrystals. The peak Cd** uptake capacity of
NOCNF was approximately 2550 mg/g, radically
superior to those of any adsorbents reported earlier.
Additionally, the maximum removal capacity was
84%, when the Cd*" concentration was 250 ppm.

In situ functionalization of the nanocellulose
membranes subsequent to fabrication is an innovative
concept, where direct functionalization of the mem-
brane surface presents a higher concentration of the
functional entities on the surface and increased
accessibility for interaction with the pollutants. This
approach provides a means to increase the membrane
functionality without changing the bulk structure.
Karim et al. (2017) demonstrated the fabrication of
nanocellulose membranes with high water permeabil-
ity and mechanical stability through in situ TEMPO
surface functionalization for improved adsorption of
Ag", Cu®t and Fe?*/Fe’" ions from aqueous media.

Succinylated nanocellulose

Succinylation on the surface of nanocellulose results
in efficient, stable and recyclable adsorbents. It was
reported by Yu et al. (2013) that esterification of
hydroxyl groups on CNC with succinic anhydride
produced an elevated maximum adsorption of Pb*"
(458 mg/g) and Cd** (335 mg/g) at pH 5.5 and 6.5,
respectively. It was also found that the rapid adsorp-
tion process of Pb>™ and Cd*" could be well fitted by
the pseudo-second-order kinetic model because the
chemisorption was the rate-determining step. Srivas-
tava et al. (2012) demonstrated the capacity of
functionalized CNFs obtained by succinic anhydride-
modified mercerization to adsorb Ni**, Cr**, Cd**
and Pb®" with greater efficiencies relative to unfunc-
tionalized CNFs. Mercerization before succinylation
of CNFs resulted in an increased surface area and
accessibility to a greater number of hydroxyl groups
for succinylation. The nanocellulose had a maximum
metal ion adsorption ranging from 42.3 to 218 mg/g.
A different succinic anhydride-modified CNC was
employed for the adsorption of Cr’" ions with an
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adsorption capacity of 94.84% (Singh et al. 2014). The
modified adsorbent displayed adsorptions of 1.338,
0.744, 1.900, 1.610 and 2.062 mmol/g for the removal
of C02+, Ni2+, Cu”, Zn*" and Cd*", respectively
(Hokkanen et al. 2013). The study showed that the
absorbent can be successfully regenerated by ultra-
sonic treatment.

Functionalization of nanocellulose through
grafting/immobilization

Polymer grafting is achieved by the substitution of
hydroxyl moieties on the surface. There are studies of
cellulose grafted by polymers with chelating or ionic
functionalities, but there are not many theories
supporting the same on nanocellulose. The maximum
uptake capacity of Hg>™ by amino-treated polymers
on cellulose was 288 mg/g at pH 7 (Araki et al. 2001).
The same amino-terminated polymers can be grafted
onto carboxylated CNCs by means of carbodiimide-
mediated amidation in water (Zoppe et al. 2010).
Amide-bearing polymers grafted onto sulfated CNCs
through a free radical mechanism showed a very high
uptake of mercury of 710 mg/g at pH 6.2. This process
by which different polymers bearing carboxylic acid
groups can be grafted onto diverse CNCs has helped in
the observation of uptake capacities for various
cations. (Poly)acrylic acid can be grafted onto CNCs
from bamboo and the resulting modified CNCs can be
used to eliminate Cu™ ions from aqueous solutions
whose adsorption capacity was 3 x greater than that
of unmodified bamboo CNFs (Zhang et al. 2014). It
was described by Zhang et al. (2016) that TOCNFs
functionalized with polyethyleneimine (PEI) through
crosslinking with glutaraldehyde showed a superior
uptake of Cu'? at pH 5 relative to PEI-grafted
cellulose. Poly(itaconic acid/methacrylic acid)-
grafted nanocellulose/nanobentonite composites con-
sisting of multiple carboxyl groups were successful in
adsorbing Co”" ions from nuclear industrial water
(Anirudhan et al. 2016). The water-soluble car-
boxymethyl cellulose (CMC) has chelating carboxyl
groups and can also be grafted onto CNCs. It was
found by Chen et al. (2016) that the CNF-CMC
aerogels displayed adsorption capacities for Ag™,
Cu®*, Pb*Tand Hg*" of 106, 74.8, 111.5 and
131.4 mg/g, respectively.

Embedding nanocellulose in a polymer matrix
allows the former to interact directly with heavy metal
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ions and allow for separation from water. In a recent
paper, polyurethane (PU) foam was utilized to
efficiently immobilize carboxymethylated cellulose
nanofibrils (CMCNFs) in a cost-effective manner
(Hong et al. 2018). The composite foams exhibited
greater mechanical strength, high adsorption effi-
ciency and recyclability. The maximum adsorption
capacities were determined to be 78.7, 98 and
216.1 mg/g for Cu®*, Cd*" and Pb**, respectively.

Organosilylated nanocellulose

CNFs treated with silanes displayed improved physic-
ochemical properties. Silanes can be either directly
combined with CNF and polymer or silanes in organic
solvents can be added to CNFs followed by blending
with the polymer (Shokoohi et al. 2008). The
efficiency of silylated CNFs is generally superior to
that of alkali-treated CNFs which is subsequently
higher than untreated CNFs. Hokkanen et al. (2014)
obtained a material by treating the microfibrillated
cellulose with aminopropyl triethoxysilane (APTES),
with maximum uptake capacities for Ni?*, Cu**, and
Cd** of 179, 163, and 388 mg/g, respectively. The
adsorption rate was highest at pH 4.5 and decreased at
other pH values for this amino-functionalized system.

Thiolated nanocellulose

Hg”" ions are considered a major health concern due
to their toxicity and bioaccumulation. Recently, the
applicability of spherical nanocellulose (SNC) was
evaluated as adsorbents for metal ions from water
(Peng et al. 2014; Luo et al. 2015). Ram and Chauhan
(2018) reported the synthesis of new thiolated-SNCs
via acid hydrolysis and lipase-catalyzed esterification
with 3-mercaptopropionic acid (3-MPA). They dis-
played rapid adsorption of about 98.6% Hg?" ions
within 20 min from a 100 ppm solution, whereas the
SNCs did not display adsorption in those conditions.
The thiolated-SNCs can be reused up to nine times
with cumulative adsorption capacity of 404.95 mg/g.
The maximum adsorption was 88% from tap water and
78% in the presence of other ions, indicating a
selectivity for Hg>" ions.
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Phosphorylated nanocellulose

In an interesting study, the enzymatically-phosphory-
lated CNCs exhibited a high uptake capacity at pH 4
for Ag™, Cu®*", and Fe*" of 136, 117, and 115 mg/g,
respectively. On the other hand, the enzymatically-
phosphorylated CNFs displayed 120, 114, and 73 mg/
g, respectively (Liu et al. 2015). When the cellulose
fibers were disintegrated into their nano-sized con-
stituents and after their surface phosphorylation, there
was a ~ 6000 x increase of Cu”" uptake capacity.

