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Abstract: In the field of industrial wastewater treatment, membrane separation technology, as an
emerging separation technology, compared with traditional separation technology such as precipita-
tion, adsorption, and ion exchange, has advantages in separation efficiency, low energy consumption,
low cost, simple operation, and no secondary pollution. The application has been expanding in
recent years, but membrane fouling and other problems have seriously restricted the development
of membrane technology. Natural cellulose is one of the most abundant resources in nature. In
addition, nanocellulose has characteristics of high strength and specific surface area, surface activity
groups, as well as being pollution-free and renewable, giving it a very wide development prospect in
many fields, including membrane separation technology. This paper reviews the current status of
nanocellulose filtration membrane, combs the widespread types of nanocellulose and its derivatives,
and summarizes the current application of cellulose in membrane separation. In addition, for the
purpose of nanocellulose filtration membrane in wastewater treatment, nanocellulose membranes
are divided into two categories according to the role in filtration membrane: the application of
nanocellulose as membrane matrix material and as a modified additive in composite membrane in
wastewater treatment. Finally, the advantages and disadvantages of inorganic ceramic filtrations and
nanocellulose filtrations are compared, and the application trend of nanocellulose in the filtration

membrane direction is summarized and discussed.

Keywords: nanocellulose; membrane separation technology; filtration membrane; industrial wastewater
treatment

1. Introduction

Industrialization, growing population, and rapid urbanization have led to serious
water and land pollution [1]. Wastewater mainly contains pollutants such as saturated salts,
heavy metals, organic compounds, oil emulsions, dyes, and even microorganisms. Nanocel-
lulose materials have broad prospects in wastewater purification and mitigation [2-4]. At
present, the more effective and widely used methods for industrial wastewater treat-
ment are various low-cost adsorbents [5]. In the field of industrial wastewater treatment,
membrane separation technology is an emerging separation technology. Compared with
traditional separation technologies of precipitation, adsorption, and ion exchange, mem-
brane separation technology has many advantages [6] such as high separation efficiency,
low energy consumption, low cost, simple operation, and no secondary pollution; therefore
this technology has broad application prospects in removal of radioactive elements and
heavy metal ions from industrial wastewater [7,8], and the extraction of rare earth elements
from ion-type rare earth smelting wastewater [9].

Plants such as wood are the most abundant renewable materials in nature. For their
applications, they are mainly concentrated on two aspects: reprocessing them in macrog-
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raphy, or decompose them into micro materials for research (such as nano materials).For
example, wood is a very environmental protection and practical material, which has been
widely used in construction, furniture and other fields since ancient times [10,11]. In view
of how to improve the quality of wood, many scholars have made good achievements in
different performance research, such as flame-retardant treatment [12], improve physical
performance [13], superhydrophobic treatment [14], research on transparent wood [15,16],
etc. At the micro level, wood is mainly composed of cellulose, hemicellulose and lignin, in
which cellulose is the main component.

Because of its non-toxic, renewable, and degradable properties, cellulose is currently
widely used in the development and application of emerging materials. Cellulose can
be converted into nanocellulose (CNs) through various physical and chemical methods.
Owing to its high specific surface area and nano-size [17,18], NCs are more suitable for
effective removal of pollutants than micro-size materials. The surface of NC contains a large
number of free hydroxyl groups, which are easily modified by some functional groups [19].
The abundant free hydroxyl groups on surfaces of CNs are easy to form a large number
of hydrogen bonds between molecules, which lead to good film-forming properties [20].
Cellulose has high crystallinity, specific surface area and mechanical strength, and large
number of hydrophilic groups; thus nanocellulose is often used as a filter membrane
reinforcement material to improve the mechanical and hydrophilic properties of functional
membranes [21]. Meanwhile, as the most abundant raw material in nature, cellulose has
lots of advantages such as broad resources of raw material, easy processing, and low cost,
which lead to it having extremely broad prospects in membrane separation technology.
This article reviews the application of nanocellulose in filter membranes and the research
in industrial wastewater treatment using nanocellulose filter membranes, summarizes the
advantages and disadvantages of the application of nanocellulose filter membranes, and
finally puts forward a prospect for further research.

2. Nanocellulose Filtration Membrane
2.1. Nanocellulose (NC)

Cellulose, a renewable natural polymer compound, is a single water-insoluble polysac-
charide composed of 1.4-3-D-pyran-type dehydrated polydextrose [22]. Cellulose is cur-
rently widely used in the development and application of emerging materials due to it
being nontoxic, renewable, and degradable. Cellulose can be chemically and physically
treated into nanocellulose (NC), which is cellulose crystals or fibers in nanoscale [23].
Nanocellulose can be divided into four categories: cellulose nanofiber (CNF), cellulose
nanocrystal (CNC), electrospun nanocellulose (ECC), and bacterial synthesis of nanocel-
lulose (BNC). Although the sources of CNE, CNC, and ECC are all plant, there are also
certain differences in structure and function due to different preparation methods.

CNF is obtained by separating microfibrils (bundles) in animal and plant fibers
through mechanical shearing or chemical oxidation. The more mature process is chemical-
mechanical combined treatment [24]. CNC is a nanometer-sized cellulose crystal produced
by hydrolysis of cellulose, and an aqueous CNC suspension is usually produced by acid
hydrolysis (Figure 1). Ranby et al. [25] first reported the process of preparing CNC by acid
hydrolysis in 1951. The method was then further optimized. The main principle is that
acid hydrolysis destroys the amorphous regions of cellulose, while retaining the crystalline
regions with higher crystallinity [26]. Filtration, centrifugation, or ultracentrifugation is
needed to obtain a uniformly dispersed CNF aqueous solution [27,28]. Nanocellulose of
ECC and BNC are classified via preparation and prevention. ECC is a kind of nanocellulose
prepared by the electrospinning method. Nanofibers prepared by electrospinning tech-
nology have large specific surface area, high mechanical strength, and broad application
prospects in medical and pharmaceutical fields [29]. ECC preparation can be roughly
divided into two ways: one is firstly using electrospinning to prepare cellulose deriva-
tives, and then hydrolyzing the cellulose derivatives to prepare ECC [30,31]; another is
dissolving cellulose in a suitable solvent, then using electrospinning technology to prepare
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ECC [32]. The biggest difference between BNC and the other three types of nanocellulose
is its source. CNF, CNC, and ECC are all derived from plants, while BNC is derived from
microorganisms. BNC is a kind of nanofiber synthesized by aerobic bacteria [33]. Currently,
the main strain synthesis of BNC is acetobacter xylinum. The preparation methods of CNF,
CNC, ECC, and BNC are shown in Figure 1.
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Figure 1. Preparation of CNF, CNC, ECC, and BNC.

The principal methods of chemical modification of nanocellulose include oxidation,
esterification, etherification, cross-linking, and graft copolymerization. Cellulose oxidation
is divided into selective oxidation and non-selective oxidation. Non-selective oxidants
include sodium hypochlorite, persulfuric acid, and hydrogen peroxide. These oxidants can
cause the oxidation of hydroxyl groups on cellulose, and the oxidative degradation is severe
and difficult to control; selective oxidation is the oxidation of -OH in a specific position of
cellulose, thus it can effectively inhibit the degradation of cellulose during oxidation [34].
The 2,2,6,6,-tetramethylpiperidine oxide oxidation system (TEMPO/NaBr/NaClO) and pe-
riodate have been widely studied in the field of oxidized cellulose materials because of their
high efficiency, economy, and environmental protection [35]. The TEMPO/NaBr/NaClO
system only selectively oxidizes the primary hydroxyl groups of cellulose but has no
effect on the secondary hydroxyl groups and it can be recycled and regenerated with
a simple reaction process and high selectivity. It is usually carried out in the condition
of alkaline medium [36]. The mechanism of oxidizing C6 primary hydroxyl of cellulose
using TEMPO/NaBr/NaClO system is shown in Figure 2 [37]. Unlike the TEMPO system,
periodate only oxidizes the secondary hydroxyl groups of cellulose, breaking the chemical
bond between C2 and C3, then forming two aldehyde groups. Sodium periodate (NalOy)
and potassium periodate (KIO4) are considered to be the most effective oxidants for the
selective oxidation of cellulose C2 and C3 hydroxyl groups. The aldehyde content of
oxidized cellulose can reach more than 97% [38,39].
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Figure 2. (a) TEMPO system oxidizes cellulose mechanism; (b) periodate oxidation mechanism.

Esterified cellulose is formed by a series of condensation reactions between -OH
on cellulose and acid, acid anhydride and acid halide, etc. The traditional industrial
production of cellulose esters basically adopts a solid-liquid two-phase two-step process
for lack of effective cellulose solvents: firstly, fully substituted cellulose esters are obtained
through solid-liquid two-phase heterogeneous acylation, and then cellulose esters with
appropriate degree of substitution is obtained by acid catalytic hydrolysis [40,41].

Etherified cellulose refers to a series of derivatives formed by the reaction of -OH
on cellulose chain with alkylating reagents in an alkaline medium. Since the cellulose
etherification reaction must use a strong base as a catalyst, the LiOH/urea and NaOH/urea
aqueous solution systems are very suitable homogeneous etherification reaction media.
The reaction conditions are mild, fast, and efficient, and do not require catalysts and other
organic solvents [42,43].

Cross-linked cellulose refers to the product with a three-dimensional network struc-
ture by cross-linking points between cellulose, cellulose derivatives, or other high polymers
using cross-linking agents such as epichlorohydrin (ECH), N, N’-methylene bisacrylamide
(MBA), etc. As shown in Figure 3, cellulose gel can be produced through MBA cross-
linking, and the hydrogel has high transparency (Figure 3c). Compared with the direct
water dispersion of cellulose solution, the cellulose hydrogel prepared by ultrasonic cutting
after cellulose cross-linking has good dispersibility in water, the dispersion solution is
transparent, and there is no flocculation [44,45] (Figure 3d). Graft copolymerization is
an important method for cellulose chemical modification, which can give cellulose new
characteristics. According to the type of polymerization reaction, cellulose graft copoly-
merization could be divided into radical polymerization, ion polymerization, ring-opening
polymerization (ROP), atom transfer radical polymerization (ATRP), reversible addition
fragmentation chain transfer polymerization (RAFT), nitrogen and oxygen stabilized free
radical polymerization (NMP), etc. [46,47].
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Figure 3. (a) Schematic diagram of hydrogel prepared by dissolving and cross-linking cellulose;
(b) chemical equation of cellulose cross-linking reaction in NaOH/urea aqueous medium; (c) photo
of hydrogel after washing of cross-linked cellulose; (d) the image on the left is an aqueous dispersion
of chopped cellulose hydrogel, and (e) the image on the right is a distilled water dilution chart of the
cellulose solution [37].

