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Preface

Recently, many researchers have focused on identifying a cost-effective approach

to generate biofuel, chemicals, and value-added products from various biomass.
Generating alternative fuels from renewable feedstock helps with waste management,
produces low-cost fuel, and reduces negative environmental effects. To achieve this,
a broader knowledge of selecting renewable feedstock is essential. From an economic
and environmental point of view, cellulose is considered a renewable, versatile, and
biodegradable material. It is the most abundantly available biopolymer in differ-

ent biomass such as plants, bacteria, tunicates, and algae. This book provides basic
information about the various applications of cellulose conversion into biofuels and
value-added products. It presents the basics of cellulose conversion, an integral part
of the biorefinery concept, and discusses the possible routes of biofuel/value-added
products derived from cellulose.
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Chapter 1

The Cotfee Residues and the
Esparto Fibers as a Lignocellulosic
Material for Removal of Dyes from
Wastewater by Adsorption

Ridha Lafi, Hajer Chemingui, Imed Montasser and
Amor Hafiane

Abstract

Biosorption onto lignocellulosic products such as coffee residues and esparto fibers
in natural and modified forms have been identified as a potential alternative to the
existing biosorbents applied for dye removal from wastewater. The efficiency of each
material has been discussed with respect to the operating conditions and the chemical
modifications. The investigated thermodynamics and kinetics studies were exposed
also in terms of equilibrium isotherms and fitted kinetic models. Moreover, the crucial
role of the chemical structures of the cellulosic fibers as an affecting factor on the
mechanism of the adsorption process was evaluated and compared. The different
treatment methods showed an improvement in terms of removal and maximum
adsorption capacity. In fact, in some cases the removal capacity can be increased to
99% and the maximum adsorption capacity can reach 67 mg/g. On the other hand, the
different investigations showed that the study data fitted to the known model such as
Langmuir isotherm and pseudo-second-order kinetic.

Keywords: dye, biosorption, lignocellulosic products, adsorption isotherms, kinetics

1. Introduction

Water pollution due to the rejected industrial hazard has become global issue of
concern. Many industries such as textile industry use dyes to color their products and
thus produce wastewater containing organics with a strong color. Dyes are used in
different industries such printing, textile and cosmetic. Therefore, an important
quantity of these dyes is rejected in the environment, thus causing a real ecotoxicity
for human and animal health [1, 2]. Dyes are reported toxic, non-degradable, and
harmful to the environment and human and animal health [3, 4]. Generally, based on
their solubility and chemical characteristics, the dyes are categorized into acid, basic,
direct, mordant, vat, reactive, disperse, azo and sulfur dyes [5, 6]. Among the most
common methods for the removal of dyes from wastewaters include adsorption,
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chemical precipitation, coagulation-flocculation, ion exchange, membrane technol-
ogy, and electrochemical methods [7]. Adsorption is one of the most commonly used
techniques for the removal of dyes from wastewater [4]. While other methods limit
their applications based on the high cost of materials used, researchers have turned
their attention to develop easily available, low-cost, renewable, green, and efficient
adsorbents such as agricultural wastes [8-11]. The coffee residue and the esparto fiber
were the typical lignocellulosic wastes and by-products, respectively. The coffee resi-
due can be obtained during the treatment of raw coffee powder with hot water or
steam for the instant coffee preparation. Every year an important quantity of coffee
can be collected and different wastes can be rejected during the preparation of coffee
powders from coffee beams which can cause environment pollution [12-19]. So,
collection of these wastes was investigated by different researchers for their use as
adsorbent materials in the wastewater treatment. On the other hand, Esparto grass
(Stipa Tenacissima L) is a tussock grass widely distributed in semi-arid and arid
regions in North Africa and southern Spain. The leaves are cylindrical, tough and
very tenacious reaching up to 1.5 m in height. Traditionally, esparto has been
employed for crafts. Humankind has used natural lignocellulosic materials for an
amount of applications in daily life [20]. These wastes contain some organic com-
pounds, such as cellulose, hemicellulose, lignin, and waxes. Recently research has
been carried out on the application of coffee waste and esparto grass as an adsorbent
in water treatment using the adsorption technology to provide references for future
researches on the recycling and utilization of these materials in water treatment.
This paper reviewed and analyzed the effect of coffee waste and esparto fiber on
removal dye from wastewater. In addition, the pretreatment method of coffee

waste and esparto fiber was discussed to solve the problem of limited adsorption
efficiency. Moreover, this current chapter compares the adsorptive capacity of various
forms of coffee wastes and esparto fiber. The most favorable conditions for the
decontamination process for each hazardous dye were also discussed. Finally, the
existing knowledge on coffee waste and esparto fiber as sorbent was analyzed to
provide new directions for further applications of lignocellulosic materials in water
treatment.

2. Characterization of the coffee waste and esparto fiber

The interests in utilization of agricultural wastes have been significantly
increased and many attempts have been made regarding the use of lignocellulosic
materials (either natural substances or agro-industrial wastes and by-products) as
economic and eco-friendly options. Agricultural wastes such as lignin, cellulose and
hemicelluloses are characterized by high molecular weights. The major chemical con-
stituents of this lignocellulosic biomass include cellulose; hemicellulose, lignin, and
their percentage dry weight composition are approximately 39, 31, and 18 wt%,
respectively [1]. Cellulose is a linear polymer of pf-p-glucopyranose sugar units. The
average chain has a degree of polymerization about 9000-10,000 units. Hemicellu-
loses are amorphous polysaccharide polymers with a low degree of polymerization
compared to cellulose. Lignin is a heterogeneous, complex and large molecular struc-
ture with cross-linked three-dimensional phenyl-propane polymer of phenolic mono-
mers. Lignins have a highly branched structure, amorphous and made by cross-linking
phenolic precursors. The chemical composition of the two lignocellulosic materials is
presented in Table 1.
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Coffee residue Esparto fiber

Elemental analysis (wt%) C 65.8 443
H 28.4 6.5

N — 0.6

(o] — 46.5

Others 5.7 21

Cellulose 8.6 (glucose) 45.3
Hemicellulose 36.7 237
Lignin — 239
Protein 13 —
Lipids 14 —
Carbohydrates 26 —
Water 45 —
Ash 2 21

Table 1.
Chemical composition of lignocellulosic materials.

2.1. Composition and functional groups

The type of functional groups and chemical components in lignocellulosic wastes
and by-products are similar but in different amounts [21]. They play an important role
in dyes sorption. Lignocellulosic based cellulose hemicellulose and lignin contain
different functional groups such as hydroxyl, ether, and carbonyl [22, 23]. The cellu-
lose in the esparto fiber form long chains (or elemental fibrils) linked together by
hydrogen bonds and van der Waals interactions Cellulose is usually presented as a
major crystalline fraction associated to a minor amorphous. Lafi et al. [24] found that
the composition of esparto fiber was 45.3% cellulose, 23.7% hemicelluloses, 23.9%
lignin, and 2.1% ash. According to Boehm method [25], the functional groups at the
surface of esparto were carboxylic 0.58 mmol/g and basic 0.4 mmol/g, followed by
phenolic 0.96 mmol/g and lactonic 0.03 mmol/g. However, the composition of coffee
residues was 45% water, 13% protein, 14% lipids, 26% carbohydrates, and 2% ash
[23]. The functional groups at the surface of coffee residue were carboxylic
0.225 mmol/g and basic 0.1 mmol/g, followed by phenolic 0.27 mmol/g and lactonic
0.015 mmol/g. These results indicate that the differentiation of the surface chemistry
of coffee residues and esparto fibers is directly related to the surface treatment before
the adsorption process (Table 2).

2.2. FTIR and SEM

FTIR technique has been used to identify functional groups before and after
modification of lignocellulosic materials (Table 3). These functional groups are
responsible for the removal of dyes from water. For example, after crystal violet (CV)
biosorption by Esparto fiber [24], the infrared bands 3334, 1721, 1653, 1431, 1381, and
1161 had shifted to 3344, 1737, 1666, 1437, 1369, and 1166 cm ™, respectively, indi-
cating a chemical interaction was occurred between CV molecules and the carboxylate
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Adsorbant PHezc SBeT (mzlg) Boehm titration
Carboxylic Lactonic Phenolic
Esparto fiber 6.3 20.7 0.58 0.03 0.96
Coffee residue 5.3 2.9 0.225 0.015 0.27
Table 2.

BET and pHpzc parameters of various coffee adsorbents.

Adsorbant Wavenumber (cm ™) Assignment (functional groups) Ref.
Coffee residue 3446 Bonded O—H
2924 C—H
2852 CH,
1728 C=0O0 stretching vibration
1658 Coo
1535 N—H [26]
1454 C=0
1382 Coo
1165 C—O—C stretching vibration
1029 C=0O0 stretching vibration
Esparto fiber 3700-3000 free O—H, O—H stretch, and inter-chains H-bonds
2918 Asymmetrical stretch vibration —CHj3
2844 Symmetrical stretch vibration\—CH,
1721 C=0O0 stretching vibration
1658 Coo [24]
1514 N—H amine/amide groups
1246 Symmetric stretching COO
1165 C—0—C vibration
1033 Stretching vibration of C—O—H
Table 3.

Interactions of functional groups of coffee waste and esparto fiber and their shifts in FTIR spectra.

and the hydroxylate anions. This result suggests that carboxyl and hydroxyl functions
are predominant contributors in dye uptake. Lafi et al. [26] concluded that after the
toluidine blue (TB) adsorption by coffee residues, the bands shifted from 3446, 1728,
1658, and 1029 cm ™! to 3444, 1737, 1629, and 1031 cm ™}, respectively, due to TB
adsorption. These indicates that the corresponding functions (—O—H, C=0, COO,
C—O0 and C—O, respectively) are involved on the mechanism of dye adsorption.
Based on another study, Lafi et al. [27] studied the comparison of FTIR of coffee
residue (CR) and CR modified with cationic surfactants such as cetylpyridinium
chloride (CPC) and cetyltrimethylammonium bromide (CTAB). The result shows that
with CPC-CR the intensity of —CHj; (2929 and 1368 cm ) increased while the peak
of —CH, (2853 cm ™ ') was slightly resolved due to the increase in the aliphatic carbon
content in CPC-CR. The others conclude that CPC molecules exist on the surface. The
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FTIR shows that the band from —CH, of CTAB (at 2853 and 1465 cm ') becomes
stronger while the band from —NH, and —OH (at 3414 cm %) is broadened. In this
investigation, two new peaks at 1607 cm ™' and 1520 cm ™" (assigned to aromatic
skeletal vibrations and —N=N— stretching vibrations, respectively) appear after
adsorption of MR into MCRs. This result is probably related to the new quaternary
ammonium group introduced in the adsorbent material after modification. The peaks
at 1039 and 1195 cm ™ attributed to S=O stretching observed after adsorption of MR
into MCR; indicate that the —SO;™ groups of MR are involved in the adsorbent
material [28]. The FTIR of the modification of extracted cellulose from Stipa
tenacissima with cetyltrimethyl ammonium bromide (CTAB) showed that the quater-
nary ammonium group of CTAB was introduced at the surface of modified extracted
cellulose (MEC). In fact, the vibration peak from —CH, of CTAB (at 2908 and

1427 cm ™) became stronger while the band at 3313 cm ! (from —NH, and —OH) is
broadened. The new quaternary ammonium group is responsible for the electrostatic
interactions between the MEC and the methyl orange (MO) during the adsorption
process [29]. Due to their various treatment methods (washing etc.), the adsorbent
based coffee residues and esparto fibers present different morphologies before
adsorption process. Figure 1(left) showed the structure of coffee residue indicating
that a porous and homogenous structure with deep pores exists. The surface was not
smooth, but scraggy with a variety of cavities involves a small surface area [28].
Regarding the esparto fiber, the others found cellular and irregular textures, related to
the existence of heterogeneous layer surfaces with large number of pores character-
ized by various sizes at the surface [29].

3. Treatment methods of coffee waste and the esparto fiber

After the material is collected, simple pretreatment is required, including washing
and drying. The purpose of washing is to remove impurities that can affect the
adsorption process [26, 27]. Coffee waste and esparto fiber have the following advan-
tages: (i) porous or various cavity structures, (ii) cellulose, hemicellulose, and lignin
structures with abundant functional groups (e.g., —C=0, —COO~, —COOH and
—OH). These functional groups can be involved in adsorption process after simple
pretreatment. Lafi et al. [26] used coffee waste after washing and drying to remove
CV and TB and obtained adsorption amounts of 125 and 142.5 mg/g, respectively. On
the other hand, esparto grass fibers were used to remove CV and TB [24]. The
investigation showed that the adsorption capacity was more important with coffee
waste (CW), and this result was attributed to the higher lignocellulosic amount in
CW. It can be seen that unmodified material have also the potential to adsorb dyes.
The treatment methods of coffee waste and the esparto fiber include physical, acid
alkali, and others treatment. The physical treatment changes the particle size and
surface area of the adsorbent to increase the removal rate [30]. Delil et al. [31] used
ultrasonic technology to treat SCG. The particle size was reduced and the surface area
was increased from 3.58 to 1.13 m*/g. In addition, the Zeta potential of this treated
SCG became more negative, which enhanced the adsorption of Cd (II). Nabais et al.
[32] concluded that esparto fibers have an interesting potential for the production of
activated carbons using carbon dioxide as activation agent. The acid treatment leads to
structural changes in coffee waste. These changes are accompanied by an increase in
the number of acid groups such as the carboxyl group or an introduction of other
functional groups to improve its adsorption capacity [33-35]. Ahsan et al. [35]
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Temp =—100.0p m=—

Figure 1.
SEM of Coffee waste (left) and Esparto fiber (right).

modified spent coffee grounds (SCG) using sulfuric acid as a sulfonating agent. The
introduction of sulfonic acid as polar functional groups made the adsorbent surface
electronegative with this modification, the adsorption capacity of methylene blue
(MB), tetracycline (TC), and chromium (VI) reached 812, 462, and 302 mg/g,
respectively. In another study, Raffas et al. [36] prepared activated carbons by the
pyrolysis of coffee grounds impregnated by phosphoric acid at 450°C with

different impregnation ratios: 30, 60, 120, and 180 wt.%. The lower impregnation
ratios (<120 wt.%) led to the best microporous and acidic activated carbons whereas
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higher impregnation ratios (>120 wt.%) yielded to mesoporous carbons with specific
surface areas as high as 925 m*/g, pore volume as large as 0.7 cm®/g, and neutral
surface. The adsorption uptake of Nylosan Red (N-2RBL: anionic dye of diame-

ter ~ 2 nm) onto this carbon is 1.75-fold higher than that of a commercial activated
carbon (SggT ~ 1400 m?/ g). Sodium hydroxide (NaOH) and potassium hydroxide
(KOH) are the commonly used reagents for alkali modification that can increase the
surface area, pore volume, and some functional groups of coffee waste [37]. An alkali
treatment using NaOH was used to modify coffee husk (NaOH-CFCB) [38]. This
investigation showed functional groups at the surface of adsorbent and an increase of
surface area and pore volume. In another study, Lafi et al. [39] used potassium acetate
to activate coffee waste to prepare activated carbon coffee waste (ACCW). The
potassium acetate modification created functional groups on the surface of the adsor-
bent, and also increased the surface area and pore volume, which showed an imported
adsorption performance for CR. Several researchers applied cationic surfactant, mag-
netite nanoparticles, or other chemicals (such as cetyltrimethyl ammonium bromide
(CTAB), cetylpyridinium chloride (CPC), dodecyltrimethyl ammonium bromide
(DTAB), and N, N-dimethyldodecylamine N-oxide (DDAO) [28, 27] to modify coffee
wastes for removing dyes. Cationic surfactant can enhance the hydrophilicity of the
surface of coffee wastes, and alter the surface charge characteristics. Khataee et al.
[40] synthesized a new adsorbent based Fe30,4-loaded waste coffee (Fe;0,-CHC) by
precipitation method. Using this adsorbent, the decolorization rate of acid red 17 (AR
17) decreased from 100% to 74% with the increase of the initial dye concentration.
Methylene blue (MB), methyl orange (MO) and rhodamine B (Rh B) were removed
from water using CG4 adsorbent abtained from catalyzed waste coffee grounds by
FeCl; [41]. The removal rates of MB, MO, and Rh B by CG4 were 93.8%, 92.9%, and
94.1%, respectively, after ten cycles. The adsorbent prepared by using a magnetic
treatment, the adsorbent can be also prepared. However, the continuous adsorption—
desorption cycle reduces the adsorption efficiency under acid condition by ion
leaching [42]. Moreover, the use of large quantities of magnetic adsorbents can also
lead to serious environmental problems [43].

The acid treatment introduces some functional groups and increases the porosity
and the surface area. These modifications improve the adsorption capacity. However,
the strong acid reagents used are expensive and corrosive, which limit their industrial
application. The alkali treatment can transform coffee waste materials to adsorbents
with high adsorption capacity. However, the appropriate ratio must be used when the
base solution is used.

4. Adsorption of dyes

Most of dyes are not degradable and can cause carcinogenicity, mutagenesis in
humans, and can affect the photosynthesis of aquatic organisms [44, 45]. Therefore, it
is necessary to treat toxic dyes in wastewater. The following investigations describe
the use of coffee waste and esparto fiber to adsorb dyes form wastewater.

Coffee husk was activated using H3PO,4 to remove MB [46]. Under these acidic
conditions, the negative charges on the surface of the adsorbent attract cationic MB
contrary to alkaline conditions that increase the repulsive forces. Therefore, the MB
removal rate and the maximum adsorption capacity were about 96.9% and 6.82 mg/g,
respectively. Tran et al. [47] also used coffee husk to remove MB. It was found that the
activated carbon at 108°C followed by KOH treatment had a high adsorption capacity
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for MB. The adsorption reached equilibrium rapidly (<30 min) and the removal rate
was about 99.28% at pH 7.8 at an initial dye concentration of 200 mg/L. The experi-
mental data showed that the maximum adsorption capacity of AH on MB was

418.78 mg/g. This value is very close to the theoretical data (418.78 mg/g) obtained
by the Langmuir model. In term of adsorption kinetic, the experimental date fitted to
the pseudo-second-order kinetics to describe the adsorption process. Coffee

ground powder (CGP) was used as adsorbents to remove Rh B and Rh 6G [48]. In this
study, the chemical structure of dye played a crucial role on the adsorption process. In
fact, the adsorption capacity of Rh 6G (17.37 pmol/g) was higher than that of Rh B
(5.26 pmol/g). This result was related to the dissociated carboxyl group (—COOH) of
Rh B that play a repulsion role between adsorbent and dye, and to the dissociated ester
group (—COOCHS3;) of Rh 6G that was responsible to the hydrophobic interactions
between the adsorbent and the dye. The adsorbent based on CGW/PPy composite
was prepared using the pyrrole polymerization method. The coffee grounds were the
raw material and the potassium persulfate was the oxidant [49]. The CGW/PPy
composite was used to remove Rh B. The result showed that when pH (6) > pHPZC
(3.2), the electrostatic interaction between CGW/PPy and Rh B increased the
adsorption capacity; however under a constant pH of 9, the adsorption capacity
increased by 1.7 times and the maximum adsorption capacity was about 50.59 mg/g.
In term of adsorption equilibrium, the experimental data fitted to the Langmuir and
Redlich-Peterson models. Regarding the adsorption kinetic, the experimental data
fitted to the pseudo-second-order model. Coffee grounds (CG) were investigated as
adsorbent to remove MG [50]. The FTIR analysis showed different functional groups
and the SEM morphology revealed cavities with different sizes which provided chan-
nels for the adsorption of MG. The study showed that the removal rate of MG
increased with the increase in contact time and adsorbent dosage; however, the
increase of the initial MG concentration from 50 to 250 mg/L implies a decrease of the
removal capacity from 99.63% to 98.69%. In term of adsorption isotherm and adsorp-
tion kinetic, the experimental data fitted to the Langmuir and to the pseudo-second-
order models, respectively. Concentrated sulfuric acid-activated coffee husk (ACH) as
an adsorbent to remove MG was investigated by Murthy et al. [51]. Using an adsor-
bent dosage of 0.5 g/L, the removal rate of MG reached 90% and the maximum
adsorption capacity was about 263 mg/g. Regarding the influence of the pH; when the
pH > pHpzc (5.4), the negative charge on the ACH surface attracts MG, which
increases the removal rate and reaches the maximum at pH 6.8. Finally, in this it was
found the experimental data fitted to the Sips isotherm model and the pseudo-second
order kinetic model. SCG as adsorbent was used to remove CR dye [52]. The results
showed that removal rate increased with the increase of adsorbent dosage and contact
time until reaching equilibrium. Regarding the adsorption process, it was found that
the removal rate decreased with the increase of the initial dye concentration. The
optimization of the experimental data was performed using RSM, and the results
showed that the removal rate was about 89.17% when the adsorbent dosage was 1.87 g,
the initial concentration was 48.18 mg/L, and the contact time was 57.96 min. Potas-
sium acetate was used to modify coffee waste [39]. The obtained activated carbon
(ACCW) was used as adsorbent to remove CR. After 120 min the adsorption equilib-
rium was reached. Furthermore, the authors found that the acid condition lead to the
protonation of the oxygen-containing functional groups (—OH and —COOH). Under
this condition, the positive charged adsorbent surface attract the R-SO3™ functional
groups of the dissociated CR, and the maximum adsorption capacity of CR was about
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90.90 mg/g. The authors found that the experimental data fitted to the Langmuir
isotherm model and the pseudo-second-order kinetic model. Coffee husks (WCH)
were used as adsorbent to remove CR [53]. The result showed that the adsorption
efficiency was about 96% at 25°C when the dye concentration was about 12.24 mg/L
and the pH was about 4. In term of adsorption isotherm and kinetic, the authors found
that the experimental data fitted to the pseudo-second-order model and both the
Langmuir model and the Freundlich model. Untreated SCG was used to adsorb CV
[54]. The authors indicated that when the SCG concentration was about 2 g/L, the
removal rate was about 90%. When the pH was above 5.3, the surface of the adsorbent
acquired a negative charge (pHpyzc = 5.3) to attract the cationic CV dye by electrostatic
interaction. The FTIR analyze showed the appearance of functional groups such as
hydroxyl and carbonyl that could be responsible for the adsorption of CV. The exper-
imental data fitted to the Langmuir isotherm model and the pseudo-second-order
model. Regarding the thermodynamic parameters, the data showed the adsorption
process was exothermic and spontaneous. Pagalan et al. [55] used KOH activation of
SCG to adsorb aniline yellow dye (AYD). The SEM indicated that the KOH-modified
SCG formed mesoporous and microporous structures, which were favorable for

AYD removal by activated carbon. The factors affecting the adsorption were opti-
mized using response surface methodology (RSM) methodology. The AYD

removal rate reached 88.72% and the adsorption capacity was about 2.58 mg/g,

when the initial AYD concentration was 35 mg/L. The obtained experimental

data fitted to the Freundlich and the pseudo-first-order kinetic models.
KOH-activated SCG as adsorbent was investigated to remove orange G [56].

