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ABSTRACT: Nanocelluloses (NC) are nature-based sustainable biomaterials, which not

only possess cellulosic properties but also have the important hallmarks of nanomaterials,

such as large surface area, versatile reactive sites or functionalities, and scaffolding stability to

host inorganic nanoparticles. This class of nanomaterials offers new opportunities for a

broad spectrum of applications for clean water production that were once thought

impractical. This Review covers substantial discussions based on evaluative judgments of the

recent literature and technical advancements in the fields of coagulation/flocculation,

adsorption, photocatalysis, and membrane filtration for water decontamination through

proper understanding of fundamental knowledge of NC, such as purity, crystallinity, surface

chemistry and charge, suspension rheology, morphology, mechanical properties, and film

stability. To supplement these, discussions on low-cost and scalable NC extraction, new

characterizations including solution small-angle X-ray scattering evaluation, and structure—

property relationships of NC are also reviewed. Identifying knowledge gaps and drawing

perspectives could generate guidance to overcome uncertainties associated with the

adaptation of NC-enabled water purification technologies. Furthermore, the topics of simultaneous removal of multipollutants
disposal and proper handling of post/spent NC are discussed. We believe NC-enabled remediation nanomaterials can be integrated
into a broad range of water treatments, greatly improving the cost-effectiveness and sustainability of water purification.
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1. INTRODUCTION

Today, about 1.8 billion people are facing absolute water
shortage and 4 billion people are experiencing water scarcity at
least one month per year." In the U.S,, it has also been reported
that more than 63 million Americans (almost one-fifth of the
population) are exposed to water contamination that is higher
than any situation during recent decades.” These challenges are
due to the shrinking freshwater supply, which is frequently
polluted by a range of diverse pollutants at concentrations that
are incompatible for human use. In augmenting clean water
production, many water remediation materials, such as activated
carbon, carbon nanotube (CNT), graphene and their
derivatives, zeolites, and metallic nanoparticles, have been
utilized in varying water purification technologies.” However,
the high costs of these materials, as well as their adverse toxicity
effects on the environment and ecosystems, have prompted the
community to search for alternative low-cost and safe nano-
structured alternatives®* without losing essential physicochem-
ical properties.”

In the utilization of sustainable nanomaterials, abundant and
low-/no-valued plant biomass feedstocks, containing cellulosic
polymer, are an important source for extracting nanocellulose
(NC), especially by using environmentally friendly methods
with low consumptions of energy, chemical and water.” NC
includes all nanostructured cellulosic materials, comprising of
cellulose nanofibrils (CNF), cellulose nanocrystals (CNC),
bacterial nanocellulose (BNC), as well as tunicate cellulose
nanocrystals (t-CNC) and algae cellulose particles. Basic
background on these various cellulosic nanomaterials can be
found in some excellent recent reviews dealing with character-
ization methods,’ processing, mechanical properties of films and
composites,” as well as some focused topics of NC (e.g,, CNC
materials).”~'* Conversion of cellulose microfibers to NCs can
increase the surface area by many folds (e.g, NC’s specific
surface area is nearly 500 m?/g),"” and enable multifaceted
functionalities through chemical and enzymatic treatments,
enhancing the reactivity and changing the physicochemical
properties.

NC is a biodegradable nanoscale polymeric fibrous particle,
having an aspect ratio of 200—5000,"* modulus of 70—130 GPa,
and degree of crystallinity between 60 and 80%,"” depending on
the extraction process and conditions, as well as biomass
sources. The chains in CNF and CNC are aggregated together in
a highly specific and ordered manner, exhibiting unique
characteristics that open up a multitude of opportunities for
the development of sustainable, efficient and affordable water
remediation nanomaterials.” For example, NC has been
demonstrated as an effective coagulant/flocculant, adsorbent,
catalyst support, and membrane material, suitable for removing a
wide range of organic, inorganic and biological water pollutants
in multiple scales, where their removal capacities are sometimes
equal or better than the best performing water remediation
materials reported in the literature.'®™'® In addition, NC has
exhibited tremendous application potentials in electronics,
cosmetics, food coatings, drug delivery, adhesives, and tissue
engineering, just to name a few.”

Basic information on the use of NC and its composites for
water purification can be found in several earlier reviews
published by Ahankari et al.,'” Carpenter et al.,” Voisin et al.,,'”
Tapia-Orozco et al,,”® Mahfoudhi and Boufi,">*' Abouzeid et
al,,** Kose et al,,*> Mautner,”” Tan et al.,*® Yuan et al.,26 Ibrahim
etal,”” Wang,28 Pandey et al,” Thomas et al.,** Ibrahim et al.,*’
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and Santos et al.’>” Interested readers can further explore the
following books and book chapters, covering compelling and
useful details about NC for water purification, by Kumar,*®
Mathew et al,,>* Muhamad et al.,*® Wilson et al.,36 Gopakumar
et al.,”” and Yusuf>® However, the chemistry of NC in water
remediation is generally absent in these reviews, where the
recent reviews of wastewater treatment chemistry did not
include the emerging potential of NC.***° Burthermore, most of
the above reviews focused mainly on the NC applications for a
specific field of water purification without paying attention to the
holistic approaches of NC extraction and characterization.
Considering the rapid knowledge development in the areas of
NC chemistry, structure—property relationships, mechanistic
behavior, and sustainable extraction technology development in
the past decades, this Review represents a comprehensive review
of the current-state-of-the art usage of NC for water purification,
as well as our perspective of its future.

1.1. Why the Choice of NC—Is It Thermostable,
Biocompatible, and Biodegradable?

Studying the stability of NC at high temperatures is an important
criterion for many industrial and consumer applications. This
because polymers usually lose conformations, break inter- and
intramolecular bonds, degrade its backbone (molecular weight),
and decrease viscoelastic properties at high temperatures. The
mechanism of thermal degradation in NC has been discussed by
Lichtenstein and Lavoine.”" Generally, NC is comparable with
synthetic polymers with good thermal stability as its degradation
occurs at relatively high temperatures (between 200 and 300
°C), depending on the preparation routes. For example, Chen et
al. reported the onset thermal de§radation temperature (T,..)
of typical CNC to be ~275 °C.*™* The T, is defined as the
temperature where the weight loss is >1% (ie, dW/dT > -1)
with an increase in temperature of 1 °C. However, this
temperature was found to decrease to ~220 °C for CNC with
sulfuric acid hydrolysis and increase to 322 °C for CNC with
oxalic acid hydrolysis."* Isogai and colleagues reported the
thermal decomposition temperatures (Ty) of 275, 222, and 264
°C for the pristine cellulose, 2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPO)-oxidized CNF (TOCNF with sodium carbox-
ylate groups) and TOCNF (with free carboxyl groups),
respectively.”” The Ty was defined as the temperature where
5.0% weight loss occurred in the thermogravimetric curves. In
another study, it was reported that the T, of CNF (280 °C)
was higher than CNC (~230 °C), and the maximum weight loss
that took place for CNF was 331 °C and for CNC was 248 °C.**

As NCs offer high temperature stability,* good colloidal
behavior,™ consistent viscoelastic property, and versatile
interfacial interaction ability with varying polymeric materials;
they are often used as nanofillers in nanocomposites made by the
wet-state process to improve the thermal stability of the
composite in the dry state. However, there are further research
opportunities for development of NC-based composite
materials with good thermal stability in the wet state and
under different environments. This is because most of the
studies dealing with NC thermostability were carried out in the
dry state,””™* and under the nitrogen environment.*”*’
However, in some application, such as water purification and
gel applications, the process can involve the heating of NC or its
composites in the presence of oxygen and water. Thus, in-depth
investigations of the thermal stability in the wet state or under
oxygen environment are warranted. Recently, it has been
reported that dispersed NC in water could start to degrade at

8938

110 °C under air atmosphere, but NC appeared to possess
comparable thermal stability at high temperature and high
pressure conditions when compared with other polymers, such
as xanthan and guar gum.47 However, it has also been shown that
the thermal stability of NC varied depending on their source,
functional state, methods of production, and drying process,
etc.?*3% Therefore, different degradation temperatures for NC
are expected, and one has to consider all of these parameters for
the determination of appropriate NC thermal stability.

Unlike synthetic polymers, NC lacks toxicity, and is
biocompatible and biodegradable. A material is biocompatible
when it neither triggers immunological responses nor is toxic to
living tissues after exposure to blood or other bodily fluids.
Negligible inflammatory and foreign body responses of
cellulose-based materials are claimed in the literature and
thence considered as biocompatible.*® Some in vivo biocompat-
ibility tests have shown that a range of modified celluloses and
regenerated celluloses including hydroxyethyl cellulose, cellulo-
sic polyion complexes, methyl cellulose, aminoethyl cellulose,
and ethyl cellulose have minimal foreign body reaction.*’
Helenius and colleagues performed in vivo biocompatibility
tests for nanostructured cellulose isolated from Acetobacter
xylinum. There were no macroscopic inflammatory signs around
the implanted rats. The BNC was well integrated with rats tissue
and no chronic body responses were observed during the
study.”® Another report has been published on peptide-modified
bacterial cellulose (BC) membranes, and minimal effects of
irritating tissues were observed.”” Similar observations are found
true for BC-based biocomposites.”’ Contrary to BC, few
minimal studies on CNF and CNC have been found in the
literature. Chen et al. claimed that citrate-based fluorophore-
modified CNC can be considered as safe biomaterial as they
observed good cell viability, attributing quite low cytotoxicity.>
Non/low-cytotoxicity has also been found viable for chitosan/
CNC, poly(vinyl alcohol)/CNC and polyethylenimine/CNF
composites.”” > After testing the cytocompatibility of micro-
fibrillated cellulose (MFC) films, it is concluded that the
trimethylammonium-modified MFC is more cytocompatible as
compared with carboxymethylated and pristine MFC.>
Selecting carboxylated NC is found judicial as it makes enhanced
biocompatibility as reported in some publications.”

To consider NC as a biodegradable material, it has to be
degradable by bacteria, fungi, or other kinds of organisms. In a
review by Lindstrom and Osterberg, the consideration of NC
being a biodegradable polymer has been well received.”” This is
because the crystalline and amorphous regions of NC can be
enzymatically degraded by many microorganisms available in
soil. Moreover, nanoscale dimension of cellulose would increase
the exposure of its milieu.”® A study showed that the BC film in
soil could be completely degraded in 4 weeks.”” Several other
studies also reported the biodegradable properties of NC.5¢!
For example, the addition of CNC into a starch and glycerol film
could increase the biodegradability of the film, whereas CNC
immobilized bacteriocin could cause a moderate decrease of
biodegradability due to antibacterial activity of bacteriocin.’” In
another study, it has been shown that the addition of NC
considerably increased the biodegradability of poly(vinyl
alcohol)/NC composite.”” In the case of CNF, it has been
shown that the addition of pristine and modified CNF
(acetylated) could decrease the fungal degradation ability of
thermoplastic starch film. It was thought that the denser
architecture and higher crystallinity of CNF might restrict the
enzyme activity, which would slow down the hydrolysis rate.**

https://doi.org/10.1021/acs.chemrev.1c00683
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Figure 1. Schematic illustration of a guide tree depicting the summaries of major sections in this Review. It shows 11 leaves (light green color),
representing broad titles and subtitles of the Review. The important topics that are discussed in these sections are highlighted in rectangular boxes at
the right and left sides of the leaves (“crystallinity index, *small-angle X-ray scattering, “degree of polymerization, and “relative humidity). The roots of
the tree depict the sources from where information is extracted for writing the sections.

Some other studies showed that the crystallinity regions favored
the formation of a dense water layer, which would thwart the
cellulose-degrading enzyme accessibility.® Similar to this, it has
been shown that adding BC with starch could cause a slight
decrease of biodegradation behavior after incubation in soil. The
authors hypothesized that since BC has a higher crystallinity
region, it might resist the microorganisms attack in the s0il.%®
On the basis of this studied literature, we think that NC has
good compatibility with living tissues. However, the extent of
biodegradability varies depending on its type, pretreatment
methods, functionalities, etc. However, as humans lack
cellulolytic enzymes in our body, we cannot digest it properly.
Many derivatives of NC are reported, yet their investigations
based on the effects of sample preparation and methodologies

8939

on NC biodegradability are sparsely studied. For example, NC
has been studied as a scaffold for metals/metal oxides
nucleation, but the biocompatibility and biodegradability of
the NC-nanoparticles composites were not given due attention.
Moreover, different NC types would have varied topography,
sizes, crystallinity, surface chemistry, and surface charge. NCs
have shown positive effects on the adhesion and proliferation of
human cells.”” However, contradictory statements can also be
found in the literature, such as some periodate oxidized and
carboxymethylated NC have been reported to cause inflamma-
tion and may be responsible for chronic complications.”*®’

1.2. How to Use This Review

This Review aims to thoroughly discuss the preparation,
properties, characterizations and relevant applications of NC

https://doi.org/10.1021/acs.chemrev.1c00683
Chem. Rev. 2022, 122, 8936—9031
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Table 1. Comparison of Some Morphological Parameters and Physical Properties of CNF, CNC, and BNC“

NC type length cross-section degree of polymerization crystallinity/crystal structure
CNF 0.1-2 pum 5—60 nm >500 primarily 1f3, lowest degree of crystallinity
CNC 100—250 nm 5—70 nm 500—-1500 primarily 1, medium degree of crystallinity
BNC different kinds of nanofiber in network 20—100 nm 4000—10 000 Ia (shell) and 1/ (core), highest degree of crystallinity

“The results are adapted with permission from ref 71.

Table 2. Comparison of Some Structural Parameters of Wood-Based CNF, BNC, and Cladophora Algae”

material crystallinity index (%) size of crystalline region (nm) length (nm) diameter (nm) surface area by H,0 (m?*/g)
CNF from wood ~ 50—-80 ~100 100—2000 5=70 0.5—-1
BNC ~ 84—89 ~300 900 10—-100
Cladophora algae >95 ~600 4000 15-30 95

“Values are taken from refs 71 and 72.

(mainly CNF and CNC) through proper understanding of 2.1. Cellulose Nanofibers (CNF)
fundamental knowledge in purity and crystallinity, surface
chemistry and surface charge, particle rheology, and morphology
and mechanical properties and stability for clean water
production. To achieve this aim, we have considered foregoing
limitations of existing reviews and also critically evaluated the
relevant literature (i.e., 840 including Supporting Information)
that has been published during the last 20 years, while giving
priorities to highlight those of very recent important articles (last
five years). The synopsis of each major section of this review
follows the guideline tree as shown in Figure 1. Section 2
provides a substantial discussion on general classification of NC
materials and low-cost NC production methods. Section 3
outlines the characterization results of NC properties with an
emphasis on synchrotron X-ray scattering (in situ and ex situ)
and high-resolution microscopy. Mechanistic interpretations
and corresponding structure—property relationships of NC are
discussed in section 4. In section S, we draw a clear picture of NC
(both modified and unmodified) and their composite materials
contribution to offer a multitude of improvements, especially in
the fields of coagulation and flocculation, adsorption, photo-
catalysis, and membrane filtration for water purification. We give
our perspectives on the challenges and knowledge gaps that have
been buried in ever-expanding literature and highlight new
scopes for future NC-based research development in section 6.
We discuss avant-garde and research breakthroughs for tackling
multiple wastewater pollutants in section 7. In section 8, the
opportunities to upcycle/recycle post- or spent materials after
reuse are corroborated. Section 9 covers the summary and
outlook of this review. This Review is of general interest to the
wide scientific community especially in the fields of chemistry,
material, and polymer sciences. The discussed topics will not
only help established researchers but also early career
investigators who are in the field or are looking for new research
opportunities to explore.

The major processes to extract CNF materials are mainly from
woody biomass sources; however, there is a growing interest in
using nonwoody biomass feedstocks, such as agricultural
residues. There are several excellent reviews detailing the
varying production routes to extract CNF from different
feedstocks.”>™”° In these production routes, the raw feedstocks
must first be pretreated to remove the lignin component by
adopting one of the many different pulping processes. There
have also been a myriad of different organosolv-pulping
procedures reported, mostly developed during the 1980s—
1990s in Germany. Only a few procedures have been adopted in
full scale in Germany, while most of them failed to be
commercialized for varying reasons. There is another promising
solvent process involving the use of sulfur dioxide-ethanol—
water (40—65%) mixtures,”””’ which has been under the
consideration of American Process Inc. (API). This process has
several advantages: (a) the recovery of the solvents is simple as
sulfur dioxide and ethanol can be recycled, which decreases the
operational costs and (b) the rapid impregnation of the
feedstocks by ethanol can lead to rapid pulping and easy
handling of wood chips of large diversity.”*~** The historical
evolution of producing MFC, nowadays called CNF, started in
the late 1970s.°”** The original investigators simply used a high-
pressure homogenizer to delaminate the bleached kraft pulp and
were successful to obtain an NC hydrogel. To delaminate the
fibers, which are typically assembled by the cohesion forces, it is
reasonable to use low energy consumption methods like
chemical or enzymatic pretreatments. The pretreatments can
be accomplished by two pathways: (a) electrostatically induced
swelling of the fibers through the incorporation of charged
groups by chemical oxidation or grafting and (b) mild acid or
enzymatic treatments. Typically, the pristine cell wall of higher
plants can contain a small amount of surface charge. However,
during pulping and bleaching processes, the ester groups in
residual hemicellulose can be hydrolyzed leading to a lower
charge density. This can explain the observation that unbleached
pulps are easier to defibrillate as compared to bleached pulps

2. GENERAL CLASSIFICATION OF NC MATERIALS AND
NC PRODUCTION TECHNOLOGY

Before describing different production routes of NC, it is because unbleached pulps have a higher level of swelling and
appropriate to first introduce the morphological parameters and therefore a less degree of cell wall cohesion.”> One widely
some physical properties of three different subcategories of NC accepted theory to explain the above observation is that the
as shown in Table 1. On the basis of their sources, there are some existence of lignin (<20 wt %) can contribute to the
important differences between CNF (extracted from wood), delamination of cellulose fibers because of the radical scavenging
BNC, and NC in algae (e.g., Cladophora), where the capability of residual lignin, preventing the cohesion between
comparisons are illustrated in Table 2. Readers interested to cellulose radicals during mechanical defibrillation.*® Another
know the details of these nanoscale celluloses are referred to an factor relevant to chemical treatments is that dried fibers have
earlier review.”’ higher cohesion because of the well-known “hornification”

8940 https://doi.org/10.1021/acs.chemrev.1c00683
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phenomenon of fibers during drying.”” Therefore, never dried
fibers are preferred for pretreatment procedures. Likewise,
drying of NC materials is also subjected to hornification, which
can result in considerable difficulty in NC manufacturing. High
charge content will alleviate the hornification phenomenon.
Interestingly, it has also been reported that the addition of li§nin
can assist the dispersion of NC and prevent hornification.®

The delamination methods commonly used to defibrillate the
cellulose fibers can be divided into two classes: (a) conventional
methods, such as homogenization,g*g’84 1'eﬁrling,89’90 and micro-
fluidization,”" and (b) modern methods, such as extrusion,””
steam explosion,93 ball milling,94 ultrasonification,””° aqueous
counter collision,”” cryo-crushing,”®”” and high speed blen-
ders.'” All these delamination methods have advantages and
disadvantages. The most common methods are homogenization
and microfluidization, which are effective in fiber defibrillation,
but also suffer the impediment of chamber clogging and high
energy consumption (it was not until the adoption of pretreatment
step when these methods became a standard process to manufacture
NC). To deal with the clogging issue, one approach is by
incorporating hydrophilic polymers or cellulose derivatives, such
as carboxymethyl cellulose (CMC), methyl cellulose, hydrox-
ymethyl cellulose, hydroxypropyl cellulose, poly(acrylic acid),
carrageenan, and guar gum, in the cellulose fiber suspension,
which can alleviate the clogging problem to some extent.'*!

The chemical process can be very effective to defibrillate the
cellulose fibers (pulps) into NC. One example is the
incorporation of charged groups on the cellulose chains by
oxidation process, for example, TEMPO-mediated oxidation.'**
The cell walls in cellulose fibers after pulping possess
instinctively occurring charged groups (e.g., carboxyl groups,
formed by ester cleavage of hemicellulose moieties during
pulping). Additional surface charge through different chemical
modifications, including carboxylation via periodate-chlorite
oxidation,'*'** sulfonation, *> carboxymethylation,"'®
TEMPO-oxjdation,lO2 cationization,lo7 nitro-oxidation,wg_110
and phosphorylation''" would result in easy defibrillation of
cellulose fibers using low-energy mechanical treatments. It has
been reported that the initial charge content in wood pulp fibers
is typically between 30—250 peg/g, where it can be increased to
300—2000 peg/g after subsequent chemical treatments.''” The
presence of a high charge in cellulose fibers can significantly
decrease the energy consumption to defibrillate cellulose fibers
into NC.

2.2. Cellulose Nanocrystals (CNC)

CNC was first reported by Nickerson and Habrle in 1947"" and
was then deconstructed by the seminal work of Ranby who used
sulfuric acid.""* The concentration of sulfuric acid is vital in the
CNC production. It has now been widely accepted that the most
common sulfuric acid concentration in hydrolysis is around 64
wt %.""> At around the same time, Battista''®'"” demonstrated
the hydrochloric acid hydrolysis route, which has become
commercialized, to produce so-called microcrystalline cellulose
(MCC) products. It is interesting to note that CNC
demonstrated by Ranby is much thinner and shorter than
MCC. This is because the hydrolysis with hydrochloric acid
creates fewer charged groups on MCC than those on CNC using
sulfuric acid to induce hydrolysis (the process creates charged
sulfate half-ester). The higher charge density can repel CNC
particles, prevent aggregation and stabilize the dispersion,
whereas MCC particles often aggregate into clusters in the
dispersion phase. Marchessault and co-workers first observed
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that liquid crystal phases could be obtained from fibrillar
polysaccharides,''® where Dong and co-workers reported that
the CNC suspensions could form a stable chiral nematic liquid
phase.''”"?° The history and the various preparation routes to
tailor the physical behavior and performance of CNC have
recently been reviewed.'”" It was found that the critical nematic
liquid phase starts at a critical CNC concentration, which
strongly depends on the extent of ultrasonication (see Figure 2).
When the volume fraction of the liquid phase exceeds the value
of 1.0, the chiral nematic phase disappears and a birefringent
nematic phase can be developed.

Figure 2. Relationship between the concentration of total suspension
and the anisotropic phase’s volume fraction for the suspensions
prepared by ultrasonication for different times. The straight lines
represent the fitted results of the experimental data. The figure is
reproduced from with permission from ref 122. Copyright 1998
Springer Nature.

Early investigations to fabricate CNC using sulfuric acid
indicated that there is only a narrow processing window, that s,
the sulfuric acid concentration is 60—64 wt % and the hydrolysis
temperature is 45—65 °C, which permits the efficient yield of
CNC.”"** For the bleached kraft pulp, the best CNC yield has
been obtained at a sulfuric acid concentration of 58—62 wt %
and temperature of 50—60 °C."**'** Recently, several studies
reported that CNC with the cellulose II crystalline structure
(CNC-II) could also be formed during concentrated sulfuric
acid hydrolysis. For example, Sebe et al. discovered that CNC-II
formed at narrow reaction conditions (regarding the amount
and the added time of sulfuric acid) during hydrolysis of MCC,
and the resulting CNC-II was ribbon-like, substantially smaller
than typical needle-shaped CNC with cellulose I structure.'*
Later, Xing et al. reported the creation of CNC-II when using
56—64 wt % sulfuric acid hydrolysis to treat Tetra pak and
eucalgptus wood at a short hydrolysis time (<20 min) at 45
°C."*” Apart from the sulfuric or hydrochloric acid, there has
been some interest in using other mineral acids (such as
phosphoric acid'** or h?rdrobromic acid'*”), acid blends (citric/
hydrochloric acid),"**"*" organic acids (e.g, oxalic acid),"*”
oxidizing agents (TEMPO-oxidation),'*> and ionic liquids
(tetrabutylammonium acetate)m3 to prepare CNC. A compre-
hensive review of the varying production routes of CNC could
be found in a recent article by Vanderfleet and Cranston.'*'
Overall, the production of CNC has been mainly focused on
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sulfuric acid hydrolysis, which has been found to be a reliable
approach to create chiral nematic liquid crystals.

2.3. Bacterial Nanocellulose (BNC)

BNC has many different forms and is widespread in nature.
There are several reviews on these materials."**~'*° Two major
approaches to produce BNC involve the fermentation of (a)
sugars and (b) plant carbohydrates via microorganisms (e.g.,
representative cellulose-producing bacteria include Gluconace-
tobacter hansenii, Rhizobium, and Rhodobacter). For example,
one can use static cultures to fabricate a never dried thick BNC
pellicle at the air—liquid interface (BNC is biosynthesized in a
continuous mode) or the agitated culture medium to form
irregular pellets (BNC is biosynthesized in a dispersed mode). The
choice depends on the specific application and the required
properties, for example, the BNC production using an agitated
culture usually results in lower mechanical strength than the one
synthesized by static culture. Usually, the agitated fermentation
approach gives rise to a lower yield and a higher chance of
mutation than those by the static fermentation method. The
unique properties of BNC include pure cellulose and high-water
holding capacity (up to 99%) in never dried and mechanical
robust hydrogels. The gel bodies are generated in the planar
form (pellicles) and can be molded into various shapes,
depending on the templates. Drying of BNC can be
accomplished by several approaches: air and press drying,
lyophilization, and critical point drying (e.g., supercritical
carbon dioxide drying), where dewatering of BNC can be
attained by stepwise solvent exchange. Drying can irreversibly
change the structure and property of the resulting BNC product.
As aresult, the pellicles are invariably difficult to disperse, which
constitutes a problem for membrane production on large scale,
whereas the solvent exchange treatment appears to be one of the
limited ways to disperse the BNC pellicles.

2.4. Selective NC Fabrication Facilities at Commercial Scale

Large-scale NC fabrication basically creates only two classes of
materials: CNC with high crystallinity and low aspect ratio, and
CNF with relatively lower crystallinity and high aspect ratio.
CNC only became commercially available in 2012 by
CelluForce in Quebec. One example production facility is the
Forest Products Laboratory (FPL) in Wisconsin. One process
adopted by FPL involves sulfuric acid hydrolysis (e.g., 64 wt %)
of machine dried prehydrolyzed Kraft rayon-grade wood pulps
at 45 °C for 90 min. In this process, aqueous hypochlorite
solution is used to quench the reaction, where neutralization is
carried out by slow addition of 5—8 wt % sodium hydroxide in
water. Finally, tubular ultrafiltration (UF) and reverse osmosis
(RO) membranes are often used to perform the final purification
and concentration enhancement process. The total time
required for each batch CNC production is about 8 h for
CNC main reaction and neutralization, 24—48 h for the initial
workup, and another 24 h for the purification of the product.

o Advantage: This process uses the popular acid hydrolysis
method, which has been well documented.

o Disadvantages: This process requires a long processing
time and can be expensive due to the high cost of sulfuric
acid, which is the main ingredient in reaction and is not
recyclable, and large water consumption.

The University of Maine is one of the largest producers in the
U.S,, able to provide industrial-scale quantities of mechanically
extracted CNF with the capacity of about 1 ton/day. Similarly,
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Innventia at Sweden can also supply mechanically/enzymati-
cally provided CNF materials with about the same capacity.

e Advantage: A simpler and cleaner method compared to
chemical treatments.

o Disadvantage: High consumption of energy and large
distribution in fibers dimensions.

Around the world, there are numerous scaled-up pilot plants,
as well as commercial scale manufacturing plants, such as
Borregard (Norway), Namicell (France), and Stora Enso
(Sweden/Finland), that can produce various CNF materials.
However, their detailed processes have not been disclosed. The
classes of TOCNF materials have long been produced using
large-scale manufacturing in Japan by Nippon Paper and Oji
Paper.

o Advantage: The TEMPO oxidation process produces the
most refined thin nanofibrils with low polydispersity,
where the produced CNF can be used to fabricate
transparent gels and films.

Disadvantage: The TEMPO agent is expensive and not
easily recyclable, although Nippon paper has developed a
process for recycling of TEMPO agents.

2.5. Emerging Low-Cost NC Production Technologies

As many people consider safe drinking water a basic human
right, the advancement of NC technologies for water
purification must start with low-cost NC that can be produced
at large scale and in an environmentally friendly manner. No
such production technology exists today. However, some
emerging NC extraction technologies, especially those suitable
to treat underutilized biomass feedstock at low cost, show great
promise to achieve this goal. We will start this section by briefly
reviewing the current-state-of-the art NC production technol-
ogies and facilities. Several recent technologies, actually based
on old biomass processes demonstrated in the 1950s and 1960s,
have emerged as new cost-effective methods that can produce
NC at a large scale with significant savings in energy, chemicals
and water. Two such technologies are exemplified as follows.

The nitro-oxidation process (NOP) demonstrated in our
laboratory has been shown to be a simple and low-cost approach
to extract CNF directly from untreated biomass, including both
woody plants and nonwoody plants (e.g., 8jute, spinifex grass,
bamboo, moringa, and sorghum stalk). 95109137139 1y this
method, only two chemicals: nitric acid and sodium nitrite are
involved; both are also ingredients that can be used to synthesize
fertilizers. NOP combines the steps of pulping and cellulose
oxidation. Nitric acid pulping has a long history, dating back to
the 19th century, where the presence of nitrogen oxide species
can depolymerize the lignin component by converting the
syringyl units in lignin into soluble benzoquinone products, and
the hemicellulose component can be broken down by nitric acid
into xylose and other byproducts, both soluble in water. Despite
extensive efforts,"**™'*® this technology never became a
successful pulping technology. There are several reasons for
this, including the high cost of nitric acid (unless produced on-
site), nonuniform pulping from wood chips, the need of good
impregnation of starting wood chips, and deteriorated pulp
strength properties due to cellulose hydrolysis and toxicity
problems from nitrogen oxides.'** Nonetheless, the reaction
between nitric acid and sodium nitrite can generate HNO, and
nitroxonium ions (NO*), where the latter can selectively oxidize
the primary hydroxyl groups of the cellulose to introduce a
negatively charged surface to induce defibrillation.

https://doi.org/10.1021/acs.chemrev.1c00683
Chem. Rev. 2022, 122, 8936—9031


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

As NOP is a one-pot method, where simultaneous pulping of
biomass and oxidation of cellulose fibers occurs, the approach
greatly reduces the consumption of energy, water, and chemicals
for CNF extraction. This process has been demonstrated at the
lab scale, while large-scale production is still under investigation
in our lab. This method appears to be more suitable to process
nonwoody plants with a low degree of lignin content. However,
the reaction conditions of NOP can be adjusted to treat different
biomass feedstocks including woody plants. Importantly, the
effluent from NOP can be easily neutralized into nitrogen-rich
salts (i.e., plant fertilizer), which essentially eliminates the need
for recovery of reacting agents and thus lowers the overall
production cost. In 1961, Brink et al. investigated the use of the
spent liquor as plant fertilizer."*> Thus far, the demonstrated
CNF products by NOP appear to have residual lignin and
hemicellulose contents,"* indicating the process is not yet
optimized to produce pure CNF. Fortunately, our studies also
showed that pure CNF is not necessarily required for water
purification applications, indicating that NOP may play a key
role to design a circular economy by upcycling underutilized
agricultural residues into water purification materials.'**"*’

Another potentially low-cost large-scale NC extraction
technology is thru the use of peracetic acid to defibrillate
wood fibers, recently demonstrated by the Berglund
group.'**~"*® This method was first investigated in the 1950s
by Rapson,'*” for the bleaching operation of biomass, where a
good review of this technology was made by Suchy and
Argyropoulus in 2002."*° This method was found to be relatively
expensive when compared to other methods because of the high
chemical cost and transportation complexities, preventing the
broad industrial utilization of peracetic acid for bleaching
sequences. >’ Albeit the higher cost for bleaching, this process
may be quite feasible for low-cost NC production, depending on
the evaluation of the energy requirement for defibrillation. The
advantage of this process is that the recycling of the spent liquor
may be easier than other NC extraction methods since peracetic
acid can be distilled and reused (e.g., by addition of peroxide to
create more peracetic oxide). Perhaps, this approach will also be
more suitable to process nonwoody biomass plants with lower
lignin content, such as agricultural residues, than woody plants.
Recently, a review on the peracetic acid bleaching technology by
Sharma et al. indicates that the process can be environmentally
friendly."”"

2.5.1. Strategies to Develop Large-Scale Low-Cost NC
Production from Diverse Biomass Feedstocks. We are
confident that besides the two emerging low-cost NC
production technologies discussed above (see section 2.5),
more cost-effective NC extraction techniques will be developed.
Although these techniques may exhibit good commercialization
potentials on the lab scale, only a few will be suitable for real
large scale yet low-cost operations that can extract NC from a
variety of raw biomass feedstocks. In this section, some
strategies, partially based on the experiences from CNF
production using TEMPO oxidation and CNC production
using acid hydrolysis of cellulose fibers (after pretreatment), are
outlined below for the evaluation of the development of a
successfully ascendable process that will be useful to produce
low-cost materials for water purification. The plan is illustrated
in Figure 3, where the key features of each element are discussed
separately.

Biomass Choice. There is truly a wide range of biomass
feedstocks, some are more suitable for low-cost NC extraction
than others using the technologies illustrated in section 2.5.
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Figure 3. Overall strategic plans for the development of low-cost and
large-scale NC production from diverse biomass feedstocks. Here, (a)
SOP, standard operating procedure; (b) HAZOP, hazard and
operability study; (c) LCA, life cycles assessment; and (d) TEA,
techno-economic analysis.

Generally, biomass sources with lower lignin content and more
porous cell wall structure, such as most nonwoody plants, will
suit this purpose (nonwoody plants usually possess lower
amounts of lignin than woody plants; see Table S1).
Interestingly, some studies have shown that NC extraction can
be achieved in the pretreatment steps. For example, the high-
aspect ratio of NC from untreated Triodia pungens (spinifex
grass) can be easily produced after a mild pulping process using
sodium hydroxide, followed by passing through a high-pressure
homogenizer at low pressure for 1 cycle.””> Hence, the
appropriate biomass choice is highly critical to evaluate the
NC production scalability and its economic returns. Some key
features, such as availability and flow of locally available biomass
feedstocks, handling, supply chain, and storage operations
should be considered while planning for scale-up production of
NC.

Pulping. The most popular pulping process adopted today is
Kraft pulping, which includes the use of chlorine dioxide,
oxygen, ozone, peroxide, and also alkaline extraction in various
different stages on wood fibers."> The pulping of fibers is
usually followed by the bleaching step, which includes the use of
chlorine dioxide oxygen or ozone peroxide, or alkaline
extractions.>* Another pulping process involves sulfite pulping,
where the wood chips are first digested using sulfite or bisulfite
liquors.'>® The yield in this process may be low for certain acidic
pulping procedures but can be very high when alkali is combined
with an acidic stage, delivering high hemicellulose yields. In the
case of nonwoody plants, the delignification may require less
chemical consumption, for example, nonwood biomass plants
can be pulped with simple chemical systems using only caustic
soda. This step can be considered if the NC extraction step is
mainly effective on cellulose fibers (i.e., pulps).

Chemical Modification. Commonly adopted chemical
modification schemes for defibrillation of cellulose fibers involve
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Figure 4. Current status (left) and challenges (right) of NC characterization. Reprinted with permission from ref 7. Copyright 2018 The Royal Society
of Chemistry (left). Adapted from ref 161. Copyright 2021 NC State University (right).

oxidation (e.g,, periodate oxidation, TEMPO oxidation, nitro-
oxidation, and carboxymethylation), sulfonation, and phosphor-
ylation.>* Chemical modification of the cellulose fibers approach
is the easiest pathway to reduce the energy consumption of the
defibrillation process, becoming the foundation for low-cost and
scalable NC production. The proper choice of modification
schemes can combine the processes of pulping and cellulose
oxidation and significantly reduce the preparation steps for NC
extraction directly from raw biomass. (a) NOP: The mixture of
nitric acid and sodium nitrite in NOP significantly reduces the
consumption of water, chemicals, and energy to produce
carboxycellulose nanofibers or CNF as compared to TEMPO
oxidation or carboxymethylation approaches.'” (b) Sodium
hypochlorite oxidation: Highly concentrated NaClO, followed
by low energy mechanical treatment, can also extract NC with
high content of carboxyl groups and good aspect ratio from
untreated biomass.'*® We note that TEMPO oxidation uses the
combination of sodium hypochlorite/sodium bromide/
TEMPO to produce carboxyl NC from treated cellulose fibers.
It was also noted that the NaClO treatment can greatly reduce
the consumption of water and energy, as well as enable the easy
recovery of the reactant. The disadvantage of NaCIO oxidation
is that the use of sodium chlorite has been abandoned from
pulping by most pulp mills in the world because of its high
toxicity.

Mechanical Treatment. Most NC production processes
require the use of different mechanical treatments to defibrillate
unmodified cellulose fibers or chemically/enzymatically modi-
fied cellulose fibers. The energy needed to defibrillate the
unmodified cellulose fibers is much higher than those to
defibrillate the modified cellulose fibers. For example, the energy
consumption reported for MFC production from the Kraft and
sulfite pulp is 12000—70000 kwh/t, enzymatic/refining of sulfite
pulp is 1500 kWh/t, and carboxymethylation of sulfite pulp is
500 kWh/t.”” Hence, this fact should be considered while
choosing the suitable mechanical treatment for the process
development of NC scale-up production. Typical treatments
include ultrasonication, high-pressure homogenization, and
microfluidization, to name a few.
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Effluent Handling. Effluent is a key component in NC
extraction, and it can greatly impact the final production cost
and the environmental friendliness of the pulping process. For
instance, the process will be less cost-efficient and not
environmentally friendly if heavy water consumption for
washing and purification is required. Since the effluent will
contain a large amount of reacted/unreacted chemicals and
degraded biomass components, it must be properly treated
before it can be discharged. Optimum eftluent treatment would
be to reuse unreacted chemicals and to convert/recycle effluent
(e.g., by neutralization) into valuable byproducts. In addition,
the process should involve a small set of reactants to ease the
recycling or neutralization steps. In section 2.5, the NOP
approach is appealing for commercialization because the effluent
can be converted into nitrogen-rich salts (as plant fertilizer) by
simple neutralization, whereas the effluent from other
approaches, such as TEMPO oxidation, requires a reduction
treatment or ion-exchange resin treatment followed by electro-
dialysis.

Reactor Engineering (Reactor Design and Reaction
Optimization). To perform NC extraction from a diverse
source at a large scale, a robust and leak-proof reactor system
design is necessary, along with the presence of subject expertise
to execute the process safely under proper operational
procedures and reaction capacity. As the available biomass
feedstocks contain a wide range of compositions with different
cellulose, lignin and hemicellulose contents; the optimal
operational conditions to treat different feedstocks will be
quite different. As the matrix of sample compositions, reaction
parameters, product structure, morphology, and functionality
will be messy in this task, one logical approach is to use machine
learning and data mining to help analyze extensive experimental
results to identify the cause-effect relations and key feature
parameters for the optimal control of the process and make new
predictions.

Standard Operating Procedure (SOP) and Hazard and
Operability (HAZOP) Study. The development of thorough
SOP and HAZOP documentation is crucial for operating the
NC extraction process safely and efficiently, and for maintaining
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Figure S. (a) Electron microscopic image of a Norway Spruce wood fiber. It shows the aggregated CMF (macrofibrils) (scale = 1.38 ym) (Courtesy:
Geoffry Daniel, Swedish University of Agricultural Sciences, Uppsala, Sweden). (b) Frequency distribution curves of widths of CMF found in the
secondary cell wall (i.e., S2 layer) of pulp fibers (Norway Spruce). Around 300 measurements on the cell wall layer/pulp are taken and displayed. One
can see the common sharp peak between 18 and 20 nm. The figure is reproduced with permission from ref 174. Copyright 2018 Walter de Gruyter

GmbH.

consistent output and uniform performance. These documenta-
tions can simultaneously decrease the risk of miscommunication
and ensure the required industrial compliance. In specific, the
proper SOP compilation will permit the operator to follow step-
by-step instructions to carry out routine operations, where the
HAZOP study will allow a systematic approach to identifying
possible hazards associated with each step and each variation
during the scale-up NC production.

Life Cycles Assessment (LCA) and Technoeconomic
Assessment (TEA). For the NC scale-up production, process-
based LCA should be carried out to study the cumulative energy,
economic flows, and greenhouse gases impacts associated with
the process from varying biomass feedstocks, especially those
from underutilized sources such as agricultural residues, wood
waste, and recycled cellulosic materials. Such LCA will provide a
thorough understanding of the environmental impact by the
extraction process, covering the complete life cycle of NC, from
different sources of feedstock. This type of analysis can form the
foundation for the success of sustainable long-term process
development. Meanwhile, TEA will allow the examination of
production costs, benefits, risks, uncertainties, and time frames
for NC production. There are several reports on the LCA
analysis of NC production based on different processes.">’ ™"

3. NC PROPERTIES AND ITS CHARACTERIZATION
PRIORITIZING CRITICAL PROCESSING
PARAMETERS

In this section, we discuss the typical techniques for character-
ization of the two major forms of NC materials including CNF
and CNC. Several recent reviews have addressed the challenges,
standards, status, and guidelines on this subject.7’161_16‘ A
schematic overview of NC characterization is shown in Figure 4.
This figure reveals some major applications of NC, which are
well corroborated in the Supporting Information (section S1). It
also shows some safety and ecotoxicological impacts of NC.

Some authors analyzed these facts and observed low biological
impacts and enmronmental risks of NC.'**'% However, a recent
review by Foster et al.” highlighted a state-of-the-art summary of
characterization techniques for NC. The report was aimed to
bridge the scientific knowledge gaps between academic research
projects and industrial applications for the development of NC-
based products. This work laid a solid foundation of the
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guidelines and protocols for structural, morphological, physical,
and chemical characterizations of NC. Balea et al.'"®' and also
identified the critical challenges associated with the character-
izations of NC materials that prevent their upscaling and
commercial applications. An emerging aspect of NC character-
ization is to deal with their structure, molecular interaction,
colloidal behavior, self-assembly, and morphological features in
the wet state or in the dispersion form, preferably in real-time.
For example, characterization of NC materials in their “never
dried” state is critical for understanding the impacts of various
drying techniques (air drymg, freeze-drying, spray drying, etc.)
on structure changes.'®® On this subject, morphological
characterization was carried out by high-resolution electron
microscopic techniques using samples prepared during varying
dehydration processes. Characterizations of the chiral nematic
liquid crystal phase and structure alignment of NC materials
with short aspect ratios in the dispersion state, enabling
photonic, and biomedical and sensing applications, have also
been discussed.'”’ "7

In this section, we emphasize the recent development of
characterization strategies and tools that have been developed
specifically for the understanding of the processing effect. This
section is meant to complement the next, section 4, on the
subject of “structure and property” relationships. First, we
highlight some characterization results of NC properties and
discuss NC characterization from the perspective of critical
processing parameters, that is, what kind of characterization
techniques need to be chosen based on different feedstock
selection, or processing history. Second, some recent advances
on the characterization of NC are reviewed. Finally, a special
focus is given to the solution small-angle X-ray scattering
(SAXS) for NC characterization and its implications for
morphology, self-assembly and ordering, and colloidal behavior
in the dispersion state.

3.1. Structural Features of Cellulose and NC Properties

Cellulose is a polymer chain, consisting of -1,4 linked glucose
repeat units, in a nearly flat ribbon-like shape, and its native
molecular weight can exceed 10000 g/mol. In the chain
conformation, the glucose unit is linked with a -1—4-glycosidic
bond, where all hydroxyl groups are equatorial to the pyranose
ring plane and considered the hydrophilic plane (the
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Figure 6. (a) Relationship between shear viscosity and a shear rate of carboxymethylated CNF with various dry contents. (b) The power law of the
shear viscosity of the CNF consistency is given (measured at 0.1 s™'). Reprinted with permission from ref 200. Copyright 2014 Springer Nature.

perpendicular plane is considered the hydrophobic plane). The
cellulose microfibril can be considered as an amphiphilic
moiety."”" A recent study by our group indicated that the
liberated elementary microfibril in NC is hydrophilic in
nature,'’*> where secondary aggregation or assembly of
elementary microfibrils can take place after the biosynthesis
through Rosette complex.'”>™'7° The aggregate dimension can
reach the order of 10—20 nm. For example, an electron
microscopy graph of a Spruce tree fiber is shown in Figure Sa,
exhibiting aggregated cellulose micro/macro-fibrils (CMF).
Figure Sb reveals the size distribution of the microfibril in the
same Spruce fiber in Figure Sa. Furthermore, the subsequent
assembly of cellulose chains is always associated with other
matrix polysaccharides (such as hemicelluloses, lignin, and
pectin) in the cell wall during biosynthesis in higher plants. As a
comparison, cellulose biosynthesis in Gluconacetobacter xylinus
is free from hemicellulose or pectin interference, although some
other exopolysaccharides (such as mannan-based) have been
reported to affect the crystallization or cocrystallization
process.'”” The cocrystallization of CMF results in larger crystal
size (6—8 nm) and higher crystallinity (75—85%) for BNC."””

3.1.1. Crystallinity in Cellulose. The crystalline structure
of cellulose can be categorized into several polymorphs (I, II, III,
and IV), all of which have been studied in depth in the
Supporting Information (section S2). The crystal structure of
natural cellulose fibers has high complexity. First, the crystal
structure of CMF depends on the deposition pattern and the
interactions with other cell wall matrix polymers (lignin and
hemicellulose), which are very different depending on the plant
species, growth conditions, and environment.'”® Second, it is
important to recognize that the assignment of the crystallinity
appears to depend on the instrumental selection and the
corresponding data analysis method. The common techniques
to determine crystallinity include X-ray diffraction (XRD),
infrared (IR), Raman, nuclear magnetic resonance (NMR), and
sum frequency generation (SFG) (a nonlinear laser spectro-
scopic technique) spectroscopy. Among them, XRD is the most
broadly used technique to estimate the crystallinity index (Crl)
and crystal size information of cellulosic materials, based on the
total volume fraction of crystalline or ordered cellulose chains.
However, various analytical techniques'”” (e.g., the peak height
method, peak deconvolution method, and amorphous sub-
traction method) can lead to different values of Crl even for the
same material, and further obscure the fundamental under-
standing of the degree of crystalline in various cellulosic or NC
materials that are subjected to different chemical pretreatments
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or defibrillation processes. In contrast, the NMR technique only
detects cellulose molecular chains that exist within the interior
regions of CMF and usually yield a lower CrI value as compared
to XRD method. An emerging quantification of cellulose
crystallinity is determined using SFG based on its non-
centrosymmetric, allowing measurement of ordered cellulose
regions in various biomass feedstocks without interference from
noncellulosic polysaccharide components in cell walls. Consid-
erations for the various analytical methods have been discussed
by Kim et al,"* and the determined crystallinity by the different
methods should be considered qualitative and not quantitative.