Acetylated nanocellulose

The thermal stability of acetylated CNFs was superior
to that of non-acetylated CNFs due to the substitution
of the hydroxide with stable acetyl groups and with the
elimination of hemicellulose during acetylation
(Ashori et al. 2014). These results were validated
through X-ray diffraction analysis on acetylated and
non-acetylated nanofilms. Moreover, acetylation of
CNFs decreases the water sorption. Cunha et al.
(2014) demonstrated a 25% decrease in water sorption
of epoxy and acrylic resins filled with acetylated CNFs
relative to untreated CNFs.

Cationic nanocellulose

Nanocellulose can be functionalized with positively
charged groups in order to adsorb anionic metallic
species like arsenates and chromates. A way to obtain
positively charged CNCs is by treating sulfated CNCs
with epoxypropyl trimethyl ammonium chloride
(EPTMAC) (Hasani et al. 2008). Vanadium in the
form of metavanadate (VO3 ) can be adsorbed at a
rate of 194 mg/g at pH 2 by biphosphonated nanocel-
lulose synthesized by consecutive oxidation with
sodium periodate and reaction with sodium alen-
dronate (Sirvio et al. 2016). On the other hand,
aminated CNCs were investigated for the uptake of
Cr®" and their performance was compared with that of
CNCs. The former displayed 98.33% adsorption
capacity while the capacity of the latter was just
5.98% (Singh et al. 2014).

Other recent methods

Very recently, Hassan et al. (2018) reported the
synthesis of a novel Cu-terpyridine-modified oxidized

CNF membrane to purify effluents from the paper
industry. Li et al. (2018) reported an aerogel adsorbent
based on CNFs and polyethyleneimine (PEI) via
physical electrostatic interactions. The aerogels pos-
sessed good structural stability, high porosity and
shape recovery in water. Furthermore, they were
exceptional adsorbents for Cu®" (175.44 mg/g) and
Pb>" (357.44 mg/g) due to the abundance of amine
groups. In another method, xanthated-nanocellulose
synthesized through the steam explosion of banana
fibers, acid hydrolysis and xanthation demonstrated an
adsorption of 154 mg/g of Cd** at pH 6 (Pillai et al.
2013). The CNCs produced by the amino functional-
ization, which involved the reaction of epichlorohy-
drin and diethylenetriamine, displayed a maximum
adsorption of Cu”" and Pb>" at pH 4.5 of 63 and
87 mg/g, respectively (Shen et al. 2009). If the pH of
this system was lowered, the uptake capacity reduces
significantly owing to the protonation of amine
moieties.

Cellulose nanomaterials for removal of organic
pollutants from water

The evolution of various industries has resulted in
contamination of water especially by dyes, oils,
pesticides and pharmaceutical products. The uptake
of dyes and other organic compounds by diverse
functionalized nanocelluloses are detailed below.

Carboxylated nanocellulose

Organic dyes typically possess a very complex
structure, whether it be anionic, cationic or non-ionic.
These chemicals interact with cellulose and have been
widely studied (Timofei et al. 2000). Carboxylated
CNCs have been observed for various adsorption
capabilities of cationic dyes. The carboxylated CNCs
prepared by the TEMPO-oxidation method with high
carboxylic acid content had a superior adsorption
(769 mg/g at pH 9) of methylene blue in comparison
with the sulfated CNCs (118 mg/g at pH 9) (Batmaz
et al. 2014). The carboxylated CNCs can also be
produced through esterification of surface hydroxyl
groups with maleic anhydride (Qiao et al. 2015). This
proved a higher uptake efficiency of a variety of
cationic dyes like crystal violet, methylene blue, and
malachite green. The maximum uptake of violet
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crystal at pH 4 was 244 mg/g. When the carboxylated
CNCs were prepared through a one-step oxidation
process, the adsorption capacity for methylene blue
was 101 mg/g at a neutral p' (Leung et al. 2011). In a
different process, microcrystalline cellulose was
extracted using hydrochloric and citric acid to produce
carboxylated CNCs (Yu et al. 2016). The adsorption
capacity for methylene blue was directly correlated to
the number of carboxyl groups. Similar to the uptake
of cationic metallic species, the carboxyl groups
displayed a pH dependency to maximize adsorption.
As the pH decreased, the uptake capacity also
decreased owing to the protonation of carboxylic
groups.

Amino-functionalized nanocellulose

CNCs with cationic functionalities, such as amino-
functionalized CNC, are normally used for removing
anionic dyes. One of the methods of preparing cationic
CNCs was by the consecutive sodium periodate
oxidation and then reacting it with ethylenediamine
(Jin et al. 2015a). The CNCs prepared in this method
exhibited the peak uptake of 556 mg/g for acid red
GR. The adsorption performance of these cationic
CNCs was influenced by the pH-dependent dissocia-
tion of functional groups. Unlike the carboxylated
CNCs, the amine groups produce a peak adsorption at
low pH values and as the pH values increase, the
uptake capacity decreases. When the cationic CNFs
were produced through quaternization with gly-
cidyltrimethyl ammonium chloride (EPTMAC), it
was found that the uptake capacity for Congo red
was 664 mg/g and acid green 25 was 683 mg/g within
a few seconds (Pei et al. 2013). Similar to aerogels,
crosslinked microgels with polyvinylamine can also
be formed from CNCs which display high affinity to
both types of dye. It was found to have a maximum
adsorption uptake of 896, 1469 and 1250 mg/g for
acid red GR, Congo red 4BS, and reactive light yellow
K-4G, respectively (Jin et al. 2015b). Zhu et al. (2016)
found that a similar functionalization mechanism can
be used on dialdehyde-functionalized cellulose with
hyper-branched polyethyleneimine. This type of CNC
showed a higher adsorption uptake of 2100 mg/g for
Congo red and 1860 mg/g for cationic basic yellow.
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Cationic nanocellulose

There are different types of negatively-charged water
contaminants like fluoride, nitrate, sulphate and phos-
phate. The cationic CNFs can be used to adsorb these
negatively-charged anions as their uptake capacity
increases with surface charge density. They possess a
greater selectivity for multivalent ions (PO, and
SO42_) than for monovalent ions (F~ and NO;3™).
When the cellulose nanocrystals were reacted with
EPTMAC and put through further mechanical mixing,
the cationic CNFs had a higher and faster adsorption of
humic acid, which is a commonly found organic
pollutant (Sehaqui et al. 2015). This humic acid uptake
capacity (310 mg/mg) is known to be the highest in
literature. A lower pH value meant coiled conforma-
tion of humic acid, which resulted in faster adsorption
kinetics. A low pH range allowed the CNFs to adsorb
thicker layers of humic acid.