Using this adsorbent, the adsorption capacity reached 100 mg/g at 45°C.The
experimental data fitted to the Langmuir and Redlich-Peterson models in term of
adsorption equilibrium. In terms of adsorption kinetic the experimental data fitted to
the pseudo-second-order model and the diffusion with intraparticles was not the
unique rate-limiting step. CW was modified by cetyltrimethyl ammonium bromide
(CTAB) and cetyl pyridine chloride (CPC) cationic surfactant [27]. Using these
adsorbents, the maximum adsorption capacities of MO by CTAB-CW and CPC-CW
were 58.82 and 62.5 mg/g, respectively. In term of adsorption kinetic, the
experimental data fitted to the pseudo-second-order kinetic model. In another study,
Lafi et al. [28] used cationic surfactant, Dodecyltrimethyl ammonium bromide
(DTAB) and a zwitterionic surfactant, N, N-dimethyldodecylamine N-oxide (DDAO)
to modify coffee residue (CW) to increase affinity for MO anionic dyes. The maxi-
mum adsorption capacities of MR using DTAB-CR and DDAO-CR were 76.22 and
66.22 mg/g, respectively. The pseudo-second-order kinetic model fitted to the exper-
imental data. Lafi et al. [24] studied the performance of Esparto grass fibers (EGF) as
adsorbent to remove TB and CV from aqueous solutions. Under optimum conditions
(25°C, pH 7.0, contact time of 150 min, and adsorbent dose of 2 g/L), the adsorption
capacity was about 40.00 mg/g for TB and 43.47 mg/g for CV, and the two equilib-
rium data were fitted to the Langmuir isotherm. Adsorption of MO dye onto modified
extracted cellulose using cationic surfactants was investigated by Lafi et al. [29]. The
investigation showed that the maximum adsorption capacity (16.95 mg/g) was
obtained under pH 3.7 with 4 g/L of adsorbent at 25°C. Experimental data showed
better agreement with the pseudo-second-order kinetic model and Langmuir adsorp-
tion isotherm model. Table 4 presents the optimal adsorption conditions and maxi-
mum adsorption capacities of different studies using coffee wastes and esparto fibers
to remove dyes from wastewater [57-65].
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Adsorbent Adsorbate Process variables of adsorption Adsorption Adsorption (Qm.x Ref.
isotherm kinetic
m C Contact pH T
(g/L) (mg/L) time (°C)
Coffee ground RhB 1 7.18 3h 2 19 L PSO2;PSO1 526 [48]
powder
Coffee ground Rh6G 1 6.65 3h 2 19 L PSO2;PSO1 17.37 [48]
powder
Coffee wastes Cv 5 80- 20min 6 20 L PSO2 125 [26]
400
Coffee wastes TB 5 80- 20min 6 20 L PSO2 1425 [26]
400
Coffee waste MO 2 20-120 4h 35 25 L PSO2 58.82 [27]
CTAB
Coffee wastes- MO 2 20-120 4h 35 25 L PSO2 62.5 [27]
CPC
Coffee residues MR 0.05 550 60min 10 25 L-F PSO2 —  [57]
AC at 400°C
Coffee residues MR 0.05 550 60min 10 25 L-F PSO2 —  [57]
AC at 500°C
Coffee residues MR 0.05 550 60min 10 25 L-F PSO2 —  [57]
AC at 600°C
Magnetic MB 0.005 25— 6h 8 20 L PSO2 556  [58]
coffee 1000
silverskin
Magnetic green MB 0.5 50 30- 55 20 — PSO2 66.2 [59]
coffee 300 min
Magnetic MB 0.5 50 30- 55 20 — PSO2 99  [59]
coffee 300 min
silverskin
Magnetic spent MB 0.5 50 30- 55 20 — PSO2 78.1 [59]
coffee grounds 300 min
Coffee residues MB 20 10-100 18 min 10 30 L — 4.68 [60]
Coffee residues MB 0.5 50 24h 75 25 L PSO2 112 [61]
Pyrolized MB 0.5 50 24h 75 25 L PSO2 132 [61]
coffee residues
Coffee residues MB 7 5-60 180 min — 27 F PSO2 6.69 [62]
Coffee husks BY 3G-P 2 15-550 — 2 20 L PSO2 24.04 [63]
Coffee wastes RR3BS 0-15 0- 24 h 2- 25 L-F;L PSO2; PSO1 179- [64]
1000 12 241
RBRN  0-15 0- 24h 2= 25 — — —  [64]
1000 12
RR3BS 0-15 O- 24h  2- 25 — — —  [64]
1000 12
Coffee husks FG 1 10-100 100 min 2 — L-F PSO1 96.6 [65]
Coffee husks MB 1.6 20 50min 5 30 L PSO2 6.82 [46]
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Adsorbent Adsorbate Process variables of adsorption Adsorption Adsorption Qmax Ref.
isotherm kinetic

m C Contact pH T

(g/L) (mg/L) time (°C)

Coffee husk MB 1.2 — — — — F PSO2 78  [47]
Coffee husk MB — 500 720 min 7.8 — L PSO2 418.78 [47]
waste
Coffee grounds RhB — 200 — 9 20 L, R-P — 50.59 [49]
waste
Spent coffee MG 0.001 50250 90 min — 30 L PSO2 — [50]
grounds
Coffee husks MG 0.2 25150 120 min 6.8 50 S PSO2 264.81 [51]
Spent coffee CR 2 50 60min 5 37 L PSO2 —  [52]
grounds
Coffee waste CR 4 — 120 min 3 25 L PSO2 90.90 [39]
Coffee husks CcV —_ 12.24 — 4 25 L-F PSO2 —  [53]
Spent coffee Ccv 2 100 40min 6 — L PSO2 63.3 [54]
grounds
Spent coffee AYD 0.6 35 150 min — 25 L PSO2 2.58 [55]
grounds
Coffee grounds oG 1 20-200 250 min 6 25 L PSO2 72 [56]
Coffee residue MR 2 — 240 min 3.5 25 L PSO2 76.22 [22]
-DDAO
Coffee residue MR 2 — 240 min 3.5 25 L PSO2 66.66 [22]
-DTAB
Esparto grass Ccv 2 20-100 150 min 7 25 L PSO2 43.47 [24]
fiber
Esparto grass TB 2 20-100 150 min 7 25 L PSO2 40 [25]
fiber
Modified MR 4 20-100 4h 37 25 L PSO2 16.95 [29]
extracted
cellulose

Table 4

Optimal adsorption conditions, maximum adsorption capacities and removal rates for dyes removal using coffee
wastes and esparto fibers.

5. Adsorption isotherm and kinetic
5.1. Adsorption isotherms

The determination of the adsorption isotherms allows an understanding of the
interaction between dyes and the adsorbents. Different adsorption isotherm models
(Table 5) were used to describe the adsorption process such as Langmuir, Freundlich,
Temkin, Redlich-Peterson, and Dubinin-Radushkevich [4-6, 8, 66-70]. Langmuir and
Freundlich are the most widely used as adsorption isotherm models. These models are
only applicable where sufficient time is provided to allow equilibrium between the
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Isotherm Non-linear form Ref.
i bC,
Langmuir q9. = &ibm [67]
Freundlich q, = KpC.* [68]
Temkin q, = Bln(AC,) [69]
D-R 4, = 4,.exp(—pe?) [70]
Table 5.

Lists of adsorption isotherms mostly discussed in the present study.

dye in solution and the dye adsorbed on the adsorbent. During the adsorption process,
the dye are expected to be in contact with the adsorption sites and thus retained on the
adsorbent surface [5]. Due to the different sources and processing conditions of coffee
waste and the different nature of various dyes, the adsorption process could be
different. Murthy et al. [71] describes the adsorption process of MB removal using
coffee husks by the Freundlich model, which suggests that the adsorption is hetero-
geneous and multi-layered. However, the Langmuir model describes the adsorption
process of MB removal using coffee husks waste, which can describe that the adsorp-
tion process follows monolayer adsorption with a uniform distribution of active sites
at the surface of adsorbent [47]. In the process of adsorbing CV, both the Langmuir
and Freundlich isotherm models fitted to the experimental data of CV removal using
coffee husks as adsorbent. However, other investigations describe that the Langmuir
model fitted more to the experimental data regarding the CV removal [53, 54].

5.2. Adsorption kinetic

The kinetic model gives information about the rate of the adsorption process, and
can also explain the mechanism involved in the removal of dye. Several kinetic models
have been applied to the adsorption process, such as pseudo-first-order kinetic,
pseudo-second-order kinetic, intraparticle diffusion model, and Elovich model
[72-76]. In the case of coffee waste, pseudo-second kinetic describe the adsorption
process for the removal of dyes. The adsorption by coffee waste is mainly
physiosorption, which is the main limiting factor affecting the adsorption rate of the
whole adsorption process. In the adsorption processes using modified coffee waste to
remove MO, pseudo-second-order kinetic model describes the process, indicating that
physiosorption and hydrophobic interactions are involved [27]. In the case of OG, the
quasi-second-order kinetic model describes well the adsorption process. On another
note, the results of the diffusion model showed that the adsorption of OG by modified
coffee grounds was also controlled by intraparticle diffusion [56]. In the case of

Kinetics model Equation form Ref
Pseudo-first-order log (g, — q,) = log (7,) — (245) [73]
Pseudo-second-order é = ﬁ + qtj [74]
Elovich 4= jin(ap) +51n(t) [751
Intra-particle diffusion q, = kigt"*¢ [76]

Table 6
Lists of kinetic equations.
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adsorption of Fast green dye using coffee husks, the process can be described by a
pseudo-first-order kinetic model [65]. Table 6 presents a list of equations used to
determine the kinetic behavior of various dyes from wastewater by using coffee
wastes and esparto fibers.

6. Mechanism of adsorption

The main constituents of lignocellulosic materials contain various
functional groups that play an essential role in dyes adsorption. The mechanism of
adsorption relies on the adsorbent characteristics (e.g., surface area, porosity, and
surface functional groups) [23]. Molecular properties of dyes (e.g., molecular size,
aliphatic vs. aromatic and hydrophobicity), solution properties (pH, ionic
strength, and temperature), and the interactions between functional groups of adsor-
bent and dyes are often involved in the adsorption mechanism [77]. The surface
charges of adsorbent and adsorbate id related to the pH, and it is one of the important
factors that control the adsorption process. The adsorption regulation could be
achieved by measuring the point of zero charges (pHpzc) of sorbents using the zeta
potential [78]. At pH < pHpzc, protonation of functional groups leads to a positive-
ly charged adsorbent that can successfully remove the anionic sorbates. Kyzas et al.
[79] reported that the determination of pHpy played an important role to explain the
possible pH-mechanism regarding the adsorption of reactive dye (RB) onto UCR. The
pHp,. was about 3.2-3.4 and negatively charged surface of UCR was occurred when
the pH values above of 3; however, positively charged occurred at lower pH values.
Therefore, at pH < 3.5, the adsorption process involves electrostatic interaction
between UCR" and SO;~ of dyes, and at pH > 3.5. The interactions decrease
because the dye is still negatively charged, illustrating the reduction of dye (RB)
removal. In the case of basic dye (BB), the molecule presented constant positive
charge; the UCR was protonated in acidic pH values. Therefore, the adsorption pro-
cess is very limited. However, increasing the pH of the solution (pH > 3.5) the
surface of UCR is charged negatively. In this case, the deprotonation of the surface of
UCR is taken place, and transformed to the negatively charged form which provides
electrostatic interactions favorable for adsorbing cationic species. In alkaline condi-
tions, the increase of pH solution would convert more groups to —O~ and —COO~,
providing electrostatic interactions for cationic species removal. Based on these find-
ings, the more significant adsorption mechanisms of dyes onto coffee residue is
through electrostatic interaction. If the pH > pK,, the sorbate surface charge is nega-
tive; however, at pH < pK,, the sorbate exists in a positively charged surface. Thus,
the adsorption capacity of the adsorbent can be altered by changing the pH solution.
Reffas et al. [36] investigated the adsorption of methylene blue and Nylosan Red N-
2RBL onto activated carbons prepared by the pyrolysis of coffee grounds. In the case
of MB, the mechanism can be explained on the basis of an electrostatic interaction
between the ionic dye molecule and the charged carbon substrate. At pH 6, the
CGAC30, CGAC60 and CGAC120 activated carbons are negatively charged
(pH > pHpzc ~ 3.7) while the CGAC180 and CAC are positively charged (pH
< pHpzc). Therefore, electrostatic repulsion between the MB cation (at pH 6) and
CGAC180 (or CAC) is not in favor of adsorption.

In another study Murthy et al. [51] reported that the adsorption of MG by ACH
was carried out by van der Waals force and electrostatic interaction. It was also
controlled by membrane and intra-particle diffusion. The adsorption was accelerated
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with the increase of temperature and concentration. Furthermore, Shen and Gondal
[48] examined the adsorption mechanism of Rh B and Rh 6G using CGP as adsor-
bents. The results involve electrostatic interaction and molecular interaction and the
adsorption capacity decreased to 0.9 pmol/g for Rh B and 5.5 pmol/g for Rh 6G after
5 cycles. Based on FTIR analysis, Lafi et al. [43] found that the mechanism of adsorp-
tion could be explained by the hydrogen bonding and the electrostatic interaction
between CR and oxygen-containing functional groups on the activated carbon sur-
face. Cheruiyot et al. [53] provide that the electron sharing or exchange between
WCH and CV indicates that the adsorption process is controlled by chemisorption. In
another study [27], through the FTIR characterization and mechanism analysis, it was
indicated that the process of adsorption of MO may involve hydrophobic-hydropho-
bic interaction and electrostatic interaction. Based on the FTIR characterization and
the proposed adsorption mechanism, Lafi et al. [28] concluded that zwitterionic
surfactant (DDAO) is the most efficient for the adsorption of MR onto coffee residues
(CR). The mechanism involves different types of interaction such as hydrogen bonds,
electrostatic and hydrophobic interactions. Lafi et al. [35] also investigated the
adsorption capacity of esparto grass fibers (EGF) for TB and CV removal. Infrared
spectroscopy demonstrated that several functional groups were involved in CV and
TB binding on EGF such as ester, hydroxyl and amino groups. Binding seemed to be
more related to chemisorption with hydrogen atoms of non-ionized carboxyl groups.
Sorption behavior of modified extracted cellulose (MEC) from Stipa Tenacissima L by
cetyltrimethyl ammonium bromide was investigated by Lafi et al. [39]. In this case of
MO adsorption on the MEC, the mechanism could be related to hydrophobic interac-
tion and electrostatic interaction.

Therefore, isotherms and kinetics models, along with thermodynamic parameters
and activation energy, can clarify the physisorption or chemisorption characteristics
of an adsorption process.

Different methods of dyes adsorption on coffee waste and esparto fiber adsorbents
or and the adsorption mechanisms are schematically presented in Figure 2.
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7. Conclusions

This chapter was devoted to the use of lignocellulosic material based coffee resi-
dues and esparto fibers in the adsorption of dyes from wastewater. This Lignocellu-
losic material was investigated in natural and modified forms, and showed a potential
use as adsorbents in the detoxification of water using the adsorption process. These
adsorbents were characterized using different analytical methods such as FTIR, SEM,
and BET. In term of kinetic and thermodynamic, this chapter demonstrated that the
different experimental data fitted to the known models. We believe that Lignocellu-
losic material could be used in industrial water purification by removing undesirable
chemicals, biological contaminants, and gases from water.
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Abbreviations

AC activated carbon

AH activated the hydrothermal carbon
ACH acid-activated coffee husk

AR17 acid red 17

AYD aniline yellow dye

ACCW activated carbon coffee waste

BC biochar

BET Bruner-Emmett-Teller

BPA bisphenol A

BY Brilliant yellow 3G-P

CH coffee husk

CR congo red

Ccv crystal violet

CWwW coffee waste

CR coffee residue

CGW coffee ground waste

CGP coffee ground powder

CTAB cetyl trimethyl ammonium bromide
CPC cetyl pyridine chloride

CGAC coffee grounds activated carbon

CAC commercial activated carbon

DTAB dodecyltrimethyl ammonium bromide
DDAO N, N-Dimethyldodecylamine N-oxide
ECW exhausted coffee waste

EGF esparto grass fiber

FG Fast green

FTIR Fourier transform infrared spectroscopy
Fe;0,4-CHC Fe304-loaded coffee waste hydrochar
HC hydrochar
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HAC
KOH
ICO
MB
MO
MR
MG
MEC
MCW
MCR,
NaOH
N-2RBL
NaOH-CFCB
NaOH-SCG
oG
pHpzc
PBD
PSO1
PSO2
Rh B
Rh 6G
RH
RSM
RB

RR

RB

BB
SAC
SCG
SEM
SCGB
SMCW
SCBC
TC

TB
UCR
UACW
WCH
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coffee husk

potassium hydroxide

International Coffee Organization
methylene blue

methyl orange

methyl red

malachite green

modified extracted cellulose

Fe;0,4 loaded magnetic coffee waste
modified coffee residue

sodium hydroxide

Nylosan Red

NaOH-modified coffee husk
NaOH-modified waste coffee grounds
orange G

pH the point of zero charge
Plackett-Burman design PPy polypyrrole
pseudo-first-order
pseudo-second-order

rhodamine B

rhodamine 6G

rice husk

response surface methodology
Remazol Brilliant Blue RN

Remazol Red 3BS

reactive dye

basic dye

spent coffee

spent coffee ground

scanning electron microscope

spent coffee grounds derived biochar
surface modified coffee waste

spent coffee grounds biochar
tetracycline

toluidine blue

untreated coffee residue

ultrasonic assisted coffee waste
waste coffee husk
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Abstract

For along time, humans have used cellulose, as a natural, renewable, and
transformative polymer, for scientific development to create new technologies.
Cellulose is the most abundant biopolymer on Earth, accounting for more than 50%
of terrestrial biomass. For this reason, the treated cellulose (cellulose acetate (CA))
was used in the membrane preparation for water desalination. However, membrane
preparation has recently attracted big attention of several research groups. In this
case, cellulose acetate (CA), as an inexpensive hydrophilic biopolymer, was chosen
as a polymer for preparing the membranes via the inversion phase, since it offers
an efficient purification benefit with low energy consumption and less cost. The
purpose of this chapter is to describe the various types of membrane preparation
based on cellulose acetate, with pathogens, bacteria, and heavy metal (cadmium),
and the applications of these membranes in the treatment of contaminated water, to
ensure a clean water supply for both human and industrial uses.

Keywords: cellulose acetate, membrane preparation, water desalination, hydrophilic,
wastewater treatment

1. Introduction

In the last decades, the population, industrial, agriculture, and urbanization
growth has continually increased and by adding climate change and policymaking
problems, the fresh and accessible water has been reduced in the world. As a result
of global problems, the demand for pure water increased more and more [1, 2]. As
well as the problem of heavy metal contamination of water supplies, which is produc-
ing major environmental and health implications, there is a growing need for water
desalination technology [3-5].

Recently, membrane separation technology has been attracting considerable
attention due to its potential applications over conventional approaches such as
thermal desalination. Membrane process becomes widely used in water desalination,
wastewater treatment, pharmaceutical filtration, and even in energy generation due

27 IntechOpen



Cellulose — Fundamentals and Conversion into Biofuel and Useful Chemicals

to their different properties such as being environmentally friendliness, simple opera-
tion, high efficiency, low operating cost, low energy use, and scalability [5-7].

Generally, the basic function of the membrane is to separate different mixtures by
concentrating small molecules and allowing others to pass. This specific function as
well as the other advantages makes membrane technology the principally used applica-
tion in many separation membrane processes such as water, wastewater treatment, and
adsorption, which gives it an important part in the water challenge (Figure1) [8, 9].

Membrane separation is based on an efficient and scalable methodology by using
some or without no harmful chemicals by-product formation. Membrane fabrication
from synthetic polymers becomes very much used in various separation membrane
applications. Generally, several polymers are used such as polysulfone (PSF), poly-
propylene (PP), polyethylene (PE), polyethersulfone (PES), polyvinylidene fluoride
(PVDEF), polyvinyl alcohol (PVA), chitosan (CS), and cellulose acetate (CA) [10-13].
Nowadays, CA polymers attract a big interest in membrane fabrication due to their
biodegradable polymer propriety, hydrophilicity nature, and large disposability, since
cellulose is an organic compound widely existing on the earth [14, 15]. Generally,
cellulose can be found in plants, wood, algae, tunicates, and even in bacteria, and its
annual extracted production can attain around 7 x 10'° tons per year, which highly
encourages the use of cellulose [16]. As result, many researchers focused on membrane
fabrication with the derivatives of cellulose such as cellulose acetate CA [14, 15].

The CA membrane’s performance was improved by its high chemical and mechan-
ical stability, high hydrophilicity with desalination pilot, high transport properties,
low protein adsorption, excellent water affinity, and excellent film-forming property
[17]. Due to their desirable properties and environmental aspects, CA-based mem-
branes have been used in several separation membrane applications, such as gas
separation [18], reverse osmosis (RO) [19], nanofiltration (NF) [20], ultrafiltration

Water
desalination

Energy
generation

membrane

Cellulose

Figure 1.
CA-based membrane applications.

28



Cellulose Acetate Membrane Preparvation for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.109416

(UF) [21], microfiltration [22] (MF), pervaporation [23], and ion exchange [24], and
it has been widely used to electrospun fibers for it simple processing [25].

More than separation membrane technology, CA has the potential to be used
securely in industrial and biomedical applications such as wound dressing [26]
because of its low toxicity and biodegradability [27].

The wide use of CA membranes can be attributed to the fact of the importance of CA
in the manufacturing of biodegradable membranes, besides the possibility of improving
membrane performance through the addition of additives [28], particularly nanomateri-
als. Therefore, to improve the CA membrane’s performance, the membrane solution can
be mixed with the right organic or inorganic additives in the phase inversion technique
[29]. To modify CA membranes, some researchers changed the solvent in the membrane
casting solution. Various solvents were tentatively used to prepare CA casting solution,
including N-methyl pyrrolidone (NMP), N, N-dimethyl acetamide (DMAc), and a
composed solvent of N, N-dimethylformamide (DMF), acetone, or 2-propanol [30-32].

This chapter aims to present the cellulose properties and its derivatives and to study
the use of CA polymer in the preparation of polymeric separation membranes applied
in different applications. First, a presentation of CA properties will be carried out.
Then, different CA membrane configurations will be described. Thus, the performance
of the fabricated CA membrane in those applications will be studied and discussed, by
taking the CA as the used polymer on the one hand and as an additive on other hand.

2. Cellulose acetate properties

Cellulose acetate is an important cellulose derivative due to its properties,
which are used in different applications. It is extracted from natural and renewable
resources. Further, CA is a natural polymer that is characterized by flexibility, biode-
gradability, non-poisonous, and eco-friendly [33]. Due to its important and unique
benefits of biodegradability and nontoxic behavior [27], CA has been used frequently
in membrane manufacturing, especially in the treatment of water and wastewater
technologies. Several polymers have been used in the membrane synthesis, but the
CA membranes are the most preferred according to their durability, low cost, and
especially required hydrophilic and biodegradability properties [34, 35].

Also, by dint of their chemical and thermal stability (Figure 2), good water
retention capacity, and great resistance to methanol permeation, the CA membranes
are used in many other applications such as gas separation for CO, capture or nitrogen
generation [36] and fuel separation for fossil fuel and natural gas drainage [37].
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Figure 2.
Chemical structure of cellulose acetate.
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Several molecular weights of CA were used in membranes synthesis, which are
usually attained at 30,000 g mol ™ [38], 37,000 g mol ™ [39], 50,000 g mol ! [40], and
60,000 g mol™" [41], between 39 and 40% of this weight is acetyl.

One of the main properties of CA is the possibility of dissolution in green solvents
with the ability to use in the phase inversion technique for membrane fabrication
[42, 43]. Totally, bio-based NF membranes were fabricated using CA as a base mem-
brane and several glycerol derivatives (monoacetin, diacetin, triacetin, and glycerol-
formal) as green solvents 2-methyl tetrahydrofuran as a co-solvent to reach rejection
in the NF range [44]. The greatest membranes resulted from diacetin solvent by
permeability in the range of 5.5-12.8 L m > h™' bar " and >90% Rose Bengal rejection.

3. Configuration of CA membranes
3.1Flat sheet

Flat sheet membranes in general take the shape of flat sheets. The membrane’s
top surface is an active layer for fluids or particulate/fluid separation. The membrane
surface is the top upper layer that performs the function of separation. However, flat
membranes are often prepared by pouring the polymeric solution onto a substrate.
The most important characteristics of this type of membrane are high specific flow
rates, high production rates, and easy placement of the membrane in the module.
There are several approaches for preparing flat sheet membranes, but generally phase
inversion or thin film composite and interfacial polymerization are the essential
methods used to manufacture these membranes.

3.1.1 Phase inversion

Generally, asymmetric porous polymer membranes are developed by the phase
inversion process. This occurs when an initially homogeneous polymer solution
changes its conditions thermodynamically.

During phase inversion, a single-phase casting solution causes the formation of
two different phases: a polymer-rich phase or a solid membrane matrix and a poor
phase in terms of polymer or liquid polymer [45]. This technique enables the change
from a liquid to a solid state. The transition from one liquid to two liquids starts the
solidification process. Slowly, the rich polymer phase forms the solid matrix during
this liquid-liquid transition. The poor phase is then removed by successive washing
steps and leaves room for the pores of the membrane. The morphology of a membrane
has a significant impact on its characteristics and performance.

Therefore, membrane synthesis’s major objective by phase inversion process is to
obtain membranes with specific properties such as microfiltration, nanofiltration, or
ultrafiltration that ensure good thermal, chemical, and mechanical resistance proper-
ties and to develop adequate membranes properties with a surface layer for reverse
osmosis and gas separation [46].

The CA membranes prepared by using this technique have been used as microfil-
tration [46], ultrafiltration [47], nanofiltration [42], forward osmosis [48], reverse
osmosis [49, 50], and gas separation membranes [51].

In order to create an asymmetric microfiltration membrane structure, a selec-
tive layer and a prefilter layer were combined in one membrane to examine the
effect of the CA-based solvent system on membrane morphology during membrane
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manufacturing. A pseudo-ternary mixture of CA, methyl formate (MF), 2-propanol,
and water was used to create asymmetric microfiltration of CA membranes by using
a single-layer dry casting process. The created membranes were composed of uniform
pore size isotropic regions that are covered by protective skin.

The selective layer of these newly created CA microfiltration membranes fronted
the solid-liquid interface in contrast to other asymmetric membranes, or the upper
area facing the liquid-gas interface showing larger pore sizes. The denser bottom
layer acted as a selective layer while the upper layer functioned as a prefilter. The
membranes’ structural analyses were carried out using scanning electron microscopy.
A theory regarding the actions occurring in the casting solution during membrane
development is addressed in depth along with the membrane structures that have
been observed [52].

Using the phase inversion method, Ounifi et al. [53] successfully synthesized
ultrafiltration membranes from a casting solution containing CA at concentrations
ranging from 15 to 21 wt.%. With the rise in CA, the membrane’s performance, such
as permeability, contact angle, and water content, decreased, but the PEG rejection
rose at higher polymer concentrations during membrane formation (Figure 3).