A central problem in the determination of crystallinity is the
ambiguity of the crystalline (or ordered) and paracrystalline/
amorphous (or disordered) content. Over the years there have
been long discussions regarding the early fringe-micellar
model,"®" which suggests that the cellulose fibrillar aggregates
contain alternating regions of crystalline and amorphous
domains. The amorphous regions are thought to contain
disordered cellulose chains, but a study indicated that these
disordered cellulose chains might be more complicated than one
thought, and the exact arrangement of these chains has not been
totally understood.'® For example, Heise et al.'®’ argued that
these amorphous domains should be called disordered or defects
regions, where very short (1—2 nm) defects exist, rather than the
presence of totally disordered chains in the bulky amorphous
regions, based on a neutron scattering study.'®* Furthermore,
different kinds of chain disordering have been detected by
different experimental methods.'*'*® Thus, the crystallinity
concept is best expressed in a variety of ways appropriate to
different end uses. For example, the cellulose morphology has
recently been subjected to statistical analysis, exhibiting a
distribution of non-Gaussian kink angle, where the investigators
argued that the alternating structure of disordered/amorphous
and crystalline regions should be replaced by the process-
induced kink formation in cellulose fibers."®” This study
supports the concept of microfibrils with a single crystalline
core proposed by Nishiyama et al."** and is more consistent with
the biosynthetic mechanism. Such a conclusion has also been
derived in a study dealing with the nanostructure of CMF and
the issues of estimating crystallinity by Fernandez et al. using the
wide-angle X-ray scattering (WAXS) technique.'®’

3.1.2. Rheology of NC Suspensions. Rheology of CNF
Suspensions. The rheology of CNF suspensions is relatively
complex, exhibitin§ both sheer-thinning, thixotropy and
rheopexy behaviors."*”~'”* Due to the complex viscoelasticity,
protocols for the rheological measurements should be carefully
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Figure 7. (a) Specific viscosity of TOCNF suspensions as a function of the CNF concentration. (b) The critical overlap concentration versus the
inverse square of the aspect ratio of the CNF suspension. Reprinted with permission from ref 208. Copyright 2014 Springer Nature.

followed. However, there are no universally accepted protocols
for this purpose at the moment, and thus the rheological studies
of CNF suspensions can sometimes lead to confusing results.
Moreover, there are many different types of CNF materials with
different rheological features in suspension, further complicating
the subject. In the reported studies, different rheological
protocols discussed included gap-size, surface depletion, shear
banding, serrated geometries, etc.!7319¢ Additionally, a variety
of CNF materials with different nature of inhomogeneity
(individual nanofibrils versus microfibrous/nanofibrous net-
work) were also reported which could exhibit inherent
instability and thus required specific protocols. For example, it
has been demonstrated that it is a necessity to use preshearing'*
and serrated geometries to avoid the slip effects'* to produce
reproducible rheological results in some CNF suspensions. It
has also been suggested that one should combine optical
coherence spectroscopy,'”>'"” or ultrasonic speckle velocim-
etry,'”® with rheology to investigate unstable or inhomogeneous
CNF suspensions. Despite such issues, the complex rheology
and their proper characterization are very important in order for
the practitioner to process samples for practical applications.
Generally, CNF materials and their stability is governed by the
anisotropic colloidal interactions between adjacent fibrils,'””
where a small number of ionic groups on the fibril surface can
stabilize the homogeneity of the dispersion and their charge
interactions, with the addition of counterions, can decrease the
homogeneous dispersion and induce local aggregation (or
microscopic gelation).

Figure 6 illustrates the shear viscosity of a stable
(carboxymethylated) CNF suspension with various concen-
trations (a) and power-law modeling of the shear viscosity of the
CNF consistency is given (b). In this figure, the exponent of the
power-law () is 2.0, and the same exponent has been observed
by Tatsumi,”*" for noncharged CNF in suspension for a variety
of different fibers. The same low exponent has also been
reported for TOCNF suspension at high shear rates.”’” It has
also been reported that there is a power law (@) relationship for
the evolution of the storage modulus (G’ = C%) in CNF
suspension, where C represents the solids content of CNF. As
discussed by Nechyporchuk et al.'”" some exponent values are
higher than the theoretical values for semiflexible networks,
which are between 2 and 2.5.°°>*°* It is thought that the
deviation is due to the arrested state of the CNF suspension after
dilution, which was reported by Naderi et al.”*>**° The correct
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exponent value of a homogeneous and well-dispersed CNF
suspension should be 2.4,°°° where the higher value is
presumably due to insufficient dispersion. It should be noted
that Hill proposed a new scaling theory’”® to describe the
rheology of enzymatic treated CNF in suspension using the data
from the studies of Paikkd et al. in 2007”" and of Jowkarderis
and van de Ven in 2015.>°” However, we noticed that the
rheological data by P4akoo et al. could also be possibly caused by
insufficient dispersion. In the dilute region with insignificant
interactions between the fibrils, the slope of the viscosity versus
CNF concentration was found to be 1.0.”%>*%°

The transition point between the specific viscosity in the
dilute CNF concentration region and that in the semidilute
concentration region can be defined as the critical overlap
concentration (Figure 7a). This value has practical importance
to the sample preparation. For example, if the CNF suspension
at concentrations above the critical overlap concentration is
centrifuged, then the entangled dispersion is aggregated in the
bottom of the vial; only if the centrifugation of CNF suspensions
with concentrations below the critical concentration takes place
can the apparent CNF yield be determined.””” As expected, the
critical overlap concentration is closely related to the fibrillar
aspect ratio, where the relationship is shown in Figure 7b. It was
found that the macroscopic concept, such as the crowding
factor, works well to explain the transition from dilute to
semidilute transition for CNF in suspension.''® The ionic
strength and valency of the counterions have a strong effect on
the rheological behavior. For example, the initial electroviscous
effect can give rise to an elevated intrinsic viscosity of NC
suspensions. In addition, if the surface charge is fully shaded,
there can be a good concurrence between the intrinsic viscosity
and the viscosity predicted by the traditional theory for
dispersions of rod-like particles at low shear rates.”””*'® At
high electrolyte concentrations, coagulation generally would
result in a higher intrinsic viscosity. Thus, there is a minimum
value in the intrinsic viscosity versus ionic strength profile, where
the intrinsic viscosity can be well fitted with the theoretical
prediction. Finally, it should be noted that flow fields can also
dictate the formation and configuration of nanostructure in
semiflexible fibrous networks.”'" As reported in the literature,"”"
the network properties of chemically pretreated CNF materials
are usually stronger than enzymatic and mechanically
delaminated CNF materials in spite of the fact that oxidation

https://doi.org/10.1021/acs.chemrev.1c00683
Chem. Rev. 2022, 122, 8936—9031


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig7&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Figure 8. Structural characterization of CNF films prepared at varying conditions. (a and b) CNF films prepared by evaporative condensation (solvent
cast) of a nematic CNF suspension (0.4 wt %) and vacuum filtration of an isotropic CNF suspension (0.05 wt %), respectively. The inset images show
the birefringence formed in the CNF suspensions at 0.4 (a) and 0.05 wt % (b), respectively. These suspensions indicate the polydomain-type nematic
to an isotropic phase transition. (c and d) Cross-sectional (45°) transmission electron microscope (TEM) images of CNF films in (a and b),
respectively. (e and f) Scanning electron microscope (SEM) images of CNF film surfaces (a and b), respectively (the film is freeze-fractured). (g—j)
XRD diagrams of the respective CNF films (the incident X-ray beam is parallel or perpendicular to the film plane). Reprinted with permission from ref

227. Copyright 2018 The Royal Society of Chemistry.

may also decrease the length and degree of polymerization (DP)
of the fibrils.

Rheology of CNC Suspensions. There has been a great deal
of attention in literature given to the subject of rheology for
CNC suspensions because of its complex phase behavior.
Generally, the CNC suspension has a much lower viscosity than
the CNF suspension”'” because of its shorter fibrillar length (or
aspect ratio), which becomes the key advantage in the
manufacturing of CNC-based composites. Sulfated CNC has
been the dominant class of CNC materials studied with respect
to rheological features. This is because colloidal stability has a
profound effect on the rheology of CNC suspensions. As typical
sulfated CNC materials are electrostatically stable due to the
high charge density (typically 0.2—0.35 mmol/g), their
rheological behavior has been characterized in great detail.*'**'*
The results have been modeled by the DLVO theory to address
the colloidal stability and corresponding critical coagulation
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concentration (CCC)*"*

(e.g., with varying valences).”'* However, the DLVO prediction
is not ideal according to the Shulze—Hardy rule (i.e., CCC ~ 2
and Z is the valency of the counterion). This is because, at low

with respect to different counterions

concentrations, CNC suspensions form an isotropic phase. With
the increase of CNC concentration, the isotropic phase can
transition into the liquid crystal phase. This phase transition
behavior was predicted for liquid crystal molecules by Onsager
and Flory.”'**"” Dong et al.''”'*’

transition of CNC suspensions as a function of electrolyte and

investigated the phase

counterion type and found that the results could be well fitted by
the so-called SLO the01ry,218’219 which is an extension of the
early Onsager theory.”'® This subject has also been discussed by
Hu et al.”*” The reader can be referred to some more detailed
investigation on the rheology of CNC suspensions published by

Shafeiei-Sabet et al. and Urefia-Benavides et al.?*'~**
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3.1.3. Nonergodic States of NC Gels and Glasses. The
isotropic to the nematic liquid crystal phase transition is well-
known for CNC suspensions but can also occur for CNF
suspensions. This behavior can be explained by the Onsager
theory for free energy considerations for hard convex solids.”**
By slow evaporation of a CNF suspension, a transition from the
gel to glass state (both states are disordered) can take place
followed by the formation of a nematic liquid phase (an ordered
state),””® which has been further investigated recently.”*”***
The glass state is also called a volume-spanning arrested state,
which can be formed at a relatively low concentration when the
aspect ratio is high. The cellulose hydrogel in the glass state is
mechanically rigid and transparent and has a high shear stiffness.
The structure and orientation of such a gel or glass can be
controlled by varying processing pathways under flow or
nonflow conditions.””” For example, the morphological and
structural differences between the solvent-cast nematic CNF
suspension and vacuum-filtrated isotropic CNF suspension
under nonflow conditions®*” is displayed in Figure 8. In this
figure, several structural discrepancies were identified. For
example, the film produced from the nematic phase exhibited a
higher density (1.54 g/ m™>) than the vacuum-filtrated film
produced from the isotropic phase (density of 1.41 g/m™2). The
strength of the nematically structured film also displayed higher
Young’s modulus and tensile strength and superior light
transmission and oxygen gas permeability than the film from
the isotropic phase.””’

The differentiation between the gel and glass state is not
straightforward, as both exhibit a solid-like character and do not
flow in the inverted cuvette test.””” The glass state is established
mainly because of the high packing density and strong particle—
particle repulsive interactions, a phenomenon also referred to as
caging.”****" These transitions have been discussed from both
experimental (i.e., via the inverted cuvette test of varying NCs
and other rod-like nanoparticles, such as CNTs and virus) and
theoretical considerations using the concept of rod aspect ratio
(r) and rod volume fraction (¢). The critical points (the
threshold volume fractions) for transitions in different samples
and the theoretical lines for suspension, gel, and glass transitions
are shown in the Supporting Information (section S3). The
theoretical upper limit can be described by the equation of ¢ =
5.4/r (above this line, the ordered liquid crystal phase occurs;
below this line, the disordered glass state occurs). The transition
line between the gel and glass state can be described by the
equation of ¢ =~ 0.7/r. If attractions between the rod are
insufficiently strong, then a suspension to gel transition line can
exist, following the Equation of ¢ ~ 24/r%.

3.2. Characterization of NC for Consideration of Critical
Processing Parameters

Starting from various lignocellulosic biomass feedstocks,
extraction and processing of NC can include a multitude of
chemical, mechanical, or biological pretreatments coupled with
different mechanical defibrillation processes. The resulting NC
in the dispersion state will often undergo complex dehydration
and dewatering processes for storage and transportation
purposes, or surface modification processes to enable additional
functionalities for multiple end-use applications. In this
subsection, we identify several key processing parameters in
the extraction and postprocessing of NC materials and present
the appropriate characterization strategies and tools that one
should consider.
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3.2.1. Diverse Biomass Feedstocks as Starting Materi-
als. With residual lignin, hemicellulose, or other cell wall
components in the resulting NC materials, quantitative
characterization of chemical compositions is critical for the
understanding of the individual role of each noncellulosic
component on the structure—property relationship of ligno-
cellulosic nanomaterials (LCNM:s). For this purpose, character-
ization of lignin (e.g., Klason lignin and acid soluble lignin),
structural carbohydrate (e.g., glucose, xylose, galactose,
mannose, and arabinose), ash, and extractives based on
standards using accepted laboratory analytical protocols is
necessary. For instance, a series of Laboratory Analytical
Procedures (LAPs)**' ~*** from the National Renewable Energy
Laboratory (NREL) for the general chemical composition
analysis of lignocellulosic biomass, are also applicable to
LCNMs. Briefly, LCNMs can be subjected to sequential water
and solvent extraction by a Soxhlet extraction apparatus or an
accelerated solvent extractor (such as Dionex ASE 350) to
determine the content of extractives. After the removal of
nonstructural components, a two-stage acid hydrolysis (typically
sulfuric acid) can be performed to decompose the structural
carbohydrates into sugar monomers. Subsequently, the amounts
of neutral sugars and acid soluble lignin can be determined by
ion chromatography and UV—vis spectrophotometer, respec-
tively. The insoluble residues from the acid hydrolysis process
can be dried (typically at 575 °C, 3 h in a muffle furnace) and
weighted to obtain the contents of Klason lignin and ash.
Alternatively, the content of Klason lignin, extractives, and ash
can be determined based on TAPPI T222 om-02,** ASTM
E1690-08,%° and ISO 1762,>%° techniques, respectively.
Considering the rising interest in isolating and developing
LCNMs through various sustainable and cost-effective ap-
proaches, a comprehensive characterization of the chemical
composition of LCNMs is, therefore, required and should be
always investigated when comparing structure and property with
other lignin-free or hemicellulose-free NC materials.

3.2.2. Effects of Nanofabrication Processes. With
different nanofabrication processes using different solvents,
the resulting NC can possess different surface chemical groups,
thermal stability, crystalline structure, colloidal stability, and
degree of nanofibrillation. Reid et al. investigated the structure
and property comparison of sulfuric acid extracted CNC (s-
CNC) made in a lab to CNC made from major industrial
facilities.”*® They carried out the comprehensive character-
ization of some key properties in various CNCs, including
surface chemistry, morphology, colloidal, thermal stability,
crystallinity, and liquid crystalline self-assembly behavior.
Generally, even with different extraction and purification
processes used, lab-made s-CNCs correlated well with those
industrially produced. However, some variations in the sulfate
group content, crystallinity, and morphology were still observed
for s-CNCs made from different sources. The authors suggested
that these key properties of CNCs must be appropriately
characterized prior to their use. To ensure consistent perform-
ance, it is recommended that the end-users adopt electron
microscopy, conductometric titration, XRD, and zeta potential
measurement techniques as basic tools for characterization. As
noted by these authors, the surface chemistry of CNC is a critical
factor in determining their colloidal behavior affecting potential
applications.”* Interestingly, CNCs produced by unconven-
tional approaches, such as those from API (SO,—ethanol—water
along with mechanical delamination) and Blue Goose
Biorefineries (metal-catalyzed oxidative approach), showed

https://doi.org/10.1021/acs.chemrev.1c00683
Chem. Rev. 2022, 122, 8936—9031


https://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.1c00683/suppl_file/cr1c00683_si_001.pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

significantly different nanoparticle morphology (e.g., a combi-
nation of CNCs and CNFs), aggregation and colloidal behavior
and thermal stability. These samples all had high crystallinity but
unmodified surface chemical groups (ie., hydroxyl groups),
instead of the grafted sulfate half-ester groups from the sulfuric
acid hydrolysis route.”*° Vanderfleet et al. reported that the
monoacid hydrolysis, such as sulfuric acid, hydrochloric acid,
and phosphoric acid, could lead to different surface functional
groups at the C-6 position of cellulose backbone in CNC
extraction, while the mixed-acid hydrolysis, such as mixed
sulfuric and phosphoric acids, could result in coexistence of two
functional groups grafted on CNC.”*” Because of the differential
hydrolysis, these CNCs varied in surface chemistry (charge type,
density, and counterion type), dimensions, crystallinity, DP, and
thermal stability. By adjusting the counterion type, grafted
surface functional groups (sulfate groups are the least thermally
stable), and DP, the authors were able to enhance the thermal
stability of CNC.

For CNF extraction, the sizes (i.e., length, width, aspect
ratio, etc.), network structure, branching, and kinks of the
produced CNF can vary significantly, depending on the
pretreatment chemical (e.g., grafted charge density) and
mechanical conditions (e.g, time, cycles and pressure). In the
case of TOCNEF, it generally exhibits a uniform nanofibril size
distribution, where the individual CNF morphology shares some
similarities with that of CNC. A recently published ISO
standard—ISO/TS 21346:2021 Nanotechnologies—Charac-
terization of individualized CNF samples—describes the
detailed methods to characterize individual CNF in different
forms (ie, powder and dispersion states) and specifies the
characteristics that are required to be evaluated prior to the
application. For the majority of CNF materials (including
mechanically defibrillated CNF), the lateral aggregation or
bundling of fibrils can lead to heterogeneous distributions of
length and diameter, as well as different degrees of branching
and interconnected fibrillar network. As a result, the most
challenging but paramount characterization of any resulting
CNF is to determine its level of nanofibrillation, branching, and
network structure. For the characterization of individual CNF,
such as TOCNEF, high-resolution microscopic characterization
techniques, for example, atomic force microscopy (AFM) or
TEM, are well suited to determine its morphology and sizes.
However, for the aggregated, bundled, or branched CNF
samples, these characterization techniques are not so useful to
reveal their true state in suspension, as the sample preparation
can inevitably cause aggregation and dehydration-caused
artifacts (e.g., residual stress). For this purpose, character-
izations, such as turbidity, light scattering, and viscosity, are
often carried out to correlate with the particle size and
aggregation state in CNF suspension with rheological behavior
and even water retention value in the wet state.'®>'*%**

3.2.3. Functionalization of Cellulose Surface and
Reducing Ends. The hydroxyl groups on the NC surface can
be readily modified to introduce other functionalities through
varying chemistries, resulting in tailored surface polarity or
interfacial compatibility for different applications. The inherent
differences (i.e., crystallinity, DP and chain rigidity) between
CNC and CNF require different functionalization schemes with
acceptable reaction efficiency. Thus, surface modified NC
should be characterized to confirm the functionalization
efficiency by determining the amount of grafted or adsorbed
functional groups, and the impact of modification (especially the
covalent modification) on the property changes. Ideally, the

102,112
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surface modification should only tailor the surface chemistry
without deteriorating the inherent properties, such as
morphology, DP, and crystallinity of NC. However, in certain
chemical modifications, both the crystalline and chemical
structure of NC can be affected because of excessive reaction
time or harsh reaction conditions.”*” The major characterization
techniques for surface functionalized NC include Fourier-
transform infrared spectroscopy (FTIR), zeta potential, and
elementary analysis. However, depending on the type of
modification (physical or chemical), other analytical techniques
are also necessary. For example, X-ray photoelectron spectros-
copy (XPS), solid-state NMR techniques are frequently used to
characterize covalently modified NC; while surface adsorption
tools, such as isothermal titration colorimetry, quartz crystal
microbalance with dissipation measurement, and Langmuir
isotherm, are more sensitive and efficient to characterize
physically adsorbed polymers.” In addition, to disperse
functionalized NC in organic solvents, their dispersion is often
characterized by UV—vis technique to confirm the nano-
dispersion state prior to processing.

In the past few years, there have been increasing trends in the
study of reducing end modification, specifically for CNC.***~***
In specific, directional, terminal, and regioselective chemical
modifications have been demonstrated as important function-
alization routes to modify CNC for new applications, where the
materials modified by conventional surface functionalization
routes cannot achieve. For example, fluorescently labeled CNC
on its reducing end has found unique biomedical applica-
tions.”*> The precise manipulation of reducing end function-
alized CNCs can further yield novel morphological features
(e.g., star-shaped, end-to-end, hairbrush-like) due to the unique
assembly, allowing expanded applications.”** The origin of the
reducing end modification comes from the directionality of
cellulose chains in the crystalline assembly, where the hemiacetal
groups are often present at the reducing end and the pendant
hydroxyl groups are present at the other end. The reducing end
modification also allows CNC to maintain its initial surface
chemistry and anisotropic feature. Compared to the conven-
tional surface modification, the reducing end modification of
CNC differs in the amount, accessibility, and reactivity of
reducing end’s aldehyde groups. The latter can be performed
through two major routes, that is, aldimine condensation and
carboxyl-amine condensation, leading to different functional
groups at the reducing end.”** However, there are still challenges
for the reducing end modification of CNC. For example,
different methods: direct methods such as Fehling test and
formazan method and indirect methods such as colorimetric
assays and potentiometric titration, can result in different
amounts of terminal hemiacetal groups formed.”** In addition,
the characterization techniques for verification and quantifica-
tion of reducing end modification are generally insufficient and
not sensitive because of the small reaction sites when compared
to the abundant surface hydroxyl groups on the CNC surface.
For example, typical quantification techniques for surface
modification, such as elementary analysis and XPS, are not
sensitive enough to detect the low amount of grafted functional
groups at the reducing end. FTIR is only able to identify newly
formed covalent bonds at the reducing end and its accuracy can
be significantly affected by the low grafting density in reducing
end functionalized CNC. NMR, in particular solution-state
NMR, can be a direct and accurate technique to characterize the
changes in chemical bonds at the reducing end. But this would
require the dissolution of CNC in an ionic liquid electrolyte.**’
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Figure 9. (a—c) Recent progress on semiautomated microscopy image analysis. Reprinted with permission from ref 250. Copyright 2021 Springer
Nature. (d, ) The unified rheological modeling. Reprinted with permission from ref 254. Copyright 2020 Springer Nature. (f) Correlation of the “flow
index” with a degree of defibrillation. Reprinted with permission from ref 255. Copyright 2021 Springer Nature. (g—i) Crl estimation using the XRD
peak deconvolution method with improved amorphous profiling of NC materials. Reprinted with permission from ref 257. Copyright 2020 Springer

Nature.

Other indirect characterization techniques, including micros-
copy techniques (AFM or TEM),**"*** rely on the chemical
interactions between grafted functional groups at the reducing
end and metallic nanoparticles that take advantage of high
interaction potential with the electron beam. In most cases,
complementary analyses, including direct and indirect charac-
terization of reducing end modified CNC, are simultaneously
performed to validate the reducing end modification. It is
envisioned that more accurate and reliable characterization
techniques will be developed in the future for better study of
reducing end modification in CNC.

3.2.4. Dewatering and Drying Processes. From the
perspective of end-users, having readily redispersible NC
materials with consistent properties is very important in practical
applications. The production of NC always involves a large
amount of water for various chemical, mechanical, or biological
pretreatment processes. Therefore, understanding the NC-water
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interactions, colloidal stability and chemical accessibility in
suspension is critical for the development of NC-based materials
in different forms (e.g., hydrogels, aerogels, and foams). The
processing of NC materials to create products in the condensed
form also includes hydration, rehydration, dewatering, drying, or
solvent exchange steps. For this purpose, the water retention
value measurement is necessary to quantify the water holding
capacity of CNF, which is related to the degree of nano-
fibrillation."®> Dynamic vapor sorption is another approach to
understand the water activity in NC materials. More advanced
techniques, X-ray or neutron scattering, NMR, thermopho-
tometry, and molecular dynamic simulation, can also be used to
investigate the above subjects.'*’

In the commercial development of NC products, the
processes of dewatering and drying are essential to reduce the
high transportation cost of diluted NC suspensions and to meet
specific end-user requirements (e.g., melt compounding of
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polymer nanocomposites), respectively. In both scenarios, the
dehydration treatment should not change the initial nanoscale
features of NC, where the processed NC should be able to
redisperse easily back to the dispersion state in water. Several
drying methods, including spray drying, freeze-drying, super-
critical CO, drying, and oven/air drying, have been reported in
the literature.”** To understand the effect of various drying
processes on the property changes in NC, proper character-
ization methods should be applied. Some typical methods are as
follows: Electron microscopy characterization of oven-dried and
freeze-dried NC materials can reveal the different nanoparticle
morphology and the network structure caused by particle
aggregation driven by the enhanced interactions of hydrophobic
attractive forces during dehydration.'®® These results allowed
for the selection of appropriate drying methods to process NC to
create consistent structure and property. On the other hand,
dewatering of NC is often performed to reduce the particle
agglomeration (especially in drying), as well as the trans-
portation cost. Dewatering is a relatively mild process that can
remove a large amount of water (especially free water) from NC
systems using physical, chemical, and mechanical methods. As
described by Zhu et al,”*’ these methods include solvent
evaporation, vacuum/pressure filtration, centrifugation, incor-
poration of counterions, polymers and other additives, as well as
adjustment of ionic strength. A straightforward example is by
adding sodium chloride solutions into NC suspensions. Using
counterions, such as sodium ions, to shield the negative charges
on the NC surface, can significantly reduce the electrostatic
repulsion and increase hydrophobic interactions between NC
particles, leading to aggregation of NC and dewatering of the
system. As a result, the freeze-drying of such a system does not
affect much of its redispersion capability. To characterize such a
process, techniques for characterizing the colloidal behavior and
stability of the suspension prior to freeze-drying and after
redispersion under different counterion (e.g, H* and Na*)
conditions and with NC materials of different surface charges are
essential.

3.3. Recent Progress on Characterization of NC

To address the challenges in different characterization
techniques for NC materials, extensive efforts have been made
to minimize the artifacts due to sample preparation and enhance
the consistency of analytical procedures for various forms of NC
materials.'®’ Some of the characterization techniques are
complex, time-consuming and require specific expertise.
Hence, straightforward and easily applicable characterization
methods and data analysis protocols are desired and critical. In
this section, we highlight several recent advances on the
characterization of NC materials, including microscopic
imaging, rheology modeling, crystallinity estimation, particle
anisotropy, and self-assembly behavior.

3.3.1. Microscopy Techniques. High-resolution imaging
of NC materials and the corresponding analysis to reveal their
geometric dimensions can suffer from inhomogeneous distri-
bution of particles due to the tendency of aggregation, and
sometimes from subjective/biased analytical procedures. This
problem has been seen in AFM, TEM, and SEM studies, where
the results from different research groups can be quite
different.”*>** Yucel et al.**° demonstrated a semiautomated
image analysis protocol, termed Standardized Morphology
Analysis for Research and Technology (SMART) that can
improve the reliability and grouping of NC (i.e,, CNC) from
AFM and TEM imaging. In their demonstration, the raw AFM

8952

or TEM image of CNC is first processed in grayscale (Figure
9a), the different types of particles can then be segmented and
grouped using different color codes (Figure 9b) with the
assistance of the built-in MATLAB function “regionprops”. They
reported that isolated CNC particles identified by SMART
analysis can yield more consistent results of geometrical
dimensions than those extracted by the manual approach
(Figure 9c), allowing the high throughput analysis of multiple
microscopy images. Chen et al.”*" investigated the cross-section
shape and dimensions (width and height) of CNC by AFM
imaging, and performed an in situ calibration of the AFM probe
using codeposited gold nanoparticles to exclude the tip
broadening effect. Specifically, the gold nanoparticles, acting
as internal standards, allowed the calibration of the AFM probe
tip radius. Their results indicated that a portion (approximately
one-third) of CNC possessed symmetric cross sections, while
asymmetric lateral aggregation containing two or three CNC
crystallites was also observed.

In the microscopic characterization of CNF, Ang et a
discussed the likely effects of the measurement statistics and
operator factors on the determination of the cross-sectional
dimensional distribution of CNF, for example, coarse and
heterogeneous versus fine and homogeneous fibers. On the basis
of SEM imaging, they proposed that the width measurement of
CNF in a reduced area could alleviate the operator bias and
produce a more representative distribution of the nanofibrillar
width (based on the Kruskal-Wallis statistical analysis), as
compared to measurement on integral SEM images with a
selection of 100 fibers. They provided a rapid analysis to
determine the average CNF cross-sectional dimension and
argued that this approach is also applicable for the measurement
of geometrical dimensions from AFM or TEM imaging. To
improve the bulk morphology characterization of NC materials
by TEM, Campano et al.”>* demonstrated an imaging technique
to investigate the agglomeration state and degree of
defibrillation for CNF and CNC. In their study, different
TEM grids (i.e., holey and Formvar/carbon) and fixing agents
(i.e., glow discharge, UV light irradiation, and poly-L-lysine
(PLL)) were compared, where the Formvar/carbon grid
coupled with PLL coating on the mica substrate yielded the
best TEM image quality and highly reproducible results, based
on the Fractal dimension and lacunarity analysis. They further
concluded that the dispersion state of NC can be accurately
characterized by TEM using these sample preparation protocols.

3.3.2. Rheological Techniques. The rheological behavior
of NC suspensions is closely related to the morphology, surface
chemistry, geometric dimensions and defibrillation level of the
constituting fibrils, as well as their network structure. As a result,
the diverse forms of NC, with different characteristics, can make
the corresponding flow behavior of their suspensions very
complex. Understanding the structure and rheological property
relationship is essential for the use of NC as a rheological
modifier in the formulation of inks, personal care products,
emulsions, coatings, and paints.121 The knowledge of the fibrillar
interactions, network formation, flocculation, and self-assembly
behavior of NC in suspension underflow is also essential for the
processing of NC materials. However, the lack of standard
protocols and empirical models for the analysis of complex flow
behavior and network structure in NC suspension is still a major
challenge. In addition, artifacts during measurement, such as
wall slip, shear banding, and instability, can greatly impact the
accuracy and reproductivity of the rheological characterization.
There have been some attempts to develop robust protocols and
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Figure 10. Representative characterization techniques to characterize the NC alignment and chiral nematic assembly of NC. (a) Schematic illustration
of an optical birefringence technique. (b and ¢) POM imaging of anisotropic CNC films at 45° and 90° configurations. Reprinted with permission from
ref261. Copyright 2017 Springer Nature. (d) SEM images (II) and 2D-WAXS of shear-enabled alignment of BNC. Reprinted with permission from ref
262. Copyright 2021 Elsevier. (e) POM images of 8 wt % a CNC suspension showing an optical pitch of 8.7 ym and the “fingerprint” liquid crystal
banded texture (zoomed image). Reprinted with permission from ref 263. Copyright 2020 The Royal Society of Chemistry. (f) POM images of
iridescent CNC films. (g) AFM surface image and SEM cross-sectional image (top right inset) of CNC films with helicoidal nanostructure (left bottom
inset). Reprinted with permission from ref 264. Copyright 2020 American Chemical Society.

rheology models to assist the quality control of NC processing.”
For example, Liao et al.”>* reported the feasibility of using a
unified rheological model, combining the power law (between
viscosity and shear rate) and the cross model (which captures
the flow curves in the isotropic and the chiral nematic phases), to
characterize the entire flow behavior of CNC (Figure 9d) and
CNF (Figure 9e) at various concentrations. This model,
involving both considerations of phase transition and
viscoelastic properties, has been found to be quite useful for
the systems of commercially produced s-CNC and TOCNF. In
addition, key model parameters of this model could be used to
predict the solid content and salt concentration in NC
suspensions with high accuracy. In their follow-up study,”>
the viscoelastic properties of TOCNEF suspensions were
investigated to shed more insight into the correlations between
rheological properties, nanofibrils morphology, and surface
chemistry. On the basis of the the flow curves fitted with the
Cross model, they further established a rheological factor “flow
index”, which appeared to be closely related to the nanofibrillar
network structure. Higher energy homogenization coupled with
higher surface charge could lead to extensive defibrillation and a
reduced flow index value (Figure 9f). The single parameter (flow
index) derived from this rheological modeling of the viscoelastic
responses of varying CNF suspensions enabled the identification
of optimized processing conditions for processing TOCNF.
3.3.3. Determination of Crystallinity. As NC is a
crystalline entity, the analysis of its crystallinity and crystallite
dimensions is important for understanding the effects of various
pretreatment conditions and achievable final properties. Over
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the past decades, various characterization techniques (e.g., XRD,
NMR, and IR) and corresponding analytical methods (i.e., peak
height, peak deconvolution, and Rielveld) have been established
to estimate the Crl information from a vast array of cellulosic or
nanocellulosic samples. These methods have been compared in
several review articles.”'”” In particular, XRD is the most widely
used tool to evaluate the crystallinity information of NC
materials. To analyze the XRD data, different analytical
procedures possess different limitations. For example, the
Segal peak height method often overestimates the Crl value,
and while the peak deconvolution method and the Rielveld
method can yield better estimates; they require careful fitting
procedures and baseline determination. One approach to
improve the peak fitting method is by considering the
contribution of the amorphous phase in the overall diffraction
profile.”**>*” It has been noticed that the shape of the
amorphous peak in cellulose is often complex and should not
just be represented by a broad Gaussian functioned peak as
reported in some studies.”*® To tackle this issue, Yao et al.”>” and
del Cerro et al.**® constructed different expressions to represent
the amorphous cellulose phase and discussed their appropriate-
ness for fitting the experimental XRD diffraction patterns (along
with the crystalline peaks). In the study of Yao et al.,”*” they
noticed that there is a lack of a standard for amorphous cellulose
modeling and the amorphous peak feature cannot be described
by typically adopted mathematical functions (i.e., Gaussian,
Voigt, and Lorentz) as seen in Figure 9g. To deal with this
problem, they have constructed an eighth-order Fourier series
equation to model the amorphous fraction of the samples
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(Avicel, pulp, BNC) prepared by varying ball milling techniques.
The peak fitting of the experimental XRD profile (e.g., BNC)
using the Fourier series equation to describe the amorphous
fraction illustrated an accurate and easy-to-use procedure as
compared to the use of Voigt function (Figure 9h). The use of
the Fourier series equation also yielded more meaningful
insights on the contribution of the amorphous cellulose phase, as
well as reliable determination of Crl, than other peak
deconvolution methods. Alternatively, the method of terahertz
time-domain spectroscopy (THz-TDS) has been demonstrated
by Wang et al.”*” as a new approach to estimate the CrI value.
They reported that cellulosic samples exhibiting the character-
istics peak at 3.04 THz can be analyzed by a min-max algorithm
to normalize the integrated intensity between 2.79 and 3.32 THz
into 1 to 0. With this approach, they proposed a new “index” for
the crystallinity estimation of cellulose. The quick and easy
sample preparation for the THz-TDS measurement may enable
this technique to be a new standard for estimating the Crl value
in NC materials.

3.3.4. Determination of Fibrillar Alignment. The
alignment of NC has significant implications for the develop-
ment of high-performance functional materials with fully
exploited nanoscale properties. For example, the formation of
aligned NC can enable anisotropic properties (e.g, birefrin-
gence), improve reinforcing efficiency in nanocomposites, and
strengthen mechanical properties. ® Recently, alignment
strategies and the applications of aligned NC materials have
been extensively reviewed,'®”'”**** and readers are encouraged
to consider these articles as valuable sources for information.
Some common analytical techniques that can quantitatively
determine the NC alignment include microscopy (e.g., AFM,
SEM, and polarizing microscopy (POM)), birefringence
measurement, and X-ray scattering (i.e., WAXS and SAXS).
For example, Chowdhury et al.”®" demonstrated a simple and
low-cost optical technique (captured by POM) to determine the
birefringence and CNC orientation in film, which was
sandwiched between two rotating polarizers (Figure 10a). The
transmitted light intensities in bright and dark fields could be
used to estimate the linear dichroitic ratio for the determination
of the order parameters in isotropic and anisotropic CNC films.
In the 90° and 45° configuration between two polarizers, the
sheared CNC film could exhibit noticeable differences in the
transmitted light intensity (Figure 10b and 10c). The results
from this method could be quantitatively compared with that of
two-dimensional (2D) WAXS, which is more accurate in
determining the crystal order parameter. Electron microscopy,
such as SEM (Figure 10d-1I), and 2D WAXS pattern (Figure
10d-11I), has been used to determine the degree of CNC (same
as crystal) alignment. In the WAXS analysis, the CNC alignment
is related to its diffraction peaks and azimuthal spreads. For NC
materials, the (200) diffraction peak is often adopted to extract
the azimuthal intensity distribution, which can be used to
calculate the Hermans’ order parameter (ranging from 0 to 1,
with 0 representing the isotropic state and 1 representing the full
alignment state).' 5,260

3.3.5. Investigation of Chiral Nematic Liquid Crystal
Assembly. The most intriguing behavior of CNC in suspension
is their self-assembly tendency to undergo a phase transition
from isotropic to chiral nematic liquid crystal phase with
increasing concentration. This behavior has enabled a range of
unique optical and electronic applications for CNC materials. At
the low concentration range, rod-like CNC particles are
dispersed in an isotropic state, where above a critical
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concentration; CNC can start self-assembling into ordered
tactoids that are discrete domains of the liquid crystalline phase.
The dispersed tactoids in the isotropic phase are often referred
to as the biphasic phase, where both isotropic and liquid
crystalline domains are in equilibrium with each other.'*® The
solvent evaporation method can be used to initiate the bottom-
up assembly process, where the solvent evaporation rate can
fine-tune the CNC organization, yielding a photonic structure at
various hierarchical levels. In the liquid crystalline phase, CNC
suspensions can also display characteristic pitch as observable by
polarized optical microscopy (Figure 10e). This isotropic to
cholesteric liquid crystal phase depends on the interparticle
interactions (e.g., hydrogen bonding, van der Waals force, and
electrostatic), inherent features of CNC (e.g., aspect ratio,
surface functionality and charge density), and external
conditions (e.g, incorporation of polymers, pH, and ionic
strength).”®> For example, CNCs with different crystalline
allomorph structures (cellulose I and IT) could exhibit variations
in the pitch of the chiral nematic texture.”*® After drying, solid
CNC films can display an iridescent structure color due to the
retention of the chiral nematic phase, resulting in new
applications of materials, such as optical displays and biosensors.
To characterize the microstructure and surface features of
iridescent CNCs films, various microscopy techniques including
POM (Figure 10f, showing vivid iridescent colors), AFM and
SEM could be used. The chiral nematic texture in CNC films can
also be confirmed through SEM cross-section imaging (Figure
10g, top right insert), while the AFM image reflects locally
aligned CNCs with discrete tactoids.”®* In addition, to better
understand the structure development at varying hierarchical
levels during the chiral nematic liquid crystalline assembly in
CNC suspensions, Kadar et al.'"®® demonstrated the following
characterization methods to analyze the phase changes during
solvent evaporation. These methods included rheological
analysis, SAXS and small-angle neutron scattering (SANS),
POM, NMR, FTIR, and Raman spectroscopy techniques,
especially ones monitoring the in situ structure development
during self-assembly from the liquid to solid state.'*®

3.4. Small-Angle X-ray Scattering (SAXS) of NC Suspensions

The SAXS technique has been widely used to characterize the
supramolecular structure of cellulose crystallite assembly and
the pore structure within the cellulose fibers (e.g., after the
enzymatic hydrolysis pretreatment).”*® The sensitivity of SAXS
is quite high for the analysis of nano-objects having a sufficient
density contrast with respect to the surrounding medium, where
the maximum spatial limit of SAXS can reach over 100 nm.
SAXS analysis can provide critical information regarding the
average cross-sectional dimensions, orientation, and spatial
ordering of NC materials. Several comprehensive reviews
regarding the SAXS technique and its principles for character-
izing nanostructured materials are available.”®” However, its
application in characterization of NC in the dispersion state has
only been recently reported.%s_271 As mentioned earlier, the
extraction and processing of NC often deals with the wet or
dispersion state, in which the solution SAXS technique has
turned out be uniquely suitable to study the morphological and
cross-sectional features of individual NC particles, their colloidal
and aggregation behaviors, and the flow-induced alignment
phenomenon without the worry of sample preparation (e.g,
drying).

The quantitative solution SAXS measurement of NC
suspensions can yield average cross-sectional dimensions and
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Figure 11. Application of solution SAXS technique for NC characterization. (a) Biosynthesis of cellulose chains and the formation of elementary
microfibril. (b) TEM image showing the lateral aggregation of elementary microfibrils (indicated by arrows). (c) Schematic illustration of CNF with
different degrees of nanofibrillation. (d) Solution SAXS profiles fitted with three types of elementary microfibril aggregation, resulting in different
cross-sectional shapes and dimensions. Reprinted with permission from ref 172. Copyright 2020 American Chemical Society. (e, f) Experimental SAXS
profiles of TOCNF suspensions fitted with a ribbon-shaped cross-section model (solid lines) and comparison with the width results from the TEM
image analysis. Adapted from ref 271. Copyright 2014 IUCr/Wiley. (g) Schematic diagram of the in situ SAXS technique to characterize of the
electromagnetic field-induced alignment and ordering of chiral nematic CNC. Reprinted with permission from ref 268. Copyright 2016 American
Chemical Society. (h) Combined SAXS and POM techniques to characterize the flow-induced alignment of CNF during fiber spinning by the flow
focusing technique (the inset images represent 2D SAXS diagrams with polar and Cartesian coordinates, respectively). Reprinted with permission from

ref 269. Copyright 2015 The Royal Society of Chemistry.

distributions (Figure 11b), as well as the degree of defibrillation
of NC particles (Figure 11c). This is because the spatial
resolution of SAXS is ideally suited to extract statistical
information regarding the cross-sectional dimensions (from
the form factor) of NC in dilute concentrations. From high-
resolution microscopic measurements, it has been reported that
CNPF’s height is between 1 and 3 nm (by AFM) and its width is
between 4 and 8 nm (by TEM).””" However, these dimensions
are inconsistent with the sizes of an 18-chain microfibril (Figure
11a), where cross-sectional dimensions should be between 2.3
and 3.6 nm.”** Microfibril has been considered as the
elementary building block of all NC particles. To gain more
insights into the morphology and dimensions of extracted CNF,
and its relationship with the lateral aggregation of elementary
microfibrils, our group has recently performed additional WAXS
and TEM measurements to complement the solution SAXS
study, using elementary microfibrils as the foundation.'”*
Assuming each elementary microfibril has a square-shape with
an average cross-section size of 2.4 nm; multiple microfibrils can
be assembled into a ribbon-shaped cross-section, consistent with
the TEM observations. The experimental SAXS data were fitted
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by a quantized polydispersity method using elementary
microfibrils (Figure 11d) to assemble into different-sized
aggregates. By further defining the degree of defibrillation, we
found that the aggregation has a preferred cohesion of phase
boundaries parallel to the (110)-plane of the CMF. These
findings are consistent with our earlier SAXS results of TOCNF
in suspension,”’”*”" which indicated that the individual CNF
particle could be best described by a simplified ribbon model
with nanoscale cross-sectional dimensions (Figure 11e). These
dimensions and their size distributions were in good agreement
with those estimated from the TEM image analysis (Figure 11f).
The analysis of the solution SAXS data is model dependent. A
different research group has used an elliptical cylindrical model
to estimate the cross-sectional dimensions of CNC in
dispersion, where the results were also consistent with the
AFM data.’®® From these studies, we argue that the cross-
section shape of NC is not round, where both ribbon and
elliptical cylindrical shapes are possible. However, we also
caution that the SAXS technique is a low-resolution technique
and that precise measurements are not possible. In addition,
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there are always inhomogeneities of NC in lengths and
widths.'”*

In addition, the SAXS technique can yield the structural
information (e.g,, spatial ordering and orientation) of NC in
suspension during the phase transition (from isotropic into
chiral nematic liquid crystalline phase)”’* or under externally
induced alignment (e.g, electromagnetic field or extensional
flow).'7?*°® For example, the packing of CNC particles in the
chiral nematic phase was investigated by Schiitz et al.”’* using
the solution SAXS technique. The average center-to-center
separation distance between s-CNC in suspension was found to
decrease from ~51 nm (isotropic phase) to 24.5 nm (at fully
liquid crystalline phase) with increasing CNC concentration
(1.3—6.5 vol%). De France et al.*®® reported the real time
change of CNC ordering/alignment at varying concentrations
under a magnetic field using the in situ SAXS technique (Figure
11g). When the suspension was placed in the magnetic field
perpendicular to the X-ray beam, anisotropic SAXS patterns
could be observed, revealing the change in structure parameters,
such as the packing distance, correlation length, orientation, and
order parameter. In dilute concentrations, isotropic CNC
suspensions were unable to orient noticeably. However, at
high concentrations, the chiral nematic phase of the CNC
suspensions exhibited two-staged ordering, with the fast partial
alignment at the initial stage followed by the slow cooperative
ordering at the later stage because of the influence of magnetic
field. Another example of the in situ solution SAXS study
involved the monitoring of structural change during the fiber
spinning formation of NC (Figure 11h). It has been shown that
NC-based fibers/filaments fabricated by the flow-focusing
technique can create a new class of biobased high performance
materials with the potential to replace petroleum-based
synthetic fibers."”> Careful characterization of nanoscale
dynamics and structure during the flow process can lead to
the optimized design of structure and desired properties.
However, such characterization techniques need to be in situ,
noninvasive and noncontact, where synchrotron SAXS seems to
be a proper tool.

