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Cellulose Nanofibers: Electrospinning 
and Nanocellulose Self-assemblies

You-Lo Hsieh

University of California, Davis

Abstract
This chapter highlights top-down and bottom-up approaches to generate ultra-fine 
cellulose fibers of nano-scale dimensions, micro-porous, meso-porous and sheath-
core hybrid structures as well as surface functionalized fibrous materials. Versatile 
solvent systems have been established to efficiently dissolve cellulose acetate to 
enable robust electrospinning into homogeneous 1D nanofibers and submicron 
size fibers that could be easily converted from amorphous to moderately crystal-
line cellulose II via alkaline hydrolysis. By pairing with either compatible or incom-
patible polymers, hybrid and nanocomposite fibers as well as porous fibers may be 
engineered. Surface reactions, grafting and electrostatic deposition can further offer 
surface functionalization for controlled hydrophobicity, stimuli-responsive behav-
iors and bound enzyme catalyses. Highly crystalline Ib nanocelluloses with varied 
geometries and surface chemistries have been efficiently derived via chemical means 
and/or shear forces in nanorod and nanofibril forms that have been shown to exhibit 
unique dispersing and emulsifying properties for oil-water emulsions, coagulants 
for microbes as well as templates for nanoparticles and nanoprisms. These nano-
celluloses can be facilely assembled into new fibrous structures, super-absorbent 
hydrogels, films and amphiphilic to hydrophobic aerogels for applications, such 
as oil recovery and separation, water purification, etc. While ultra-fine fibers from 
these two approaches share some common fibrous morphologies, their crystalline 
structures, thermal behaviors, surface chemistires, reactivity and chemical function-
alities are distinctively different, offering a wide range of strategies for fabricating 
cellulose nanofibers with tunable functional characteristics for novel materials and 
advanced composites.
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4.1 � Introduction

Nanoscale materials are of great interest for their novel structural proper-
ties and their high specific surface, i.e., surface area per volume or mass, 
among others. Nanoparticles or zero dimensional (0 D) nanomaterials of 
inorganic origins have been most widely studied for their ease of synthe-
sis and unique surface characteristics as nanometer scales approaching 
molecular scales. However, their particulate sizes also attribute to their 
easy dissemination into the environment and biological systems such as 
human and marine lives, raising serious concerns. One dimensional (1 D) 
nanomaterials, such as nanorods and, in particular, nanofibers with higher 
aspect ratios, can be more easily integrated into larger and well inter-con-
nected structures, thus more easily handled or potentially less likely to 
migrate into the surrounding environment and biological systems.

Strictly speaking, nanomaterials refer to those materials with dimen-
sions less than 100 nm. Nanofibers are 1 D nanomaterials with their lateral 
dimensions less than 100 nm. However, the term “nanofibers” have been 
commonly used for those with lateral dimensions, i.e., widths, thickness or 
diameters, in the hundreds nm. Nanofibers that are tens of nanometer wide 
are three orders of magnitude narrower than the conventional fibers with 
typically tens of micrometer widths; therefore their specific surfaces are 
three orders of magnitude higher. Such ultra-high specific surface fibrous 
materials are highly desirable for applications that rely on surface proper-
ties, such as controlled release and delivery, separation and filtration of 
chemicals, biological and pharmacologically active agents and molecules, 
etc. At these nanometer scale sizes, new properties and unexpected behav-
iors may also surface, offering potentially new functions for applications.

Cellulose, nature’s most abundant polymer, is among the most renew-
able materials to be targeted for nanomaterials. Native cellulose found in 
a wide range of origins is highly fibrillated and semi-crystalline, which 
makes it difficult to dissolve and recalcitrant to be refined and converted 
into biofuels and small molecules.

Cellulose is a long chain polysaccharide, poly(1,4 b-anhydroglocopy-
ranose), that consists of D(+)-glucopyranose building blocks linked by 
b(1→4)-glucosidic bonds (Figure 4.1a). The b-1,4 link between C1 and C4 
of the adjacent D-glucose units resembles the stereo-regularity of a syndio-
tactic polymer, as opposed to the isotactic form of starch amylose with a-1,4 
link. The cellobiose structural repeating units provide the steric effects to 
limit free rotation of the C-O-C link, adding stiffness to the already bulky 
glucose structure. The three hydroxyl groups on each anhydroglucose unit, 
i.e., one primary C6 and two secondary C2 and C3, along with the chain 
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conformation allow optimal inter-molecular and intra-molecular hydro-
gen bonding to further enhance the rigidity of the cellulose chain and crys-
talline structure. In fact, the highly hydrogen bonded crystalline structure 
of cellulose is the main impediment to hydrolysis to fermentable sugars for 
biofuel generation. Native cellulose from higher plants consists of crystal-
line domains in cellulose Iβ form (Figure 4.1b) [1] (two chain monoclinic 
unit cell: a = 7.784 Å, b = 8.201 Å, c = 10.380 Å, α = β = 90°, γ = 96.5°) [2] 
whereas that from bacteria is in cellulose Ia form.

While early effort in utilizing cellulose focused on dissolution of cel-
lulose for regenerated cellulose fibers or cellulose derivatives for fibers 
and films, more recent interest has been on separating and using the crys-
talline domains or the so-called nanocelluloses. The interest in nanocel-
luloses has increased tremendously and especially over the past decade 
as evident by not only the increased numbers of papers but also reviews 
on the subject. The most studied source of cellulose to date is wood pulp 
whereas efforts related to other plant sources, especially agriculture crop 
residues and food processing by-products, are much less. This chapter 
presents some current perspectives and summarizes some of the recent 
developments related to nanocelluloses from non-wood sources without 
duplicating the reviews already available in the literature. Furthermore, 
the attention is drawn to the processes by which nanocelluloses are assem-
bled into nanofibers.