Nanocellulose-based composites

Partially = hydrolyzed  polyacrylamide/cellulose
nanocrystal (HPAM/CNC) nanocomposites were
investigated for the uptake of methylene blue (Zhou
et al. 2014). The adsorption capacity of the nanocom-
posite increased with an increase in the HPAM anionic
character, increasing CNC concentration to 20% and
decreasing pH. A maximum capacity of 224.8 mg/g
was detected for the nanocomposite composed of 20%
CNC at pH 6.5 and the kinetics followed a second
order model. Montmorillonite (MMT) was utilized for
the uptake of dyes owing to its large surface area and
cation exchange efficiency. Since MMT was ineffec-
tive for the uptake of anionic dyes, functionalization of
MMT with carboxymethyl cellulose (CMC) was
considered as a potential alternative. This approach
improved the inherent limitations of CMC such as low
adsorption performance and poor water solubility
attributed to excess negative surface charge. The
CMC/MMT nanocomposite displayed uptake capacity
of 161.1 mg/g at 30 °C for Congo red dye, which
could be further increased to 298.3 mg/g by raising the
adsorption temperature to 50 °C (Zhao and Wang
2012). This was attributed to the increased mobility of
dye ions and probable swelling in the internal structure
of the nanocomposite. Furthermore, increasing the pH
from 4 to 12 led to a decrease of adsorption capacity to
32.5 mg/g. This reduction in adsorption capacity of
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congo red with the increase in pH was ascribed to the
electrostatic repulsion between anionic dye ions and
increased negatively charged sites in solution.

Other recent methods

Phenol adsorption from water was explored for a
composite film composed of CNF and in situ fabri-
cated hydroxyapatite particles through wet-chemical
precipitation (Narwade et al. 2017). Acidic v aug-
mented the adsorption, which followed a pseudo-
second order kinetic model. Moreover, optimum
reusability was attained with 86% adsorption capacity
of the preliminary value after the third run. In another
study, a blend of sulfated CNCs and chitosan were
subject to freeze drying followed by compaction,
thereby creating 200 micron microporous membranes
(Karim et al. 2016). These membranes had the ability
to immobilize positively-charged dye molecules. They
had a pore diameter of 10—13 nm and a low water flux
of 64 Lm? h™' MPa~'. Another drawback was infe-
rior mechanical stability because of the absence of
H-bonding. It was shown that the uptake rates of
methyl violet 2B, rhodamine 6G, and victoria blue 2B
from aqueous solutions at pH 5 were 84%, 69% and
98%, respectively. CNFs prepared using an acidified-
chlorite bleaching method followed by dissolution
using a high-speed mixer were used as adsorbents for
methylene blue cationic dye (Chan et al. 2015). The
maximum adsorption capacity was 123 mg/g at 20 °C
and pH 9 within 1 min. This adsorbent can be reused
up to six runs of adsorption—desorption cycling.

Cellulose nanomaterials for removal
of pharmaceuticals

Another growing concern in today’s modern world is
the contamination of water resources by pharmaceu-
ticals, which pose a serious threat to aquatic organ-
isms. It is well known that CNCs are used as drug
carriers, but there are not many studies regarding their
use in absorbing drugs from water. It was first
confirmed by Jackson et al. (2011) that sulfated CNCs
had the capacity to adsorb drugs like doxorubicin
hydrochloride (DOX) and tetracycline hydrochloride
(TC) from the water. It was found that the ions and the
ionic drugs can also be adsorbed subsequent to
grafting a hydrophobic surfactant onto the CNCs.

This had a maximum adsorption capacity of approx-
imately 0.1 mg/g for docetaxel and paclitaxel.
Another way to hydrophobize the CNC surface is by
reacting it with alkyl isocyanate (Espino-Pérez et al.
2013). It was found by Rathod et al. (2015) that a very
commonly found antibiotic, TC, can be adsorbed from
water by sulfated CNCs with a maximum uptake of
around 7 mg/g at pH 5 following a pseudo-second
order kinetic model as the chemisorption controls the
adsorption rate.

Residues of procaine hydrochloride and imipra-
mine hydrochloride were adsorbed from wastewater
by means of recyclable B-cyclodextrin-modified CNC/
Fe;0,4/Si0, super paramagnetic nanorods (Chen et al.
2014). When a mixture of contaminated water and the
composite was passed through a high gradient mag-
netic separator (1.0 T), the magnetic nanorods
remained in the separator, while the organic com-
pounds were collected. This indicated the effective
adsorption characteristics of the CNC composite for
pharmaceutical residues.

Anionic CNFs performed as excellent adsorbents
for the ionizable drug, salbutamol (Selkild et al.
2018). They were prepared from wood cellulose
through nanofibrillation subsequent to the succinyla-
tion pretreatment in urea-LiCl eutectic solvent. The
chemical functionalization of cellulose appreciably
improved the adsorption of salbutamol and the max-
imum capacity was 196 mg/g. In addition, the adsorp-
tion performance was chiefly affected by the charge
and colloidal stability of the nanofibril suspensions, as
the adsorption was greatly enhanced at pH > 7 owing
to the deprotonation of the carboxyl groups.

Although the amount of research done on the use of
CNCs for the filtration of pharmaceutical molecules
was limited, the focus of several research groups is
shifting in this direction.

Conclusion

In this review, we have presented a comprehensive
overview of the diverse surface functionalization
methods of nanocellulose extracted from underuti-
lized biomasses and correlated the surface character-
istics to the adsorption capacities and kinetics. The
nanocellulose systems can be considered as a promis-
ing means to fight the emerging global water pollution
crisis, but challenges related to specificity, energy
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consumption, cost-effective upscaling and surface
modification routes need to be addressed for the
commercial realization of this process. Even though
functionalized nanocellulose often displays adsorption
performance that is comparable or even superior to
traditional adsorbents for the removal of heavy metals
and organic pollutants, it is necessary to address and
explore the selectivity in complex water systems and
large-scale experiments. This might offer more
insights into the efficiency and advantages of nanocel-
lulose-based membranes in industrial applications in
relation to other water purification techniques. In the
future, the research in this field is anticipated to focus
on hybrid membranes of nanocellulose with other
nanomaterials to enhance morphology, structural
stability, and adsorption performance. Furthermore,
novel processing techniques such as in situ function-
alization and 3D printing might facilitate the most
favorable use of nanocellulose membranes for water
remediation.

Acknowledgments This research was supported by Natural
Science Foundation of China (51608350).

Compliance with ethical standards

Conflict of interest The authors declare that they have no
conflict of interest.