2.2. Membrane Separation Technology

Membrane separation technology refers to a technology that can achieve selective
separation when a mixture of particles with various diameters at the molecular level passes
through a filter membrane. The core component of membrane separation technology is
a natural or synthetic filter membrane, which has good selective permeability, and can
separate, purify, and enrich two-component or multi-component solutes and solvents
through external energy or chemical potential difference as the driving force. At present,
filter membranes can be divided into five categories according to driving pressure (Table 1)
which are microfiltration (MF) [3], ultrafiltration (UF) [48], nanofiltration (NF) [49], reverse
osmosis (RO) [50], and forward osmosis (FO) [51]. Compared with the forward osmosis
where the driving force is the penetration pressure difference on both sides of the solution,
the reverse osmosis technique is that the solvent overcomes the pressure difference driven
by an external force.

Table 1. Classification and characteristics of the cellulose-derived membrane separation process.

. . Filtration . Operating Compounds
Type of Filtration Membrane Process Pore Size (um) Pressure (psi) Separated References
CNC/Z?}II)(I:G;hylene MF 1.1-0.01 15 oil, large solids, clay [3]
Cellulose acetate /Polysulfone UF 0.01-0.001 50 starches, proteins, [52]
heavy metals
. salts, mono or
CNC/Polyamide50/Polyethersulfone NF 0.001-0.0001 87 divalent ions [53]
. heavy metals,
CNC/Poly(acryloyl hydrazide) RO <0.0001 225 monovalent salts [54]
HTI cellulose triacetate FO 0.0004-0.0001. 290 oils, desalination, [55]

heavy metal

A cellulosic membrane is a kind of membrane material which was studied and applied
earliest and most widely used currently. Nitrocellulose (CN) is made by nitrification of
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cellulose and is widely used in dialysis membranes and microfiltration membranes. CN can
also be mixed with cellulose acetate to increase its strength [56]. Cellulose diacetate (CA)
and cellulose triacetate (CTA) are the basic materials for the preparation of RO membranes,
and they are also used in the application fields of UF, NF, and MF. Ethyl cellulose (EC) is
produced by the reaction of alkali cellulose and ethyl halide, and is often used for nitrogen
and oxygen separation. In addition, other cellulose-derived materials such as cellulose
acetic acid and mixed esters of butyric acid are also used in membrane materials.

Membrane separation as the core technology has gradually been widely used in the
field of water treatment. The “ultrafiltration + nanofiltration + concentrated water reverse
osmosis” membrane treatment with nanofiltration membrane as the key technology has
been widely and steadily applied in the field of drinking water purification fields such
as water plants. Seawater contains inorganic salt ions (such as calcium ions) that are
difficult to remove. The study on seawater desalination technology is of great significance
to seawater utilization. In current seawater desalination, reverse osmosis technology can
be effective to remove carbonate and bicarbonate from seawater when adding inhibitors
and acids at the same time [57]. In addition to the application in drinking water, membrane
separation technology also has greater prospects in industrial wastewater treatment. For
example, the removal of radioactive elements [7], the removal of heavy metal ions, and the
extraction of rare earth elements from ionic rare earth smelting wastewater [9]. In the field
of water treatment, membrane separation has become one of the core technologies due
to its unique advantages. However, the pollution of the membrane and other problems
have severely restricted its further development [58,59]. How to solve the pollution of the
membrane is also a direction of further research for scholars.

2.3. Nanocellulose Filtration Membrane

Because cellulose has high crystallinity, high specific surface area and mechanical
strength, and a large number of hydrophilic groups on the surface, nanocellulose is often
used as a filter membrane reinforced composite material to improve the physical properties
of functional membranes such as mechanical strength, hydrophilicity, etc. [60]. Mokhena
et al. [61] prepared a nanofiber composite membrane by coating the extracted corn stalk
nanowhiskers (CNs) on electrospun alginate nanofibers treated with CaCl,. They found
that the membrane can completely remove water pollutants of 10-100 nm particles, and
the retention rate of chromium (Cr(VI)) is 80% at pH 11. This indicates that the membrane
can be used for short-term wastewater treatment and /or domestic water purification. Ma
et al. [62] functionally improve traditional commercial filter membranes using TEMPO
oxidized nanocellulose and prepared microfiltration and nanofiltration membranes with a
2-10 times higher membrane flux than that of commercially available membranes.

In addition, nanocellulose and its derivatives are also used as the matrix material of
the filter membrane due to its special advantages such as being, green, pollution-free, and
recyclable, as well as good film-forming properties. Hugo et al. [4] studied the filtering
performance of CNF membranes for particles with various diameters. Furthermore, in
view of the deficiencies of the cellulose film, such as small membrane flux, low retention
rate, and low service life, some scholars have tried adding nano-unit silica particles to
modify it. Varanasi [63] prepared a cellulose nanofiber composite membrane through
filtering the suspension of cellulose nanofibers, SiO; nanoparticles (22 nm), and polyamide
amine-epichlorohydrin (PAE). The silica nanoparticles were used as a spacer to control of
the pore size of the nanofiber network, which controlled the pore size of the membrane
and thus improved the flux of the membrane, while PAE can make the negatively charged
nanoparticles adhere to the nanofibers and improve the wet strength of the membrane.

A large number of free hydroxyl groups on the surface of nanocellulose can easily react
with other chemical reagents, thus improving its various properties. Nanocellulose are often
used as a carrier or a framework material in the filter membrane, which are combined with
other materials to form a composite filter membrane. Ma [64] and other research groups
have invented a new type of TFC membrane, which contains various fiber structures with
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various diameters and lengths. This new structure is called a thin-layer nanofiber composite
(TENC) structure. The nanofiber composite membrane is usually composed of three
layers: the bottom layer is a conventional nonwoven substrate (polyethylene terephthalate,
PET non-woven fabric mat); the middle layer is an electrospun nanofiber scaffold which
replaces the porous layer prepared by the traditional phase transformation method; the top
filter layer could be a hydrophilic polymer coating or another finer nanofiber layer. The
TFNC membrane combines the property of high porosity of electrospun nanofibers and
hydrophilic filter layer, which greatly improves the permeate flux, and is widely used in
the field of UF [65,66]. The TENC membrane with nanocellulose filter layer maintains the
same retention rate, while the permeate flux is 5-10 times that of commercial ultrafiltration
membranes [67-70].

3. Application of Cellulose Filter Membrane in Industrial Wastewater Treatment

The main sources of industrial wastewater pollutants are heavy metals, suspended
solids, polycyclic aromatic hydrocarbons, and biomolecular pollutants [71]. NC has great
advantages in wastewater treatment due to its excellent specific surface area and mechanical
strength, adjustable surface chemistry, surface groups for cationic or anion selective grafting,
and hydrophilicity [72].

Functionalized CNF could be used to extract oil and organic pollutants from wastew-
ater [73]. Membrane fouling occurs on the surfaces. Generally, the biofilms are formed
on the surface of the membranes due to non-specific interactions between the membrane
surface and pollutants. The membrane performance of permeability and selectivity are
reduced because of the biofilm formation or clogging of membrane pores. The CNC-based
nanocomposite membrane has good hydrophilicity, porosity, and surface permeability,
which makes it have good antifouling performance. The surface modification of NC can
improve the adsorption performance for various pollutants in aqueous solution and guide
its selectivity. The possible reason is that the available active binding sites are increased
after modification, thereby improving the ion exchange characteristics and generating new
functional groups that promote the absorption for the metal backbone [1,74]. Table 2 shows
the application of some nanocellulose and their derivatives in wastewater treatment.

At the same time, how to increase the membrane flux as much as possible while
ensuring the rejection rate is still a problem that many scholars are trying to solve. At
present, in order to improve the permeability of the filtration membrane, in addition
to adding a hydrophilic modifier, increasing the specific surface area of the filtration
membrane is a very effective method for improving the permeability [75,76]. Teng prepared
CNF-supported high-water content polyamide (PA) nanofiltration membranes with an
arched structure through the interfacial polymerization (IP) method. During the IP process,
the hydration of BCN promoted Marangoni along the water/organic solvent interface.
Convection and produce a thin PA active layer with an arch bridge structure. These arch
bridge structures enable the resulting PA active layer to have a significantly larger active
area to achieve water penetration. Therefore, the PA NF membrane exhibits excellent
desalination performance, with a permeability as high as 42.5 Lm~2 h~! bar ~! and can
remove NaySOj,. The permeability is as high as 99.1%. The total desalination performance
is better than almost all reported so far for existing NF membranes.
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Table 2. Application of nanocellulose and its derivatives in wastewater treatment.
P . The Type of
Application Nanocellulose Craft The Degree of Separation Wastewater References
CNF/CNC
Ag* sulfonation/CNC Sorption 3438 mg/g/ wastewater of Ag* [8,77]
phosphorylation
CNF 0.72-1.95 mmol/g/ aqueous solutions of
Cd* succination/CNC- Sorption ’ ) & ! . [78,79]
15426 mg/g Cd(I) ions
Extraction xanthate
of metals CNE-
ions Ni2* CRBOX/CNF Sorption 55mg/g waste pulp wastewater [78,80]
TEMPO oxidation
CNEF-NT-
Zn MOD/CNEF- Sorption 135 mg/g wastewater of Zn?* [78,80]
CRBOX
CNF-P and . the mirror makin
3+ 0 3+ g
Fe CNC-P Sorption 99% removal of and Fe industry [77]
CNMs based Sosmvely cha}‘ged
o . . . ye/crystal violet,
nanocomposites: 16 times higher adsorption
. . - methylene blue,
CNC-PAN/CNC-maleic capacity over a commercial :
. MF Mem- . malachite green and
anhydride/CNC- . . nitrocellulose-based MF )
brane/Sorption/Sorption/ basic [81-85]
hydrolyzed S . : membrane./30.0 to 348.9 .
. orption/Sorption . fuchsin/methylene blue
) polyacrylamide /CNE- mg/g/ had an adsorption (MB) dye /anioni
Extraction  GTMAC/dialdehyde-CNC efficiency of more than 90% ye/amome
of dyes polyvinylamine dye/869.1 mg/g, 1469.7
from water mg/g, 12509 mg/g
functionalized CNMs:
CNC-S/CNC ammonium 16 times higher adsorption
persulfate oxidation/CNC . . capacity over a commercial positively charged
obtained by sulfuric acid Sorption/Sorption nitrocellulose-based MF dye/cationic dyes [82,86]
hydrolysis/CNC- membrane/118 mg/g
carboxylation
Hydrocarbon =~ BNC tri-methylsilylation oreanic solvents and
(oil)/water reaction with Sorption 185¢g/g 8 . [87]
. . . . oils
separation trimethyichlorosilane
two-layered PET /nanoscale
PAN fibrous MF membrane 100 mg (CHr) (ng Oiazrflo mg Pb MS?2 virus [88]
scaffold /ultrafine CNF perg
el ot s 1o s ighradrpin
bacteria scaffold/ c_ellulose MF Membrane nitrocellulose-based ME bacteria [81]
nanowisker
membrane
cladophora algae derived ME Membrane xenotropic murine [89]