To date, nanofibers have been most commonly fabricated by electro-
spinning in which either polymer solutions or melts are ejected by high 
voltages, after overcoming their surface tensions, into unstable jets that 
further reduce in sizes to generate nanoscale fibers with extremely long 
lengths. Fabricating nanofibers by electrospinning has been attractive 
because of easy fiber formation from a wide range of organic polymers 
including those that cannot be spun into fibers by conventional solution 
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Figure 4.1  Cellulose: (a) cellubiose repeating unit; cellulose Ib unit cell (b) top view along 
C axis; (c) along A axis [1] (Reprinted with permission from Industrial & Engineering 
Chemistry Research. Copyright 2015 American Chemical Society).
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or melt spinning processes due to lacking of specific viscoelastic properties 
and/or chain length requirements. However, electrospinning tends to pro-
duce fibers in heterogeneous widths that are, more often than not, in the 
hundreds of nm to a few micrometers. Electrospinning is generally lower 
in productivity than conventional fiber spinning processes, but is often off 
set by the unique advantages in fiber qualities it offers and/or by applica-
tions as a minor component with other bulk materials such as in the case 
of coating or laminating on other fibrous or porous substrates for filtration 
applications.

4.2 � Electrospinning of Cellulose Solutions

As cellulose does not melt and is difficult to dissolve into homogeneous 
solutions, electrospinning of cellulose is challenging and has been met 
with limited success. While wet spinning of cellulose has been commer-
cialized for over a century and continuing research in cellulose dissolution 
has advanced and reviewed recently [3], wet processing remains to be the 
key approach.

While cellulose can be dissolved in N-methyl-morpholine N-oxide 
(NMMO), lithium chloride/dimethyl acetamide (LiCl/DMAc) and ionic 
liquids, electrospinning cellulose from these solvents into fibers have been 
met with various dielectric and solvent removal constraints, among oth-
ers. Electropsinning of cellulose from NMMO can produce 3–10 mm wide 
fibers [4] but requires elevated temperatures (70–110 °C) to lower viscosity 
[5] or smaller 200–700 nm wide fibers by using water as a coagulant to dif-
fuse the solvent [6, 7]. While LiCl/DMAc dissolves cellulose well and charge 
carrying LiCl salt facilitates electrospinning into fibers, the volatile DMAc 
and the salt must be removed in subsequent steps [8, 9]. Ionic liquid, such 
as 1-butyl-3-methylimidazolium chloride also dissolves and enables elec-
trospinning of cellulose, but the solvent must be removed by coagulation in 
ethanol [10]. In all cases of electrospinning cellulose from these solvents, 
neither the feasibility of continuous fiber production nor the productivities 
of electrospinning from these solvent systems were reported.

4.3 � Cellulose Nanofibers via Electrospinning and 
Hydrolysis of Cellulose Acetate

A facile approach to cellulose dissolution and fiber spinning is to work with 
cellulose derivatives, in particular cellulose esters that are mass produced 
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as commodity polymers and are commercially available. By replacing the 
pendant hydroxyls with ester groups, inter-molecular hydrogen bonding 
capability is essentially eliminated while interaction with organic solvents 
is significantly enabled. Significant lowering of chain lengths to 300–500 
units of glucose repeating units or degree of polymerization that are about 
one order of magnitude lower than the cellulose precursor further enhance 
the solubility. In the case of cellulose acetates (CAs), solubility in a range 
of organic liquids becomes possible. CA with a molecular weight of 30 
kDa and a degree of substitution (DS) of 2.45, i.e., an average of 2.45 of 3 
hydroxyls being replaced with esters, is soluble in solvents with Hildebrand 
solubility parameters (d) between 9.5 and 12.5 (cal/cm3)1/2 such as acetone, 
acetic acid and N,N-dimethylacetamide (DMAc) and dimethylforamide 
(DMF). However, electrospinning CA (30 kDa) in any of these liquids 
does not produce uniform fibers [11, 12]. Mixing DMAc with either 
acetone or acetic acid, both having lowered surface tensions and boiling 
points, enables efficient electrospinning of CA [9]. For instance, 15% CA 
in acetone/DMAc mixtures in mass ratios between 2:1 and 10:1 could 
be continuously electrospun into fibrous membranes. The 2:1 acetone/
DMAc mixture has shown to be the most versatile, permitting 12.5–20% 
CA solutions to be continuously electrospun into highly uniform fibers 
with smooth surfaces deposited in thousands of layers across the thick-
ness of the fibrous mat (Figure 4.2) and in increasing widths from about 
100 nm to 2 µm with increasing CA concentrations. These concentrations 
of CA in 2:1 acetone/DMAc correspond to η between 1.2 and 10.2 poise 
and g around 26 dyne/cm. Solutions with viscosities lower than this lead 
to extensive bead formation whereas those with higher viscosities result in 
instability in electrospinning.

The fiber packing may also be regulated by collecting fibers on different 
materials, e.g., more densely packed fibers on conductive aluminum foil or 

(a) (b)
50 µm

Figure 4.2  Electrospun CA (DS=2.45, 30 kDa, 20 w%) in 2:1 acetone/DMAc: (a) top and 
planar view, (b) cross-sectional view.
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water and less packed fibers on non-conductive cellulose paper (Figure 4.3). 
In all cases, these CA fibers may be deacetylated in mild (0.05 M) aq. or 
ethanolic NaOH, to DS 1.14 in 140 min or DS 0.15 in 60 min, respectively, 
with the latter more efficient and complete.

This approach of productive electrospinning CA in versatile solvent 
mixtures and efficient hydrolysis is significant and has been followed 
by others in the following years [13–16]. Other cellulose derivatives, 
such as hydroxypropyl cellulose, hydroxypropyl methyl cellulose, and 
ethyl-cyanoethyl cellulose, can also be dissolved in solvents suitable for 
electrospinning but are not reverted back to cellulose to be included in 
this discussion. In addition, fibrous membranes for many novel functional 
properties and broad applications are discussed in the following section.