CA-NF membranes [54] were prepared via the NIPS inversion process. The asym-
metric structure of CA-NF membranes, which are composed of a dense top layer sup-
ported by a porous sublayer, was clearly elucidated by the SEM images (Figure 4). By
increasing the CA concentration in the polymeric doped solution used for membrane
synthesis, membrane characterization demonstrated the membrane’s hydrophilic
nature and decreased porosity. The membrane’s permeability to pass water through it
was decreased due to reduced porosity, while the salt retention was increased. The size
exclusion mechanism dominates the transport mechanism through the membrane.

Cross section Top side

TF-60-4

Figure 3.
Scanning electron microscopy (SEM) image of ultrafiltration membranes with different polymer concentrations [53].
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Figure 4.
SEM image of nanofiltration membranes with different polymer concentrations [54].

The order of rejection is determined by the hydration energy and hydrated radii of
the ions and is as follows: R(Na,SO,) > R(CaCl,) > R(NaCl).

In numerous studies, the phase inversion method used in the CA membranes
preparation is carried out in conjunction with the inclusion of certain additives such
as composites, nano-materials, surfactants, and polymer additives to change the
prepared membranes with this approach.

TiO, nanoparticles were dispersed in the CA casting solutions to prepare
hybridCA/TiO, membranes by phase inversion. Investigations were done into
how TiO, affected the morphology and thermal stability of CA/TiO, membranes.
According to SEM findings, the addition of TiO, nanoparticles makes the hybrid
membrane more porous due to increase in the average pore size. The TGA results
show that the interaction between TiO, nanoparticles and CA exists. Thus, the hybrid
membrane’s thermal stability was enhanced by the addition of TiO, nanoparticles. In
addition, PWF membranes show that the addition of TiO, nanoparticles leads to an
increase in water permeation [49].

CA-silica (Si0,) hybrid membranes (CA-SiO,) were synthesized by promoting in
situ condensations between silanols of the SiO, precursor and COH or acetate groups
of the CA polymer. The results showed molecular water strongly linked to hydrogen
bonds with SiOH groups, which leads to a drastic drop in the membrane hydraulic
permeability, from 57 to 10 kg h™" m™ bar™". In comparison with the CA membrane,
the inclusion of 5 and 10 mol% silica enhanced the hydraulic permeability from 32 to
82 kg h™ m~bar™ [55].

In order to remove Cd**, Ounifi et al. developed fouling-resistant UF membranes.
Phase inversion was used to prepare the UF membranes by combining PAA and
CA. The strong hydrogen interactions between the two polymers were observed
with FT-IR. The membranes showed highly porous and asymmetric structures with
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affected morphologies as a result of PAA concentration. In fact, by increasing the PAA
concentration from 0 wt.% to 15 wt.%, the porosity increased from 44.5% to 75.6%.
Contact angle and pure water flow measurements showed that adding PAA to the CA
structure improved the membrane hydrophilicity. The result ultimately demonstrated
that the prepared membrane with a higher PAA content (M15) showed superior
permeability and HA rejection characteristics [56].

3.1.2 Interfacial polymerization

Interfacial polymerization (IP) is a very practical and useful simple technique
to create a thin layer for nanofiltration and reverse osmosis membranes. Interfacial
polymerization always has been of a particular interest in industrial manufacturing.

The thin layer on the membrane surface is formed by the reaction and co-polym-
erization of two reactive monomers. In recent years, the development of thin-film
composite by interfacial polymerization has received attention due to significantly
improved membrane properties such as selectivity and fouling resistance. This method
involves several steps, and it is easy to apply. To create the hydrophilic NF membranes,
the substrate, typically used in MF or UF (cellulose acetate, polysulfone, etc.), must first
be dissolved in a solution containing a highly reactive, water-soluble, and bifunctional
or trifunctional monomer. In the second step, the membrane is submerged in a solution
comprising an additional mono- or polyfunctional monomer that is soluble in an organic
water-miscible solvent. The two monomers thus combine to form a dense polymer layer
at the water/organic solvent interface. To finish the polymerization reaction and cross-
link the resulting structure, this layer is then frequently heated. The layer that forms on
the surface of the membrane limits the progression of the reagents, resulting in a dense
thin layer of around 50 nm. This is an advantage of interfacial polymerization.

The porous layer is usually made from PSF polymer. However, interfacial polym-
erization can also be performed on CA-based support, or CA can be used as a selective
layer on a support.

According to Ounifi et al., the interfacial polymerization of M-phenylenediamine
(MPD) and trimesoyl chloride (TMC) on CA-UF successfully produced innovative
flat-sheet thin film composite membranes for nanofiltration (TFC-NF) (Figure 5).
The thin film composite TFC had a smooth surface, as evidenced by the SEM and
atomic force microscopy (AFM) pictures. The polyamide thin top layer preparation
conditions, such as reaction time and TMC concentration, have a significant impact
on the membrane performance, specifically the water permeability and salt rejection
of the TFC-NF. When TMC concentration and IP reaction time were increased, the
water permeability fell from 23.35t0 10.44 L m > h™" bar™". Additionally, the salt rejec-
tions of these TFC membranes were adjusted from 69.23% to 92.43% and from 19%
to 55.54% by using Na,SO, and NaCl, respectively. A cadmium solution retention test
has been done. The test result showed that this type of membrane could be used for
the removal of heavy metals. The rejection of cadmium depends on the nature of the
associated anion: (Cd(NO3),) < R(CdCl,) < R(CdSQO,), and it can reach a maximum of
97.76% for CdSO, [57].

According to Ounifiet al., the interfacial polymerization technique was used to
successfully prepare a number of polyamide TFC membranes. The CA-UF was used as
a substrate. The PA layer over the CA-UF substrate was created by using the monomers
of 1,3- cyclohexanebis (methylamine) (CHMA) and TMC in the aqueous phase and
organic phase, respectively (Figure 6). Many concentrations of CHMA, namely 0, 0.2,
0.5, 1, and 2 wt.%, were used on membranes preparation. (The CHMA concentration

33



Cellulose — Fundamentals and Conversion into Biofuel and Useful Chemicals

WX NH,
> )

> P

“ MPD Solution =

- - TMC Solution - ,
! *

Ultrafiltration support

Figure 5.
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Figure 6.
Mechanism of polymerization intevfacial and SEM image of membrane CA and TFC.

effect on the membranes’ physicochemical characteristics was investigated by using
SEM, FT-IR, water absorption, water permeability, porosity, contact angle, specific salt
rejection rate, and dye molecules.) SEM analyses showed that increase of the CHMA
concentration increased the membrane’s rugosity and thickness. The TFC-2 membrane
exhibited the typical polyamide membrane morphology identified by the “ridge and
valley” structure. The FT-IR findings revealed novel absorption bands specific to poly-
amide, which ensure the successful use of interfacial polymerization. The hydrophilic-
ity of the membrane was enhanced by the increase in CHMA concentration, but the
porosity and permeability of the membrane decreased. For example, the membrane
water permeability varied from 36.02 for the CA-UF membrane to 1709 Lh™ m™~ bar™
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for TFC-2. All TFC membranes had a higher rate of salt and dye rejection than the
CA-UF membrane. The TFC-2 membrane demonstrated a desalination rate of up to
89%, whereas the malachite green and Congo red were rejected at rates of 89 and 85%,
respectively. The concentration of the molecule and the feed solution’s pH affect the
separation performance. Overall, the CHMA could be a potential candidate to develop
TFC membranes for desalination and water treatment [58].

Ounifi et al. studied the influence of support pores size and monomer type on the
thin-film composite membranes performance. By using CA membrane as support
and the cyclohexane-1,3,5tricarbonylchloride (HTC) monomer as an organic phase,
a series of polyamide-cellulose acetate thin-film composite nanofiltration (TFC-NF)
membranes were created for this purpose by the interfacial polymerization technique.
The effect of the cellulose acetate concentration of 15, 16.5, 18, 19.5, and 21.5% on the
pore size of the membrane support was studied. As monomers, m-phenylenediamine
(MPD), piperazine (PIP), and 1,3-cyclohexanebis (methylamine) (CHMA) were
investigated. In comparison with other produced membranes, the results showed that
the PIP/HTC membrane is more hydrophilic and has a more intense granular and
convex structure with a rougher surface. The concentration of cellulose acetate affected
both the porosity and the water flow. The reduction in porosity was consistent with the
results of the SEM analysis (Figure 7), contact angle, and permeability. The retention
of NaCl, CaCl,, and Na,SO, was evaluated for the membrane performances. Comparing
the Na,SO, rejection with CaCl, and NaCl, the former is higher than the latter [55].

3.2 Hollow fiber

Another membrane configuration, in which CA can be used as the main polymer,
is a hollow fiber membrane. The hollow fiber membrane (HF) has three main advan-
tages, which have led to the hollow fiber design becoming a popular choice:

1. Compared with flat and spiral-wound modules, hollow fiber modules offer a
substantially higher ratio of membrane area to unit volume (several thousand
M2/M3), resulting in higher production per unit volume of membrane module;

2.They may be back-washed to recover the flux due to their self-supporting;
3.They also have good operational flexibility [59].

The two main approaches for preparing HF are thermally induced phase separation
(TIPS) and non-solvent-induced phase separation (NIPS). For NIPS, the solvent is
extracted from the solution using a non-solvent, which is a substance that is miscible
with the solvent but cannot solubilize the polymer. When the solvent is removed from
the solution, the polymer concentration rises to its solubility limit, causing precipita-
tion. The membrane structure can be tuned by adjusting preparation parameters such
as polymer concentration, non-solvent system strength, and the use of additives [60].

For TIPS, phase separation is achieved by lowering the temperature of the dope
solution. To obtain a homogeneous solution, the polymer is dissolved in one or more
solvents, commonly referred to as diluents, at a high temperature. The dope solution
is then extruded at high temperature through a spinneret and cooled in a low-tem-
perature-quenching bath. At low temperatures, the diluents are unable to solubilize
the polymer, and the solution undergoes phase separation [61]. After the hollow fiber
membrane is formed, the remaining solvent is removed with cleaning baths [62].
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Figure7.
SEM image of TFC nanofiltration membranes with different monomers [55].

The diluent properties and solution viscosity both play a significant role in determining
the final membrane morphology.

A homogeneous braid-reinforced CA hollow fiber membrane was formed through
anon-solvent-induced phase separation process, and the membrane was prepared
using an HMR method, in which CA solution was coated on the outer surface of the
CA braid [63].

CA hollow fiber membranes were fabricated via various spinning processes such
as dry-jet wet spinning [64], well-known dry-jet wet spinning process, dry-wet phase
inversion method [65], coating a separation layer on the high-strength hollow tubular
braid, melt spinning, and stretching process [66].

Most CA hollow fiber membranes were prepared using the dry-wet phase inver-
sion method (Figure 8), but their poor mechanical properties limited their use in
engineering practice. As a result, a hollow fiber membrane with high mechanical
properties was required. Many studies have been conducted in order to improve the
mechanical properties of hollow fiber membranes. For example, coating a separation
layer on the high-strength hollow tubular braid was a relatively simple and effective
method. There were two interfaces between the braid and the separation layer: the
homogeneous-reinforced (HMR) interface and the heterogeneous-reinforced (HTR)
interface. According to Fan et al. [63], the homogeneous-reinforced (HMR) method
and the heterogeneous-reinforced (HTR) technique were combined to reduce the
weaknesses of each and achieve the best results. Fan et al. produced a BR CA hollow
fiber membrane by coating the “hybrid” braid with CA solution. The two-dimen-
sional braided technique was used to prepare the “hybrid: braid, which consisted
of CA filaments as the homogeneous fiber and PAN filaments as the heterogeneous
fiber as shown in Figure 9 [63]. SEM image results illustrated the cross section of BR
CA membranes made by CA filaments and PAN filaments process in various braid
compositions as shown in Figure 10.
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Figure 10.
SEM images of cross section of BR CA membranes with varvious braid compositions.

The mechanical properties and permeation performance of BR CA hollow fiber
membranes with different fiber ratios in the braid and different CA concentrations
in the coating solution were investigated, giving a new approach to obtaining BR CA
membranes with desirable performance.

The potential and application of commercial hollow fiber membrane products are
majorly affected by three factors:
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1. The thickness of the functional separation or selective layer and its substructure
morphology;

2.The pore size and pore-size distribution of the functional separation or selective
layer;

3.The chemistry, mechanical, and physicochemical characteristics of the mem-
brane material.

CA-based NF hollow fiber membranes have been studied and explored for FO
applications. Heat treatment at 60°C for 60 min slightly affects the membrane pore
radius and the thickness of the outer skin layer. Further, heat treatment at 95°C for
20 min results in the significant shrinkage of pores on the membrane surface with a
denser outer skin layer. The resultant fiber has a high rejection to NaCl and MgCl, and
low pure water permeability in the NF tests. The CA-NF hollow fiber heat-treated at
95°C shows promising FO performance. However, this type of CA-NF hollow fiber
membrane shows a decrease in performance ratio with increasing saline concentra-
tion in the feed due to the more severe internal concentrative concentration polariza-
tion. These preliminary results manifest the potential of the CA NF hollow fiber
membranes for concentrating various feed solutions in the FO process. Future works
should aim at the reduction of the dense layer thickness to enhance the flux while
maintaining a low salt leakage rate [67].

3.3 Electrospinning

Electrospinning has drawn much attention and has already been as one of the most
important techniques for manufacturing nonwoven polymer nanofiber membranes
(synthetic or bio-based) with diameters ranging from nanometers to microns. Many
geometries of the membrane are available for a diverse range of applications, along
with agri-food, biomedical, cosmetics energy, and even textiles. For producing fibers
from a polymer solution and synthesizing sophisticated three-dimensional struc-
tures, the electrospinning process employs thousands to tens of thousands of volts
of high-voltage electrostatic repulsion [68]. A large number of synthetic polymers,
including polycaprolactone (PCL), poly-lactic acid, and poly(lactic-co-glycolic acid),
as well as more than 200 different types of natural polymers and composites, such
as gelatin, silk fibroin, chitosan, and collagen, have been used in electrospinning
technology systems. With this technology, the synthesized nanofibers have a high
surface area-to-volume ratio, excellent plasticity, and flexibility, which can improve
cell adhesion, proliferation, and differentiation activities. Lyu and his coworkers [69]
studied the electrospun cellulose acetate (CA) membranes with optimized porous
structures. They demonstrated that the synergy between pore size and porosity
is extremely crucial for moisture-induced electricity generation from porous AC
membranes. They will also prove that the pore size and porosity of CA membranes
can be easily adjusted using a compression process. Several investigations are made
to apply the membranes manufactured by electrospinning. For example, Cheng et al.
[70] developed a new type of deacetylated cellulose acetate (DA)-polydopamine
(PDA) composite nanofiber membrane by electrospinning. The membrane was
employed as a highly efficient adsorbent for removing methylene blue (MB) from an
aqueous solution. The results demonstrated the successful development of a uniform
PDA coating layer on the surface of DA nanofibers. After 30 h of adsorption, the
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DA-PDA nanofiber membrane had an adsorption capacity of 88.2 mg/g at a tem-
perature of 25°C and a pH of 6.5, which is approximately 8.6 times greater than that
of DA nanofibers. The experimental results revealed that the DA-PDA composite
nanofiber’s adsorption behavior followed Weber’s intraparticle diffusion model, the
pseudo-second-order model, and the Langmuir isothermal model. According to a
thermodynamic analysis, endothermic, spontaneous, and physisorption processes
were observed. Furthermore, Acid black 172 was removed from simulated wastewater
using electrospun CA/P(DMDAAC-AM) composite nanofibrous membranes [71, 72].
The equilibrium adsorption capacities were 116, 159, and 192 mg/g, respectively,
when the proportion of P(DMDAAC-AM) to CA was 20, 30, and 40wt.%. When the
proportion of P(DMDAAC-AM) was 40%, the average fiber diameter was 185 nm,
and the maximum adsorption capacity could reach 231 mg/g. CA/P(DMDAAC-AM)
nanofibrous membrane adsorption capacities had a well-linear relationship with
P(DMDAAC-AM) content and fiber diameter.

4, Additives

CA has been widely used in the manufacture of membranes due to its hydrophilic-
ity, adsorption properties for dyes, heavy metals, and low cost. But in order to improve
permeability, separation efficiency, and antifouling properties, in many studies, the
CA membranes were prepared by adding certain additives such as composites, nano-
materials, surfactants, and additive polymers to modify the membranes [73, 74].

Ounifi et al. [56] developed new UF membranes incorporating polyacrylic acid
(PAA) as an additive. The strong hydrogen interactions between the two polymers
observed with FT-IR and the presence of a single peak in the DSC results confirmed
the homogeneity of the mixture of CA and PAA in the prepared membranes. The
membranes presented asymmetric and highly porous structures with morphologies
affected by the PAA concentration. Indeed, the porosity and permeability increase
proportionally with the concentration of PAA and inversely proportionally with
the contact angle. The benefits of blending CA with PAA have also been observed in
terms of antifouling properties, allowing efficient flux recovery from the membrane
fouled by the treatment.

CA/TiO, hybrid membranes were prepared by phase inversion method, by dis-
persing titanium dioxide (TiO,) nanoparticles in the CA casting solutions [49]. The
influence of TiO, on the morphology and thermal stability of CA/TiO, membranes
has been studied. The SEM results show that the addition of TiO, nanoparticles causes
the hybrid membrane to become more porous due to the increase in average pore
size. The thermogravimetric analysis results show that the interaction exists between
TiO, nanoparticles and AC. Moreover, the thermal stability of the hybrid membrane
was improved by the addition of TiO, nanoparticles. PWF membranes show that the
addition of TiO, nanoparticles leads to an increase in water permeation.

Ultrafiltration membranes based on CA modified with zinc oxide (ZnQO) were
prepared [75]. Membrane performance was improved. For example, mechanical
stability, morphology, contact angle, and porosity were evaluated on modified CA
and ZnO samples. The increase in ZnO concentration in the membrane leads to a
decrease in permeability and an increase in hydrophobicity compared with the pure
CA membrane.

To improve antifouling properties and shedding, PVP has been added to CA to
produce a membrane [76]. PVP is a hydrophilic additive polymer and blowing agent.
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From the results, it was significant that the membrane mixed with the hydrophilic

additive PVP was improved and showed better properties in terms of surface rough-
ness, hydrophilicity, and thermal and mechanical stability.

CA membranes modified with various surfactant additives, including Span-20

(sorbitan monolaurate), Tween-40 (polyoxyethylene sorbitan monopalmitate), and
Tween-60 (polyoxyethylene sorbitan monostearate), were prepared [77]. The effect

of these additives has been studied. The membranes’ behavior depends on differ-
ent concentrations of surfactant. It was found that even adding small amounts of
the studied surfactant additives could affect the separation behavior and cause the

formation of macro voids and finger-like structures. In addition, the effect of surfac-
tant hydrophobicity on the contact angle and water permeation flux of the prepared

Polymer Additives Preparation Membrane Application Ref
technique
CA Ag-Nps NIPS UF Water flux 1651 L m>h™ (78]
CA SiO, NIPS UF Permeability increased from 32 to [79]
82kg h™' m?bar™?
CA Si0, TIPS Gaz CO2/CH#4 selectivity 80 [80]
separation
CA Fe;0, Vacuum NF Cu® Rej.: 63.2% [81]
filtration of Cd**Rej.: 64.1%
nanoparticles Cr®Rej.: 70.2%
on
commercially
CA
membrane
CA TiO, NIPS UF Removal of Chrome (VI) [82]
CA ZnO Casting UF Antibacterial activity against S. [83]
aureus
CA ZrO, NIPS Hollow fiber Arsenic removal of 87.24% [84]
and permeability of
89.94 L mh' bar™
CA CNT NIPS RO 5 g L1 NaCl Rej.: 96% [85]
Flux: 100 Lm~2h™ (35 bar,
0.01wt% CNT
CA GO NIPS RO The synthetic seawater salt [86]
rejection of the CA membrane
modified with 1 wt.% GO at
25 bar was 1.8 times greater than
that of the pure CA membrane
CA PVA NIPS Hemodialysis 42.484 L/m* h is the maximum [87]
flow of water
CA-PVA rejected up to 95% of
bovine serum albumin
CA PEG NIPS UF The pure water flux elevated from [88]
495Lm~2h't0622Lm?h!
Rejection result for chromium
metal of 31.89%
Table 1.

Some of the additives used with CA in membrane preparation.
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membranes was investigated. It was found that the membrane derived from tween-60
has the lowest flux and the highest contact angle (77.2°) (Table1).

5. Application of CA membranes
5.1 Mirofiltration

In a combination with solvents, CA and polyethyleneimine (PEI), which were
cross-linked by polyisocyanate, were combined to prepare a modified MF membrane
via phase inversion approach. PEI may provide linkage sites for affinity-separated
ligands in the membranes or serve as ligands for metal chelation, endotoxin elimina-
tion, or ion exchange [46]. The impacts of phase inversion time, induced by water
vapor mixed with PEI and cross-linking agent concentrations, were examined in
the function of membrane performance. The prepared blend membranes with 0.15
50 wt.% PEI/CA ratio and 0.5 wt.% cross-linking agent/PEI were used to adsorb Cu®*
and bovine serum albumin (BSA) separately. The produced membrane has a maxi-
mum Cu’* ion adsorption capacity of 7.42 mg/g dry membrane. The maximum BSA
adsorption capacities are of 86.6 and 43.8 mg/g dry membranes for the membranes
with and without the chelating Cu®* ion, respectively.

Commercial CA-MF membranes were modified to exhibit antibacterial capa-
bilities by being impregnated with thymol mixed in very critical solvents. Batch
impregnation was used, and the thymol loading was watched as a result of treatment
pressure and time. Staphylococcus auveus and Pseudomonas aeruginosa were used to test
the obtained materials’ antibiofilm capacities, while S. aureus and Escherichia coli were
used to test the blockage of membranes in contact with bacteria. The finding’s results
showed a quick impregnation process that could achieve high thymol loads in just
0.5hat 15 MPa and 20 MPa. A concentration of 20%Thymol exhibited high antibio-
film effects against the tested strains without changing the membrane performance.
The research revealed that the specified polymer could benefit from these potent anti-
bacterial characteristics. These great antibacterial characteristics could be sustainably
added to the commercial polymer structure of membranes. The results revealed also
that the modification of the commercial cellulose acetate microfiltration membranes
with polymeric structure might be successfully accomplished in a quick (30 min) and
safe environmental procedure. Therefore, modified membranes with great antibacte-
rial properties may find use in the biomedical sector and venting.

5.2 Ultrafiltration

Ultrafiltration (UF) membrane was prepared by Ounifi et al. [53] by using
the Manjikian process by phase inversion with progressively rising polymer con-
centrations (cellulose acetate at 15, 16.5, 18, and 21 wt.%). At increased polymer
concentrations, the membranes showed improved ability to retain pathogenic and
epidemiological Uro Pathogenic Escherichia coli (UPEC). The membranes with the
highest polymer concentration were able to hold back an entire discharge of 8 U-log
bacteria.

By using a blending method, new fouling-resistant UF membranes were prepared
for cadmium (Cd) remediation by fusing the adaptability of CA with the intricate
characteristics of poly(acrylic acid) (PAA). Since CA/PAA membranes performed
better than pure CA membranes in UF experiments, it was clear that the mixture had
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many advantages. Overall, PAA is a useful additive for creating CA membranes with
enhanced antifouling exploitable qualities for the UF treatment of heavy metal-
polluted water bodies.

The synthesis, evaluation, and use of polyurethane (PU) with cellulose acetate
blend membranes are all part of this research [89]. Numerous characterization
methods, including contact angle measurement, ATR-FTIR, water content, and
SEM, have been used to investigate the characteristics of PU-CA blend membranes.
It was determined that common functional groups were used as raw materials
(polyurethane and cellulose acetate) in the PU-CA mixed membrane. It was dem-
onstrated by contact angle measurements and water content values that cellulose
acetate’s addition decreased the hydrophilicity of the modified membranes, due
to the fact that pure polyurethane membrane has higher hydrophilicity than pure
cellulose acetate. Aqueous potassium dichromate solution used for ultrafiltration
as one of the promising separation techniques was used to test the suitability of the
modified membranes. The PU-CA1 membrane was experienced varied chromium
ion concentrations for many pH and pressure levels. At pH 3 and 0.4 MPa, process
economy was attained for all chromium ion concentrations. The PU-CA1 membrane
offers a novel option for the treatment of effluents in the textile sector due to its
specific properties.

5.3 Nanofiltration

CA-NF membranes were prepared by using the phase inversion method [54].
The concentration of cellulose acetate was varied from 22 to 25 wt.% to investigate
its effect on the characteristics of the membrane. The membrane’s characteriza-
tion revealed that the increase of CA concentration makes it more hydrophilic and
decreases the membrane’s porosity, consequently reduction in water permeability
across the membrane, while it increases salt retention. Knowing that the size exclu-
sion mechanism predominates the transport mechanism through the membrane, the
ions rejection was sequenced in the following order: R(Na,SO,) > R(CaCl,) > R(NaCl)
as determined by the hydration energy and hydrated radii of the ions. CA NF
membranes have been successfully used for cadmium elimination. The rejection
rate of removed cadmium reached up to 98%. In terms of steric hindrance and
hydration energy, the results revealed that the Cd** coupled with divalent anions is
more rejected than that coupled with monovalent anions. Additionally, the reten-
tion reduces from 10~* to 102 mol L ™! when the salt concentration rises. Thus, the
obtained results showed the feasibility of using developed CA-NF membranes in
removing cadmium from contaminated water.