4. NC STRUCTURE PROPERTIES RELATIONSHIPS

4.1. Mechanical Properties of NC and Its Composite

CMF has very high crystal moduli (in the range of 130—150
GPa),””*™*” but the strength of this material is difficult to
determine. The strength of TOCNF has been determined to be
in the range of 1.6—3.0 GPa and the highly crystalline Tunicate
to be in the range of 3—6 GPa.”’® It should be realized that the
contribution of NC on the mechanical performance of NC-
based composites or derived materials in varying forms, such as
film, nanopaper, filament, foam, aerogel, or electrospun
nanofiber, is different, depending on the formation method
and process-induced structural variance. For example, Benitez et
al. analyzed the impacts of several factors, including DP,
moisture content, and porosity on the strengths of varying CNF
products.””” Because of the smaller porosity and fewer surface
defects and internal stress, the fiber format generally has higher
mechanical properties than the material in bulk format,
depending on the processing conditions. However, it is
somewhat difficult to investigate the surface defects of the
fiber once its cross sections approach nanoscale, and there is
little knowledge on the internal structural defects in these
materials. There have also been very limited studies to explore
the ultimate strength of NC films (especially CNF films). One
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issue is that there is a lack of globally accepted standards for
sample preparation and testing protocols of CNF films.
Typically, the community uses the standards for plastic and
composite films, including ASTM D3039/D3039M-14, ASTM
D 638-01, and ISO 527-1, but these standards may not be
completely applicable for CNF films, and may need
modifications. Thus, a thorough investigation of the property
space of different CNF products can be hampered by the use of
different protocols. In spite of these limitations, some general
conclusions can still be drawn. For example, Figure 12 illustrates

Figure 12. Effect of DP on the mechanical properties of CNF films. (a)
Stress and strain curves of CNF films prepared by enzymatically
extracted CNF from never dried sulfite pulps with different DP.
Reprinted with permission from ref 278. Copyright 2008 American
Chemical Society. (b) Stress and strain curves of CNF films prepared by
TOCNEF from never dried sulfate pulps of different DP. Reprinted with
permission from ref 280. Copyright 2013 Elsevier. (c) and (d) Plots of
Young’s modulus comparison with tensile strength and strain at break,
respectively, for CNF films of different DP (black arrows indicate the
direction by increasing DP). Reprinted with permission from ref 277.
Copyright 2017 The Royal Society of Chemistry.

the effects of DP on the varying mechanical properties with films
prepared by CNFs extracted by two different methods:
enzymatical treatment,””® and TEMPO-mediated oxidation,””’
from never dried sulfate pulps of different DP. Figure 12a shows
the stress and strain curves of CNF films prepared by
enzymatically extracted CNF,””® and Figure 12b shows the
curves for CNF films prepared by TOCNFE.**" It was seen that
all stress—strain curves exhibited the same trend, and with an
increase in DP, the tensile strength and elongation at break
generally all increased accordingly. This behavior was also
confirmed by the correlations of Young’s modulus with tensile
strength or strain at break separately, using CNF films of
different DP (Figure 12c and 10d). This can be explained by the
notion that the fibril length generally decreases with DP, leading
to notable decreases in mechanical properties. Figure 13 shows a
linear relationship between the fibril length and DP for
TOCNE,”” which further confirms this explanation. In this
figure, the theoretical chain length vs. DP is also illustrated. The
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Figure 13. Fibril length of TOCNF (TOCNs—NaClO,) vs the DP.
The corresponding DP value of chain length is represented in the
dashed line. Reprinted with permission from ref 279. Copyright 2012
American Chemical Society.

chain length is found to be substantially smaller than the fibril
length, indicating that the fibril contains many chain ends.
Unfortunately, the fibril length was not investigated by
Hen12ri71§sson et al. in the study of enzymatically prepared CNF
film.

Lindstrom et al argued that the tensile strength of CNF
films can be deduced from the Page approach developed for
paper property evaluation, by using the short-span tensile
strength and an extrapolation procedure. This is because the
strength of nonporous CNF film is not dependent on the
bonding strength between the fibrils in the film. The tensile
strength of the film with nonwoven structure can be estimated
from the short-span strength of the CNF. In a recent review,”” it
was seen that even for various CNFs of different modifications,
the properties became similar as soon as the fibers were
sufficiently delaminated before making the film.

The porosity in CNF film can be increased by using the
solvent exchange method involving a less polar solvent.”””*”® In
general, increase in porosity leads to decrease in Young’s
modulus, yield strength and tensile strength but increase in
strain at break. This was seen by the films with hiﬁher porosity
prepared by the supercritical CO, drying method."” It has been

112,281

seen that hydrogels could shrink significantly during super-
critical CO, drying because of the hygroscopic properties of
CNE.*** To overcome this problem, the functionalization of
CNF can be carried out to stabilize the fibrillar networks and
reduce shrinking. The freeze-drying method has also been used
to prepare porous CNF films, where ice crystals can act as a filler
template for pore formation. It has been shown that one can fine-
tune the porous network structure, such as lamellar-like or
cellular-like structure, using different freezing or sublimation
conditions.

The effect of humidity on the mechanical property of CNF
materials is very strong. This is because the presence of water
molecules can degrade the strong hydrogen bonding between
the adjacent CNFs, resulting in formation of structural defects
and degradation of mechanical properties. As seen in Figure 14,
when the relative humidity increases, a clear transition can be
observed during the CNF film deformation, that is, from brittle
fracture to a ductile response (Figure 14a). During the ductile
deformation, the fibril pull-out phenomena was found to be the
dominant process (Figure 14b). It was interesting to find that
there was virtually no change in the strain at break for all the
samples tested, in spite of the varying different experimental
conditions (different moisture contents) and different deforma-
tion mechanisms (brittle vs. ductile).

The presence of counterions can play a vital role to affect the
dry and wet properties of CNF films. These effects have been
investigated for various monovalent and multivalent metal ions
and quaternary alkylammonium carboxylates during the
preparation of CNF films.”””***7** Typical results are
displayed in Figure 15. For monovalent ions, the larger size
ions exhibited a slightly lower tensile strength but yielded an
increased strain at break (Figure 15a). For the quaternary
alkylammonium carboxylates, the higher hydrophobic chain
length of the ammonium salt resulted in a larger strain at break
(Figure 1Sb). In Figure 1Sc and Figure 16, the effect of
multivalent metal ions on the wet tensile strength of CNF films is
shown. It was found that all samples exhibited an increase in
tensile strength over the pristine CNF film; however, the
aluminum jon Figure 15¢ and iron ion (Figure 16) displayed
particularly strong effects. Generally, multivalent ions behave
like ionic cross-linking agents in the CNF scaffold, while
monovalent ions merely act as a screening agent to shield the
surface charge of CNF and, thus, only enhancing the
hydrophobic interactions in the CNF scaffold.

Figure 14. (a) Effect of relative humidity (RH) on TOCNF films at pH = 7.0 and 9.0, respectively. (b) SEM image of fractured CNF film’s cross-
sectional, indicating the likely deformation mechanism at 100% RH (the arrows indicating the pull-out of CNF fibrils). Reprinted with permission from

ref 284. Copyright 2012 American Chemical Society.
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Figure 15. Mechanical properties of CNF films at 50% RH. (a) Tensile
properties for various monovalent ions in CNF films in the protonated
form. (b) Effects of ion-exchange to quaternary amines with different
chain lengths, including A*, ammonium; TEA?, tetraethylammonium;
TBA', tetrabutyl ammonium; and THAY, tetrahexyl ammonium.
Reprinted with permission from ref 288. Copyright 2017 American
Chemical Society. (c) Effects of various multivalent metal ions on the
wet tensile properties on CNF films. Reprinted with permission from
ref 285. Copyright 2016 Elsevier.

Recently, Wagberg et al. investigated the wet tensile
properties of TOCNF films with medium and high charge
densities, where the films were treated with various multivalent
ions.”*”?”" The results of this study are shown in Figures 16 and
17. It was seen that AI** and Fe®" are particularly effective cross-
linking agents, leading to higher tensile strengths but also lower
strain at break values. They proposed a semiquantitative model
to explain the effects of varying multivalent counterions-induced
attractive interactions on the wet modulus of the highly charged
TOCNEF scaffold, where this model contains four types of
interactions: ion—ion interaction, metal—ligand complex
formation, dispersion interaction, and local acid—base inter-
action. The contributions of these four interactions in the wet
modules are shown in Figure 17. In this figure, each interaction is
represented by a different color bar. In addition, the CNF
scaffold and its physical entanglement are also taken into
consideration, as represented by the gray area.

In Figure 17, it is seen that each interaction contributes to a
specific portion of the wet modulus. For example, in the CNF—
Mg** film, the ion—ion correlation is the mainly attractive
interaction (besides the CNF network) due to a weak affinity of
magnesium ions. For other ions, the additional contribution of
each interaction is derived either from tensile data (such as Ba**,
Ca’, Mn**, and Zn**), stability constants, or pH of solutions (in

Figure 17. Analysis of the ion-induced assemblies of anisotropic CNF
scaffolds, using a model describing the contribution of four different
mechanisms, and their impact of wet modulus of CNF films. Reprinted
with permission from ref 289. Copyright 2019 Wiley-VCH Verlag
GmbH & Co.

the case of Cu®*, AI**, and Fe"). It was found that the metal—
ligand complexes interaction plays a dominant role for CNF
films associated with Cu®*, AI**, and Fe>* counterions, whereas
the ion—ion correlation interaction is regarded as slightly less
significant but can play an important role during plastic
deformation.

Figure 16. Typical stress—strain curves for wet TOCNF films with (a) medium and (b) high charge densities. TOCNF is treated with various
multivalent ions, such as Mg**, Ca*, Mn**, Zn**, Ba?*, Cu®*, Al*, and Fe*. Reprinted with permission from ref 289. Copyright 2019 Wiley-VCH

Verlag GmbH & Co.
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Figure 18. (a) Effect of CNF aspect ratio on the storage modulus (G’) of the corresponding gel and (b) the relationship of G’ of the gel and the inverse
kink density in the network, after adding 6 mM HCI. The symbol with different colors indicates varying concentration, where the square and circle
indicate CNF derived from bleached and unbleached pulps, respectively. Reprinted with permission from ref 283. Copyright 2020 The Royal Society

of Chemistry.

NC-based aerogels/hydrogels are effective adsorptive media
to remove varying pollutants from water. The effectiveness of
the adsorption is directly related to the network formation of
CNF scaffolds. Mezzenga and Nystrom et al. investigated the
self-assembled CNF structures in the varying form of gel
network (aerogel/hydrogel).”*” They discovered that the aspect
ratio of CNF could be used to control gel elasticity, where the
results are shown in Figure 18. They reported that the threshold
aspect ratio concerning the shear storage modulus (G’) is 320,
below which G’ decreases with decreasing aspect ratio (Figure
18a). This is because smaller CNF cannot effectively entangle
each other to form a stable network. They also suggested that the
mesh size (£) of the CNF networks can be controlled by the
CNF aspect ratio in this region, in which the plateau G’ value is
achieved when the aspect ratio becomes larger than 320.
Theoretically, one can use eq 1 to calculate the mesh size of the
gel, which is about 88 nm at the threshold aspect ratio.

2L}
3LP ( 1 )

Ineq 1, L,, is the contour length (about 292 nm) of the CNF at
the G’ transition point (Figure 18a), and L, is the persistence
length of CNF (about 2.5 um).””" To form a network, each fibril
has to make more than a single contact with another fibril. L,
thus, represents the entanglement length of the fibrils that is
longer than the £ value at a certain concentration and can be
presumed to be the fibril contour length (L) at the transition
point of G’ (Figure 18a). In general, longer flexible polymer
chains can entangle more easily than smaller rigid polymer
chains. CNF can be considered as a semiflexible polymer, where
the observed kinks by TEM or AFM in CNF indicate that these
sites can increase the interfibrillar entanglement. As shown in
Figure 18b, the higher kink density in CNF produces stronger
gel networks, attributing a higher degree of CNF entanglement.
Interestingly, a correlation between the source of CNF, and the
corresponding network elasticity was noticed in Figure 18. It was
seen that CNF derived from the bleached pulp created a slightly
weaker gel than that from the unbleached pulp at lower
concentrations. This observation suggests the direct impact of
the fibrillar properties on the corresponding gel properties.
Mechanical disintegration (defibrillation) of NC depends on
its repulsive forces because of the surface charge. However, the

¢
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concentration of NC also affects this process. It has been shown
that the conversion of NC pulp to dispersed nanofibrils becomes
more favorable at low cellulose concentrations (<0.1 wt %),
whereas the higher concentrations (>0.6 wt %) promote the
aggregation of nanofibers in the suspension.”®* This is because
the interactions between dispersed nanofibrils at low concen-
trations are typically weak, but they can become relatively strong
at higher concentrations due to hydrophobic interactions. The
aspect ratio of NC, which also depends on the charge density,
has a notable effect on the NC dispersion properties.””” This
indicates that the presence of charge density can also facilitate
the mechanical defibrillation of the microfiber. It was interesting
to note that Arcari et al. reported a nonlinear trend between the
viscosity of the suspension and the aspect ratio.””> Furthermore,
it has been found that the branched CNF in suspension could
only produce a small difference in viscosity as compared with the
suspension of well-dispersed individual CNF. However, the
increasing CNF concentration would increase the elasticity and
produce a stronger fibrous network."”!

While CNF films exhibit excellent mechanical properties,
CNC products are generally weak and brittle, incapable of
sustaining heavy stress transfer. Thus, several recent works have
demonstrated to improve the mechanical pro erties of CNC
films through interfacial engineering.”****™*** Hou et al.
reported a humidity-mediated interfacial engineering pathway
to toughen CNC films at the RH range between 10 and 90%.>”
In this scenario, the hydrogen bonding between CNC was
partially replaced by hydrogen bonding of CNC—water—CNC,
allowing better interfacial sliding and dissipation of localized
strain during uniaxial tension. They observed a strain hardening
state followed by the elastic stage in the stress—strain curves.
The approach resulted in the increase of strain at break, in
particular in the RH range of 30—50%. The highest tensile
strength (~170 MPa) and toughness (~2.5 MJ/m®) of CNC
films were found at RH = 30%. In another approach, Adstedt et
al. prepared CNC/polysaccharide films by intercalating
amorphous polysaccharides (xylan, pullulan, and dextran)
between nematic monolayers of CNC.*”* The free volume in
the CNC network during the solution casting-induced self-
assembly process was reduced by about 40% because of the
presence of amorphous flexible polysaccharides. The resulting
system exhibited a nearly 2-fold increase in modulus and
toughness. CNC as a reinforcing nanofiller to produce stronger
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Figure 19. (a) Optical microscope image and (b) SEM image of CNC film with chiral nematic helical structure prepared by the EISA method.
Reprinted with permission from ref 315. Copyright 2017 American Chemical Society. (c) Illustration of various hierarchical functional materials
containing chiral nematic order that can be made by the EISA method, followed by varying postprocessing treatments. (d) Change of the chiral
nematic pitch for sensing applications. Reprinted with permission from ref 316. Copyright 2015 Wiley-VCH Verlag GmbH & Co.

polymer nanocomposites has been an important application of

interest. This application has been explored quite extensively by

the French group since the 1990s>’ and later by the Dufresne

22,297-299 300,301
group”™” and many others.”

The processes of nanocomposite preparation and the
adoption of suitable modeling approaches to describe the
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varying nanocomposite systems using the concept of Halpin’s
mean field theory have been reported by Moon et al.”** During
the preparation of NC nanocomposites, it is usually important to
have the nanofibrils fully dispersed to attain the maximum
interfacial interactions with the surrounding matrix. However,
the use of percolation theory to describe this system also
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interfaces of the individual fibril. Hence, there is the challenge to
balance the complex interfacial interactions between NC and the
matrix, especially to maintain the chemical modification of the
NC surface (e.g., by grafting of hydrophobic polymers) without
destroying the percolating NC network. This is because a high
loading of grafted polymers on the NC surface can induce
polymer aggregation, while the use of NC with a high aspect
ratio can also induce flocculation and self-aggregation in the
nanocomposite. Typically, the incorporation of CNF in the
polymer matrix is a general hassle in manufacturing because even
a low concentration can rapidly increase the viscosity of the
system. There are various processing strategies to prepare
nanocomposites,””> some selective examples are (a) solution
casting, followed by solvent evaporation, (b) freeze-drying/
freeze-drying extrusion, followed by compression molding, (c)
freeze-drying/freeze-drying extrusion, followed by a solvent
exchange to produce high porosity products or by infiltration of
a polymer resin to produce nanocomposites, (d) melt-
compounding by incorporation of thermoplastic polymers,
while avoiding degradation of NC or the polymer matrix, (e) the
use of porous NC composites (e.g. aerogels, sponges, and
foams) as scaffolding materials, (f) partial dissolution of
cellulose, where a fraction of the NC is regenerated into a
cellulose II structure, and (g) electrospinning to fabricate NC
scaffolds. In this process, high voltage electricity is applied
between the nozzle and a collector, where a nonwoven mat of
submicron scale nanofibers is formed. A mixture of different
NC/polymer compositions can be used as the feed.

4.2. Controlling Hierarchical Features of NC

It is important to note that the strong nanoscale materials, such
as NC, do not always translate into strong bulk materials, unless
they are processed into a structure with good fracture resistance
and ability to dissipate high stresses. For example, stiff bulk
nanomaterials are usually brittle with low strength.’** Thus,
strong biological-derived stiff nanomaterials are often tough-
ened with low strength, flexible materials to improve the strain at
break, by reducing the stress concentrations around the stiff
nanomaterials and increasing the fracture toughness.”>*%° It is
thought that the amorphous and flexible natural materials such
as hemicelluloses or other polysaccharides can serve this
purpose. Their presence can contribute to the gliding and
interfacial sliding motions of stiff nanoparticles, thus promoting
plastic deformation.

The self-assembly of nanoscale building blocks into higher-
ordered architectures, stabilized by noncovalent interactions,
including hydrogen bonding and van der Waal forces, can serve
as excellent scaffolding templates to fabricate high performance
nanocomposites. In particular, varying biological hierarchical
structures that exhibit remarkable properties and functionality
can be used as blueprints for this purpose. This is certainly the
case for NC nanocomposite preparation and some examples are
discussed below. For CNF, it has been reported in an isotropic
nanocomposite system, containing 90% carboxymethylated
CNF and 10% spider silk, exhibiting a tensile strength of 1015
MPa, a stiffness of 55 GPa and a tensile strain of 10%.’%” In
another study, the hierarchical assembly made by flow-assisted
alignment and interfacial complexation between a TOCNF and
chitosan led to a tensile strength of 1289 MPa. When this system
was cross-linked with Ca®*, the tensile strength increased to
1627 MPa and simultaneously exhibited a high fracture
toughness.’”® A different approach was conducted by Budtova
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hemicellulose) bleached birch pulp was delaminated in a
microfluidizer, followed by treatment with a water/ionic liquid
(1-ethyl-3-methylimidazolium acetate) mixture. The mild post-
treatment provided the swelling of the CNF scaffold without
cellulose hemicellulose dissolution, where the process resulted
in a highly disordered nanocomposite film exhibiting a tensile
strength of 270 MPa and a strain at break value of 35%
(nontreated CNF film exhibited a tensile strength of 100 MPa
and strain at break of 7%).

One of the interesting features of CNC in water is its chiral
nematic order, which has been previously known as the
cholesteric liquid crystal order. By controlling this helicoidal
order and using the evaporation-induced self-assembly (EISA)
method, one can produce a variety of multifunctional materials
with mesoporous networks (Figure 19). Revol et al. first
demonstrated the EISA method, where the chiral nematic order
could be preserved during the preparation of CNC films.*'® By
adjusting the EISA parameters, such as ionic strength, substrate,
and solvent evaporation rate, as well as the physicochemical
properties of CNC, such as the aspect ratio and surface charge
and functionality, one can fine-tune the final properties of the
prepared films/materials, as well as the chiral nematic order."®’
For example, vacuum filtration has been used to increase the
solvent evaporation rate and control the birefringence of the
produced films.”'" The aspect ratio of CNC has a profound
effect in preparing chiral nematic films. It has been shown that
film prepared by CNC (tunicate) with a long aspect ratio
exhibited both increases in tensile modulus and strength when
compared with those by CNCs (wood pulp) with short aspect
ratios.”'” Although there are many pathways to control the
mechanical properties and characteristics of hierarchical NC
structures to achieve the desirable features as shown in Figure
19, these practices have just begun to be considered for the
applications of water treatments. Recently, MacLachlan group
demonstrated the feasibility to incorporate both hydrophobic
and hydrophilic CNC-based materials into an integrated
system,” *>'* which facilitated the adsorption of both water-
soluble and less water-soluble pollutants (although the
challenges remained to remove multiple pollutants simulta-
neously). In addition, one component can be selectively
removed from the integrated system to generate a mesoporous
network. We believe this is a versatile and scalable strategy to
obtain the desirable properties by manipulating the NC
precursors with different types of surface charges (positive and
negative) and modifications, as well as postprocessing and
drying conditions.

4.2.1. Alignment of NC Materials. The mechanical
performance of NC materials in varying forms (e.g, film,
nanopaper, foam, aerogel, hydrogel, and filament) is intimately
associated with the degree of alignment of the NC particles. The
superior mechanical performance of NC building blocks is
unable to guarantee the same performance in macroscopic NC
materials, which is strongly dependent on the processing
conditions, resulting structural features, and other factors (e.g.,
moisture). To overcome these challenges, the strategy of NC
alignment can be used to achieve the desired properties, such as
high tensile strength and toughness, of microscopic NC or NC-
reinforced materials.'® In general, NC alignment can be
achieved by two pathways: the bottom-up approach such as
the use of magnetic, electric and flow (shear and elongational)
fields, and solid state stretching (uniaxial and biaxial), and the
top-down approach, such as templating. Several reviews have
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Figure 20. Regulating the alignment of CNC or CNF materials via microfluidic spinning processing. The nanofibrils are illustrated as rod-shaped and
their fibril length associated with the channel width is exaggerated 300 times. The diffusion of sodium ions (blue) is incorporated in the form of NaCl
solution. The colloidal surface charged nanofibrils are free to rotate in the spinning dope due to electrostatic repulsion and they can be aligned along the
accelerating flow direction. Brownian diffusion (dashed arrows) and hydrodynamically induced alignment (solid arrows) are involved in the
hydrodynamical, molecular and electrostatic processes. To the right, a resulting CNF filament is displayed. Reprinted with permission from ref 328.

Copyright 2018 Springer Nature.

Figure 21. (aand b) Comparison of mechanical properties (i.e., specific ultimate strength and specific Young’s modulus) of varying filament materials.
Mechanical properties of wood-derived cellulose pulp fibers are represented by solid red dots, while films and filaments made from CNF materials
using these pulp fibers are shown in open markers. The mechanical performances of different degrees (angles toward the flow direction) of alignment in
these filaments are represented by filled stars. Adapted from ref 326. Copyright 2014 Springer Nature.

dealt with the topic of NC (CNC and CNF) alignment to
improve the mechanical properties.' %7031

A recent review has dealt with the challenges and
opportunities in NC spinning (i.e., elongational flow induced
alignment) to produce high-performance filaments.*'® It was
interesting to note that the spinning of NC particles is quite
different from the spinning of polymers from the molten, gel, or
solution state. For example, there have been several reports on
the production of self-assembled filaments using the dry-
spinning approach,”'”**" but only with limited success. A more
promising approach is the wet spinning of NC gels by extrusion
through a spinneret into a coagulation bath. The orientation and
alignment of NC could be fixated by solvent depletion, where
several groups have successfully demonstrated this approach on
a laboratory scale. For example, Iwamoto et al.”*” used TOCNF
and coagulated a CNF filament in acetone. They found that, at
their highest spinning rate, the resulting filament exhibited
Young’s modulus of 23.6 GPa, a tensile strength of 321 MPa, and
elongation to break of 2.3%. Walther et al. also wet spun
TOCNEF in various organic solvents and reported the filament
with Young’s modulus of 22 GPa, a tensile strength of 275 GPa,
and elongation to break of 4%.”*® Similarly, Lundahl et al.
reported their CNF filament exhibited Young’s modulus of 21.3
GPa, a tensile strength of 297 GPa and elongation to break of
2.8% when coagulated in acetone.’”*
indicate the challenges of using low CNF concentration in a

These observations

8962

conventional wet spinning setup, which always leads to inferior
filament properties.

Microfluidic spinning has turned out to be a promising
technique for spinning biopolymeric nanofibrils, including CNC
and CNF. The major advantage of this technique is that the
spinning channel and design can be adjusted to control the dope
flow, and thus optimizing the processing conditions. In addition,
the coagulation can be controlled by pH or electrolytes, while
shear flow can be introduced to the spin channel to modulate the
mechanical properties of the resulting filaments. In a recent
design, the flow focusing arrangement (shown in Figure 20) has
been demonstrated to fine-tune the alignment of both CNC and
CNEF.**>*?¢ The results of mechanical properties from the CNF
filaments prepared by microfluidic spinning, together with
several other filaments for comparison, are shown in Figure 21.
The results indicate that the mechanical properties of the best
performing NC filaments can rival the best high-performance
polymer fibers. A recent review’>
structured materials points out the possibility that the proper
assembly of nanostructured materials in combination with
multiscale modeling and machine-learning techniques can pave
the path to overcoming the many bottlenecks for manufacturing
high performance nanostructured materials.

We believe the newly developed flow-assisted assembly
approach has a great potential to be used as a future
manufacturing platform for creating 1D filaments, 2D films

7 of hierarchical nano-
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and membranes, and 3D-printed articles. The quantitative
comparison of theoretically predicted and experimentally
obtained orientation distributions of elongated nanoparticles
in restricted flows can provide basic knowledge for projecting
and controlling the development of new nanostructured
materials.”*?**

5. NC-ENABLED WATER PURIFICATION
TECHNOLOGIES

5.1. Coagulation and Flocculation

Coagulation/flocculation is a simple and cost-effective method
for solid—liquid separation, usually based on charge interactions
between the colloids and the coagulant/flocculant. There are
many different mechanisms on how to distinguish between
coagulation and flocculation. The classical distinction is that
flocculation is induced by long-chain polyelectrolytes, and
coagulation is caused by simple electrolytes that are compressing
the electrostatic double-layer that can be described by the
DLVO-theory.”*"*** As hydrolyzed Al/Fe cannot be classified
as either a long chain polyelectrolyte or as a simple electrolyte,
the literature on water treatments usually uses the combined
wording of “coagulation/flocculation” for whatever aggregation
phenomena. More recently, there has been increasing attention
toward natural coagulants/flocculants for wastewater treatments
(e.g., recent reviews published by Othmani et al., Saleem and
Bachmann, Gautam and Saini, and Mohd-Salleh et al.).333_336
The application of natural coagulants is not new and has been
used by mankind for more than 1000 years, but it has been
displaced by inorganic salts (e.g., Al/Fe) and synthetic polymers
during the last hundred years. Natural coagulants/flocculants
are mostly obtained from various plants and animals and may be
classified as polysaccharides, amino-polysaccharides and poly-
phenols (e.g,, tannins and various proteins). Usually, common
anionic/cationic polyacrylamides are used together with metal
ions, such as Al/Fe ions. However, there are issues with these
practices, including synthetic polymers are not readily
biodegradable, and the use of metal ions is often not desired.
There are also specific concerns due to varying environmental
considerations.** For example, high carbon footprint can be
associated with certain coagulants, negative human health effects
can be associated with the residual Al in wastewater treatments,
and environmental pollution is caused by improper disposal of
raw Al-sludge. Therefore, the development of NC-based
coagulants/flocculants is interesting because these materials
are biodegradable, sustainable, and biocompatible. While there
has been a strong research focus on NC adsorbents for heavy
metal and dye remediation, there are only limited publications
on coa%ulation/ﬂocculation for wastewater remedia-
tion.">?*"*3* This section is intended to review the whole
field of various coagulants/flocculants that are relevant to NC
materials, which includes various charged CNC and CNF, as
well as microparticulate materials that can be considered a
separate class of coagulants/flocculants more or less unknown to
the water remediation community. In spite of the complexity of
the varying aggregation processes, it is convenient to classify the
various aggregation mechanisms into different classes including
charge neutralization and charge reversal, patch flocculation
mechanism, heterocoagulation, bridging flocculation (monop-
olymer) systems (adsorption flocculation), and complex
flocculation, as shown in Table 3. Detailed discussion of these
aggregation mechanisms is given in section S4.
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Table 3. Several Classes of Aggregation Mechanisms That
Can Be Found in the NC Coagulation/Flocculation Process

different classes of NC aggregation mechanisms refs
(a) charge neutralization and charge reversal 339-341
(b)  patch flocculation mechanism 342-345
(c) heterocoagulation 346, 347
(d)  bridging flocculation (monopolymer) systems 348-350
(adsorption flocculation)
sensitization flocculation 348, 351,
352

(e)  complex flocculation 353

dual polymer systems 354

microparticle flocculation systems 353

sweep flocculation 355

network flocculation 356

5.1.1. Manufacturing of Charged CNC/CNF Materials.
Anionic CNC. The use of CNC in coagulation/flocculation
operations requires an increased charge density compared to
that of the traditional hydrolysis using H,SO, in making
CNC.*” There are several post-treatments available, many of
them being identical with those applied for pretreatments for
fabrication of CNF or CNC, such as (TEMPO),'%%*°®
periodate—chlorite oxidation,”*”**® ammonium persulfate,"*"
(on pulgs), and carboxylation using citric acid/HCl (on
MCC).**" Tt should be recognized that carboxymethylation
(using epoxypropyltrimethylammonium chloride (EPTMAC))
on MCC is an old commercial method to produce many
different NC products, where EPTMAC is a valuable additive in
pharmaceutical, food, cosmetics, etc. Additionally, van de Ven et
al. have demonstrated another variation of the periodate-
oxidation method.**>***

It has become apparent during the above processes that the
reaction of cellulose takes place on the surface and in the
paracrystalline regions of the fibrils. If the cleavage of the chains
occurs in the paracrystalline region, this will induce the region to
become more disordered and hence, more reactive. Kim et al.
found that the dialdehyde group of cellulose in this region could
be solubilized by hot water.*** This discovery inspired a novel
process development to fabricate sterically stabilized CNC,*®°
resulting in a new class of NC termed hairy cellulose
nanocrystalloids (HNC).****%

Cationic CNC. There have been numerous efforts to prepare
cationic CNC. The first attempt was demonstrated by Hasani et
al. in 2008,” using an alkali (7% NaOH) mediated reaction
with EPTMAC. The resulting crystal structure was still cellulose
I, but the reaction could not reach a higher cationic value (i.e.,
0.26 e/nm? or 0.12 mequiv/ g) , which is relatively low for strong
charge interactions. The Suopajrvi group has manufactured
cationic CNC using a two-stage process starting with periodate
oxidation to produce dialdehyde cellulose, which is then treated
with aminoguanidine hydrochloride to make aminated cationic
CNC.*** In a different approach by Eyley and Thieleman, CNC
was treated with click chemistry to introduce imidazolium-
grafted CNC.**” This pathway involved the process of copper-
catalyzed azide—alkyne cycloaddition in several steps and
yielded a charge density of 1.17 e/nm® This group later
demonstrated a simpler one-pot route, involving the process of
pyridine-grafting using 4-(1-bromoethyl/bromomethyl)benzoic
acid and pyridine, to produce cationic CNC.*”® They managed
to exceed the surface charge in their previous demonstration
under suitable cationization conditions. Another approach to
produce cationic CNC was by the use of a one-step reaction
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involving 1,1-carboxyldiimidazole-mediated coupling with 1-(3-
aminopropyl)imidazole, resulting in a CO,-switchable CNC
system.”’" In this system, CNC could be switched from a
negative zeta potential value under alkaline conditions to a
positive zeta potential value (i.e, cationic) under acidic
conditions by changing pH, allowing the recovery and reuse of
coagulants/flocculants. A similar approach to make pH-
switchable CNC was also taken by the Cranston group using
surface-initiated graft polymerization involving 4-vinylpyridine
and ceric (IV) ammonium nitrate.””” Finally, the van de Ven
group demonstrated the system of hairy cationic CNC using a
two-step reaction.’*>**® In this process, dialdehyde cellulose
modified CNC was first prepared by periodate oxidation.
Subsequently, dialdehyde cellulose was cationized by a reaction
between (2-hydrazinyl-2-oxoethyl)-trimethylazanium chloride,
known as Girard’s reagent T, and aldehyde groups on the
cellulose surface. The fibrous suspension was then treated with
hot water at 60 °C, resulting in cationic nanocrystalloids.
Cationic CNC can also be produced by physical pathways. For
example, anionic CNC can be converted to cationic CNC by
using the multilayer adsorption process, which can also be used
to adjust the charge density on the CNC surface.”” "
Anionic CNF. Most CNF materials contain some level of
negative charges, and thus can be considered anionic CNF. The
introduction of surface charge in cellulose is essential for NC
production as it reduces the energy consumption during
delamination of cellulose fibers and prevents the aggregation
of resulting CNF particles. There has been a multitude of
methods demonstrated to incorporate charge groups on
cellulose, including TEMPO-oxidation,'***” carboxymethyla-
tion,"”° phosphorylation,""" sulphonation,”’® and periodate
oxidation.'”'** Recently, a unique method of nitro-oxidation
was demonstrated by us where carboxylated CNF can be
produced directly from untreated biomass.'**'®” This is because
NOP combines the steps of pulping and cellulose oxidation,
thereby saving a great deal of energy, water and chemicals.
Because of the presence of a surface charge, anionic CNF is a
natural coagulant/flocculant, capable of adsorbing positively
charged contaminants in water. Of course, the higher the charge
is, the more effective the coagulation/flocculation efficiency is.
Cationic CNF. Cationic CNF can be created by different
pathways. In one simple approach, cationic CNF can be
produced by reacting EPTMAC with carboxylated CNF under
aqueous alkaline conditions, where high positive charge density
can be achieved."””*”” Another simple modification to create
cationic CNF is by reacting carboxylated CNF with chlorocho-
line, albeit under nonaqueous conditions.””® In other methods,
many groups have used the periodate modification route to first
produce dialdehyde cellulose and then reacted the aldehyde
group with Girard’s reagent T (2-hydrazinyl-2-oxoethyl)-
trimethylazanium chloride) (the same as the cationic CNC
production route by van de Ven’s group), where the process can
yield high positive charges on the resulting CNF.”””**" The
major difference between the CNC productions vs. the CNF
productions is the processing temperature, where low temper-
atures favor the creation of cationic CNF. However, the
periodate route often suffers from the slow reaction rate between
cellulose and periodate, although the process can be improved
by wet-milling,*' the addition of lithium-ion, higher temper-
-2 360 I K)
ature operation,” " and ultrasonification treatment™ - (although
this is not very practical in scale-up production). Finally, there
have also been some efforts made to use click-chemistry, a
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general approach for surface modification, to create cationic
CNF containing amine functionalities.”*

5.1.2. Coagulation/Flocculation Using Charged CNC/
CNF Materials. All charged NC materials (CNC and CNF) can
be used as coagulants/flocculants, where some examples and
their performances are summarized in Table 4. In this table, the
evaluation parameters include the residual turbidity and
chemical oxygen demand (COD) of the treated water after
coagulation/flocculation performed by NC materials, where
most NC-based coagulants/flocculants show high turbidity and
good COD reduction. Zhu et al. studied dicarboxylic NC for
flocculation test, which showed a higher turbidity removal
among all the tabulated flocculants.'® Commercial coagulants
often exhibited better turbidity reduction efficiency (14—40%)
than dicarboxylic NC, but the latter also showed good COD
removal (see Table 4).*** Figure 22 shows the performance of a
commercial coagulant (CaCl,) and its mixture with dicarboxylic
NC flocculant for coagulation-flocculation of kaolin suspen-
sion.'® As the presence of dicarboxylic NC can also cause
electrostatic interactions with cationic kaolin, the use of CaCl,
and dicarboxylic NC mixture did not follow the adsorption/
bridging or sweeping mechanisms. It has been proposed that the
coagulant CaCl,/other salts can create a cationic patch-up on
the surface of kaolin particles. Subsequently, the carboxyl groups
on dicarboxylic NC can connect the kaolin particles through
cationic patches that lead to their precipitation.'® The CaCl, and
dicarboxylic NC mixture treatment, therefore, can produce
larger flocs, which would ease the flocculation post-treatment.

Compared with carboxyl groups on dicarboxylic NC, it has
been reported that sulfonic groups would have a higher affinity
toward iron patches of coagulant.**° In addition, the electro-
static affinity of the sulfonic group toward certain metal ions may
be higher as compared with carboxyl or hydroxyl groups. Thus,
the sulfonic groups containing NC may more likely have a larger
degree of ionization and projected better turbidity and COD
removal. However, in practice, we did not notice any significant
differences between anionic dialdehyde and sulfonated NC and
dicarboxylic NC in Table 4. In the following, we discuss the
performance evaluation of the mono and dual systems in better
detail.

Monocomponent Systems Based on CNC. The van de Ven
group demonstrated an anionic CNC material via periodate-
oxidation, chlorite, and TEMPO-oxidation, which was termed
electrostatically stabilized nanocrystalline cellulose (ENCC),**”
and compared it with a sterically stabilized nanocrystalline
cellulose (SNCC).>”® They found that ENCC functioned as
charge neutralization flocculant, whereas SNCC functioned as a
bridging flocculant, even though SNCC required higher CNC
doses. In other studies, hairy cationic CNC has recently been
reported as a powerful retention additive in a recycled paper
(negatively charged) by Blanco and Negro in conjunction with
the van de Ven group.””' They found that optimum flocculation
occurred at the isoelectric point and that the reflocculation
efficiency was high (although the extent of reflocculation was not
investigated), a telling sign for microparticulate additives. The
group of Thieleman has successfully reported flocculation
experiments using pyridine grafted nanocrystals (cationic).””
Their results demonstrated that highly cationically charged
CNCs are excellent flocculants for freshwater microalgae.
Microalgae could also be recovered from the water,””” usin
the previously mentioned CO,-switchable CNC technology.’”

Dual Component Systems Based on CNC. In a model study,
anionic CNC (from the classical hydrolysis process using
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ref
384

COD (%)

NY

turbidity
reduction (%)

50—-80

water sample

reaction parameters

charge

coagulant/flocculant (dosage)

Table 4. Varying Examples of Using NC for Coagulation/Flocculation Applications and Their Performance
Fe,(S0O,); (coagulant) (25—37.5 mg/dm?)

municipal wastewater

stirring (200 rpm, 3 min, room

(250 mg/L)

40—-60

(250 mg/L)

40—-80

(RT))

40 rpm, 15 min, settling time

temperature

42 (pH 8)

60 (pH 8)
81.3

30 min, RT

(0.38—1.75 mmol/g)

anionic

dicarboxylic NC/(2.5—5 mg/dm?)

385

simulated wastewater (kaolin) 1000 mg/L

stirring (200 rpm, 3 min)

CaCl,/(100 mg/L)

92.6

settling time 40 min

cationic

(20-80 mg/L)

polyetherimide (PEI) grafted pomelo-CNF
CaCl, (300 mg/L)

16

66

kaolin (500 mg/L)

settling time 30 min, pH 7

99.5

anionic (2.57 mmol/g)

dicarboxyl NC/(25 mg/L)

386

52

62—75

municipal wastewater

settling time 30 min, 200 rpm,

Fe,(SO,); (coagulant)/(25 mg/dm®)

3 min, RT
40 rpm, 15 min, settling time

32-35

48-5S

30 min, RT

(0.36-0.51 mmol/g)

anionic

anionic dialdehyde/sulfonated NC/(2.5 mg/dm?®)

387

(95%)

98

color removal
real wastewater (TB Hall dam, 13.96 NTU/Bronkhorstspruit WTW 96

neutral reactive blue 19 (100 mg/L)

25°C
200—6S rpm, 2—1S5 min, setting  kaolin (50 NTU)

31.2%) 200—S500 rpm, S—10 min, pH 7,

cationicity (a

grafted CNC/(40 mg/L)

)
hexadecyltrimethylammonium bromide

poly(acryloyloxyethyltrimethyl ammonium
chloride

388

13.99 NTU/Weltered WTW, 34.5 NTU)

time 30 min, pH 7

=+22 mV)

cationic (¢

functionalized CNC/(10 mg/L)
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H,S0,) was used as a bridging flocculant for polyethyleneimine-
functionalized latex particles.””* Although these authors referred
to them as microparticles, the data failed to confirm any
relevance to microparticulate systems, probably due to the low
charge density (0.33 e/nm?) of the CNC. Recently, two dual
component systems were reported for retention and drainage of
pulp suspensions, involving CNC (H,SO, hydrolyzed)*” and
TEMPO-oxidized CNC (TOCNC),*” combining either with
cationic polyacrylamide or cationic starch. They demonstrated
that these mixtures behaved as typical microparticulate retention
systems, where TOCNC exhibited better performance than acid
hydrolyzed CNC (lower surface charge).

Monocomponent Systems Based on CNF. The retention of
fillers, such as precipitated CaCO; or kaolin clay to a paper pulp
by using different CNF materials has been investigated in both
monocomponent systems and dual systems.>”” It was found that
CNF-materials must have a high charge, being either anionic or
cationic, to function as an eflicient retention system. Both
TEMPO-modified and carboxymethylated CNF-materials were
very functional. One study has noted the marked flocculation
reversibility, which is a key property of microparticulate systems.
Another study’”® also reported the retention of ground CaCO;
(its charge is controlled primarily by Ca ions), where two types
of CNF were used: TOCNF and periodate—chlorite oxidized
CNF. Basically, the authors came to the same conclusions as to
the group of Koronen and Laine,”” that both chosen CNF
materials exhibited a powerful ability to cause agglomeration of
ground calcium carbonate. Cationic monocomponent systems
have also been used to treat municipal activated sludge. For
example, the group of Sirvi6 modified periodate oxidized CNF
with aminoguanidine hydrochloride to create aminated cationic
CNFEF. They claimed that its performance on turbidity reduction
was very near that of the referenced synthetic polymer.**®
Another group has also demonstrated that cationic CNF
prepared by using EPTMAC was very efficient in flocculation
and removal of an azo dye.””’

Dual Component Systems Based on CNF. There are
numerous papers dealing with the combination of cationic
polyelectrolytes and anionic CNF. For example, Koronen and
Laine also reported that the addition of a cationic polyelectrolyte
(e.g., C-polyacrylamide) to negatively charged CNF exhibited
strong synergistic effects on the retention property,”” which has
also been verified by several other groups.**~*"* One study also
noted a significant reflocculation capability in both mono-
systems and dual-component systems, as expected by the
microparticulate systems.*”> Anionic CNF complexed with
certain metal ions, such as Al and Fe ions, has also been
investigated. For example, Niinimdki et al. investigated the
flocculation of municipal wastewaters using periodate treated
CNF that was sulfonated using ferric sulfate as a cross-linker.
They noted that the flocs formed with this anionic NC material
system were more stable than those formed by the referenced
polymer.”*® In another study of flocculation of municipal
wastewater, the same group used a periodate-chlorite-treated
CNF (carboxylated CNF), together with ferric sulfate, and they
came to a similar conclusion as using the sulfonated CNF
system.”** These researchers also investigated the combination
of nanoparticles (from dialdehyde cellulose) or soluble anionic
celluloses on coagulation/flocculation with aluminum sulfate.
They concluded that NC particles were more powerful in
coagulation/flocculation than soluble anionic celluloses,
strengthening the idea of microparticulate particles for
coagulation/flocculation operations. Finally, a different group
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Figure 22. (a) Performance of only CaCl, and (b) its mixture with dicarboxylic NC (DCC) as coagulant/flocculant to the kaolin suspension
(concentration = 511 NTU). Their corresponding digital photos are given as insets. Reaction parameters: pH = 7.0 and settling time 30 min. As seen, a
small amount of DCC (25 mg/L), along with coagulant CaCl, (300 mg/L), secure very minimal residual turbidity (2.2 NTU). Reprinted with

permission from ref 16. Copyright 2015 American Chemical Society.

Figure 23. Features of CNC, CNF, and HNC that determine the adsorption properties for water purification.

investigated the combination of TOCNF in combination with
cationic polyacrylamide.**® These authors concluded that post
addition of CNF, even after strong shear, could result in strong
flocculation, and the system behaved like a typical micro-
particulate system.

5.2. Adsorption

Adsorption is an effective method for water remediation due to
its simplicity, scalability, and cost-effectiveness to remove
pollutants. Many varying adsorbents, such as activated carbon,
CNT, carbon nanowires, graphene, their derivatives, and
zeolites have been extensively investigated and used for solute
adsorption.””* With the growing interest of developing
sustainable adsorption technology, there is an increasing
demand for using NC for adsorption operations. Because of
its relatively low cost (24380 USD/t),"” high surface area,"”
high aspect ratio, decent modulus, good crystalline degree,15
hydrophilicity, low mass density, high surface energy, and
biodegradability; this could greatly reduce environmental
threats. There are multitudes of NC surface modification routes
that can further tailor the adsorption efficacy and ensure solute
selectivity. However, since different types of NC can possess
different adsorption properties, it is often difficult to determine
which NC system is the best adsorbent candidate. To deal with
this issue, we summarize the advantages and disadvantages of
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using CNC-, CNF-, and HNC-based adsorbents for water
purification in Figure 23. This figure was composed based on
several studies. Liu et al. reported that, with almost the same
specific surface area between CNC (138—226 m”/g) and CNF
(146—219 m*/g), CNC exhibited a higher Ag(I) adsorption
capacity of 34.4 mg/g as compared with CNF of 15.5 mg/g.**
This difference in adsorption capacity might be due to the
different pH values (6.4 for CNC, 5.5 for CNF) and different
preparation schemes (H,SO, for CNC, grinding for CNF)
adopted during NC production, which resulted in different
negative charges (230 ymol/g for CNC and 100 ymol/g for
CNF). As can be seen from Figure 23, we also included the class
of HNC materials. HNC contains amorphous hairy regions from
both ends, which dictate the colloidal/steric stability when
suspended in water. There are also different types of HNC, with
neutral, positive, and negative charges.A'O7 In terms of dimension,
they are similar to conventional CNC but have high charge
content because of the carboxylated groups in the amorphous
regions. Tavakolian et al. prepared HNC for the adsorption of
methylene blue (MB).**® That HNC had a negative charge
density from 3.95 to 4.90 mmol/g and the dye removal capacity
of HNC was considerably higher as compared with conventional
CNC-based adsorbents. The difference between HNC and
conventional CNC charge density could be due to the presence
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Table 5. continued

“Nanocellulose polypyrrole. bSodium alginate polyacrylamide. “Bacterial cellulose. 4(TEMPO)-oxidized cellulose nanofibers, “Polyvinylamine.
fNanobentonite-dialdehyde nanocellulose-carboxymethyl chitosan. ®Nanocellulose aerogel-oleic acid. "Corncob. ‘Functionalized corncob.
JCorncob nanocellulose. “Nanocellulose aerogel foam-sodium dodecyl sulfate. 12,3-Dialdehyde nanocellulose. ""Modified nanocellulose crystalline.
"Graphene nanoplates. “Ion-imprinted polymer. “Nonimprinted ion-imprinted polymer. Zeolitic imidazolate framework-67. "Nanocellulose
itaconate. *Sodium itaconate grafted nanocellulose. “Ethylenediaminetetraacetic acid disodium salt. “Tunicate cellulose nanofiber-polyethylenimine.

of amorphous polymer chains, having more accessible
carboxylate groups.

There are many different types of NC-based adsorbents,
including binary or multilayered composite, membranes,
electrospun mat, hydrogels, beads, aerogels, etc. We summarize
the advantages and disadvantages of different forms of NC-
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based adsorption materials and their preparation methods in
Supporting Information (Table S2). There are several relevant
reviews on this subject. For example, NC could offer
opportunities to adsorb endocrine-disrupting chemicals, which
was reviewed by Tapia-Orozco et al.”’ They also sorted out the
pros and cons of using raw materials for NC adsorbent
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Figure 24. Derivatization of common functional groups of NC for varying adsorption applications (“dialdehyde nanocellulose, ’persistent organic
pollutants, 3-chloro-2-hydroxypropyl trimethylammonium chloride, and “glycidyltrimethylammonium chloride). As can be seen, derivative
functionalities could be generated either directly from NC or its oxidized form (e.g., through TEMPO oxidation) and periodate-chlorite-oxidized NC
(i.e., dialdehyde nanocellulose (DAC)). Pollutants that are entitled to be adsorbed are highlighted by blue color boxes.

production. Mahfoudhi and Boufi prepared an updated
review,”' focusing on varying NC functionalization schemes
and conveying untreated and/or modified NC as adsorbent
materials. Voisin et al. dealt with NC-based membrane
processing, while a section was devoted to the adsorption of
heavy metal ions and organic pollutants by functionalized NC."”
Abouzeid et al. highlighted the NC preparation and their uses in
adsorption and membrane separation.”” Kose et al. reported the
surface functionalization of NC and outlined their adsorption
behaviors.” They compiled a detailed list of merits and demerits
for adsorbent preparation methods, excluding the use of
membrane and aerogels/foams. In a book chapter, Gopakumar
et al.”’ reviewed the relevance of NC to adsorb toxic textile dyes
and heavy metals.