4.3 � Bicomponent Hybrid and Porous Cellulose 
Nanofibers

With similar physical constants, such as a high dielectric constant desir-
able for electrospinning as DMAc, DMF also dissolves CA. CAs of higher 
molecular weights of 50 and 60 kDa can be electrospun from DMF alone 
into uniform fibers whereas the lower 30 kDa CA requires the addition of 
dioxane to be electrospun into nanofibers in 1:1 DMF/dioxane mixture 
[17]. It should be noted that CA cannot be electrospun in dioxane alone 
either, similar to acetone, acetic acid and DMAc. In DMF, the semidilute 
entangled concentration (Ce) that is commonly used to determine the 
onset concentration for fiber spinning begins at 19.6% for 30 kDa CA and 
16.5% for 50 kDa CA) CA. The fact that fiber formation from 50 kDa CA in 

(a) (b) (c)

Figure 4.3  Electrospun cellulose acetate (CA, DS=2.45, 30 kDa) from 2:1 acetone/DMAc: 
(a) 20% CA collected on paper; (b) 20% CA collected on water; (c) 15 % CA collected on 
water, showing fiber packing as affected by collecting materials (a & b) and fiber size as 
affected by solution concentrations (b & c) [11] (Reprinted with permission from Journal 
of Polymer Science Part B: Polymer Physics. Copyright © 2002 Wiley Periodicals, Inc.).
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DMF is more efficient at 20% concentration, significantly higher than the 
16.5% Ce, suggests that other solution behaviors also contribute to electro-
spinning. Never-the-less, fibers electrospun from 20% CA (30 kDa) in 1:1 
DMF/dioxane mixture were 50 to 200 nm wide, much smaller than those 
from the 2:1 acetone/DMAc mixture (0.83 to 2.5 mm). This is attributed 
to the low dielectric constant and higher compatibility of dioxane with CA 
than acetone. This significant reduction in fiber sizes demonstrates the 
critical role of solvents in not only regulating electrospinning but also the 
fiber structure.

DMF is also a common solvent for many synthetic polymers, thus 
amenable to incorporate other polymers, such as poly(vinyl pyrrolidone) 
(PVP) [17], b-cyclodextrin (b-CD) [17] and poly(ethylene oxide) (PEO) 
[18], with CA. In the cases of PVP and b-CD, their additions greatly facili-
tate electrospinning of CA. The charge-holding ability of PVP enables 
electrospinning of CA/PVP mixtures in DMF alone into uniform hybrid 
nanofibers containing up to 70% CA (30 kDa) that by itself cannot be elec-
trospun from DMF. In fact, PVP is not only electrospun into fibers from 
DMF alone, but its addition to CA increases the electrospinning rate of 
CA/PVP mixtures to approach that of PVP alone. CA/PVP bicomponent 
hybrid nanofibers consist of phase-separated PVP domains in a continuous 
CA matrix in increasing widths from 20 to 650 nm, with either higher PVP 
molecular weights (55 to 360 kDa) or quantities (up to 70 %) [15]. Upon 
dissolving PVP in water, mesoporous CA nanofibers with rough surfaces 
can be fabricated from CA/PVP hybrids with as high as up to 50% PVP.

With 50 kDa CA, a 12.5 wt% solution in DMF is not as electrospin-
nable because it is below the minimum concentration necessary for chain 
entanglement (Ce), but can be efficiently electrospun into nanofibers when 
equal amount of b-CD was added [17]. b-CD is 7-membered truncated 
cyclic oligosaccharide with all hydroxyls pointing outwards from the trun-
cated ring: C6 primary hydroxyls along the smaller rim and C2 and C3 
secondary hydroxyls along the larger rim. The fact that b-CD enables fiber 
formation of CA below its Ce concentration indicates that b-CD molecules 
are well dispersed among CA chains as individual molecules to enhance 
CA chain entanglement via hydrogen bonding interactions between 
remaining hydroxyls of CA and b-CD hydroxyls as confirmed by Fourier 
transform infrared (FTIR) spectroscopy. Up to 50 wt% of b-CD can be 
well distributed in the CA matrix as individual inclusive complexes with 
2-nm mesopores, exactly internal cavity dimension of b-CD. As b-CD has 
a hydrophobic cavity, non-polar compounds of similar or smaller dimen-
sions may be encapsulated within cellulose nanofibers in significant pro-
portion for robust controlled release applications.
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While both CA and PEO are easily soluble in DMF, the DMF-dioxane 
binary solvent system supports efficient electrospinning of all combina-
tions of CA (30–50 kDa) and PEO (10–600 kDa) into CA/PEO bicom-
ponent hybrid nanofibers [18]. Generally, a higher molecular weight of 
either CA or PEO lowers the threshold concentration necessary to achieve 
sufficient viscosities for fiber formation by electrospinning and results in 
generating wider fibers. Increasing total CA/PEO concentrations (5–20%) 
improves fiber formation by electrospinning, but also leads to wider fibers. 
In most cases, PEO phase separated into sheath with CA continuous matrix 
core structures.

Another advantage of these versatile solvent systems is the ability to 
incorporate nanomaterials with CA. Multi-walled carbon nanotubes 
(MWCNTs) can be well dispersed with CA in 2:1 wt:wt acetone/DMAc 
to be electrospun, then alkaline hydrolyzed into MWCNTs-filled cellulose 
nanofibers [19]. Both the addition of MWCNTs and hydrolysis reduce 
fiber widths, by up to ca. 50 and 100 nm, respectively. While, not surpris-
ingly, only about a third of the fibers appear to contain MWCNTs at very 
low loadings of 0.11 and 0.55 wt%, all MWCNTs are well aligned along the 
fiber direction, showing shear force during electrospinning to be sufficient 
to orient MWCNT nanofibers within CA matrix. In fact, the addition of 
0.55 wt% MWCNTs also reduced CA fiber widths from 321 to 228 nm.

All as-spun CA fibrous membranes, with or without MWCNT, are amor-
phous whereas the hydrolyzed cellulose nanofibers show two crystalline 
peaks, one at 20.2° peak, close to the typical 101 reflection of cellulose II 
(2θ = 19.8°) another at 22.0°, close to the 002 reflection of cellulose I (2θ = 
22.5°) [19]. However, both are far weaker than the cellulose I observed in 
cotton [20] and cellulose II in regenerated cellulose [21]. These XRD pat-
terns suggest that low quantities of cellulose I and II crystalline allomorphs 
are present in the fully hydrolyzed cellulose nanofibers and the presence of 
MWCNTs appears to slightly enhance their crystallinity. Intriguingly, both 
strength and wetting properties of cellulose nanofibers were significantly 
improved even at such low MWCNT loadings.