In order to increase the rejection of Pb**ions and the permeation flux, vinyl
triethoxysilane-graphene oxide/gum arabic was added as filler to modify the
CA-based membranes [39]. By using NF membranes, the rejection of Pb**ions
was studied by investigating the effect of contact time, pH, permeation flux, and
pressure. It was demonstrated that at pH 9, the rejection reached its optimal with
97.6%, whereas a low pH of 1-6 was not required for salt rejection. The permeation
flux was 8.6 I m™ h™!, which is caused by concentration and pressure variations. The
special characteristics of the nanomaterial-based membrane and their connection
to the current treatment methods offer great prospects to revolutionize water and
wastewater treatment as well as to further our knowledge of membrane perfor-
mance. NF-CA may present a significant factor in the commercial manufacturing of
membranes.
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5.4 Reverse osmosis

Diainabo et al. aimed to evaluate the pertinence of CA, PSF, and silica (SiO,) for
the treatment of wastewater. For this purpose, PSF-blended CA hybrid filtration
membranes (CA/PSF) also PSF-blended and SiO,-embedded CA hybrid adsorption
membranes (CA/PSF-Si0,) were prepared and characterized for Cu?*, Fe**, and
Zn*" ions elimination from contaminated aqueous solutions. Phase inversion method
was used to prepare the membranes by using CA, PSF, and SiO, granules that were
dissolved in N, N dimethyl formamide (DMF). Different pore sizes were detected at
the rough surfaces and cross sections of the membranes, which were studied by using
SEM. The obtained membranes’ porosity and pore sizes ranged from 26.8 + 0.3 to
81.1 + 0.3 pm and from 1.26 to 1.38%, respectively, based on the differentiation. The
membranes’ contact angles varied from 49 to 76 degrees on their glass side and from
56 to 77 degrees on their air side [90].

More than 90% of the initial metal ions present in the polluted solution, which
was concentrated at 40 mg L™, were taken up by the hybrid filtration polymer mem-
branes. CA/PSF-SiO, membranes were used in adsorption tests. These substances
were found to have a higher capacity for adsorption than many other well-known
adsorbents in the literature, which reach 70 mg g™* for CA/PSF 85/15-Si0, for Cu™".

Membrane type Membrane properties Application Retention Ref
fields

Electrospun CA Hydroxyapatite (CA/HAp) Fe** and Pb** 99.7-95.46% [91]
nanocomposite ions rejection

Electrospunnanofibrous Grapheme oxide/magnetite/ Cr®, Se** and 93.4-95.1% [92]

membranes of CA hydroxyapatite/cellulose methylene
acetate nanofibrous blue removal
membranes

CA Deacetylated cellulose acetate Methylene 88.15mg/g [93]
(DA) @polydopamine (PDA) blue removal

CA CA/MOFDPC (metal-organic Methylene 87.9% [94]
frame work derived porous blue removal

carbon) membranes

CA polymeric Polymeric membrane Methylene 75% [95]
membrane impregnated with ZnO blue removal
nanostructures
CA Cellulose acetate/grapheme phosphate 872% [96]
oxide/sodium dodecyl removal
sulphate (CA/GO/SDS)
CA Cellulose acetate/block Polyphenols 674314 mg/g [97]
copolymer membranes
CA based mixed matrix Fe-Al-Mn@chitosan/cellulose Fluoride de Excellent [98]
membrane (MMM) acetate contamination defluoridation
performance
CA phthalate (CAP) Poly (methacrylic acid) Heavy metals 4.8 mg/g [99]
(PMAA)/CA Cu®, Hg” and
cd
Table 2.

Some of the application of CA membrane.
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Finally, it was discovered that the removal of Cu**, Fe**, and Zn* could be improved
by coupling adsorption with ultrafiltration in the tangential mode. This allowed for
a removal efficiency of 95% for Cu®* at a low metal concentration of 60 mg L™, and
at a high metal concentration of 900 mg L', it showed a great removal efficiency of
around 98% [90].

In order to remove metal ions from AMD, the performance of a combined filtra-
tion and adsorption process was studied. The prepared membranes showed the
ability to extract metal ions from polluted solutions at low concentrations of 40 and
60 mg L™, whereas at a high concentration of 900 mg L™, the filtration was ineffec-
tive. The selected adsorbents demonstrated a better adsorption capacity than those
from other adsorbents used in the literature. The maximum adsorption efficiency
with the CA/PSF 85/15-Si0, membrane reached between 35 and 70 mg g™* of Cu™",
Fe’", and Zn”" ions, while the adsorbent had the lowest capacity adsorption with
CA/PSA-SiO, membrane reached from 20 to 61 mg g~ toward the same metal ions.
By combining the effects of the filtration and adsorption membranes, a great metal
uptake was obtained at both low and high concentrations. Consequently, this strategy
presents a reliable method to remove the metal from aqueous solutions, and it has
potential use in industrial wastewater treatment (Table 2) [100].

6. Conclusion

Cellulose acetate (CA) as one of the most important derivatives of cellulose was
studied. Cellulose acetate has attracted big attention as a polymer due to its desirable
properties, which are biodegradability, hydrophilicity, environment friendliness,
sustainability, and low cost. In this chapter, the use of cellulose acetate CA in the fab-
rication of polymeric membranes was studied. CA-based membranes are applied in
different fields such as gas separation, pharmaceutical industries, adsorption, water
treatment, and wastewater treatment by using separation membrane processes such
as nanofiltration, ultrafiltration, microfiltration, and reverse osmosis; in addition, the
different configurations of fabricated CA membranes such as flat sheet, hollow fiber,
and electrospinning were discussed. Also, the different preparation methods such as
phase inverse and interfacial polymerization approaches were outlined. The CA-based
membrane has the property to be blending to organic and inorganic additives. To
improve the performance of the CA-based membranes and their structural proper-
ties, different cost-effective additives were added to the polymeric solution, especially
nanomaterials. The obtained CA-based membranes with additives were characterized
by their high biodegradability, high hydrophilicity, and high retention of dye mol-

ecules and heavy metals.

Abbreviations

CA cellulose acetate

PS polysulfone

PP polypropylene

PE polyethylene

PES polyethersulfone

PVDF polyvinylidene fluoride
PVA polyvinyl alcohol
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CS chitosan

PCL polycaprolactone

PDA polydopamine

MF microfiltration

IP interfacial polymerization

NIPS and non-solvent-induced phase separation
TIPS thermally induced phase separation
UF ultrafiltration

NF nanofiltration

OR reverse osmosis

HF hollow fiber membrane

TFC Thin film composite

NMP N-methyl pyrrolidone

DMAc N, N-dimethyl acetamide

DMF N, N-dimethylformamide

PIP Piperazine

CHMA 1,3- cyclohexanebis (methylamine)
TFC M-phenylenediamine

MPD trimesoyl chloride

HTC cyclohexane-1,3,5tricarbonylchloride
PEI polyethyleneimine

PAA poly(acrylic acid

MB methylene blue

PU polyurethane

SEM scanning electron microscopy

AFM atomic force microscopy

FTIR Fourier-transform infrared spectroscopy
TAG thermogravimetric analysis

HMR homogeneous-reinforced
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Cellulose Acetate and Evaluation
of Biomedical and Wastewater
Cleaner Application of Electrospun
Cellulose Acetate Nanofibers
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Abstract

Conversion of biomass into useful organic chemicals has great demand in the
twenty-first century. Cellulose is the most natural abundant biopolymer. Production
of cellulose acetate (CA) from cellulose has garnered tremendous global attention
because of their myriad application. CA is produced in huge amounts globally. Annual
production of the derivative crossed 1.5 billion pounds. CA has remarkable biomedi-
cal applications due to their capability of drug delivery and anti-inflammatory, anti-
cancer, antioxidant, antimicrobial properties. This chapter highlighted the synthesis
and chemical and physical properties of CA polymer and electrospun CA nanofibers
(CA NF) and their tremendous applications in biomedical and wastewater treatment.

Keywords: cellulose, cellulose acetate, nanofibers, biomedical, wastewater treatment

1. Introduction

Electrospinning is one of the cost-effective procedures that were applied to
synthesize multifunctional nanofiber from the origin of this century [1, 2]. Since the
mid-1990s, researchers started to explore the big potential of nanofiber in the area
of nanotechnology [3]. Die to the large surface area to volume ratio, about a thou-
sand times higher than that of a human hair, nanofiber are tremendously applicable
engineering material. Nanofibers (NFs) have diverse application in various fields such
as catalysis, tissue scaffolds [4, 5], textiles, wastewater remediation, drug delivery,
wound healing, food packaging, and electronics [6]. NFs are synthesized via electros-
pinning is grounded on the uniaxial unfolding of a visco-elastic mixture. The precepts
of electrospinning and different factors like time, temperature, etc., affects the shape
of the nanofiber assembly. Different techniques of electrospinning such as dry-spin-
ning and melt-spinning build develop electrostatic forces to stretch the solution as
it solidifies. In the electrospinning the drawing of the solution to make the fiber will
proceed as long as there is enough solution to feed the electrospinning jet. This is the
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advantages of electrospinning over the formal fiber spinning techniques. Synthesis of
fiber is continuous without any interruption to the electrospinning jet [7].

Researchers of this era search out for economically feasible and commercially suc-
cessful pathways to convert biomass into useful organic chemicals [8]. Cellulose is the
most abundant natural biopolymer in the world. Cellulose is converted into different
types of valuable cellulosic derivatives. Among derivatives, cellulose acetate gathers
the attention of researchers due to its cost-effective, sustainable and eco-friendly
nature [9]. According to the survey in 2005, the annual production of cellulose
acetate is 1.5 billion pounds due its versatile applications in different fields [10].
Traditionally, cellulose is reacted with acetic acid and acetic anhydride in presence
of sulfuric acid and synthesized cellulose acetate. Now days, some innovative and
effective methods were developed to synthesize cellulose acetate, e.g., use of ionic
liquids, green catalyst like nanoparticles, super acids like SO,*"/Zr0, in a solvent free
ball milling reactor, etc. [11].

Cellulose acetate is applied as coating materials in textile industry, waste water
treatment for filtration, pharmaceutical industry, stabilization of nanoparticles,
paper industry, leather, dye, and food industries, and lamination, etc. [12]. Cellulose
acetate/montmorillonite bionanocomposites were applied in the adsorption of
organic dyes like Methylene blue, Methyl Orange, Orange G, Rhodamine B, Eosin Y,
etc. They were degraded the harmful dyes by adsorption due to their large surface
to volume ratio [13, 14]. Cellulose acetate based nanocomposites can be effectively
used in the remediation of organic pollutants and safe the world from the detrimental
effects of water pollutants. They can successfully overcome the disadvantages of tra-
ditional method used in waste water treatment like ultra-filtration, electro-chemical
adsorption, coagulation, photooxidation, ultrasound-assisted, flocculation-coagula-
tion, etc. Bionanocomposites effectively remediates the pollutants through physical
adsorption. Physical adsorption is an inexpensive, highly efficient method to remove
harmful entities in waste water and make the water safe for drinking [15].

Cellulose acetate (CA) based bionanocomposites have profound biomedical
applications, like coating of medicine, membrane, drug delivery, blood purification
in chronic renal dysfunction, hemodialysis, etc. Their biodegradability, renewability,
non-corrosivity, non-toxicity, sustainability, and biocompatibility make them a
suitable and innovative alternative in the place of multi-drug resistant medicines [16].
As dialyzers cellulose and its derivatives are 1st generation of polymers, they play
an important role in the removal of blood toxins by diffusion and convection. This
chapter is designed to explore the wastewater remediation capability and biomedical
applicability of cellulose acetate based bionanocomposites.

2. Cellulose acetate (CA) electrospun nanofibers

Cellulose acetate can be synthesized from cellulose via a green and economic
method and it has tremendous application in food technology for packaging and bio-
medical fields as CA is an easily obtainable substantial derived from cellulose at low
cost and it is for regenerative medicine, tissue engineering, bone regeneration, and
stem cell research [17, 18]. CA is more easily electrospinned as compared to cellulose.
Conversion of nanocellulose from cellulose acetate is easier than that from cellulose.
Electrospinned cellulose acetate nanofiber (CA NF) is completely novel candidate
in the field of biomedical and food industry. Global industrial demand of Ca fiber
is about 1.05 M metric tons by 2017 [19, 20]. Environment friendly CA NF has great
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demand in the industrial world due to their biodegradability, higher tensile strength,
enough angularity, and more modulus [21-23]. Electrospun cellulose acetate nano-
fibers have commendable applications in different fields and introduction of new
functional groups into the CA NF increases the utilization of this NF to greater extent
[24, 25]. CA NF possesses many beneficial characteristics like biocompatible, biode-
gradable, water resistance, etc. Therefore CANF can be safely used in the preparation
of bandage loaded with nanocomposites for biomedical uses [26].

2.1 Choice of solvent for cellulose acetate e-spun nanofabrication

Choice of solvent is an important step to synthesize electrospun CA NF. It affects
the morphology, size, and shape of the NF [27]. Researchers used different types of
solvents like chloroform, N, N-dimethylformamide, dichloromethane, formic acid,
and methanol (MeOH) and pyridine and they also used mixture of solvents like
acetone, dimethyl acetamide (DMAc), chloroform-MeOH, and DCM-MeOH [28].
Formhals synthesized electrospun CA NF in acetone as the solvent [29]. Viscosity,
surface tension, and conductibility of solvent system play a vital role in the develop-
ment of smooth NF. Acetone, DMF, trifluro-ethanol and mixture of acetone and
water are the best solvent systems for preparation of e-spinning CA NF [30, 31]. CA
NF with poly(ethyleneglycol), poly(ethylene oxide) and hydroxyapatite becomes
an effective bionanocomposites in the mentioned solvent systems [32]. Haas et al.
reported the effect of solvent system in the restraining of the coordination between
CA NF [33]. Binary solvent system of less volatile solvents produced ribbon like
structure with good packaging property [34]. Humidity and temperature of solvents
have adverse effects on the shape and size of CA NF [34]. Along with solvent system,
the field strength, distance between tip to collector, feed rate of solution affects the
properties of CA NF like structure, diameter of fiber, etc. [35]. By using Box-Behnken
pattern method the affected property of the CA NF can be modified [36]. Researchers
concern for the preparation of e-spinning CA NF by blending with natural polymer
and metal nanoparticles like AgNPs, etc. [37].

3. Properties of cellulose acetate
3.1 Thermal properties of cellulose acetate

Thermal properties like glass transition temperature (Tg), melting point (Tm) and
thermal decomposition (Td) of CA is dependent on degree of substitution (DS) and
average molecular weight [38]. Plasticizers are used with CA to prepare thermoplastic
to overcome the disadvantages of decomposition [39, 40]. Liu et al. studied the effects
of degree of substitution on the thermal properties of CA NF in the aqueous hydroly-
sis of CA. He stated that DS have negative effects on Tg. When DS deceased from 2.45
to 1.77 Tg increased from 198°C to 205°C [41]. Elevation of Tg was due to the increas-
ing number of free hydroxyl groups at low DS. On mixing of CA with copolymers
nanofiber also increases the Tg [42]. Intermolecular hydrogen bonds and dipole-
dipole interactions between the monomers of CA polymer have significant impact on
the properties of CA NF. Number of both of hydrogen and acetyl groups affects the
density and strength of hydrogen bond and dipole-dipole interactions of CA [41].
FTIR spectra of CA confirmed the presence of hydroxyl (OH) stretching band at
3322 cm™ and the carbonyl (CO) stretching band at 1751 cm™. On increasing degree
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of acetylation, the reduction of hydroxyl groups and increasing of carbonyl group
were achieved [41]. Electrospun CA NF that possessed DS value of 2.4 or 2.5 can be
effectively utilized in the biomedical application [41]. Inner structure of CA NF is
more stable than original CA. CA NF possessed higher thermal stability and broad
range of thermal degradation as compared to CA [42]. Presence of acetyl groups in
presence of hydroxyl groups in the CA NF is the reason for the higher thermal stabil-
ity of NF [42].

3.2 Mechanical properties of electrospun cellulose acetate

Mechanical properties of CANF are analyzed by measuring the tensile strength,
young modulus, and elasticity of fiber. Mechanical properties are dependent on
the morphological structure and packing of nano fiber. Mechanical properties help
to determine the suitability of application of CA NF in biomedical fields [43, 44].
Golizadeh et al. reported the tensile strength and Young’s modulus of CA NF
approximately 2.5 MPa and nearly 125 MPa [44]. In their study the tensile strength
and Young’s modulus were increased by chemical and heating treatment of Ca NF.
Bonding of CANF at crossover points occurred on heating due to the cross linking of
nanofibers and it increased the tensile strength of CANF [44].

Van der Waals interaction and fiber-fiber fusion in CANF also affect the mechani-
cal properties of NF [45]. Increase in the cross-linking between fiber improves the
mechanical properties of fiber like, shear resistance, tensile strength, and compres-
sive [46]. Mixing of another polymer with CANF also improves the mechanical
strength of nano fiber. The mechanical properties of CA could be enhanced by mixing
with another polymer. E. g., Poly hydroxybutyrate (PHB)/CANF scaffold possessed
high tensile strength and Young’s modulus at 7.86 + 0.67 MPa and 854.2 + 187.6 MPa
whereas the pure CANF has low tensile strength and Young’s modulus was
1.56 + 0.19 MPa and 41.6 + 12.3 MPa, respectively. Improvement of mechanical
properties of CANF was due to the intermolecular hydrogen bond in CANF and
intermolecular interactions of C=0 groups in PHB [46]. Increase in the bonding of
CANF and adjustment in the degree of molecular orientation of CA also improves the
mechanical properties of nano fiber [46].

3.3 Biodegradability of cellulose acetate

Cellulose acetate nano fiber is a biodegradable polymer. Microorganisms degrade
CANF in both aerobic and anaerobic condition by using cellulase and acetyl esterase
enzymes [20]. Degree of polymerization, degree of substitution, and location affect
the rate of degradation of CANF [21]. Acetyl-esterase is an essential enzyme for the
initial step of biodegradation of CANF and cellulase is important in second step in
which hydrolysis of the backbone of cellulose take place [22]. In the biodegradation,
acetyl group from the C2- and C3-positions of the CA convert to acetic acid in first
step and in hydrolysis free glycosyl residues release into the metabolic cycle [21].

Puls et al. reported the biodegradation of CANF with the help of cellobiohydrolase
I (CBHI) and cellobiohydrolase 11 (CBHII) as cellulolytic enzymes. They catalyze the
splitting of B-1,4-glycosidic bonds at the reducing and non-reducing end side of the
cellulose chain.

CANTF from bacterial cellulose loaded with cellulose is degraded by the in vitro
degradation. In vitro biodegradation converts CANF to simulated body fluid within 6
months. Modulation of the content of cellulose modifies the rate of degradation [44].
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Although many studies about the biodegradation CANF are done in microorgan-
isms but biodegradation of CANF has not been studied yet. Therefore insertion of
CANF loaded composites in to the human body is a challengeable research till now.

3.4 Biocompatibility of cellulose acetate

Biocompatibility is defined as the behavior of implanted biomaterials in living
tissues without causing any local or systemic adverse effect in their surroundings.
Biomaterials also possess an effective host response in a specific application [46].

Biocompatibility test is carried out under the guidance of the International
Organization for Standardization (ISO) 10993 series. The aim of this test to protects
the humans from future biological risks of medical devices or materials [47]. Positive
results of this test provide the final approval of implantation of biomaterials in
humans. Biocompatibility tests include cytotoxicity, sensitization, irritation, systemic
toxicity, genotoxicity, and hemocompatibility tests [47]. CANF possessed excellent
biocompatibility [48]. Liang et al. reported the biocompatibility of poly (ethylene
terephthalate) (CDA-g-PET) grafted CANF and showed that the viability of fibro-
blast on CDA-g-PET grafted CANF significant increase with incubation time.

Biocompatibility of other polymers can be improved by addition of CA to them.

E. g., electrospun CANF grafted PHB showed better biocompatibility than pure
HPOB film [48]. Biocompatibility of CANF/carboxymethylcellulose (CMC) scaffolds
showed better results than that of pure CMC scaffolds [48].

4. Application of cellulose acetate nanofiber
4.1 Waste water treatment

More than one billion people in the world are suffered from lack of safe drinking
water [49]. Remediation of waste water is a great challenge for researchers till now
[49]. Many industries like textiles, dye, pharmaceutical, etc. discharged their waste
water to water bodies and cause water pollution. Water pollutants like, harmful dyes,
heavy metals such as, Fe, etc., and pathogens have detrimental effects on the aquatic
lives and terrestrials organisms [50]. Traditional methods like chemical precipitation,
membrane separation, electrocoagulation, anodic oxidation, TiO, photocatalysis,
biodegradation, adsorption, and ion exchange are applied in the purification of
waste water. Adsorption is the effective one that overcomes the all the disadvantages
belongs to other methods and it possesses easily handling, reversibility, recyclability
and cost-effective nature [51].

Utilization of bio-based products in the adsorption of organic pollutant in the
remediation of waste water is a fruitful idea due to their natural availability, biode-
gradability, sustainable, and biocompatibility [52]. Cellulose is the most preferred
candidate in this category but the production of submicron cellulose fibers is difficult
due to the insolubility of cellulose in conventional solvents [53]. To overcome these
obstacles cellulose derivatives are synthesized to access their applicability in different
fields. Cellulose acetate is the most preferable one due to its environment friendly and
economic nature. CA possesses versatile application in many industries like textiles,
textiles, cigarette filters, surface coating, inks, motion picture film, microfilm, and
audio tape as a carrier [54]. CA is soluble in non-polar solvents and therefore it can be
easily electrospinned to from CANF membrane with high mechanical strength [55].
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CANF with ribbon-like porous structure successfully prepared to adsorb Cu** ions
were studied. CANF could remove the Cu®* ions up to 88.6% [55].

Fabrication of metal nanoparticles and another biopolymer on the CANF as
inorganic filler overcome the drawback of lack of active site on the Ca backbone [56].
CA acts as soft matrix in the accommodation of inorganic fillers on it to functionalize
it. E.g., chitosan/CANF composites effectively removed copper from waste water
[57]. CANF/HAp bionanocomposites successfully removed harmful bisphenol [58].
These bionanocomposites have size of 92 nm and a new chromatographic method was
developed for the quantification of bisphenol A in samples of baby food [58].

4.2 Biomedical application

Incorporation of inorganic nanofillers with CANF makes the bionanocomposites
tremendous applicant in the field of biomedical. Due the biodegradability, renew-
ability, non-corrosiveness, non-toxicity and biocompatibility nature cellulose acetate
based bionanocomposites have tremendous applications in medicinal fields, like
coating of medicine, drug delivery, tissue engineering, bandage preparation, etc. [59].

4.2.1 Antimicrobial activity

Infectious diseases are become threatened to various industries like textile, food,
health care and packaging industry. Due to the uses of limitless antibiotics without
proper knowledge, microorganism become multi-drug resistant and cause persistent
infections. Developing a sterile and cost-effective medicine is an urgent need for
twenty-first century that can control the infection caused by multi-drug resistant
microbes. This kind of clinically approved medicine will decrease the infection of
microorganism in medical instruments, filters, implants, tissue scaffolds, wound
dressing materials, etc. [59]. Inorganic antimicrobial nanoparticles like Ag, Cu, and
ZnO0, and organic materials like N-halamine and chlorhexidine can be incorporated to
CANF and increased the antimicrobial property of CANF [59]. Types of incorporated
polymers, shape, size, dispersion, and load ratio of nanoparticles adversely affects the
antimicrobial activities of CANF based bionanocomposites. Therefore, appropriate
inorganic fillers should be incorporated to CANF which have positive effects on the
biomedical activity of CANF materials [60].

4.2.2 Packing biomedical and pharmaceutical products

Contamination of food and pharmaceuticals by surroundings is very common
and causes undesirable side effects. Extra care is required in the packaging of these
products to safe them microbial contamination. de Moraes et al. developed grapheme
oxide (GO)/CA packaging film for pharmaceutical, biomedical, and food products.
GO/CA films possessed UV light absorption potential, visible light transferable and
non-catalytic property towards polymer degradation [61]. CANF based packaging
materials provide homogenous and smooth film [61].

4.2.3 Controlled drug release

Drug delivery systems are developed in such way that they can deliver drug
at a specific target, i.e., either tissues or intracellular sites within short period of
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time. Delivering drug to the site action has advantages of control delivery of drugs,
requirement of low concentration of drugs, reduction of dose of drugs, effective
accumulation of drug to the location of action and overcome the disadvantages of
side effects, instance decomposition of drugs, etc. Different materials are employed
in the drug delivery like clay, biopolymer, LDH, etc. Cellulose based drug delivery
systems are very effective due to their natural abundance, renewability, biocompat-
ibility, biodegradability, and unique biological activities. Madaeni et al. reported the
drug delivery ability of polyethylene glycol (PEG)/CANF bionanocomposites. The
composites showed fast rate of drug deliver with zero order kinetics. Hydrophilicity
of the composite membrane minimized the agglomeration of the nanocomposites and
addition of PEG improved the structure and porosity of composite membrane [62].