The preparation of this section begins with the compilation of
adsorption data in Table S from many independent recent
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studies, considering their methods of sorbent preparation and
reaction media that were greatly varied. We mainly focus on the
performance evaluation from different types of NC adsorbents,
for example, classical-type composites, aerogels, hydrogels, and
others where a range of reinforcing materials, such as polymers,
metal—organic frameworks (MOFs), CNT, graphene, etc., were
added to enhance the pollutants removal capacity. Readers who
are interested in organic and inorganic pollutants adsorption are
encouraged to scan the rows of two different colors: light-blue
(organic) and light-red (inorganic), respectively. By using Table
S, readers can also identify the performance of NC-based
adsorbents, with the rating of good > efficient > effective, for a
large range of organic contaminants, such as dyes, oils, organic
solvents, and pesticides, as well as inorganics (mainly heavy
metal ions) adsorption.
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Figure 25. Effects of selective important functional groups and pH on the maximum adsorption capacity of varying water pollutants for (a) CNC and
(b) CNF. The carboxylate (others) class includes succinic anhydride, maleic anhydride, sodium periodate/chlorite, ammonium persulfate oxidations,
etc. *The values estimated by the Langmuir isotherm modeling, and abbreviations AR-GR (acid red GR), MB (methylene blue), BF (basic fuchsin),
CV (crystal violet), and MG (malachite green) are used. Reported values are used for plots generation from refs 130 and 431—444.

5.2.1. Functionalization of NC to Improve Adsorption
Efficacy. NC functionalization is an important step to fabricate
adsorbents with high adsorption capacity. For example, Dwivedi
et al. prepared CNF-COOH-dopamine and CNF-COOH-
Hematite-Fe**, which showed higher Cr(VI) and As(V)
removal efficiency of 76% and 100% than the granular activated
carbon (68%) and powder activated carbon (51%), respec-
tively.”” Different oxidation, sulfonation, phosphorylation,
polymer grafting, silylation methods have been used to
synthesize NC with specific types (e.g, cationic, anionic,
hydrophobic, etc.).”” In Figure 24, we illustrate the derivative
functionalities that can be created on NC once they have the
OH, COOH, and CHO groups. These derivatives can
electrostatically bind, chelate and ion exchange or a combination
thereof, with water pollutants. Detailed discussions of these
reactions are given in Supporting Information (section S5), and
their adsorption performances are shown in Figure 25. These
derivative reactions have been found responsible to enhance the
NC adsorption property through the alteration of surface charge
density, hydrophobicity, reactivity, and selectivity.

The subject of NC functionalization has been reviewed by
Mahfoudhi and Boufi,'” Voisin et al,'” and two other
groups.”””*” The advantage and disadvantage of these
functionalization procedures were also compiled by Kose et
al.”® These reviews tabulated the adsorption capacit]y of NC with
different functional groups and grafted polymers'>'” however is
difficult to understand the actual NC contribution to achieve the
maximum adsorption capacity. This is because comparing one
type of adsorbent with others (e.g,, beads vs paper vs membrane
vs aerogels vs foams, etc.) having different batch adsorption
setups is not straightforward. However, the effectiveness of
several important functionalized NC (CNC and CNF) materials
on the adsorption capacity of varying charged pollutants under
different conditions can be summarized in Figure 25. In Figure
254, it was seen that carboxylated CNC produced by periodate
and chloride oxidized CNC—COOH methods showed higher
Cu(II) adsorption capacity than that of TOCNC. A similar
observation was also observed for CNF (Figure 25b). Overall,
non-TEMPO-oxidized NCs exhibited higher metal ion
adsorption capacity than TEMPO-oxidized NC (TONC). On
the contrary, TONC displayed higher MB adsorption than non-
TONC at the pH condition (pH 9.0, Figure 25a). This figure
also indicated that most of the dye adsorption was dominated by
CNC rather than by CNF. It was also seen that functionalized
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NC materials generally showed a higher maximum adsorption
capacity than pristine NC. For example, succinic anhydride
functionalized CNC showed maximum adsorption capacity of
Cd(II) and Pb(II) of 256.3 and 365.9 mg/g (Figure 25a) as
compared with pristine CNC showing maximum adsorption
capacity of 2.0 and 25.0 mg/g, respectively.””' A similar
observation was also reported for CNF in a different
publication.”*

In addition to carboxylate, sulfate, and amino functional
groups as shown in Figure 25, phosphorylated NC was also
found to be effective for adsorbing varying water pollutants. For
example, Liu et al ¥ prepared phosphorylated NC that could
adsorb Ag(I), Fe(Ill), and Cu(II) (=~ 100%) from water with
simultaneous improvement of the velocity and sorption capacity
because of the presence of phosphate groups. This system was
effective to treat industrial effluent. Similarly, as shown in Table
S2, phosphorylated NC (made by electrospinning) has been
used together with chitosan for Cd(II) removal. The phosphate
group was found to be uniformly deposited on electrospun
nanofibers, and the system exhibited the maximum adsorption
capacity of 232 mg/g (Langmuir analysis) because of the high
affinity among the phosphate group on NC and the amine group
of chitosan with Cd(1I).**® These observations confirmed the
importance of NC functionalization as a viable route to produce
adsorbents with high adsorption capacity and high selectivity
against different pollutants.

5.2.2. Design of NC Composite Adsorbents. Because of
its abundant functional groups, high aspect ratio, high
mechanical strength, and high surface area; NC can also serve
as a protective scaffolding material to host inorganic and organic
nanomaterials. This ability can offer new properties from both
components with synergistic effects. NC materials can serve as
the primary matrix or the secondary reinforcing nanofillers.
Several reviews and book chapters are available, and they deal
with the preparation of NC-based nanocomposites materials
and their applications in water purification.””"**”*** In this
section, we provide the assessment of whether NC and
nanomaterials can “actually leverage” the best adsorption
capability of their composite. As shown in Figure 26, it was
seen that the loading of different nanomaterials, such as ZnO,
Fe;0,, thiourea-functionalized Fe;O,, and graphene oxide
(GO) nanoparticles onto NC could result in a higher adsorption
capacity of the composite. Clearly, there is a synergistic action,
contributed by both primary and secondary components. For
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Figure 26. Performance comparison of the maximum adsorption
capacity of pristine NC and its nanocomposites containing different
nanomaterials (ZnO, Fe;0,, thiourea-functionalized Fe;O,, and GO
nanoparticles) against three different pollutants (Pb(II), U(VI) and
MB). It is apparent that the tricomponent nanocomposites show higher
maximum adsorption capacity than dual- and monocomponent
systems. Reported values are used for plot generation from refs
449—-451.

example, NC exhibited comparable maximum adsorption
capacity against Pb(Il), similar to those of Fe;O, and ZnO,
but the composite of Fe;0,—NC—ZnO showed significantly
higher maximum adsorption capacity (Figure 26). Such
synergistic effects were also observed in the systems of ZnO—
GO—NC and NC—Fe—GO against the adsorption of U(VI) and
MB.

Some NC-based nanocomposites are found to be efficient to
adsorb both organic and inorganic pollutants. For example, high
cation exchange cetyltrimethylammonium bromide modified
montmorillonite (CTM) has been used as an additive for CNC
scaffold, where the composite was effective for adsorption of
diuron—a potential carcinogenic herbicide.*** Pristine CNC
displayed a surface area of 27.23 m?/ g, which was increased to
39.51 m*/gin CNC/CTM composite. It was found that around
70 mg/L of the composite was needed to adsorb 6.0 mg/L of
diuron, which was below the permissible level of diuron in
drinking water (100 mg/L) set by the US Environmental
Protection Agency. In another study, zeolite and cationic
surfactant poly(diallyldimethylammonium chloride)

(PDADM) modified CNF composite has been used to remove
black anionic reactive dye. Even though plenty of efforts have
been made to prepare the composite, its adsorption performance
was still not satisfactory. Only 11 and 30 mg/g of dye adsorption
was noticed using both native and PDADM-coated P371
zeolites, respectively. This is because these composites are not
capable of adsorbing organic pollutants with low polarity. Eftorts
have been made to modify NC using varying functional elements
that showed some improvements. For example, Herrera-
Morales et al. prepared block copolymer (BCP) Jeffamine ED
600 functionalized TOCNC composite (CNC—Jeffamine) for
the adsorption removal of acetaminophen (paracetamol),
sulfamethoxazole, and N,N-diethylmeta-toluamide (DEET)
from water.*>® After modification, the BET (Brunauer, Emmett,
and Teller) surface area was found to increase from 8.4
(TOCNC) to 15.1 m*/g (CNC—Jeffamine). The increased
surface area might be due to the new BCP functionalities.
Nevertheless, the CNC—Jeffamine has shown very low
adsorption capacity for acetaminophen (Freundlich, nearly 0.3
mg/g), sulfamethoxazole (Langmuir, 0.6 mg/g), and DEET
(Freundlich, 0.6 mg/g) at pH 9. In another study, Wang et al.
used magnetic GO-grafted CNC as supporting materials for
molecularly imprinted polymerization (MIP).*** MIP has
become a popular method to design cavities with different
shapes and sizes, where the cavity can act as an excellent binding
site for pollutants adsorption. However, MIPs have some
drawbacks, such as low binding affinities, limited site availability
and high diffusion barriers. To overcome these drawbacks, a
composite (Mag@GO-g-CNCs@MIPs) was developed which
was very effective for fast adsorption of fluoroquinolones from
river water (74 mg/g achieved within S min). An external
magnet has been used to separate the composite, where only a
13% drop in the adsorption capacity was noticed after seven
consecutive cycles of operation.

Similar to organic pollutants, some inorganic metal pollutants
can also be successfully removed by NC-based composites. Nath
et al. prepared the ZnO—CeO,—NC—polyaniline composite by
the in situ polymerization approach, where both polyaniline and
NC could act as polymer supporting matrices. Although they
claimed 95% of As can be removed using this composite, no
control experiment was performed to check if the individual
component can also be effective for the As adsorption. In

Figure 27. Schematic illustration of NC-based aerogels/hydrogels/foams processing. The end products are NC-based mesoporous aerogels with an
average pore size between 2 and 50 nm and overall porosity >90%, whereas NC-based foams have an average pore size >50 nm with porosity >50%.

Adapted from ref 458. Copyright 2017 Royal Society of Chemistry.
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addition to As, this composite exhibited a good antibacterial
activity, which was higher than native ZnO and CeO,
nanoparticles.”> In another study, the adsorption efficiency of
CNC against Ni(II) was found to be around 30%, whereas it
increased to more than 50% by making the composite of CNC—
GO.™° This improved efficiency can be attributed to the
synergistic effects due to high density of oxy-functionality, large
surface area and presence of m—z bonds in CNC/GO
composites. However, 50% adsorption efficiency is still
considered low, where significant efforts have been made to
fabricate composite materials in the forms of aerogels/
hydrogels/foams aiming to achieve adsorption efficiency >90%.

5.2.3. Hydrogel and Aerogel Composite Adsorbents.
The application of three-dimensional (3D) hydrogels, aerogels,
and foams has been escalating recently because of their
lightweight and very high surface area, which is especially
suitable for hosting pollutants. Many nanomaterials such as
graphene have difficulties for hydrogel/aerogel fabrication due
to their hydrophobicity, weak supporting tendency and poor
mechanical strength.”” The entanglement nature of fibrous NC
particles, their versatile functional groups and their ability to
cross-link with a range of reactive components make them an
ideal candidate to form hydrogel and aerogel composite
adsorbents. To fabricate NC-based macroscopic 3D materials,
different methods have been demonstrated, where the schematic
illustration of NC-based aerogels/hydrogels/foams processing
is shown in Figure 27. This topic has recently been reviewed by
Lavoine et al.*® and their various applications have been
discussed by De France et al.”>” NC-based macroscopic 3D
materials cross-linked with suitable nanomaterial can result in a
highly porous structure with excellent mechanical performance
and controllable high absorbent efficiency.

CNF not only can offer functional groups, such as —COOH
and —OH, to initiate gelation by chelating with metal ions
through strong bonding interaction but also can serve as a stable
scaffold due to its high surface area, large aspect ratio, cross-
linked structure and mechanical flexibility to promote the
growth of inorganic nanocrystals. For example, Zhu et al. used
TOCNE as a template for in situ growth of MOF to form aerogel
by freeze-drying (Figure 28a and b).**” The TOCNF template
could simultaneously initiate the nucleation and growth
processes as well as decrease the aggregation of MOF, that is,
zeolitic imidazolate framework-8 (ZIF-8) to form nanoscale
crystals (18—65 nm, Figure 28c). ZIF-8 exhibited a surface area
of 273—891 m?*/g, mesopores with a size between 7 and 40 nm
and an average porosity (99%), resulting in a very high
maximum adsorption capacity and rapid adsorption kinetics
for pollutant removal. As seen in Figure 28e, the Langmuir
adsorption capacity of the CNF—ZIF-8 composite against
rhodamine B (RhB) was 81 mg/g, which was around several
times higher than that of neat ZIF-8 powder. The distribution
coefficient (Kj), calculated by (Ky = q./c.), indicated its
adsorption affinity was 8800 mL/g at 2.5 mg/L (ie., the
equilibrium concentration, c.). The observed maximum
adsorption capacity and K, values of the CNF—ZIF-8 composite
surpassed those of the reported adsorbents (Figure 28e).
Furthermore, ZIF-8 showed good MO selectivity during mixing
with methyl violet (MV). Besides batch adsorption, Zhu et al.
also tested the adsorption efficiency during the continuous
filtration process. As shown in Figure 28f, after three consecutive
cycles of filtration, the dye concentration rapidly fell to 2.0%
with the permeance flux of 2.31—-4.72 X 10* L-m >h™". It was
interesting to note that when Zhu et al. used conventional ZIF-8

8972

Figure 28. (a) CNF—M?* as a template for MOF (ZIF-8) crystals
growth. (b) Freeze-drying and (c) SEM images of CNF—ZIF-8 aerogel.
(d) Shaping of CNF—ZIF-8 for cutting, molding and patterning. (e)
Maximum dye (RhB) uptake amount and Ky values compared with
other porous absorbents. (f) Shaping CNF—ZIF-8 aerogels for classical
filtration setup with adsorption capability. Reprinted with permission
from ref 460. Copyright 2018 American Chemical Society.

powders without the CNF template, they noticed immediate
run-away of MOF in the filtration setup resulting in very low
adsorption efficiency. This study also demonstrated that the
CNF—ZIF-8 composite aerogel could be molded into different
shapes (e.g., plate, cylinder, and 3D complex, as seen in Figure
28(d)) for diverse applications. The demonstration of CNF—
ZIF-8 aerogel appeared to overcome the current challenge of
forming MOF-based aerogels, due to the intrinsic rigidity in
MOF and weak interparticle interactions.

In another study, Sajab et al. prepared a dual functional GO—
Fe—CNF aerogel for MB adsorption and subsequent Fenton
oxidation, where its structure and performance relationship is
shown in Figure $5.*" The authors reported that the synergistic
effect of the GO—Fe—CNF was essential for the Fenton
decomposition of the dye. For example, CNF aerogel only
exhibited the maximum adsorption capacity of 97 mg/g against
MB, but the maximum adsorption capacity was sharply
increased to 126 mg/g in GO—Fe—CNF aerogel. More
importantly, GO—CNF showed no oxidation capability for
MB degradation, but the oxidation occurred notably by using
GO-Fe—CNF (Figure SSc). Therefore, adding Fe in the
composite was the key to activate this multicomponent
composite to treat complex wastewater. However, this Fenton
reaction in the GO—Fe—CNF system appeared to be too slow to
decompose the dye solution, especially at a high concentration.

On the basis of the above observations, it is clear that the
maximum adsorption capacity of NC is generally low, but it can
be increased significantly by incorporating other functional
nanomaterials. Compared with classical composite materials,
NC-based composite hydrogels and aerogels could yield high
performance adsorbents with desirable properties. In Table 6,
we summarize several NC-based composite aerogels, their
density and porosity, as well as maximum adsorption capacity
against varying pollutants. It was seen that NC—GO aerogel
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Table 6. Comparisons of Density and Porosity of NC-Based Composite Aerogels and Their Maximum Adsorption Capacity

(MAC) against Varying Pollutants

aerogels density (g/cm?)
PDA“—CNF—PEI” 25
NC-GO 0.00215
DENS‘—BHNC? 0.107
PDChNE®/TOCNF 0.0082
Si—CNC//RM# 0.018
PMVEMA"/PEG/CNC 0.0877
Universitetet i Oslo (UiQ)-66-EDTA’/CNF/CMC’/ 0.00S

porosity (%) pollutant MAC (mg/g) ref
98.5 MO 265.9 461
Cu(ID) 103.5
99.88 MB 265.6 412
CR 21.5
93 MB 270 462
MO 300
99.44 As(III) 217 463
MB 531
99 2,4-dichlorophenol 6.25 464
86.83 MB 116.2 465
99 Cu(ID) 104 426
Cr(111) 396
Co(I1) 307
Ni(ID) 120
Mn(II) 251
Zn(11) 215
Fe(IIT) 115
Z:(1V) 165
Fe(1II) 115

“Polydopamine. bPolyethylenimine. “Dendritic fibrous nanostructured (colloidal) silica. “Bifunctional hairy NC. “Partly deacetylated chitin
nanofiber. “Silylated CNC. Red mud. "Poly(methyl vinyl ether-co-maleic acid). ‘Ethylenediaminetetraacetic acid. /Carboxymethyl cellulose.

Figure 29. Simplified illustration of the interaction between anisotropic nanoparticles, such as CNF or montmorillonite clay (MMT), and metal ions
using different interaction forces. Adapted from ref 290. Copyright 2019 Royal Society of Chemistry.

exhibited a lower density (i.e., lightweight material) and higher
porosity as compared with other composites. One can control
these aerogel properties by adjusting the initial material
concentration, the expansion and shrinkage of aerogel at the
dispersion during aerogel formation or solvent removal
processes.

5.2.4. Mechanistic Explanation. Most of the literature
uses kinetics and isotherm modeling to explain the nature of
pollutant adsorption by NC and its composites. These
mathematical expressions are essential for adsorption optimiza-
tion and process design. Detailed discussions of these modeling
theories have been reviewed by Hubbe et al,,**® Chen,"” and
Tan and Hameed.**® On the experimental side, some authors
have used extensive characterization tools, such as XPS,
extended X-ray absorption fine structure, X-ray absorption
near-edge spectroscopy, etc.,, to investigate the reaction
mechanism between pollutants and the NC derivatives.**”**’
In these reviews, semiquantitative models have not been
evaluated, which are important to explain the binding between
metal ions and NC. These models could explain the anionic and
cationic polymer assemblies with specific counterions. These
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models include ion—ion correlation and specific ion effect
models, involving dispersion interaction, metal—ligand complex
and local acidic environment as shown in Figure 29.2° The
effect of ion—ion correlation resembles the London dispersion
force, which is temporary because of its weak intermolecular
forces, especially in the van der Waals theory. Such forces are
often referred to as induced dipole—induced dipole attraction.
Thermal energy causes the irregular rising and falling in the
number of molecular electrons or ions in the counterion cloud. It
leads to the formation of instantaneous dipoles as shown in
Figure 29a. As seen in this figure, ion—ion correlation occurs
upon the dipole emergence, when counterion clouds or
molecules are contiguous. It has been shown that CNF has a
charge density (0.07—0.13 Cm?"),””° which is sufficient to
overcome the double-layer repulsive forces of divalent metal
ions.””° In general, the extent of fluctuations in the counterion
cloud increases due to the less crowded ion cloud caused by the
higher valence of the counterion. As shown in Figure 29b,
dispersion interaction is controlled by the polarizability of
counterions which typically interact with CNF through van der

https://doi.org/10.1021/acs.chemrev.1c00683
Chem. Rev. 2022, 122, 8936—9031


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig29&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Figure 30. (a) Correlation between the stability constants (log k;, metal—acetate) and swelling of CNF film. (b) Plot of stability constants (log k)
against different ions. Here, hydroxide and acetate groups are used as models for water and the surface of CNF. Reprinted with permission from ref 290.

Copyright 2019 Royal Society of Chemistry.

Waals forces. Such interaction defeats the CNF surface charge
and diminishes the double-layer repulsion.

It was found that the high polarizability of larger ions, such as
Ca’ and Ba®', because of their loosely bound electrons,
decreased the swelling of CNF films (Figure 30a).””" In general,
monovalent counterions follow the dispersion interaction
pathway as they have fewer tendencies to form metal—ligand
complexes because of their low effective polarizability. Metal—
ligand complexes typically follow the coordination chemistry
pathway, such as Cu*, Fe**, AI**, etc. However, polarizable ions,
such as Ba** and Ca*', typically follow the ion—ion correlation
model. This is because most of the transition metal ions naturally
attract ligands to fulfill their d-orbitals using shared electrons
such that these ions can reach the noble gas states. The binding
force in the metal-ligand complex is quite strong.*”’ The
stability constant log kj, the first association constant in the
logarithm scale, is commonly used to define the strength of these
interaction forces. Figure 30b shows the stability constant of the
interactions between hydroxide or acetate ions (as models for
water and the surface of CNF) with various metal ions. It was
seen that the metal ions exhibited higher log k; for hydroxide
ions than for acetate ions. Interestingly, monovalent ions, such as
Na* displayed less affinity than multivalent ions, such as Cu**,
AP, and Fe** (Figure 30b).””" As shown in Figure 29d, in the
ion-induced local acidic environment, acidic ions, such as Cu**,
AT**, and Fe*, can form strong complexes with CNF. The charge
of CNF is directly related to the amount of the carboxylate
group, which is proportional to the ion concentration in the
CNF film. Therefore, the local acidic environment depends on
the concentration of CNF, as well as their surface charge density.

Pollutants can be adsorbed into NC-based adsorbents
through varying pathways such as ion exchange, chemical
complexation, hydrogen bonding, van der Waals interaction,
hydrophobic interaction, reductive adsorption, diffusion,
electrostatic interaction, covalent bonding, etc. Some examples
illustrating the dominant binding forces between pollutant and
NC-based adsorbents are shown in Figure 31, and they are
briefly discussed as follows: (a) Ion Exchange: Most of the
inorganic metal/metal ions are commonly adsorbed through the
ion exchange mechanism as shown in Figure 3la. It occurs
through the replacement of undesired ions, such as Na*, K*, H',
etc., at the acidic active sites of an adsorbent with the target
pollutants, such as Cu®', Fe*, Ni**, and so on. Succinic
anhydride functionalized CNC (SCNC) and NaHCOj;-treated
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SCNC (NaSCNC) can remove Pb*" and Cd** from water based
on this pathway.**' While adsorption of these metals occurs on
SCNC through chemical complexation, NaSCNC mainly
follows the ion exchange mechanism for the removal of Pb**
and Cd**. (b) Complexation: Chemical complexation or
coordination occurs between metal jons and ligands (a
molecular or ionic entity) that contains at least one atom with
an unshared pair of electrons. As shown in Figure 31b, the
hydrated metal adsorbed through bidenate complex formation.
In addition, a coordination complex between the metal ions and
the functional groups of a hydrogel matrix is shown in Figure
3lc. These complexes often rely on the size of the metal
pollutants and the matching of their sizes with the symmetry of
its valence electrons orbitals to the functional groups’ position
on the adsorbent. Details of these interactive mechanisms have
been discussed by Lawrance et al."”? They argued that the
adsorbent, having six COOH groups in a specific arrangement,
could be an effective chelating agent to form a coordination
complex with certain metal ions. (c) Coordination complexation:
The hard—soft acid—base theory is another model that can
explain why certain functional groups have a great affinity to
certain metals. For example, there is a high affinity of binding
between the —SH (soft base) group and Hg(II) ions (soft
acid).*’* Soft ions are those whose outer electrons are
polarizable and are loosely held. These ions allow the formation
of a covalent complex between these ions (e.g., Pb, Hg, etc.) and
the surface functional groups (mostly S and N atoms) on NC.
On the other hand, the outer electrons of hard ions are less
polarizable and more closely held (e.g., Ni). In this scenario, they
need to be complexed electrostatically with functional groups,
such as O-atoms*”* on NC. (d) Hydrogen Bonding: The density-
functional theory (DFT) calculation can be used to describe the
complex interaction between pollutants and NC. For example,
DFT calculation has been carried out to explain the
acetaminophen adsorption onto NC—Jeffamine composite,
involving multiple intermolecular interactions such as hydrogen
bonds (hbl and hb2) and van der Waals forces with binding
energy (BE 14.549 kcal/mol) (Figure 31d). Similar
interaction bonding has been observed for sulfamethoxazole
(hbl and BE = 7.21 kcal/mol) and DEET (BE = 5.70 kcal/
mol).** (e) Hydrophobic interaction: As shown in Figure 31e,
the adsorption of diuron onto CNC/CTM, followed the
pathway of hydrophobic interactions (i.e., between diuron and
the alkyl chains of CNC/CTM), hydrogen bonding (ie.,
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Figure 31. Illustration of some important pollutant binding forces to NC-based adsorbents. (a) Ion exchange and (b) complexation. Adapted from ref
466. Copyright 2011 NC State University. (c) Coordination complexation. Reprinted with permission from ref 428. Copyright 2019 Springer Nature.
(d) Hydrogen bonding. Reprinted with permission from ref 453. Copyright 2017 American Chemical Society. (e) Hydrophobic interaction. Adapted
from ref 452. Copyright 2020 Royal Society of Chemistry. (f) Electrostatic attraction. Reprinted with permission from ref 472. Copyright 2020

American Chemical Society.

between —OH groups of CNC/CTM and N atoms of diuron)
and electron sharing or exchange. (f) Electrostatic attraction.
Huang et al. used Girard’s reagent to prepare cationic DANC,
which electrostatically binds hexavalent Cr(VI) ions as
presented in Figure 31f In addition, the CHO group could
reduce Cr(VI) to Cr(III), which is less carcinogenic than
Cr(V1).*7?

5.2.5. Assessment of Adsorbent Stability, Regener-
ation Ability, and Fate. Because of the hydrophilic character
of NC, which becomes soft and unstable when surrounded by
water, Herrera-Morales et al. functionalized the CNF surface
with a hydrophobic functionality called alkoxysilane trimethoxy-
(2-phenylethyl)silane (TMPES).*’® Subsequently, a BCP
compound termed poly(4-vinylpyridine-b-ethylene oxide)
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(P4VP—PEO) was used to modify the TMPES—CNF film,
which has been used to remove sulfamethoxazole (SMX), an
emerging organic contaminant (Figure S6). It was seen in Figure
S6b, despite the hydrophobic modification, the film could still
hold water after immersion. In contrast, when the pristine CNF
film was immersed in water, the film would be broken and begin
to disperse into suspension, whereas TMPES—CNF films could
stay intact. The TMPES and BCP modified CNF film could be
successfully reused up to five cycles after desorption of the film
with ethanol with a very negligible loss of the adsorption
capacity. Herrera-Morales et al. also prepared an NC composite
system by grafting BCP for adsorption of emerging organic
contaminants. Unfortunately, this system was found to be
unstable and could be easily dissolved in an aqueous solution,

https://doi.org/10.1021/acs.chemrev.1c00683
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Figure 32. (a) Recycling stability and regeneration of TOCNF—nanochitin-based aerogels for the removal of MB (C, =200 mg/L, pH =10and T =25
°C). Reprinted with permission from ref.**> Copyright 2019 American Chemical Society. (b) Processing routes for desorption and recycling of NEC/
PEI aerogel. Reprinted with permission from ref 478. Copyright 2018 Elsevier. (c) Digital photograph showing the removal of aerogel using an external
magnet after Cr(VI) adsorption. Reprinted with permission from ref 479. Copyright 2019 Springer Nature. (d) Image showing the NC inside a dialysis
tube before and after Cu(II) sorption experiments. Reprinted with permission from ref 44S. Copyright 2015 Elsevier. (e) Illustration of external and
internal networks of an NC-based bead (here CNC is cross-linked with alginate in the presence of Ca(Il) ions). Reprinted with permission from ref

480. Copyright 2016 Elsevier.

which makes the separation of the composite difficult after
adsorption.**

In most of the studies, centrifugation methods and a range of
eluents have been utilized to remove and wash the contaminated
NC adsorbent. For example, carboxylate-functionalized CNC
was isolated by centrifugation after adsorption of cationic dye
CV." Then, the authors used 50% ethanol solution (pH 3.0) to
desorb the dye from the used CNC after being heated for 4 h.
Although the rate of desorption was good (80%) and the CV
removal after four cycles was >90%, there is no clear explanation
by what mechanisms the ethanol solution can desorb the
adsorbed dye. Besides ethanol, it has been shown that methanol
and water were also good to desorb organophosphate insecticide
from the used CNC. Although many other eluents have been
tested, including H,SO,, NaOH, CH;COCH;, and
CaCl,:MeOH, their desorption results are often unsatisfactory.
In addition, extensive CNC mass loss has been noticed upon
washing with these solvents.””” Distilled water has been used to
wash the MB-adsorbed sodium alginate/polyacrylamide—
TOCNF hydrogel, but the adsorption efficiency was not good
after three adsorption—desorption cycles (i.e., 55% of MB
desorption).*'" Several types of acids were also tested for the
desorption study. For example, Zhang et al. used HCI for
desorbing MB from TOCNE- and nanochitin-based aerogel.463
They reported that HCl could protonate both carboxylate
groups of TOCNF and amine groups of nanochitin, where the
sorption of MB could be reversed (i.e., >99% of MB desorption).
The aerogel exhibited a high MB adsorption capacity of 505 mg/
g after five consecutive cycles of test, as shown in Figure 32a.
HCI has also been used along with thiourea to desorb Hg(II)
ions from SH-modified NC under stirring conditions.”’* Other
acids such as HNO; have been employed as the eluent to desorb
Cu(1I), Pb(II), and Cr(VI) from tannin-DANC composite,
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followed by centrifugation of the mixture.*** It was found that
regeneration of the composite was effective for adsorption of Cu
(11) and Pb (II), where their adsorption capacities could remain
almost the same even after five cycles of test. However,
regeneration of the composite was ineffective for Cr(VI). After
the desorption treatment, the composite’s adsorption capacity
was significantly reduced in the second cycle. The authors
explained this behavior as follows. In general, Cr(VI) is reduced
to Cr(III) by the OH group on an adsorbent and consequently,
the OH group is oxidized into COOH group. As a result, these
COOH groups cannot adsorb HCrO,~, CrO,*", or Cr,0,*~
ions. It has been shown that HNO; can be a suitable washing
agent for metal desorption from NC, while the method may
need ultrasonic treatment for effective regeneration. This has
been demonstrated for the succinic anhydride mercerized NC
system.443 In contrast, some weak acids (e.g,, ascorbic, formic,
and acetic acids) could not regenerate the metals adsorbed on
this system. It has been noted that using acids in the absence or
presence of ultrasonic treatment could both be problematic. The
use of acid solution without sonication could stimulate hydrogen
bond formation between NC fibers and the amorphous regions
resulting in the decrease of the available surface area. However,
the use of high-power ultrasonic treatment in regeneration could
lead to the degradation of the NC fibers.

Very often, desorption and regeneration processes for the
consumed adsorbents require tedious steps. They include
soaking of contaminated adsorbent into a desorption solution,
followed by several times of washing with the aqueous solution.
Some authors also used heating as a tool to remove residual
contaminants. However, such methods are not always practical
and economic. To overcome these limitations, a simple recovery
method has been introduced by Li et al.*’® They prepared
nanofibrillated cellulose/polyethyleneimine (NFC/PEI) aero-
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Figure 33. (a) Estimated total cost to prepare 1.0 kg of adsorbent from cellulose materials. Reported values are used for plot generation from ref 481.
(b) Cost and adsorption capacity estimates for the most studied adsorbents. Reprinted with permission from ref 482. 2017 American Association for

the Advancement of Science.

gel with wet-end and shape recovery properties. As shown in
Figure 32b, Cu(1I) and Pb(II) contaminated water in the NFC/
PEI aerogel was first mechanically squeezed by hand. Then, an
EDTA solution was subsequently added to the aerogel until it
recovered to the original shape to exchange the metal ion with a
chelating agent. These steps were repeated several times to
remove all the residual metal ions. Finally, an aqueous solution
was used to wash the aerogel. This method appears to be
economical and more practical as compared with other methods
because of the following: (a) the mechanical squeezing method
was used to replace the more energy-consuming steps, such as
centrifugation, sonication, shaking, or filtration, and it also
reduced the amount of washing agent; and (b) the adsorption
capability remained at the same value after three cycles,
indicating the good regeneration ability. In another study, the
preparation of magnetic NC aerogel by incorporating magnetic
nanoparticle in the NC scaffold could ease the recovery process
(Figure 32c).*”” Alternatively, one can consider the strategies
given by Liu et al.*** and Mohammed et al.**° (Figure 32d and e,
respectively). As presented in Figure 32d, a dialysis bag was used
as a reactor where an NC gel was trapped inside the tube. In this
setup, metal ions could pass through the dialysis bag without
obstruction, where the color change of NC could indicate the
process of adsorption or desorption. In another study, gel beads
containing cross-linked alginate and CNC were investigated
(Figure 32e). Both of these methods can retain NC without
losing them during regeneration and be easily implemented in
practical conditions.

5.2.6. Cost Estimation, Greenness, and Acceptability.
Since NC is a renewable biomaterial that can be extracted from
inexpensive and abundant biomass feedstocks, the cost to
produce these products is expected to be low. However, the cost-
effectiveness is often compromised by the expensive and energy-
intensive defibrillation and modification processes as shown in
Figure 33a. It is discernible that xanthated NC isolated from
banana is considerably cheaper as compared with TEMPO and
succinic anhydride treated NC. Low-cost NC can be produced
only if the production process can be carried out at a large scale
and cheap, and environmentally sensible NC processing
schemes are implemented. Figure 33b shows the relationship
between the cost of some most studied nanoadsorbents and
their adsorbent capacity. The cost of CNC materials is between
US $0.65/g and US $2.80/g and their adsorption capacities are
comparably better than other inorganic nanomaterials. How-
ever, this price does not accurately reflect the actual price of NC-
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based composites, which usually have better adsorption capacity
as compared with oxidized NC. Researchers have used expensive
nanomaterials as reinforcing fillers, which should be used in
small quantities to impose a minimal cost on the final product.
Also, measuring energy/electricity consumption to prepare NC
or its composites is important. Scientists often use methods,
such as sonication, stirring, vacuum filtration, etc., which are not
always energy efficient. One has to perform the optimization of
materials processing to reduce the energy cost. Furthermore, the
transportation costs for the production and the application of
NC-based adsorbents can be significantly reduced if we consider
strategies from point-of-make to point-of-use in treating local
water problems.

The greenness of an adsorbent can be evaluated by the
assessment of environmental impacts at both qualitative and
quantitative levels. Such assessments can help the stakeholder to
evaluate the manufacturing cost and determine the benignity of
the material used. These measuring parameters are calculated
using egs 2—6 below. "

mass of all reactants used excluding water ( kg

mass intensity = — product
mass of product kg

)
ks
water intensity (Wp) = mass of all water used | kg product
mass of product kg (3)
. . mass of product
reaction mass efficiency (RME) = ————— X 100%
mass of all reactants (4)

. . amount of nonrenewable energy used h
energy intensity = kW-—

ng (%)

mass of product

[kg(raw materials) — kg(desired product)]

E-factor ©6)
Mukherjee et al. calculated the mass intensity, solvent intensity,
reaction mass efficiency (RME), energy consumption, and E-
factor for CNF-PANI-templated ferrihydrite (CNPFH) nano-
composite,469 which were 1.84, 38.80, 54, 1.78, and 0.6,
respectively. The overall cost of this technology was $0.70 to
produce 1000 L of F~ free water. The mass intensity (1.84)
could be further reduced to <1.0 if one could avoid the leaching/
losing of CNPFH during washing and filtration steps. We think
the solvent/water intensity of this study was very high because of
the large amount of water used for reagent processing. This
water loss can be offset if the composite can produce a much
larger volume of clean water (i.e., efficiency of the pollutant

kg(total product including water)
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Figure 34. Illustration of fundamental steps and photocatalytic reaction equations over a semiconductor that is used for degradation of water pollutants

to CO, and H,0.

adsorption capacity needs to be very high). For example, the
author needs 1.0 L of water for preparing the nanocomposite,
which can effectively produce 200 L of F~ free water (Wp, 1—2
orders of magnitude). Similarly, RME can be improved by
avoiding the excessive usage of reagents and by optimization of
the reactant concentrations. The overall energy consumption
(1.78 kW-h/kg) is relatively good, which is comparable with 2.8
kW-h/kg, required for MFC manufacturing at an industrial scale.
A low environmental (E) factor suggests the minimal emission
of harmful byproducts. Some other parameters are needed to
assess the greenness. For example, (a) leaching of harmful
byproduct/solvents during adsorbent processing and testing
should be minimal to ensure low emissions to the environment;
(b) replacement materials/reagents/chemicals, having low-
toxicity, can be considered according to the guideline of the
European Chemicals Agency and/or other standard regulatory
authorities; and (c) regeneration of the adsorbent for
subsequent testing using acidic/alkali treatment needs special
attention as these strong acidic and basic solutions alter the
surface water pH value upon leaching. The solvents/adsorbent
should be deposited in leach-free landfills. In summary, NC,
either as the freestanding or composite material as adsorbent,
has good social acceptability. This is because they are simple and
easy to recycle (depending on the type of adsorbents) and
environmentally benign. Most of the NC-based technology does
not demand trained manpower for their field-level implementa-
tion and maintenance.

5.3. Photocatalytic Applications

Photocatalysis is an oxidation process, where the acceleration of
the reaction can take place in the presence of a catalysts and
light. There are two types of photocatalysts, depending on the
phase of the catalyst: homogeneous and heterogeneous. A
homogeneous photocatalyst indicates that both the catalyst and
reactants are in the same phase. Typical examples include photo-
Fenton and ozone-mediated reactions. A heterogeneous photo-
catalyst indicates that both the catalyst and reactants are not in
the same phase. Semiconductors and transition metal oxides are
the most common examples of heterogeneous photocatalysts,
which have been popular in wastewater treatment because of
their high pollutants removal efficiency in the presence of light
(UV or sunlight).”®* Photocatalysts are capable of absorbing
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light quanta of a specific wavelength. It depends on their band
gap, which is an energy difference between the top of the valence
band (VB) and the bottom of the conduction band (CB). Since
1972, after Fujishima and Honda discovered the water-splitting
phenomenon by TiO,,*** various semiconductors have been
investigated. Readers who are interested in understanding the
band gap property of some popular semiconductors are
encouraged to study an earlier report.” In addition, we discuss
some limitations of precise measurement of band gap energy
(Eg) in the Supporting Information (section S6).

Despite some drawbacks of pristine NC, such as electrically
nonconductive, photocatalytically inert,” and low UV perme-
ability;**® other properties, such as scaffolding ability,
functionalities, and large surface area, are very unique for
water applications. With the rise of green and sustainable
chemistry concepts, many investigators have made great efforts
to investigate the use of NC either as a template for nanoparticle
growth or a scaffolding material to create composite photo-
catalysts. The use of NC can improve the cost-effectiveness and
decrease the utilization of toxic reagents and chemicals
necessary for catalyst preparation, thus greatly reducing the
environmental footprint. Fine-tuning of the size of nanoparticles
(from macro- to nanoscale), crystallinity, porosity, etc., is
possible by adjusting the physicochemical properties of NC (i.e.,
surface area, pore size and functionality). For example, the
highly accessible surface area of NC could provide a large
substrate for uniform nucleation and growth of inorganic metal
nanoparticles. The unique charge property of the NC scaffold
can enhance the distribution of electrons and transfer them to
the catalyst surface leading to good photocatalytic activity."*” In
addition, oxy-functional groups of NC could anchor different
nanoscale photocatalysts that would offer similar photo-
degradation mechanism of different solutes over semiconduc-
tors surfaces (see Figure 34).

We summarize the photodegradation performances of NC
photocatalysts for pollutants removal in Table 7. A closer
examination of this table suggests that NC can be found in two
forms of photocatalytic reaction: (a) as a template in the final
composite and (b) as a carbon residue, since the template is
subsequently removed by calcination/pyrolysis (the hydro-
thermal method is widely used for such photocatalysts
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Figure 3. (i) Schematic illustration of the synthesis route to fabricate inorganic 1D nanotubes. (ii) SEM and TEM images of NC aerogels where
different nanoparticles are grown as shown in panels a—f and g—i, respectively. (a) ZnO is used to deposit on CNF after the initial cycle of ALD
reaction, followed by 50 cycles of reaction to increase the thickness of the tube as depicted in panel b. (c) Rough surface of the ZnO nanotube area after
calcination and its hollow morphology is shown in panel d. (e) TiO, nanotube and (f) Al,O; nanotube aerogels. (g) Crystallization-induced rough
TiO, surface. (h) AL O; hollow nanotube with a smooth and uniform coating. (i) After calcination, the ZnO hollow nanotube becomes crystalline. (j
and k) Intensity profiles across TiO, and Al,O5 hollow nanotubes, respectively. Reprinted with permission from ref 506. Copyright 2011 American

Chemical Society.

preparation). The data gathered in Table 7 clearly suggests the
system of (b) exhibited higher photodegradation efficiency over
NC-based catalysts (the a system) for removal of different dyes,
antibiotics, and inorganic metal ions under both UV and visible
light irradiations. Overall, NC is a new family of sustainable and
environmentally friendly templates or scaffolding materials to
improve the photocatalytic performance of inorganic metallic
nanoparticles.

The varying subjects of NC—nanoparticle hybrid photo-
catalysts have been reviewed in the literature.”**"***75% Qur
goal in this section is to outline some essential fundamental
knowledge based on a comprehensive literature search that is
relevant to the relationship between eflicient photocatalysts and
water purification. We also try to address several questions: (a)
Is NC a feasible template for nanoparticle growth? (b) Are these
structures suitable in terms of high surface area and reactive sites
to ensure sufficient photodegradation efficiency? (c) Is it
possible to synthesize NC-based visible light active photo-
catalysts? (d) Can we report the appropriate photocatalytic
mechanisms? (e) Is the system stable enough to regenerate? For
brevity, we would like to declare that this section overlooks some
NC-based catalysts, which are activated by reducing agents (e.g.,
NaBH,, H,, etc.).

5.3.1. Tailoring NC as Building Block in Nano-
composite with Inorganic Photocatalyst. A variety of
natural templates, including cellulose, lignin, chitosan, chitin,
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silk, collagen and alginate fibrils, etc., are commonly used to host
a variety of nanoparticle growths. While recognizing the quality
of NC, although it is a renewable and low-cost biomaterial with
good mechanical properties (toughness and strength), it is not
photoactive, despite containing abundant active sites to anchor
and interact with other functional components. Therefore, one
may ask why NC is so important for template-directed
nanoparticles synthesis? We believe this is because of the
nanoscale dimension of NC that would have size-dependent
characteristics (e.g.,, decreasing its dimension will increase the
surface area and crystallinity, as well as accelerate reactivity
leading to improved mechanical, thermal, and chemical
properties). These size-dependent effects of NC were reported
by Li et al.>*® For example, they prepared three types of micro-/
NC-fibers, such as MNCF-10, MNCF-20, and MNCF-30
(produced by varying the grinding time), which exhibited
mean particle sizes of 100, 58, and 31 nm, respectively. With
decreasing MNCEF sizes, the diameter of the ZnO nanoparticle
decreased because of the increase in porosity and surface area.
Because of the decreasing size, more hydroxyl groups in MNCF
were exposed, promoting the in situ nucleation of Zn(II).
Moreover, it has been shown that negatively charged NC greatly
facilitates its electrostatic interactions with the positively
charged Zn [001] planes. Wei et al. used NC to protect this
001 plane in hexagonal wurtzite ZnO crystals using the
hydrothermal route.””* They noticed that aggregated ZnO
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Figure 36. Characterizations of TF—ZnO*°, NONC—Zn0*”, and TONC—Zn0O*” (a) Calculated mean grain size from different crystal planes. (b)
UV—vis diffuse reflectance spectra (DRS) for E, calculation. (c) XPS spectra for elucidating the positions of VB. (d) Calculated VB and CB positions.
(e) Image of contact angle measurements (NONC or NOC, nonoxidized nanocellulose; TONC or TOC, TEMPO-oxidized nanocellulose; TF,
template-free). Reprinted with permission from ref S11. Copyright 2020 Elsevier.

flakes were produced without NC, whereas well-dispersed flakes
distribution is found with NC. In another study, Lefatshe et al.
pretreated cellulose fibers using acid and alkaline media to
increase their Crl, which generates roughness on the surface,
where anchoring of ZnO is favorable.”” They noticed that acid
hydrolysis is more efficient to increase the Crl of NC as
compared with the alkaline treatment.

The unique scaffolding properties of NC enable the synthesis
of nanoparticles (in 1D-3D nanostructures) with different
catalytic properties. It has been shown that the increase of CNF
content reduced the size of BiOCl nanosheets, which eventually
assembled into a 3D flowerlike feature after the hydrothermal
treatment. This might be due to the increase in viscosity, which
could slow down the growth rate of nanocrystals and prevent
their aggregation on CNE.*** Korhonen et al. used the atomic
layer deposition (ALD) method to incorporate Al,05, ZnO, and
TiO, in the NC aerogels, which could result in 1D hollow
nanotubes (Figure 35),°%° using the following procedures. The
NC template was used as the inner core, on which the
nanoparticle precursor was deposited as the outer layer. This
step was repeated many times to achieve the desired thickness of
nanocrystal. The approach could generate a core—shell
nanostructure, where the CNF core could be removed by
calcination or other treatments to form hollow inorganic
nanotubes with compositions, such as Al,Os, ZnO, and TiO,
(Figure 35).°% Often, the temperature-mediated removal of the
NC template could collapse and break the skeleton of these
nanotubes. This was seen by the shrinking of interwoven TiO,
nanowires after NC removal by calcination (Figure 35g).507 The
diameter of these hollow structures can be controlled by the
behavior of individuals or aggregation of NC fibrils in the
suspension. It was seen that the resulting ZnO nanotubes
exhibited a rough surface in Figure 35a—c, where the roughness
could increase by calcination (Figure 35i). With ALD, a uniform
Al,Oj; coating was always formed on the fibril surface, where the
nanotube structure could be maintained after calcination
(Figure 35f). Alternatively, TiO, nanocrystal-based nanofibers
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were obtained by calcination because of the collapse of the
skeleton core (Figure 35g).