4.4 � Wholly Polysaccharide Cellulose/Chitin/Chitosan 
Hybrid Nanofibers

Chitin is the second most abundant polysaccharide in nature. Like cel-
lulose, chitin and chitosan have been widely studied as platforms for 
advanced materials. Together, cellulose, chitin and chitosan have been 
combined to take the advantage of their collective desirable properties. 
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Chitin has the same β-1,4-D(+)-anhydroglusidic main chain with two 
hydroxyls (C-6 primary and C-3 secondary) as cellulose but differs only on 
the C-2 pendant group, i.e., an acetyl amine as opposed to a hydroxyl for 
cellulose. Hydrolyzing the acetyl amine to amine converts chitin to chito-
san, which is the most significant cationic polysaccharide with many desir-
able properties. Also, like cellulose, the rigid main chain structure and the 
extensive inter- and intra-molecular hydrogen bonded structure of chitin 
and chitosan give them their non-thermoplastic characteristics and insolu-
bility in most common solvents, significant barriers to their processing and 
conversion to materials. Thus, processing chitin or chitosan into fibers is 
also challenging. For instance, chitosan is soluble in 1:1 acetone/acetic acid 
at up to 3%, but none of these solutions with chitosan alone can be electro-
spun into fibers.

Water-soluble chitosan derivatives have been synthesized but could not 
be electrospun from aqueous solutions alone. Carboxymethyl chitosan 
(CMCS) in varied molecular weights (Mv = 40 to 405 kDa) and degrees 
of substitution (DS = 0.25 to 1.19) has been synthesized by alkalization 
of chitosan, followed by carboxylmethylation with monochloroacetic acid 
to show excellent water solubility, however, electrospinning aq. CMCS 
requires the addition of another fiber-forming water-soluble polymers, 
such as PEO, PAA, PAAm and PVA [22]. Other water-soluble chitosan 
derivatives, poly (ethyelene glycol) (PEG, Mn = 500 Da to 2 kDa) grafted 
chitosan (Mv = 137 to 400 kDa), i.e., PEG-N-chitosan and PEG-N,O-
chitosan, have been synthesized via reductive amination and acylation, 
respectively. However, none of these aqueous solutions on their own could 
be electrospun into fibers [23]. PEG-N,O-chitosan is, however, soluble 
in organic solvents, including CHCl3, DMF, DMSO and THF, and can be 
electrospun by using a cosolvent to increase solution viscosity or adding 
a non-ionic surfactantto reduce solution surface tensions. For instance, 
fibers with diameters ranging from 40 to 360 nm with average diameter of 
162 nm have been electrospun from 15% PEG-N,O-chitosan in 75/25 (v/v) 
THF/DMF cosolvents with 0.5% Triton X-100TM [23].

An elegant approach to generate chitin or chitosan nanofibers is by elec-
trospinning a chitin derivative and then reverting back to chitin or further 
hydrolyzing chitin to chitosan. A simple and robust acylation reaction can 
render chitin derivative soluble in most common solvents that are also con-
ducive to processing into fibers, films and coatings. The C3 and C6 hydrox-
yls on chitin can be acetylated with butyric anhydride to convert chitin to 
dibutyryl chitin (DBC) [24]. The newly formed butyl groups on C3 and 
C6 not only disrupt the inter-molecular hydrogen bonds, but also confer 
non-polar characteristics, offering DBC robust solubility (13–19 wt%) in 
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acetone, DMAc, DMF, ethanol and acetic acid, all appropriate for electro-
spinning. As all these, except ethanol, are also solvents for CA, DBC and 
CA, allowing their dissolution and mixing at any ratios. The optimal sol-
vent system for electrospinning either DBC or CA alone as well as their 
mixtures at all ratios is 1:1 acetone/acetic acid, resulting in fully integrated 
CA/DBC hybrid fibers with 30–350 nm widths with no phase separation 
of the two polymers. Alkaline hydrolysis of CA/DBC nanofibers in any 
proportion proceeds easily to first regenerate CA back to cellulose then 
DBC to chitin, further hydrolysis at higher alkaline concentrations and/
or temperatures deacetylates chitin to chitosan from 80 to 90%, depend-
ing on conditions. Therefore, this derivatization strategy of chitin not only 
improves its solubility in organic liquids, but also enables its electrospin-
ning alone and/or with CA in any proportion into homogeneous fibers of 
cellulose/chitin derivatives that can be easily hydrolyzed to cellulose/chitin 
and cellulose/chitosan hybrid nanofibers, presenting promising holistic 
polysaccharide functional materials.

4.5 � Surface-Active Cellulose Nanofibers

In addition to homogeneous hybrid cellulose nanofibers, other materi-
als can also be integrated into the cellulose nanofiber structure as surface 
layers or sheath-core structures. For example, polysaccharide nano-films 
could be assembled on cellulose nanofibers via electrostatic forces [25]. By 
alternating polymers with opposing charges, cationic chitosan and anionic 
dextran sulfate can be deposited to cellulose nanofiber surface in a layer-
by-layer (LbL) fashion, forming multiple bilayer nanofilms, each of 6.4 to 
9.0 nm thickness. This LbL approach can also be applied to construct sur-
face bound lipase hydrolase enzymes as single outer layer [26] or alternating 
bilayers with Cibacron blue reactive dye ligand [27]. Such surface bound 
approach enhances enzyme loadings on cellulose nanofibers, extends their 
activities as well as enables retrieval and repetitive use in biocatalysis.