CNF filtration paper

leukemia virus

3.1. Research on NC as a Membrane Matrix Material in Industrial Wastewater Treatment

The application of NC as a matrix material in filter membranes mainly includes two

aspects: 1. NC filter membrane; 2. NC polymer composite filter membrane [90]. There are
three main ways to prepare NC membranes: impregnate electrospinning scaffolds with
NC; impregnate coating after vacuum filtration of NC; self-assembly films forming after
NC solution losing water.

Phase inversion technology is an efficient method for the preparation of asymmetric
membranes. Lingling [91] prepared cellulose triacetate (CTA) ultrafiltration membranes
by phase inversion, and then used TEMPO oxidized cellulose (TOCNSs) as hydrophilic
modification. The filtration membrane was modified and characterized separately, and the
effect of TOCN on the performance of the CTA filtration membrane was analyzed. The
results showed that the addition of TOCN greatly improved the properties of hydrophilic
and mechanical of the filtration membrane, which improves the antifouling performance
of the membrane.
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CNC composite film has a high density of negative surface charges, resulting a strong
adsorption capacity for positively charged dyes. Studies have shown that, compared with
commercial MF membranes, NC doped with MF membranes has higher dye adsorption
efficiency [92,93]. Ma et al. [81] also coated nanocellulose (NC) on the surface of PAN
electrospun nanofiber membranes. The composite nanofiber membranes can be used
to remove aquatic viruses, such as MS2 (bacteriophages), showing a high retention rate.
Meanwhile, due to the carboxyl, hydroxyl, aldehyde, and other functional groups on
the surface of cellulose and its derivatives, nanocellulose can form a new nano-network
structure in electrospun nanofibers, this resulting high adsorption performance, and reten-
tion rate of the composite nanofiber membranes. Compared with traditional membranes,
the composite membrane structure has abundant functional groups on the surface of
nanocellulose as adsorption sites to remove contaminants such as viruses, dyes, heavy
metal ions, and toxins, providing more applications of the ultrafiltration membrane in
industrial wastewater treatment. Compared with commercial membranes (PAN10 and
PAN400) at the same working pressure, the nanofiber composite membrane maintains
high permeation flux and high retention rate. Goetz et al. [94] prepared CA membranes
by electrospinning, and then impregnated the CA membranes in different concentrations
of CNC solutions. The membranes showed a nanostructured surface post impregnation,
and the mechanical properties were significantly improved. The contact angle of nanofiber
composite membranes was reduced to 0° from 102° of the original CA membranes. This
indicates that nanofiber composite membranes have completely hydrophilic property. In
addition, the membranes also exhibit a high adsorption capacity of 80-99% for dyes.

The surface of CNF contains a large number of hydroxyl groups, which are interwoven
into a colloidal form in the aqueous solution. During the water losing process of CNF
solution, the hydroxyl groups between adjacent nanofibers combine to hydrogen bonds and
then form a dense membrane, which is a CNF self-assembled membrane. The membrane
has excellent mechanical properties, and its permeability is far lower than that of high
and low-density polyethylene membrane with the same thickness [95]. Hassan et al. [96]
subsequently reported the papermaking wastewater treatment using a filter membrane
made by copper terpyridine modified oxidized cellulose nanofibers (OXCNF-Cu-Tpy). The
OXCNF-Cu-Tpy was prepared by modifying the OXCNF using 4'-chloro [2,2/,6',2”] terpyri-
dine copper(Il). The modification was verified by elemental analysis and Fourier transform
infrared spectroscopy. The results showed that the pure water flux of OXCNEF-Cu-Tpy was
30% higher than that of the unmodified OXCNF membrane. Mokhena et al. [61] prepared
a nanofiber composite membrane by coating the extracted corn stalk nanowhiskers (CNs)
on electrospun alginate nanofibers treated with CaCl,. They found that the membrane
can completely remove water pollutants of 10-100 nm particles, and the retention rate of
chromium (Cr(VI)) at pH 11 is 80%, which indicates that the membrane can be used for
short-term wastewater treatment and domestic water purification.

Cellulose acetate is one of the most widely used ultrafiltration membrane materials
for industry [97]. The adsorption and deposition of biological macromolecules on surfaces
and inside pores of the membrane cause serious pollution, this greatly limits the efficiency
and application of ultrafiltration [58,59,98]. Therefore, almost all research on ultrafiltration
focuses on improving its antifouling performance and pure water flux, especially introduc-
ing hydrophilic materials into ultrafiltration membranes, while cellulose and its derivatives
are ideal hydrophilic modification materials due to the rich hydrophilic groups on the
surface. Presently, there have been many studies on the modification and enhancement
of cellulose acetate filter membranes based on CNF and CNC [99,100]. Battilola [101] pre-
pared asymmetric membranes based on CA and CNF through a phase inversion method,
and studied the effect of CNF addition on the shape of CA membranes, water flux, and
filtration performance. The results showed that the pore size and pure water flux of the
filter membrane increased with the increase of CNF. Meanwhile, its filtration performance
is fully satisfied for the clarification of juice whey. Zhou et al. [102] used CNC as a modified
additive to prepare blended membranes using CNF and CA blend phase inversion method,
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and measured the porosity, hydrophilicity, pure water flux, tensile strength, and antifoul-
ing activity of the membrane before and after modification. The results indicated that the
addition of CNC can improve the pure water flux and the porosity of the CA membrane,
and can greatly improve the antifouling activity and tensile strength of the CA membrane.

3.2. Research on CN Composite Membranes in Industrial Wastewater Treatment

The composite membrane comprises at least two membrane structures—a porous
support layer and a dense filter layer [103]. Because nanocellulose is easy to form a dense
membrane structure and its excellent hydrophilicity, it is often used as a dense layer
structure for preparing composite filter membranes.

A membrane with high porosity structure can be prepared using nanocellulose by
some special methods and can also be used as a porous support layer for composite mem-
branes. Yoon et al. [62] prepared thin-layer nanofiber composite (TFNC) membranes using
electrospun nanofiber scaffolds as substrates. The porosity of the electrospun nanofiber is 80
to 95%, presenting high porosity characteristics; thus the electrospun nanofiber membranes
are used as high-flux membranes. Wang et al. [104] composited nanofiber membrane using
cross-linked polyethylene glycol (PEG) and ultrafine nanocellulose (CN), which can filter a
bovine serum albumin (BSA) solution. The water flux of the membrane is approximately
twice that of commercial membranes, and the retention rate remains above 90%. The
regenerated cellulose membrane prepared from trimethylsilyl cellulose was studied and
used to treat artificial dye wastewater [105]. The results showed that the membrane reached
a flux of 600LMH at 80 °C and 4 bar and maintained a nearly 98% high dye retention rate.
In the extended experiment, the membrane showed good antifouling activity up to 75 h,
and the flux recovery was close to 100%. This research may provide a promising alternative
method for dye wastewater treatment with a large amount of monovalent salts.

Interfacial polymerization (IP) technology is an efficient method for preparing com-
posite filter membranes that has been widely used in recent years. Wang et al. [104] studied
a high-flux nano-filtration membrane using the thin-film nanofibrous composite (TFNC)
based on the interfacial polymerized polyamide barrier layer on the polyacrylonitrile (PAN)
nanofiber scaffold. The results showed that under the same chemical composition, the
permeation flux of TENC membrane is 2.4 times higher than that of conventional composite
membrane. Later, Teng et al. [106] used nanocellulose to improve the structure of the TFNC
membrane. In a high-humidity salt solution, they prepared a polyamide (PA) nanofiltra-
tion membrane (PANF) with arched structure by the IP method based on the BNC/PTFE
(polytetrafluoroethylene) composite membrane. They found that the pure water flux of
the PANF membrane is as high as 42.5 Lm ~2h~!bar~! and the retention rate of NaSOy is
as high as 99.1%. Its osmotic selective desalination capacity is stronger than any of the
membranes currently reported. Yung et al. [107,108] have prepared TEFNC membrane using
cellulose nanofibers by IP method and obtained good results. Using polyethylene tereph-
thalate (PET) as a non-woven substrate supporter, Ma et al. [81] prepared a MF membrane
using reinforced composite electrospinning polyacrylonitrile (PAN) by dipping method.
The absorption rate of MF membrane to cationic dye is 16 times that of the commercial MF
membrane and the retention rate of bacteria and other particles is also excellent. Wang
et al. [53] coated an appropriate amount of CNCs on the surface of PES microfiltration
membrane as an intermediate layer and then prepared a nanofiltration membrane using
interfacial polymerization method. The experiment showed that the permeability of the
membrane using modified CNCs as intermediate layer has been greatly improved. The
pure water penetration rate is 34 Lm 2h 1bar—!, and the retention rate of sodium sulfate
is above 97%.