4.2.3.1 Non-steroidal anti-inflammatory and antioxidant drug

Inflammation and swelling symptoms are decreased by the use of non-steroidal
anti-inflammatory medicines (NSAIDs). NSAIDs have some side effects like gastroin-
testinal problems due to their poor solubility in the water. To overcome this problem
local or targeted delivery of NSAIDs are developed by using electrospun biopoly-
mer coated drug delivery systems [63]. CANF can effectively deliver NSAIDs like
naproxen, indomethacin, ibuprofen, and sulindac, etc. CANF transdermally deliver
drugs like naproxen with sustainable release [64].

4.2.3.2 Anticancer and antioxidant agents

Electrospun CANF/polyethylene oxide (PEO) effectively delivered potential
anticancer drugs like cisplatin. Incorporation of cisplatin in CANF/PEO formed the
drug formulation with the repeating dumbbell-shaped structures [65]. Electrospun
CANF is utilized in the local delivery of silymarin through the skin in various liver
diseases. Silymarin was well incorporated in CANF and released gradually to the
targeted site within 20 days [66].

4.2.3.3 Antimicrobial agents

Antimicrobial drugs are incorporated with electrospun CANF and utilized
to control the growth of microbes [67]. CANF/poly (vinylpyrrolidone) (PVP)
was incorporated with amoxicillin and formulates as (CA/PVP-Amoxi/CA) [68].
Tetracycline was also incorporated with CANF and applied in periodontal reconstitu-
tion as an adjuvant.

CANF membrane acts as a prospective degradable drug release device in the drug
release study [69]. CANF was incorporated with Bis N-Chloro-2,2,6,6-tetramethyl-
4-piperidyl sebacate (CI-BTMP) and applied in the controlling of bacterial infection
[70]. Ag/TiO,/CANF was applied as an antibacterial for future bone tissue regenera-
tion. Ag/TiO,/CANF possessed potential antibacterial activity against gram-negative
bacteria (E. coli and P. aeruginosa) and gram-positive bacteria (S. aureus). CANF
composites showed significantly improved cell viability and the proliferation of
fibroblasts [71, 72].

Khan et al. reported the delivery of silver sulfadiazine (SSD), a topical wound dress-
ing antibiotic via Ag NPs/CANF bionanocomposites [73]. Ag NPs/CANF bionanocom-
posites possessed remarkable antibacterial properties against gram-negative E. coli.
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4.2.3.4 Wound dressing

Development and designing of wound dressing materials are vital keeping in mind
wound pathogenesis. Wound dressing materials should be non-toxic, antimicrobial,
maintain moisture, non-adherent, wound care, prevent bacterial infection, and
endorse wound healing. Recently, different biological materials have been used for
wound dressing. Among them, polymers that considered as soft biomaterials; such
as cellulose derivatives and their nanocomposites have been widely used as wound
dressing materials [74].

4.2.3.5 Bone repairing and tissue engineering

In the field of bone repairing and tissue engineering, it is most viable to choose
a biocompatible and degradable material that lack of cytotoxic effects and could be
replaced by the regenerated tissue biomaterial. In addition, considerable attention
should be given to provide a sufficient environment for tissue to promote cell integra-
tion, differentiation, and proliferation. All these could be achieved by implantation of
the appropriate three-dimensional porous scaffolds seeded by the bioactive molecules
[75]. Accordingly, due to the fact that cellulose acetate was not only naturally abundant
but also has good hydrolytic stability, good mechanical properties, excellent compat-
ibility, low toxicity and relatively low cost [76], many attempts have been conducted to
investigate the possibility of fabricating CANC in tissue and bone engineering [77].

5. Conclusion and future prospective

Cellulose acetate nanofiber can by successfully synthesized via electro spinning.
CANF possesses remarkable waste water remediation and biomedical proper-
ties. CANF shows potential drug delivery application as locally also transdermally.
Biodegradability, biocompatibility, and sustainability of electrospun CANF will be
cost effective green material in environmental remediation and biomedical applica-
tion. Due to the lack of cellulose enzyme in human body, biodegradability of CANF is
a challengeable topic till now. Incorporation of drugs in e-spinning CANF with degree
of substitution of 2.5° is an effective localized drug delivery system without the risk
of second surgery. Excellent solubility, hydrophobic nature, mechanical strength,
and thermal property are due to the presence of acetyl groups present in the back-
bone chain of CA and cross linking between the fibers. CA with 2.5° of substitution
has commonly been used in the drug delivery systems due to inherited properties.
Therefore, CANF electrospun bionanocomposites will be an eco-friendly and cost
effective materials in waste water treatment and localized drug delivery systems.
These purposeful properties of CANF based bionanocomposites make them strong
materials for industrial applications to provide human clean and safe drinking water
and effective drug delivery systems in wound dressing, cancer treatment, liver disease,
etc., without the risk of secondary infection [78-80].
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Study on Pyrolysis Behaviors of
Various Plant Fibers
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Abstract

Pyrolysis is an effective way to convert plant fibers into high-value-added chemicals
and bioenergy. The pyrolysis behavior of plant fibers varies with their compositions.
A high-performance anion-exchange chromatography integrated pulse amperometric
method was established to detect the composition of arabinose, galactose, glucose,
xylose, and mannose in plant fiber hydrolysate. The contents of cellulose, hemicellulose,
and lignin in six plant fibers were calculated. Furthermore, the pyrolysis kinetic param-
eters of the plant fibers and their pyrolysis product distribution depending on chemical
compositions were analyzed. The pyrolysis of flax fiber with high cellulose content
(92.19%) tended to generate ketones, accounting for about 37.3% of the total product
distribution, while coniferous and broadleaf fiber with high hemicellulose contents
(13.23 and 15.07%, respectively) was more likely to generate aldehydes and hydrocar-
bons. Furthermore, the result of pyrolysis of a grass fiber demonstrated the interactions
between its chemical components, which had been captured during pyrolysis from the
perspective of pyrolysis product distribution that inhibits the pyrolysis to generate CO,,
and promoted the generation of furan, phenols, and toluene, to different degrees. The
research results are expected to provide basic data and theoretical support for obtaining
high-value-added chemicals and biomass energy through the pyrolysis of plant fibers.

Keywords: plant fiber, biomass chemical component, pyrolysis characteristic, pyrolysis
products, pyrolysis behaviors

1. Introduction

Plant fiber is a kind of natural composite, which is mainly composed of cel-
lulose, hemicellulose, and lignin [1]. The three polysaccharides are quite different
in the composition of monosaccharides. Cellulose is a linear polymer composed of
dehydrated glucose linked by $-1,4-glycosidic bonds. Hemicellulose is much more
complex than cellulose. It is a heteropolysaccharide with some branches composed of
pentose (xylose and arabinose), hexose (glucose, mannose, and galactose) and hexoic
acid (4-O-methyl-D-glucuronic acid, D-glucuronic acid, and D-galacturonic acid).
These functional groups can be assembled into various hemicellulose polysaccharides
with different structures from linear to highly branched, such as p-1,4-D-xylan,
arabinose xylan, mannan, dextran, galactose, and galactomannan. The detailed sugar
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compositions and chemical structures of these hemicellulosic polysaccharides vary
according to plant species [1, 2]. Lignin is an aromatic polymer with highly branched
chains, which is composed of phenylpropane derivative monomers (such as coumarin,
coniferol, and sinapinol). The structure of lignin is complex and its molecular weight is
large [1]. Due to the complex connection between cellulose, hemicellulose, and lignin
in plant fibers, it is a challenge to complete the separation of the three components.

At present, the “nitric acid-ethanol method,” the “12% hydrochloric acid hydrolysis
method,” and the “72% sulfuric acid method” is used to measure the cellulose content,
hemicellulose or pentosan content, and lignin content, respectively. However, these
methods are cumbersome and the structural composition of hemicellulose could not be
distinguished effectively. The National Renewable Energy Laboratory (NREL) of the
United States has developed a method to systematically analyze the contents of cel-
lulose, hemicellulose, and lignin in fibers by two-stage acid hydrolysis [3]. This method
was improved by us to use high concentration sulfuric acid to convert plant fibers

into oligosaccharides at low temperatures firstly, and then using dilute acid to further
convert oligosaccharides into monosaccharides at high temperatures. The contents of
cellulose and hemicellulose are determined based on analyzing monosaccharides by
high-performance liquid chromatography. The contents of acid-insoluble lignin and
acid-soluble lignin are determined by weighing the filter residue and detecting acid
hydrolysate with UV. It is simple and easy to operate and is widely used by international
research institutions [3, 4], and it is also economically viable for scaling up.

Moreover, pyrolysis of plant fibers is a multistep reaction process due to their com-
plex multi-components. At present, calculation of pyrolysis kinetic parameters and
analysis of pyrolysis product distribution from the perspective of cellulose, hemicel-
lulose, lignin, and other component groups are effective ways to deeply understand
plant fibers’ pyrolysis behavior. The pyrolysis and combustion kinetics of various fibers
are essential for the multipurpose utilization of biomass materials, because pyrolysis is
an effective way to convert plant fibers into high-value-added chemicals and bioenergy
[5-9]. Compared with model method, model-free kinetics, as Friedman method [10-
14], Vyazovkin method [10, 13, 15], Ozawa method [16, 17], Kissinger-Akahira-Sunose
(KAS) method [13, 15, 18], Flynn-Wall-Ozawa (FWO) method [13, 15, 18], and distrib-
uted activation energy model (DAEM) [11, 19-22], could reduce the errors introduced
by the model fit. According to Friedman method [11, 13, 16], the pyrolysis and combus-
tion processes of different plant fibers by using multiple heating rate programs were
used to obtain reliable kinetics, in order to reveal their pyrolysis and combustion proper-
ties. In addition, the pyrolytic characteristics and tendentious pyrolysis reaction path of
each polysaccharide (cellulose, hemicellulose, or lignin) could be demonstrated from the
perspective of the pyrolytic product distribution of plant fibers with different chemical
compositions. Interactions among these different chemical compositions during pyroly-
sis were also first noticed and speculated by analyzing the pyrolysis product of the actual
whole and the sum of pyrolysis product by the accumulation of individual chemical
composition. These pyrolysis properties investigated above would be useful references
for the production of high-value-added products and biomass energy from plant fibers.

2. Analysis of plant fiber composition

High-performance anion-exchange chromatography with an integrated
pulsed amperometric method (HPAEX-IPAM) is a newly developed method for
sugar analysis in recent years. Zheng [23, 24] established HPAEX-IPAM for the
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Samples Cellulose Hemicellulose Lignin

Coniferous fiber 74.56 + 0.23 13.23+ 043 932+161
Broadleaf fiber 75.80 + 0.31 15.07 + 0.55 555+1.21
Bamboo fiber 74.05 + 0.52 18.28 + 0.46 586 +0.71
Flax fiber 9219+ 0.34 4321016 2.33+0.51
Grass fiber 7190 £ 0.17 17.59 + 0.55 4.28 + 0.50
Cotton fiber 95.84 + 0.97 0.23+0.01 117 £ 0.01

Table 1.

Information of plant fiber compositions (%) [27].

determination of monosaccharides (arabinose, galactose, glucose, xylose, and
mannose), glycuronate acid (galacturonic acid and glucuronic acid), and cellobiose
in plant fiber hydrolysate. In order to hydrolyze cellulose, National Renewable
Energy Laboratory (NREL) method optimized by the heating method is used to
hydrolyze cellulose into monosaccharides. Then, monosaccharides are separated by
an efficient anion exchange column in a strong alkaline medium, and then, the cur-
rent generated by the oxidation reaction of hydroxyl groups in the sugar molecular
structure on the gold electrode surface is detected [25, 26]. This method is simple
in pretreatment, and the pulsed amperometric detector has high sensitivity, selec-
tivity, accuracy, and reproducibility. Calculate the content of fiber components,
according to the concentration of hydrolysis products of each fiber component.
Zheng [23, 24] used this method to determine the acid hydrolysis monosaccharides
of six common plant fibers (coniferous fiber, broadleaf fiber, bamboo fiber, flax
fiber, grass fiber, and cotton fiber), and calculated the composition of cellulose and
hemicellulose of each plant fiber, according to the corresponding hydrolysis mono-
saccharides mass fraction of cellulose and hemicellulose (as shown in Table1). The
lignin content shown in Table 1 is the sum of acid-insoluble lignin and acid-soluble
lignin, which are determined by weighing the filter residue and detecting acid
hydrolysate with UV.

3. Pyrolysis behaviors of plant fibers
3.1 Pyrolysis characteristic of plant fibers

In general, the process of biomass pyrolysis includes four stages [5]. The first stage
(<150°C) is dehydration, where the biomass releases external water by absorbing heat.
This registers as a slight weight loss on the TG curve. The second stage (150-250°C) is
evaporation and distillation of the volatile and semi-volatile components. At the same
time, lignin begins to lose weight and releases some small molecules, and the crystalline
regions of cellulose transform to amorphous partly. The major pyrolysis stage (250~
500°C) shows the maximum weight loss peak on the DTG curve of the biomass. The last
stage (>500°C) corresponds to the further slow decomposition of residues that gener-
ated from incomplete pyrolysis. Figure 1 shows the TGA curve of coniferous fiber ata
heating rate of 10°C/min and it presents the typical pyrolysis characteristics of biomass
under inert atmosphere. The initial pyrolysis temperature T, and terminal temperature
T}, are obtained by the tangent method [28, 29], that are 339°C and 362.4°C, respectively.
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Figure 1.
TG/DTG curves of coniferous fiber sheet under N, atmosphere (heating rate § = 10°C/min) [27].

The pyrolysis behaviors of various plant fibers are quite distinct because of their
different morphologies, chemical components, and pyrolysis conditions. Table 2
demonstrates the pyrolysis characteristic parameters of various plant fibers. With
an increase in heating rates, the values of these parameters T, T}, and the peak
temperature Ty, show an increasing trend [27]. Zhao [30] investigated the pyrolysis
rate elevated linearly with the increase in heating rates. The heating rate has an
appreciable impact on the temperature difference for heat transfer and the tempera-
ture gradient between the measuring point and the sample, besides, that causes an
additional endothermic amount to balance the thermal hysteresis. The distribution of
cellulose, hemicellulose, and lignin demonstrates differences across species of plant
fibers [31-33]. The pyrolysis temperature of the hemicellulose is the lowest, while that
of lignin behaves the highest. As shown in Table 2, the maximum mass loss rate —
(dm/dt) oy of the fibers rises with the increase of the heating rate, which —(dm/dt) .y
of cotton fiber is the highest, and —(dm/dt) .y of grass fiber is the lowest. When the
heating rate is 15°C/min, the values of —(dm/dt) y.x are 35.2%/min and 24.1%/min,
respectively. In addition, the pyrolysis index P [34, 35], which reflects the pyrolysis
degree of fibers, enhances with the increase of heating rates.

3.2 Pyrolysis and combustion kinetics of plant fibers

As a typical biomass, the pyrolysis and combustion kinetics of various plant fibers
are essential for the multipurpose utilization of biomass materials [6-9]. The TG/
DTG data obtained at different heating rates (5, 10, and 15'C/min) were applied to get

the relationship between In{ ﬂ(j—;j } and Ti for each plant fiber, at selected o

values based on the Friedman method, as shown in Figure 2. The activation energy
(E,) corresponding to the a values could be obtained from the slope of the fitting
curve, as shown in Table 3 [27]. The value of a ranged from 0.05 to 0.95, and the step
size was 0.05.

Due to the complicated pyrolysis processes of biomass, the apparent kinetics
could be described by the appropriate models based on the global weight loss, while
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Samples p T, T, Toaxe  —(dm/dt)myy  ATip Px10°°
/K-min™ /K /K /K /(%-min™) r°c /(% min™"K?)
Coniferous fiber 5 602.8 6371 624.6 125 25.3 131
10 6120 6493 6354 229 279 211
15 6174 6573 6416 321 30.5 265
Broadleaf fiber 5 5978 6340 6214 11.9 262 122
10 6089 6481 6341 22 291 198
15 6135 6555  640.1 31.0 317 249
Bamboo fiber 5 5952 6333 6192 11.0 277 1.08
10 6046 6462 6312 20.3 30.7 174
15 6093 6524 6365 291 326 230
Flax fiber 5 6076 6452  630.8 115 293 1.03
10 6183 6583 6432 21.8 317 173
15 6250 6660 6491 316 277 281
Grass fiber 5 5917 6378 619.8 9.0 33.0 0.74
10 6012 6511 6319 16.9 361 123
15 6074 6598 639.7 241 39.0 1.59
Cotton fiber 5 610.0 6434 6298 132 271 127
10 6206 6564  640.8 24.8 299 2.09
15 6271  664.0 6481 352 314 276

P heating rate; Ty: initial decomposition temperature; T): terminal decomposition temperature; T,,,,: peak temperature;
—(dm/dt) yyax: maximum mass loss rate; \Ty: peak width at half-height; and P: pyrolysis index.

Table 2.

Pyrolysis characteristic parameters of fibers [27].
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Figure 2.

Friedman results of pyrolysis of different fiber sheets under N, atmosphere (a) coniferous fiber, (b) broadleaf
fiber, (¢) bamboo fiber, (d) flax fiber, (e) grass fiber, and (f) cotton fiber [27].
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the pyrolysis mechanism of a specific component is still an intractable problem.
Plant fiber is composed of complex multi-components and its pyrolysis is a multistep
reaction process. As indicated in Table 3, the resulting apparent activation energies
of plant fibers are various with the conversion rate. The average apparent activation
energies of coniferous, broadleaf, bamboo, flax, grass, and cotton fibers are 193.79,
173.30, 201.10, 184.77, 176.78, and 186.28 kJ/mol, respectively, among the conversion
range of 0.05-0.85. The average apparent activation energy of broadleaf fiber is the
lowest and that of bamboo fiber is the highest.

Although biomass pyrolysis is generally carried out under an inert atmosphere,
some research has been performed under an oxygen atmosphere [27]. The charac-
teristic parameters, both of pyrolysis process of fibers and combustion of residual
fixed carbon, as Ts, Th, and Tmax, demonstrate a high-temperature-shifting with the
increase of the heating rate. The Tmax of all fibers behaves are lower than those under
nitrogen condition, and the apparent activation energies show a similar variation
trend, especially among the conversion between 0.05 and 0.65. Cotton fiber shows the
highest Tmax, compared with grass fiber, which is the lowest. Improving the heating
rate benefits the combustion performance of plant fibers and the combustion charac-
teristic index (S) [27] increases accordingly. The result shows that the broadleaf fiber
has the largest combustion characteristic index, while grass fiber has the smallest. The
apparent activation energy of plant fiber pyrolysis in an oxygen atmosphere is lower
than that in nitrogen, indicating that oxygen atmosphere can promote the pyrolysis
reactions of plant fibers.

4. Pyrolytic product distribution analysis of plant fibers affected by
chemical compositions and interactions among them

Pyrolysis behaviors of coniferous, broadleaf, bamboo, flax, grass, and cotton
fibers have been proven to be relevant with the biomass types and chemical com-
positions [5], showing different pyrolysis kinetic parameters because of varieties of
cellulose and hemicellulose compositions in diverse plant fibers [27]. The distribu-
tion of pyrolysis products would also be largely restricted by the different chemical
compositions of these fibers. The pyrolysis products and their contents of flax fiber,
coniferous fiber, and broadleaf fiber at 350°C are shown in Table 4 [36]. The main
pyrolysis products of several plant fibers included alcohol, aldehyde, ketone (fura-
none), acid, ester, hydrocarbon, anhydrosugar, and CO,. Flax fiber contained a high
proportion of cellulose (92.35%), hence, a high proportion of glucose molecular units
and its ketone yield in the pyrolysis product is the highest (37.3%). The glucose ring
could be easily broken at C;-O and C,-C; confirmed by Piskorz et al. [37] based on
bond energy analysis, forming fragments of two carbon atoms (C;/C;) and four car-
bon atoms (C3-Cg), of which two-carbon fragments could form hydroxyacetaldehyde,
while four-carbon fragments would generate hydroxyacetone and other products
after thermal decomposition process. In addition, 1,3-dihydroxy-2-propanone mainly
originates from the breaking of the cellulose chain during pyrolysis [38]. Compared
with flax fiber, the cellulose contents of coniferous fiber and broadleaf fiber are
significantly reduced, the hemicellulose contents are significantly increased, and their
ketone yields after pyrolysis show significantly reduced, while the yields of aldehydes
and hydrocarbons are enhanced. It could be related to the fact that the pyrolysis
of five-carbon sugars (xylose and arabinose) tended to generate furfural, and the
pyrolysis of six-carbon sugars (glucose, mannose, and galactose) tended to generate
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5-hydroxymethylfurfural [3, 39-41]. 5-hydroxymethylfurfural is mainly obtained
through an acetal reaction between C-2 and C-5, furfural can be obtained through the
hydroxymethyl elimination reaction of 5-hydroxymethylfurfural [38], or through the
cyclization/dehydration reaction of xylose [39].

Hemicellulose and lignin of lobular seal could be obtained through step-by-step
extraction by Xuefei Cao [42], the main components of water-soluble hemicellulose
are p-D-glucan and a small amount of pectin. The main component of alcohol-soluble
hemicellulose is poly arabinogalactose. The main pyrolysis range of cellulose and
hemicellulose spans 200-400°C, and their pyrolysis products are mainly carbonyl
compounds. The main pyrolysis range of lignin is 300-700°C, and its pyrolysis prod-
ucts are mainly aromatic compounds. Both glycosidic bonds of cellulose and hemicel-
lulose and the C-C bonds on the sugar ring have low dissociation energy, which is
easy to break during pyrolysis to produce low carbon and oxygen-containing small
molecule products. The bond dissociation energies of the methyl group on methoxy
group of lignin monomer, C,-Cy connection bond on side chains, as well as p-O-4'
ether bond and C,-Cy in lignin dimer connection are small, so the lignin pyrolysis is
easy to produce phenolic products with short side chains.

Therefore, the distribution of fiber pyrolytic products is closely related to their
differences in cellulose/hemicellulose composition, and maybe the interactions
between them as well. The production and utilization of reconstituted tobacco leave
based on component reconstruction involved the separation and reorganization/
reassembling of water-impregnated extracts, ethanol-impregnated extracts, etc. of
tobacco biomass. We take a grass fiber as an experimental example, its water-soluble
components, ethanol-soluble components, and residual solid-phase components
could be obtained through a step-by-step extraction process. The actual pyrolysis
product distribution of the grass fiber and the weighted pyrolysis product distribu-
tion based on its component distribution are investigated, and the comparison results
confirm that there are interactions between the chemical components of the plant
fiber during pyrolysis [43], in which the generation of CO, is inhibited by the interac-
tions, and the generation of furan, phenol, and toluene was promoted by the interac-
tions between components to varying degrees.

5. Conclusions

In this chapter, a method for the determination of arabinose, galactose, glucose,
xylose, mannose, and other monosaccharides in plant fiber hydrolysate is estab-
lished based on high-performance anion exchange chromatography integrated pulse
amperometric technique. The acid hydrolysis monosaccharides in coniferous fiber,
broadleaf fiber, bamboo fiber, flax fiber, grass fiber, and cotton fiber could be deter-
mined by this method, and cellulose, hemicellulose, and lignin contents of each plant
fiber were further calculated. Plant fibers are complex polymers, and their pyrolysis
process is very complex. Under inert atmosphere, the average apparent activation
energies of coniferous fiber, broadleaf fiber, bamboo fiber, flax fiber, grass fiber, and
cotton fiber with different chemical compositions in the conversion rate of 0.05-0.85
are 193.79, 173.30, 201.10, 184.77, 176.78 and 186.28 kJ/mol, respectively. The apparent
activation energies of plant fibers pyrolysis in the oxygen atmosphere are lower than
those in the nitrogen atmosphere. The oxygen atmosphere can promote the pyrolysis
of plant fibers. The pyrolysis of flax fiber with high cellulose content tends to generate
ketones, while coniferous fiber and broadleaf fiber with high hemicellulose contents
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are more likely to generate aldehydes and hydrocarbons. Furthermore, taking a grass
fiber as the experimental object, interactions between its chemical components have
been captured during pyrolysis from the perspective of pyrolysis product distribu-
tion, which inhibits the pyrolysis to generate CO,, and promote the generation of
furan, phenols, toluene, etc. to different degrees.
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Chapter 5

Advances in Cellulose-Based
Packaging Films for Food Products

Eda Ceren Kaya and Umut Yucel

Abstract

Cellulose and its derivatives can be used to manufacture packaging film materials
with versatile properties as alternatives to petroleum-based films. This chapter covers
the recent trends and advancements in cellulose-based films for food materials. The
chapter starts with the introduction of traditional and novel cellulose structures
relevant to film-making properties including cellulose fibers, filaments, nano-fibrils,
crystalline cellulose, and other traditional cellulose derivatives. The relevant cross-
linking methods, such as esterification, etherification, oxidation, and carboxylation
will be described in the production of materials such as methylcellulose, cellulose
acetate, rayon fabric, carboxymethyl cellulose, cellulose ether, etc. The chapter will
relate the properties of the films (e.g., crystallinity, mechanical, optical, barrier, and
solubility properties) to the chemical characteristics of the cellulose materials. The
chapter will also cover the interactions of cellulose with polymeric composites such as
protein, polysaccharides, and other nanoparticles ingredients with a focus on emerg-
ing technologies.