References

Abou-Zeid RE, Dakrory S, Ali KA, Kamel S (2018a) Novel
method of preparation of tricarboxylic cellulose nanofiber
for efficient removal of heavy metal ions from aqueous
solution. Int J Biol Macromol. https://doi.org/10.1016/J.
IJBIOMAC.2018.07.127

Abou-Zeid RE, Khiari R, El-Wakil N, Dufresne A (2018b)
Current state and new trends in the use of cellulose nano-
materials for wastewater treatment. Biomacromolecules.
https://doi.org/10.1021/acs.biomac.8b00839

Akhlaghi SP, Tiong D, Berry RM, Tam KC (2014) Comparative
release studies of two cationic model drugs from different
cellulose nanocrystal derivatives. Eur J Pharm Biopharm
88:207-215. https://doi.org/10.1016/j.ejpb.2014.04.012

Anirudhan TS, Deepa JR, Christa J (2016) Nanocellu-
lose/nanobentonite composite anchored with multi-car-
boxyl functional groups as an adsorbent for the effective
removal of Cobalt(Il) from nuclear industry wastewater
samples. J Colloid Interface Sci 467:307-320. https://doi.
org/10.1016/j.jcis.2016.01.023

Araki J, Wada M, Kuga S (2001) Steric stabilization of a cel-
lulose microcrystal suspension by poly (ethylene glycol)
grafting steric stabilization of a cellulose microcrystal

@ Springer

suspension by poly (ethylene glycol) grafting. Langmuir
17:21-27. https://doi.org/10.1021/1a001070m

Ashori A, Babaee M, Jonoobi M, Hamzeh Y (2014) Solvent-free
acetylation of cellulose nanofibers for improving compat-
ibility and dispersion. Carbohydr Polym 102:369-375.
https://doi.org/10.1016/j.carbpol.2013.11.067

Banavath HN, Bhardwaj NK, Ray AK (2011) A comparative
study of the effect of refining on charge of various pulps.
Bioresour Technol 102:4544-4551. https://doi.org/10.
1016/j.biortech.2010.12.109

Batmaz R, Mohammed N, Zaman M et al (2014) Cellulose
nanocrystals as promising adsorbents for the removal of
cationic dyes. Cellulose 21:1655-1665. https://doi.org/10.
1007/s10570-014-0168-8

Bozi¢c M, Liu P, Mathew AP, Kokol V (2014) Enzymatic
phosphorylation of cellulose nanofibers to new highly-ions
adsorbing, flame-retardant and hydroxyapatite-growth
induced natural nanoparticles. Cellulose 21:2713-2726.
https://doi.org/10.1007/s10570-014-0281-8

Brinchi L, Cotana F, Fortunati E, Kenny JM (2013) Production
of nanocrystalline cellulose from lignocellulosic biomass:
technology and applications. Carbohydr Polym
94:154-169

Carpenter AW, De Lannoy CF, Wiesner MR (2015) Cellulose
nanomaterials in water treatment technologies. Environ Sci
Technol 49:5277-5287. https://doi.org/10.1021/es506351r

Chan CH, Chia CH, Zakaria S et al (2015) Cellulose nanofibrils:
a rapid adsorbent for the removal of methylene blue. RSC
Adv 5:18204-18212. https://doi.org/10.1039/
C4RA15754K

Chen L, Berry RM, Tam KC (2014) Synthesis of B-Cyclodex-
trin-modified cellulose nanocrystals (CNCs)@Fe304@-
SiO2 superparamagnetic nanorods. ACS Sustain Chem
Eng 2:951-958. https://doi.org/10.1021/sc400540f

Chen B, Zheng Q, Zhu J et al (2016) Mechanically strong fully
biobased anisotropic cellulose aerogels. RSC Adv
6:96518-96526. https://doi.org/10.1039/c6ra19280g

Cunha AG, Zhou Q, Larsson PT, Berglund LA (2014)
Topochemical acetylation of cellulose nanopaper struc-
tures for biocomposites: mechanisms for reduced water
vapour sorption. Cellulose 21:2773-2787. https://doi.org/
10.1007/s10570-014-0334-z

Espino-Pérez E, Bras J, Ducruet V et al (2013) Influence of
chemical surface modification of cellulose nanowhiskers
on thermal, mechanical, and barrier properties of
poly(lactide) based bionanocomposites. Eur Polym J
49:3144-3154. https://doi.org/10.1016/j.eurpolym;j.2013.
07.017

Frey MW (2008) Electrospinning cellulose and cellulose
derivatives. Polym Rev 48:378-391. https://doi.org/10.
1080/15583720802022281

Gamelas JAF, Pedrosa J, Lourenco AF et al (2015) On the
morphology of cellulose nanofibrils obtained by TEMPO-
mediated oxidation and mechanical treatment. Micron
72:28-33. https://doi.org/10.1016/j.micron.2015.02.003

Geay M, Marchetti V, Clément A et al (2000) Decontamination
of synthetic solutions containing heavy metals using
chemically modified sawdusts bearing polyacrylic acid
chains. J Wood Sci 46:331-333. https://doi.org/10.1007/
BF00766226


https://doi.org/10.1016/J.IJBIOMAC.2018.07.127
https://doi.org/10.1016/J.IJBIOMAC.2018.07.127
https://doi.org/10.1021/acs.biomac.8b00839
https://doi.org/10.1016/j.ejpb.2014.04.012
https://doi.org/10.1016/j.jcis.2016.01.023
https://doi.org/10.1016/j.jcis.2016.01.023
https://doi.org/10.1021/la001070m
https://doi.org/10.1016/j.carbpol.2013.11.067
https://doi.org/10.1016/j.biortech.2010.12.109
https://doi.org/10.1016/j.biortech.2010.12.109
https://doi.org/10.1007/s10570-014-0168-8
https://doi.org/10.1007/s10570-014-0168-8
https://doi.org/10.1007/s10570-014-0281-8
https://doi.org/10.1021/es506351r
https://doi.org/10.1039/C4RA15754K
https://doi.org/10.1039/C4RA15754K
https://doi.org/10.1021/sc400540f
https://doi.org/10.1039/c6ra19280g
https://doi.org/10.1007/s10570-014-0334-z
https://doi.org/10.1007/s10570-014-0334-z
https://doi.org/10.1016/j.eurpolymj.2013.07.017
https://doi.org/10.1016/j.eurpolymj.2013.07.017
https://doi.org/10.1080/15583720802022281
https://doi.org/10.1080/15583720802022281
https://doi.org/10.1016/j.micron.2015.02.003
https://doi.org/10.1007/BF00766226
https://doi.org/10.1007/BF00766226

Cellulose (2019) 26:687-701

699

Goetz LA, Jalvo B, Rosal R, Mathew AP (2016) Superhy-
drophilic anti-fouling electrospun cellulose acetate mem-
branes coated with chitin nanocrystals for water filtration.
J Memb Sci 510:238-248. https://doi.org/10.1016/j.
memsci.2016.02.069

Goffin AL, Raquez JM, Duquesne E et al (2011) From interfa-
cial ring-opening polymerization to melt processing of
cellulose nanowhisker-filled polylactide-based nanocom-
posites. Biomacromol 12:2456-2465. https://doi.org/10.
1021/bm200581h

Goffin AL, Habibi Y, Raquez JM, Dubois P (2012) Polyester-
grafted cellulose nanowhiskers: a new approach for tuning
the microstructure of immiscible polyester blends. ACS
Appl Mater Interfaces 4:3364-3371. https://doi.org/10.
1021/am3008196

Hasani M, Cranston ED, Westman G, Gray DG (2008) Cationic
surface functionalization of cellulose nanocrystals. Soft
Matter 4:2238-2244. https://doi.org/10.1039/b806789a