4. Comparison of Inorganic Ceramic and CN Membranes

An inorganic filtration membrane is a solid separation membrane with selective per-
meability made of inorganic materials such as metals, ceramics, porous glass, zeolites,
metal oxides, etc. Among them, the most widely applicable materials are ceramic materi-
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als. The structure of ceramic filtration membranes can be divided into symmetrical and
asymmetrical structures. Compared with traditional filtration devices, ceramic microfil-
tration membranes with symmetrical structures have relatively small pores ranging from
0.01 to 10 pum, the separation efficiency of the ceramic filtration membrane depends on
the pore size distribution of the filtration membrane and the size of the particles to be
separated [109].

Generally speaking, the flux of the filtration membrane is inversely proportional to
the thickness of the filtration membrane, that is to say, the greater the thickness of the
filtration membrane, the smaller the flux of the filtration membrane. The greater the flux
of the filtration membrane, the higher the separation efficiency, and the lower the time
and economic cost. Therefore, the ideal filtration membrane thickness should be thinner.
However, the thinner the filtration membrane is, the lower its mechanical strength is, and
it is easy to be damaged during the filtration process or the cleaning process. Therefore,
researchers have developed an asymmetric filtration membrane structure. It is mainly to
coat a very thin filtration layer on a support with relatively high mechanical strength, which
significantly increases the flux of the filtration membrane while ensuring the mechanical
strength of the filtration membrane. This is also one of the important advancements made
in membrane preparation technology in the past few decades [109]. The thickness of
commercial ceramic microfiltration membranes is usually about 10-20 um. According to
the shape of the support, the membranes can be divided into flat, tubular, and hollow
fiber shapes. The corresponding ceramic membranes are called flat membranes, tubular
membranes and hollow fiber membranes. The structure is shown in Figure 4.

Figure 4. (a) Flat membrane; (b) tubular membrane; (c) hollow fiber membrane.

4.1. Inorganic Ceramic Filtration Membrane

Ceramic microfiltration membranes and ultrafiltration membranes are relatively
widely used in the food processing industry and industrial wastewater treatment. Labora-
tories, pilot projects, and some business cases show that ceramic membranes have great
potential in drinking water production and large-scale urban sewage treatment. However,
the current production cost of ceramic filtration membranes is relatively high, and it is
difficult to meet market demand. Therefore, reducing the production cost is one of the
important development directions of ceramic filtration membranes [110]. The high cost
of preparation of ceramic filtration membranes mainly comes from two aspects: (1) the
cost of raw materials is higher; (2) the energy consumption of the preparation process is
higher [111].

The raw materials of ceramic filtration membranes are mostly high-purity inorganic
oxides such as Al,O3, SiO,, ZrO,, and TiO,, which are suitable for food and medicine filtra-
tion, while its preparation cost is relatively high. For wastewater treatment with relatively
low safety-level requirements, such as oily wastewater, printing, dyeing, wastewater, etc.,
the necessity of high-purity oxides is questionable. For these applications, more and more
researchers have used relatively cheap raw materials in recent years, including kaolin, clay,
fly ash, apatite, quartz sand, mullite, natural zeolite, etc. [112] (Figure 5). For example,
Bouazizi et al. [113] mixed bentonite particles (particle size <45 um, 95 wt%) and pore
former (starch, 5 wt%) uniformly, and prepared a flat support body by dry pressing. After
drying and firing at 950 °C, the resulting support has a pore size of about 1.70 pym and a
porosity of 32.12%. It can be used for filtration printing and dyeing and tanning wastewater.
The suspended solids removal rate is 94% and 99%, respectively.
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Figure 5. The proportion of low-cost ceramic membrane materials reported in the literature.

In addition, reducing energy consumption in the preparation process is also a way to
reduce costs. The raw materials of ceramic filtration membranes are mostly high-purity
oxides, and the firing temperature is usually higher, which increases energy consumption.
In order to lower the firing temperature, sintering aids such as kaolin, potash feldspar, and
titanium oxide can usually be added. Wang et al. [114] used CuO and TiO; as sintering
aids to reduce the firing temperature of «-Al,O3 hollow ceramic fiber membranes. When
the CuO content is 3 wt% and the firing temperature is 1250 °C, the prepared ceramic
membrane has a porosity of 34.6%, an average pore size of 700 nm, and a pure water flux
of 1255 Lm~2h~'bar*.

To improve the membrane flux of ceramic membranes, common methods are the
pore former method and template method. The principle of the pore former method is to
increase the porosity by adding an organic or inorganic pore former during the molding
of porous ceramics, and the pore former decomposes to form pores during firing, thereby
increasing the porosity. Liu et al. [115] studied the influence of different particle sizes
of graphite on the porosity of SiC porous ceramics and found that when 25% of 10 pm
graphite pore former was added, the porosity of SiC ceramics increased from 28% to 44%.
The type of pore former also has a great influence on the porosity of porous ceramics.
The main principle of the template method is to control the accumulation of ceramic
particles through a regular and uniform pore former to prepare a porous material with
an orderly and uniform pore structure and increase the porosity. Ahmad et al. [116] used
polymethacrylate (POEM) as a template and combined dipping-lifting and sol-gel methods
to prepare TiO,/Al,O3 composite ceramic membranes (membrane pore size of about
100 nm).

4.2. Comparison of Inorganic Ceramic Membranes and CN Filtration Membranes

The proper selection of wastewater filtration membranes depends on a number of
factors, such as productivity, service life, cost, separation selectivity, and chemical and
mechanical integrity under operating conditions [117]. Compared with cellulose-based
membranes which usually work at low temperature, ceramic membranes can work at
high temperature; meanwhile the ceramic and other inorganic filtration membranes have
excellent pH tolerance and strong resistance to chemical degradation [118-120]. The disad-
vantages of ceramic wastewater treatment are high investment cost and high treatment
temperature.

Generally, the advantage of NCs that are different from the microstructures is the
large length-to-diameter ratio, high porosity, and improved internal diffusion. In addition,
the NC-based porous membranes have lower density, excellent mechanical properties,
and higher specific surface area and pore volume. Due to their low toxicity and carbon
emissions, CNCs are a viable and renewable option that could replace most adsorbent
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materials for wastewater treatment [121]. Table 3 shows a detailed comparison between
cellulose-based membrane filtrations and ceramic membranes.

Table 3. Comparison of the advantages and disadvantages of nanocellulose membranes and ceramic membranes.

Membrane Type Advantage Disadvantage
High flexibility Usually shorter life span
Light in mass Prone to membrane fouling
Lower cost Weak chemical resistance
Low working temperature Weak high temperature resistance
Low energy consumption
Nanocellulose membrane Raw materials are environmentally

friendly and nontoxic
Simple manufacturing method
Reusable and recyclable
Has strong mechanical properties
High wastewater treatment efficiency
Easy to operate

Ceramic/metal membrane

High thermal stability Inflexible
Strong chemical resistance High investment cost
High pressure Low degradability
Long life Less selectivity based on aperture

Compared with the CN base, it is less

. . b t ki
likely to be contaminated Cumbersome to make

High energy consumption

5. Conclusions

NC can be easily modified on the surface to generate new binding sites and provide
specific characteristics to adsorb different types of pollutants. The synthesis and modi-
fication methods of NC membranes are different, no matter if CNC, CNF, or BNC was
transformed into the membrane itself or as their composite material. The advantages of NC
filtration membrane are its high porosity and good hydrophilicity, high mechanical stability,
excellent chemical inertness, and antifouling performance, which makes it an advantage in
industrial wastewater treatment. The use of nanocellulose for modification can improve the
performance of the filtration membrane in terms of separation and adsorption, especially
the adsorption capacity of heavy metal ions and dyes.

This review has attempted to provide a broad vision of application of nanocellulose in
filtration membranes in industrial wastewater treatment, and summarizes the advantages
and disadvantages of the application of nanocellulose filtration membranes, in order to
stimulate the increasing interest in the nanocellulose filtration membranes research and
developments.

In terms of performance, the filtration efficiency of nanocellulose membranes is ap-
proaching commercial membranes, but nanocellulose is often used as an important func-
tional composite material in membrane separation technology, rather than a matrix material.
The reason is due to nanofibers. Because its cost is much higher than other polymer ma-
trix materials, due to economic considerations it cannot be the preferred matrix material.
Therefore, in recent years, nanocellulose-based functional filtration membranes are usually
mixed membranes containing two or more functional agents. The next phase of NC-based
filtration membrane research should focus on hybrid membranes, using NC and other
nanomaterials to improve adsorption capacity. In addition, more research is needed to de-
velop nanoscale NC hybrid composite materials that can interact with different pollutants
at the same time.

Therefore, the current development focus of membrane separation technology based
on nanocellulose is still focused on its use as an important modification additive to coat
or modify the membrane to improve membrane performance. Because nanocellulose
and its derivatives have high hydrophilicity, they can improve the hydrophilicity of the
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filtration membrane, increase the membrane flux, and reduce membrane pollution, thereby
increasing the service life and efficiency of the filtration membrane. However, the current
technical problem in the nanocellulose-based membrane separation technology is still how
to ensure the high membrane flux of the filtration membrane, increase the rejection rate
of the filtration membrane according to different filtration conditions, reduce membrane
pollution, and ensure the filtration membrane service life. In addition, how to reduce the
material cost of nanocellulose to improve its economic utilization is also a corresponding
difficulty that needs to be further overcome. In the future, we can focus on simplifying the
production process of raw materials and optimizing the filtration membrane manufacturing
technology to achieve the purpose of reducing costs.

6. Patents

This section is not mandatory but may be added if there are patents resulting from the
work reported in this manuscript.