Keywords: packaging films, cellulose structures, cellulose derivatives, physical
modifications, chemical modifications, cellulose crosslinking, cellulose interactions

1. Introduction

The packaging film materials are significant contributors to safety, quality, and
shelf life of food materials. They are as primary, secondary and tertiary depending
on the level of contact with the product. Primary packaging films that are the focus
of this chapter directly contact with products. Packaging films are made of a polymer
matrix to create cohesive structure providing strength, often with a plasticizer to
reduce rigidity and brittleness. They provide protection against physical and biologi-
cal damage to food, and extent shelf life by limiting the diffusion of moisture, gases,
volatile compounds.

Traditional packaging films are manufactured from petroleum-based polymers
with tunable properties, but well-known environmental drawbacks. For example,
the concentration of microplastics fragmented from synthetic films has been increas-
ing to critical levels and is predicted to further increase in the next decades. The
microplastic contamination in aquatic environment and soils considered as dominant
environmental plastic pollutants to result in serious health concern for humans and
animals [1]. The adoption of biodegradable films, which are known as materials that
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can naturally decompose into water, carbon dioxide, methane, or biomass in three

to six months, can serve as a viable solution to this problem [2]. These materials can
be obtained from biomass, synthesized from bio-derived monomers or produced
from microorganisms [3]. Moreover, these materials can be produced from renewable
resources (i.e., cellulosic materials and fibers recovered from process waste-streams)
supporting sustainable agriculture practices [4]. There is, therefore, a large need

for designing biodegradable, safe, and high-performance packaging materials using
biopolymer sources, such as cellulose.

Biopolymers are natural macromolecules obtained from living organisms. They
can be used to produce packaging films as alternatives to petroleum-based materials.
The literature has plethora of examples for such films produced from polysaccharides,
proteins, lipids, and their combinations [5]. Some of the biggest challenges for the
adoption of biopolymers films are related to their limited film forming abilities, and
lower mechanical and gas barrier properties as compared to traditional synthetic
materials. The high production cost is another limitation related to the extraction,
purification, conversion, and recovery steps involved.

Cellulose is the most abundant natural biopolymer found in cell walls of all plants
as well as algae and fungi. It can serve as an ideal material for film manufactur-
ing related to its versatility, chemical stability, non-toxicity, and affordability. The
versatility of cellulose is also related to its various derivatives with distinct chemical
structures and physicochemical properties used in a wide array of industrial segments
as covered in this chapter. For example, cellulose acetate is one of the well-known
cellulose derivatives and its commonly used to produce strong and resistant films in
addition to distinct applications as frame materials in personal care items and other
rigid tools (glasses, combs, screwdriver handles, etc.), imaging and photography
films, filters, reservoirs for liquids, synthetic fiber etc. Therefore, it is safe to claim
that cellulose and its derivatives are popular in packing applications. This chapter
starts with the structures and sources of cellulose relevant to film-forming charac-
teristics; then, continues with chemical and physical approaches to tailor cellulose
derivatives. The chapter also highlights various polymeric interactions within cel-
lulose fibrillar network. The chapter adds the use of cellulose in various food film
applications with advances in manufacturing cellulose-based packaging films and
emerging technologies. To illustrate prior knowledge, four recent review papers were
included throughout the chapter [3, 6-8].

2. Cellulose structure and sources
2.1 Structure

The simplest and well-known definition of cellulose considers the polymer as
D-glucopyranose subunits linked by p-1,4-glycosidic bond (CsH1Os),. The degree
of polymerization (n) of native cellulose expresses the number of glucose units
that range between 1000 and 30,000 units depending on the source. For example,
native wood cellulose of 10,000 glucose units is smaller than cotton cellulose of
15,000 units. Cellulose structure is typically in a linear form, where adjacent glucose
units rotate by 180° to create subunits of a repeating cellobiose disaccharide. Larger
organization of these subunits forms fibrous structures, commonly referred to as
microfibrils or lignocellulosic fibers. Microfibril subunits are organized to generate
cellulose fiber structure. The micro-scale interactions of cellulose and associated
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bonds have significant effect on its characteristics and functionality. For example,
hydrogen bonds between three hydroxyl groups of the anhydroglucose unit and
D-glucopyranose oxygen atom provide rigidity and generate the three-dimensional
arrangement of cellulose in their polymer network. Besides, strong hydrogen bond-
ing of the hydroxyl groups is responsible for the reduced solubility, crystallinity, and
reactivity of the polymer.

The microfibril regions are composed of crystalline and amorphous regions.
The crystalline structure formed by hydrogen bonding between adjacent microfi-
brils. Crystalline units are found in two different phases, namely, a-cellulose and
p-cellulose. The predominance of crystalline phase is determined by its source
(i.e., plant- and animal-based celluloses are predominantly in the p-cellulose form,
and the bacteria-based cellulose is in a-form). The crystalline cellulose appears
as rod-shaped particles, which can be extracted using enzymatic, chemical, or
mechanical methods. The amorphous cellulose lack a certain shape and order, and
formed by randomly ordered microfibrils surrounded by hemicelluloses and. In
the amorphous region, the cellulose microfibrils are more available for hydrogen
bond and subsequent interactions with water, protein or enzymes. Overall, the
composition of crystalline and amorphous regions determine the physicochemical
properties (e.g., rigidity, strength, extractability, etc.) of cellulose. For example,
crystalline cellulose may display deuteration whereas amorphous cellulose swells
in hydrophilic solvent and can penetrate inside the amorphous matrix by disrupt-
ing the intermolecular hydrogen bonds [9]. The high crystallinity can increase
the rigidity and reduce the elasticity of cellulose-based films. Furthermore, these
structures can be modified to obtain derivatives with desired functionalities as
explained in Section 3.

2.2 Sources

Plants are the most common source of cellulose and cellulose derivatives. A sche-
matic diagram of cellulose sources and modification methods is given Figure 1. The
literature and industry have various examples for the use of various cellulose sources in
packaging applications. Following extraction, cellulose is typically purified to elimi-
nate lignin and hemicellulose for the manufacturing of cellulose derivatives. Among
plant sources, cotton fibers have the advantage of having relatively low non-cellulosic
components with around 90 wt% purity with long chains of crystalline regions (60%).
Cellulose fibers from cotton displays twisted morphology with an internal structure
of cell wall layers. The strength of cotton fiber increases with moisture. Therefore,
cotton-based cellulose are suitable for film applications, where mechanical integrity is
required. The second most abundant source of cellulose is wood. It displays not only
good mechanical properties but also potential antibacterial characteristics due to the
presence of natural phytochemicals [6]. Cellulose extracted from wood includes lignin
and other polysaccharide compounds with ca. 50 wt% cellulose content. The presence
of hemicellulose aids extraction of wood fibers easily during the pulping process.

Bacteria-based cellulose or cellobiose is produced by Gram (—) aerobic bacteria
such as Acetobacter xylinum, Gluconacetobacter xylinus, Komagataeibacter xylinus,
Agrobacterium, Achromobacter, Pseudomonas, and Rhizobium, and Gram (+) bacteria
such as Sarcina spp. The bacteria-based cellulose is typically of high purity with
ribbon-like shaped microfibril structures. Isolation and purification of bacterial cel-
lulose do not require additional chemical treatment unlike plant-based cellulose. The
bacteria-based cellulose microfibrils may agglomerate into a gel-like network (i.e.,
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Figure 1.
A diagram of common cellulose sources and modification techniques.

microfibril gels) via interfibrillar hydrogen bonds and Van der Waals interactions,
ideal for obtaining natural cellulose packaging films [10]. Another related structure

is bacterial nanofibrils, which are thinner than microfibrils with higher surface area/
volume ratio. This structure is desirable for film manufacturing since it can impart
higher elasticity and strength. The microfibril structure can be controlled by altering
the bacterial growth conditions. For example, using different carbon sources (e.g.,
replacing glucose with fructose, galactose, mannitol or xylose) can modify the surface
area, porosity and crystallinity index of cellulose fibrils, and subsequently enhance
resistance of their cellulose films against the oxygen and water vapor permeabilities
[11]. Therefore, bacterial cellulose serves as a suitable source of cellulose with tunable
characteristics for film applications.

Algae are known as renewable cellulose sources due to their ability to get nutrients
from waste streams. Several species of green, gray, red, yellow, or brown algae, such
as Caldophora, Micrasterias denticulata, Gelidium elegans, Micrasterias rotate, Valonia,
Boergesenia and Posidonia Oceanica, were used to obtain cellulose microfibrils from
their cell walls. Red algae contain the largest amount of cellulose. In comparison,
green algae cellulose shows higher crystallinity (above 70%) than others, and there-
fore lower moisture adsorption capacity and limited the swelling. The purity of algae
cellulose is typically lower than bacterial and plant cellulose. This is related to the
presence of cellular proteins in the microfibril isolates. Algae based cellulose was used
for biopolymer film applications, but they exhibited poor water vapor permeability
and low mechanical strength [12]. Moreover, crystalline cellulose extracted from
seaweed species of Alaria esculenta, Saccharina latissima have higher pure cellulose
content as compared to cellulose isolated from Ascophyllum nodosum with heteroge-
neous content with minerals and proteins. Impurities reduces the presence of free
hydroxyl group to limit their applications. The researchers showed that films pro-
duced from high purity cellulose exhibit better visual appearance and less moisture
permeability [13].
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Tunicates are invertebrate marine animals that can serve as a unique animal source
of cellulose. Tunicate has three subclasses: Ascidiacea, Thaliacea and Appendicularia.
Tunicate epidermal cells contain many enzyme complexes in epidermis membrane,
which are responsible for cellulose production. The tunicate cellulose can be isolated
nanofibril form, which are bundled in the outer tissues of tunicates. Tunicate cellulose
exhibits higher crystallinity (ca. 95%) and surface area compared to other cellulose
types. This provides excellent mechanical and thermal properties for cellulose-based
films [14].

3. Modification of cellulose and cellulose derivatives

Cellulose is often modified via physical and chemical techniques to increase their
functionality responsive to the film application and industry. Physical methods refer
to approaches, which do not largely rely on the use of chemical compounds to modify
cellulose fibers. The physical modification section covers the use of techniques that
utilize mechanical, thermal, electrical, and other high-energetic (e.g., gamma irra-
diation, UV light) processes. The chemical modifications section covers common
techniques to obtain traditional and novel cellulose derivatives including hydrolysis,
esterification, acetylation, etherification, silylation, carbamylation, TEMPO oxida-
tion. A summary of the modification methods for obtaining cellulose derivatives is
illustrated in Figure 1.

3.1 Physical modifications

Thermal treatment can be used as a pre-treatment or post-treatment to remove
undesired substances, enhance the oxygen-carbon ratio, and improve crystallinity
of cellulose fibers. These modifications can improve the gas barrier properties and
increase the acidity of the fiber surfaces used to produce films. For example,

heating (up to 145°C) tempo-oxidized cellulose nanofiber films was shown to sig-
nificantly reduce the water retention and oxygen permeability as compared to original
films prepared without post-thermal treatment [15]. Moreover, heating can help in
inducing the closure of pores between cellulose nanofibers. This can be explained
with the reorientation of amorphous and paracrystalline regions into the crystalline
regions [16].

Plasma surface treatment can be used to enhance the hydrophilicity to cellulose
fibers, and subsequently to provide functional properties to their films, such as better
oxygen and air permeability. This technique utilizes electric discharge to generate
vacuum-based ionized gas at ambient temperatures. The ionized gas can be generated
via low pressure, low temperature, atmospheric glow discharge, atmospheric pres-
sure plasma jet technique. The ionized gas includes a mixture of free radicals, heavy
particles, and electrons, which promote the modification cellulose fibers and fiber
aggregates as in films. The modifications can be in the form of defibrillation, remove
low molecular weight impurities from nanocellulose fibers, and enhance microcrys-
talline cellulose [17]. Plasma treatment can increase the hydrophilicity of the fibers
by generating polar functional groups, which provides good adhesion of cellulose
coating layers. Plasma treatment was also shown to increase the crosslinking and
entanglements of cellulose nanofibrils, increase the extent of impermeable crystals,
which hinders the molecular diffusion of oxygen to increase the oxygen barrier
properties of microfibrillar cellulose films [18].
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The corona discharger process is similar to plasma surface treatment and involves the
use of a bundle of charged particles, such as ions and electrons, accelerated through an
electric field. The ionization process involves a shade of plasma that occurs at the tip of
the particle generator that is named corona. This method has several advantages such
as high efficiency, continuous processing and being environmentally friendly [19].
Cellulose fibers exposed to electromagnetic field with high voltage become excited and
available for further surface modification via oxygenation. Electric discharge induces
oxygenation of ozone into carbonyl groups that brings about crosslinking between
fibers and the media to improve the mechanical and thermal properties of cellulose
fiber films. The corona treatment process was shown to improve the interfacial adhe-
sion between cellulose fiber and polypropylene in laminated film applications in
addition to improved film strength and rigidity [19]. In parallel, corona treatment was
also shown to enhance the strength and thermal resistance of cellulose films [20].

Gamma irradiation is a non-thermal and environmentally friendly process that
modifies the chemical structure of cellulose fibers via high energetic gamma rays.
High energy gamma irradiation results in decomposition and crosslinking, thus
strengthening the structure of cellulose fibers [21]. Gamma rays typically are gener-
ated by using Cobalt-60 or Cesium-137 sources at specific irradiation facilities, which
constitute a major limitation for its availability and wide-spread use. The irradiation
process has several advantages over traditional treatment methods, such as no need
for catalysts, less atmospheric pollution, minimum time for the process and continu-
ous operation. Irradiation may cause initial structure disruption and irreversible bond
cleavage, thus fragmentation of the polymers into nanofibrils. The high energetic of
the gamma irradiation can result in crosslinking of cellulose nanofibrils into fiber
networks and gels without the use of chemical reagents.

The mechanism involves the formation of macro-cellulosic radicals by the removal
of hydrogen-hydroxyl and disturbance of carbon-carbon bonds through high energy
gamma rays. These radicals are very reactive to facilitate cross-linking between
cellulose nanocrystals and result in strong cellulose nanocrystal films with desirable
oxygen and water vapor resistance [22].

UV radiation treatments is the application of electromagnetic radiation at wave-
lengths from 100 nm to 400 nm. This method uses ultraviolet laser light source to
treat cellulose with enough energy to modify the molecular bonds on the surface layer.
Briefly, UV radiation increases the formation of carbonyl groups on cellulose fiber
surface and increases the surface polarity. In addition to this, the strength and gas
barrier ability of cellulose films and sheets can be increased by promoting crosslink-
ing between fibril units. For example, cellulose sheets undergone through UV radia-
tion showed increased tensile strength since UV radiation enables intercross linking
between the neighboring cellulose molecules [23].

Homogenization and related mechanical processes including spinning, flow-focusing,
microfluidization, and ultrasonication can modify the structure of cellulose fibrils
into microfibrils and nanofibrils through mechanical breakdown. Cellulose filaments
are typically continuous fibers of random length. Cellulose microfibrils, on the other
hand, are smaller fiber agglomerates with diameters ranging from 3.5 nm to 35 nm.
Nanofibrils are smaller than microfibrils in width nanometric range and the length of
micrometer range. Cellulose microfibrils store three different domains, namely, non-
crystalline, paracrystalline and crystalline regions. The former chains include regions
without regular packing of cellulose chains. The paracrystalline domain has partial
crystal distortion and loose molecular packing. As its name implies, the crystalline
region takes shape with highly ordered chains. Furthermore, additional networks
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such as hydrogen-bonded bundles or microfibrils can be observed on microfibril sur-
faces due to hydroxyl groups. Cellulose micro or nanofibril units possess large surface
area and strength. Hence, films made from cellulose micro/nano fibrils are known

to have low thermal expansion coefficient, high transparency and good mechanical
characteristics [24]. Cellulose nanofibril films may even show better oxygen and
water vapor barrier ability than some petroleum-based polymers [25]. Furthermore,
mechanical properties are important for handling and packaging applications to
interpret the durability and sustainability of materials. Cellulose nanofibrils mixed
with other polymers can exhibit good mechanical features such as high elasticity and
tensile strength [26]. Application of high-shear and high-pressure processes (e.g.,
homogenization and microfluidization) on cellulose dispersions dates back to couple
of decades. These techniques can be used during extraction to obtain microfibers. For
example, They can provide sufficient mechanical force to breakdown native cellulose
fibers in the pulp into microfibrillated cellulose gels [27]. Another research demon-
strated the use of microfluidization in combination with enzyme treatment to obtain
nanofibrillated cellulose from palm fruit peels [28, 29]. Extrusion and flow spin-
ning were used in a similar way to modify cellulose fibers in their solution, which is
extruded through a spinneret and rotating godets with a certain velocity and pressure.
The cellulose solution pushed through the axial direction, generates a highly oriented
form. These cellulose filaments contain highly crystalline and dense microfibrillar
structure leading to strong and moisture resistant film materials [30].

3.2 Chemical modifications
3.2.1 Hydprolysis

Hydrolysis involves partial depolymerization of cellulose by using dilute mineral
acid. Microcrystalline cellulose (MCC) constitutes the micron scale highly crystalline
regions of cellulose microfibrils. MCC can be generated by the hydrolysis of partially
depolymerized a-cellulose using hydrochloric acid. MCC is preferred as a biocom-
posite in various application areas, such as medicine and pharmacology due to its
biodegradability, physicochemical stability, low density, elasticity, and large surface
area. MCC was first discovered and commercialized as Avicel® since early twentieth
century. Commercial production is conventionally from softwood, hardwood, cotton
stalks, soybean husks or rice husks. MCC dispersions are decomposed using sulfuric
acid to obtain hydrophobic or hydrophilic CNC depending on the solvent polarity.

In parallel to MCC, nanocrystalline cellulose (or cellulose nanocrystals, CNC) are
rod-shaped highly crystalline units of cellulose microfibrils at nanoscale dimen-
sions. Processes similar to MCC are involved in production of CNC by hydrolysis of
native cellulose commonly from algae, bacteria and cotton linter. CNC enjoys optical
transparency, light weight, biocompatibility and low thermal expansion for uses in
biomedical and packaging applications. There are examples of manufacturing pack-
aging films from CNC using layer by layer deposition or spray drying techniques. The
former method is based upon adsorption of the oppositely charged polyelectrolytes to
create uniform nanocellulose multilayers [31].

3.2.2 Esterification

Esterification or acylation process involves the combination of organic acid and
alcohol to form an ester and water. Esterification reactions can occur on cellulose
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polymer chains or the outer surface of cellulose fibers by aromatic and aliphatic
reagents. Cellulose esters can be classified as organic (e.g., cellulose acetate, cellulose
acetate butyrate and cellulose acetate propionate) and inorganic (cellulose nitrate,
cellulose phosphate, cellulose sulfate, and cellulose xanthate) esters.

Cellulose acetate is a well-known and one of the most versatile cellulose deriva-
tives. It can be obtained by the reaction of cellulose with acetic acid, acetic anhydride
and sulfuric acid as catalysts. Degree of substitution with the acetate groups is the
average number of acetyl groups replacing the hydroxyl groups per glucose unit,
and it determines the solubility of cellulose acetate in water. The maximum degree
of acetylation is three, when all OH groups are replaced by acetyl groups, which has
the highest water solubility. Cellulose acetate has a great commercial appeal due to
its versatility related to its solubility in various solvents and toughness for mechani-
cal strength. Therefore, it found applications in distinct industry segments which
require either flexible and resistant material as in photography films or rigid and
durable materials produced by molding such as in glass frames, combs, tool handles,
solvent reservoirs, etc. Therefore, it is not surprising to find packaging applications
of cellulose acetate due its high chemical and thermal stabilities, dense and strong
structure, and low cost [32]. The versatility of cellulose acetate allows its adoption
to different film production technologies [6]. Electrospinning was used a promising
and affordable method to manufacture packaging material. This technique relies
on the application of an electrical potential to create thin cellulose fibers extruded
through a nozzle [33].

Cellulose sulfate is an inorganic derivative produced with the addition of sulfuric
acid, sulfur trioxide or chlorinated sulfonic acid to cellulose fiber. Esterification can
occur via two strategies. Heterogeneous sulfation includes SO; complexes such as
DMF as solvent, pyridine as sulfation agent and H,SO, as the reactant. The sulfation
of cellulose results in chain cleavage and produces cellulose sulfate with a high degree
of substitution. Cellulose sulfate produced with heterogeneous method may have
non-uniform distribution of crystalline and amorphous regions and limited solubility
in water. In contrast, homogeneous sulfation requires N;O,-DMF and SO; complexes
for the synthesis of cellulose sulfate. It generates even distribution of crystalline
and amorphous regions, which results in higher solubility in water and low-chain
degradation. When used in packaging manufacturing, cellulose sulfate can represent
antimicrobial characteristics. In addition, cellulose sulfate films are recognized as
biodegradable and biocompatible, different from cellulose acetate.

Cellulose phosphate is an inorganic cellulose derivative generated by phosphoryla-
tion of cellulose fibers using phosphor-containing esters such as phosphonites,
phosphites, or phosphinates. Similar to sulfation, phosphorylation may take place
under heterogeneous or homogeneous conditions. Heterogeneous phosphorylation
of cellulose fiber occurs in the presence of solvents such as N-methylmorpholine
N-oxide or DMF. The homogeneous approach results in complete or partial esterifica-
tion of cellulose fiber to yield a soluble product. Unlike cellulose sulfate, cellulose
phosphate is largely water-insoluble due to polymer chain crosslinking. This may
result in coagulation in the solution and serves as a limitation for applications that
require a free-flowing melt, such as packaging [7].

Cellulose nitrate is the poly-nitrate ester of cellulose obtained by replacing
hydroxyl groups with nitrates using nitrating acid mixtures. Cellulose nitrate dem-
onstrates odorless and tasteless characteristics and is typically soluble in organic
solvents (e.g., alcohols), which allow it to be used in various areas, such as packaging
film, membrane filters, pharmaceutical, and optical instruments. The degree of
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nitration is an important parameter for cellulose nitrate that shows the volume of
nitric oxide release when 1 g of cellulose nitrate is completely decomposed at 0°C
and 1 atm. It influences the physicochemical properties of cellulose nitrate such as
viscosity, solubility, heat of formation and combustion and thermal stability [34, 35].
Generally, lower degree of nitration (10-11%) is preferred for film manufacturing

as it provides thermoplastic behavior and solubility in organic solvents, which are
essential for film manufacturing [36].

Cellulose xanthate is a sodium hydroxide-soluble cellulose derivative. The control
over the process is critical since industrial viscose rayon fabric (known as viscose) and
cellophane are formed from xanthate. It is obtained by stepwise xanthation reactions,
which involve alkalization using sodium hydroxide, followed by ripening to bring
the degree of polymerization to 0.5 (i.e., to adjust the viscosity). After ripening, the
solution is passed through a spinneret to create soft filaments [37]. Finally, the soft
filaments are exposed to sulfuric acid and zinc, and sodium sulfate to obtain the
rayon fiber filaments. Rayon fabric shows good plastic behavior with high mechanical
strength, elasticity and strong moisture absorption. Degree of ripening and polym-
erization determine the strength of rayon fibers: higher DP and DR increased the
strength of the films prepared by fiber spinning [38]. The high moisture absorption
rate is related to their lower crystallinity that serves as a drawback for packaging films
applications. Rayon fabric is commercially produced from wood pulp. The physico-
chemical features of the rayon fabric are close to fabrics produced from natural cel-
lulose (e.g., cotton or linen). The viscose fibers show high resistance to acid and alkali
conditions, and resistant to fabric and film manufacturing conditions [39]. Versatility
and affordability allow viscose for its use in large-scale industrial textiles and food
packaging, such as sausage casings [40].

3.2.3 Etherification

Etherification of cellulose involves homogeneous or heterogeneous reactions
with etherifying agents, such as epoxides, halogenated alkanes, alkyl, silyl chlorides,
bromides, or vinyl compounds. Cellulose ethers are classified as silyl ethers, ionic
alkyl ethers and nonionic alkyl ethers and have alkyl halide structures with hydroxyl
groups. They are among the most abundant cellulose derivatives and manufactured
on large scales. The commercial forms used in various industries include methylcel-
lulose, carboxymethyl cellulose, ethyl cellulose, hydroxyethyl cellulose, and hydroxy-
propyl cellulose. Cellulose ethers represent non-toxic, tasteless and non-flammable
and water-soluble features. These properties enable them to be used as a thickener,
water binder, processing aids in food formulations; as excipients in pharmaceutical
formulations; and textile and packaging applications [41]. Their solubility depends
on the pH of the solution: soluble in alkaline conditions with decrease in solubility
with decreasing pH. They are also thermally stable up to 100°C, and form crosslinking
network with slight degradation at 130-150°C [42].