The highly reactive surfaces of electrospun and hydrolyzed cellu-
lose nanofibers are also evident by easy reactions to introduce hydro-
phobic grafts [28], hydrophilic PVA [29] and thermally responsive poly 
(N-isopropylacrylamide) [30] hydrogels as well as super-hydrophilic 
polyacrylic acid hydrogels for enzyme encapsulation [31] and amphiphi-
lic polyethylene glycol (PEG) tethered lipase enzymes [32] to enhance 
enzyme activities and repetitive catalysis. Recycled CA from cigarette fil-
ter has also been co-axially electrospun as core and fluoropolymer as shell 
fibrous membranes as separators for lithium-ion battery [33].
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In summary, cellulose nanofibers can be robustly fabricated from elec-
trospinning of CAs in a diverse array of binary solvent systems to allow 
addition of other biopolymers, synthetic polymers or nanomaterials to form 
either fully integrated or phase-separated hybrid, sheath-core and porous 
structures. Solvent selection is critical as demonstrated by the examples 
discussed. In electrospinning of either single component or bicomponent 
polymer systems, longer polymer chains, higher polymer concentration 
and lower proportion of short polymer chains all contribute to neces-
sary polymer-polymer entanglement to support continuous polymer jets 
and improved fibers formation. This enhanced polymer chain interaction 
also increases resistance to the stretching force, leading to larger fibers. 
These cellulose nanofibers from electrospinning and hydrolysis of cellulose 
derivatives are regenerated and highly reactive for introducing new surface 
functionalities by chemical reactions and grafting. The pathways presented 
offer ways to fabricate ultra-high specific surface cellulose nanofibrous 
substrates and enabled more recent inquiries, ours as well as many others, 
into functional nanomaterials based on polysaccharides such as cellulose, 
chitin, chitosan, etc.

4.6 � Nanocelluloses

‘Nanocelluloses’ have been used to describe the nano-scale fibrillar crystal-
line domains separated or derived from various native cellulose sources. 
Nanocelluloses vary in their dimensions depending on their origins and 
the processes by which they are derived. The rod-like nanocelluloses have 
been referred as cellulose nanowhiskers (CNWs), nanocrystalline cellulose 
(NCC) or cellulose nanocrystals (CNCs) whereas the longer fibrils of var-
ied lateral dimensions are termed microfibrillated cellulose (MFCs), cel-
lulose microfibrils, nanofibrillated cellulose (NFCs) or cellulose nanofibrils 
(CNFs).

Small organisms such as bacteria [34], algae [35] and marine animal 
tunicates [36] synthesize fibrillar nanocelluloses. Among these, bacterial 
cellulose (BC), also referred as bacterial nanocellulose or microbial cel-
lulose, is extensively studied. BC is synthesized by a gram-negative strain 
of acetic-acid-producing bacteria, the acetic bacterium  Acetobacter xyli-
num (or Gluconacetobacter xylinus) in a fermentation process [37]. BC is 
extracellular gel-like product excreted into the culture medium in the form 
of pellicles in a web-like network of continuous ca. 10 to 100 nm wide 
nanofibers. In plants, fibrillar bundles of cellulose are synthesized by a 
hexagonal array called rosette in the presence of hemicellulose and lignin. 
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By separating and/or removing the amorphous or less ordered cellulose 
chains, the crystalline domains can be extracted from a broad range of 
natural sources. Both rod-like and fibrillar nanocelluloses are mostly pro-
duced by top-down approaches from higher plants.

Nanocelluloses may be in either cellulose Iα or Iβ crystalline forms, 
depending on their origins. Native cellulose is synthesized in two allo-
morphs or crystalline forms, i.e., cellulose Iα from algal and Iβ from 
higher plants, as confirmed by high resolution, solid state 13C NMR spec-
troscopy [38].

Relatively uniformly sized CNCs can be produced from a single source 
under a fixed condition. However, widely varied dimensions (3–70 nm 
widths and 35–3,000 nm lengths) have been reported from different cellu-
lose sources and hydrolysis conditions [39–41]. By hydrolyzing and remov-
ing cellulose chains in the less ordered regions, CNCs generated are more 
crystalline than the original sources but usually at less than 30% yields [40, 
41]. Hydrochloric acid, hydrobromic acid as well as mixed acetic and nitric 
acids are also capable of hydrolyzing cellulose into CNCs, but without ester-
ifying the surfaces as in the case with sulfuric acid, while in higher yields 
[44, 45]. The dimensions of CNCs have shown to be mostly 5 to 20 nm wide 
and 100 nm or longer, dependent on the sources of cellulose as well as the 
hydrolysis conditions, including temperature, time and agitation [41].

Longer CNFs can also be produced by shear, high-energy forces or 
chemical means. Shear force processing involves repetitive processing 
aqueous wood cellulose suspensions or pastes using mechanical homog-
enizers [46], cryogenic grinders or microfluidizers, high–pressure homog-
enizers and ultrasonic homogenizers [47] or steam explosion [48]. Further 
details about mechanical processes in deriving NFC can be found in a 
recent review [49]. The most reported chemical method for CNF deriva-
tion involves 2,2,6,6-tetramethylpyperidine-1-oxyl (TEMPO)-mediated 
oxidation of C6 primary hydroxyl using nitroxyl radicals in the presence of 
sodium hypochlorite and sodium bromide at pH around 10 and ambient 
temperature [50–52] and can reach a 90% yield when aided with mechani-
cal means [53]. Due to oxidative effect, CNFs tend to be less crystalline 
than the sources from which they are derived.

In addition to their nanoscale lateral dimensions, nanocelluloses are 
generally recognized as among the strongest materials, far exceeding any 
of high strength synthetic polymers. The uniquely high moduli were first 
reported on fibrillar nanocelluloses synthesized by small organisms, such 
as tunicate. The elastic modulus of tunicate CNWs has been reported to be 
ca. 143 GPa using the Raman spectroscopic technique [54] and the elastic 
moduli of single microfibrils from TEMPO-oxidation and acid hydrolysis 
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from tunicate were measured by AFM to be ca.145 and 150 GPa, respec-
tively [36].

Early reviews of nanocelluloses have focused mostly on those derived 
from bacteria and wood cellulose [55, 56]. The tremendous interest in 
nanocelluloses is evident from the increasing numbers of publications. As 
the interest in nanocelluloses has escalated over the past decade, further 
advancement on nanocelluloses and their applications have been exten-
sively reviewed [57–62]. Hence, the following discussions focus on aspects 
of nanocelluloses from the much less studied agricultural biomass, in par-
ticular rice straw, to offer current insight on the origin- and process-linked 
aspects.