Hassan M, Hassan E, Fadel SM et al (2018) Metallo-terpyridine-
modified cellulose nanofiber membranes for papermaking
wastewater purification. J Inorg Organomet Polym Mater
28:439-447. https://doi.org/10.1007/s10904-017-0685-7

Hokkanen S, Repo E, Sillanpdd M (2013) Removal of heavy
metals from aqueous solutions by succinic anhydride
modified mercerized nanocellulose. Chem Eng J
223:40-47. https://doi.org/10.1016/j.cej.2013.02.054

Hokkanen S, Repo E, Suopajérvi T et al (2014) Adsorption of
Ni(II), Cu(Il) and Cd(II) from aqueous solutions by amino
modified nanostructured microfibrillated cellulose. Cellu-
lose 21:1471-1487. https://doi.org/10.1007/s10570-014-
0240-4

Hong HJ, Lim JS, Hwang JY et al (2018) Carboxymethlyated
cellulose nanofibrils(CMCNFs) embedded in polyurethane
foam as a modular adsorbent of heavy metal ions. Carbo-
hydr Polym 195:136-142. https://doi.org/10.1016/j.
carbpol.2018.04.081

Isogai A, Saito T, Fukuzumi H (2011) TEMPO-oxidized cel-
lulose nanofibers. Nanoscale 3:71-85

Jackson JK, Letchford K, Wasserman BZ et al (2011) The use of
nanocrystalline cellulose for the binding and controlled
release of drugs. Int J Nanomed 6:321-330. https://doi.org/
10.2147/1IN.S16749

Jamshaid A, Hamid A, Muhammad N et al (2017) Cellulose-
based materials for the removal of heavy metals from
wastewater—an overview. ChemBioEng Rev 4:240-256.
https://doi.org/10.1002/cben.201700002

Jin L, Li W, Xu Q, Sun Q (2015a) Amino-functionalized
nanocrystalline cellulose as an adsorbent for anionic dyes.
Cellulose 22:2443-2456. https://doi.org/10.1007/s10570-
015-0649-4

Jin L, Sun Q, Xu Q, Xu Y (2015b) Adsorptive removal of
anionic dyes from aqueous solutions using microgel based
on nanocellulose and polyvinylamine. Bioresour Technol
197:348-355.  https://doi.org/10.1016/j.biortech.2015.08.
093

Kardam A, Raj KR, Srivastava S, Srivastava MM (2014)
Nanocellulose fibers for biosorption of cadmium, nickel,
and lead ions from aqueous solution. Clean Technol
Environ Policy 16:385-393. https://doi.org/10.1007/
s10098-013-0634-2

Kargarzadeh H, Mariano M, Gopakumar D et al (2018)
Advances in cellulose nanomaterials. Cellulose
25:2151-2189

Karim Z, Mathew AP, Kokol V et al (2016) High-flux affinity
membranes based on cellulose nanocomposites for
removal of heavy metal ions from industrial effluents. RSC
Adv 6:20644-20653. https://doi.org/10.1039/
C5RA27059F

Karim Z, Hakalahti M, Tammelin T, Mathew AP (2017) In situ
TEMPO surface functionalization of nanocellulose mem-
branes for enhanced adsorption of metal ions from aqueous
medium. RSC Adv 7:5232-5241. https://doi.org/10.1039/
c6ra25707k

Lee KY, Buldum G, Mantalaris A, Bismarck A (2014) More
than meets the eye in bacterial cellulose: biosynthesis,
bioprocessing, and applications in advanced fiber com-
posites. Macromol Biosci 14:10-32. https://doi.org/10.
1002/mabi.201300298

Leung ACW, Hrapovic S, Lam E et al (2011) Characteristics
and properties of carboxylated cellulose nanocrystals pre-
pared from a novel one-step procedure. Small 7:302-305.
https://doi.org/10.1002/smll.201001715

LiJ, Zuo K, Wu W et al (2018) Shape memory aerogels from
nanocellulose and polyethyleneimine as a novel adsorbent
for removal of Cu(Il) and Pb(Il). Carbohydr Polym
196:376-384.  https://doi.org/10.1016/j.carbpol.2018.05.
015

Liu P, Sehaqui H, Tingaut P et al (2014) Cellulose and chitin
nanomaterials for capturing silver ions (Ag") from water
via surface adsorption. Cellulose 21:449-461. https://doi.
org/10.1007/s10570-013-0139-5

Liu P, Borrell PF, Bozi¢ M et al (2015) Nanocelluloses and their
phosphorylated derivatives for selective adsorption of
Ag+, Cu’" and Fe** from industrial effluents. J Hazard
Mater 294:177-185. https://doi.org/10.1016/j.jhazmat.
2015.04.001

Liu P, Oksman K, Mathew AP (2016) Surface adsorption and
self-assembly of Cu(II) ions on TEMPO-oxidized cellulose
nanofibers in aqueous media. J Colloid Interface Sci
464:175-182. https://doi.org/10.1016/j.jcis.2015.11.033

Luo X, Zeng J, Liu S, Zhang L (2015) An effective and recy-
clable adsorbent for the removal of heavy metal ions from
aqueous system: Magnetic chitosan/cellulose micro-
spheres. Bioresour Technol 194:403-406. https://doi.org/
10.1016/j.biortech.2015.07.044

Ma H, Burger C, Hsiao BS, Chu B (2012a) Nanofibrous
microfiltration membrane based on cellulose nano-
whiskers. Biomacromol 13:180-186. https://doi.org/10.
1021/bm201421g

Ma H, Burger C, Hsiao BS, Chu B (2012b) Highly permeable
polymer membranes containing directed channels for
water purification. ACS Macro Lett 1:723-726. https://doi.
org/10.1021/mz300163h

Ma H, Hsiao BS, Chu B (2012c¢) Ultrafine cellulose nanofibers
as efficient adsorbents for removal of UO2*" in Water.
ACS Macro Lett 1:213-216. https://doi.org/10.1021/
mz200047q

Mautner A, Lee KY, Lahtinen P et al (2014) Nanopapers for
organic  solvent nanofiltration. ~Chem Commun
50:5778-5781. https://doi.org/10.1039/c4cc00467a