Methyl cellulose is the nonionic alkyl ether that is produced with methyl chloride
or dimethyl sulfate in an alkaline medium. Methyl cellulose demonstrates high
solubility in water and organic solvents, good gelling capabilities and emulsifying
power. Therefore, they are common ingredients in sugar-based syrups, oil emulsions,
creams, food gels, baked goods, fried foods, and soups. Moreover, methyl cellulose
has a potential in food packaging film industry as a plasticizer since they display
low cost, transparency, high strength, easy handling and environmentally friendly
structure that are important properties for packaging films [43].
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Carboxymethyl cellulose (CMC) is an anionic cellulose ether derivative obtained
by the reaction between alkali cellulose and sodium chloroacetate, where hydroxyl
groups are replaced with carboxymethyls at 2nd, 3rd, and 6th carbon of a glucose
unit. CMC is another traditional food additive as a thickener, stabilizer, emulsifier,
bulking agent, and water binder related to its affordability, water solubility, chemical
stability, and non-toxicity. It is a common ingredient in food gels, such as processed
meat products, dry pet foods, yoghurt, beverages, ice cream and dessert. In addition
to these, CMC can provide control to the viscosity of film-forming solution, and
protective barrier when used in food packaging film applications [44].

Ethyl cellulose is a nonionic cellulose derivative obtained by the reaction between
alkali cellulose and ethyl chloride between 90 and 150°C, where hydroxyl groups are
converted into ethyl ether groups. This results in less polarity than CMC and methyl
cellulose. Ethyl cellulose is soluble in various organic solvents such as hydrocarbons,
alcohols, esters and chlorinated solvents. The physicochemical properties and appli-
cability of ethyl cellulose depend on the degree of etherification. The conversion of
hydroxyl groups into ethyl ether units provides water-solubility, adhesive features as
well [45].

Hydroxyethyl cellulose is a nonionic derivative obtained by the reaction of
cellulose with sodium hydroxide and ethylene oxide, where ethyl groups are attached
to hydroxyl units. They show non-toxic, compressible, and water-soluble characteris-
tics attractive for tissue engineering and biomedical applications. They are also widely
used as a thickening, emulsifying agent and stabilizer in personal care and cosmetic
products. It is not permitted to be used in food formulations due to its chemical
structure, but it might be an alternative for food packaging films [46].

Hydroxypropyl cellulose is an alkali cellulose derivative obtained with the substitu-
tion of 2-hydroxypropyl chloride with hydroxyl groups. Similar to methyl cellulose, it
shows gelling ability, however, at higher temperatures. Hydroxypropyl cellulose can
be used as gelling agent, emulsifier or thickener in salad dressing, sorbet, and confec-
tionary product fillings. Hydroxypropyl cellulose can also contribute to gas barrier
properties oil-resistance of packaging films [47, 48].

3.2.4 Silylation

Silylation is based on incorporation of multifunctional silane compounds (i.e.,
methyltrimethoxysilane, aminopropyltriethoxysilane, methacrylopropyltrime-
thoxysilane alkoxysilane) into cellulose fibers or micro- and nano-crystals. Silyation
provides unique characteristics depending on the specific groups in the glucose unit
(i.e., —OH, —CH or —COOH). For example, cellulose nanocrystals can be partially
silylated using n-dodecyldimethylchlorosilane as a silylating agent and acetone as the
solvent to allow surface modification. The silylation process can effectively enhance
crystallinity, crosslinking, and strength of cellulose fibers. For example, partially
silylated cellulose nanocrystals exhibited improved degree of crystallinity and tensile
strength [49]. Similar to other cellulose derivatives, when used in film formulations,
silylation can improve their functional properties, such as water vapor barrier and
thermal resistance [50].

3.2.5 Carbamylation

Carbamylation of cellulose occurs by the reaction of hydroxyl group of cellulose
with isocyanate. Carbamylation of nanofibers can increase their reactivity and
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thermal stability. The carbamylation of cellulose modifies the polarity of cellulose
fibers. For example, hydrophobicity of cellulose nanocrystals increased by crosslink-
ing phenyl isocyanate with hydroxyl groups, while crystallinity and other physico-
chemical characteristics of cellulose nanofibers remained unchanged [51].

A major limitation in food and packaging applications is related to the use of
isocyanate that can create toxic byproducts during the carbamylation process.

3.2.6 TEMPO oxidation

The free radical TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) is a water soluble
and relatively stable nitroxyl radical (i.e., half-life in minutes at room temperature). It
can catalyze the oxidation of primary hydroxyl groups of cellulose fibrils to carboxyl
form. TEMPO reaction requires oxidizers such as NaClO or NaClO, in the presence of
NaBr at alkaline conditions. This process can provide electrostatic repulsion between
cellulose fibers by preventing hydrogen bonding. TEMPO-oxidized cellulose fibers
can be used to produce films with improved network structure, optical features, gas
barrier and thermomechanical characteristics. For instance, the films prepared from
TEMPO-oxidized wood cellulose nanofibers exhibited improved degree of fibrilla-
tion and low oxygen permeability, desirable optical transparency, and high tensile
strength and Young’s modulus in their films [52]. Similarly, softwood and hardwood
celluloses oxidized by TEMPO displayed transparent, flexible and low thermal expan-
sion coefficient with higher crystallinity compared with untreated cellulose nanofiber
films [53].

4, Cellulose network and cellulose interactions
4.1 Cellulose fibrillar network

The cellulose microfibrils and their derivatives are responsible for the formation of
a cellulose polymer network as seen in film structures, where they interact with other
polymeric materials and doped nanoparticles through electrostatic forces, hydrogen
bonds, Van der Waals attraction as illustrated in Figure 2. The nature of these interac-
tions influences the strength and morphology of cellulose-based films. For example,
the presence of similar charged substitutes on fiber surfaces may create repulsive
forces to result in porous structure while opposite charged groups on fibril units
might cause dense and smooth film surfaces [54]. In addition to this, high dispersibil-
ity of cellulose fibrillar matrices and strong hydrogen bonds with other polar moieties
through hydroxyl groups are important for the strength of the cellulose-based
films. For example, nanocellulose films with high fibrillar network and extensive
hydrogen bonding demonstrate low porosity and high oxygen and moisture barrier
[55]. Overall, these interactions support a good film framework important for desir-
able mechanical and gas barrier features. This section explains and exemplifies the
nature and importance of cellulose interactions with a focus on physicochemical and
mechanical properties of film materials.

4.2 Cellulose-protein interactions

Native cellulose is a nonionic polymer with reduced interaction capacity without
pretreatment. Cellulose derivatives can show interfacial activity and electrostatic
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Figure 2.
A schematic illustration of cellulose interactions with polymers and nanoparticles.

potential to interact with proteins via electrostatic interaction, hydrogen bonding
or hydrophobic attraction. Electrostatic interactions between protein and cellulose
derivatives (e.g., negatively charged methylcellulose and carboxymethyl cellulose)
can provide advanced control over the characteristics of cellulose films to improve
their mechanical and barrier properties. For example, a recent research showed
that cellulose nanocrystals from a bacterial source can participate in protein gels

to improve mechanical properties (tensile strength) and as well as oxygen and
moisture barrier abilities of nanocomposite biodegradable packaging films [56].
Another study showed that the intermolecular interactions between fish gelatin
and crystalline regions of cellulose microfibrils significantly increased the tensile
strength and reduced the water vapor permeability of biodegradable fish gelatin
films [57]. In addition to this, the physicochemical properties (e.g., pH, tempera-
ture, ionic strength, concentration, etc.) of solutions of cellulosic polymers and
proteins determine the extent of their interactions. Among these parameters, pH
played the most critical role since it affects the surface charges, wettability, density
and conformational state of dispersed systems [58]. For example, at lower pH

(pH 3), soy protein isolate (SPI) and TEMPO oxidized bacterial cellulose interacted
via electrostatic attractions and formed a positively charged noncovalent complex
that displayed good creaming stability and elastic gel texture. On the other hand,
at higher pH (pH 9), cellulose-protein interaction shifted from strong electrostatic
attraction to repulsion [59]. Moreover, at pH 4 negatively charged CMC can form a
complex with positively charged pea protein to form insoluble complexes. At lower
pH values, the interaction between CMC and protein increases with strong electro-
static repulsion, high viscosity, and steric hindrance [60]. In addition, the presence
of small molecules, such as salts or sugars, may alter the nature of interactions.

For example, ionic liquids, which are molten salts with organic cations and anions,
show significant effects on cellulose-protein complexes [61]. Anions may form
hydrogen bonds with hydroxyl groups found in cellulose or protein and disrupt

the naturally occurring hydrogen bond between these two polymers. Moreover,
cations in ionic liquids may interact with ether oxygen atoms or CH groups in native
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cellulose or derivatives [62]. It was shown that chloride ion associated with hydroxyl
groups in cellulose and resulted in weakening intermolecular hydrogen bonds
between protein-cellulose complex extracted from peanut leaf. These interactions
reduced the tensile strength of prepared films [63].

4.3 Cellulose-polysaccharide interactions

The interactions between cellulose and polysaccharides, such as starch, glucoman-
nan, pullulan occur between unsubstituted chains via hydrogen bonding. Anionic cel-
lulose derivatives, such as CMC and CNC can interact with charged polysaccharides,
such as sodium alginate or chitosan to form hydrogel structures by intermolecular
inclusion interaction. These interactions occur via hydrogen bond or ionic crosslink-
ing and enhances mechanical performances For example, chitosan-carboxymethyl
cellulose interaction creates polyelectrolyte multilayer films that includes oppositely
charged layers of polyelectrolytes [64]. The electrostatic interaction between these
two polymers results in binding of the oppositely charged polymers on the film
surface. This brings about improved strength in composite film. Another study
showed that intermolecular interaction between konjac glucomannan and pullulan
and natural cellulose nanofibrils yields strong crosslinks to improve the flexibility
and elasticity of films and reduce the water vapor permeability [65]. Besides, strong
hydrogen bonds between hydroxyl groups of cellulose nanofibrils and hydroxyl or
carboxyl groups of sodium alginate increased the cohesiveness and water resistance of
the biopolymer films [66]. The authors in the reference [67] examined the influence
of molecular interactions between microcrystalline cellulose (MCC) and propylene
glycol alginate-agar polymeric mixture and their effect on mechanical, physical and
barrier properties of microcrystalline cellulose gum edible films. The addition of 4%
MCC was sufficient to reduce the water vapor permeability and enhance the tensile
strength of the film due to inter and intramolecular hydrogen bonds. Interestingly,
incorporation of cellulose resulted in reduced intramolecular interactions between
polymers and caused less compact network and hydrophobicity on the film surfaces.
A study focused on the effect of electrostatic interactions between cellulose nanofiber
and alginate or chitosan in their films [68]. It was highlighted that cellulose-poly-
saccharide interaction mechanisms led to an increase in tensile strength and water
vapor resistance of the polysaccharide films. Another study modified CMC films with
xanthan gum, and flaxseed gum to improve the physical and mechanical properties
(e.g., water vapor resistance, tensile strength, elasticity), and reduce the weight loss
and increase shelf life of mango [69].

4.4 Cellulose-nanoparticle interactions

Packaging films prepared from native cellulose or derivatives, such as cellulose
nanocrystals or CMC, can be doped with nanoparticles to provide them strength,
stability, ultraviolet barrier, optical or antimicrobial functionality. For example,
paramagnetic iron oxide nanoparticles coating to cellulose nanocrystals was shown to
improve the thermostability of the films [70]. Another study focused on the prepara-
tion of cellulose nanocrystal films incorporated silver (Ag) [71]. The films showed
ultraviolet barrier property and reduced water vapor permeation. Furthermore,
calcium hydroxide nanoparticles can support the crosslinking between polysac-
charide and cellulose nanofiber by diffusing into the matrix and attaching with ionic
bonds. This enables to increase in the opacity and thermal stability of multilayer

99



Cellulose — Fundamentals and Conversion into Biofuel and Useful Chemicals

packaging films. Photocatalytic TiO,—Ag nanoparticles can be added to provide
antimicrobial and photocatalytic activity to CMC based films. In addition, they also
increased the tensile strength of the films related to increased electrostatic attractions
between hydroxyl groups and O—Ti—O bonds between CMC and nanoparticles [72].
In another study, ZnO-loaded cellulose acetate film was obtained by ionic interac-
tion between zinc and oxygen atoms in cellulose acetate [73]. These films exhibited
antibacterial action against E. coli and moisture barrier characteristics. Recently,
Amini et al. [74] created nano-composite packaging films using cotton cellulose and
hydrophobic polycaprolactone (PCL) dissolved in an ionic liquid containing zinc
oxide nanoparticles. The intermolecular hydrogen bond between cellulose fibers, PCL
and zinc oxide resulted in promising film properties (i.e., improved oxygen barrier
property, good tensile energy absorption, elasticity, and surface smoothness). The
authors mentioned that nanocomposite film may serve as a packaging film for peanuts
and meat based on physical and mechanical characteristics. An interesting study
mentioned that CMC films prepared with the addition of cobalt nanosheets show
strong antimicrobial activity against E. coli and S.s aureus without affecting mechani-
cal properties of the films [75].

5. Conclusion and future perspectives

In conclusion, several literature and industrial examples indicate great potential
for cellulose and its derivatives to be used in manufacturing of film materials with
tailored properties for specific applications and needs. Cellulose and derivatives are
potential sources for commercial packaging films due to their good film-forming
abilities. There is an increasing trend in cellulose-based biodegradable packaging
applications in combination with active ingredients with antioxidant and antimicro-
bial properties. Cellulose fibers are abundant and can be obtained from affordable
and sustainable resources extracted from plants, animals, bacterial or algae-based
sources and as well as waste streams of industrial production lines. The research is
still ongoing to overcome certain challenges and improve film properties in consider-
ation of environmental sustainability, biodegradability as well as mechanical and gas
permeation resistance properties of the film materials. Controlling the micro-scale
interactions between cellulose and other polymers as well doped nanoparticles can be
used to strengthen the film network and furnish them with new functionalities. Asa
general trend of following research efforts, development and scaling up the emergent
technologies to large scale production and industrial applications remain as one of
the biggest challenges. For example, industrial production of films requires special-
ized instruments where the materials need to be resistant to high temperatures and
pressures associated with the extruders. Overall, advances in cellulose modification
methods can address practical challenges associated with adoption of their films as
future perspectives.
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Chapter 6

Perspective Chapter: Cellulose in
Food Production - Principles and
Innovations

Hassan Sabbaghi

Abstract

For several decades, cellulose and its derivatives have been used in various fields
of food processing and their applications have become increasingly important.
Nutritionally, cellulose is known as dietary fiber and is used as a functional food
component. Many new technological needs were recognized since developing of
industrial products and, therefore, cellulose modifications (chemically or physically)
also have been considered. The various important properties for using these com-
pounds include organic solubility, gel and film formation ability, make mucoadhesive
system, high swelling, hydrophilic and hydrophobic features, act as viscosifying
agent, and thermoplastic effects in food systems. Thus, the most typical technological
role of these cellulose’s characteristics can be mentioned as edible coating (in fruits
and fried products), edible film, emulsification, stabilizing agent, rheology control,
suspending agent, diffusion barrier, encapsulation, extrusion, molding, and foam
stabilizer in food industry. The new innovations can be mentioned as the production
of bacterial cellulose, developing the smart packaging, and the preparation of nano-
cellulose with environmentally friendly processes. Finally, with the expansion of the
usage of cellulosic materials, a reevaluation of their food safety has been carried out.
Also, the legal guidelines related to the use of these compounds as raw materials have
been provided for manufacturers.

Keywords: cellulose, derivatives, technological role, food industry, innovations

1. Introduction

Cellulose is the most considerable biopolymer (naturally occurring polymer) on
the ground with 1.5 x 10 heaps of annual manufacturing. This organic polymer is
most regularly obtained from plants, and nowadays its significance in food applica-
tions and personal and scientific care cannot be dominated out. Cellulose is addition-
ally obtained via in vitro synthesis with the assistance of enzymatic pathways, the
chemical synthesis from glucose derivatives, and the biosynthesis via various micro-
organisms, such as algae and fungi, as nicely as a number of cardio nonpathogenic
bacteria of the genera Agrobacterium, Sarcina, Rhizobium, and Acetobacter [1]. Also,
cellulose can be modified using chemical reactions to manufacture some compounds
with special characteristics. The changes in cellulose polymer enhance and develop its
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Figure 1.
Linear molecule of cellulose polymer with D-glucose units.

chemical and physical facets, which allow the usage of derivatives for many purposes
and applications [2]. Structurally according to Figure 1, cellulose is a polysaccharide
that is composed of quite a few lots to over ten hundred D-glucose units as a linear
chain [3].

Cellulose is recognized as “Dietary fiber.” Dietary fiber includes remains of plant
cells resistant to hydrolysis as digestion procedure via the alimentary enzymes of
gastrointestinal system in the human body, whose components are cellulose, hemicel-
lulose, lignin, waxes, pectins, gums, and mucilages. These compounds are naturally
current in nuts, cereals, fruits, and vegetables. The quantity and composition of fibers
vary from meal to meal based on food structure. A fiber-rich diet is less in calorie
density, frequently has a limited fat content, is large in extent, and is richer
in micronutrients. This large mass of meals takes longer to consume and its presence
in the belly might also deliver a feeling of satiety sooner, although this feeling of
fullness is quick time period. It is advised that healthy adults need to devour between
20 and 35 g of dietary fiber every day [4]. There are two kinds of dietary fiber: soluble
and insoluble. The insoluble substances structure a bulky mass and velocity transit
time through the gastrointestinal tract due to the fact of their bulk; cellulose, hemicel-
lulose, lignin, and waxes fall into this category. Among the soluble dietary fibers are
the pectins, gums, and mucilages. All of these have the capability to hold water and
thereby expand the viscosity of the food mixtures [5]. Cellulose polymer and its vari-
ous derivatives have long been applied in manufacturing formulated foods. The modi-
fied celluloses (chemical or physical) are beneficial in many food products and the
place bulk properties are acceptable targets. This would consist of healthy products,
reduced or low-fat foods, taste oil imbibers, or flowable products such as synthetic
sweeteners and taste packets. The use of these cellulosic compounds in food process-
ing is typically due to their rheology, managed water interaction, textural attributes,
and no longer to solubility or different chemical properties [6]. In this chapter, the
use of cellulose biopolymer and its various derived compounds are investigated in the
food industry with regard to the principles and innovations.

2. Structure modification of cellulose

Cellulose is a suitable polymer in terms of its potential to create chemical and
physical modifications. Considering that the variety of food products needs to pro-
vide certain conditions of cellulose behavior and eliminate deficiencies of efficiency,
the modified structures of cellulose are widely used in the food industry. Applied
biopolymer is derived from cellulose that enables beneficial functions or allows
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really useful features in various food systems [7]. The list of commercial compounds
derived from cellulose as an additive in the food and pharmaceutical industries is as
follows:
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* Methyl Cellulose (MC): It is produced through the substitution of hydroxyl

groups on the polysaccharide molecule with methoxyl groups from the reac-
tion between cellulose in an alkaline medium with a methylating agent, such as
methyl iodide, methyl chloride, or dimethyl sulfate. Some features that make it
suitable for food use are tough material, absolutely nontoxic, tasteless, odorless,
and high-viscosity solutions at very low concentrations [8].

Hydroxypropyl Methyl Cellulose (HPMC): It is manufactured by the replace-
ment of hydroxyl groups on the polysaccharide molecule with methoxyl and
hydroxypropyl groups [9]. During the production of HPMC, the methylcel-
lulose is then further reacted with the staged addition of an alkylene oxide as
propylene oxide. By making these changes, some desired modifications occur

on the cellulose polymer, which should be noted. HPMC gelling temperature in
hot water is considerably greater than that of MC [10]. In contrast with MC, the
dissolution in cold water has additionally been noticeably improved. The viscos-
ity of HPMC is much less affected by means of the temperature than MC, and its
solution is stable during storage at room temperature. In terms of the potential of
the polymer to retain water, it should be pointed out that with the equal addition
amount, the water-retention rate (the amount of water that can be retained in a
material) of HPMC is greater than that of MC. HPMC has higher enzyme resis-
tance than MC, and the possibility of enzymatic degradation of HPMC is much
less than that of MC. HPMC has higher adhesion than MC. HPMC can combine
with water-soluble polymers and then form a uniform solution of higher viscos-
ity, such as polyvinyl alcohol, starch ethers, and vegetable gums [11].

Carboxymethyl Cellulose (CMC): It is produced by binding of carboxymethyl
groups (-CH2-COOH) to some hydroxyl groups present in the glucopyranose or
monomers of cellulose backbone [12]. CMC is also known as cellulose gum [13].
The manufacturing of CMC includes 4 major processes: The isolation of alpha-
cellulose from the water hyacinth and the synthesis by means of the alkalization
(alkali-catalyzed reaction) of cellulose with chloroacetic acid with the aid of
carboxymethylation and eventually the purification of the CMC itself to cast
off undesirable compounds. In other words, it can be expressed that there are two
principal reactions in order to turn the cellulose into CMC: alkalization and car-
boxymethylation [14]. Compared to MC, which is only soluble in cold water, CMC
can be dissolved in both hot and cold water, however, its solubility is still poor.
CMC and HPMC showing not same water retention rates in such a way that HPMC
results in a higher water retention rate when compared to the same amounts [15].

Croscarmellose Sodium (CCS): CMC is regularly used as its sodium salt named
sodium carboxymethyl cellulose (Sodium CMC, SCMC, or NaCMC) to enhance
the solubility. NaCMC has a cross-linked polynomial and so it is also recognized
as CCS [16]. This polymer is made in two stages, in the first step, crude cellulose is
soaked in sodium hydroxide, and then in the second step, NaCMC is formed dur-
ing the reaction of cellulose with sodium monochloroacetate [17]. Therefore, the
main difference between NaCMC and CMC is that NaCMC is easily soluble in hot
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and cold water, while CMC is poorly soluble in water. NaCMC is white and free-
flowing powder that is very slightly soluble in ether. Nary organic solvents [18].

* Ethyl Cellulose (EC): It is produced by means of the reaction between ethyl
chloride and alkali cellulose. EC is insoluble in glycerin, propylene glycol, and
water, however soluble in different organic solvents [19].

* Hydroxyethyl Cellulose (HEC): It is a hydroxyethyl ether that is produced by
soaking the cellulose with sodium hydroxide and then reacting with ethylene
oxide. HES indicates high solubility in water over a wide temperature range even
at greater than 50 degree Celsius [20].

In terms of chemical formula, repeating structure and substitution group for
cellulose derivatives including MC, HPMC, EC, HEC, and NaCMC are altogether
shown in Figure 2.

* Hydroxypropyl Cellulose (HPC): HPC is a cellulose-based compound in which
hydroxyl groups have been hydroxypropylated. It is produced by reacting alkali
cellulose with propylene oxide at high pressure and temperature. In comparison
with other water-soluble cellulose ethers, HPC is more plastic and relatively
hydrophobic due to the high degrees of hydroxypropylation. Because of its chemi-
cal structure, it is absolutely soluble in water and also in polar organic solvents
such as methanol, ethanol, isopropyl alcohol (IPA), and acetone. HPC solution has
lower viscosity and slow hydration or uptake of water compared to HPMC [21].
Based on the degree of substitution, HPC is divided into two types and solubility
behavior of each one is different and which are: High substitute hydroxypropyl
cellulose (H-HPC) and low substitute hydroxypropyl cellulose (L-HPC) [22].

Microcrystalline Cellulose (MCC): It is manufactured with the aid of subject-
ing to a high shear treatment, at increased temperature and pressure, a reaction
combination of a cellulose material, an active oxygen compound and water,

for a time effective to depolymerize the cellulose material. MCC is an isolated,
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EC R=H, CH,CHj;
HEC R=H, CH,CH,OH
NaCMC R=H, CH,COONa

Figure 2.
Repeating structure of cellulose derivatives. R: Substituent group.
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colloidal crystalline component of cellulose fibers and an extra purified structure
of cellulose. It is a white, odorless, and tasteless carbohydrate polymer powder
that usually consists of up to 350 glucose units. It is dispersible in water but not
soluble, requiring large strength to disperse and hydrate [23].

* Polyanionic Cellulose (PAC): It is produced from the isopropyl alcohol solution
of alkalized cellulose and chloroacetic acid by means of etherification reaction.
The raw materials for the obtaining of PAC are comparable to those for the
manufacturing of excessive viscosity CMC, however, in the production process,
one-of-a-kind degradation technique is employed so that the substitution of
hydroxyl group in the ring shape structure of f-glucose group will be extra uni-
form. PAC shows markedly solubility both in cold water and hot water. It exhibits
the best thermal stability, salt-resistance, and strong antibacterial activity. PAC
has a molecular aspect similar to CMC [24].

* Hydroxypropyl Methyl Cellulose Phthalate (HPMC-P): It is manufactured using
the esterification of HPMC with phthalic anhydride and is also known as hypro-
mellose phthalate. The dissolution properties of HPMC-P can be controlled by
altering the phthalyl content that affects the pH ranges solubility. It is soluble in
pH5t05.5 [25].