4.7 � Nanocelluloses from Agricultural By-Products

As cellulose is the nature’s most abundant polymer, it is found in a wide 
range of origins. From the source perspective, major plant fibers whose 
features, strength and most significant constituent that are attributed 
to cellulose have been classified into bast fibers (flax, jute, hemp, ramie, 
kenaf, etc.), leaf fibers (abaca, sisal, pineapple, etc.), seed fibers (cotton, 
coir, kapok, etc.), core fibers (kenaf, hemp, jute, etc.), grass and reed 
fibers (wheat, corn, rice, etc.) and others (wood, roots, etc.) [63]. From 
the perspective of human activities, cellulose may be classified as primary 
sources for textiles, paper and wood and biofuel [63, 64], secondary non-
processed residues from agricultural/forestry activities and by-products of 
food industry, such as: bark, straw, leaves, husks as well as tertiary wastes 
from the use, transformation and conversion of cellulosic biomass [65]. 
Therefore, nanocelluloses may be viewed from a much wider perspective 
in terms of both origins and processes, thus the focus of the following.

There has been an increasing interest in deriving nanocelluloses from 
more diverse, non-wood and already existing sources, such as agricultural 
and industrial lignocellulosic residues and byproducts. Current uses of 
these lignocellulosics are mainly for low value-added practices, such as 
feed and bedding for livestock, composting, soil fertilization or combus-
tion for energy recovery. With the advent of biofuel production from lig-
nocellulosic biomass, generating green chemicals and materials from these 
sources have also become logical solutions to save not only our limited 
fossil fuel resources but also to reduce the environmental impact.

While biomass possesses diverse chemical compositions, structures, and 
properties depending on their origins, one major distinction of non-woody 
biomass is their lower content or absence of lignin, making it less recalcitrant 
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to chemical, microbial and enzymatic digestion than woody biomass. With 
the exception of the fibrous crops such as cotton and flax that contain signifi-
cantly higher cellulose contents, the cellulose contents in most agricultural 
biomass vary between one third to two thirds [66], thus are close to or higher 
than that in woody biomass, making them viable sources for cellulose. 
Furthermore, cellulose in these agricultural and industrial by-products may 
be less integrated in their matrixes to be potentially more easily extracted.

The top-down approaches to produce nanocelluloses involve either 
removing amorphous cellulose chains by chemical hydrolysis or separating 
the crystalline domains apart from each other via chemical reactions and/
or mechanical forces using cellulose isolated from various sources of higher 
plants. With a recent review on nanocelluloses from various agricultural 
crop residues and industrial wastes [65], these following analyses specifi-
cally detail the origin and process-linked effects.

4.8 � Source Effects – CNCs from Grape Skin, Tomato 
Peel, Rice Straw, Cotton Linter

Rod-like CNCs are typically derived by hydrolysis and removal of amor-
phous cellulose using various acids, most commonly sulfuric acid. 
Cellulose in the more accessible amorphous domains is hydrolyzed by sul-
furic acid via rapid protonation of glucosidic oxygen (1) or cyclic oxygen 
(2) by protons from the acid followed by scission of the glucosidic bonds 
(Figure  4.4a) [18], fragmenting into small sugars. In due process, CNC 
surface hydroxyls are esterified to sulfate groups that introduce negative 
charges to their surfaces (Figure  4.4b), thus preventing aggregation and 
keep CNCs well dispersed in a stable aqueous suspension.

CNCs derived from different sources under the same sulfuric acid 
hydrolysis (64–65% H2SO4, 45 oC) have shown very different nano-scale 
dimensions, reflecting the structural distinctions that stem from their ori-
gins. From the same 30 min reaction, grape skin CNCs consist of mainly 
nanoparticles less than 5 nm in diameters among a few <10 nm wide 
nanorods [67] whereas both tomato peel [68] and rice straw [69] CNCs are 
flat spindle or ribbon like rods with asymmetric cross-sectional shapes, i.e., 
larger width (W) than thickness (T) as measured by transmission electron 
microscopy and atomic force microscopy, respectively (Table 4.1). The same 
hydrolysis reaction produces over four times wider and slightly longer rice 
straw CNCs with a 5:1 W:T ratio and 270 nm length whereas tomato peel 
CNCs have 2:1 W:T ratio and are less than 200 nm long. Hydrolyzed for a 
longer, 45 min period reduces the width and length of rice straw CNCs to 
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less than half, but only slightly lowers the thickness, giving a 2:1 W:T ratio, 
similar to tomato CNCs hydrolyzed for 30 min. Cotton linter CNCs, on 
the other hand, are less than 10 nm wide, similar in widths as others, but 
longest at up to 40 L:W aspect ratios, from longest hydrolysis time of one 
hr [20]. These results show that CNCs generated from cotton linters have 
the highest L:T aspect ratio, rice straw CNC has the highest W:T ratio and 
grape skin CNCs are the smallest and mostly nanoparticles.

Upon freezing (-196 °C) and lyophilization (-50 °C) dilute aqueous sus-
pensions, these geometrically distinct CNCs self-assemble into different 
morphologies. The largest cotton CNCs self-assemble in various forms of 
nanorods, hollow nanospheres or porous network [20] whereas the smallest 
grape skin CNCs agglomerate mainly into clusters with 5 nm nanoparticles 
surrounding nanorod cores, interestingly, resembling grape bundles [65]! 
Both flat ribbon like tomato peel [68] and rice straw [69] CNCs assembled 
anisotropically into ultra-fine fibers with diameters depending on the lat-
eral dimensions of the original CNCs. The smaller tomato CNC (7.2 nm W, 
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3.3 nm T) self-assembled into mostly sub-micron wide fibers (f = 260 nm) 
interconnected with few nanofibers (f = 38 nm). The smaller rice straw CNCs 
(11.2 nm W, 5.06 nm T), ca. 1.5 times wider and thicker than tomato CNC, 
self-assemble into proportionally larger sub-micron (f = 386 nm) fibers that 
are about 1.5 larger than those from tomato CNCs. The larger rice straw 
CNC (30.7 nm W, 5.95 nm T), i.e., those from 30 m hydrolysis time, assem-
ble into 1–2 mm wide fibers. For CNCs with asymmetric cross-sections, 
i.e., tomato peels and rice straw, the self-assembled fiber widths appear 
to be proportional to the widths of the original CNCs. All self-assembled 
fibers are more crystalline than their cellulose precursors as expected from 
the more crystalline CNCs. These source-linked unique CNC geometries 
and the ability of CNCs to self-assemble both laterally and longitudinally 
into longer and even more crystalline nanofibers and microfibers and pos-
sibly other porous morphologies to present interesting prospect of creating 
stronger and higher specific surface cellulose nanomaterials.