Many different methods for the synthesis of NC-templated
nanoparticles have been demonstrated. These methods include
hydrothermal, sol—gel, ALD, chemical vapor deposition (CVD),
dip-coating, sol-spray, sputtering, vapor deposition, coprecipi-
tation, spray pyrolysis, thermal decomposition, and so on.
Among them, both the sputtering and sol—gel methods are
considered as the low-temperature methods to immobilize
nanoparticles onto the NC substrates.”®* However, a scalable,
ecofriendly, and low-cost preparation approach, enabling the
nanoparticle growth in the NC scaffold to reach the desired
properties, is still highly attractive, especially for large-scale
production. Electrospinning could be an alternative pathway
that can fabricate multistructure nanofibers on a large scale.”””
Such nanostructures would have huge advantages in the field of
photocatalysis, where a very high electroactive surface can be
generated. These hierarchical NC-enabled photocatalyst sys-
tems may simultaneously promote the trapping of pollutants,
enhance photodegradation efficiency, and create excellent
recycling stability of the system, which will be an interesting
research topic.

5.3.2. Photocatalytic Properties Influenced by NC
from Different Biosources. As seen in Table 7, different
raw materials, such as woody and nonwoody lignocellulose
biomass, as well as microbes, are used to extract NC for the
preparation of different photocatalysts. However, different
biosources can produce NC of different properties. Shi et al.
compared the effects of NC (from cotton) and BC as templates
on the physicochemical properties of the two resulting SiO,—
(WO,),TiO, photocatalyst samples.”*® As shown in Figure S7,
both samples showed mesoporous pores, but the photocatalyst
with NC showed a significantly smaller pore size compared with
the BC-based system. However, there are no noticeable
differences in surface area between these two samples. Both
NC- and BC-templated composite samples exhibited higher
adsorption capability (followed by photocatalytic degradation)
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against RhB than that of the template-free (WO;),TiO, powder.
Although the adsorption of RhB into the BC-templated sample
was faster than that of the NC-templated sample, the
photodegradation efficiency of the latter one was slightly higher
than the former one under visible light irradiation.

Some researchers hypothesized that NC with high CrI can
favor the growth of nanoparticles because of the high surface
roughness.””” Such a hypothesis prompted the selection of BNC
as a template because of its high crystallinity. However, this
hypothesis was not supported by the study of Zheng et al.,>"’
who functionalized BNC using amidoxime groups as they
argued the initial interactions between unmodified BNC and
nanoparticle are weak, leading to low-yield and nonuniform
distribution of nanoparticles on the BNC surface. The
amidoxime modification favored the immobilization of metallic
ions on BNC because of its 3D tunneling structure that also
thwarted the aggregation of ZnO during crystal growth in a
polyol medium. The BNC—ZnO nanocomposite showed MO
photodegradation efficiency of 92% after 120 min of UV light
irradiation. Similarly, almost the same MO photodegradation
efficiency was reported in another study, where BC—ZnO
composite was prepared without functionalization.’'® This
raised an essential question of whether such complicated
amidoxime-functionalization of BNC is “truly” needed for
template-directed nanoparticles synthesis. Although not explic-
itly discussed in these two papers, it is our opinion that a key
control experiment (without functionalization) was missing in
the study of Zheng et al.””” We do not think the increase in
crystallinity can substantially enhance the nanoparticle growth
on the NC surface. Based on our experience, we believe the
amorphous region may often be more active for metal ion
adsorption because of the higher content of exposed functional
groups when compared with the crystalline region. However,
this argument is also not conclusive nor supported by evidence.
As a result, more study is needed to verify these hypotheses in
the future.

The amidoxime-functionalization is a complex process to
modify the NC surface, and there are abundant simpler
functionalization routes that one can consider for the
preparation of NC-based photocatalysts. Xiao et al. investigated
two types of NC, including nonoxidized nanocellulose (NONC)
and TONC as templates to support the growth of ZnO
nanocrystals using the solvothermal process.”’’ A control
experiment was also carried out using the template-free (TF)
ZnO system. All the samples were calcined at different
temperatures to remove the templates, where the calcination
temperature at 400 °C was found to produce the best
performing samples for photodegradation of MO. The mean
grain sizes of NONC—ZnO** and TONC-ZnO*? (the
superscript 400 represents the calcination temperature)
calculated from crystal planes as shown in Figure 36a, were
significantly lower (by 22 and 33%, respectively) than that of
TF—ZnO*°, which was ~30 nm. The results indicated that NC
played a vital role in decreasing the agglomeration of ZnO
nanocrystals. This effect was particularly notable in TONC—
ZnO*” because of the large amount of carboxylate group in
TONC. Such functional groups could facilitate the Zn(II)
adsorption by increasing the number of nucleating sites. Higher
nucleating density can decrease the particle size and the
agglomeration of ZnO crystals. In this study, all the samples
showed a mesoporous structure, especially the TONC—ZnO*?
sample. It was found that the average surface area, pore volume
and pore sizes were significantly higher in TONC—ZnO*® as
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compared with TF—ZnO** and NONC-ZnO*®. These
properties in TONC—ZnO*"* would facilitate the higher mass
transfer rate of the solute during the photocatalytic process.
Figure 36b shows UV—vis diffuse reflectance spectra indicating
the band-gaps of TF—ZnO*’, NOC-ZnO*®, and TOC—
ZnO*° were 3.15, 3.13, and 3.11 eV, respectively. In addition,
the XPS spectra revealed the VB potentials and the positions of
CB and VB. The straight line in the XPS spectra in Figure 36¢
indicates that the values of VB were 2.35 (TF—Zn0*"), 2.32
(NOC-2Zn0*"), and 2.11 eV (TOC-ZnO0*"). Given these
values, the CB values could be calculated from E, = V3 — C,
which were —0.80, —0.81, and —1.0 eV, respectively (Figure
36d). The results indicated that the NONC and TONC
templated ZnO nanoparticles have shifted their band gap to
lower potentials. Accordingly, TONC—ZnO*" exhibited the
photocatalytic rate for MO of 2.2 and 2.9 times higher than those
of TF=ZnO*° and NONC—ZnO*", respectively, under the
same UV light irradiation. Another significant change found was
related to the hydrophobicity of these photocatalysts. For
example, as shown in Figure 36e, the contact angle of TONC—
ZnO*" (143.5°) was higher than those of TE—ZnO*" (88.6°)
and NOC—ZnO** (100.9°). The hydrophobic photocatalysts
will have superior performance over hydrophilic samples in
removing pollutants with low water solubility.

5.3.3. NC-Enabled Photocatalysts for Water Purifica-
tion. Titanium Dioxide (TiO,). TiO, is a common photocatalyst
because of its high catalytic activity, photochemical resistance,
and chemical stability. It contains anatase, brookite, and rutile
crystal polymorphs. The physicochemical properties of the
prepared TiO, are dictated by their overall morphology, size,
and crystal structures, which can be controlled by varying
preparation methods. Rutile is more stable at the bulk phase,
whereas the preparation of TiO, through the solution phase
typically favors the formation of anatase structure. The surface
free energy/surface stress and precursor chemistry can play a
vital role in determining these nanostructures. In specific, the
surface free energy controls the phase stability, especially at the
nanoscale confinement. For example, anatase TiO, is more
stable than rutile when the particle size is <14 nm.>'” It has been
demonstrated that the surface free energies of rutile and brookite
are higher than that of the anatase. As the nature of reactants
determines the TiO, chemistry, understanding the reaction
mechanisms is essential. However, these mechanisms are
difficult to fully understand because of the varying routes of
TiO, synthesis, in which a great deal of parameters are involved.
It has been shown that increasing acidity of the reaction media
and concentration of precursor (TiCl,) facilitates the rutile
phase, whereas the usage of Ti(OBu), at pH 7 can result in the
anatase phase at the low-temperature synthesis of TiO,>"
Readers interested in understanding the effects of reactant
chemistry and mechanisms of the phase formation should refer
the work by Reyes-Coronado et al.”'* They calculated the E
values of 3.21, 3.13, and 3.00 eV for the anatase, brookite and
rutile phases, respectively. Because of such high E, values, TiO,
is not capable of utilizing the visible part of the solar spectrum. In
addition, pristine TiO, tends to recombine photoinduced
charges, resulting in low quantum efficiency. However, during
the literature review, we notice that most of the TiO,
photocatalytic activity is governed by the presence of both
anatase and rutile phases. It has been shown that pure anatase
TiO, possesses high catalytic activity, while pure rutile TiO, is
more stable.”'> For the mixed crystalline phase, it is seen that the
optimal photocatalytic activity can be achieved when the anatase
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content is more than 60%. Commercial P25 usually consists of
both anatase and rutile phases with ~80% and ~20% contents,
respectively.

When the TiO, film is grown on NC, it usually exhibits a very
low photocatalytic activity.”'® Although no notable band gap
differences can be found between such TiO, synthesized in the
NC scaffold and conventional TiO,, NC can offer some unique
advantages, including the better control of TiO,’s porosity and
crystal structure. For example, Ivanova et al. synthesized CNC-
templated anatase TiO, composite film on the glass substrate.”"”
The composite was calcined at 450 °C to remove the CNC
scaffold, to produce highly porous crystal TiO, with well-defined
and narrow pore size distribution. With the increasing NC
concentration, both pore volume and surface area of TiO, could
increase gradually. The process produced a polycrystalline TiO,
structure with a very small crystallite size (~9.0 nm). It is
thought that the nucleation of TiO, crystals occurs simulta-
neously during calcination. In this step, one can fine-tune the
pore size of the composite. If a large pore size is desired, the NC
integrity has to be maintained or preserved as long as possible
during calcination. Meanwhile, the TiO, nucleation and crystal
growth need to be slowed down. Alternatively, if NC is swollen
(especially under hydrothermal conditions), that could facilitate
the formation of a large pore. Therefore, NC could offer dual
functions in the TiO, formation, that is, tuning the crystal
growth process and controlling the porosity of the nanoparticle.
The fundamental knowledge behind this process thus relies on
the scaffolding structure and properties of NC, including
porosity, functionalities and thermal stability. First, the porous
NC can provide accessible surface sites that facilitate the growth
of TiO, precursors.”'® Second, the surface functionalities of NC
can play an important role in the synthesis of TiO, nano-
particles. It has been reported that a uniform distribution of
TiO, can be produced in the CNC scaffold because of the
sulfuric groups, which can bind to positively charged TiO,,
leading to the decrease in the surface energy of NC and
preventing the occurrence of TiO, aggregation.519 It has also
been reported that the hydroxyl groups of NC are accountable
for TiO, crystal growth and Ti** nucleation,”*”**' because these
functional groups of NC could transfer oxygen atoms to a metal
ion.>*? Finally, the high rigidity and thermal stability of NC can
act as a thickener and facilitate the formation of TiO, films.*"®

Various methods are available to synthesize NC-templated
TiO, photocatalysts. ALD has been used at high temperatures to
replicate CNF using Ti0,.°***** In addition, CVD, sol—gel,
microemulsion, and hydrothermal routes have also been
demonstrated for the in situ/ex situ growth of TiO, onto NC.
These methods are complex and time-consuming and require
toxic reagents. We have demonstrated a simple hydrolysis
method of titanium oxysulfate, a potential precursor for TiO,
synthesis at low temperatures.’”* The process enabled the
formation of TiO, on CNC with a narrow size range 3—5 nm,
which exhibited both high MB photodegradation and bacterial
inactivation capability under UV light irradiation. Comparing
our observation with previous studies, it was seen that only a few
studies had success in fabricating TiO, nanocrystals with size
<10 nm onto NC. Such a composite system exhibited very good
photocatalytic performance enabling both high dye removal and
bacteria reduction applications. Therefore, this hydrolysis
method is more efficient than the ALD, CVD, and other
hydrothermal methods because of its simplicity in synthesis. It
should be noted that commercial antimicrobial UV light
typically has a short wavelength of 254 nm, which was extended
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to a mild UV light wavelength of 400 nm to irradiate the CNC—
TiO, system.””* This adjustment can improve the cost-
effectiveness in terms of energy reduction and lowering the
potential radiation hazards. In another study, ultrasonication
was used to prepare NC—TiO, composites at low temper-
atures.*®” The adsorption capacity of this composite system was
decreased due to the increase in TiO,, (having reduced
porosity). On the other hand, the photocatalytic efficiency of
NC-TiO, was increased by elevating the concentration of TiO,,
but decreased at a very high concentration. This was explained
by the behavior of TiO, sedimentation and aggregation.’*’
Nunes et al. used the simple microwave irradiation method to
grow TiO, on BC, paper, and polyester substrates at low
temperatures.”'® Their objective was to achieve high photo-
catalytic activity though low-cost synthesis routes. The resulting
composites showed higher RhB degradation efficiency when NC
was used as a substrate than those with the substrates of
polyester and tracing paper under solar radiation, even though
they formed TiO, containing both brookite and rutile phases.
This might be due to the high surface area of NC and flower-like
TiO, structure (facilitated by the NC-template), yielding a
higher content of reactive sites as compared with paper and
polyester.

It has been shown that mesoporous TiO, exhibited higher
photocatalytic activity than typical TiO, nanoparticles due to its
high surface area and porous networks.”*® This observation has
drawn several follow-up investigations. Wang et al. used NC as a
template to fabricate mesoporous TiO, using the hydrothermal
and calcination methods for photocatalytic application.””” The
resulting TiO, exhibited a single anatase crystal and its surface
area and pore volume was higher than the commercial TiO,
(P25). The mesoporous TiO, sample showed better RhB
adsorption capacity than P25, where its photocatalytic
degradation performance was also improved (e.g, 97% and
77% for mesoporous TiO, and P25, respectively) after 1 h of UV
light irradiation. Similarly, Zhang and Qi used BNC as a
template to grow TiO, nanowires with the anatase phase, where
the sample also exhibited a mesoporous structure.’”” TiO,
nanowires showed higher photodegradation activity against
RhB than TiO, microfiber. In another study, the NC-templated
mesoporous TiO, also showed higher photocatalytic activity
than the eggshell-templated TiO, because of the high surface
area of NC.”**

Some authors functionalized NC to increase the adsorption
capacity of the photocatalyst and hence the photodegradation
efficiency. For example, Chen et al. used surface-quaternized
nanocellulose (Q-NC) to prepare N-doped TiO, cryogel, which
was used for adsorption and mineralization of MO.>*” Although
the adsorption of MO was increased on Q-NC because of its
positive charge, this efficiency is decreased upon N and TiO,
doping because of the shielding of some surface cationic groups
of Q-NC. However, N doping is essential, since pristine TiO,
can absorb UV light that is only 4% of the total solar radiation.
This limitation hinders the widespread applications of pure TiO,
in photodegradation applications under sunlight irradiation.
Doping of the N atom inside the lattice of TiO, (Ti—O—N/Ti—
N—0) will decrease the band gap, which can effectively absorb
the visible light. As shown in Figure 37(a), N-doping improves
the photomineralization of MO using TiO,-supported Q-NC.
As seen in Figure 37c, the deep orange color of I0N10Ti—NC,
which was obtained after MO adsorption in 30 min, became
lighter after sunlight irradiation for 90 min.
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Figure 37. (a) Performances of photocatalytic applications of varying
surface-quaternized nanocellulose (Q-NC) samples under sunlight
irradiation. (b) Pristine Q-NC as a reference after solar irradiation for
1.5 h. (c) Adsorption > degradation > regeneration steps of Q-NC
samples. (d) Proposed photocatalytic mechanism of N-doped TiO,/Q-
NC. Reprinted with permission from ref 529. Copyright 2017 Royal
Society of Chemistry.

Zinc Oxide (ZnQ). ZnO is an alternative to anatase TiO,
because of its comparable band gap (~3.2 eV). It has versatile
morphology, antimicrobial activity, lower cost, and low toxicity.
However, the major limitation for photocatalytic applications of
ZnO is its demand for UV-light excitation. Therefore, efforts
have been made to fabricate ZnO-based composite materials
with enhanced light absorption capability in the visible spectral
range.”*’ Some other drawbacks of this material include the
aggregation of ZnO due to high surface charge,‘i?’l high
recombination rate, and the occurrence of photocorrosion that
often leads to the formation of Zn—OH. To overcome these
limitations, many strategies have been undertaken, including
tuning its nanosizing and doping elements, such as carbon or
other metals into the ZnO crystal phases.’’’ ZnO’s photo-
catalytic efficiency directly depends on the surface area and
active crystal planes. Wei et al. prepared ZnO in the NC-
template by the hydrothermal route followed by calcination.
The sample exhibited many active and exposed (001) planes,
but its surface area was only 21 cm?/g, which is not so high.***
ZnO crystals possess both positive and negative polar planes of
Zn (001) and O (001), respectively. To reduce the surface
energy, these polar planes tend grow rapidly due to their
thermodynamic instability. Thus, these 001 planes often
diminish, which results in needle-like (sharp-end) ZnO
nanoparticles. It is thought that the ZnO polar (001) planes
would act as the optimally active sites to increase the
photocatalytic performance. So, it is important to develop a
large number of 001 facets that are free, open and active during
the ZnO growth. Because of favorable electrostatic interactions
between positively charged Zn (001) planes and negatively
charged NC, most of these (001) planes could be covered by
NCs. This would significantly decrease the surface energy of Zn
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and O (001) planes, thus reducing the ZnO crystal growth along
the (001) direction and resulting in the flake-like structure. After
that, calcination can remove the (001) plane-covered NC and
expose a high-energy surface with active 001 facets. This
pathway can result in excellent photocatalytic activity as
compared with commercial TiO, (P25).”"*

While many chemical methods have been extensively tested
for ZnO nanoparticle synthesis, the NC-based composite
approach seems to offer many promising features of green
chemistry. For example, Nahi et al. used NC extracted by the
Tinospora cordifolia plant using simple sonication treatment as a
template to synthesize ZnO.”*> The ZnO—NC composite
photocatalyst showed the enrofloxacin degradation efficiency of
97% after 120 min under sunlight irradiation. The authors also
used these catalysts for the photodegradation of aureomycin (a
widely used antibiotic in poultry). The photodegradation
efficiency against this antibiotic was 93.5% for ZnO—NC, 72%
for ZnO, and 52% for NC, respectively, after 120 min of sunlight
irradiation.>*” In another study, Modi and Fulekar used Allium
sativa skin for the preparation of ZnO and cellulose
composites.”** Later, they prepared CNC chemically and used
a simple sonication method for ZnO—CNC composite
preparation. Similar to typical chemical routes, ZnO showed a
polycrystalline wurtzite structure and possessed rod- and
hexagonal-shaped morphology. ZnO—CNC exhibited a large
surface area of 32 m?/ g, where that for ZnO was 13 and 19 m?/ g
for CNC. The pseudo-first-order reaction rate of MB
degradation using ZnO/CNC was 0.020/min (the photo-
degradation efficiency was 88.62%), while it was only 0.011/min
(the photodegradation efficiency was 65.87%) for ZnO under
sunlight irradiation.

In the literature, different morphologies of ZnO have been
observed, including porous, nanorods, and flower-like, which
exhibited different properties.”” For example, Ning et al.
synthesized sphere-, rod-, and needle-like ZnO with and without
the TONC template.”>’ Only the sphere-type morphology
showed a homogeneous distribution in TONC because of the
lesser aggregation of ZnO crystals. With sphere-type ZnO, MB
could be removed completely after 20 min, but the removal time
was 100 min for other types of ZnO under the same UV light
irradiation. Therefore, sphere-type ZnO was more catalytically
active as compared with rod- and needle-like ZnO. Similar to
this study, Abdalkarim et al. used the hydrothermal method to
prepare different types of ZnO crystals within the CNC scaffold
at three different ZnCl, precursor concentrations.**® The
resulting structures included hexagonal nanorod, flower-like,
and hexagonal disk with sheet-like structures of ZnO formed at
low, medium and high ZnClI, concentrations, respectively. It is
important to mention that at very high precursor concentrations,
some impurities might also be incorporated in the final catalyst,
which would be difficult to trace. For example, with excess Zn**
ions not anchored to the CNC surface (because of the saturation
of OH groups), these ions might yield some impurity phase. In
addition, Abdalkarim et al.*** showed that by simply changing
the pH value and temperature during reaction, one can change
the ZnO structure between flower-like nanorod (pH 11 at 100
°C) and rod-like nanohybrids (pH 9.3—10.5 at 90 °C) in the
CNC scaffold.**® The flower-like nanorod structure showed
excellent photodegradation against MB and better antibacterial
activity than the nanohybrid structure. This confirms that the
precursor concentration, as well as the reaction conditions,
could play vital roles to affect the overall composite structure
and, thus, their photocatalytic properties.
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Figure 38. (a) Linear kinetic plots of photodegradation of ciprofloxacin using photocatalysts based on ZnO, GO, and NC components. (b) Reaction
rates of blank, GO, ZnO—GO, and ZnO—GO/NC composites. Reprinted with permission from ref 538. Copyright 2017 Elsevier.

Engineering the band gap property of ZnO using the NC
template method is still an inconsistent topic in the literature.
For example, Jamal et al. prepared ZnO—NC composite using a
simple sonication approach. They observed that the band gap
decreased from 3.3 (ZnO) to 2.75 eV (ZnO—NC), while NC
itself had a band gap of 3.8 eV.>*” However, they did not explain
how NC could decrease the band gap of ZnO. The lower band
gap ensured the visible region excitation of the composite. About
98% of photodegradation of CR was obtained by using ZnO—
NC, while it was only 72% and 52% for NC and ZnO,
respectively. Since the composite also had a significantly higher
BET surface area (184 m”/g) than that of pristine ZnO (82 m?/
g), it was difficult for us to judge whether the enhanced
photocatalytic activity in ZnO—NC was due to a smaller band
gap or larger surface area or both. In contrast, Anirudhan and
Deepa used NC-based ZnO-doped GO composite for the
adsorption and subsequent photodegradation of ciprofloxacin—
an antibiotic commonly found in wastewater.”>® Adding NC
into the ZnO—GO hybrid has shown to increase the band gap
from 2.4 to 2.8 eV. The photodegradation of ciprofloxacin
follows the first-order kinetics in visible light (with a solar
simulator). The ZnO—GO could degrade ciprofloxacin almost
completely after 60 min, while the degradation was reduced to
40 min with the NC incorporation. The photodegradation rate
for ciprofloxacin using varying photocatalysts based on ZnO,
GO, and NC components are shown in Figure 38, It was seen
that all data points for each photocatalyst could be fitted with a
linear relationship, suggesting the photocatalytic reaction
followed the first-order reaction kinetics (Figure 38a). The
first-order reaction kinetics can be expressed as Ln(C,/C,) = kt,
where C, is the initial concentration of solutes, C, is the
concentration of the solute at reaction time t, and k is the
reaction rate constant. The k values for ZnO—GO and ZnO—
GO-NC composite were 5.1 X 107 and 9.49 X 107 min~},
respectively (Figure 38b). The results showed that ZnO—GO—
NC possessed very high photodegradation efficiency, which
could be explained as follows. The incorporation of NC into the
ZnO—GO system can increase the oxy-functional groups (e.g.,
COOH and OH groups), which would lead to higher adsorption
efficiency of ciprofloxacin by ZnO—GO/NC than by ZnO/GO.
Because of the high electrical conductivity of GO, which often
acts as an electron sink halting the recombination of photo-
generated electron and hole (hence the accumulation of hole on
the CB value). The authors hypothesized that the photo-
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degradation mechanism of ciprofloxacin was not due to
photolysis of ciprofloxacin, since the drug is found to be stable
in sunlight, but mainly occurred through the photocatalytic
reaction process. However, ciprofloxacin has photosensitizing
ability, and it can eject electrons onto the CB of the composite
after the visible light excitation. The proposed reaction
mechanism is shown in eqs 7—14 below:

ZnO—GO-NC + hv = ZnO—GO—-NC (eyyh(y)  (7)
ciprofloxacin (CF) + hv — 'CF* or ’CF* (8)
'CF* or *CF* + ZnO-GO-NC —

— 'CF* 4+ ZnO—GO-NC(e cb) 9)
ZnO—GO-NC(e) + 0, = O3~ + ZnO—GO-NC

(10)

ZnO-GO-NC(h},) + H,0

— ZnO-GO-NC + H' + OH~ (11)
05" + H" - HOS* (12)
ZnO — GO — NC(h},) + OH™

— ZnO — GO — NC + OH"’ (13)
OH® + CF = H,0 + CO, (14)

NC often acts as a carbon (C) source to dope/coat ZnO. It
can facilitate the photocatalytic activity of ZnO through band
gap engineering, as well as through tuning of size and other
morphological properties. Because of the suitable electrical and
photophysical properties of C, which acts as a reservoir for
photogenerated electrons, the C atom can thus participate in the
shuttling of electrons from the catalyst. Furthermore, C has the
potential to increase the adsorption efficiency. If one can
uniformly deposit C on the surface of a ZnO nanoparticle, the C
coating can also increase the chemical stability against
photocorrosion. The source of C can come from carbon
nanomaterials, such as CNT, GO, and fullerene, which are not
exactly safe or low-cost materials. In this case, NC can be a better
alternative, offering a C source to improve the photocatalytic
performance of ZnO. For tuning the ZnO morphology, porosity,
and crystal growth behavior, Xiao et al. used a solvothermal
process to coat/dope the ZnO surface with C, as shown in
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Figure 39. (a) Ilustration of fabrication methods of C-coated ZnO using two types of NC materials. Reprinted with permission from ref S11.
Copyright 2020 Elsevier. (b) Simplified illustration of the pseudo-first-order photocatalytic reaction mechanism of C-coated ZnOj; doping of C creates

sub-band gap, which helps to reduce the E, value of ZnO.

Figure 40. MB photodegradation under the irradiation of (a) UV and (b) visible lights and (c) MB photodegradation efficiency with and without NC.

Adapted from ref 504. Copyright 2016 NC State University.

Figure 39a.°"" They used two types of NC templates NONC and
TONC as C sources to assist the ZnO synthesis through
calcination. They reported that calcination at a temperature of
400 °C was effective to preserve the thin C-layer on the surface
of ZnO nanocrystals with a hexagonal wurtzite structure. The
authors also introduced urea into precalcined ZnO to generate
CO, gas, which increased the porosity of ZnO after calcination.
The doped/coated C in ZnO decreased the band gap and
increased the surface area, especially for TONC—ZnO*® that
facilitates MO photodegradation, and its rate constant was
0.0254, which is 2.2 and 2.9 times higher than those of TONC—
NOC*? and TF—ZnO*” under the same UV light irradiation.
The proposed mechanism for the first-order photocatalytic
reaction of C-coated ZnO is illustrated in Figure 39b.

In another study, Wei et al. used NC to prepare a hexagonal
wurtzite ZnO structure, similar to the system prepared by Xiao
et al,”"" but with a hydrothermal route.””* In addition, they
carried out calcination at a higher temperature of 550 °C to
remove NC. The resulting ZnO exhibited an average size of
around 32 nm. It was shown that the intensity ratio between 100
and 002 peaks in XRD of this ZnO was smaller than the bulk
sample, suggesting the ZnO nanoparticles prepared by Wei et al.
possessed a high content of polar facets. The mean pore
diameter in this ZnO—NC sample was nearly 9.0 nm. The
photodegradation efficiency of ZnO—NC for MB was nearly
95%, which was higher than ZnO without NC (23%) and
Degussa TiO, P25 (60.5%) after 30 min of UV light irradiation
(Figure 40a). On the other hand, ZnO—NC showed a 10%
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higher photocatalytic performance than P25 when using visible
light irradiation (Figure 40b). To justify the photocatalytic
efficacy of this ZnO—NC composite, the authors compared their
degradation efficiency with those of other ZnO systems using
different templates where the results are shown in Figure 40c. In
this figure, ZnO—NC showed the best photodegradation
efficiency (a significantly faster rate for MB degradation, that
is, over 90% within 30 min) than the ZnO without NC and ZnO
with other additives, under the same experimental conditions.
These observations indicate that the use of NC as a template can
directly assist ZnO to achieve better photocatalytic activity and a
faster degradation rate as compared with other ZnO prepared by
conventional means.

Bi/Trimetallic Nanoparticles. Although TiO, and ZnO have
been extensively studied for a range of photocatalytic
applications, the judicial choice of preparing bi/trimetallic
nanoparticles onto NC is to achieve multifunctional properties.
In the case of TiO,, Nair et al. used the low-temperature growth
method to prepare TiO, nanorod (NR) at varying temperatures
(90 and 150 °C) on functionalized CNC, having sulfonic,
carboxyl and phosphoryl groups together; the resulting
composites were termed CNC/TiO,—NR(90) and CNC/
TiO,—NR(150) with NR grown at 90 and 150 °C, respectively.
These systems were further doped with plasmonic Au
nanocrystals as shown in Supporting Information (Figure
S$8a).>*” The presence of Au nanocrystals on TiO, narrowed
its band gap from 3.15 eV (CNC/TiO,—NRs(90)) to 3.11 eV
(CNC/Ti0,—NRs(90)/Au). However, this effect did not occur
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for CNC/TiO,—NR(150). In addition, the BET surface area
was significantly higher in CNC/TiO,—NR(90) than CNC/
TiO,—NR(150), where the former also showed a higher content
of anatase phase than rutile phase. On the contrary, the CNC/
TiO,—NR(150) had a higher degree of crystallinity dominated
by the rutile phase. These observations clearly suggest that the
demonstrated photocatalyst synthesized at a low temperature
(90 °C) exhibited better physicochemical properties required to
achieve a good photocatalytic activity than when synthesized at a
high temperature (150 °C). Unfortunately, CNC/TiO,—
NR(90) showed much lower photocatalytic activity for RhB
degradation than CNC/TiO,—NR(150) as shown in Support-
ing Information (Figure S8b) under sunlight irradiation in the
presence of H,O,. The author hypothesized that this was due to
a lower number of defects in CNC/TiO,—NR(150), which
might decrease the charge carrier recombination (usually
occurred at defect sites). In principle, the presence of Au
could generate the local surface plasmon resonance (LSPR)
effect that should ensure good photocatalytic activity in the
visible light region. Unfortunately, the Au addition did not
significantly change this photocatalytic activity in the photo-
degradation of RhB study. It was surprising to see such low
photocatalytic performance in the presence of Au and H,0,. In
general, H,0O, is often used to decrease the recombination of
electron—hole, which can act as a scavenger of electrons, i.e.,
hosting of photoinduced electrons from the CB of the
semiconductor (H,0, + egy — ®OH + OH"). In this case,
the reaction can accelerate the formation of hydroxyl radicals. As
aresult, H,0, is a powerful oxidizing agent for dye degradation.
This study should be investigated further to reveal other
mechanisms that hinder the expected photocatalytic perform-
ance in the presence of Au and H,0,.

In another study, Liu et al. used NC as a template to prepare
Ni—NiO/TiO, composites with a hollow structure having a
large number of pore and pore volumes.”*’ To accomplish this
structure, the electroless plating technique was used to deposit
Ni—NiO uniformly on the NC surface, followed by a sol—gel
method to prepare TiO,. NC was removed by calcination at
different temperatures. At the calcination temperature of 600
°C, TiO, showed the anatase phase which was then transformed
to the rutile phase at 800 °C. The threshold wavelength of the
absorption spectrum of the Ni—NiO/TiO, composite was
found to be shifted to 66 nm (band gap was 2.55 eV). The final
product exhibited 86% of Pb(II) degradation after 120 min of
UV light irradiation. Generally, doping of Ni/O would bring
some level of impurity to TiO, crystals which might help to
absorb photons at lower energy. Therefore, we expect
photodegradation of pollutants by the Ni—NiO/TiO, compo-
site could occur by visible light irradiation, however, this was not
checked in the study.

Al has been used to dope into ZnO crystals synthesized in the
templates of MNCEF, where the resulting composite was termed
Al-doped ZnO/cellulose (AZOC) and tested for photo-
degradation of MO under visible light irradiation.’”® Due to
its smaller size, Al can substitute the regular lattice sites of ZnO
and does not destroy its crystal structure. Depending on the
MNCEF diameter, the mean pore diameters of AZOC-10 were
536 nm, AZOC-20 was 396 nm, and AZOC-30 was 285 nm),
where the corresponding surface areas of these three composites
were 20, 24, and 27 m*/g, respectively. It was seen that doping of
Al into ZnO/MNCEF resulted in a red-shift of the absorption
peak. Consequently, the band gap differences of ZnO/MNCE-
30 (without Al doping) and AZOC were 2.97 and 2.92 eV,
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respectively. Moreover, the crystallite size of ZnO in ZnO/
MNCF-30 and AZOC-30 was 15.91 and 14.21 nm, respectively.
As a result, AZOC exhibited higher photocatalytic activity of
MO photodegradation (89%) than ZnO/MNCEF-30 (53%)
under visible light irradiation. The first-order kinetics model was
well suited to fit the catalytic efficiency data, where the rate
constant followed the order of AZOC > ZnO—MNCEF > Al—
ZnO > ZnO > MNCEF under the same experimental conditions.
These findings clearly indicated the effect of the template
morphology (MNCEF in this case), as well as demonstrated that
Al doping could play a vital role in achieving good photocatalytic
efficiency of ZnO-based composite. An illustration of the overall
mechanism of MO photodegradation using AZOC composite is
given in Figure 41a. The doped Al element into ZnO crystals

Figure 41. (a) Illustration of tentative photocatalytic mechanism for
MO degradation using AZOC under visible light irradiation. (b)
Reaction rate constant for degradation of MO during the radical
capture experiments. Reprinted with permission from ref 503.
Copyright 2020 Elsevier.

favors the transfer of photogenerated electrons from the surface
of AZOC to the dissolved oxygen molecules that can accelerate
the photocatalytic activity of the AZOC composite. To explore
the actual mechanisms of photoinduced h*, *OH, *0*7, and 'O,
in the photocatalytic degradation of pollutants, radical capture
experiments can be carried out using standard chemical probes
as scavengers to rummage these reactive oxygen species (ROS).
These probes include potassium iodide/ethylenediaminetetra-
acetic acid disodium/ammonium oxalate (AO), isopropanol
(IPA)/dimethyl sulfoxide, benzequione (BQ), and sodium
azide, respectively.”*' The results from the radical capture
experiments to explore the photodegradation mechanism of MO
by AZOC are illustrated in Figure 41b. It was seen that the
addition of IPA, AO and BQ could significantly decrease the
photocatalytic efficiency of the AZOC composite. Since IPA
exhibited a drastic decrease in photocatalytic activity (followed
by AO), it can be concluded that the *OH and *O, " are the two
main active ROS that participate in the MO degradation. The
hole may also play a small but essential role in the MO
photodegradation process. Similar to MO, other azo dyes,
containing (—N=N—) bonds, can undergo photocatalytic
degradation. The (—N=N—) bonds are generally oxidized by
hydroxyl radicals and the positive hole or the electron of the
conduction band could reduce this double bond. Breaking of
(—N=N—) bonds can result in the discoloration of dyes.”**
These observations were seen not only for organic dyes but also
for inorganic heavy metal ions using NC-based photo-
catalysts.”*’

On the basis of the above discussions, it is clear that the use of
NC to host varying inorganic photocatalysts could be useful for
water remediation. It is possible that with different forms of
nanoparticles (from monometallic to bimetallic or even
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Figure 42. MO photocatalytic degradation curves by different ZnO samples: (a) before and (b) after calcination. Reprinted with permission from ref

S11. Copyright 2020 Elsevier.

Table 8. Reusability Performances of NC-Based Photocatalysts for Water Purification

washing recycling
name pollutants light source agent recollecting efficiency remarks ref
N-Ti—NFC MO (10 mg/L)  sunlight (300 W) >98% (90 min, MO adsorption decreased by 25% at 529
3 cycles) third cycle
TiO,/CNC MB (6.67 mg/L) UV centrifugation >98% (3 lack of characterization after 524
cycles) regeneration
NC-TiO, mefenamic acid ~ UV/450W 0.1M filtration 85.39% (S 7.0% decreased after the first cycle; 487
(1-3 mg/L) NaOH cycles) small loss of catalyst
TiO,—NFC (NC MO (S mg/L) UV (36 W) filtration 90% (60 min, S lack of characterization after 521
removed b cycles) regeneration
calcinationg
ZnO—-GO/NC ciprofloxacin sunlight water ultracentrifugation ~ 84.3% (S about 14% decreased after first cycle due 538
(04 ¢g/L) cycles) to catalyst weight loss
ZnO/CNC MB (10 mg/L)  solar irradiation centrifugation ~82% (120 suspected photocorrosion 534
min, S cycles)  gecreased efficiency due to MB
accumulation over the catalyst surface
CNC-Zn0O MB (0.00001 uv 95% (3 cycles)  SEM image shows no significant change 486
mmol/L) of catalyst morphology after recycling
ZnO (NC removed MB (S mg/L) uv no wash  centrifugation 92% (6 cycles) lack of characterization after 504
by calcination) (6 W/365 nm) regeneration
AZOC MO (10 mg/L)  visible light water 86.2% (10 decreased by ~4% to the first cycle; lack 503
420 nm/500 W cycles) of characterization after regeneration
Ag,PO,/NC MB (0.03 g/L)  direct sunlight >99% (90 min; lack of characterization after 546
3 cycles) regeneration
BiOBr/CCNF-900 RhB and Cr(VI) LED lamp visible ~96% (MB XRD shows the catalyst reserves its 543
(simultaneous) light/200 W after S cycles) crystalline structure after reuse
~80% (Cr(VI)
after S cycles)

trimetallic) synthesized in the NC scaffold, the hybrid
nanocomposite can exhibit different photocatalytic properties
(e.g., photodegradation rates). In addition to the above
examples, we discuss the performances of NC-based silver
phosphate (Ag;PO,) and bismuth oxybromide (BiOBr), which
also show good potential for photodegradation of some
pollutants in Supporting Information (section S7).

5.3.4. Role of Calcination on NC-Based Photocatalysts.
Calcination/pyrolysis is an important step in the fabrication of
NC-templated photocatalysts as it can play a direct role in
controlling the overall morphology of the produced metal oxide
nanoparticles. For example, ZnO synthesized without a template
could show a flake-like shape having disorder aggregates in the
size of 2—4 ym (Figure S9a). In contrast, uniform deposition of
ZnO flakes with relatively smaller in size (1 and 1—2 ym) when
NC templates (TONC and NONC) were used (Figure S9b and
S9¢). The corresponding ZnO morphologies after the template
removal by calcination are shown in Figure S9d—f). It was found
that the increase in calcination temperature could cause distinct
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changes in morphology, that is, from flakes to nanorods/coarse
rounded macro- and/or nanoparticles (Figure S9g—i). The
increase in calcination temperature also gradually increased their
sizes.”'! Figure 42 shows the MO photodegradation activity of
different TONC—ZnO photocatalysts under UV light irradi-
ation prepared before and after calcination. It was seen that the
samples without calcination show very low photodegradation
compared to samples undergoing calcination. The study
indicated that appropriate calcination temperatures could
substantially improve photocatalytic activities. This could be
due to the increased crystallinity in ZnO or stimulating the
conversion of its precursor into ZnO.

For TiO, to achieve a highly active crystalline phase, selecting
an appropriate calcination temperature is important. Xiao et al.
investigated the effect of different calcination temperatures using
the NFC-templating method to fabricate TiO, for photo-
catalytic degradation of MO.>*" The degradation efficiency of
these catalysts was notably decreased by increasing the
calcination temperature. This behavior was also found in ZnO.
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Figure 43. (a) Recycling stability of MB photodegradation under UV—visible light irradiation. (b) XRD characterizations (26 range from 20 to 70°) of
BC/MoS, before and after recycling tests. (c) 260 range from S to 20°. (d) Raman spectroscopy of BC/MoS, before and after recycling tests. Reprinted
with permission from ref 545. Copyright 2020 American Chemical Society.

Although the authors did not mention the reason for this
behavior, we think it could be due to the increasing TiO, crystal
size, which greatly decreased the surface area with the increasing
calcination temperature. Similarly, Melone et al. used TOCNF
to nucleate TiO, or TiO,/SiO, using a sol—gel method to
fabricate catalysts for adsorption and photocatalytic degradation
of MB and RhB.”** They calcined CNF—TiO, (T) and CNF—
TiO,/Si0, (TS) aerogels at two different temperatures: 600 and
800 °C, respectively. The TS aerogel generally showed higher
MB adsorption capacity than T aerogel, and the adsorbed MB
was completely degraded after 2 h of UV light irradiation at 366
nm. TS aerogel (800 °C) showed higher RhB adsorption
capacity as compared to others that are mineralized by UV light
irradiation. It should be noted that T (800 °C) was scarcely
photoactive for MB, while T at both 600 and 800 °C exhibited
negligible catalytic activity toward RhB. Although such photo-
catalysts could be useful to regenerate the contaminated
adsorbent, there are several uncertainties in this study. First,
little explanation was given to explain the varied adsorption
capacities and photocatalytic activities. Second, the presence/
absence of SiO, on the catalyst could influence the crystallinity
of the final product that might in turn influence the pollutant
degradation efliciency.

5.3.5. Stability and Recyclability of NC-Based Photo-
catalysts. Evaluating the stability of a given photocatalyst
through regeneration study is important for practical applica-
tions. The high stability of a photocatalyst, which can exhibit
high catalytic activity after each regeneration cycle, can greatly
enhance the cost-effectiveness in large-scale industrial oper-
ations. Since most of the powder photocatalysts are soluble in
water and have the tendency to undergo photocorrosion,
immobilizing them in a NC scaffold can be a good option to
increase their stability and improve their recyclability. As
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summarized in Table 8, only small fluctuations of the
photocatalytic efficiency were observed among the different
NC-based photocatalysts, while a notable decrease in the
pollutant removal ability was not observed even after several
cycles of tests. This suggests that most of the NC-based
photocatalysts have good stability, which can be attributed to the
lack of surface poisoning by intermediates/final products of the
reaction, lower photocorrosion and/or decreased catalyst
leaching effects. Nevertheless, there is always the possibility
that photocatalytic reactions can degrade the molecular
structure of the NC scaffold. This would result in the collapse
of the NC template and decrease in the catalytic performance
and lifespan. To explore such a possibility, we expect that the
characterizations, such as SEM, XPS, XRD, and Raman
spectroscopy, of the samples before and after the recycling can
shed some insights. Ferreira-Neto et al. have carried out such a
study, and the results are shown in Figure 43, which offered us
some important knowledge.545 In Figure 43a, the BC/MoS,-
based photocatalyst showed only a 10% decrease in MB removal
efficiency after six cycles under UV—vis light irradiation.
According to the XRD spectra (Figure 43b), BC exhibited
almost the same spectra before and after the use, suggesting that
their crystalline lattice remained unchanged during the recycling
processes. This observation was also true for the NC functional
groups as observed by FTIR, where no apparent peak changes
regarding the polysaccharide structure were seen. These findings
indicated that the NC scaffold could maintain its network
structure even after several consecutive cycles of regeneration.
A significant change in XRD, that is, the sharp shift of the 002
peak (from 8.4° to 14.2°), was observed in MOS, (Figure 43c).
This suggested the interlayer distance of MOS, 2D nanosheets
was expanded from 0.62 to 1.05 nm after six cycles. Interestingly,
the authors found this change was quite beneficial as it enhanced
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Figure 44. (a) EPR spectra, (c) PL spectra, and (d) EIS Nyquist plot of ZnO photocatalyst with NC (NOC—ZnO and TOC—ZnO) and without NC
(TF—ZnO) after calcination at 400 °C. Reprinted with permission from ref 511. Copyright 2020 Elsevier. (b) PL spectra of ZnO with and without NC
after calcination at 550 °C. Adapted from ref 504. Copyright 2016 NC State University.

the MOS,-mediated dye/Cr(VI) removal efficiency. The new
band peak at 817 cm™" in the Raman spectrum of the recycled
BC/MoS, shown in Figure 43d could be due to the surface
passivation layer of MoO;. However, their formation on MOS,
clearly did not influence the overall photocatalytic performance
of BC/MOS,. The authors also measured the Mo concentration
to determine whether Mo could be leached from the
photocatalyst. They estimated that there was only about 0.3
wt % of loss in Mo, which was negligible. The above observations
clearly suggest that NC is a suitable and stable scaffold for the
fabrication of metal-oxide nanoparticle composite photo-
catalysts, where the NC scaffold is photostable and recyclable.
5.3.6. Characterizations to Further Understand NC-
Based Photocatalytic Mechanisms. An overall fundamental
photodegradation mechanism of water pollutants for a semi-
conductor is illustrated in Figure 34. Earlier, we discussed the
radical capture experiments in Figure 41b to disclose the actual
mechanisms of photoinduced ROS on pollutants mineralization.
In this section, we highlight some other characterizations, which
could provide further mechanistic insight into the physicochem-
ical properties of an NC-based photocatalyst. First, electron
paramagnetic resonance (EPR), also known as electron spin
resonance (ESR) spectroscopy, is commonly used to under-
stand the electron spins (unpaired electrons) of metal
complexes/organic radicals. EPR spectra are useful to divulge
defects/vacancies and interstitials of photocatalysts. In preced-
ing discussions, we noticed that some of the photocatalysts have
oxygen vacancy, which occurs through surface defects.”'' In
addition, some nanoparticles show other defects such as
interstitials. These defects have the potentiality to modify
photocatalytic activities and also may play a vital role in the
adsorption process, which is not well studied. However, as
shown in Figure 44a, Xiao et al. found two kinds of defects in
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NC-templated ZnO followed by calcination at 400 °C.>"" These
defects are oxygen vacancies (V,, g = 2.00) and Zn interstitials
(Zn,, g=1.96). According to Figure 44, the NONC—ZnO** and
TONC-ZnO** may have higher intensities of oxygen vacancy
than TF—ZnO because of the deposition of C from NC after
calcination. These V, defects/vacancies might be the reason for
the lower band gap of these samples as shown in Figure 44c and
d. Some reports claimed that the abundant V,, and Zn, increased
the reactive sites and boosted sufficient vacancies to increase the
photocatalytic activities.”*”>*" Besides tracking these properties,
EPR was also used to detect photoinduced radicals in the Cu,O/
NC/cotton fiber photocatalytic system.””’ Second, photo-
luminescence (PL) spectroscopy is also an important tool to
characterize the optical properties of NC-based photocatalysts.
In Figure 44b, ZnO without NC showed two classical PL bands
at 400 and 400—700 nm.*%* The first intense peak near 400 nm
was due to the exciton emission. It originated from the direct
recombination of the photoinduced electrons and holes of CB
and VB, respectively. On the other hand, the wide emission at
400—700 nm was due to the visible emission. It came from the
transformation of photoinduced electrons of CB of a given
nanoparticle to their defects. This later peak was very intense in
ZnO prepared with NC as compared to without NC (Figure
44b). This suggests a defective state of ZnO prepared with the
NC template, which would ensure the high photocatalytic
property. One can understand a low recombination rate when
the PL intensity is weak. However, increasing the dopant
contents and defect percentage in a catalyst can also be a reason
to decrease PL intensity.”*”>>" In Figure 44¢, ZnO grew without
NC template showed the strongest PL intensity, which was
decreased in NONC- and TONC-templated ZnO after
calcination at 400 °C. This could be due to the Zn- or O-
defects, as well as deposited C that seemed to decrease the
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Figure 45. (a) Apparent evolution of the NC content of the various CNF materials. (b) Effects on the tensile strength of the CNF films by variously
charged CNF materials versus energy of delamination during high-pressure delamination. All films were in their Na* form. Adapted from ref 282.