Author Contributions: Conceptualization, H.L.; investigation, Y.L.; resources, Y.L.; writing—original
draft preparation, Y.L.; writing—review and editing, Y.L., H.L. and Z.S.; visualization, Y.L.; supervi-
sion, H.L. and Z.S; project administration, H.L.; funding acquisition, H.L. and Z.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 31870545, and the Key Laboratory of Bio-based Material Science and Technology (Northeast
Forestry University), Ministry of Education, grant number SWZ-MS201903. The APC was funded by
SWZ-MS201903.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, D.; Cai, J.; Xu, W.; Dong, Q.; Li, YW.; Liu, G.; Wang, Z.W. Synthesis, characterization and adsorption property of cellulose
nanofiber-based hydrogels. J. For. Eng. 2019, 4, 92-98.

2. Ahn, Y; Logan, B.E. Effectiveness of domestic wastewater treatment using microbial fuel cells at ambient and mesophilic
temperatures. Bioresour. Technol. 2010, 101, 469-475. [CrossRef]

3.  Hu, M.-X;; Niu, H.-M.; Chen, X.-L.; Zhan, H.-B. Natural cellulose microfiltration membranes for oil/water nanoemulsions
separation. Colloids Surf. A Physicochem. Eng. Asp. 2019, 564, 142-151. [CrossRef]

4. Voisin, H.; Bergstrom, L.; Liu, P.; Mathew, A.P. Nanocellulose-based materials for water purification. Nanomaterials 2017, 7, 57.
[CrossRef] [PubMed]

5. Jamaly, S.; Giwa, A.; Hasan, S.W. Recent improvements in oily wastewater treatment: Progress, challenges, and future opportuni-
ties. J. Environ. Sci. 2015, 37, 15-30. [CrossRef] [PubMed]

6. Balamurugan, R.; Sundarrajan, S.; Ramakrishna, S. Recent trends in nanofibrous membranes and their suitability for air and
water filtrations. Membranes 2011, 1, 232-248. [CrossRef]

7. Jiang, S.; Zhou, M.; Deng, W.; Dai, H.Q.; Fang, G.G.; Wu, W.B. High-wet-strength paper-based lignocellulosic adsorbents and its
heavy metal ion adsorption properties. J. For. Eng. 2020, 5, 101-107.

8.  Hou, X.B,; Li, ZH,; Pan, Y.F,; Xiao, H.N.; Huang, Z.H. Modification of hemlock sawdust by esterification as adsorbents for heavy
metal ions removal. J. For. Eng. 2019, 4, 69-75.

9. Tang, J.; Zhou, K. Hydrochloric acid recovery from rare earth chloride solutions by vacuum membrane distillation. Rare Met.
2006, 25, 287-292. [CrossRef]

10. Hu, W,; Liu, N. Numerical and optimal study on bending moment capacity and stiffness of mortise-and-tenon joint for wood
products. Forests 2020, 11, 501. [CrossRef]

11. Wang, S.; Wu, Z.H.; Chen, L.; Yan, Z.; Guan, H. Effect of mortise and tenon size on compressive and tensile strength of a box
connected by dovetail keys. Bioresources 2020, 15, 5776-5786. [CrossRef]

12.  Zhou, L.; Fu, Y.C. Flame-retardant wood composites based on immobilizing with Chitosan/Sodium Phytate/Nano-TiO2-ZnO
coatings via layer-by-layer self-assembly. Coatings 2020, 10, 296. [CrossRef]

13.  Yang, L.; Han, T,; Fu, Y. Effect of heat treatment and wax impregnation on dimensional stability of pterocarpus Macrocarpus
wood. Wood Res. 2020, 65, 963-974. [CrossRef]

14. Wu, X,; Yang, E; Gan, J.; Kong, Z.; Wu, Y. A superhydrophobic, antibacterial, and durable surface of poplar wood. Nanomaterials

2021, 11, 1885. [CrossRef]


http://doi.org/10.1016/j.biortech.2009.07.039
http://doi.org/10.1016/j.colsurfa.2018.12.045
http://doi.org/10.3390/nano7030057
http://www.ncbi.nlm.nih.gov/pubmed/28336891
http://doi.org/10.1016/j.jes.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/26574084
http://doi.org/10.3390/membranes1030232
http://doi.org/10.1016/S1001-0521(06)60055-7
http://doi.org/10.3390/f11050501
http://doi.org/10.15376/biores.15.3.5776-5786
http://doi.org/10.3390/coatings10030296
http://doi.org/10.37763/wr.1336-4561/65.6.963974
http://doi.org/10.3390/nano11081885

Materials 2021, 14, 5398 15 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wu, Y; Zhou, ].; Huang, Q.; Yang, F; Wang, Y.; Liang, X.; Li, J. Study on the colorimetry properties of transparent wood prepared
from six wood species. Acs Omega 2020, 5, 1782-1788. [CrossRef] [PubMed]

Wu, Y,; Zhou, J.; Yang, F; Wang, Y.; Science, ].Z.].].0.M. A strong multilayered transparent wood with natural wood color and
texture. J. Mater. Sci. 2021, 56, 8000-8013. [CrossRef]

Liu, W,; Si, C.L.; Du, H.S.; Zhang, M.M.; Zhang, X.Y.; Xie, H.X. Advance in preparation of nanocellulose-based hydrogels and
their biomedical applications. . For. Eng. 2019, 4, 11-19.

Chen, Z.].; Gao, H.; Li, W.; Li, SJ; Liu, S.X,; Li, ]. Research progress of biomass-based optical materials. J. For. Eng. 2020, 5, 1-12.
Bethke, K.; Palantoeken, S.; Andrei, V.; Ross, M.; Raghuwanshi, V.S.; Kettemann, F,; Greis, K.; Ingber, T.T.K.; Stueckrath, J.B.;
Valiyaveettil, S.; et al. Functionalized Cellulose for Water Purification, Antimicrobial Applications, and Sensors. Adv. Functi.
Mater. 2018, 28, 1800409. [CrossRef]

Yang, L.; Wu, Y,; Yang, F.; Wang, W. A conductive polymer composed of a cellulose-based flexible film and carbon nanotubes. Rsc.
Adv. 2021, 11, 20081-20088. [CrossRef]

Chu, Y,; Sun, Y.; Wu, W,; Xiao, H. Dispersion Properties of Nanocellulose: A Review. Carbohydr. Polym. 2020, 250, 116892.
[CrossRef]

Klemm, D.; Heublein, B.; Fink, H.P,; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw material. Angew. Chem. Int.
Ed. 2005, 44, 3358-3393. [CrossRef]

Gao, Z.; Peng, J.; Zhong, T; Sun, J.; Wang, X.; Yue, C. Biocompatible elastomer of waterborne polyurethane based on castor oil
and polyethylene glycol with cellulose nanocrystals. Carbohydr. Polym. 2012, 87, 2068-2075. [CrossRef]

Barnes, E.; Jefcoat, J.A.; Alberts, E.M.; McKechnie, M.A.; Peel, H.R.; Buchanan, J.P.; Weiss, C.A., Jr.; Klaus, K.L.; Mimun, L.C.;
Warner, C.M. Effect of Cellulose Nanofibrils and TEMPO-mediated Oxidized Cellulose Nanofibrils on the Physical and Mechanical
Properties of Poly(vinylidene fluoride)/Cellulose Nanofibril Composites. Polymers 2019, 11, 1091. [CrossRef] [PubMed]
Bondeson, D.; Mathew, A.; Oksman, K. Optimization of the isolation of nanocrystals from microcrystalline cellulose by acid
hydrolysis. Cellulose 2006, 13, 171-180. [CrossRef]

Dufresne, A. Polysaccharide nano crystal reinforced nanocomposites. Can. J. Chem. 2008, 86, 484-494. [CrossRef]
Elazzouzi-Hafraoui, S.; Nishiyama, Y.; Putaux, J.-L.; Heux, L.; Dubreuil, F; Rochas, C. The shape and size distribution of
crystalline nanoparticles prepared by acid hydrolysis of native cellulose. Biomacromolecules 2008, 9, 57-65. [CrossRef]

Bai, W.; Holbery, J.; Li, K. A technique for production of nanocrystalline cellulose with a narrow size distribution. Cellulose 2009,
16, 455-465. [CrossRef]

Lima, M.M.D.; Borsali, R. Static and dynamic light scattering from polyelectrolyte microcrystal cellulose. Langmuir 2002, 18,
992-996. [CrossRef]

Bazbouz, M.B.; Stylios, G.K. Alignment and optimization of nylon 6 nanofibers by electrospinning. J. Appl. Polym. Sci. 2008, 107,
3023-3032. [CrossRef]

Dixit, V.; Tewari, J.; Obendorf, S.K. Fungal Growth Inhibition of Regenerated Cellulose Nanofibrous Membranes Containing
Quillaja Saponin. Arch. Environ. Contam. Toxicol. 2010, 59, 417-423. [CrossRef]

Rodriguez, K.; Gatenholm, P.; Renneckar, S. Electrospinning cellulosic nanofibers for biomedical applications: Structure and
in vitro biocompatibility. Cellulose 2012, 19, 1583-1598. [CrossRef]

Budaeva, V.V,; Gismatulina, Y.A.; Mironova, G.F; Skiba, E.A.; Gladysheva, E.K.; Kashcheyeva, E.I.; Baibakova, O.V.; Korchagina,
A.A.; Shavyrkina, N.A.; Golubev, D.S,; et al. Bacterial Nanocellulose Nitrates. Nanomaterials 2019, 9, 1694. [CrossRef]

Uppal, R.; Ramaswamy, G.N.; Arnold, C.; Goodband, R.; Wang, Y. Hyaluronic acid nanofiber wound dressing-production,
characterization, and in vivo behavior. J. Biomed. Mater. Res. Part. B-Appl. Biomater. 2011, 97, 20-29. [CrossRef]

Hirota, M.; Tamura, N.; Saito, T.; Isogai, A. Water dispersion of cellulose II nanocrystals prepared by TEMPO-mediated oxidation
of mercerized cellulose at pH 4.8. Cellulose 2010, 17, 279-288. [CrossRef]

Yang, X.; Biswas, S.K.; Han, J.; Tanpichai, S.; Li, M.-C.; Chen, C.; Zhu, S.; Das, A.K.; Yano, H. Surface and Interface Engineering for
Nanocellulosic Advanced Materials. Adv. Mater. 2020, 33, 2002264. [CrossRef] [PubMed]