4.9 � Process Effect – Nanocelluloses from Single 
Source (Corn Cob, Rice Straw)

Nanocelluloses derived by different processes from a single source have also 
shown to have different geometries and surface chemistries. CNCs fabricated 

Table 4.1  CNCs from sulfuric acid hydrolysis (64–65% H2SO4, 45 °C) of 
cellulose of different origins.

Source
Time 
(min)

Shape/ 
W/T ratio

Width (W, nm) 
or thickness 

(T, nm)
Length 
(L, nm)

L:W 
Ratio

Grape 
Skin

30 Nanorods
Nanoparticles

W < 10
W < 5

50–100
NA

5–10
NA

Tomato 
Peel

30 Flat ribbon/
2.2

W = 7.2 ± 1.0
T = 3.3 ± 1.2

100–200 20

Rice 
Straw

30 Flat ribbon/
5.2

W = 30.7
T = 5.95

270 8.8

Rice 
Straw

45 Flat ribbon/
2.2

W = 11.2
T = 5.06

117 10

Cotton 
liter

60 Nanorods W < 10 200–400 20–40
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from bleached corn cob cellulose by sulfuric and formic acid hydrolysis and 
CNFs obtained by TEMPO-mediated oxidation and pulp refining had 2.1 
to 43 nm widths and 198 nm to over one micrometer lengths [70]. Among 
the chemical processes, CNFs from TEMPO oxidation were the finest with 
highest aspect ratio and relatively high yield (78%) whereas sulfuric acid 
hydrolysis yielded the least CNCs with lowest aspect ratio. Formic acid 
hydrolysis produces more (66.3% yield) and longer CNFs (nearly as long as 
TEMPO) than that by sulfuric acid, but least negatively charged.

Rice straw CNFs have been derived by means of TEMPO mediated oxi-
dation [71], grinding [72], blending [73] mechanical defibrillation [74], 
coupled TEMPO and blending [75], aqueous counter collision (ACC) [76] 
and solid acid catalyst [77] in addition to CNCs obtained from sulfuric 
acid hydrolysis [67, 71]. The effects of the top-down processes on nanocel-
lulose structures and properties and their assembled structure from rice 
straw conducted in our laboratory to date are summarized in Table 4.2. In 
contrast to the very strong mineral acids such as sulfuric acid, TEMPO 
mediated oxidation is a milder reaction that oxidizes only the C6 primary 
hydroxyls of the cellulose in the less ordered regions, i.e., amorphous 
and crystalline surfaces and inter-fibril cellulose segments, to carboxyl-
ate groups [78]. Under optimal conditions, TEMPO oxidation (5 mmol/g 
NaClO/cellulose) followed by mechanical blending (37,000 rpm, 30 min) 
converts 96.8% of rice straw cellulose into the finest and most uniform (1.5 
nm thick, 2.1 nm wide, and up to 1 μm long) CNFs [75]. A shear-force 
intensive and scalable ACC process that utilizes high-speed collision of two 
aqueous jets of cellulose suspensions and reported on microbial cellulose 
[79] and microcrystalline cellulose [80] can fully defibrillate rice straw cel-
lulose into varying sizes of CNFs in 30 passes under 180 MPa pressure (15 
kWh/kg) [76]. ACC defibrillated rice straw CNFs varied widely in widths 
are fragmented via differential centrifugation into width groups of 58.4% 
less than 5 nm, 20.3% 5–20 nm, 14.4% 20–80 nm and 6.9% 80–200 nm. 
Furthermore, rice straw cellulose has been fully hydrolyzed using a solid 
acid catalyst synthesized by lignin-based activated carbon fibers into CNFs 
and glucose [77]. Under hydrothermal condition (150 °C, 5 atm), this 
recyclable carbon nanofiber acid catalyst produces 2.1 nm thick, 3.1 nm 
wide and up to 1 μm long CNFs in 8.1% yield from rice straw cellulose 
and the remaining to glucose with an excellent 90% selectivity. The porous 
carbon nanofiber bound sulfuric acid is thought to hydrolyze cellulose via 
hydronium ion diffusion to amorphous chains that is facilitated under the 
hydrothermal conditions. The CNFs produced by this novel solid acid cata-
lyst are nearly as thin as CNFs (1.5 nm T and 2.0 nm W) by the coupled 
TEMPO oxidation and mechanical blending. Most intriguingly, CNFs by 
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this porous carbon nanofiber bound sulfuric acid catalyst are less than half 
as wide or thick as the rigid rod-like CNCs (4.7 nm thick, 6.4 nm wide and 
143 nm long) produced by sulfuric acid. Not only this solid acid catalyst is 
biobased, easily separated from both CNF and glucose products, but also 
can be used repetitively making the process ‘green’.