Copyright 2021 Multidisciplinary Digital Publishing Institute.

recombination rates, which might be the possible reason for the
increase in photocatalytic performance.”’' However, these
hypotheses are not conclusive.

To understand the mechanism at a deeper level, several
authors performed electron conductivity tests using the
electrochemical impedance spectroscopy (EIS) method. This
method can help us understand the electron transfer behavior of
a photocatalyst. In Figure 44d, TONC—ZnO*" exhibited a
lower slope of the EIS spectrum as compared to those for
NONC-Zn0*"* and TF—ZnO*®. It suggests TONC—ZnO**
could transfer photoinduced electrons more efficiently than the
other two systems because of the deposited C layer on ZnO.
This observation supports the PL intensity results. Typically, the
C coating can absorb more light (both UV and visible), which
can subsequently increase photoinduced electrons and holes.
Alternatively, the doping of C in the ZnO lattice results in the
formation of a new midgap/localized energy level. Because of
the presence of oxygen vacancies, this new energy state locates
just above the valence band of O,, orbitals of ZnO. It causes a
reduction of VB position. Some studies claimed that during
photodegradation, C—ZnO-mediated charge generation that is
fast and can be quickly transferred and devoured by reactant, and
therefore, the quick utilization of surface charges thwart the
charge of recombination.”>' These results clearly answer why
the NC-templated photocatalysts could accelerate photo-
degradation of water pollutants as compared with the
template-free sample.

5.4. NC-Based Membrane Filtration

There are many studies on the development and applications of
NC-based membranes for wastewater treatment during the past
decade,””*”” including a perspective from our group'® and a
recent review published by Ahankari et al.'” Several excellent
reviews on the state-of-the-art of water purification membranes
are also available, but they do not cover the subject of NC-based
membranes.*>>>** In this section, we focus on the tailoring of
the properties of NC membrane for water remediation and then
provide an overview of the most important NC families for the
water purification application. For water filtration, there are
several critical properties of the NC membranes: (a) dry
strength of the membrane, (b) wet membrane strength, (c)
porosity and pore structure of membranes, and (d) suitable
composite format for high flux and good selectivity performance.
When it comes to their dry strength properties, CNC materials
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are inherently weak due to their short fibrillar length and high
crystallinity, which make the resulting membrane stiff and
difficult to consolidate. BNC materials are also not a great choice
as they have thick microfibrils and high crystallinity, which also
results in high stiffness and low porosity in the resulting
membranes, not suitable for water purification.

5.4.1. Considerations of NC Membrane Fabrication.
Mechanical Strength for Handling. Several studies on the
highest toughness and rigidity of CNF films have been reported,
as were substantial modeling efforts made in France during the
1990s on this subject.’>”*>° There are some more recent reviews
on NC mechanical strength.”””**” Lindstrém has proposed a
reliable procedure,112 to estimate the film/membrane strength
properties based on the Page Equation.”>® As shown in Figure
48, for sufficiently delaminated CNF films, the maximum tensile
strength is in the region of 160—180 N m/g, a value that can be
derived from the short span strength of the pulp (from which the
CNF materials were made). The extent of delamination must,
however, be in the region of about 60—70% apparent content of
NC (Figure 45a) to attain the maximum tensile strength. The
NC content of the various CNF materials is given in Figure 4Sb.
Interestingly, the different surface charging (except for the
enzymatic CNF) and the various charge modifications are not
critical. This suggests that the extent of hydrogen bonding and
van der Waal forces are not seriously affected by the surface
charging and charge density. The addition of counterions,
however, has a significant effect on the mechanical properties of
film/membrane, as they may aggregate the CNF-dispersion. In
this case, the film and its mechanical properties can be greatly
deteriorated, especially in the presence of multivalent counter-
ions.”**

Wet Strength for Operation. Cellulose films/membranes are
extremely sensitive to moisture, and the films will lose their
integrity when used in water filtration operations. Measuring the
wet strengthening is an important characterization to determine
the moisture sensitivity of the films. Many different wet-
strengthening agents have been used over the years in the paper
industry, such as alkaline polymeric amidoamine epichlorohy-
drin resins, urea-formaldehyde and melamine resins, and
glyoxalated polyacrylamide resins,®” and they can also be
used to enhance the wet strength of the CNF films/membranes.
Nowadays, secondary amines are the most important resins,
which contain 3-hydroxy-azetidinium rings as their main
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reactive group,”® to improve the properties of CNF films.**’

TOCNF can also be wet-strengthened by drying at high
temperatures, where the aldehyde groups on TOCNF can form
cross-linking reaction. In addition, the citric acid treatment has
been demonstrated to improve the wet-strength and reduce the
pore size for films made of Cladophora nanofibers.’®> The
addition of multivalent counterions is another effective approach
to control the cross-linking of TOCNF by electrostatic
interactions. There are two ways to accomplish this: (a) the
multivalent counterion can be added to the CNF suspension and
control the gelation and property during the formation of the
membrane or (b) initiate the cross-linking reaction through
membrane post-treatment. Both methods can radically change
the wet strength, but also the permeability and porosity of the
membrane.”® A more extensive discussion can be found in our
previous review.'®

Membrane Porosity. Porosity and pore size distributions are
two essential parameters to control the performance of filtration
membranes. For NC membranes, the pore size can be governed
by the diameter (thickness) and shape of the nanofiber. For
example, some wood-derived CNF and BNC membranes have
shown higher permeances as compared to TOCNF and CNC
membranes.”®” This difference could be attributed to the fiber
diameter, where BNC and wood-derived CNF consisted of
larger diameters than those of TOCNF and CNC. In general, the
smaller diameter nanofibrils could accommodate more in per
unit mass, which would increase the number of pores and
decrease the average pore diameter. It has been shown that BNC
with a large diameter resulted in a bigger pore size in
nanopapers.”®* Therefore, one can control the membrane
permeance by selecting the appropriate NC type. In addition,
the crystallinity and swelling of the nanofibers will determine
their bending by capillary forces, thus affecting the consolidation
phase during drying. A good correlation has been observed
among the mean pore size, maximum pore size and mean fiber
diameter in a nonwoven nanofibrous framework of optimal
filtration performance.’®® Zhang used computational modeling
to confirm the structure—property relationship in nonwoven
membranes.”* It was observed that the diameter of a cylindrical
fiber could directly affect the pore size of a packed fibrous
network. However, this relationship may not be applicable for
swollen CNF materials because of the flexible nature of CNF
that may turn and bend the membrane during the action of
capillary forces. Under normal conditions, the capillary forces
between the nanofibers can be very strong, even down to the
nanometers scale.”®” There are therefore important ramifica-
tions of the role of capillary forces interconnected with the
membrane’s thickness and the rate of drying. Sometimes, air
percolation will occur in the course of drying thin nanofilms and
can block the capillary forces and create a porous film. Thicker
films are generally not permissible for air percolation to block
the capillary forces, thus consolidation under such conditions
can render the membrane to become nonporous.”®® In the
fabrication of thicker CNF membranes, it has been shown that
there could be a surface structure gradient along with the
thickness.’®” The membrane thickness has a profound effect on
the filtration performance (flux and rejection). The film
thickness often can be controlled by the CNF concentration.
Figure S10 illustrates the filtration flux and rejection of bovine
serum albumin (BSA) for TOCNF membranes as a function of
CNF concentration. It was found that the optimal filtration
performance against BSA was found for the film prepared near
the overlap concentration of CNF suspension.””’
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There are several other ways to control the membrane
porosity. One is by the drying conditions. For example, during
high-temperature drying, a slow drying rate usually consolidates
the film more and creates a lower porosity, whereas fast drying
can rapidly evaporate the water and block the capillary forces,
leading to a higher porosity.””' Also, the CNF-film can be
incorporated with nanostructured materials that have suitable
porous structures to enhance the total pore characteristics of the
composite membrane.””” The solvent exchange method is
another method to create a greater porosity in the resulting
membrane.'>*”%%737%7¢ In this approach, various solvents have
been tested including methanol, acetone, ethanol, etc. Basically,
these solvents can reduce the adhesion forces between the fibrils
and decrease the capillary forces. Additional useful methods to
enhance the membrane Ipor(_)sity include supercritical drying and
freeze-drying methods.">” It should be noted that, when the
porosity of the membranes is increased, the mechanical strength
typically decreases. These factors should be considered carefully
as a whole.

5.4.2. NC Membranes for Water Filtration. Current
studies on NC-based membranes indicates that NC is an
excellent building block material for the design and fabrication
of almost all types of filtration membranes, such as (a) pressure-
driven membranes for microfiltration (MF),>””*”® UE,””’
nanofiltration (NF),”*" and RO,**"*** (b) concentration-driven
membranes (AC) for forward osmosis (FO),”* (c) temper-
ature-driven membranes (AT) for membrane distillation
(MD),”®* and (d) electric-driven membranes (AE) for
electrolysis.**>** In these membranes, the separation perform-
ance is closely related to the structural and physical properties
such as pore size, porosity, pore size distribution, tortuosity
thickness, composition, hydrophobicity/hydrophilicity, and
surface charge characteristics of the CNF either as a barrier
layer or as a support. The manufacturing of these NC-based
membranes under laboratory conditions is not complicated and
can use conventional paper technology style equipment with
proper modifications. However, the true upscaling of NC-based
membranes for water filtration has not yet been demonstrated.
Vacuum filtration of dilute CNF-dispersions, followed by drying,
is probably the most popular method,”*”**® where laboratory
papermaking equipment, such as Rapid—Kothen sheet
former,”®” or the dynamic sheet forming equipment (e.g,
Formette Dynamique””) can be used for this purpose. In fact, a
simpler procedure by use of a Petri-dish and room temperature
drying has been adopted in some studies.’®” Hot-pressing has
also been employed by many groups,”' using the high-
temperature drying method that is commonly used to produce
thick BNC films (with Cladophora fibers).”* The casting of NC
suspension can produce a barrier layer on the nonwoven
substrates (e.g., electrospun mats) or porous supports (e.g.,
membranes made by phase inversion) for UF applications,””” or
as a support layer to host interfacially polymerized polyamide
selective layers for NF/RO applications.””>”* Detailed
summary of these membranes has been given in an earlier
review.”” In Table 9, we compile some important NC-based
membranes regarding three major classes (CNF, CNC, and
BC), their preparation methods, and their role in tackling the
multiple contaminants for water filtration. The key features of
these three classes NC-based membranes are as follows.

CNF-Based Membranes. Using CNF as the barrier layer, our
group has developed a new type of thin film nanofibrous
composite (TFNC) membranes, as opposed to the conventional
thin film composite (TFC) membranes, for high flux UF

https://doi.org/10.1021/acs.chemrev.1c00683
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applications. The format of TFNC is shown in Supporting
Information (Figure S11), where such a membrane contains a
three-layered structure: (a) a nonwoven substrate of micro-
meter-size fibers to provide mechanical strength of the
membrane, (b) a nonwoven middle layer support having
submicrometer fibers, typically fabricated by electrospinning,
and (c) a top CNF barrier layer to provide the filtration
performance. There are several advantages to using this three-
layered configuration for membrane design, including very high
permeate flux because of the high porosity (~80%) in the
electrospun support layer (e.g., polyacrylonitrile (PAN) electro-
spun nanofiber layer), and antifouling property of the CNF layer
due to the hydrophilic and highly charged surface. The
electrospinning technology for the production of polymeric
nanofibrous membranes for filtration has been well estab-
lished,” and this subject has also been reviewed recently.”’
The incorporation of CNF to form an interconnected fibrous
network in the polymer nanocomposite barrier layer can
introduce directional water passages, created at the interface
between CNF and the polymer matrix, to facilitate the water
transportation and enhance the permeate flux.””**"’ For
example, using TOCNF thin film as a support layer to host
the interfacial polymerization of polyamide (PA) on the
membrane surface, the reaction can generate a thin CNF/PA
nanocomposite barrier layer enabling the fabrication of a new
type of TENC membrane for NF/RO applications.””’ The flux
performance of such a membrane can be fine-tuned by
controlling the barrier layer thickness. As seen in Figure 46,

Figure 46. Effect of the thickness of organic phase on the membrane
water flux and MgSO, rejection (2000 ppm). Reprinted with
permission from ref 601. Copyright 2014 Elsevier.

the flux performance of an NF membrane having the CNF/PA
nanocomposite barrier layer was controlled by the available
thickness of the organic phase for interfacial polymerization. The
performance of the optimized membrane exhibited the flux of
71.7 L/m*h and rejection ratio (against 2000 ppm MgSO,) of
98.5%, which were slightly superior to commercial NF
membranes.®’

In the Supporting Information (Table S3), it was noted that
the CNF layer, whether it was used as a barrier layer for UF or
FO applications, or as a support layer for NF and RO
applications, had to be thin and uniform. To accomplish this
feature, one can take advantage of the gelation behavior of CNF
suspension in acidic conditions. In specific, a dilute CNF
suspension can be uniformly coated (by using the knife-coating
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or spray-coating method)®*” on an electrospun support layer

that was infused with an acid solution. The interaction between
the CNF suspension (in the sol state) and the acid solution will
form a thin and uniform gel of controllable thickness, as well as
prevent the leakage of CNF suspension into the electrospun
scaffold. The subsequent drying process can result in a uniform
coating of a thin CNF barrier/support layer.

For MF applications, the infusion of CNF (which has cross-
section dimensions of 2—10 nm and up to a few micrometers in
length) into a fibrous scaffold of larger fiber diameters is an
effective way to fine-tune the pore size of the membrane without
significantly changing the porosity. The loading of CNF can be
used to alter the mean pore size and the pressure drop of the
membrane as well as to provide the adsorption capability due to
the surface charge. For UF applications, the use of CNF as a
barrier layer in composite format can also provide an additional
advantage, that is, the low fouling tendency due to the
hydrophilicity and charging nature of CNF. Some examples of
the CNF-based membranes for MF applications are as follows. A
composite nanofibrous membrane produced by infusing CNF
into an electrospun PAN/nonwoven PET substrate exhibited a
reduction in mean flow pore size from 0.66 to 0.32 um. The
resulting membrane enabled the retention of bacteriophage
(MS2) with a logarithmic reduction value (LRV) of 4, as well as
the removal capability against Cr(VI) and Pb(II) ions with the
efficiency of 100 and 260 mg/g, respectively.””* Such a strategy
was also used to incorporate varying inorganic metal nano-
particles, such as Ag,éo8 into CNF-based membranes, rendering
the system to exhibit both photocatalytic and separation
capabilities. For example, a CNF membrane cross-linked with
PEI followed by the infusion of Ag nanoparticles showed
continuous catalytic discoloration capability for both aqueous
cationic and anionic dye molecules. The discoloration efficiency
of this membrane was 98% even after 10 times reuse, while
maintaining the water permeance of 5 X 10* L/m>h (LMH).%%
In addition, the fabrication of the composite membranes with
ultrathin GO coating on CNF, exhibited a significantly high
water flux of 18123 + 574 LMH/bar with the capability to
remove both anionic and cationic dyes (removal capacity of 92—
97%). The creation of nanochannels in the CNF/GO
nanocomposite membrane due to the anisotropic layered
arrangement of GO has enhanced its performance through the
combination of electrostatic and hydrophobic interactions, as
well as the size exclusion factors.””* Song et al. demonstrated the
in situ synthesis of ZIF-8 in the CNF scaffold, where ZIF-8 acted
as a spacer and could successfully wrap around CNF due to their
strong interaction. The effective anchoring of ZIF-8 in the CNF
scaffold allowed the flux to be maintained at 85—92 LMH for 24
h and for the high selectivity for removal of cationic dyes among
the multiple dye impurities.’””

Some research groups have used the electrospinning method
to prepare CNF-based nanocomposite membranes with control
pore size and porosity for the removal of dye molecules.*%*!
For example, tissue paper when coated with TOCNF modified
with octadecylamine/glutaraldehyde exhibited 99% of MO
removal and showed 90—99% of efliciency to separate solvent
and water mixture.””” When TOCNF was coated on the
electrospun PAN scaffold, the resulting NF membrane exhibited
the removal efficiency >99.8% for silica nanoparticles, and
>99.5% of oil recovery.’’' However, when TOCNF membrane
was coated with titanate-bismuth oxide, the membrane showed
100% removal efficiency for Cs(1), Sr(Il), Pb(II), and some
anions, as well as >99.8% of oil recovery, indicating its capability
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to handle multiple water impurities.”’* The modification of

CNF with amino functionality is another way to improve the
performance of the membranes. The amino group at low pH
appeared as the positively charged group, useful to trap
negatively charged metal ions. With thiol-modified CNF,
when infused into the electrospun PAN support layer, the
resulting membrane exhibited high adsorption capacities for
both Cr(VI) and Pb(II) with a maximum removal efficiency of
87.5 and 137.7 mg/g, respectively, because of the large surface
area and high concentration of thiol groups (0.9 mmol of —SH/g
of CNF).°" Zhang et al.°'* demonstrated that the self-standing
CNF membrane cast on alumina support exhibited the
ultrafiltration capability for ferritin and Au nanoparticle with
the removal efliciency between 82% and 93%. Such membranes
have been modified by Soyekwo et al. into NF membranes by
interfacial polymerization of poly(ether imide) and trimesoyl
chloride. This process created interconnected nanochannels,
responsible for the transport of water molecules. The resulting
membrane with a thickness of 77 nm with a mean pore size of
~0.45 nm exhibited a water flux of 32.7 LMH/bar, which is an
order of magnitude higher than the reported values by similar
NF membranes. Such membranes also showed the capability to
remove a range of salt ions (i.e., MgCl,, MgSO,, NaCl, Na,SO,,
etc.) with the removal efficiency between 39 and 89%.°'
Cladophora-Based Membranes. Mihranyan and his group
have carried out extensive investigations of UF membranes (or
nanofilters) for virus removal. They used highly crystalline
Cladophora algae (FMC Biopolymer) and fabricated mem-
branes with papermaking techniques. Because of the high
crystallinity (95%) and high thickness in Cladophora NC
microfibrils (10—30 nm), the membrane exhibited a high
porosity (~40%) when not fully consolidated. As a result, the
adhesion between the microfibrils was relatively weak in the
membrane.®** To gain some membrane strength, the membrane
was subsequently dried under load using a heat-press and
resulted in a flat sheet.”*¥*** Because of its low strength
(especially the weak wet-strength), the group cross-linked the
microfibrils using citric acid and sodium-hypophosphite
(catalyst) at high temperature in the hot press. The resulting
membrane exhibited very good wet strength but was still harmed
by the brittleness in the dry state (Figure 47).°°” The group also

Figure 47. Typical stress vs strain for the dry and wet Cladophora-based
membranes. Reprinted with permission from ref 562. Copyright 2015
American Chemical Society.

8997

investigated the method to tailor the pore-size distribution,””!

by changing the thickness of the membrane.”*® A summary of
the properties of these membranes, dried at different temper-
atures, is illustrated in Supporting Information (Figure S12).
These membranes exhibited a pore size between 10 and 25 nm,
surface area in the range of 70—100 m*/g and porosity between
35% and 42%. The flux of these membranes at varying
thicknesses and pore size distributions measured by the nitrogen
gas isotherm (Barret—Joyner—Halenda method) are shown in
Supporting Information (Figure S13). It was seen that the flux
decreased with the increasing basis weight of the membrane,
where the corresponding pore size distribution also became
smaller. On the basis of these investigations, one can tailor the
pore size distribution and the filtration performance of such
membranes by careful selection of the algae nanofiber with
different diameters and membrane thickness.

CNC-Based Membranes. Mathew and her group have made
extensive efforts on the fabrication of CNF and CNC
membranes using microfiber sludge from a sulfite mill in
northern Sweden (Domsjo mill). CNC materials have poor
mechanical strength and poor wet-strength, but the membranes
can be reinforced using various composite mixtures, such as
chitosan/CNC,*"“%* multiple NC components, such as CNF/
CNC,””**" and other combinations.’’* Other groups also used
a similar approach to enhance the properties of CNC
membranes, such as infusion of TEMPO CNC into electrospun
cellulose acetate scaffolds®*® or mixing of chitin nanocrystals.”*”
A different group coated CNC and CNF onto a poly(ether
sulfone) (PES) membrane and reported that the CNC coating
layer could result in better antifouling properties than coating
the CNF later due to the higher charge density in CNC.®** A
self-cleanable TiO,/tunicate CNC membrane was fabricated by
Zhan et al. using the vacuum filtration method for oil/water
separation.””’ As seen in Figure 48, while the composite
membranes generally exhibited good retention of varying oils,
the UV-light irradiation significantly enhanced the permeation
flux of the cross-linked membranes. The mechanism of the
cross-linking reaction was offered. Upon UV light irradiation,
the redox reaction can take place in Ti(IV) and O*7, which
would lead to the production of oxygen vacancies. These
vacancies can react with water molecules and generate more
adsorbed OH groups, thus making the CNC surface more
hydrophilic with better antifouling properties.”*'

In the study of Mathew et al, the CNC/Chitosan nano-
composite membrane with a mean pore size of 10—13 nm was
prepared by freeze-drying followed by compacting and cross-
linking with glutaraldehyde. The membrane showed excellent
removal efficiency of 98%, 84%, and 70% for Victoria Blue 2B,
MV-2B and R6G, respectively, after a contact time of 24 h with a
constant water flux of 64 LMH.®'® In the system based on the
infusion of TOCNC in electrospun PAN scaffold, the resulting
membrane exhibited effective removal of E. coli with LRV of 6,
while the CNC infusion was also found to decrease the mean
pore size of the membrane from 0.38 ym (without CNC) to 0.22
um.””” In the system containing infused CNC in the cellulose
acetate scaffold, the composite membrane exhibited 89.92%
removal of BSA with a water flux of 174 LMH.®* In a separate
system, a composite poly(vinylidene fluoride) (PVDF)
membrane containing CNC was prepared by the phase
inversion method and showed 92.5% removal of BSA with
water flux of 230.8 LMH at 1.1 kPa.®** In addition, the coating of
modified CNC with 1,2,3,4-butanetetracarboxylic acid on the
PVA-co-PE membrane was found to increase the adsorption
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Figure 48. (a) Water fluxing and (b) oil rejection ratio of a self-cleanable TiO,/tunicate CNC membrane for oil/water separation without and with UV
cross-linking. Reprinted with permission from ref 620. Copyright 2018 Elsevier.

capability of the membrane for removal of multimetal ions,
including Cu(II), Pb(II), Mn(1I), and Cr(VI) ions, due to the
higher negative charge on the membrane surface.’*”

CNC-based composite membranes containing Ag and Pt
nanoparticles as additives have also been demonstrated in TFC
format for FO filtration.”®® The fabrication of the CNC upper
layer was accomplished by the nonsolvent induced phase
separation technique, where the resulting membrane exhibited a
diverse pore distribution with finger-like morphology. Interest-
ingly, higher water flux of 11.5—11.8 MPH/bar and 3- to 8-fold
improvement in bacteria reduction were observed when used to
treat wastewater. In addition, the membrane was tested to treat
urea and microorganism contaminated water, where it exhibited
both improved electrochemical and antimicrobial properties.”*’
It is known that the amino group at the low pH value is positively
charged, which is useful to trap negatively charged metal ions.
On the basis of this, amine-functionalized CNC was cast into the
PES membrane, where the resulting system was able to remove
the Cu(II) impurities with a removal efficiency of 90%.°"
Moreover, the addition of inorganic fillers, such as TiO,, GO,
titanate-bismuth oxide, silane, etc., has also been demonstrated
to prepare NC-based membranes for separation of oil/water
mixture. For example, TiO,/CNC composite membrane
showed the nanoporous morphology with super hydrophilic
and underwater oleophobic property, resulting in effective
separation of various surfactant-stabilized emulsions, including
hexadecane/water, soybean oil/water, and pump oil/water with
removal efficiency higher than >99.5%. These membranes
showed even higher efficiency in the presence of UV-light
irradiation.®"”

BC-Based Membranes. BC is produced from microorgan-
isms, such as the genus Gluconacterbacter. Such NC is often
synthesized into a gel body in planar form (pellicles/fleeces),
following the same dimension as their cultivated reactor. BC can
be manufactured into complex 3D shapes with various
templates.** However, there are relatively fewer studies of
using BC membranes for water remediation,””**~%" than
those of CNF and CNC membranes. A recent review, includin§
both bacterial and Cladophora nanopapers, was published.**
This review can serve as a good reference for the subject of water
purification. Interestingly, the use of BC membranes for water
purification was investigated by two groups: one used BC-
composites®*” and the other used regenerated BC.”*’ The
dimension of BC’s cross sections is typically in the range of 20—
100 nm, and this cross-section is inherently porous. The BC
hydrogel pellicles after manufacture are difficult to disperse.
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Although the physicochemical properties of BC materials are
attractive, their usage is often hindered by their propensity to
aggregate because of the long length of the microfibrils enabling
strong interfibrillar van der Waals-forces and hydrogen bonding
interactions. Cutting the microfibrils can be one way to improve
the dispersion of BC.””" Inspired by the dispersion of CN'T and
nanowires using organic solvents of different surface energies, it
was found that the optimal dispersion of BC could be achieved
by using the solvent with a surface energy of 70 mJ/m* (see
Figure S14: higher BC concentration indicates higher
dispersion). Mautner and Bismarck also investigated the
procedure of dispersing BC with several different solvents
(acetone, tetrahydrofuran and ethanol) and fabricated NC
membranes with basis weights between 15 and 85 g/ m?. These
solvent-treated BC membranes are suitable for UF applications
with over 40 times higher permeance than that of untreated BC
membranes. These membranes’ nanofibril diameter, mean pore
size and specific area are shown in Table 10.°*

Table 10. Summary of Nanofibril Diameter (from SEM),
Average Pore Size, and Specific Area (Determined by N,
Adsorption/Desorption Experiments) for Various BC
Membranes Treated with Different Solvents®*®

fibril diameter ~ average pore size  specific surface area

material (nm) nm (m?/g)
BC 56+ 16 143+ 1.1 22.8+2.5
BC—ethanol 61 + 17 153+ 04 117+ 7
BC—acetone 54+ 15 184 £2.3 110 + 13
BC- 57+ 15 17.6 £ 0.6 107 £ 1
tetrahydrofuran

The incorporation of inorganic nanoparticles, such as Pd,%%¢
TiOZ,(’28 GO,%** MoS,, and SiOZ,ézg in the BC membrane could
enhance the separation performance of the composite
membrane, which would simultaneously adsorb and photo-
catalytically reduce the impurities by light irradiation. For
example, a BC membrane cross-linked with polydopamine
(PDA), BC/PDA, exhibited good filtration capability to remove
R6G, MB and MO dyes. The integration of Pd nanoparticles
into BNC/PDA further demonstrated the ability to reduce 4-
nitrophenol (4-NP), while maintaining the high adsorption
capability (93—99%) for MO and MB. Similarly, when TiO,
nanoparticles were added to BNC/PDA, the composite
membrane exhibited relatively fast photocatalytic degradation
of MB, MO and RB within 60 min, having efficiencies between
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95% and 100%.°%® In addition, the mixing of GO into the BC
network, followed by in situ growth of Pd nanoparticles
produced a composite membrane system with capillary channels
between the lamellar structure, where the resulting Pd/GO/BC
membrane exhibited the fast and effective removal of MO with
an efficiency of 99.3%, as well as the removal of a mixture
containing 4-NP, MB and R6G with efficiency >99% while
maintaining a stable flux of 33.1 LMH at 58 psi.’” The addition
of MoS, particle in a BC aerogel UF membrane could also
introduce the photocatalytic degradation capability. It was noted
that the embedded MoS, particles had the porous morphology
and good photocatalytic activation ability allowing for the fast
(within 120 min) and efficient removal of Cr(VI) with a capacity
of 88% and removal of MB with a capability of 96%. The BC/
MoS, membrane demonstrated in this studzf also exhibited good
recyclability and high photostability.”*> Furthermore, the
composite membrane based on BC incorporated with SiO,
three-dimensional porous additives also showed good efficien-
cies for removal of several solvents, including n-hexane,
hexadecane, kerosene, and petroleum, where the efficiencies
were in the range of 98.3—99.8%, and the flux was also high
(34000 + 50 LMH/MPa).®*’

To remove organic, inorganic and biological pollutants from
water, Singamaneni et al. published several research articles
investigating the feasibility of using BC to develop biodegrad-
able membranes.”*****%*"%%* In one study, they fabricated an
interesting BC-based bilayer photothermal membrane, consist-
ing of PDA, for solar-enabled photothermal membrane
distillation (PMD) application.”®* As shown in the Supporting
Information (Figure S15), the top photothermal layer consisted
of light-absorbing PDA particles interlocked with BC, which was
functionalized with tridecafluoro-1,1,2,2-tetrahydrooctyl)-tri-
chlorosilane (FTCS) to make the membrane more hydro-
phobic. The bottom layer was made by porous BC, which can
insulate heat as well as permeate vapor efficiently. One
advantage of using the BC layer is that one can keep the
membrane thickness thin (<300 ym), which was necessary for
membrane distillation. The observed permeation flux values
were 1.0 and 9.4 kg/m”h using 1.0 and 9.0 light power density
(sun), respectively, even though their solar efficiency was nearly
the same (ie., the solar energy-to-collected water (SE/CW)
efficiency was 68%). Such performance could be attributed to
the membrane having very high light absorption (nearly 98%)
and porosity (93%). The demonstrated FTCS-PDA/BC
membrane exhibited high salt rejection rate >99.9% and
excellent membrane stability (e.g., consistent performance of
contact angle, permeation flux and salts rejection ratio) over five
cycles of operation. The group also tested the chemical and
mechanical stability of FTCS-PDA/BC membranes at acidic
(pH 3.0), basic (pH 10.0) and neutral water under 30 days
vigorous shaking. No leaching of PDA particles was observed,
which could be explained by the strong entanglement in the BC
fibrillar network. This very stable membrane system provides the
pathway to overcome the environmental concerns of materials
leaching during the operation.

5.4.3. Low Fouling Tendency of NC-Based Mem-
branes. Membrane fouling is a phenomenon that occurs
when a large number of pollutants, such as bacteria,
biomacromolecules, colloids, salts, particles, other synthetic
and biological molecules (e.g, proteins), start to accumulate on
the membrane surface or internal pores. Because of its negative
effects on water filtration, there are extensive publications and
reviews dealing with this topic.”>*%**7*® However, the
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information on antifouling strategies for NC-based membranes
is still incomplete. There are several different types of membrane
fouling, where the most critical one is the formation of biofilms.
Membrane biofouling is when different types of biomacromo-
lecules, such as carbohydrates, proteins, and cells, are colonized
on the membrane surface. Extracellular polymeric secretions by
microalgae, bacteria, and fungi can also cause microfouling
issues. To alleviate these problems, several membrane systems
have been demonstrated, in particular, the FTCS-PDA/BC
membrane system.”®* This membrane exhibited a very good
ability to destroy bacteria under sunlight through the interfacial
photothermal disinfection mechanism. The mechanism not only
decreases the tendency of biofouling but also disinfects
wastewater. As shown in Figure 49, the fluorescence live/dead

Figure 49. Fluorescence images of interfacial photothermal disinfection
on FTCS-PDA/BC membrane surface. (a) Feeding of E. coli
contaminated water to the membrane for an hour. (b) After exposure
to the PMD operation, the membrane in the presence of E. coli
contaminated feedwater was irradiated under sunlight for 60 min. (c)
After exposure to PMD operation, the membrane was directly
irradiated under sunlight for 10 min without feedwater. (d) After
cleaning the membrane in (c) with deionized water. Panel 1 shows live
bacteria; panel 2 reveals dead bacteria after the light exposure.
Reprinted with permission from ref 584. Copyright 2021 Elsevier.

staining images showed that some dead bacteria (E. coli) were
present on the membrane, when the membrane immersed in the
E. coli contaminated feedwater was under one sun irradiation for
60 min. When the E. coli contaminated feedwater was decanted,
the bacteria on the membrane surface were almost 100% dead
under one sun irradiation for 10 min. These differences might be
due to the different local temperatures near the membrane
surface, that is, 33 °C (in feedwater) and 78 °C (without
feedwater) under light illumination.

Generally, the aggregation of colloids through flocculation/
coagulation is the most effective way to decrease the fouling
tendency on the membrane surface. However, studies of this
subject are usually empirical in nature because the system can be
very complex. Let us start with the nature of the membrane
surface regarding hydrophobicity. Most commercial membranes
are hydrophobic, but there are also cellulose-based membranes,
such as cellulose acetate, which are less hydrophobic. There is a
consensus in the literature that hydrophobic surfaces will adsorb
proteins and bacteria through hydrophobic interaction. Thus,
surface modification of the membrane to make it more
hydrophilic has become an important antifouling strategy. NC
is hydrophilic, and this feature enables NC-based membranes to
possess lower fouling tendency. In addition, if NC is charged, for
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example, TOCNF, the repulsion forces between the membrane
surface and colloids of the same charge can create a barrier to
further reduce the fouling tendency. This strategy has been
adopted by our group for the application of TFNC
membranes.*>” ! For example, TOCNF which has carbox-
ylate functional group when coated as a barrier layer on the
electrospun PAN support layer enabled the TENC membrane to
be able to achieve 97% removal of BSA—a model protein
foulant.”®" This was also seen in another study, where the
coating of TOCNF and PVA on a PES membrane showed good
affinity for positively charged dyes but also with good antifouling
properties. The individual filtration test showed 97% removal of
Victoria blue, 6% removal of MO, and 75% removal of BSA.*”’
Notably, the TOCNF coating provided a hydrophilic charged
surface responsible for the removal of cationic dye and BSA.
Poly(ethylene glycol) (PEG) has also shown a strong ability to
thwart protein adsm;ption and cell adhesion due to its abundant
oxy-functionalities.”*> Other hydrophilic polymers which have
hydrogen bonding capability with water may also decrease the
adsorption of proteins and cells to some extent. However, the
foremost antifouling ability of any polymers strongly depends on
their steric repulsions and surface hydration combined. In this
regard, NC has the advantage of being easy to modify in many
different ways.

There are several antifouling treatments that have been
extensively investigated and they include two important classes
of polymers: zwitterionic and hydrophilic polymers as shown in
Figure 50. Common hydrophilic polymers, such as PA, PEG,

Figure 50. Schematic illustration of (a) hydrophilic, (b) zwitterionic,
and (c) self-healing polymer-based materials showing their chain
flexibility and chain hydration properties. These features could inhibit
the nonspecific adsorption of different proteins due to surface
resistance. Reprinted with permission from ref 653. Copyright 2010
Elsevier.

and polysaccharides are good examples for low-fouling coating
materials as discussed above. These polymers share some
common chemical features, that is, abilit?r to form hydrogen
bonds with water molecules (Figure 50a).”>® There are various
ways to attach these polymers to the membrane surface,
includin§ plasma modification,*®” radiation grafting and surface
coating,”*"*** as well as atom transfer radical polymerization
(ATRP). Zwitterionic polymers have also been known as
low-fouling materials for polymer membranes. Some examples
include 2-methacryloyloxylethyl phospho?rlcholine-based,667
sulfobetain-based,’”® and carboxybetain.’” Recently, poly-
(cysteine methacrylate) was surface-grafted on NC by free-
radical polymerization, where the coating of this modified NC
on the membrane surface yielded excellent antifouling and
antibacterial properties.”” There are other examples of using
zwitterionic materials to modify NC,*7° electrospun nano-
fibers,””" and CNC,%”” to improve antifouling properties of
varying membranes, such as PDVE,*”® and commercial cellulose
membranes.””* The use of zwitterionic polymers to prevent
adsorption of proteins is a well-known strategy to reduce fouling,
based on the ability of charge-neutral zwitterionic moieties to
attract water, forming a hydration layer that thwarts the proteins
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adsorption (Figure 50b).°°~%"7 Self-assembled monolayers in

Figure SOc are zwitterionic transplanted from the membrane
surface through surface-initiated ATRP reaction by dip coating
method or plasmas treatments.”>>%”% It is known that micro/
nanostructured surfaces also can reduce fouling and inactivate
bacterial cells by physical means;"”* however, this topic is not
included in this review.

6. RESEARCH GAPS AND PERSPECTIVES

In this section, we outline the research gaps, unsolved questions,
and issues challenging us regarding the applications of NC for
sustainable water purification, and also offer our perspective to
overcome these challenges in the respective areas.

6.1. Low-Cost NC Production and Scalability Issues

Currently, NC can be produced on large scale (i.e., tons capacity
per day) in many facilities in the USA, Canada, Sweden, Japan,
etc. However, there is still a need to reduce the production cost
of CNF and CNC materials for broader societal impacts. To
achieve this goal, low-cost NC production may be possible by
using nonwoody biomass feedstocks and thereby bypassing
some treatment steps (such as pulping), as in the NOP approach
as discussed in section 2.5. The challenges associated with
adopting nonwoody biomass feedstock at the industrial scale
include (a) the lack of consistent flow of biomass, (b) proper
storage requirements, (c) transportation and collection, (d)
large diversity in nonwoody biomass, and (e) variations in
biomass composition. Some of these challenges can be readily
resolved as many governments have already taken strategic
actions and developed policies related to storage, handling, and
transportation of a large source of nonwoody biomass
feedstocks, that is, agricultural residues, for biofuel production.
These strategic actions and policies can be readily modified for
NC production using cost-efficient technologies. It is worth
noting that in nonwoody biomass, the low lignin content, large
hemicellulose content and loose cell wall structure may be
particularly suited for emerging a low-energy, less water and less-
chemical pathway for NC extraction. The adoption of machine
learning will be a key tool to scale-up the different extraction
conditions from varying biomass feedstocks. The modeling of
LCA and TEA will also be essential to evaluate the environ-
mental and economic impacts of large-scale NC production
based on different processes.

6.2. Properties and Characterizations of NC

There are still many challenges that exist in characterization of
the structure, property, and processing relations in NC
materials, especially in the dispersion phase or the wet state.
In the dispersion phase, the dynamics and colloidal behavior of
charged anisotropic NC particles, such as CNC and CNF, can be
complex and different. Furthermore, the small nanofiber cross
sections and fast Brownian dynamics can make the network very
difficult to characterize. However, the recent advances in the X-
ray photon correlation spectroscopy (XPCS) technique may
allow us to explore this subject. The proper analysis of XPCS can
yield new information regarding the different diffusion modes
under the confined Brownian dynamics in the network structure.
We are confident that this will be a subject of growing interests.
In the condensed wet state, the hydration and dehydration effect
on the NC structure change is still not entirely clear. It has been
hypothesized that NC materials can also undergo cocrystalliza-
tion or hornification upon drying, where this process may be
irreversible. To understand the structural change induced by
water adsorption/desorption in NC thin films, in situ grazing-
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incidence (GI)SAXS/GIWAXS measurements can be carried
out under different RH. These measurements can also generate
new knowledge regarding the crystal structure changes, as well as
interfibrillar interactions, simultaneously under varying moisture
conditions.

6.3. Structure—Property Relationships of NC

The structure, property, and process relationship for cellulose
products (e.g., paper and pulp industry) is well-known, but that
for NC-based products is still in a relatively early stage. This may
be partially related to the high production cost of NC materials.
The different types of NC (i.e,, CNC, CNF, and BNC) can offer
different application opportunities, but their true values in
commercialization applications are far from clear because of the
cost issue of the starting materials. Currently, wood-based NC
materials have been the primary subject for investigation, and it
has been well demonstrated that the pathway to extracting NC
from woody biomass feedstocks will always be energy, chemical,
and water intensive. The ability to design and engineer desired
architectures of using suitable NC building blocks will be
essential for the manufacturing of NC-based products, such as
composites, membranes, aerogels, hydrogels, foams, and fibers,
for varying applications, especially water remediation. The
stability of the various structures concerning their dry and wet
mechanical properties will always be a central issue for
applications. The ability to manipulate more complex structures
with higher ordered hierarchical features in NC products is still
relatively unexplored. For membrane engineering, even a high
mechanical strength is not enough unless membranes have
sufficient fracture resistance.

6.4. NC-Enabled Water Purification Technologies

6.4.1. Coagulation and Flocculation. Although natural
polymeric coagulants have been used by mankind for many
hundreds of years, they have been displaced by inorganic
coagulants, such as Al/Fe salts, and synthetic polymeric
coagulants during the last century. There is a renewed interest
in using natural polymers for reasons of environmental
sustainability. The current practice in the pulp and paper
industry is to use microparticulate inorganic additives (such as
colloidal silica/montmorillonite) for coagulation/flocculation in
combination with cationic synthetic polymers because they can
possess much higher reversibility of aggregation after shearing.
However, the use of cationic synthetic polymers is not
environmentally viable in the long run. Recently, it has been
demonstrated that NC can exhibit similar characteristics to
microparticulate inorganic additives (although NC is still far
from being a commercial alternative), and it can also be
combined with other additives, such as cationic chitosan, to form
natural coagulants/flocculants. This may be one interesting
direction to pursue.

To achieve successful coagulation/flocculation in practical
wastewater treatment, NC has to resolve the issues of turbidity,
microbes, algae, and others at a faster time frame. Therefore,
thorough research activities to further understand the
interactions between NC and fine particles/suspended solids
need to be carried out. Interestingly, we notice a great deal of
reports on the NC role in adsorption, photocatalytic, and
membrane applications, but relatively few in coagulation and
flocculation. For example, in Table 4, it was noticed that only a
small amount of NC is needed to achieve the desired
coagulation/flocculation performance as compared with
commercial coagulants/flocculants. We recommend that the
effective addition dosage should be optimized perhaps by in situ
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monitoring of the process. The knowledge obtained in the study
not only can improve cost-efficiency but also can decrease time
requirements for sedimentation.

As varying NC-materials can have different types of charge
and charge density, it is difficult to assess whether CNC
materials or CNF materials can provide the most suitable choice
for coagulation/flocculation operations. It has been argued that
CNC materials may be a better candidate for some reasons.”>’
CNF has a lower critical percolation threshold than CNC, where
CNF can form a gel relatively easily.***~°** In this case, high
CNF concentrations will be difficult to prepare or dilute because
of the disentanglement tendency. The gelation behavior is
generally not desired in coagulation/flocculation operations. On
the other hand, it may be beneficial for network-induced
flocculation at low solids concentrations. Thus, solid concen-
tration can be a determining factor for the selection of CNF or
CNC coagulant/flocculant. Finally, we caution that the
application of natural coagulants as a primary treatment may
not be sufficient because of the limited performance capability
compared to synthetic coagulants/flocculants. Thus, combina-
tions of NC-based dual or ternary systems may improve the
performance of such systems, which need to be investigated in
the future.

6.4.2. Adsorptive Removal of Water Pollutants.
Although many studies rank the adsorption capability of NC
and its composites for removal of different water pollutants in
the scale of good, better and best; opportunities are available to
further improve these materials to the level of superadsorbent
with a better cost to performance ratio. We construct a decision
tree diagram in Figure 51, where some important steps are
highlighted for future research design.

On the basis of our literature survey, most of the NC materials
used in the adsorption study are isolated from pretreated
cellulose sources (e.g, pulp fibers). Typically, the starting
materials have some hemicellulose content and a trace amount
of lignin content. Some authors argued whether the residual

Figure S1. Simplified illustration of a decision tree showing major rate
limiting steps of fabricating a NC-based bioadsorbent for effective water
purification. Here, PZC indicates point of zero charge of NC-based
adsorbents. Facilitates cation sorption (when pH > PZC) by increasing
the negative surface charges of NC, postulating its positive surface
charge for favoring anion sorption (when pH < PZC).
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lignin content could increase the adsorption capacity against
certain pollutants.”®® Plenty of oxy-functional groups on lignin
could be ideal adsorption sites for pollutants hosting. A study on
lignin-rich sulfated wood nanofibers (isolated from groundwood
and sawdust) showed higher Pb(II) and Cu(II) adsorption
capacity as compared with lignin-free sulfated CNF. In addition,
lignin-rich sulfated wood nanofibers exhibited higher stability at
high metal concentrations as compared with typical CNFE.***
Therefore, less chemically treated lignin-rich lignocellulosic
materials, for example, coconut fiber, softwood, pineapple leaf,
etc., could be somewhat more promising in production of NC-
based adsorbents. However, studies covering this subject are
relatively rare, where most reports are focused on chemical
modifications and preparations of composite materials to
achieve desired pollutant removal. It, thus, makes sense to
evaluate if lignin and hemicellulose-rich biomass feedstocks can
have an important impact on the performance of final NC
products.

Being a hydrophilic biomaterial, NC often faces problems to
adsorb pollutants with low water solubility (e.g,, with high
octanol—water partition coefficient, K_,,), such as polychlori-
nated biphenyls, naphthalene, anthracene, efc., and some of
them are frequently found in petroleum or petroleum products
spillage, pesticides, and pharmaceutical industries.”*> In fact,
coremoval of both hydrophilic and hydrophobic water
contaminants has been a major challenge, which is mainly due
to the static character of NC. One possible solution to deal with
this is by functionalizing NC using photochromic compounds
that can reversibly adjust their physicochemical properties in
response to environmental stimuli (e.g., pH, temperature, light,
etc.).%*® Such multifunctional NC would have both hydrophobic
and hydrophilic features, thus adsorption of both types of water
pollutants is possible as compared to the single charged oxy-
functional groups. Alternatively, one can graft dendrimer onto
NC, which also has both hydrophilic and hydrophobic pockets.
This system possesses high surface area and the elution of
adsorbed pollutants is simple to desorb (e.g, by changing the
solution pH level), suggesting the ease of reusability for this
system.” Grafting of other polymers, such as polyacrylamide
onto NC can be another solution to adsorb complex water
pollutants, for example, humic acid consisting of many phenolic,
quinone, catechol, and sugar moieties, which have not been
studied in the literature. After adsorbing with humic acid
pollutants, the NC-humic acid-pollutants complex could further
be used to adsorb inorganic metal ions.’