Sang, X.; Qin, C; Tong, Z.; Kong, S.; Jia, Z.; Wan, G.; Liu, X. Mechanism and kinetics studies of carboxyl group formation on the
surface of cellulose fiber in a TEMPO-mediated system. Cellulose 2017, 24, 2415-2425. [CrossRef]

Dahlstrom, C.; Duran, V.L.; Keene, S.T.; Salleo, A.; Norgren, M.; Wagberg, L. Ion conductivity through TEMPO-mediated oxidated
and periodate oxidated cellulose membranes. Carbohydr. Polym. 2020, 233, 115829. [CrossRef] [PubMed]

Chen, D.; van de Ven, T.G.M. Morphological changes of sterically stabilized nanocrystalline cellulose after periodate oxidation.
Cellulose 2016, 23, 1051-1059. [CrossRef]

Sirvio, J.; Hyvakko, U.; Liimatainen, H.; Niinimaki, J.; Hormi, O. Periodate oxidation of cellulose at elevated temperatures using
metal salts as cellulose activators. Carbohydra. Polym. 2011, 83, 1293-1297. [CrossRef]

Zhang, J.; Chen, W.; Feng, Y.; Wu, J.; Yu, J.; He, ].; Zhang, ]. Homogeneous esterification of cellulose in room temperature ionic
liquids. Polym. Int. 2015, 64, 963-970. [CrossRef]

Zhang, J.-M.; Wu, J.; Yu, J.; Zhang, X.-C.; Mi, Q.-Y.; Zhang, J. Processing and Functionalization of Cellulose with Ionic Liquids.
Available online: http://www.gfzxb.org/thesisDetails#10.11777 /j.issn1000-3304.2017.17066 (accessed on 16 August 2021).
Kamitakahara, H.; Suhara, R.; Yamagami, M.; Kawano, H.; Okanishi, R.; Asahi, T.; Takano, T. A versatile pathway to end-
functionalized cellulose ethers for click chemistry applications. Carbohydr. Polym. 2016, 151, 88-95. [CrossRef]


http://doi.org/10.1021/acsomega.9b02498
http://www.ncbi.nlm.nih.gov/pubmed/32039313
http://doi.org/10.1007/s10853-021-05833-1
http://doi.org/10.1002/adfm.201800409
http://doi.org/10.1039/D1RA03474J
http://doi.org/10.1016/j.carbpol.2020.116892
http://doi.org/10.1002/anie.200460587
http://doi.org/10.1016/j.carbpol.2011.10.027
http://doi.org/10.3390/polym11071091
http://www.ncbi.nlm.nih.gov/pubmed/31252644
http://doi.org/10.1007/s10570-006-9061-4
http://doi.org/10.1139/v07-152
http://doi.org/10.1021/bm700769p
http://doi.org/10.1007/s10570-009-9277-1
http://doi.org/10.1021/la0105127
http://doi.org/10.1002/app.27407
http://doi.org/10.1007/s00244-010-9493-6
http://doi.org/10.1007/s10570-012-9734-0
http://doi.org/10.3390/nano9121694
http://doi.org/10.1002/jbm.b.31776
http://doi.org/10.1007/s10570-009-9381-2
http://doi.org/10.1002/adma.202002264
http://www.ncbi.nlm.nih.gov/pubmed/32902018
http://doi.org/10.1007/s10570-017-1279-9
http://doi.org/10.1016/j.carbpol.2020.115829
http://www.ncbi.nlm.nih.gov/pubmed/32059883
http://doi.org/10.1007/s10570-016-0862-9
http://doi.org/10.1016/j.carbpol.2010.09.036
http://doi.org/10.1002/pi.4883
http://www.gfzxb.org/thesisDetails#10.11777/j.issn1000-3304.2017.17066
http://doi.org/10.1016/j.carbpol.2016.05.016

Materials 2021, 14, 5398 16 of 18

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zhou, J.P; Zhang, L.; Deng, Q.H.; Wu, X.J. Synthesis and characterization of cellulose derivatives prepared in NaOH/urea
aqueous solutions. J. Polym. Sci. Part. A-Polym. Chem. 2004, 42, 5911-5920. [CrossRef]

Yuan, Z.; Zhang, J.; Jiang, A.; Lv, W.; Wang, Y.; Geng, H.; Wang, J.; Qin, M. Fabrication of cellulose self-assemblies and
high-strength ordered cellulose films. Carbohydra. Polym. 2015, 117, 414-421. [CrossRef]

Kumar, M.; Gehlot, P.S,; Parihar, D.; Surolia, PX.; Prasad, G. Promising grafting strategies on cellulosic backbone through radical
polymerization processes—A review. Emerg. Mater. Res. 2021, 152, 110448.

Wang, L.L.; Xu, Y.S. Preparation and characterization of graft copolymerization of ethyl acrylate onto hydroxypropyl methylcellu-
lose in aqueous medium. Cellulose 2006, 13, 191-200. [CrossRef]

Durmaz, F.; Andirici, Y. Ultrafiltration membrane separation technique for drinking water. Emerg. Mater. Res. 2020, 9, 1028-1031.
[CrossRef]

Zhang, Z.; Luo, Y,; Peng, H.; Chen, Y,; Liao, R.-Z.; Zhao, Q. Deep spatial representation learning of polyamide nanofiltration
membranes. J. Membr. Sci. 2021, 620, 118910. [CrossRef]

Wang, X.; Ma, H.; Chu, B.; Hsiao, B.S. Thin-film nanofibrous composite reverse osmosis membranes for desalination. Desalination
2017, 420, 91-98. [CrossRef]

Liang, H.-Q.; Hung, W.-S,; Yu, H.-H.; Hu, C.-C.; Lee, K.-R;; Lai, ].-Y.; Xu, Z.-K. Forward osmosis membranes with unprecedented
water flux. J. Membr. Sci. 2017, 529, 47-54. [CrossRef]

Sivakumar, M.; Mohan, D.R.; Rangarajan, R. Studies on cellulose acetate-polysulfone ultrafiltration membranes—II. Effect of
additive concentration. J. Membr. Sci. 2006, 268, 208-219. [CrossRef]

Wang, ].-J.; Yang, H.-C.; Wu, M.-B.; Zhang, X.; Xu, Z.-K. Nanofiltration membranes with cellulose nanocrystals as an interlayer for
unprecedented performance. |. Mater. Chem. A 2017, 5, 16289-16295. [CrossRef]

Park, C.H,; Jeon, S.; Park, S.-H.; Shin, M.G.; Park, M.S,; Lee, S.-Y.; Lee, ].-H. Cellulose nanocrystal-assembled reverse osmosis
membranes with high rejection performance and excellent antifouling. . Mater. Chem. 2019, 7, 3992—4001. [CrossRef]

Mazlan, N.M.; Marchetti, P; Maples, H.A.; Gu, B.; Karan, S.; Bismarck, A.; Livingston, A.G. Organic fouling behaviour of
structurally and chemically different forward osmosis membranes—A study of cellulose triacetate and thin film composite
membranes. . Membr. Sci. 2016, 520, 247-261. [CrossRef]

Elkony, Y.; Mansour, E.-S.; Elhusseiny, A.; Ebrahim, S. Effect of cellulose acetate/cellulose triacetate ratio on reverse osmosis
blend membrane performance. Polym. Eng. Sci. 2020, 60, 2852-2863. [CrossRef]

Curto, D.; Franzitta, V.; Guercio, A. A Review of the Water Desalination Technologies. Appl. Sci. 2021, 11, 670. [CrossRef]
Gorey, C.; Escobar, I.C. N-isopropylacrylamide (NIPAAM) modified cellulose acetate ultrafiltration membranes. ]. Membr. Sci.
2011, 383, 272-279. [CrossRef]

Dixon, M.; Staaks, C.; Fabris, R.; Vimonses, V.; Chow, C.W.K; Panglisch, S.; van Leeuwen, ].A.; Drikas, M. The impact of optimised
coagulation on membrane fouling for coagulation/ultrafiltration process. Desalin. Wat. Treatm. 2013, 51, 2718-2725. [CrossRef]
Wang, Z.; Qiao, X.; Sun, K. Rice straw cellulose nanofibrils reinforced poly(vinyl alcohol) composite films. Carbohydr. Polym. 2018,
197, 442-450. [CrossRef]

Mokhena, T.C.; Jacobs, N.V.; Luyt, A.S. Nanofibrous Alginate Membrane Coated with Cellulose Nanowhiskers for Water
Purification. Available online: https://onlinelibrary.wiley.com/doi/10.1002/app.44583 (accessed on 16 August 2021).