@ Springer


https://doi.org/10.1016/j.memsci.2016.02.069
https://doi.org/10.1016/j.memsci.2016.02.069
https://doi.org/10.1021/bm200581h
https://doi.org/10.1021/bm200581h
https://doi.org/10.1021/am3008196
https://doi.org/10.1021/am3008196
https://doi.org/10.1039/b806789a
https://doi.org/10.1007/s10904-017-0685-7
https://doi.org/10.1016/j.cej.2013.02.054
https://doi.org/10.1007/s10570-014-0240-4
https://doi.org/10.1007/s10570-014-0240-4
https://doi.org/10.1016/j.carbpol.2018.04.081
https://doi.org/10.1016/j.carbpol.2018.04.081
https://doi.org/10.2147/IJN.S16749
https://doi.org/10.2147/IJN.S16749
https://doi.org/10.1002/cben.201700002
https://doi.org/10.1007/s10570-015-0649-4
https://doi.org/10.1007/s10570-015-0649-4
https://doi.org/10.1016/j.biortech.2015.08.093
https://doi.org/10.1016/j.biortech.2015.08.093
https://doi.org/10.1007/s10098-013-0634-2
https://doi.org/10.1007/s10098-013-0634-2
https://doi.org/10.1039/C5RA27059F
https://doi.org/10.1039/C5RA27059F
https://doi.org/10.1039/c6ra25707k
https://doi.org/10.1039/c6ra25707k
https://doi.org/10.1002/mabi.201300298
https://doi.org/10.1002/mabi.201300298
https://doi.org/10.1002/smll.201001715
https://doi.org/10.1016/j.carbpol.2018.05.015
https://doi.org/10.1016/j.carbpol.2018.05.015
https://doi.org/10.1007/s10570-013-0139-5
https://doi.org/10.1007/s10570-013-0139-5
https://doi.org/10.1016/j.jhazmat.2015.04.001
https://doi.org/10.1016/j.jhazmat.2015.04.001
https://doi.org/10.1016/j.jcis.2015.11.033
https://doi.org/10.1016/j.biortech.2015.07.044
https://doi.org/10.1016/j.biortech.2015.07.044
https://doi.org/10.1021/bm201421g
https://doi.org/10.1021/bm201421g
https://doi.org/10.1021/mz300163h
https://doi.org/10.1021/mz300163h
https://doi.org/10.1021/mz200047q
https://doi.org/10.1021/mz200047q
https://doi.org/10.1039/c4cc00467a

700

Cellulose (2019) 26:687-701

Mautner A, Lee KY, Tammelin T et al (2015) Cellulose
nanopapers as tight aqueous ultra-filtration membranes.
React Funct Polym 86:209-214. https://doi.org/10.1016/j.
reactfunctpolym.2014.09.014

Mautner A, Maples HA, Kobkeatthawin T et al (2016a) Phos-
phorylated nanocellulose papers for copper adsorption
from aqueous solutions. Int J Environ Sci Technol
13:1861-1872. https://doi.org/10.1007/s13762-016-1026-
z

Mautner A, Maples HA, Sehaqui H et al (2016b) Nitrate
removal from water using a nanopaper ion-exchanger.
Environ Sci Water Res Technol 2:117-124. https://doi.org/
10.1039/C5EW00139K

Mazeau K, Heux L (2003) Molecular dynamics simulations of
bulk native crystalline and amorphous structures of cellu-
lose. J Phys Chem B 107:2394-2403. https://doi.org/10.
1021/jp0219395

Metreveli G, Wagberg L, Emmoth E et al (2014) A size-ex-
clusion nanocellulose filter paper for virus removal. Adv
Healthc Mater 3:1546-1550. https://doi.org/10.1002/
adhm.201300641

Mohite BV, Patil SV (2014) Bacterial cellulose of Glu-
conoacetobacter hansenii as a potential bioadsorption
agent for its green environment applications. J Biomater
Sci Polym Ed 25:2053-2065. https://doi.org/10.1080/
09205063.2014.970063

Narwade VN, Khairnar RS, Kokol V (2017) In-situ synthesised
hydroxyapatite-loaded films based on cellulose nanofibrils
for phenol removal from wastewater. Cellulose
24:4911-4925. https://doi.org/10.1007/s10570-017-1435-
2

Ohkawa K (2015) Nanofibers of cellulose and its derivatives
fabricated using direct electrospinning. Molecules
20:9139-9154

Ohkawa K, Minato KI, Kumagai G et al (2006) Chitosan
nanofiber. Biomacromol 7:3291-3294. https://doi.org/10.
1021/bm0604395

Ohkawa K, Hayashi S, Nishida A et al (2009) Preparation of
pure cellulose nanofiber via electrospinning. Text Res J
79:1396-1401. https://doi.org/10.1177/
0040517508101455

Paidkko M, Ankerfors M, Kosonen H et al (2007) Enzymatic
hydrolysis combined with mechanical shearing and high-
pressure homogenization for nanoscale cellulose fibrils and
strong gels. Biomacromol 8:1934-1941. https://doi.org/10.
1021/bm061215p

Pei A, Butchosa N, Berglund LA, Zhou Q (2013) Surface
quaternized cellulose nanofibrils with high water absor-
bency and adsorption capacity for anionic dyes. Soft Matter
9:2047-2055. https://doi.org/10.1039/c2sm27344f

Peng S, Meng H, Ouyang Y, Chang J (2014) Nanoporous
magnetic cellulose-chitosan composite microspheres:
preparation, characterization, and application for Cu(Il)
adsorption. Ind Eng Chem Res 53:2106-2113. https://doi.
org/10.1021/ie402855t

Pillai SS, Deepa B, Abraham E et al (2013) Biosorption of
Cd(II) from aqueous solution using xanthated nano banana
cellulose: equilibrium and kinetic studies. Ecotoxicol
Environ Saf 98:352-360. https://doi.org/10.1016/j.ecoenv.
2013.09.003

@ Springer

Qiao H, Zhou Y, Yu F et al (2015) Effective removal of cationic
dyes using carboxylate-functionalized cellulose nanocrys-
tals. Chemosphere 141:297-303. https://doi.org/10.1016/j.
chemosphere.2015.07.078

Ram B, Chauhan GS (2018) New spherical nanocellulose and
thiol-based adsorbent for rapid and selective removal of
mercuric ions. Chem Eng J 331:587-596. https://doi.org/
10.1016/.cej.2017.08.128

Rathod M, Haldar S, Basha S (2015) Nanocrystalline cellulose
for removal of tetracycline hydrochloride from water via
biosorption: equilibrium, kinetic and thermodynamic
studies. Ecol Eng 84:240-249. https://doi.org/10.1016/].
ecoleng.2015.09.031

Saito T, Isogai A (2005) Ion-exchange behavior of carboxylate
groups in fibrous cellulose oxidized by the TEMPO-me-
diated system. Carbohydr Polym 61:183-190. https://doi.
org/10.1016/j.carbpol.2005.04.009

Sehaqui H, Zhou Q, Ikkala O, Berglund LA (2011) Strong and
tough cellulose nanopaper with high specific surface area
and porosity. Biomacromol 12:3638-3644. https://doi.org/
10.1021/bm2008907

Sehaqui H, de Larraya UP, Liu P et al (2014) Enhancing
adsorption of heavy metal ions onto biobased nanofibers
from waste pulp residues for application in wastewater
treatment. Cellulose 21:2831-2844. https://doi.org/10.
1007/s10570-014-0310-7

Sehaqui H, Perez de Larraya U, Tingaut P, Zimmermann T
(2015) Humic acid adsorption onto cationic cellulose
nanofibers for bioinspired removal of copper(<scp> ii </
scp>) and a positively charged dye. Soft Matter
11:5294-5300. https://doi.org/10.1039/C5SM00566C