NC-based composite with multiple (e.g., three/four)
components has always shown better pollutants sorption
performance, but its overall cost will differ substantially
depending on the individual component used. Therefore, one
has to be careful in designing the composite system and
determining the exact amount of each composite required to
reach the desired property. Anirudhan et al. devoted a great deal
of effort in making poly(itaconic acid/methacrylic acid)-grafted-
nanocellulose/nanobentonite (NC—NB) composite for remov-
al of Th(IV) by adsorption.”®”” However, the NC—NB
composite only achieved a 10% increment of the adsorption
efficiency with increasing temperature as compared with the
system at 20 °C. Therefore, careful consideration and
justification regarding the modification and material selection
as well as the overall sample preparation strategies have to be
considered. Also, in the design and construction of NC-based
composite adsorbents, the interaction forces between NC and
embedded nanomaterials are not always properly judged or
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considered by the investigators. For example, some authors
mainly considered the use of physical entanglement and van der
Waals interaction to fabricate NC-based composite materials.
Such bonding forces are not suitable to make a stable composite,
when the high loading of functioning agents is necessary. Cross-
linking reactions, such as Michael-addition or Schiff-base
reaction, have been proposed to make a stable aerogel
composite.*’ But to accomplish such a system, one has to
understand some fundamental issues, such as the interfacial
bonding at the interface where stress transfer occurs between the
reinforcement material and other polymers that can control the
overall mechanical performance.

Understanding the bonding between the adsorbent and the
pollutant is also essential before the consideration of using any
kind of eluent agents for regeneration study. Some pollutants
can adsorb through ion exchange, which will be easy to elute
using cost-effective washing agents, such as NaOH/HCI. If ion
exchange is a dominant mechanism for pollutant adsorption, we
suggest the use of NaCl solution, which is a mild eluent and can
replace the use of strong acids. Such solutions might not damage
the adsorbent or block the active sites which are very common in
the case of strong acidic and alkali eluents. In some studies,
expensive eluents such as EDTA were used to disrupt the
metallic pollutant that coordinately binds with NC-adsorbents;
however some cheaper alternative eluents may also exist. Most
of the organic pollutants with high K, could be adsorbed
through hydrophobic interaction. In this case, they could be
eluted by organic solvents, such as ethanol or others. Some
authors argued that the diffusion of pollutants in NC-based
composite also plays a role affectinég the adsorption and
regeneration performance. Yang et al.”* reported that if the
adsorption mechanism follows the diffusion pathway into the
pores, this would make the material difficult to regenerate.
Therefore, detailed studies of these mechanisms may shed light
on our understanding regarding why a given adsorbent shows
increased adsorption capacity toward some groups of water
pollutants and why some adsorbents are prone to regenerate.

6.4.3. Photocatalytic Water Treatment. Commercializa-
tion of an NC-based photocatalyst can be realized by several
combined properties: high photodegradation efficiency under
near UV or visible light irradiation, ease of large-scale
implementation, photostability (i.e., free from photocorrosion),
less environmental impact, and low cost. However, most of the
studies fall short of achieving all these features. To fabricate an
ideal NC-based photocatalyst with inorganic nanoparticles for
water purification, a simple design diagram, involving critical
rate-limiting steps to be overcome, is illustrated in Figure 52. In
every step, we identify potential knowledge-gaps in the
literature, based on which we draw our perspectives for process
optimization. First, we notice the use of three types of NC,
including CNF, CNC, and BNC, to fabricate heterogeneous
photocatalysts. In one study, it was shown that NC with high CrI
could increase the surface rou§hness which would facilitate the
anchoring of nanoparticles.””> Accordingly, their synthesis
should be more favorable along with the trend of BNC >
CNC > CNF because of their high, medium, and low Crl. We
found no evidence to support this hypothesis. In addition, these
investigators grossly ignored the use of HNC, which has high-
charge contents at the amorphous ends.””” These ends are more
accessible toward solutes as compared to crystalline parts which
can make HNC more reactive.””® Similarly, tunicate (T)NC
possesses high porosity as compared with wood-based CNC and
CNE,°® but no study has been found using such NC for
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Figure 52. Schematic illustration of the key steps to be considered for
fabricating an ideal NC-based photocatalyst with inorganic nano-
particles.

photocatalyst preparation. TNC could accelerate the light
absorption, as well as ensure the good mass transfer of organic
solutes into the catalyst, which may accelerate the reaction rate.
However, if one wants to prepare 1D hollow inorganic nanotube
photocatalysts, we encourage the use of CNF due to its high
aspect ratio and high fiber entanglement. It has been shown that
the rate of CNF degradation is low,%”° but some cellulose can be
degraded notably by the photocatalytic reaction. The photo-
degradation of the NC scaffold may cause the leaching of
immobilized nanoparticles during the catalytic reaction, which
will be very undesirable.

Second, the functionalization of NC in the field of
photocatalyst preparation is not well studied. This may be
because of the abundant hydroxyl groups on the NC surface that
can facilitate the nucleation of nanoparticles.”*>>*" In one study,
we notice that positively charged nanoparticles could electro-
statically bind to negatively charged sulfate group.’’’ In
addition, there is also evidence that TONC containing
carboxylate group promotes the binding of Zn(1I) and increases
the number of the nucleating site for ZnO nanoparticle
growth.”'" Like this, Nair et al. used three types of functional
groups (sulfonic, carboxyl and phosphoryl) on CNC to fabricate
CNC-TiO, NR—Au photocatalyst, although they did not show
the actual roles of these functionalities on the nanoparticle
growth.>*” These studies inspire us to understand what type of
functional groups will be truly important to fabricate an efficient
photocatalyst for water purification. We think both the hard—
soft acid—base theory and DFT could validate these hypotheses.
Furthermore, it has been shown that NC often transfers oxygen
atoms to a metal atom in TiO, photocatalyst.”** This indicates
that the sulfate, phosphate and carboxylate groups should be
more efficient in transferring oxygen as compared with the
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hydroxyl group. However, no study has ever been carried out to
test this hypothesis.

Third, selecting a suitable type of nanoparticle is an important
step prior to the design of an ideal photocatalyst. Some authors
have used plasmonic nanoparticles, such as Au, Ag, etc., in their
studies, but these nanoparticles can undergo photocorrosion.
For example, the formation of metallic Au®/Ag’ may increase
light absorption due to the surface plasmonic resonance (SPR)
effect. However, these _Au°/Ag° materials could trap electrons
(A +e +hv— Ag®),”*® which would thwart the rate of carrier
recombination. Excessive generation of Au®/Ag’ could have
shielding effects and compromise the SPR effects, which would
result in a decrease in photocatalytic rate. For the bi/trimetallic
nanoparticles, one has to consider the concentration of these
materials, which may create a thick coating on NC where
absorption of the light energy would be diminished, especially at
the inner layer that will thwart the decomposition of the
pollutants in the underlying NC-nanoparticles interface.
Although both TiO, and ZnO nanoparticles have been
extensively tested, only a few studies dealt with the use of
visible-light active magnetic nanoparticles, which should be
investigated further as they have the advantages of easy
regeneration and high recyclability. Another area of interest is
that there has been an extensive focus on white TiO,, whereas
black TiO, is grossly ignored. Black TiO, nanocrystals could be
prepared by hydrogen thermal treatment with defective surface
layers. One of the major advantages to using such nanoparticles
is its very narrow E, which can absorb light in both visible and
near-infrared regions.””" If black TiO, nanoparticles can be
incorporated on NC, one can ignore the use of various dopants
to engineer the band gap of white TiO, to improve cost-
effectiveness in terms of energy-saving and also increase the
photocatalytic efficiency for pollutant removal. Other less
studied nanomaterials for NC-based photocatalytic application
included 2D materials such as transition metal dichalcogenide
(TMD or TMDC). These 2D nanosheets are very promising
materials because of their very narrow band-gaps, which will
show photoactivity within the visible spectrum, unlike most of
the popular photocatalysts, such as TiO, and ZnO. For instance,
the band-gaps of tungsten disulfide (WS,), tungsten diselenide
(WSe,), molybdenum disulfide (MoS,), and molybdenum
diselenide (MoSe,) monolayer nanosheets are 2.03, 1.67, 1.88,
and 1.57 eV, respectively. These band-gaps could be varied
depending on the thickness of TMD.®”> Moreover, these 2D
nanosheets have suitable physicochemical properties, such as
large surface area, reactive sites, and delocalized 7-electrons, that
could host a range of water pollutants through van der Waals,
hydrophobic, electrostatic, and chemical complexation.*”* We
also expect that 2D nanosheets could decrease the recombina-
tion of electron—hole by taking an electron from the CB and
removing an electron from the recombination center. It has been
seen that about 90% of photoinduced electron and hole is
capable to recombine within 10 ns without prior modification of
a photocatalyst.””*

Fourth, many investigators used a table or a plot to justify the
efficacy of their developed photocatalyst by comparing it with
results from the literature. They typically utilized the percentage
of photodegradation as a standard parameter, which can only
show pseudoefficiency and does not accurately represent the
experimental results. For instance, although TF—ZnO*®
showed an almost similar percentage of MO photodegradation
to TONC—ZnO>%, their first-order reaction rate was quite
different.”'" Such observations were also found for NC-
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templated Fe—ZnO and ZnO photocatalyst for tetracycline
degradation.*”” Alternatively, the rates of the reaction for ZnO
and CNC—ZnO were identical, but their MB photodegradation
efficiency was very different.”>* We prefer the reaction rate
constant for comparing such experimental data, where one has
to consider the total amount of photocatalyst given in the
reactor, as well as the relative ratio of the nanoparticles to the
reactant. However, some other evaluation factors can also be
used, such as the quantum yield and multiactivity assessment.

Fifth, the discrepancy in terms of hydrophobicity or
hydrophilicity can be found in similar photocatalyst systems.
For example, as seen in Figure 36e, TONC—ZnO showed a
higher contact angle than the TF—ZnO and NONC—ZnO after
calcination at 400 °C.>'" In a different study, it was shown that
the TONC hydrophilicity did not change upon ZnO addition
without calcination.”" Such issues should be addressed carefully
with a systematic study. The use of highly hydrophobic
composite material in the photodegradation of some pollutants
in water can be challenging. Although this material may be
suitable for adsorption of less water-soluble organic compounds,
it will repel water molecules thus thwarting the adsorption of
water onto the catalyst surface. This step is essential to generate
sufficient hydroxyl radicals upon reacting with photoinduced
holes.

Finally, for industrial-scale applications, there are several
important barriers that NC-based photocatalysts should over-
come. (a) The photocatalysts should be able to work under
sunlight—a renewable and unlimited energy source. Most of the
authors used a higher energy radiation source, such as UV light
to irradiate the photocatalysts, which would reduce the cost-
effectiveness of the system. Besides sunlight, we recommend the
use of light emitting diode (LED) lights as a viable light source.
LEDs are inexpensive and can give a high current to light
conversion efficiency with relatively small energy loss in heating
(as compared with classical mercury lamps). These features will
decrease energy consumption and improve cost-efficiency. (b)
One has to check whether the prepared photocatalyst could
completely degrade the tested pollutants and generate CO, and
H,O. There should not be any intermediary compounds that are
more toxic than the initial compounds. Such byproducts can
block the reaction sites of the catalyst and decrease the catalyst
efficiency. Complete degradation of such bbyproducts can
typically be confirmed by measuring COD,”* a method to
determine the organic loading of the water body. (c) The
photocatalytic reactions should be selective where the radical
anions should not degrade nontargeted molecules in the
reaction mixture. It can be problematic for some applications
when a controlled separation/degradation process of organic
molecules is essential. For this purpose, one can improve the
poor selectivity characteristic possibly by functionalizing the NC
scaffold with a specific affinity toward certain water pollutants.
(d) Since most industrial effluents are contaminated with
varying pollutants at high concentrations, it is often difficult to
tackle such a sample using a simple photocatalyst. To overcome
such limitations, one can use ozonation treatment, which would
help to increase the photodegradation rate (in the presence of
ozone). However, this practice needs an extra setup for
supplying ozone that will increase the total cost of the system.
(e) Checking the feasibility of a photocatalyst to tackle real
wastewater is important because many pollutant molecules can
form complexes with other pollutant molecules or organic
matter. (f) To achieve an optimum photocatalytic activity, one
should fully understand the effects, such as pH, temperature,

9004

catalyst concentration, etc., on the reaction performance in the
literature and identify the most essential parameters in process
optimization.3

6.4.4. Membrane Technology. One strategy to incorpo-
rate water channels in the barrier layer is by using the concept of
polymer nanocomposite. It is thought that water-channels can
come from nanoporous fillers (e.g,, zeolites or MOF) dispersed
in the polymer matrix or from the interface formed between
impermeable nanofillers and polymer matrix. It has been shown
that NC, together with CNT and graphene can all behave as
effective nanofillers to enhance the permeation flux of the
nanocomposite barrier layer, if the filler structure can be
arranged appropriately (e.g., interconnected network, and
preferred direction). Our group has demonstrated the class of
TFNC membranes, containing nanocomposite barrier layer
based on TOCNF or oxidized CNT nanofillers, where the
permeation fluxes of these membranes exhibited noted
improvement when compared with commercial UF mem-
branes.””” Similar results were also found for filtration of high
selectivity (i.e., NF and RO) using nanocomposite barrier layers
such as CNF—GO for dye removal,**® and CNC—CNT for salt
rejection.””” Despite these promising studies, the utilization of
nanocomposite barrier layers to enhance the filtration perform-
ance is still in its infancy. We believe the incorporation of NC as
a nanofiller is particularly promising because of its abundant
surface functional groups and the many pathways to modify
these groups to tailor the selectivity.

Although NC-based TENC membranes have been proven to
be a successful new membrane format to increase the
permeation flux, manufacturing of these membranes at a large
scale has not yet been demonstrated. There is also a need for the
development of low-cost TFNC membranes without the use of
synthetic polymer supports (e.g., electrospun PAN or nonwoven
PET) and self-standing NC membranes on a large scale. In
addition, there is a need for the selection of suitable biomass
feedstocks from diverse sources to produce cost-effective NC
scaffolding materials with various fibril thicknesses and
crystallinity. Furthermore, there are many challenges in process
selection, design and optimization, which can lead to the precise
control of porosity, pore size distribution, and Z-scale pore size
distribution at different thicknesses. For example, some ultrafine
CNFs with high charge contents are difficult to separate by
filtration. To overcome this problem, coagulants, such as
multivalent ions, can be used before filtration.’®> In addition,
membrane fabrication based on CNC using vacuum filtration is
problematic but can be overcome by using flocculants.”®> The
improper selection of coagulants/flocculants can alter the
surface charges of the resulting NC materials. To resolve this
issue, we can consider the covalent cross-linking approach
instead of ionic cross-linking, which will change the charges of
NC membranes that may compromise their ionic selectivity. For
example, it was reported that TOCNF-based UF membranes
exhibited low ion rejection performance (34% for Ca** and
SO,*>”) when AICl; was used as a coagulamt.563 In this case,
cross-linking agents, such as glutaraldehyde or compounds with
siloxy groups, can be used to covalently attach NC without
compromising the charge characteristics.

The reported ion rejection values of NC-based filtration
membranes****”**® are very low for water softening and
desalination. This can be explained by considering the following
two factors: electrostatic interaction between metal ions and
NC, and pore size of the membrane. We believe that the initial
pore size in the NC-based membrane is too large to exclude
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Figure 53. (a) Metal ion adsorption by TOCNF—PEI in simulated automobile catalyst leachate. (b) UV—vis spectra show the reduction of 4-NP to 4-
AP catalyzed by a variety of NC-based materials (TOCNF is the same as TCNF). Reprinted with permission from ref 427. Copyright 2020 Elsevier. (c)
Effluent treatment from the mirror industry using different types of NC-based materials. (d) Their metal adsorption capacity (Fe(III) and Cu(II)) is in
complex metal ion mixture systems. Reprinted with permission from ref 445. Copyright 2015 Elsevier.

metal ions where electrostatic-induced adsorption of metal ions
is the main mechanism. However, as progressive ion adsorption
will cause the NC scaffold to collapse (i.e., by shielding with
monovalent ions, or by cross-linking with multivalent ions), the
NC-based barrier layer can become denser and eventually
enable the diffusion control separation mechanism. However,
these combined processes are not effective enough to remove
metal ions practically. As discussed earlier, the nanocomposite
barrier layer, based on NC and interfacially polymerized PA, can
work well in NF/RO operation. We believe that the use of other
polymers, such as cellulose acetate, a commonly used RO
membrane material, can also be a good matrix to host the NC
network. This approach may need some technology advance-
ment regarding the homogeneous dispersion of hydrophilic NC
in a relatively hydrophobic cellulose acetate matrix.

It is conceived, that a unique class of next generation filtration
membranes will be based on NC hybrid composite membranes,
tailored for various water remediation treatments, by creating
effective water channels to increase flux, enhance surface charge
density or produce zwitterionic characteristics to reduce fouling,
using lower cost feedstocks to reduce the filtration cost. In
addition, NC materials can be used as scaffolds to immobilize
various enzymes, such as lysozymes, laccase, and others, thus can
offer antibacterial ability. For example, Sampaioa et al.
immobilized laccase in a BC scaffold, where the resulting
membrane exhibited cytotoxicity toward Gram-positive and
Gram-negative bacteria with efficiencies of 92% and 26%,
respectively, for wound dressing application.””” Such biohybrid
membranes may also help recycling the enzymes, which can
reduce the production need of enzyme molecules and result in
more cost-effective antifouling NC membranes.

9005

7. NC-BASED MATERIALS FOR MULTIPOLLUTANT
REMOVAL SYSTEM DESIGN

Typical water contaminants include a multitude of impurities
with variations in type, form, concentration, composition, and
chemical environment. In the USA, it has been reported that
more than 161 organic compounds are present in each of 38
studied streams.””””%" This suggests the complexity of waste-
water, which needs to be tackled by multiple technologies.
Currently, most of the studies on NC-based materials for water
purification dealt with the single pollutant removal, where works
on simultaneous removal of multiple pollutants from water are
relatively rare. Unfortunately, the results compiled in other
reviews do not provide sufficient guidelines and strategies to
tackle multiple pollutants removal using complementary NC-
enabled technologies including adsorption, photocatalysis, and
membrane filtration. In this section, we outline several strategies
for simultaneous removal of multiple pollutants with good
selectivity in both static and flow conditions.

7.1. System Design for Adsorption

The nature of multiple pollutant adsorptions in the field can be
quite different from that in the lab, using simulated
contaminated water. This is because a subtle change in the
environment can strongly affect the pollutant of interest, and
multiple pollutants may be competing with the same adsorption
site. Nevertheless, evaluating the adsorbent selectivity toward
multiple pollutants in the lab in a systematic manner will provide
essential information for new material design to reach high
removal/recovery efficiency of multiple pollutants, or a
particular pollutant, from wastewaters.

Depending on the source (e.g, tap, industrial, mining, or
agricultural water), one can tune the selectivity of adsorbents.
For example, recovery of Au metals from its mining effluents,
containing a range of other pollutants, requires highly selective
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adsorbents. Some assessment parameters can be used to evaluate
the selectivity of an adsorbent. This adsorbent selectivity can be
represented by the distribution coefficient, Ky (mL/g), where K4
=V(C, — C;)/mC;with V being the total volume of the reaction
and C, and C; being the initial and final (residual)
concentrations of each interfering pollutant, respectively.
Zheng et al. attempted to increase the Dy(IIl) adsorption
capacity by oxidizing CNC (O—CNC) using TEMPO-mediated
oxidation method, where a great deal of —COOH groups were
generated.””® To increase the Dy(IIl) selectivity, they
incorporated ion-imprinted polymers (IIP), non-ion-imprinted
polymer (NIIP), CNT, and GO into O—CNC. The study also
included other competitive interfering cations: Fe(III), Nd(III),
Gd(111), and Pr(III). The highest K, of Dy(III) was obtained for
the O—CNCs/GO-IIPs composite (872 mL/g) as compared
with O—CNC-IIPs. This was attributed to the appropriate size
of imprinting in O—CNCs/GO-IIPs, which was not suitable for
other cations. As a result, the adsorption capacity of O—CNCs/
GO-IIPs exhibited the order of Dy(III) > Gd(III) > Nd(III) >
Pr(III) > Fe(III). In another study, Shahnaz et al. used surface
modified NC with polypyrrole to test the adsorption of a binary
pollutant mixture: CR and Cr(VI) in the presence of other
coexisting ions.”'* For CR, the removal efficiency followed the
system without other salt ions (87%) > KCO;>~ (86.33%) >
ZnSO, (81.62%) > FeSO, (78%) > NaCl (77.53%) > CaCl,
(76.53%) > CuSO, (74.08%) > KH,PO, (73.52%) > MgNO,
(71%). Similarly, for Cr (VI), the system without salt ions (87%)
> NaCl (75.36%) > CaCl, (70.50%) > ZnSO, (66.26%) >
CuSO, (60.81%) > MgNO, (60.90%) > KCO,>~ (57.36%) >
KH,PO, (53.96%) > FeSO, (78%). The author claimed that the
decreased removal efficiency of larger size CR and Cr(VI) ions
was probably affected by the presence of smaller hydrated ionic
radii of coexisting ions, which might be adsorbed more easily.
We think this explanation may be too simple to explain the
observed trend, as the hydrated ionic radii of NaCl should be
very small as compared with the other ions. This implies that the
adsorption of CR and Cr(VI) should be minimal in the presence
of NaCl ions, which was not seen. In addition, some ions have
nearly the same molar mass (e.g, ZnSO, and CuSO,) even
though their effects on the CR and Cr(VI) removal were quite
different.

TOCNEF—PEI has been used to adsorb multiple pollutants
present in automobile catalyst waste leachate.*”” As shown in
Figure 53a, the material could selectively adsorb Pt and Pd
around 125 and 27 mg/g at a solid/liquid ratio of 4 g/L,
respectively. Although other platinum group metals (PGM)
were also present in the solution, their adsorption by TOCNF—
PEI was minimal (Figure $3a). This selectivity toward Pt was
completely due to its electrostatic interaction with TOCNF—
PEL Since the reaction environment was acidic, where Pt was
present in the form of PtCl,>~/PtCly PdCl,>", this could be
easily adsorbed with positively charged TOCNF—PEL All other
metals (Ni, Fe and Mn) were in the form of cation, which could
not be adsorbed onto TOCNF—-PEI. However, the more
interesting aspect of this study was the use of the Pt/Pd adsorbed
TCNEF-PEI system as a catalyst to reduce a model organic
pollutant 4-NP to 4-aminophenol (4-AP) (Figure 53b). In
Figure 53b, the reduction process for 4-NP to 4-AP was found to
be greater in Pt/Pd adsorbed TOCNF—PEI as compared with
other catalysts; however, the reason for this observation was not
entirely clear and warrants further investigation.

Liu et al. tested the adsorption of Fe(III) and Cu(II) by NC
extracted from different sources: sludge (CNCyg ), bioethanol
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CNC (CNCgg), phosphorylated CNC from sludge (phos-
CNCq;), and phosphorylated CNF from sludge (phos-
CNFg, ).** Both phos-CNCg; and phos-CNFg; showed higher
adsorption capacity values against both single and multiple
metal ion systems than those of CNCg and CNCgg. The
adsorption capacity values of phos-CNCg and phos-CNFg,
followed the order of Ag(I) > Fe(III) > Cu(Il) in the case of a
mixture of multiple ions. In an earlier study, it has been reported
that the metal ion adsorption selectivity primarily relies on the
electronegativity of each metal ion;”°* however, this hypothesis
cannot explain these metal ion adsorption results in the complex
mixture systems. Liu et al. also argued that the mechanism of
such a sorption phenomenon have remained to be a scientific
challenge and need future attention. It is known that the
adsorption selectivity also depends on the nature and amount of
different functional groups present and their dissociative pH
values (ie., the functional groups are pK, dependent). Further
research to tackle this challenge may include DFT calculations,
where the results may yield some insights into the hidden
mechanisms. As shown in Figure 53¢ and 53d, phosphorylated
NC was more efficient in treating the effluent from mirror
manufacturing at pH 7. These Phos-NC materials could
successfully reduce Cu(II) and Fe(III) in the effluent to the
levels of Cu(II) = 0.14—0.23 and Fe(III) = 0—0.05, meeting the
national drinking water requirement (i.e., the United States
National Secondary Drinking Water Regulation). In another
pivotal study, NC-based composites exhibited excellent As(V)
and Cr(VI) removal capacity (i.e., 100 and 99%, respectively)
from contaminated groundwater, in which the treated water
could also be below the permissible limit of the drinking water
regulations.””” The authors also tested the efficacy of this NC-
based composite for As(V) and Cr(VI) removal from simulated
wastewater, where peptone, meat extract, urea, anhydrous
K,HPO,, NaCl, CaCl,-2H,0, and Mg,SO,-7H,0 were added.
The demonstrated NC-based composite also displayed good
removal capacity with As(V) > 90% and Cr(VI) > 70%.

On the basis of the literature, NC-based adsorbents are
capable of removing multiple pollutants from water, either in a
simultaneous or sequential manner, due to abundant functional
groups and straightforward modification schemes to create new
functional groups on the NC surface. However, tuning of the
selectivity toward one particular pollutant in a mixture of several
interacting pollutants is still difficult, as the fundamental
knowledge for adsorption of competing ions by NC remains
lacking. Some authors claimed that the adsorption of targeted
pollutant ions can be determined by their size, that is, the smaller
ions possess higher adsorption capability. This behavior may be
true in some situations, where the adsorption mechanism of
targeted pollutant ions is determined only by electrostatic
interaction. It is known that smaller ions act more ionic and they
look big because of strong hydration, while large ions act more
“nonpolar” and look smaller in water.””>’** In other words,
metal ions with a larger ionic radius decrease their electrostatic
nature. This mechanism may not hold true if other interactions
occur, such as covalent bonding. For example, it has been shown
that the Pb(II) adsorption is unaffected by the presence of other
metal ions, for example, Cd(II), Ca(II), Mg(II), and K(1).*" In
addition, the pollutant concentration can play a significant role
on the adsorbent selectivity. If the targeted pollutant
concentration is lower than those of coexisting pollutants, a
more dominant adsorption effect of these coexisting pollutants
can be seen.*”* Furthermore, the hard and soft acid concept, or
the Pearson acid—base concept, has also been used to explain the
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Figure 54. (a) Photograph of a BC/MoS, aerogel membrane after supercritical drying. (b) Field emission gun (FEG)-SEM image of the semivertical
alignment of few-layer stacked MoS, nanosheets grown on BC. (c—f) Photographs of the experimental setup, where the BC/MoS, hybrid membrane is
used as a photoreactor to evaluate the photocatalytic activity. (g and h) First-order decay kinetic constants for the single component removal processes
for MB and Cr(VI) using BC and BC/Mo$S, membranes under different illumination conditions (visible light > 400 nm and UV—vis irradiation =
250—600 nm), respectively. (i) The first-order decay kinetic constants of photoassisted in-flow simultaneous removal of MB and Cr(VI) and their
performance comparison with single component removal using BC/MoS, aerogel. Reprinted with permission from ref 545. Copyright 2020 American

Chemical Society.

adsorption efliciency of NC for multipollutants removal. For
example, Li et al. reported that L-cysteine-modified NC
exhibited the pollutant removal efficiency of 87%, 2%, 19%,
6%, and 3% for Hg(II), Cd(1I), Pb(1l), Cu(Il), and Zn(1I),
respectively. They argued that the higher Hg(II) removal was
due to the soft Hg(II) acid nature, which is more inclined to
bond with the soft thiol (SH) base of L-cysteine.*”*

7.2. System Design for Photocatalysis

There are very few studies dealing with the simultaneous
photodegradation of multipollutants. Since some organic dyes
and inorganic metal ions can utilize the same active radical
species for photo-oxidative and photoreductive pathways, the
mixing of these two different classes of water pollutants may
positively or negatively affect their removal efficiencies. For
example, the FBiOBr/CCNF-900 composite (cellulose carbon
nanofiber incorporated with bismuth oxybromide) was found
suitable for simultaneous photodegradation of RhB and
Cr(VI).>* However, the photodegradation rate for RhB was
decreased to some extent in the presence of Cr(VI). This might
be due to the reduced availability of photoexcited electrons for
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the production of *O,”. Nevertheless, RhB could still be
completely removed within 90 and 50 min with and without
Cr(VI), respectively. On the contrary, photodegradation
efficiency for Cr(VI) was increased from 70 to 90% by the
presence of RhB, which could act as a hole (h*) consumer. This
prolonged the lifetime of photoinduced electrons in the CB.”%
Such synergistic effect on the mixture of pollutants removal
should be explored further in detail.

Evaluating the performance of a photocatalyst in the
“continuous (in-flow)” system is challenging. Most of the
photocatalysts discussed earlier are based on a “discontinuous”
or “batch” system. The difference between discontinuous and
continuous processes is to treat small vs large volumes of water
and often, the treated water in the discontinuous process is
contaminated with nanosized objects, whose removal is difficult
and requires additional steps. Lucchini et al. prepared CNE/
TiO, monoliths using the direct wet impregnation method for
in-flow photodegradation of MO and paracetamol.””® They
observed a very low 21% and 30% of the MO and paracetamol
removal upon irradiation with sunlight for 200 and 150 min,
respectively. In another study, Ferreira-Neto et al. prepared BC-
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Figure SS. (a) Photographs of the cocktail solution before and after filtration using the PDA/BNC membrane. (b) Simultaneous pollutant removal
capacity upon vacuum filtration. Reprinted with permission from ref 627. Copyright 2019 American Chemical Society.

templated MoS, (BC/MoS,) hybrid aerogel membrane using
the hydrothermal route for in-flow removal of both MB and
Cr(VI) removal as shown in Figure 54.°*° They found a
nanoscale size of MoS, crystallites (2—4 nm) on BC, which
enabled the composite to possess a high surface area (97—137
m?/g) and pore volume (0.28—0.36 cm®/g). These values were
higher than the previous study where CNF was cross-linked with
MoS, aerogel.706 They observed that the pore size of cylindrical
mesopores could be controlled by the hydrothermal temper-
ature. For example, the mean diameter of the pores fell between
20 and 60 nm at lower temperatures, and they became larger by
increasing the temperature. The high temperature mediated
hydrothermal treatment of the hybrid did not significantly
change the morphology of the BC scaffold. The larger pores
ensured better mass transfer, requiring less operational pressure
(and hence energy) to pump the water flow through the hybrid
photocatalytic membrane. The band gap range of the prepared
samples varied between 1.73 and 2.15 eV, depending on the
preparation conditions. For a single component removal, BC/
MoS, exhibited a higher MB photodegradation rate (0.0225
min™') and Cr(VI) removal rate (~0.013 min™") as compared
with BC, which was inefficient and kinetically sluggish under
UV—vis illumination (Figure 54g and h). In the simultaneous in-
flow removal of MB and Cr(VI), the BC/MoS, membrane
showed a very good photocatalytic removal efficiency (Figure
54i) after 120 min of UV—vis light illumination. Interestingly,
the reaction rate of MB in the presence of Cr(VI) was found to
increase slightly, whereas the presence of MB did not affect the
kinetic rate of Cr(VI). This observation is completely opposite
to the results from the study of the BiOBr/CCNEF-900
composite for simultaneous photodegradation of RhB and
Cr(VI).>* Without question, multiple pollutants can be
removed simultaneously using NC-based photocatalyst in a
turbulent in-flow system. However, we are expecting some
challenges of using such a reactor for actual field application.
Since the in-flow setup is relatively complex, one has to ensure
whether the light can fully reach the entire area of the
photocatalyst, or the solution can pass through the photocatalyst
in a homogeneous manner to reach the best performance.

7.3. System Design for Membrane Filtration

NC-based membranes with tuned structure, chemical and
physical properties to remove multiple contaminants from water
have been relatively well investigated. For example, Singamaneni
et al. carried out a cocktail filtration test, containing both
inorganic ions (Pb(II) and Cd(II)) and organic dyes (R6G and
MB) using PDA/BNC membrane (Figure 55).°” It was seen
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that the color of this cocktail solution (green) became colorless
upon being vacuum filtered by the PDA/BNC membrane
(Figure S5a), which implies the efficacy of this membrane for
simultaneous pollutants removal from water. More specifically,
in Figure SSb, it was found that the Pd(II) uptake was better
than Cd(II). This could be attributed to the less binding affinity
between Cd(II) and carboxylic or phenolic groups on the PDA/
BNC membrane as compared with Pb(I).””” On the other
hand, the uptake of R6G was slightly higher than MB (Figure
55b).

In another study, NC hydrogel was deposited on top of the
titanate-bismuth oxide membrane using the layer-by-layer
assembly method.®’> The final composite membrane was
capable of removing a large variety of anions and cations in
the presence of oils. Such membrane can be used to tackle
complex sewage feed streams, especially in a situation where oil
spillage is prominent. Mathew et al. prepared three different NC
composite membranes, where CNCg (CNC isolated from
cellulose sludge), CNCy; (CNC extracted from bleached
wood), or PCNCg (CNCg were enzymatically modified to
introduce phosphoryl groups on the surface) were used as a
functional layer in a gelatin-matrix, whereas the support
substrate was fabricated by cellulose microfiber sludge. They
used these membranes for tackling industrial effluents where
mixtures of Cu(II)/Fe(III)/Fe(1l) ions were present (pH 2.3).
The CNC-based membranes showed the Cu(II)/Fe(IIl)/
Fe(1l) removal capacity in the order of PCNCg > CNCy >
CNCg in the cross-flow mode, which could be mainly attributed
to the functional groups” density present on CNC.®"? For the
antifouling test, NC-based membranes also showed good
selectivity against BSA in the mixtures of both fish and soybean
polypeptides. Here, NC was deposited on top of electrospun
PAN layer supported by the nonwoven PET substrate.”*’

The overall perspective of this section is that NC-based
materials, whether they are in the form of adsorbents,
photocatalysts, or membranes, are very well suited to tackle
complex wastewater problems. Their performance can be fine-
tuned depending on the required stability (i.e, form and
structure) of the environment, and the necessary selectivity for
single-component or multicomponent pollutants removal. For
brevity, it should be noted that the simultaneous removal of
multipollutants using NC-based coagulants/flocculants is not
well studied in the literature. The concepts that we discuss for
adsorption, photocatalysis, and membrane systems should bring
sufficient scientific attention to using NC-based coagulants/
flocculants for copollutants removal system designs.

https://doi.org/10.1021/acs.chemrev.1c00683
Chem. Rev. 2022, 122, 8936—9031


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig55&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig55&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig55&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00683?fig=fig55&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

8. STRATEGY TO HANDLE THE USED NC-BASED
MATERIALS

NC-based technologies will be sustainable only if one can ensure
the regeneration/recycling or safe disposal of contaminated
materials in an economic way. One major advantage in the
treatment using NC-based photocatalysts is that the adsorbed
water pollutants will be completely degraded, where the
handling of the used NC composite materials will be relatively
easier. In contrast, for the used NC-based coagulants/
flocculants and membranes, where pollutants are retained in
the NC scaffolds, one has to consider how to deal with the issue
of possible secondary contamination. To deal with this issue, we
can consider the following strategy to process the used NC
materials (i.e., pollutants-loaded-sorbents/filters). These mate-
rials can be classified into two groups: post and spent materials.
The former is the material where pollutants are most
concentrated after the immediate collection and treatment,
where the latter is the material regenerated through post-
treatments, such as washing, neutralization, etc.”® Although
there are many papers investigating the use of NC materials in
varying water treatments (optimization, mechanisms and their
performance), disposal of the post and spent materials after the
treatment is rarely addressed. To our knowledge, there are no
reports or reviews discussing the possible management pathways
of NC-based post/spent-materials. As a result, we outline our
perspectives on the proper care of these used materials through
some possible routes, as shown in Figure 56.

Figure 56. Schematic illustration of some possible routes for upcycling
post and spent NC materials after water purification.

Generally, the management of postmaterials involves the
recycling effort in collection and treatment followed by safe
storage/disposal of the spent materials in landfills. Hubbe et al.
reported an end-of-use analysis re§arding the disposal of
regenerated adsorbents in landfills,**® where incineration and
other chemical treatments were not carried out. The report
indicated that such a practice could result in secondary pollution
(i.e., contamination of soil and surface water) because of the
leaching of toxic pollutants from the landfill area. Currently,
environmental regulations prohibit the direct disposal of metal-
loaded ashes from incineration by landfill dumping.””” In
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addition, the operating and setup costs of an incineration facility
can be very high. These limitations prompt us to propose the
following strategies, where both post and spent materials could
be upcycled and create new circular economic solutions (Figure
56):

(a) The adsorption of nutrient molecular ions, for example,
ammonium, nitrate, phosphate, etc., and metal ions, such as
K(I), Ca(II), Cu(1I), Zn(II), Mn(1II), etc., onto the NC scaffold
can open up new economic opportunities to use post/spent
materials as fertilizers or fertilizer supplements in agriculture.
The sustained release of the nutrient components depends on
the type of adsorbed pollutants and the suitability of NC
scaffolding materials.””® The slow release of a proper amount of
fertilizer is essential to halt the rapid loss of nutrients, which can
greatly damage the environment and also increase the cost of
crop production by overusing fertilizers. The NC scaffold has
been found as an effective medium in the control of the
sustained release of different ions.”'” For example, the porous
networks of NC from tunicate,”* have been shown to possess
good water retention capability, as well as suitable porosity and
structure for releasing nutrients, minerals, and other agro-
chemicals. Furthermore, decomposing the NC scaffold to
organic carbon often can improve soil carbon insulation leading
to the enhancement of soil quality.

Typically, NC materials possess negatively charged surfaces,
which is ideal to adsorb cationic nutrients, such as K(I), Ca(II),
Mn(II), Zn(Il), and Cu(II). However, the primary form of
nutrients, such as nitrate and phosphate, are negatively charged,
which require the use of cationic NC materials. There are several
easy and practical ways to convert the anionic NC surface to a
cationic surface. One approach is by surface modification with
cationic molecules, for example, quaternary ammonium
compounds or by surface §rafting with cationic oligomers/
polymers (e.g., chitosan).”'" Another approach is by surface
anchoring of metal oxide nanoparticles (e.g, ZnO and CuO).
We prefer the use of NC-based organic nanocomposite to
enhance the anionic nutrient adsorption, as this system usually
possesses the slow-releasing behavior. The NC-inorganic
nanoparticles composite systems, although effective, also run
the risk of releasing nanoparticles that may not be safe to the
environment.”'" To date, very few studies have been carried out
to understand the pros and cons of NC-based nanofertilizers and
their impacts on water contamination. Before the consideration
of applying nutrients-adsorbed sorbents/filters for agriculture,
one must ensure that the system should be free of other harmful
organic (e.g, pathogens, polycyclic aromatic hydrocarbons,
pharmaceuticals, etc.) and inorganic contaminants (e.g., toxic
metal ions, such as Cd, As, and Pb, etc.), which can adversely
impact food safety, plant growth, and microbial communities.”"*

(b) Since NC is capable of adsorbing many metal ions, it can
be used as trace-minerals supplements and food additives, which
are essential for the living system.”’" Since 1983, NC materials
have been broadly used as safe food additives; this was the first
application for NC.”"* As some metal ions, for example, Fe(1I),
Cu(II), Co(I1), Mn(II), Zn(II), etc., are important to perform
biological functions, one can consider loading the proper
amount of these ions into the NC scaffolds as trace-minerals
supplements in applications, such as nutrition for humans,
cultivation for crop growth, and feed additives for animals. Since
these minerals are required in small quantities, one has to ensure
the minimal dosage of such additives. Additionally, antibiotics/
other drugs and vitamins loaded NC systems will also be useful
to maintain and improve the health of livestock.
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(c) Post-NC adsorbents loaded with metallic ions could offer
some catalytic activities, where a redox reaction may take place
that will be useful for reducing organic water pollutants. It has
been shown that the TOCNF—PEI composite could adsorb Pt/
Pd, which could be subsequently used as a catalyst to reduce
organic pollutants such as 4-NP to 4-AP."””” The photo-
degradation mechanism is due to the platinum groups in
metal hydrides (with the addition of NaBH,) that can
simultaneously adsorb 4-NP ions and assist the electron transfer
from NaBH, ions to 4-NP ions, leading to the reduction of 4-NP
ions to 4-AP ions. It should be noted that pristine TOCNF could
not reduce 4-NP.

(d) NC may be used to recover high-value heavy metal ions.
Without calcination, it has been shown that the carboxyl
(COOH) groups of NC could reduce the adsorbed metal ions to
produce metallic nanoparticles, which have commercial values.
For example, Liu et al. used TOCNF to adsorb Cu(II) ions,
where the formation of Cu(0) or CuO nanoparticles could be
subsequently obtained by reduction of Cu(Il) ions and
microprecipitation (Figure 57).*** Such adsorbents can be

Figure 57. SEM images of TOCNF cast mats before and after the
Cu(II) adsorption. The formation of nanosized Cu(II) clusters on the
TOCNTF is clearly visible after Cu(II) adsorption. Reprinted with
permission from ref 444. Copyright 2016 Elsevier.

reused in other applications, such as the catalyst in hydrogen
production,”"* conductive,”"> and antimicrobial materials.
Another possible example is that after NC is used to adsorb
KAu(CN), that is commonly found in the effluent of the
electroplating industry, one can use thermal or chemical
treatments to recover valuable Au nanoparticles’'® from the
used NC adsorbents.

(e) To encapsulate different nanomaterials with carbon
coating, one typically synthesizes nanoparticles and carbon
sources separately, and subsequently mixes them for post-
processing. The procedures, involving multiple steps, are usually
not cost-effective. To reduce the necessary steps, one can use the
nanoparticle-adsorbed NC materials directly to produce carbon-
coated metal nanoparticles by calcination. These nanoparticles
are useful for sensing, magnetic resonance imaging, and
plasmonic applications, to name a few. If nanoparticles have
magnetic properties, they can be recovered rather easily using
magnetic fields after usage. It has been shown that carbon coated
magnetic nanoparticles have great application values in
electronics, hyperthermia, drug delivery, catalysis, and
more.” "’

With calcination treatments, one can encapsulate the
adsorbed metal nanoparticles with carbon (from the NC
scaffold). The reaction conditions, such as temperature and
time can directly affect the porosity and available carbon
content. Carbon encapsulation not only can protect nano-
particles from agglomeration and oxidation, but also can dope
the carbon atom into the crystal lattice of metallic nanoparticles
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and decrease E; of the catalyst in photocatalytic degradation of
adsorbed contaminants. If such a photocatalyst can induce the
reaction with visible light, it will greatly increase the cost-
effectiveness of the operation. In a recent study, it has been
reported that NC could act as a major carbon source for
nanoparticles encapsulation, which has been used for H,-
enriched syngas production during the catalytic pyrolysis of
biomass.”"”

(f) We have discussed the strategies for dye adsorption by
NC-based materials in section 5.2. These dye-adsorbed NC can
be converted to biochar by pyrolysis (Figure 56). Such biochar
can be activated and form new water remediation materials (i.e.,
activated biochar or activated carbon) for removal of other dye
molecules or contaminants through adsorption process. In one
interesting study, MB was first adsorbed into CMC, in which the
MB-adsorbed CMC was subsequently used for the removal of
MO, which shows higher maximum adsorption capacity than
those of CMC and unmodified cellulose.”?® Therefore, once
used sorbents may also be effective for secondary adsorption,
which will greatly improve the remediation performance.

(g) For high-value pollutants, for example, Au, PGM, and rare
earth elements (REE), suitable recovery strategies need to be
considered. Conventional recovery methods often include the
use of a large volume of washing agents and multiple pH
adjustments that can have negative environmental consequen-
ces.*®® One cost-effective and environmentally friendly
approach to recover these materials involves the use of NC to
first adsorb these metal ions followed by pyrolysis or
incineration of the used adsorbents. In one example study, it
has been shown that ashes, produced after burning of metal-
laden cellulose-based biosorbent at 850 °C, possessed about
96% of Cu and Ni metal species.””" Clearly, the same strategy
can be used to recover valuable metal nanoparticles from the
used NC-based adsorbents. For Pb recovery, it has been shown
that the costs of the biosorption—pyrolysis and biosorption—
desorption approaches are around $0.06 and $0.19 (using HCI)
per ton of wastewater, respectively.””” However, if one uses
EDTA instead of HCI, the cost for the Pb recovery would
increase from $0.19 (HCI) to $4.41 (EDTA) per ton of
wastewater. Such cost analysis will be very useful for evaluating
the feasibility of upcycling post/spent or exhausted NC
materials for designing new circular economy solutions.

9. SUMMARY AND OUTLOOK

Although the practical usage of NC for water treatments is only
in its infancy, the unique physicochemical properties of NC,
such as high surface area, abundant functionalities, nontoxic and
biodegradable characters, as well as scaffolding versatility and
stability, make it an ideal candidate to enable new, sustainable
and low-cost water purification technologies. Today, the major
hurdle of applying NC-based materials for water purification is
the relatively high cost for mass production of NC. As the
current state-of-the-art NC (CNC or CNF) manufacturing
processes are mainly based on technologies developed for wood-
based biomass (containing a higher amount of lignin), they
require intensive consumption of energy, chemicals and water.
We believe NC can be produced in a much more cost-effective
manner, if one considers (a) the use of underutilized nonwoody
biomass plants, which are often considered low and no value, as
feedstocks, (b) the low lignin content in these feedstocks can
eliminate the pulping process, and (c) the role of surface
functionality becomes more important than mechanical proper-
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ties in extracted NC, that is, the high degree of polymerization is
no longer the primary concern for water purification.

Before engineering NC-based materials for varying water
technologies, one has to understand the structure—function-
ality-property relationship thoroughly. With combined charac-
terizations of spectroscopy, high-resolution microscopy and
scattering (especially solution SAXS or neutron scattering), it is
now possible to analyze the individual NC structure at the
nanoscale and also its surface functionality. Such knowledge can
help us to understand and design condensed and solid-state
properties, such as CNC in the chiral nematic phase and CNF
aerogels/films. To this end, new experimental techniques have
been developed to further explore the NC structure and
property relationship at the molecular level to bridge any
knowledge gaps from single particles to assembled aggregates.'*’
The fundamental knowledge obtained from varying structure—
functionality-property relationship studies in NC is the
foundation for the design of high-performing NC-based
coagulants/flocculants, adsorbents, photocatalysts and mem-
branes. These studies include the characterizations of
amorphous and crystalline phases in NC and surface
functionalities (e.g., the type of functional group, surface charge,
charge density, etc.), investigation of deformation and flow
behavior, as well as mechanical properties.