Ma, H.Y,; Burger, C.; Hsiao, B.S.; Chu, B. Ultra-fine cellulose nanofibers: New nano-scale materials for water purification. ]. Mater.
Chem. 2011, 21, 7507-7510. [CrossRef]

Varanasi, S.; Low, Z.X.; Batchelor, W. Cellulose nanofibre composite membranes—Biodegradable and recyclable UF membranes.
Chem. Eng. J. 2015, 265, 138-146. [CrossRef]

Yoon, K.; Kim, K.; Wang, X.E; Fang, D.F; Hsiao, B.S.; Chu, B. High flux ultrafiltration membranes based on electrospun
nanofibrous PAN scaffolds and chitosan coating. Polymer 2006, 47, 2434-2441. [CrossRef]

Zhang, D.; Karkooti, A.; Liu, L.; Sadrzadeh, M.; Thundat, T,; Liu, Y.; Narain, R. Fabrication of antifouling and antibacterial
polyethersulfone (PES)/cellulose nanocrystals (CNC) nanocomposite membranes. ]. Membr. Sci. 2018, 549, 350-356. [CrossRef]
Yoon, Y.; Hsiao, B.S.; Chu, B. High flux ultrafiltration nanofibrous membranes based on polyacrylonitrile electrospun scaffolds
and crosslinked polyvinyl alcohol coating. J. Membr. Sci. 2009, 338, 145-152. [CrossRef]

Bai, L.; Liu, Y.; Ding, A,; Ren, N.; Li, G.; Liang, H. Surface coating of UF membranes to improve antifouling properties: A
comparison study between cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs). Chemosphere 2019, 217, 76-84.
[CrossRef]

Ma, H.Y,; Hsiao, B.S.; Chu, B. Thin-film nanofibrous composite membranes containing cellulose or chitin barrier layers fabricated
by ionic liquids. Polymer 2011, 52, 2594-2599. [CrossRef]

Wang, Z.; Ma, H.; Chu, B.; Hsiao, B.S. Fabrication of cellulose nanofiber-based ultrafiltration membranes by spray coating
approach. J. Appl. Polym. Sci. 2017, 134. [CrossRef]

Hadi, P; Yang, M.; Ma, H.; Huang, X.; Walker, H.; Hsiao, B.S. Biofouling-resistant nanocellulose layer in hierarchical polymeric
membranes: Synthesis, characterization and performance. J. Membr. Sci. 2019, 579, 162-171. [CrossRef]

Ram, C.; Zaman, B.; Dhir, A. Study on corrosion investigations in industrial effluents: A review. Corr. Rev. 2019, 37, 115-130.
[CrossRef]

Cao, X.,; Huang, M.; Ding, B.; Yu, J.; Sun, G. Robust polyacrylonitrile nanofibrous membrane reinforced with jute cellulose
nanowhiskers for water purification. Desalination 2013, 316, 120-126. [CrossRef]


http://doi.org/10.1002/pola.20431
http://doi.org/10.1016/j.carbpol.2014.10.003
http://doi.org/10.1007/s10570-005-9043-y
http://doi.org/10.1680/jemmr.20.00193
http://doi.org/10.1016/j.memsci.2020.118910
http://doi.org/10.1016/j.desal.2017.06.029
http://doi.org/10.1016/j.memsci.2017.01.056
http://doi.org/10.1016/j.memsci.2005.06.017
http://doi.org/10.1039/C7TA00501F
http://doi.org/10.1039/C8TA10932J
http://doi.org/10.1016/j.memsci.2016.07.065
http://doi.org/10.1002/pen.25517
http://doi.org/10.3390/app11020670
http://doi.org/10.1016/j.memsci.2011.08.066
http://doi.org/10.1080/19443994.2012.749367
http://doi.org/10.1016/j.carbpol.2018.06.025
https://onlinelibrary.wiley.com/doi/10.1002/app.44583
http://doi.org/10.1039/c0jm04308g
http://doi.org/10.1016/j.cej.2014.11.085
http://doi.org/10.1016/j.polymer.2006.01.042
http://doi.org/10.1016/j.memsci.2017.12.034
http://doi.org/10.1016/j.memsci.2009.04.020
http://doi.org/10.1016/j.chemosphere.2018.10.219
http://doi.org/10.1016/j.polymer.2011.03.051
http://doi.org/10.1002/app.44583
http://doi.org/10.1016/j.memsci.2019.02.059
http://doi.org/10.1515/corrrev-2017-0113
http://doi.org/10.1016/j.desal.2013.01.031

Materials 2021, 14, 5398 17 of 18

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Thakur, V.K,; Voicu, S.I. Recent advances in cellulose and chitosan based membranes for water purification: A concise review.
Carbohydr. Polym. 2016, 146, 148-165. [CrossRef]

Mautner, A.; Mayer, F.; Hervy, M.; Lee, K.-Y.; Bismarck, A. Better together: Synergy in nanocellulose blends. Philosophical Transact.
Rol. Soc. A. Math. Phys. Eng. Sci. 2018, 376, 20170043. [CrossRef]

Wang, Z.; Wang, Z.; Lin, S,; Jin, H.,; Gao, S.; Zhu, Y,; Jin, J. Nanoparticle-templated nanofiltration membranes for ultrahigh
performance desalination. Nat. Commun. 2018, 9, 2004. [CrossRef]

Tan, Z.; Chen, S.; Peng, X.; Zhang, L.; Gao, C. Polyamide membranes with nanoscale Turing structures for water purification.
Science 2018, 360, 518. [CrossRef]

Liu, P; Borrell, P.E; Bozic, M.; Kokol, V.; Oksman, K.; Mathew, A.P. Nanocelluloses and their phosphorylated derivatives for
selective adsorption of Ag*, Cu?* and Fe3* from industrial effluents. J. Hazard. Mater. 2015, 294, 177-185. [CrossRef] [PubMed]
Hokkanen, S.; Repo, E.; Sillanpaa, M. Removal of heavy metals from aqueous solutions by succinic anhydride modified mercerized
nanocellulose. Chem. Eng. J. 2013, 223, 40-47. [CrossRef]

Pillai, S.S.; Deepa, B.; Abraham, E.; Girija, N.; Geetha, P; Jacob, L.; Koshy, M. Biosorption of Cd(II) from aqueous solution using
xanthated nano banana cellulose: Equilibrium and kinetic studies. Ecofoxicol. Environ. Saf. 2013, 98, 352-360. [CrossRef]
Sehaqui, H.; Perez de Larraya, U.; Liu, P.; Pfenninger, N.; Mathew, A.P,; Zimmermann, T.; Tingaut, P. Enhancing adsorption of
heavy metal ions onto biobased nanofibers from waste pulp residues for application in wastewater treatment. Cellulose 2014, 21,
2831-2844. [CrossRef]

Ma, H.; Burger, C.; Hsiao, B.S.; Chu, B. Nanofibrous microfiltration membrane based on cellulose nanowhiskers. Biomacromolecules
2012, 13, 180-186. [CrossRef]

Qiao, H.; Zhou, Y.; Yu, F; Wang, E.; Min, Y.; Huang, Q.; Pang, L.; Ma, T. Effective removal of cationic dyes using carboxylate-
functionalized cellulose nanocrystals. Chemosphere 2015, 141, 297-303. [CrossRef] [PubMed]

Zhou, C.; Wu, Q.; Lei, T.; Negulescu, J.I. Adsorption kinetic and equilibrium studies for methylene blue dye by partially
hydrolyzed polyacrylamide/cellulose nanocrystal nanocomposite hydrogels. Chem. Eng. ]. 2014, 251, 17-24. [CrossRef]

Pei, A.; Butchosa, N.; Berglund, L.A.; Zhou, Q. Surface quaternized cellulose nanofibrils with high water absorbency and
adsorption capacity for anionic dyes. Soft Matter 2013, 9, 2047-2055. [CrossRef]

Jin, L.; Sun, Q.; Xu, Q.; Xu, Y. Adsorptive removal of anionic dyes from aqueous solutions using microgel based on nanocellulose
and polyvinylamine. Bioresour. Technol. 2015, 197, 348-355. [CrossRef]

Batmaz, R.; Mohammed, N.; Zaman, M.; Minhas, G.; Berry, RM.; Tam, K.C. Cellulose nanocrystals as promising adsorbents for
the removal of cationic dyes. Cellulose 2014, 21, 1655-1665. [CrossRef]

Sai, H,; Fu, R;; Xing, L.; Xiang, J.; Li, Z; Li, E; Zhang, T. Surface Modification of Bacterial Cellulose Aerogels” Web-like Skeleton
for Oil/Water Separation. ACS Appl. Mater. Interfaces 2015, 7, 7373-7381. [CrossRef] [PubMed]

Wang, R.; Guan, S; Sato, A.; Wang, X.; Wang, Z.; Yang, R.; Hsiao, B.S.; Chu, B. Nanofibrous microfiltration membranes capable of
removing bacteria, viruses and heavy metal ions. |. Membr. Sci. 2013, 446, 376-382. [CrossRef]

Asper, M,; Hanrieder, T.; Quellmalz, A.; Mihranyan, A. Removal of xenotropic murine leukemia virus by nanocellulose based
filter paper. Biologicals 2015, 43, 452-456. [CrossRef]

Peresina, M.S.; Kammiovirta, K.; Heikkinen, H.; Johansson, L.-S.; Vartiainen, J.; Setala, H.; Osterberg, M.; Tammelin, T. Under-
standing the mechanisms of oxygen diffusion through surface functionalized nanocellulose films. Carbohydr. Polym. 2017, 174,
309-317. [CrossRef]

Kong, L.; Zhang, D.; Shao, Z.; Han, B.; Lv, Y,; Gao, K.; Peng, X.].D. Superior effect of TEMPO-oxidized cellulose nanofibrils
(TOCNSs) on the performance of cellulose triacetate (CTA) ultrafiltration membrane. Desalination 2014, 332, 117-125. [CrossRef]
Males, L.; Fakin, D.; Bracic, M.; Gorgieva, S. Efficiency of Differently Processed Membranes Based on Cellulose as Cationic Dye
Adsorbents. Nanomaterials 2020, 10, 642. [CrossRef]

Georgouvelas, D.; Abdelhamid, H.N.; Li, J.; Edlund, U.; Mathew, A.P. All-cellulose functional membranes for water treatment:
Adsorption of metal ions and catalytic decolorization of dyes. Carbohydr. Polym. 2021, 264, 118044. [CrossRef] [PubMed]

Goetz, L.A.; Naseri, N.; Nair, S.S.; Karim, Z.; Mathew, A.P. All Cellulose Electrospun Water Purification Membranes Nanotextured
Using Cellulose Nanocrystals. Available online: https://onlinelibrary.wiley.com/doi/10.1002/app.43946 (accessed on 16 August
2021).