Sehaqui H, Mautner A, Perez De Larraya U et al (2016) Cationic
cellulose nanofibers from waste pulp residues and their
nitrate, fluoride, sulphate and phosphate adsorption prop-
erties. Carbohydr Polym 135:334-340. https://doi.org/10.
1016/j.carbpol.2015.08.091

Selkild T, Suopajérvi T, Sirvio JA et al (2018) Rapid uptake of
pharmaceutical salbutamol from aqueous solutions with
anionic cellulose nanofibrils: the importance of pH and
colloidal stability in the interaction with ionizable pollu-
tants. Chem Eng J 350:378-385. https://doi.org/10.1016/j.
cej.2018.05.163

Sharma PR, Chattopadhyay A, Sharma SK et al (2018)
Nanocellulose from spinifex as an effective adsorbent to
remove cadmium(II) from water. ACS Sustain Chem Eng
6:3279-3290. https://doi.org/10.1021/acssuschemeng.
7603473

Sheikhi A, Safari S, Yang H, van de Ven TGM (2015) Copper
removal using electrosterically stabilized nanocrystalline
cellulose. ACS Appl Mater Interfaces 7:11301-11308.
https://doi.org/10.1021/acsami.5b01619

Shen W, Chen S, Shi S et al (2009) Adsorption of Cu(II) and
Pb(II) onto diethylenetriamine-bacterial cellulose. Carbo-
hydr Polym 75:110-114. https://doi.org/10.1016/j.carbpol.
2008.07.006

Shokoohi S, Arefazar A, Khosrokhavar R (2008) Silane cou-
pling agents in polymer-based reinforced composites: a
review. J Reinf Plast Compos 27:473—-485. https://doi.org/
10.1177/0731684407081391

Singh K, Arora JK, Sinha TJM, Srivastava S (2014) Function-
alization of nanocrystalline cellulose for decontamination


https://doi.org/10.1016/j.reactfunctpolym.2014.09.014
https://doi.org/10.1016/j.reactfunctpolym.2014.09.014
https://doi.org/10.1007/s13762-016-1026-z
https://doi.org/10.1007/s13762-016-1026-z
https://doi.org/10.1039/C5EW00139K
https://doi.org/10.1039/C5EW00139K
https://doi.org/10.1021/jp0219395
https://doi.org/10.1021/jp0219395
https://doi.org/10.1002/adhm.201300641
https://doi.org/10.1002/adhm.201300641
https://doi.org/10.1080/09205063.2014.970063
https://doi.org/10.1080/09205063.2014.970063
https://doi.org/10.1007/s10570-017-1435-2
https://doi.org/10.1007/s10570-017-1435-2
https://doi.org/10.1021/bm0604395
https://doi.org/10.1021/bm0604395
https://doi.org/10.1177/0040517508101455
https://doi.org/10.1177/0040517508101455
https://doi.org/10.1021/bm061215p
https://doi.org/10.1021/bm061215p
https://doi.org/10.1039/c2sm27344f
https://doi.org/10.1021/ie402855t
https://doi.org/10.1021/ie402855t
https://doi.org/10.1016/j.ecoenv.2013.09.003
https://doi.org/10.1016/j.ecoenv.2013.09.003
https://doi.org/10.1016/j.chemosphere.2015.07.078
https://doi.org/10.1016/j.chemosphere.2015.07.078
https://doi.org/10.1016/j.cej.2017.08.128
https://doi.org/10.1016/j.cej.2017.08.128
https://doi.org/10.1016/j.ecoleng.2015.09.031
https://doi.org/10.1016/j.ecoleng.2015.09.031
https://doi.org/10.1016/j.carbpol.2005.04.009
https://doi.org/10.1016/j.carbpol.2005.04.009
https://doi.org/10.1021/bm2008907
https://doi.org/10.1021/bm2008907
https://doi.org/10.1007/s10570-014-0310-7
https://doi.org/10.1007/s10570-014-0310-7
https://doi.org/10.1039/C5SM00566C
https://doi.org/10.1016/j.carbpol.2015.08.091
https://doi.org/10.1016/j.carbpol.2015.08.091
https://doi.org/10.1016/j.cej.2018.05.163
https://doi.org/10.1016/j.cej.2018.05.163
https://doi.org/10.1021/acssuschemeng.7b03473
https://doi.org/10.1021/acssuschemeng.7b03473
https://doi.org/10.1021/acsami.5b01619
https://doi.org/10.1016/j.carbpol.2008.07.006
https://doi.org/10.1016/j.carbpol.2008.07.006
https://doi.org/10.1177/0731684407081391
https://doi.org/10.1177/0731684407081391

Cellulose (2019) 26:687-701

701

of Cr(IIl) and Cr(VI) from aqueous system: computational
modeling approach. Clean Technol Environ Policy
16:1179-1191. https://doi.org/10.1007/s10098-014-0717-
8

Sirvio JA, Hasa T, Leiviskd T et al (2016) Bisphosphonate
nanocellulose in the removal of vanadium(V) from water.
Cellulose 23:689-697. https://doi.org/10.1007/s10570-
015-0819-4

Srivastava S, Kardam A, Raj KR (2012) Nanotech reinforce-
ment onto cellulosic fibers: green remediation of toxic
metals. Int J Green Nanotechnol Biomed 4:46-53. https://
doi.org/10.1080/19430892.2012.654744

Sturcovd A, Davies GR, Eichhorn SJ (2005) Elastic modulus
and stress-transfer properties of tunicate cellulose whis-
kers. Biomacromol 6:1055-1061. https://doi.org/10.1021/
bm049291k

Suman Kardam A, Gera M, Jain VK (2015) A novel reusable
nanocomposite for complete removal of dyes, heavy metals
and microbial load from water based on nanocellulose and
silver nano-embedded pebbles. Environ Technol (United
Kingdom) 36:706-714. https://doi.org/10.1080/09593330.
2014.959066

Tashiro K, Kobayashi M (1991) Theoretical evaluation of three-
dimensional elastic constants of native and regenerated
celluloses: role of hydrogen bonds. Polymer (Guildf)
32:1516-1526. https://doi.org/10.1016/0032-
3861(91)90435-L

Thakur VK, Voicu SI (2016) Recent advances in cellulose and
chitosan based membranes for water purification: a concise
review. Carbohydr Polym 146:148-165

Timofei S, Schmidt W, Kurunczi L, Simon Z (2000) A review of
QSAR for dye affinity for cellulose fibres. Dye Pigment
47:5-16

Wang R, Guan S, Sato A et al (2013) Nanofibrous microfiltra-
tion membranes capable of removing bacteria, viruses and
heavy metal ions. ] Memb Sci 446:376-382. https://doi.
org/10.1016/j.memsci.2013.06.020

Yang H, Alam MN, van de Ven TGM (2013) Highly charged
nanocrystalline cellulose and dicarboxylated cellulose
from periodate and chlorite oxidized cellulose fibers. Cel-
lulose 20:1865—-1875. https://doi.org/10.1007/s10570-013-
9966-7