While we found a growing body of adsorption, photocatalysis,
and membrane-based literatures on NC, the study of
coagulation/flocculation is still very limited, but we believe the
latter subject will be expanding soon. Surface-charged NC
(anionic/cationic), by nature, is an anisotropic colloid in the
dispersion state. The increase in the charge density of NC-based
materials can replace synthetic polyelectrolytes, which are
routinely used as coagulants/flocculants in varying kinds of
wastewater treatments. However, synthetic coagulants/floccu-
lants are not biodegradable, and often carcinogenic with
genotoxic effects.””””** The development of NC-based
coagulants/flocculants not only can reduce the adverse effects
of synthetic polyelectrolytes but also may offer cost-saving
benefits. Next, it has been demonstrated that NC-based
materials work well as effective adsorbents for the removal of a
large range of water pollutants. Studies showed that these
materials possess excellent adsorption capabilities and fast
kinetics that are often superior to commercial adsorbents.
Because of these unique surface adsorption properties, NC
materials have been used as effective scaffolds or templates for in
situ growth or anchoring of metallic nanoparticles, allowing the
creation of new kinds of NC-enabled photocatalysts. Such
systems can be used to a degree for a multitude of water
pollutants by visible light irradiation. This study, however, is at
an early stage, as real wastewater systems can be extraordinarily
complicated. For example, degradation of complex aromatic
pollutants, such as persistent organic pollutants (POP), using
photocatalysts, is often difficult because of the delocalized
electron resonance of the aromatic ring. To tackle this problem,
we propose the following strategy to design a suitable NC
composite system as shown in Figure 58. After the construction
of an NC-templated nanoparticle composite, an enzyme (e.g.,
laccase or other redox enzymes) can be further immobilized in
the composite scaffold (Figure 58a). Such an enzyme can be
used as a biocatalyst for the ring-opening reaction of POP. After
the formation of partially degraded linear molecules, the
nanoparticle photocatalyst can be further irradiated by visible
light (e.g., LED light) to completely degrade such recalcitrant
compounds. Here, NC can act as a support for enzyme
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Figure 58. Simplified illustration of some enzyme-based NC
technologies to tackle emerging water pollutants. (a) Demonstration
of enzyme (e.g, laccase) immobilization on NC-templated nano-
particles for the mineralization of POP (e.g,, dichlorodiphenyltrichloro-
ethane, 1,4-dioxane, etc.). (b) Strategy of enzyme engineering through
a genetic engineering approach called mutagenesis. (c) Peptide
cleavage from an engineered enzyme, which can be grafted onto NC
for its integration in batch/column-based adsorption systems and NC-
based selective membrane fabrication for water purification.

attachment, which can also allow the enzyme to be recycled.
More importantly, one can engineer an enzyme using the
biotechnological approach to increase the affinity of interaction
with specific pollutants and avoid nonselective adsorption.
Furthermore, the engineered enzyme can be produced in large
quantity using bacterial culture, which can keep the enzyme
production cost at a reasonable level (Figure 58b). It is also
possible to isolate the specific peptide sequence from this
engineered enzyme, which can be used either in the column type
or batch type water treatment conditions (Figure 58¢).* A
membrane can also be designed using a short-peptide sequence,
which has shown very promising results for nuclear waste,
cyanides and metal ions removal.”'® These areas of research are
unexplored and should attract plenty of attention in the future to
tackle complex water pollution problems.

Different types of NC-based membranes, such as self-
standing, mixed-matrix and TFNC membranes, have been
discussed earlier. Although we have highlighted their primary
performance parameters, such as water permeability and solutes
retention, as well as membrane’s strength (wet and dry form),
porosity, pore size, and stability in water; there are some notable
research gaps in NC-based membranes, especially in the areas of
biofouling, mineral scaling, cost-effectiveness, and recyclability.
The nature of NC in the form of nanofiber will allow these
membranes to carry filtration (size exclusion) and adsorption
functions, as well as hosting metallic nanoparticles for
photocatalytic reaction.

To deal with multiple pollutants with different physicochem-
ical properties in the water, our current approaches are mainly
based on multiple-step modifications to incorporate varying
functionalities on the NC surface that can adsorb these
pollutants either in a simultaneous or sequential manner.
However, there is another approach to tackle the multiple
pollutants challenge. It is conceivable, that a responsive NC-
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based system modified with stimuli molecules can be devised,
where its performance (e.g., pore size, porosity, surface charge,
hydroghobicity/hydrophilicity) can be controlled by electric
field,”* pH level, temperature, magnetic field, or visible light.
For example, using UV/vis light, one can control the rate of
wettability,””® ion permeability,””””** nanopore diameter,”*’
and surface charge”*" of responsive NC-based materials systems.
However, none of these systems have ever been tested for NC-
based water purification. This will be another interesting subject
that warrants in-depth investigation. Last, but not least, after the
remediation of contaminated water, the management of post/
spent-NC or composite has seldom been addressed. For
practical large scale water treatments, the following strategies
should be considered and integrated:

(a) The preparation of NC-based materials should be
achieved by simple and low-cost approaches (e.g, coating,
doping, casting, solvent evaporation, etc.).

(b) NC’s good compatibility with inorganic and organic
nanoparticles can allow us to explore performance
improvement by having synergetic effects, which may be
unattainable by NC or nanoparticles alone.

The abundant surface functionality, such as hydroxyl,
carboxyl, and many other functional groups on the
extracted or modified NC surface, will permit their further
modifications to generate more active sites imperative to
trap multiple impurities.

The pore size and porosity of NC-based membranes can
be fine-tuned by selecting different building block
materials with different dimensions (BNC, CNF, and
CNC), concentration and surface properties, as well as
processing conditions and membrane design.

The mechanical strengths (dry and wet) of NC-based
membranes can be controlled by the aspect ratio of the
NC, cross-linking agents, surface functionality, and
nanofiller addition.

The fouling tendency of NC-based membranes can be
reduced by enhancing the hydrophilicity and charge
density of the NC surface layer.

(c)

(d)

(e)

(f)
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Table S1. Compositions of cellulose, hemicellulose and lignin from various biomass

feedstocks (values extracted from Ref.!).

Biomass Feedstocks Cellulose % Hemicellulose % Lignin %
Softwood 45-50 18-35 23-35
Hardwood 40-50 24-40 18-25
Wheat straw 35-39 22-30 12-16
Rice straw 29.2-34.7 23-25.9 17-19
Corn stover 35.1-39.5 20.7-24.6 11.0-19.1
Corn cob 32.3-45.6 39.8 6.7-13.9
Cotton stalk 31 11 30
Barley straw 36-43 24-33 6.3-9.8
Sorghum straw 32-35 24-27 15-21
Nut-shell 25-30 22-28 30-40
Rice husk 28.7-35.6 11.9-29.3 15.4-20
Bagasse 25-45 28-32 15-25
Agave leave 64-70 22-28 5-7
Switchgrass 30-35 20-25 15-20
1. Industrial Applications of Nanocellulose

As our society is transitioning to a sustainable and circular economy, developments of
advanced materials from renewable resources and their applications have become a fast-growing
field. In specific, nanocellulose (NC) that can be extracted from the most abundant natural
polymer i.e. cellulose, is emerging as a versatile nanoscale platform for a wide range of
applications. Extensive reviews are available for varying NC applications,’> enabled by
commercial processing of large scale NC materials and advancement of nanotechnology. Herein,
we highlight recent progress on the applications of NC materials in four major categories,
namely nanocomposites, biomedical engineering (e.g., drug delivery, tissue engineering, wound
healing etc.), energy storage, and sustainable packaging. In addition, some other applications,
such as drilling mud, coating, cement, cosmetics are briefly covered in the last part of this

section.

1.1. Nanocomposites

NC materials are well known for their high stiffness, strength, high crystalline structure,

versatile functionalization, low thermal expansion, high surface area, light weight (density ~1.6
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g/cm?), renewability, and biodegradability. These characteristics have entitled NC materials to be
used as reinforcing nanofillers for a variety of polymer matrices (thermoplastic, thermoset,
natural polysaccharides and proteins, cement, latex, efc.) with a broad range of material formats
(e.g., films, filaments, fibers, foams, aerogels, hydrogels, etc.). Due to the inherent hydrophilicity
and gelation tendency (especially when the concentration is high) of NC materials, interface
compatibility and industrial feasible and scalable continuous processing are major challenges to
expand their further applications. Moon et al.® reported that the performance of NC-polymer
nanocomposites could be affected by several factors including NC particle morphology, surface
chemistry, alignment, dispersion state, percolation level, and polymer matrix. As different
production routes can yield NC materials with differentiated surface chemistry, particle size,
aspect ratio, crystallinity, and network structure,” it is thus critical for end users to select
specified NC materials that meet either processing or performance criteria. For instance, melt
compounding of NC-polymer nanocomposites typically requires high thermal stability of NC
materials, whereby surface chemistry (i.e., low charge density and non-sulfated surface) is a key
parameter to consider. When formulated with latices, coatings or paints, the colloidal stability
and percolated network structure of NC materials can play a vital role in the stability and quality
of final products. To solve interface compatibility with nonpolar matrices and further exploit the
full reinforcing potential of NC materials, various surface functionalization routes have been
demonstrated.® However, the environmental impact (especially concern from organic solvents),
cost, and industrial feasibility of these modification strategies can be major hurdles for scale up
applications. To overcome these challenges, recently demonstrated research include water-based
modification approaches, liquid feeding of NC materials into melt polymers, and blending with
compatible additives that enable compounding and extrusion, to name a few.” Furthermore,
motivated by achieving better macroscale performance (i.e., anisotropic properties, better
stiffness and strength, and improved reinforcing efficiency), alignment of NC materials in
polymer composites is emerging as a viable strategy to further enhance the mechanical
performance. Although challenged by large-scale manufacturing process to align NC materials in
polymer composites, efforts are being undertaken to develop industrial scalable processing
strategies, such as combination of pre-aligned NC materials with melt compounding and additive

manufacturing.'”
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1.2. Biomedical Engineering

The inherent biodegradability, biocompatibility, and low cytotoxicity have rendered NC
materials to be promising candidates for biomedical applications, such as drug delivery, tissue
engineering, and wound healing. Bacterial nanocellulose (BNC) and cellulose nanofiber (CNF)
are two major materials that can be easily functionalized for biomedical applications, due to their
highly interconnected network structure, moldability, tailored nanostructure (e.g., porosity and
pore size), and templating ability. Nascent NC materials have abundant hydroxyl groups but their
applications in biomedical fields are relatively limited. With proper surface functionalization and
compounding strategies, these materials become suitable for varying applications. For example,
various additives, such as polysaccharides, proteins, synthetic polymers, graphene oxides,
phenolic acids, and metal oxides,!'"!3 have been incorporated into the NC scaffold to fabricate
novel materials with new functionalities (e.g., antimicrobial, excellent cell attachment, pH
responsive, good thermal stability and chemical resistance, high water holding capacity, good
compressive properties, hierarchical pore structure, etc.) that become suitable for wound
dressing, soft tissue engineering, drug delivery, and tumor cell culture. For drug delivery, NC
possesses excellent loading capacity, high surface area, and biocompatibility, and has been
explored for oral and controlled release, topical and transdermal delivery, and proven to be
capable of improving the overall release of drugs in a sustained manner.!> NC-based hydrogel
systems are effective bioactive scaffolds that have high potential in achieving cell adhesion,
tissue proliferation, and functioning as carriers of biologically active molecules, which are key
properties to become effective three dimensional (3D) extracellular matrices for tissue
engineering. Furthermore, the excellent water holding and adsorption capacity, large surface
area, and mechanical stability have enabled BNC to promising candidates for wound healing
applications. For instance, antimicrobial treated BNCs are effective dressings for chronic

wounds, burns, or skin repair treatment.

1.3. Energy Storage

The applications of NC in electrochemical energy storage have recently been extensively
demonstrated, such as in supercapacitors, robust and multifunctional electrodes, electrolytes,

separators, and batteries (e.g., lithtum-ion, lithium-sulfur, and sodium-ion batteries). Due to their
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high aspect ratio, high surface area, robust mechanical strength, and templating feature enabled
by interconnected network structure, NC materials can be incorporated with electrical active
materials, pyrolyzed into carbon materials, composited with conductive polymers (e.g.,
polypyrrole, polyaniline, etc.), nanocarbons and metal nanoparticles, and developed into various
flexible substrate or scaffolds for advanced electrochemical applications.!* One example is the
emergence of wearable electronics (e.g., smart watch, healthy monitoring and tracking, and
smart fabrics) which require flexible, functional, and reliable energy storage systems, where NC-
based composites have become very promising candidates to deliver desired properties such as
stretchability, self-healing, compressible, bendable or foldable. Different synthesizing strategies
for flexible NC-based composites have been reported, including 1D (e.g., wet or microfluidic
spinning), 2D (e.g., electrospinning or vacuum filtration), and 3D (e.g., 3D printing or
lyophilization) nanostructured functional composite materials. In addition, in-situ, ex-situ and
interfacial engineering approaches have been adopted to functionalize NC to endow superior
conductivity, hierarchical nanostructure, and anisotropic properties.'> Some critical issues that
need to be addressed to fully exploit the potential of NC for energy storage applications are: (a)
large-scale and continuous manufacturing of NC-based composites, (b) cost-effective and
industrially feasible surface functionalization of NC materials and their integration with other
electrochemically active materials, (c¢) further improvement of mechanical robustness and
flexibility of NC-based compounds for practical applications, and (d) precise control of materials
interface, constituent, pore size/porosity, and nanostructure engineering to reimburse lack of

conductivity of NC materials.'%!>

1.4.  Sustainable Packaging

The climate crisis has significantly raised environmental concerns of global communities.
Along with changing our typical ways of plastics usage and recycling, we have been
progressively propelled to explore bio-based resources and renewable energy towards achieving
carbon neutrality and true sustainability. For example, petroleum-derived synthetic plastics have
been widely used as the primary packaging materials, while cellulose fiber-based materials
(paper and paperboard) are only considered for secondary and tertiary packaging applications.
This is because synthetic plastics offer many advantages over cellulosic materials such as easy

processability, low cost, and most importantly, very high barrier performances that prevent

S5



deterioration from gas, liquid, oil/grease penetration and thus extend shelf-life of packaged food
products.'®!® However, most synthetic materials are not degradable and not environmentally
friendly. Furthermore, our recycling systems have been poorly managed, leading to the
accumulation of a large volume of plastic waste in landfills and marine environments. As a
result, single-use plastics are banned in some countries (e.g., European Union) and more
regulations and policies have been released to control the consumption of plastics (even include
bioplastics, such as poly(lactic acid) and polyhydroxyalkanoates). To combat this problem, bio-
based packaging solutions have attracted a great deal of attention and are under extensive

research investigation.

The inherent renewability, biodegradability, robust mechanical properties, and highly
stable crystalline structure of NC materials have allowed them to be formulated with various
aqueous barrier coatings, or as reinforcing nanofillers in polymeric nanocomposites that can be
laminated, to enhance cellulose fiber-based packaging materials. However, NC materials,
whether in forms of microfibrillated cellulose (MFC), cellulose nanocrystals (CNC), and CNF,
have abundant hydroxyl groups on their surface, and thus possess poor moisture barrier
performance, especially at high relative humidity (RH). Nevertheless, their oxygen and oil/grease
barrier properties are excellent at reasonable RH range (< 65%).!° When applied as a barrier
layer coating, the internal extensive hydrogen bonding, high crystallinity, and densely packed
structure provide a torturous pathway that prevents the permeation of oxygen gas, while the
surface tension and outstanding film formation properties can resist the oil or grease penetration.
Many recent studies have demonstrated the applications of NC materials in polysaccharide
matrix, bioplastic, latex, or other aqueous coating systems, yielding improved barrier
performance with good potential to replace plastics in food packaging applications.!®-19-20
Nonetheless, some challenges still need to be overcome before industrial-scale implementation
of NC materials for sustainable packaging. For instance, NC materials in suspension are usually
present in low solid content, but they can easily form gels at elevated concentration, leading to
high viscosity, long drying time, increased cost in transportation, and poor processability. In
addition, the low solid content of NC materials would require specific coating apparatuses, such
as curtain coating or slot die, which would impose additional capital cost. Furthermore, when
used in multilayer coatings, NC materials are not heat sealable and thus can only be sandwiched

between heat sealable polymeric layers, where the adhesion between the NC layer and polymer
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needs to be addressed. Future research foci should be in the following areas: fundamental
understanding of processing-structure-barrier property relationships of NC materials derived
from numerous production routes; balanced moisture/oxygen barrier properties; development of
NC-based high barrier materials via green chemistry and formulation with other emerging

sustainable materials; active and intelligent NC-based packaging materials.

1.5.  Other Applications

There are several other notable applications of NC. Firstly, NC has been useful in drilling
applications, where CNF-based drilling fluid can be used to control the fluid loss, offer wellbore
stabilization and hole cleaning. A recent study further justified that CNC can also be effective as
a water-based mud additive, especially for controlling the rheology of the drilling mud.?!
(Readers interested in exploring the suitability of NC and its derivatives for use in drilling fluid
are encouraged to read a recent review published by Rana et al.??). Secondly, the barrier
properties of NC can be useful in the applications of barrier layer coating to enhance the
performance of paperboard, conductive paper, and food packaging, as reviewed by Hubbe et al.>
Thirdly, the strength of cement, i.e. mechanical performance as well as the degree of hydration,
can be increased by addition of cellulose filaments. The intrinsic hydrophilicity, viscosity
modifying ability, and hygroscopicity in NC materials might be responsible for the enhanced
flexural strength and energy absorption in cement.?* Fourthly, NC has recently been recognized
in green cosmetics. Many personal care products have begun to incorporate NC to improve
texture, especially for lotions, creams, facials, etc. In addition, the incorporation of NC in these
cosmetics can eliminate the use of synthetic chemicals, which are not environmentally friendly.
The applicability of NC for cosmetics design has been reviewed by Almeida et al.?*> Lastly, NC
has many other emerging applications, such as sensing (including biosensing), electronic

packaging, and fire retardation, as reviewed by Thomas et al.2¢

2. Structure of Cellulose

The crystalline cellulose I structure is commonly found in various plant species such as
trees, non-woody plants, algae, etc. The naturally produced cellulose I has two polymorphic

structures: triclinic structure (I,) and monoclinic structure (I5).2” Algae, bacteria, and lower
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plants produce mostly the I, allomorph, whereas higher plants mostly produce the 15 allomorph.
Nishiyama et al. comprehensively characterized the lattice structures for these two polymorphs
using synchrotron X-ray and neutron fiber diffraction techniques.?® The main difference between
the two polymorphs is the displacement of the celluloses sheets across the 110 plane (¢ stands for
triclinic) and the 200, plane (m stands for monoclinic, the hydrogen-bonded plane). The
characteristics of hydrogen bonding are difficult to determine completely, but there is some
consensus of the hydrogen bonding configuration.?® Currently, the most accepted configuration
is that the hydroxyl groups (equatorial to the cellulose’s ring plane) and the intra- and interchain
hydrogen bonding are widespread within the 110, and 200, crystallographic planes. Two
different hydrogen bonding configurations are shown in Figure S1.2° In this figure, it has been
suggested that the network A is the Iz allomorph, whereas the network B has less occupancy than
that in the I, allomorph. Thus, it has been further suggested that the hydrogen bonding is weaker
in the I, configuration than that in the I5 configuration, and the I, allomorph is metastable and
can be hydrothermally (e.g., in alkaline solutions) converted to the more stable 14 allomorph, as

discussed by Moon et al.3°

Figure S1. Illustration of cellulose chains showing hydrogen (H)-bonding’s cooperative networks
(indicated by thick dotted line). The donor—acceptor—donor command is shown by arrows (A and B
networks). The H-bonding between O3—H---O5 and the O6—H---O3 linkage are indicated by thin dotted

lines. This figure is reproduced with permission from ref.?’ Copyright 2008 American Chemical Society.

S8



3. Relationships among Aspect Ratio, Volume Fraction and Phase Formation in

Nanocellulose and Its Suspensions

Another interesting subject of the cellulose structure is the twisting of its microfibrils and
macrofibrils, which has been observed and discussed quite extensively.3!-3? Currently, there is a
strong consensus from the experimental data that a right-hand twist is present in these nanoscale
fibrils. Molecular dynamics modeling in water solvent has recently been performed to investigate
the dynamics of cellulose chains with 15 configuration, where the results point to a right-hand
twist and the twist angle decreases with the number of glucan chains in the fibrils (Figure S2).
However, the length of the glucan chains does not affect the twist angle.’* The relationships
among the aspect ratio, volume fraction and phase formation of NC in the dispersion state (as
suspensions, gels and glasses) are illustrated in Figure S3. The classification of the gels vs. glass
order is, however, not straight forward, but Tanaka et al.>* discussed the two different classes.
Both classes have a solid-like character and are not flowing in inverted cuvettes. The glass state
is based on repulsive particle-particle interactions also referred to as caging, as explained by

Appel et al.>> and Nordenstrom et al.3¢

Figure S2. Twist angle variations with the -(1-4)-linked D-glucan chains of the cellulose microfibril
(CMF). The inverse cross-sectional area of microfibril is shown in the Inset. Reprinted with permission

from ref.3* Copyright 2013 American Chemical Society.
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Figure S3. Mapping of the aspect ratio and volume fraction relationship in determining the boundary of
different phases, such as NC suspensions, gels and glasses. Reprinted with permission from ref.3’
Copyright 2010 Royal Society of Chemistry. The inserted solid line shows the relationships fitted to the
experimental data on medium charge (MC)-CNF, low charge (LC)-CNF, and high charge (HC)-CNF:
CNFs with different aspect ratios of, BNC, and MC-CNC, S-CNC: CNCs with different aspect ratios.3¢

4. Aggregation Mechanisms for Nanocellulose Coagulation and Flocculation

Different types of aggregation mechanisms are illustrated in Table 3 (See main body of
the manuscript), where in-depth discussion of the complex adsorption phenomena can be found
in corresponding references.’®#> In Table 3, charge neutralization and charge reversal
phenomena are the simplest class. In this class, coagulation can take place by simple electrolyte
or multivalent ion interactions, which can lead to charge reversal (particularly the hydrolyzed
Al/Fe complexes)*® or oppositely charged polyelectrolytes. In principle, coagulation is due to van
der Waal’s forces taking over electrostatic repulsion forces, leading to coagulation. It may be
difficult to distinguish between charge neutralization, patch flocculation and bridging
flocculation (bridging is more common for high molecular weight polymers). Generally, the
flocculation is shifted from the isoelectric point to a lower value with the increasing molecular
weight of the polyelectrolyte. In the relationship between charge neutralization, charge reversal
phenomena and the DLVO-theory, there are extensive publications and textbook chapters

dealing with this subject (Table 3).
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In contrast, the patch flocculation mechanism is different from the classical charge
neutralization or bridging mechanism. The difference between these mechanisms is that patches
of charged poly-ions are formed on the oppositely charged surface. Hence, particles are not
smoothed out when a polymer is adsorbed, and patches of oppositely charged surfaces found on

the particles can attract oppositely charged patches on another particle.

In another class, heterocoagulation is akin to the patch model as the term is assigned to
particle-particle interactions, where the particles and their surface have opposite charges** and
can attract each other. The theoretical treatment of heterocoagulation is essentially an extension

of the DLVO-theory. 4346

Bridging flocculation has been postulated for many years,*’-*° where the direct evidence
was first obtained by electron microscopy.’® The literature on this subject is quite extensive, but
the complexity of bridging flocculation is difficult to grasp in detail. This is because the kinetics
of adsorption and the surface morphology of polyelectrolytes and the collision frequency is
governed by both Brownian motion of the particles (e.g., the perikinetic aggregation) and
collisions induced by the shear-field (e.g., the orthokinetic aggregation). For small particles, the
collision frequency is dominated by the Brownian motion, whereas the collision of larger
particles is dominated by the shear field. Bridging occurs through interparticle connections at the
ends, which was proposed by La Mer et al. and Fleer.’!:> It is believed that the polymer is first
adsorbed in an extended conformation onto one particle surface. In the second step, the polymer
can also be adsorbed onto a bare surface on a different particle. The probability of bridging is
thus proportional to the fraction of the surface covered by the polymer (@), and to the fraction of
the uncovered surface on the particle (1-@). Consequently, it is easy to show that the optimum
polymer dosage should be a half surface coverage (@ = 0.5), which was first reported by La Mer
et al.>! In general, adsorption flocculation can be promoted by a high molecular weight
oppositely charged polymer. It has been found that there is an optimum charge density for
flocculation because the high charge density can result in a flattened conformation on the
surface, whereas low charge density can decrease the adsorption behavior. Bridging flocculation
in dispersions by nonionic polymers can also occur by non-electrostatic interactions and this
phenomenon has also been investigated.’3>* As the nonionic polymers are not as stretched out in

solution as polyelectrolytes, it is often necessary to decrease the electrostatic double-layer by the
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addition of electrolytes. In this scenario, polyvalent counter-ions are more efficient in sensitizing

the flocculation process than monovalent ions.

Finally, complex flocculation systems often involve the usage of two interactive
components: a cationic component and an anionic component, or multiple interactive
components. In the last case, the system is a multi-component system, which is complex in
nature but effective in industrial operations. The multi-component systems are rarely investigated
by academic scientists because of the complexity, but they have been studied extensively by
industrial researchers. These systems are generally superior to mono-component systems in
practical applications as they exhibit synergistic effects between the additives, e.g., the
multicomponent systems generally create stronger flocs-structure. A classic example of such
systems is the use of dual additives, e.g., a cationic component (polyelectrolyte or hydrolyzed
Al/Fe-species) followed by an anionic polymer. The rate of flocculation in this system is
generally extremely fast and the residence time can be very short. However, the mixing is
complex, depending on the type of dispersion that can be flocculated. Microparticulate
flocculation systems were first demonstrated by Lindstrom et al.>> This is very relevant to this
review, as its behavior is closely related to the NC materials. Such systems are based primarily
on cationic polymers in conjunction with colloidal silica or bentonite materials, which are
essential to the reversibility of flocculation after high-shear treatment and can be very useful for
decreasing the water content (e.g. dewatering of sludge from wastewater treatment). In the water
treatment community, the term sweep-flocculation is often used to describe the large mass of
AI(OH)3/Fe(OH); created when Al/Fe salt is added in water forming cationic aggregates that can
incept anionic dispersions. However, this mechanism is not fully understood.’® In the above
systems, the important physical-chemical interactions are taking place at the particle surface.
However, there is also a multitude of systems, where the second additive can cause gelation,
coacervation, or precipitation, thus creating an intermolecular complex resulting in the
interception of particles. Thus, interactions can take place in solution rather than on the particle
surface. However, in many practical cases, the combined events are often found. In such

systems, the flocculation is induced by the phase separation of formed complex.3”-58
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Table S2. Advantages and disadvantages of different forms of NC-based adsorption materials and their preparation methods.

Adsorbent Processing/ Advantage Disadvantage Target Ref."
modification Pollutants
CNC-polypyrrole Composite prepared by  Polypyrrole is stable, low cost ~ Cooling and Cr(VI) >
stirring and eco-friendly; stirring is lyophilization are Congo Red
simple and easy to apply necessary; separability is
difficult
Sludge Layered membranes Layers of specific materials are High power consumption  Cu(II) 60
microfibers+CNFg. fabricated by vacuum  feasible to apply, easy to by the vacuum pump, time Fe(II)
(Support layer) /Active filtration operate, lab availability and consuming and support Fe(III)
layer (CNCgg +gelatin) low-cost method, quickly material is necessary
draws a filtrate, continuous
operation, easy to control
operating parameters, high
surface charge in TEMPO
oxidized NC, available —
COOH group for adsorption
Chitosan and Electrospun mat Ease surface functionalization, Expensive electrospinning Cd(II) 61
phosphorylated NC fabricated by good water permeability due to setups, additional
electrospinning high porosities, interconnected polymers requirement,
network structures, and difficult to achieve
minimal pressure drops, tailor  nanofiber with sub-nm
able to adsorb specific diameter, necessary for
contaminants, good affinity of  parameters optimization
Cd (II) interaction with amine  efc.
and phosphate groups
Sodium alginate and Hydrogels fabricated by Crosslinked 3D network, Water swollen, ions Methylene 62
polyacrylamide-NC stirring transparent, high water-holding requirement for cross- blue
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(BC/CNC/TEMPO capacity, light-weight, linking (e.g. CaCl,), lack

oxidized NC) excellent flexibility, superior of mechanical strength,

homogeneity, easy access for ~ covalently crosslinking is

dye adsorption necessary
CNC-alginate- Beads prepared by Feasible for fixed bed columns  Cross-linker needed Methylene 63
hydrogel mixing and gelation and large scale (CaCly), blue

implementation, effective for Acute toxicity of alginic
cyclic sorption/desorption, fast acid
gelation method

NC-graphene oxide Aerogels fabricated by ~ Porous ultralight material, Necessary for Methylene 64 65
stirring and crosslinked 3D network, freezing/subcritical drying  Blue
ultrasonication increased strength and Congo Red

stiffness, lightweight, excellent Waste oil

flexibility, easy access for
solutes due to high porosity

(>90%)
NC-aerogel-oleic acid  Magnetic aerogel Hydrophobic adsorbents, ease  Freeze-drying is needed Cyclohexane
-Fe;04 prepared by blending >  of separability after adsorption, but energy and time- Ethyl acetate
mixing > stirring preparation methods are easy consuming process Vacuum
to implement Pump oil

* The cited references are only for adsorbent, processing/modification and target pollutants columns, excluding advantage and
disadvantage columns.
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5. Adjusting Functionalities of Nanocellulose to Enhance Adsorption Performance

The functionalities of NC can be adjusted or modified by different chemical pathways to
enhance the adsorption performance. Some example pathways are discussed as follows. In the
first pathway, TEMPO mediated oxidation is effective to yield carboxylated NC (Figure 24(I) in
the main body of the manuscript). The adsorption capacity of the resultant adsorbent is shown in
Figure 25 in the main body of the manuscript. However, this method has some drawbacks;
including toxic reagents, long reaction time and selective oxidation (only the Cq primary OH
group is oxidized). Alternatively, periodate-chlorite oxidized NC, or dialdehyde nanocellulose
(DAC), could be converted to dicarboxylated-NC using chlorite.” Periodate is also a toxic
reagent with environmental issues. In addition, this oxidation method can cleave the glycosidic
bond/rings and result in smaller NC with lower degree of polymerization (DP) and less rigidity.%®
To overcome this problem, Yu et al. used citric’/hydrochloric acid hydrolysis to produce
carboxylated CNC without sacrificing its DP.% They reported that H;O" from HCl or RCOOH
dissociation not only can hydrolyze the amorphous regions of microcrystalline cellulose but also
can catalyze the esterification of the OH groups on the exposed cellulose chains with the COOH
groups of citric acid (Figure S4). However, the average DP of the produced CNC was found to
decrease with increasing the reaction time from 2 to 6 h. CNC-COOH (4 h) and exhibited better
MB removal capacity than the TEMPO-oxidized NC at a similar adsorbent dosage (18 mg/L)
and dye concentration (200 mg/L). This removal capacity was significantly higher than sulfuric

acid, formic and hydrochloric acid-functionalized CNC.
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Figure S4. Two possible routes (acid dissociation and hydrolysis) to fabricating carboxylated CNC from
microcrystalline cellulose. Reprinted with permission from ref.®” Copyright 2016 American Chemical

Society.

In the second pathway, periodate oxidant has been extensively used to prepare DAC
(Figure 24(I1)).”° This oxidation treatment can open the pyranose ring, where the CHO group on
DAC typically attracts less water as compared to the primary OH group on pristine NC. The less
hydrophilic derivative can be useful for adsorption of organic solvents. However, opening the
pyranose group will also destroy some crystalline regions of NC and increase the amorphous
fraction,”® which is more susceptible to pollutants adsorption. As seen in Figure 24(Ila), the
reducing group CHO (oxidation potential, ¢ = +0.58V) can reduce the adsorbed metals ions, such

as Cd(I1), Ag(I), Hg(I), Ni(Il), Pb(II), Pt(II), Cu(II), and Au(IIl), to their zerovalent nanoparticle
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forms. The CHO group in DAC can be further used to graft amino acids (Figure 24(IIb)) or
crosslink with chitosan (Figure 24(Ilc)). Based on this pathway, several unique DAC derivatives
can be obtained. For example, L-cysteine amino acid-functionalized DAC can be prepared by a
reductive amination reaction. The —SH group of L- cysteine exhibited the maximum adsorption
capacity against Hg(II) to be 923 mg/g (the value based on the Langmuir modeling was 1034
mg/g) with a removal efficiency of 93% at pH = 5.7! The removal efficiency was not
significantly decreased (87.4%) in the presence of coexisting metal ions, such as Cu(Il), Pb(II),
Cd(II) and Zn(II). Also, the -SH group functionalization has been carried out using 3-
mercaptopropionic on spherical NC, which exhibited maximum adsorption capacity of around
190 mg/g against Hg(II). In addition, its selectivity toward Hg(Il) is quite good in varying types
of water, e.g., the selectivity was 99%, 78% and 88% in distilled water, water with competing
ions and tap water, respectively.”? This type of adsorbent would be beneficial in the situation
where raw cellulose is ineffective due to low specific surface area, few metal chelating groups,
and poor selectivity towards Hg(Il) ions. In another scenario, the grafting of DAC with
ethylenediamine can be carried out to produce amino-functionalized NC through a reductive
amination treatment (Figure 24(Il¢)).”®> This system exhibited maximum adsorption capacity (by
the Langmuir modeling) of 555.6 mg/g against acid red GR, and could remove Congo Red 4BS
and Reactive light yellow K-4G with efficiency of 100 and 98%, respectively. The removal
mechanism is mainly due to electrostatic and hydrogen bonding interactions between anionic
dyes with the amino (NH,) and hydroxyl (OH) groups on grafted NC, respectively. Finally,
cationic (cDAC) can be produced from sugarcane bagasse for removal of Cr(VI).”* The objective
of this study was to control the degree of oxidation (DAC-0.5, DAC-1 and DAC-2) followed by
cationization using the Girard’s reagent T. It was found that c-DAC-2 exhibited the highest
charge density with the Langmuir maximum adsorption capacity of 80.5 mg/g. The mechanism
of Cr(VI) adsorption on ¢cDAC appeared to be due to the electrostatic interactions between
Cr(VI) ions and quaternary ammonium cations. Relatively high adsorption capacity of cDAC

was observed under a wide pH range (2-10).

In the third pathway, p-cyclodextrin (CD), an inexpensive and efficient class of
bioadsorbent capable of removing a range of micropollutants’> can be grafted onto NC and/or
amine-functionalized NC (Figure 24(I1la)). The resulting material exhibited enhanced maximum

adsorption capacity against multiple wastewater pollutants. Although CD functionalized
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cellulose has been extensively reported for pollutants removal,’® its functionalization on NC is
sparsely reported. We note that both positively and negatively charged CDs are available
commercially; it is conceivable that NC materials modified with these positively charged CD can

be used to adsorb both anionic and cationic pollutants simultaneously.

In the fourth pathway, one can use quaternary ammonium moieties-bearing molecules
(QAM) to prepare multifunctional cationic NC as illustrated in Figure 24(IV). In this pathway,
the chosen QAM consists of pentavalent nitrogen, which is attached to four alkyl/heterocyclic
radicals and a small ion (e.g., iodide, chloride and bromide). Therefore, besides electrostatic
interactions between cationic nitrogen in QAM with anionic pollutants, ion exchange of QAM
with target pollutants is also possible. Depending on the chain length of the alkyl group (C,) in
QAM, one can tune its lipophilicity to assist the oil/organic solvents adsorption. Tavakolian et al.
recently reviewed that QAMs have strong antimicrobial activity.” However, the

multifunctionality of QAM modified NC has yet to be fully explored by the community.

In the fifth pathway, metal-binding bio-compatible peptides, which are effective to
enhance the heavy metal ion adsorption, can be grafted onto NC. In this scenario, the N-
terminus amino, C-terminus carboxylate group as well as side chains of the peptide moiety are
ideal locations for attachment onto NC (Figure 24(Va)). In addition to metal ion removal,
organic pollutants can also be removed with high adsorption capacity by such materials.”® We
note that peptide-functionalized NC has mainly been demonstrated for biomedical applications,”
and there is a lack of knowledge on its selective adsorption of heavy metal ions and organic

pollutants.

In the final pathway, sulfuric acid-treated CNC can be reacted with azetidinium ions, as
demonstrated by Borjesson et al 30 (Figure 24(VI)). The goal of their study was to increase the
thermal stability of NC, where modified NC showed an increase of 100 °C in thermal stability
compared with pristine CNC. We believe such modification can also increase the hydrophobicity
of NC, which will be useful for adsorption of some organic pollutants, such as polycyclic
aromatic hydrocarbons. Since azetidinium is available in many forms, this functionalization

pathway can be used to create new properties of NC and warrants further exploration.
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Figure S5. (a) SEM image of 20% GO-Fe-CNF. (b) Photograph of MB solution adsorption (100 mg/L)
before and after 30 min into 20% GO-Fe-CNF. (c) Fenton oxidation of MB on adsorption of GO-Fe-CNF
nanocomposite. This figure is reproduced with permission from ref.3! Copyright 2016 Royal Society of

Chemistry.

Figure S6. (a) Covalent functionalization of TMPES onto CNF, then modified with BCP (P4VP-PEO). (b)
Photographs of the dried and waterlogged CNF films modified with TMPES and BCP. (¢) Mechanism of
SMX adsorption based on the electron-donor-acceptor interaction. Adapted from ref.3? Copyright 2019
Multidisciplinary Digital Publishing Institute.
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6. Band-Gap Energy Measurement

Tauc’s plot is commonly used to calculate the band-gap energy (E;) from the optical
absorption spectra as depicted in equation S1.83 This formula was modified by Davis and Mot in
1970.%4

(a.hv)YY = B (hv — Eg) (S1)

where a is the energy-dependent absorption coefficient, / is Planck’s constant, v represents the
light/photon’s frequency, factor y can be 1/2 or 2 for the direct and indirect transition band-gaps,
respectively, and B is a constant. Based on the theory proposed by Kubelka and Munk in 1931,%3
it is possible to measure a reflectance spectrum that can be transformed to the corresponding

absorption spectra by using the Kubelka-Munk (K-M) function, F(Ra), as shown in equation S2.

K_ (=R F(R 52
Rsam e
where K is the absorption coefficient, S is the scattering coefficient, Ra = ﬁdmd , Le., the

reflectance of an infinitely thick sample. Placing F(Ra) in lieu of a in equation S1 will give rise

the following equation (equation S3).
(F(R).hv)" =B(hv—E;) (S3)

The above equations are widely used in the literature to determine the E, value of
different photocatalysts. However, an error-free measurement of E, is essential to evaluate the
photo-physicochemical properties of semiconductors. Tailoring E, from equation S1 is very
straightforward and is suitable for single-component catalysts without defects and/or
modifications, where no sub-band-gap energy exists. However, following our discussions (See
section 5.3 in the main body of the manuscript), it is apparent that scientists often modify the
surface, create defects, and dope different materials into the catalysts to engineer E,, which
would introduce intra-band-gap states. The presence of intra-band-gap states can influence
Tauc’s plot and give an inaccurate E, estimation. Such errors are often noticed in some
publications, where an incorrect interpretation of Tauc’s plot has been made, leading to a
reduced E, value. Many had attempted to avoid such mistakes, where an improved method to

estimate the £, value has been demonstrated as in the work of Makuta et al.5¢
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Figure S7. (a) Distribution profiles of pore size with and without NC/BC-templated SiO,~(WO3)xTiO,.
(b) Adsorption/photocatalytic degradation of RhB using BC/NC-templated SiO,—(WQO;)xTiO, and
(WO;)xTiO, powder. (c) The BET analysis results with and without templated photocatalysts. The figure

is reproduced with permission from ref.?” Copyright 2016 Elsevier.

Figure S8. (a) An illustration of the seed-mediated TiO,-NR synthesis onto CNC, where titanium
butoxide is used as the seed and TiCl, is used for TiO,-NR growth. CNC-TiO,-NR is further used as a
template for Au NCs deposition. (b) Photo-degradation of RhB under simulated sunlight irradiation in
the presence of H,0,. (c) An illustration of the putative photocatalytic mechanism for RhB degradation

on a bi-metallic photocatalyst in the presence of H,0,. Adapted from ref.®® Copyright 2020 Royal

Society of Chemistry.

S21



7. Other Nanocellulose-Based Photocatalysts

Silver phosphate (Ag;PO,) shows great potential for photo-degradation of some
pollutants under visible light irradiation because of its low band-gap: 2.45 eV ¥ and low toxicity.
Its conduction band (CB) states are Ag 5s and 5p, while O,, and Ag 4d dominate its valence
band (VB).8 However, this compound is unstable and can result in photocorrosion that often
requires electron scavengers to ensure good photocatalytic activity.”® Compared to TiO, and ZnO
nanoparticles, Ag;PO, nanoparticles also exhibit tendency to agglomerate. These drawbacks can
be overcome by using NC as a template. For example, Lebogang et al. demonstrated a simple
ion-exchange in-situ casting method to prepare (AgzPO4)-NC composite photocatalyst which has
been used for the degradation of MB and MO under direct sunlight irradiation (solar flux at 1000
W/m? ).%! The band-gap of the (AgzPO4)-NC composite was 2.1 eV. This suggests the suitability
of using this catalyst to use solar radiation to initiate the photodegradation process (the photon
energy at the maximum solar irradiance at 550 nm is 2.23 eV). The (AgzPO4)-NC composite
showed complete photo-degradation of MB after 45 min at a rate of 0.042 min'!. On the other
hand, MO showed relatively slower photo-degradation at a rate of 0.008 min-'. This may be due
to the azo bond (-N=N) of MO, which can resist photo-degradation. In addition, we think the
anionic MO would have less adsorption efficiency onto negatively charged NC, which can
further decrease its degradation efficiency. To explore the performance of this photocatalyst in
real wastewater, Lebogang et al. adopted pond water for MO photo-degradation.’! The
corresponding reaction rate constant was found to be 0.0099 min-!, lower than MO photo-

degradation in pure deionized water (0.0177 min™').

While many researchers removed NC using calcination/pyrolysis after nanoparticles
growth/deposition, Gan et al. conducted an interesting study where they first converted CNF to
graphite-like carbon scaffolds using different pyrolysis treatments.”> In the second step, they
used the graphitic carbon substrate to prepare a composite with bismuth oxybromide (BiOBr)
hydrothermally. The composite was named BiOBr/CCNF (CCNF stands for cellulose-derived
carbon nanofibers). In general, BiOBr has a band-gap of 2.7 eV, good chemical stability and low
toxicity, which becomes a suitable candidate for pollutant removal by photo-degradation. The
doping of CCNF narrowed the band-gap to 2.4 eV. Graphitic CCNF increased the light

absorption and stabilized the photon energy. Compared to pristine CNF, two new diffraction
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peaks at 26° and 44° in wide-angle X-ray diffraction (WAXD) were observed on CCNF, where
these peaks are characteristic of graphitic materials.”> With increasing pyrolysis temperature, the
diffraction intensity at 44° increased notably, suggesting a higher degree of graphitization in
CCNF. In addition, Raman spectra showed two major peaks at nearly 1360 and 1580 cm™!,
corresponding to D (defective sp? carbon) and G (graphitic sp? carbon) bands, respectively. The
degree of graphitization can be calculated by the intensity ratio between ID and IG. It was found
that the ID/IG ratio from the Raman spectra was increased by increasing temperature, indicating
the increase of defects in graphitized carbon.’*> Furthermore, the BIOBr/CCNF composite made
at the highest temperature pyrolysis showed the weakest photoluminescence emission. Therefore,
these composites can offer a lower rate of electron—hole recombination (compared to BiOBr),
allowing greater lifespan of photo-generated electrons and holes, hence increasing the redox
reactions through reactive oxygen species generation. Based on the above observation,
BiOBr/CCNF pyrolyzed at 1000 °C should show the highest pollutant degradation efficiency,
which was not seen. Instead, BIOBt/CCNF pyrolyzed at 800/900 °C exhibited higher photo-
degradation efficiency, which took only 60 min to mineralize 10 and 5 mg/L of RhB and Cr(VI),
respectively, under visible-light (LED lamp, 200 W) irradiation at ambient temperature. The rate
of reaction for RhB and Cr(VI) degradation was 8.15 x 1072 and 0.21 mmol/g/h using the
BiOBr/CCNF-900 composite, respectively. Its quantum yields of 1.56x107° (RhB) and 3.83 x
107¢ (Cr(VI)) molecules per photon were higher than that of the pristine BiOBr (0.51 x 107°
(RhB) molecules per photon). It should be noted that higher calcination temperature removed
most of the oxy-functional groups from the CNF scaffold, but it did not destroy the overall

fibrous network morphology.
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Figure S9. SEM images of different NC-based ZnOx-photocatalysts (a-c) Before and (d-i) After

calcination. The figure is reproduced with permission from ref.°® Copyright 2020 Elsevier.

Figure S10. The flux and rejection of bovine serum albumin (BSA) for TEMPO-CNF films (by vacuum-
filtration) prepared at different CNF concentrations. The selection of concentration is critical to creating
the optimal thickness to yield good flux and high rejection properties against BSA, simultaneously.

Reprinted with permission from ref.” Copyright 2019 Springer-Nature.
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Figure S11. Schematic illustration of CNF-based TFNC membrane consisting of three unique layers of

non-woven fibers with different sizes for UF applications (membrane pore size: 2-100 nm). Reprinted

with permission from ref.! Copyright 2020 WILEY-VCH Verlag GmbH & Co.

Table S3. Some representative publications discussed by the TFNC platform technology.

Filter type NC type Filtration Highlights Ref.
medium

RO T-CNF NaCl Interfacial polymerization by UF- %8
(wood pulp) membrane

NF T-CNF MgSO,, MgCl,, Interfacial polymerization on polyamide %
(wood pulp) NaCl by UF-membrane

NF T-CNF MgSO, Interfacial polymerization by UF- 100
(wood pulp) membrane

UF T-CNF BSA Mixing between polyethylene glycol and 101
(wood pulp) T-CNF

UF T-CNF Emulsified Morphology issues and charge density of 102
(wood pulp) oil/water, T-CNF

microspheres

UF CNF BSA, lime Non-bleached fiber shows higher water 103
(rice straw) nanoparticles flux than bleached fibers

UF T-CNF BSA Antifouling issues 104
(wood pulp)

UF T-CNF Dextrane, BSA, Antifouling issues and water channels 105

(bamboo pulp) polypeptides

UF T-CNF BSA Antifouling issues and charge density of 106

(jute pulp) T-CNF
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Figure S12. Effect of drying temperatures on the properties of Cladophora-based membranes (PM: pore
mode (nm), DT: drying time (min), TPV: total pore volume (cm3/g), BW: basis weight (g/m?), SSA:
specific surface area (m?/g), FRL: flow rate (L/m? .h. bar) and TP: total porosity (%)). Reported values are

collected from ref.107

Figure S13. (a) Flux from the Barret-Joyner-Halenda method with different membrane thicknesses. (b)
Size distributions of membranes with different thicknesses. The figure is reproduced from ref.!%® with

permission. Copyright 2016 Royal Society of Chemistry.
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Figure S14. Correlation between the BC concentration dispersed in different organic solvent and surface

energy (y) and liquid surface tension (o). Reprinted with permission from ref.!® Copyright 2016

American Chemical Society.

Figure S15. (a) Representation of the essential steps for fabrication of a FTCS-PDA/BC membrane. (b)

Schematic illustration of the PMD system for direct contact membrane distillation operation using the

FTCS-PDA/BNC membrane. Reprinted with permission from ref.''® Copyright 2021 Elsevier.
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