Syverud, K,; Stenius, P. Strength and barrier properties of MFC films. Cellulose 2009, 16, 75-85. [CrossRef]

Hassan, M.; Hassan, E.; Fadel, S.M.; Abou-Zeid, R.E.; Berglund, L.; Oksman, K. Metallo-Terpyridine-Modified Cellulose Nanofiber
Membranes for Papermaking Wastewater Purification. J. Inorg. Organomet. Polym. Mater. 2017, 28, 439-447. [CrossRef]

Khare, V.P,; Greenberg, A R.; Kelley, S.S.; Pilath, H.; Roh, L].; Tyber, J. Synthesis and characterization of dense and porous cellulose
films. J. Appl. Polym. Sci. 2007, 105, 1228-1236. [CrossRef]

Gullinkala, T.; Escobar, I. A green membrane functionalization method to decrease natural organic matter fouling. J. Membr. Sci.
2010, 360, 155-164. [CrossRef]

Abd El-Ghaffar, M.A.; Elawady, M.M.; Rabie, A.M.; Abdelhamid, A.E. Enhancing the RO performance of cellulose acetate
membrane using chitosan nanoparticles. J. Polym. Res. 2020, 27. [CrossRef]

Pandele, A.M.; Iovu, H.; Orbeci, C.; Tuncel, C.; Miculescu, F.; Nicolescu, A.; Deleanu, C.; Voicu, S.I. Surface modified cellulose
acetate membranes for the reactive retention of tetracycline. Sep. Purif. Technol. 2020, 249, 117145. [CrossRef]


http://doi.org/10.1016/j.carbpol.2016.03.030
http://doi.org/10.1098/rsta.2017.0043
http://doi.org/10.1038/s41467-018-04467-3
http://doi.org/10.1126/science.aar6308
http://doi.org/10.1016/j.jhazmat.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25867590
http://doi.org/10.1016/j.cej.2013.02.054
http://doi.org/10.1016/j.ecoenv.2013.09.003
http://doi.org/10.1007/s10570-014-0310-7
http://doi.org/10.1021/bm201421g
http://doi.org/10.1016/j.chemosphere.2015.07.078
http://www.ncbi.nlm.nih.gov/pubmed/26298027
http://doi.org/10.1016/j.cej.2014.04.034
http://doi.org/10.1039/c2sm27344f
http://doi.org/10.1016/j.biortech.2015.08.093
http://doi.org/10.1007/s10570-014-0168-8
http://doi.org/10.1021/acsami.5b00846
http://www.ncbi.nlm.nih.gov/pubmed/25799389
http://doi.org/10.1016/j.memsci.2013.06.020
http://doi.org/10.1016/j.biologicals.2015.08.001
http://doi.org/10.1016/j.carbpol.2017.06.066
http://doi.org/10.1016/j.desal.2013.11.005
http://doi.org/10.3390/nano10040642
http://doi.org/10.1016/j.carbpol.2021.118044
http://www.ncbi.nlm.nih.gov/pubmed/33910746
https://onlinelibrary.wiley.com/doi/10.1002/app.43946
http://doi.org/10.1007/s10570-008-9244-2
http://doi.org/10.1007/s10904-017-0685-7
http://doi.org/10.1002/app.25888
http://doi.org/10.1016/j.memsci.2010.05.004
http://doi.org/10.1007/s10965-020-02319-7
http://doi.org/10.1016/j.seppur.2020.117145

Materials 2021, 14, 5398 18 of 18

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Battirola, L.C.; Andrade, P.F; Marson, G.V.; Hubinger, M.D.; Goncalves, M.d.C. Cellulose acetate/cellulose nanofiber membranes
for whey and fruit juice microfiltration. Cellulose 2017, 24, 5593-5604. [CrossRef]

Zhou, J.; Chen, J.; He, M.; Yao, J. Cellulose acetate ultrafiltration membranes reinforced by cellulose nanocrystals: Preparation
and characterization. J. Appl. Polym. Sci. 2016, 133. [CrossRef]

Xu, C,; Cui, A,; Xu, Y,; Fu, X. Graphene oxide-TiO2 composite filtration membranes and their potential application for water
purification. Carbon 2013, 62, 465—471. [CrossRef]

Wang, Z.; Ma, H.; Hsiao, B.S.; Chu, B. Nanofibrous ultrafiltration membranes containing cross-linked poly(ethylene glycol) and
cellulose nanofiber composite barrier layer. Polymer 2014, 55, 366-372. [CrossRef]

Puspasari, T.; Peinemann, K.-V. Application of thin film cellulose composite membrane for dye wastewater reuse. J. Water Process.
Eng. 2016, 13, 176-182. [CrossRef]

Yoon, K; Hsiao, B.S.; Chu, B. High flux nanofiltration membranes based on interfacially polymerized polyamide barrier layer on
polyacrylonitrile nanofibrous scaffolds. J. Membr. Sci. 2009, 326, 484—492. [CrossRef]

Yung, L.; Ma, H.; Wang, X.; Yoon, K.; Wang, R.; Hsiao, B.S.; Chu, B. Fabrication of thin-film nanofibrous composite membranes by
interfacial polymerization using ionic liquids as additives. J. Membr. Sci. 2010, 365, 52-58. [CrossRef]

Wang, X.; Fang, D.; Hsiao, B.S.; Chu, B. Nanofiltration membranes based on thin-film nanofibrous composites. ]. Membr. Sci. 2014,
469, 188-197. [CrossRef]

Asif, M.B.; Zhang, Z. Ceramic membrane technology for water and wastewater treatment: A critical review of performance,
full-scale applications, membrane fouling and prospects. Chem. Eng. J. 2021, 418, 129481. [CrossRef]

Lee, M.; Wu, Z,; Li, K. Advances in ceramic membranes for water treatment. In Advances in Membrane Technologies for Water
Treatment; Woodhead Publishing: Cambridge, UK, 2015; pp. 43-82.

Dong, Y.; Feng, X.; Dong, D.; Wang, S.; Yang, ].; Gao, J.; Liu, X.; Meng, G. Elaboration and chemical corrosion resistance of tubular
macro-porous cordierite ceramic membrane supports. . Membr. Sci. 2007, 304, 65-75. [CrossRef]

Abdullayev, A.; Bekheet, M.F,; Hanaor, D.; Gurlo, A.J.M. Materials and Applications for Low-Cost Ceramic Membranes.
Membranes 2019, 9, 105. [CrossRef] [PubMed]

Bouazizi, A.; Saja, S.; Achiou, B.; Ouammou, M.; Calvo, J.I; Aaddane, A.; Younssi, S.A. Elaboration and characterization of a new
flat ceramic MF membrane made from natural Moroccan bentonite. Appl. Treat. Ind. Wastewater 2016, 132, 33—40.

Wang, S.; Tian, J.; Wang, Q.; Zhao, Z.; Cui, F,; Li, G. Low-temperature sintered high-strength CuO doped ceramic hollow fiber
membrane: Preparation, characterization and catalytic activity—ScienceDirect. J. Membr. Sci. 2019, 570, 333-342. [CrossRef]
Liu, S.; Zeng, Y.P; Jiang, D. Fabrication and characterization of cordierite-bonded porous SiC ceramics. Ceram. Int. 2009, 35,
597-602. [CrossRef]

Ahmad, R; Jin, K.K,; Kim, ].H.; Kim, J. Nanostructured Ceramic Photocatalytic Membrane Modified with a Polymer Template for
Textile Wastewater Treatment. Appl. Sci. 2017, 7, 1284. [CrossRef]

Gu, Y,; Favier, I; Pradel, C.; Gin, D.L.; Lahitte, ].-F; Noble, R.D.; Gomez, M.; Remigy, J.-C. High catalytic efficiency of palladium
nanoparticles immobilized in a polymer membrane containing poly(ionic liquid) in Suzuki-Miyaura cross-coupling reaction. J.
Membr. Sci. 2015, 492, 331-339. [CrossRef]

Ramlow, H.; Ferreira, R K.M.; Marangoni, C.; Machado, R.A.F. Ceramic membranes applied to membrane distillation: A
comprehensive review. Int. J. Appl. Ceram. Technol. 2019, 16, 2161-2172. [CrossRef]

Usman, J.; Othman, M.H.D.; Ismail, A.F,; Rahman, M. A ; Jaafar, ].; Raji, Y.O.; Gbadamosi, A.O.; Badawy, T.H.E.; Said, K.A.M. An
overview of superhydrophobic ceramic membrane surface modification for oil-water separation. J. Mater. Res. Technol. 2021, 12,
643-667. [CrossRef]

Wang, H.; Hu, X; Ke, Z.; Du, C.Z.; Zheng, L.; Wang, C.; Yuan, Z. Review: Porous Metal Filters and Membranes for Oil-Water
Separation. Nanoscale Res. Lett. 2018, 13, 1-14. [CrossRef] [PubMed]

Kose, K.; Mavlan, M.; Youngblood, J.P. Applications and impact of nanocellulose based adsorbents. Cellulose 2020, 27, 2967-2990.
[CrossRef]


http://doi.org/10.1007/s10570-017-1510-8
http://doi.org/10.1002/app.43946
http://doi.org/10.1016/j.carbon.2013.06.035
http://doi.org/10.1016/j.polymer.2013.10.049
http://doi.org/10.1016/j.jwpe.2016.08.008
http://doi.org/10.1016/j.memsci.2008.10.023
http://doi.org/10.1016/j.memsci.2010.08.033
http://doi.org/10.1016/j.memsci.2014.06.049
http://doi.org/10.1016/j.cej.2021.129481
http://doi.org/10.1016/j.memsci.2007.06.058
http://doi.org/10.3390/membranes9090105
http://www.ncbi.nlm.nih.gov/pubmed/31438552
http://doi.org/10.1016/j.memsci.2018.10.078
http://doi.org/10.1016/j.ceramint.2008.01.025
http://doi.org/10.3390/app7121284
http://doi.org/10.1016/j.memsci.2015.05.051
http://doi.org/10.1111/ijac.13301
http://doi.org/10.1016/j.jmrt.2021.02.068
http://doi.org/10.1186/s11671-018-2693-0
http://www.ncbi.nlm.nih.gov/pubmed/30209724
http://doi.org/10.1007/s10570-020-03011-1

	Introduction 
	Nanocellulose Filtration Membrane 
	Nanocellulose (NC) 
	Membrane Separation Technology 
	Nanocellulose Filtration Membrane 

	Application of Cellulose Filter Membrane in Industrial Wastewater Treatment 
	Research on NC as a Membrane Matrix Material in Industrial Wastewater Treatment 
	Research on CN Composite Membranes in Industrial Wastewater Treatment 

	Comparison of Inorganic Ceramic and CN Membranes 
	Inorganic Ceramic Filtration Membrane 
	Comparison of Inorganic Ceramic Membranes and CN Filtration Membranes 

	Conclusions 
	Patents 
	References