Yao C, Wang F, Cai Z, Wang X (2016) Aldehyde-functionalized
porous nanocellulose for effective removal of heavy metal
ions from aqueous solutions. RSC Adv 6:92648-92654.
https://doi.org/10.1039/C6RA20598D

Yu X, Tong S, Ge M et al (2013) Adsorption of heavy metal ions
from aqueous solution by carboxylated cellulose
nanocrystals. J Environ Sci 25:933-943. https://doi.org/10.
1016/S1001-0742(12)60145-4

Yu HY, Zhang DZ, Lu FF, Yao J (2016) New approach for
single-step  extraction of carboxylated cellulose

nanocrystals for their use as adsorbents and flocculants.
ACS Sustain Chem Eng 4:2632-2643. https://doi.org/10.
1021/acssuschemeng.6b00126

Zhang X, Zhao J, Cheng L et al (2014) Acrylic acid grafted and
acrylic acid/sodium humate grafted bamboo cellulose
nanofibers for Cu>" adsorption. RSC Adv 4:55195-55201.
https://doi.org/10.1039/c4ra08307e

Zhang N, Zang GL, Shi C et al (2016) A novel adsorbent
TEMPO-mediated oxidized cellulose nanofibrils modified
with PEI: preparation, characterization, and application for
Cu(II) removal. J Hazard Mater 316:11-18. https://doi.org/
10.1016/j.jhazmat.2016.05.018

Zhang K, Li Z, Kang W et al (2018) Preparation and charac-
terization of tree-like cellulose nanofiber membranes via
the electrospinning method. Carbohydr Polym 183:62-69

Zhao YH, Wang L (2012) Adsorption characteristics of congo
red from aqueous solution on the carboxymethylcellu-
lose/montmorillonite nanocomposite. Adv Mater Res
450-451:769-772. https://doi.org/10.4028/www.
scientific.net/AMR.450-451.769

Zheng Q, Cai Z, Gong S (2014) Green synthesis of polyvinyl
alcohol (PVA)-cellulose nanofibril (CNF) hybrid aerogels
and their use as superabsorbents. J Mater Chem A
2:3110-3118. https://doi.org/10.1039/c3tal4642a

Zhou C, Wu Q, Lei T, Negulescu II (2014) Adsorption kinetic
and equilibrium studies for methylene blue dye by partially
hydrolyzed polyacrylamide/cellulose nanocrystal
nanocomposite hydrogels. Elsevier, Hoboken

Zhou Y, Saito T, Bergstrom L, Isogai A (2018) Acid-free
preparation of cellulose nanocrystals by TEMPO oxidation
and subsequent cavitation. Biomacromol 19:633-639.
https://doi.org/10.1021/acs.biomac.7b01730

Zhu C, Dobryden I, Rydén J et al (2015) Adsorption behavior of
cellulose and its derivatives toward Ag(l) in aqueous
medium: an AFM, spectroscopic, and DFT study. Lang-
muir  31:12390-12400.  https://doi.org/10.1021/acs.
langmuir.5b03228

Zhu W, Liu L, Liao Q et al (2016) Functionalization of cellulose
with hyperbranched polyethylenimine for selective dye
adsorption and separation. Cellulose 23:3785-3797.
https://doi.org/10.1007/s10570-016-1045-4

Zhu Q, Wang Y, Li M et al (2017) Activable carboxylic acid
functionalized crystalline nanocellulose/PVA-co-PE com-
posite nanofibrous membrane with enhanced adsorption for
heavy metal ions. Sep Purif Technol 186:70-77. https://
doi.org/10.1016/j.seppur.2017.05.050

Zoppe JO, Habibi Y, Rojas OJ et al (2010) Poly(N -isopropy-
lacrylamide) brushes grafted from cellulose nanocrystals
via surface-initiated single-electron transfer living radical
polymerization. Biomacromol 11:2683-2691. https://doi.
org/10.1021/bm100719d

@ Springer


https://doi.org/10.1007/s10098-014-0717-8
https://doi.org/10.1007/s10098-014-0717-8
https://doi.org/10.1007/s10570-015-0819-4
https://doi.org/10.1007/s10570-015-0819-4
https://doi.org/10.1080/19430892.2012.654744
https://doi.org/10.1080/19430892.2012.654744
https://doi.org/10.1021/bm049291k
https://doi.org/10.1021/bm049291k
https://doi.org/10.1080/09593330.2014.959066
https://doi.org/10.1080/09593330.2014.959066
https://doi.org/10.1016/0032-3861(91)90435-L
https://doi.org/10.1016/0032-3861(91)90435-L
https://doi.org/10.1016/j.memsci.2013.06.020
https://doi.org/10.1016/j.memsci.2013.06.020
https://doi.org/10.1007/s10570-013-9966-7
https://doi.org/10.1007/s10570-013-9966-7
https://doi.org/10.1039/C6RA20598D
https://doi.org/10.1016/S1001-0742(12)60145-4
https://doi.org/10.1016/S1001-0742(12)60145-4
https://doi.org/10.1021/acssuschemeng.6b00126
https://doi.org/10.1021/acssuschemeng.6b00126
https://doi.org/10.1039/c4ra08307e
https://doi.org/10.1016/j.jhazmat.2016.05.018
https://doi.org/10.1016/j.jhazmat.2016.05.018
https://doi.org/10.4028/www.scientific.net/AMR.450-451.769
https://doi.org/10.4028/www.scientific.net/AMR.450-451.769
https://doi.org/10.1039/c3ta14642a
https://doi.org/10.1021/acs.biomac.7b01730
https://doi.org/10.1021/acs.langmuir.5b03228
https://doi.org/10.1021/acs.langmuir.5b03228
https://doi.org/10.1007/s10570-016-1045-4
https://doi.org/10.1016/j.seppur.2017.05.050
https://doi.org/10.1016/j.seppur.2017.05.050
https://doi.org/10.1021/bm100719d
https://doi.org/10.1021/bm100719d

	A critical review of cellulose-based nanomaterials for water purification in industrial processes
	Abstract
	Graphical abstract
	Introduction
	Nanocellulose: preparation, functionalization and processing
	Preparation
	Functionalization
	Processing of nanocellulose-based water purification membranes

	Functionalized cellulose nanomaterials for sorption of heavy metals from water
	Carboxylated nanocellulose
	Succinylated nanocellulose
	Functionalization of nanocellulose through grafting/immobilization
	Organosilylated nanocellulose
	Thiolated nanocellulose
	Phosphorylated nanocellulose
	Acetylated nanocellulose
	Cationic nanocellulose
	Other recent methods

	Cellulose nanomaterials for removal of organic pollutants from water
	Carboxylated nanocellulose
	Amino-functionalized nanocellulose
	Cationic nanocellulose
	Nanocellulose-based composites
	Other recent methods

	Cellulose nanomaterials for removal of pharmaceuticals
	Conclusion
	Acknowledgments
	References