These processes, i.e., sulfuric acid, coupled TEMPO and blending, 
blending, ACC and solid acid catalyst, not only produce nanocelluloses of 
different geometries, but also surface chemistries and charges. While the 
strong sulfuric acid hydrolysis disintegrates and breaks the less ordered 
cellulose chemically to release the shorter flat rod-like CNCs, the others 
can be optimized to defibrillate cellulose into longer CNFs and in higher 
yields to approach 100% with the exception of the solid acid catalyst that, 
in fact, generates glucose as the dominant co-product, thus also highly effi-
cient. These geometric and surface chemical characteristics of nanocellu-
loses also cause them to self-assemble into distinctively different sizes and 
structures exhibiting amphiphilic behaviors. For instance, the extents of 
surface carboxylation on CNFs may be increased by increasing the levels of 
oxidant in the TEMPO-mediated oxidation reaction. CNFs with increas-
ing surface carboxylate densities of 0.59, 0.92, and 1.29 mmol/g assem-
bled into increasingly larger fibers with respective diameters of 125, 327, 
and 497 nm [75]. Alternatively, the surface carboxylates on CNFs derived 
from the same coupled TEMPO oxidization and blending may be proton-
ated to different levels from nearly 90% charged sodium salt form to com-
pletely uncharged carboxylic acid form to exhibit different behaviors [81]. 
The mostly charged CNFs assembled into finest and most uniform fibers 
(f = 137 nm) that are more hydrophobic than hydrophilic whereas the fully 
protonated and uncharged CNFs assembled extensively into porous and 
mostly ultra-thin film-like structures. Therefore, CNFs could be tuned by 
varying the degree of surface carboxylation as well as protonation to desired 
hydrophobic-hydrophilic characteristic along the amphiphilic scale, liquid 
behaviors and self-assembled fiber morphologies. With the exception of 
CNFs from coupled TEMPO and blending, CNFs self-assemble into more 
crystalline fibers than the original rice straw cellulose (CrI = 72.2 %), with 
that of CNC being most as expected.

4.10 � Ultra-Fine Cellulose Fibers from Electrospinning 
and Self-Assembled Nanocellulose

Nanofibers and ultrafine submicrometer wide fibers can be fabri-
cated either with electrospinning of cellulose esters, such as CAs, then 
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hydrolyzed back to cellulose or via self-assembling of nanocelluloses from 
either the rod-like CNCs or nanofibrillar CNFs. The electrospun cellu-
lose fibers vary in sizes, appearing similar to and in comparable sizes as 
the microfibrils observed on cotton fiber cell walls (Figure 4.5), but are 
in cellulose II crystalline structure as opposed to the highly crystalline 
cellulose Ib in cotton fibers. Both approaches are preceded by top-down 
processes, i.e., cellulose dissolution for electrospinning and defibrillation 
for nanocelluloses, that affects down to the molecular level in the former, 
but only separating the crystalline domains for the latter. Dissolution not 
only breaks all inter-molecular hydrogen bonds but destroys the crystal-
line structure. However, neither approach is as far top-down as that in bio-
refining that breaks down lignocellulosics to the much smaller molecular 
biofuels and chemicals.

Due to their different extents of top-down processes, the crystalline 
structures of cellulose nanofibers from electrospinning of CA and hydro-
lysis back to cellulose and those from self-assembling of nanocelluloses are 
cellulose II and I, respectively. As cellulose I and II have distinctively dif-
ferent Young’s moduli of 138 GPa and 88 GPa, respectively [82], the nano-
fibers self-assembled from nanocellulose are expected to be far stronger 
and stiffer than those by electrospinning. The electrospinning approach 
tends to generate larger sub-micron sized fibers with smooth surfaces 
whereas fibers self-assembled from nanocelluloses tend to be smaller and 
whose sizes are highly dependent on liquid media and drying conditions. 
Under certain conditions, these two approaches produce similar size fibers 
(Figure 4.6), but with drastically different chemical and physical attributes. 

18 µm
18,000 nm 

500 nm

150 nm 

50 nm

Elelctrospun cellulose nano�bers

Cotton 5 µm

Figure 4.5  Electrospun cellulose nanofibers (inset) and cotton fibers (background).
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Fibers formed by electrospinning are generally packed in very thin fibrous 
sheet or mat whereas those from nanocelluloses may be in any forms 
determined by the size and shape of containers in which they are dried. 
Depending on the types of nanocelluloses, the self-assembled fibers are 
uniquely amphiphilic, and can be tuned to be more hydrophobic by way of 
media in which they are dispersed and dried from. Electrospun CA fibers 
are hydrophobic, and become hydrophilic once the surfaces are hydro-
lyzed while the unhydrolyzed cores may retain some level of hydrophobic-
ity and their thermoplastic nature and completely hydrophilic when fully 
hydrolyzed into cellulose II. Stemmed from their crystalline structural dif-
ferences, electrospun cellulose fibers are more accessible to reagents and 
more chemically reactive than those assembled from nanocelluloses, lend-
ing them to be amenable for chemical modification and for chemical, bio-
chemical and biological applications.

In both approaches of electrospun and self-assembled nanofibers, the 
nanometer to submicron lateral dimensions contribute to their high spe-
cific surface characteristics, whereas the much higher aspect ratios offer 
unique oriented fibrous and porous structures with many potential appli-
cations, such as nanocomposites, reactive nanomaterials for separation 
membranes, medical, pharmaceutical, hygiene, absorbent and cosmetic 
products, energy devices and beyond.

4.11 � Further Notes on Nanocellulose Applications 
and Nanocomposites

As the emerging nanomaterial, nanocelluloses’ unique attributes have 
drawn and will continue to attract significant interest in many potential 

(a) (b)

10 µm

Figure 4.6  Cellulose nanofibers from: (a) electrospinning of CA and alkaline hydrolysis; 
(b) self-assembling from freezing (-196 °C) and lyophilization (-50 °C) of CNFs from 
coupled TEMPO mediated oxidation and blending of rice straw cellulose.
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applications. For instance, rice straw nanocelluloses have been shown 
to exhibit unique dispersing and emulsifying properties for oil-water 
emulsions [83, 84], coagulants for microbes [85] as well as templates 
for nanoparticles and nanoprisms [86]. These nanocelluloses can also 
be electrospun into new nanofibrous structures [87] or assembled into 
super-absorbent hydrogels and amphiphilic aerogels [88] for applica-
tions such as oil recovery and separation, water purification, etc. Others 
have reviewed nanocellulose colloids assembled at liquid–liquid and 
air–liquid interfaces [89] and other related applications [90]. Related to 
food, nanocelluloses have been studied as stabilizing agent, food additive 
[91] and functional food ingredient [92] as well as additives in plastics 
for food packaging [93]. Nanocelluloses as part of nanocomposites is 
perhaps the most studied area since CNWs were first reported as rein-
forcement for composites [94] and has been extensively reviewed as well 
[95–101].
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