* Hydroxypropyl Methyl Cellulose Acetate Succinate (HPMCAS): It is obtained
via the esterification of HPMC with acetic anhydride and succinic anhydride in
areaction medium of a carboxylic acid (acetic acid) and the usage of an alkali
carboxylate (sodium acetate) as catalyst. HPMCAS is blended ester of HPMC
acetate and succinic acid. HPMCAS begins to swell and dissolve at pH > 5 relying
on the extent of substitution. The pH of dissolution will increase as the ratio of
acetyl over succinoyl substitution becomes greater [26, 27].

* Powdered Cellulose (PC): It is typically produced by means of mechanical
micropulverizing cellulose. It has an excessive quantity of amorphous regions
and is regularly used as filler and binder in tablet manufacture. In comparison
with PC, MCC has a greater degree of crystallinity due to the fact that it is usually
obtained via partly hydrolyzing cellulose with mineral acid [28]. It does not dis-
solve in water, ethanol, ether, and dilute mineral acids and it should be said that
PC is slightly soluble in sodium hydroxide solution [29, 30].

* Carboxymethylhydroxyethyl Cellulose (CMHEC): It is a combination of water-
soluble cellulose ethers, each with the nature of CMC and HEC. CMHEC has an
excessive bonding potential and hydration on the suspended solids with very
good flocculation, however, due to nonionic hydroxyl the presence of ethyl
group, in contrast with the CMC and salt, it is extra compatible. Also, another
advantage is the cross-linking ability of multivalent cation, which can signifi-
cantly improve the viscosity of solutions [31].

3. Behavior of cellulosic compounds in food systems

A wide range of cellulose derivatives due to their nontoxic nature for a long
time have been developed, in particular, acetate, nitrate and sulfate esters, cellulose
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ethers (MC, HPMC, CMC, EC, HEC, and HPC), and sodium CMC are the most
broadly used cellulose derivatives for foodstuffs [32]. Table 1 indicates the different
properties of cellulose-derived compounds, which are used to achieve a specific
behavior in food and pharmaceutical systems. As it turns out, the polymers of MC,
HPMC, CMC, and HPC exhibit the widest range of properties. Food polymers play
an essential role in food structure, food functional properties, food processing, and
shelf life. The information in this field is commercially essential as it will provide

a beneficial practical guideline for food improvement and industrial production.
The application of each of these compounds should be considered in food systems
according to the important characteristics of food such as stability, the importance
of resistance to stress, maintaining product uniformity, and improving physical
properties [36].

Variations of the molecular structure and size of polymer chains or networks
consequences in one of kind polymers with special properties. In using each of
these polymers, vital behaviors in that food system need to be identified. In a food
whose stability in the aqueous phase is important, the preference of a polymer
that is soluble in water will be desired. In the design of food formulations based
on water-insoluble compounds, it is important to select derivatives with similar
properties to the main ingredients of that formulation. Generally, in various appli-
cations of cellulose derivatives for the food systems, such as emulsifiers, stabilizers,
coatings, film production, gel formation, creating adhesive, and thickening struc-
tures, these different and compatible properties of the polymer are considered.
Sometimes, several polymers may be suitable for a formulation or purpose, in this
situation, a polymer should be chosen that is economical and can be used on an
industrial scale. In fact, in a low-scale trial and error, polymers are replaced with
each other, and rheological properties and sensory evaluation or textural indicators
are tested. In a food system, some positive properties of a polymer may compensate
for the disadvantages of another polymer, and a more suitable structure can be
created by using a combination. In the research and development departments in
the food industry, the application of each of the replaceable polymers is constantly
being investigated. Today, the design of stabilizers for different food products has
become a profitable industry and business in the world. Many companies supplying
industrial raw materials are known for introducing new stabilizing formulations in

the food industry [37, 38].

4. Function results of cellulosic structures in foods

Cellulose and its derivatives have shown special roles and results in the industrial
production of food and have solved many problems. In the food industry, for a
research and development specialist, it is important to know about these roles and
their definitions and to substitute different ingredients in a way that is effective. In
order to understand the function of cellulose and its derivatives in food systems, its
specific roles and applications need to first be defined in following terminology:

* Edible coating (EC): It is described as a thin layer of safe-to-eat material formed
on a food. Edible coatings may additionally be described as defensive layers
created around food surfaces by using solutions made from suitable for eating
polymers like polysaccharides, proteins, lipids, or their combinations. This
protective layer acts as a barrier between the food and exterior surroundings and
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as a result prolongs the ripening and spoilage process. Different kinds of indus-
trial safe-to-eat coatings are broadly used to prevent moisture loss and to add
shine to fruits and vegetables. Other business purposes of edible coating consist
of coating nuts, fried foods, seafood, minimally processed foods, vegetables, and
especially fruits [39].

Edible Film (EF): It is a preformed, thin layer, made of safe-to-eat material,
which once formed can be positioned on or between food components. The main
distinction between EC and EF is that the EC is applied in liquid form on the
food, commonly through immersing the product in a prepared solution, and EF
is first molded as solid sheets using polymers as edible film formers, which are
then applied as a wrapping on the food product [40].

Emulsification: It is the technique of dispersing two or greater immiscible
liquids together to structure a semi-stable mixture. In food applications, these
two liquids commonly consist of an organic type (oil) section and an aqueous
type (water) section that is stabilized by means of the addition of a food-grade
emulsifier or surface-active agent. Emulsifiers work by means of forming physi-
cal barriers that maintain droplets from coalescing. The surface-active agent or
surfactant includes both polar head and nonpolar tail. Therefore, emulsifier as
a surfactant is attracted to both hydrophilic and hydrophobic compounds and
assists products containing immiscible food ingredients, such as oil and water,
to combine [41]. The water-holding capacity of cellulose derivatives such as
carboxymethyl cellulose can be used in the formulation of food products such
as doughnuts to prevent their staleness by maintaining the product’s moisture
during storage. Also, in interaction with other oil-uptake inhibitors hydrocol-
loid polymers, such as xanthan, their negative effects on the texture of the final
product were eliminated using CMC and it helps to maintain the proper volume
of the final product [42].

Stabilizing agent: It is an ingredient added to foods to assist, keep, or decorate
their unique texture and physical and chemical attributes. Stabilizing agents or
stabilizers serve both the practical purpose of maintenance while additionally
making products some distance extra appetizing to consumers. They can also
work synergistically with emulsifiers to permit food ingredients that would now
not in any other case combine well and hold a homogenous dispersion. This will
increase the stability and viscosity of the food by means of binding its giant
molecules. This component is used for a number of features in foods and its
major characteristic is to act as a thickening agent to gel the ingredients into the
required consistency [43].

Rheology control: It is important in the food industry in order to maintain
product quality. Rheology of food is tofind out about the consistency and flow
of food under certain utilized forces, to recognize the underlying physico-
chemical concepts of food substances and their interaction. Rheology modi-
fiers assist to obtain preferred rheological behavior, supporting to manage a
range of characteristics, consisting of shelf stability, ease of application, sag or
bend, resistance, leveling, settling, film forming, regulation compliance, and
more [44].
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* Suspending agent: It is a substance added to fluids or liquids to help suspend or
disperse particles and reduce sedimentation. This is important in the stability
of beverages and maintaining the integrity of liquid products that contain fine
solids. If the suspension is no longer maintained, particularly in some beverage
products, the structure of the product will change in taste, decrease in quality,
and not be accepted by the consumer [45].

* Diffusion barrier: It is a thin layer of polymer generally positioned in multilayer
films between two different layers or on surface of a layer. Gas diffusion bar-
riers are vital for a number of purposes in food packaging’s capability to resist
the absorption of light, moisture, and oxygen. These properties come from the
accumulation of the individual films used in the development of the packaging.
The oxygen, water vapor, and carbon dioxide barrier properties are of specific
significance in food packaging applications. The correct barrier and proper gas
combination will make the shelf life of food products longer. Several physical
factors can have an effect on the barrier properties of a polymer that consist of
temperature, humidity, orientation, and cross-linking [46].

* Encapsulation: It is a technique or industry term in which active agents or
dietary supplements are surrounded by using a coating to supply small capsules
with controlled migration. This procedure includes the incorporation of food
ingredients or different substances in small capsules. Also, encapsulation refers
to an object’s capability to conceal taste and smell that are now not necessary to
sense by its consumer [47].

* Extrusion: It is a mechanical procedure in which certain substances as soft
blended components are forced, underneath pressure, via a die or perforated
plate opening to create products of a preferred shape, structure, size, and/or
texture. This technique is used in food processing and described as a machine of
pushing out, combined components in form of paste, especially via a small open-
ing referred to as a die that is designed to produce the required shape [48].

* Molding: The operation of molding is to form the dough piece, in accordance to
the bread variety being produced, so that it appropriate fits and matches into
pans. The dough molding tools can be set to obtain the preferred form with a
minimal quantity of stress and strain on the dough [49].

* Foam stabilizer: Liquid foams are often made pretty long-lasting by means of
including some substance, known as a foam stabilizer, that prevents or retards
the coalescence of the gas bubbles. A stronger foam structure is to add polymer
to a foam-making system. The polymer will increase the liquid viscosity for that
reason extend the foam stability and also additionally minimize the adsorption
of foaming agents. Thus, the synergistic effect in a foam system is achieved [50].

* Thermoplastic system: It is thermo-softening plastic or binder that turns soft and
flexible at certain temperatures and solidifies when cooled [51].

Table 2 shows the main specific use of cellulose derivatives in the food and drug
industry.

117



Cellulose — Fundamentals and Conversion into Biofuel and Useful Chemicals

Application Cellulosic compound Reference

Edible coating MC, HPMC, and NaCMC [52, 53]

Edible Film MC, HPMC, CMC, andHPC

Emulsification EC and NaCMC [54, 55]

Stabilizing agent EC, HPC, and NaCMC

Rheology control MC, HPMC, NaCMC, and HPC [56]

Suspending agent MC, HPMC, NaCMC, and HPC

Diffusion barrier MCC [57, 58]

Encapsulation HEC, HPC, HPMC, MC, and NaCMC [59]

Extrusion HPMC [60]

Molding HPMC

Foam stabilizer MC, HPMC, NaCMC, andMCC [61]

Thermoplastic system CMC and MCC [62]
Table 2.

The main applications of cellulose compounds.

5. Food safety of cellulosic compounds

Reevaluation of the food safety of cellulosic compounds has been carried out by
international associations such as the European Food Safety Authority (EFSA) in
the EFSA’s scientific panels on Food Additives and Nutrient Sources added to Food
(ANS). Food safety of cellulose derivatives as food additives including MCC (E
460(i)), PC (E 460(ii)), MC (E 461), EC (E 462), HPC (E 463), HPMC (E 464),
ethyl MC (E 465), NaCMC (E 466), enzymatically hydrolyzed CMC (E 469), and
cross-linked CMC (E 468) has been investigated (“E numbers” are special codes for
components used as food additives and “E” is the abbreviation of Europe) [63]. The
ideal everyday consumption as an acceptable daily intake (ADI) “not distinguished”
for unmodified and modified celluloses established by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) and the Scientific Committee on Food (SCF).
Celluloses are not absorbed in the human body and are excreted intact through the
feces after digestion of foods. Additionally, MCC, PC and modified celluloses are
fermentable by means of intestinal flora in animals and humans. Specific toxicity
facts are not available for all different celluloses, which were considered common
among all types of cellulose due to their structural and biological similarities. In
general, the acute toxicity of all cellulose types was low and there was no genotoxic
concern. Short-term and sub-chronic dietary toxicity studies conducted with MCC,
Mg, EC, HPC, HPMC, NaCMC, and enzymatically hydrolyzed CMC showed no
specific treatment-related adverse symptoms and unfavorable side effects at levels up
to 10%. In the performed studies about chronic toxicity with MCC, MC, HPC, HPMC,
ethyl MC, and NaCMC, there is no side effect reported up to 9000 mg/kg body weight
per day. The carcinogenicity effects were not observed for MCC and other cellulose
derivatives. The reproductive problems and growth side effects were not indicated
with doses of cellulose higher than 1000 mg/kg. The daily exposure to a variety of
cellulosic compounds such as MCC, NaCMC, cross-linked CMC, and enzymatically
hydrolyzed CMC for the general population was up to 506 mg/kg body weight. It
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was reported that there is no requirement for a numerical ADI and there would be
no safety concern in consumption and use levels for all considered types of cellulose.
Finally, the panel reported the daily indicative total exposure of cellulose derivatives
around 660-900 milligrams per kilogram of human body weight. The safety of cel-
lulose and cellulose derivatives has been extensively studied in animals and humans.
These studies show that cellulose and cellulose derivatives pass through the gastro-
intestinal tract unchanged and can be rapidly detected in the feces of experimental
animals and humans upon consumption. JECFA stated that viscosity is not recognized
as a factor related to the safety of these additives. Many safety research reviewed and
analyzed the use of cellulose compounds. All of these research aid the statement that
there is no safety impact arising from a variation in viscosity. In general, if it is not
definitely claimed that cellulose is nontoxic, it can at least be said that celluloses are
of very low toxicity at the ranges of consumption and intake imperative to obtain the
preferred impact and do now not pose a hazard or risk to health. Cellulose and its
derivatives both are known to be safe in terms of environmental impacts [64, 65].

6. The principles of food regulation in the use of cellulose derivatives

The Code of Federal Regulations (CFR) is an arrangement and codification of
general, customary, and everlasting regulations published in the Federal Register by
federal government agencies, supervisory departments, and businesses. In relation
to the legal guidelines related to the consumption of special raw materials in the food
industry, considerable codes have been provided that present appropriate information
to industrial producers [66]. In the case of drugs for human use, such as ophthalmic
demulcents, the concentrations percentage of each cellulose derivative (NaCMC,
HEC, HPMC-P, and MC) has been established within 0.2 to 2.5% in accordance
with the standard of 21CFR349.12 [67]. The use of ethyl cellulose in food and feed
is stated in the legal standards of 21CFR172.868 and 21CFR573.420, respectively.
Ethyl cellulose as food additive may be safely used in foods under the stated condi-
tions: In clause “a”—The food additive is a cellulose ether containing ethoxy groups
(OC2HS) linked by an ether bond and containing not more than 2.6 ethoxy groups
per anhydro glucose unit on an anhydrous basis. In clause “b”—Ethyl cellulose is
used or intended for use as a binder and filler in dry vitamin preparations, as part of
protective coatings for vitamin and mineral tablets, and finally in the role of stabilizer
in flavoring compounds. For the use of ethyl cellulose as animal feed, it must meet
the previously stated conditions of clause “a” in the same way as in clause “b-"—its
uses are presented as a binder or filler in dry vitamin preparations to be incorporated
into animal feed [68, 69]. Usage rules for hydroxypropyl cellulose are provided in
21CFR172.870. This standard separates HPC with a high degree of substitution (which
contains no more than 4.6 hydroxypropyl groups per anhydro glucose unit) and a low
degree of substitution (which contains on average 0.1 to 0.4 hydroxypropyl groups
per anhydro glucose unit). High substituted HPC may be used as an emulsifier, film
former, protective colloid, stabilizer, suspending agent, and thickener according to
good manufacturing practice (GMP). HPC with low substitution can be used as a
binder and disintegrator in tablets or wafers containing dietary supplements accord-
ing to GMP. FDA indicated that the proposed use of high-substituted HPC is safe
with a minimum viscosity of 10 centipoises and for same using as a binder in dietary
supplements similar to low-substituted HPC will not result in an increased intake or
harm to human health under the established conditions of use and significantly it is
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not expected to have different biological properties [70]. Finally, for HPC based on
federal regulation of 75FR17928, there is no significant effect on the environment and
thus an environmental impact statement is not required [71]. The specific labeling
requirements for the use of various hydrophilic gums such as NaCMC in specific drug
products are noted in 21CFR201.319 [72].

The prescribed conditions for the safe use of methyl ethyl cellulose are provided in
the standard of 21CFR172.872: In clause “a”—The general formula of cellulose ether is
as [CsH(10-x.y) Os(CH3)x(CyHs)y ], In this chemical formula, x is the number of methyl
groups and y is the number of ethyl groups. The average value of x is 0.3 and the aver-
age value of y is 0.7. In clause “b”—This additive composition must have the following
conditions: The methoxy content shall be not less than 3.5% and not more than 6.5%,
calculated as OCHj3, and the ethoxy content shall be not less than 14.5% and not more
than 19%, calculated as OC,Hs, both measured on the dry sample. The viscosity of an
aqueous solution, 2.5 grams of the material in 100 milliliters of water, at 20°C, is 20
to 60 centipoises. The ash content on a dry basis has a maximum of 0.6%. In clause
“c”—The food additive is used as an aerating, emulsifying, and foaming agent, in an
amount not in excess of that reasonably required to produce its intended effect [73].

The specified conditions for safely using “Hydroxyethyl cellulose film-water
insoluble” for packaging food are stated in accordance with the regulation code of
21CFR177.1400. In clause “a”—Water-insoluble hydroxyethyl cellulose film consists of
a base sheet manufactured by the ethoxylation of cellulose under controlled condi-
tions, to which may be added certain optional substances of a grade of purity suitable
for use in food packaging as constituents of the base sheet or as coatings applied to
impart desired technological properties. In clause “b”—The optional substances that
are identified as suitable in terms of food safety can be used in the base sheet of film
production and coating as components of water-insoluble hydroxyethyl cellulose
film. In clause “c”’—Any substance employed in the production of the water-insoluble
hydroxyethyl cellulose film described in this section [74].

7. Innovations of the cellulosic application in the food industry

Studies discuss the interrelation between the chemical structure of cellulose and its
source and its various physicochemical characteristics. Although cellulose extracted
from plants has been most investigated, cellulose purified from microorganisms and
animals with special structural features has received increasing attention [75].

Heretofore, enzymatic hydrolysis procedure, TEMPO oxidation reaction
(2,2,6,6-Tetramethylpiperidine-1-oxyl), and carboxymethylation process have been
widely used to assist in defibrillating cellulose during processing into nanocellulose,
which not only helps decrease consumption of energy but also provides additional
functional groups for the final products [76].

Acidic hydrolysis, which includes inorganic and organic acids, can remove and
eliminate amorphous regions, resulting in cellulose nanocrystal (CNC), although
highly corrosive conditions and low CNC yield are persistent issues. Through
mechanical treatments such as refining, homogenization, microfluidization, soni-
cation, ball milling, and the aqueous counter collision (ACC) technique, cellulose
nanofibrils (CNF) can be produced, however, the very high input energy prohibits the
commercialization of these methods [77, 78].

Bacterial cellulose (BC), a special nanocellulose derived from bacteria, has
currently attracted numerous research interests. Its higher aspect ratio and larger
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diameter make it a promising material for food packaging applications. In order to
facilitate the application of nanocellulose in food packaging, it is always processed
using different manufacturing technologies, including solution casting, layer-by-layer
(LBL) assembly, extrusion, coating, gel-forming, spray drying, electrostatic spinning,
adsorption, with the aim of producing different forms of materials such as film, gel,
coating membrane, and emulsions [79, 80].

Due to their non-toxicity, proper biodegradability and biocompatibility, high
aspect ratio, low coefficient of thermal expansion, extremely good mechanical
strength, and special optical properties, nanocellulose-based food packaging materi-
als are broadly used for fruit packaging, meat products, fast foods, dairy products,
and beverages. Since nanocellulose and functional fillers in cellulose-based nanocom-
posites provide excellent barrier and mechanical properties, antibacterial activity and
stimuli-responsive performance, therefore noticeably improve food quality stability
and shelf life [81, 82].

Nanocellulose and its derived nanocomposite have turned out to be a hotspot of
research in food packaging due to its great properties including excessive strength,
large specific surface area, excellent barrier properties and proper biocompatibility,
safety, non-toxicity, and degradability. In food packaging materials, nanocellulose-
based nanocomposites can be used as fresh and antibacterial packaging materials,
smart packaging materials, and high-barrier packaging materials, which indicates
the excessive utility potential of nanocellulose-based composites. Therefore, nano-
cellulose-based composites, as a type of renewable and environmentally friendly
packaging material, enhance the protection and quality of food and are one of the
important paths to understand the improvement of “eco-friendly industry” in the
food industry [83].

Recently, biopolymer-based hydrogels have been attracting growing attention due
to the fact of their promising applications in drug release, biosensors, superabsorbent
materials, tissue engineering, and many others [84]. Hydrogels are water-insoluble
polymers that have the ability to hold a large amount of water in their network [85,
86]. The considerable hydrophilic groups with hydroxyl, carboxyl, and aldehyde
form in the structure of native cellulose or cellulose derivatives make them suitable
to prepare hydrogels without difficulty with fascinating constructions and properties
for biomedical and food packaging and applications [87, 88].

Regarding the progress of cellulose and its derivatives in the food industry, espe-
cially packaging, the following should be mentioned [89, 90]:

* Expanding cellulose resources to different biomass besides traditional raw
materials, such as tunicate and BC, for higher quality and greater satisfactory
nanocellulose to develop and improve many advanced applications. So far,
commercially available nanocellulose is mainly produced from wood and other
plant sources. Although numerous research works focused on the preparation
of nanocellulose from tunicate and BC, confirmed their higher overall perfor-
mance than wood-based nanocellulose, further research and evaluation on the
preparation-properties-performance correlation of this particular nanocellulose
is important and necessary.

* Developing an efficient, cost-effective, eco-friendly, or environmentally-friendly
approach for extraction of nanocellulose. Although several new extraction meth-
ods have been developed, the most broadly used ones are sulfuric acid hydrolysis
and mechanical refining. However, the harsh and extreme acid hydrolysis, high
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water usage, large amount of polluted wastewater, high demand for energy, and
low efficiency have largely prohibited the industrially feasible production of
nanocellulose. Therefore, more work efforts should be made to develop novel
methods for the preparation of nanocellulose, such as those based on organic
acids, which have already been shown to be a green approach (not environ-
mentally harmful strategy) for the preparation of functionalized derivatives as
nanocellulose.

* Elaborating new procedures to fabricate cellulosic nanocomposites. In the
laboratory, the solution casting technique is still broadly used for research
purposes, which is not suitable for industrial-scale production. In the pilot scale,
extrusion has been used, although it is not an excellent approach due to the fact
the nanocellulose is evermore dispersed in water, which negatively impacts the
performance of the extrusion. Accordingly, it is essential to develop a scalable
method for the preparation of nanocellulose-based composites for food packag-
ing materials.

* Improving the overall performance of nanocellulose-based composites as
packaging materials. The perfect food packaging materials require anti-UV
(UV-proof, UV-block, or UV-protect), vapor and gas barrier properties, excellent
mechanical strength, and appropriate hydrophobicity. Particularly for the last
one, new techniques have to be developed to change the hygroscopic nature of
nanocellulose and increase the wet strength or wet tensile value, hence making
its functions and applications in daily life more practical. For example, the coat-
ing with natural wax or esterification reaction as a pretreatment seems appropri-
ate to achieve this goal.

* Development of smart packaging materials based on nanocellulose. At pres-
ent, achieving the responsive properties of cellulose nanocomposites is usually
performed with the aid of combining different organic and inorganic fillers.
However, the migration and release of functional fillers and their potential
health risks have not been comprehensively investigated. Future researchers in
systematic studies should not only pay attention to the safety issue of nanocel-
lulose itself but also focus on the functionality of selected fillers.

* Designing packaging materials based on nanocellulose for food. Although many
studies generally focused on the preparation and properties of packaging materi-
als, little attention is paid to the interaction between materials and food and even
neglected the various aspects that affect the application of materials. For exam-
ple, the impact of environmental prerequisites and conditions on the quality
change of both food products and packaging materials has to be investigated to
show the feasibility and suitability of packaging materials for a particular food.

8. Conclusions and outlook

In summary, cellulose has been used in various food applications fields for
decades, and its impact on the food industries has become increasingly important.
The porous network, biocompatibility, high aspect ratio, and abundance of hydroxyl
groups are advantages of cellulose for use as a functional food component. Cellulose
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creates different colloidal conditions such as surface charge, dimensions, crystal
structure, solubility, and wettability. The colloidal properties of cellulosic polymers
can be controlled by changing the manufacturing parameters or replacing surface
hydroxyl groups with the ester groups. In addition, health benefits and functional
impacts such as hypoglycemic and hypolipidemic activity and intestinal bioavailabil-
ity due to cellulose can be affected by colloidal states. Based on the review of major
studies related to cellulose in the food industry, it is possible to refer to the following
cases for valuable consideration as cellulose-related challenges in the future: (1) the
design of functional foods is possible by changing the colloidal states of cellulose, (2)
new food properties can be obtained by different colloidal states in food matrix (3)
the interaction between cellulose and gut microbiota needs to be further studied and
the potential mechanism needs further investigation, (4) the application of nanocel-
lulose in food matrix is increasingly discovered and the potential long-term risk of
nanocellulose requires regulatory and safety testing, and (5) the energy consumption
and potential environmental pollution should be considered, and new green tech-
nologies to extract or prepare different types of cellulose are proposed.
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