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Alkaline Cellulose Nanofibrils from Streamlined Alkali Treated Rice

Straw
Jin Gu"* and You-Lo Hsieh**

TCollege of Materials and Energy, South China Agricultural University, Guangzhou, Guangdong 510642, China
*Fiber and Polymer Science, University of California, Davis, California 95616, United States

ABSTRACT: Alkali treatment (4% NaOH, 70 °C, 5 min, twice) of dewaxed rice
straw was effective in removing most hemicelluloses, lignin and silica to yield 47.6% B
cellulose-rich solid. Optimal TEMPO oxidation (7.5 mmol NaClO per gram of |l lts
alkaline cellulose) followed by mechanical defibrillation (30 min) produced 36.5%
alkaline cellulose nanofibrils (ACNFs), higher than the 29.1% CNFs from sodium
chlorite oxidation-alkali leaching as well as the 33.7% HCNFs from sodium chlorite
oxidation. At the same S mmol NaClO level, ACNFs were similar in lateral
dimensions (1.25 + 0.47 nm) and crystallinity (68%), but less surface oxidized
(65%) than CNFs and HCNFs (1.55 + 0.54 and 1.36 + 0.62 nm, 69% and 68% CrI,
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85% and 69% surface oxidization, respectively). While the residual noncellulosics consumed oxidizing agents, their presence led
to longer ACNFs and HCNFs, higher thermal stability, and thinner self-assembling fibers (197 and 94 nm, respectively) than
CNFs (497 nm). Therefore, this facile alkali pretreatment is not only highly efficient in preparing ACNFs with attributes similar
to CNFs and HCNFs, but like HCNFs due to their less pristine nature, also present some unique properties that are promising

for advanced applications.
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B INTRODUCTION

Biobased materials and fuels generated from agricultural crop
residues valorize nonedible lignocellulose fractions while also
reducing their impact on the environment. Crop residues
consist mainly of cellulose, hemicelluloses, and lignin, and their
exact chemical compositions depend on the origin and methods
of extraction. In recent decades, nanocelluloses have attracted
increasing interest due to their exceptional mechanical, thermal,
and biological properties.”” In addition to those most studied
from wood pulp, nanocelluloses have been increasingly
reported from agricultural residues, such as crop stalks, straws,
bagasses, and husks® including rice straw and husk.

Nanocelluloses have been typically prepared from cellulose
isolated from the biomass by alkali and/or acid treatments
together with bleaching. Soda pulping is a classic method to
obtain cellulosic pulps from crop straws® in that sodium
hydroxide breaks the a-ether linkages and ester bonds between
lignin and/or hemicelluloses to dissolve and remove the
noncellulosic components.”® In the case of nonwood plants,
bleaching is not as essential since the starting materials
generally contain less lignin than woody plants.” Also, alkali
dissolved hemicelluloses and lignin have found potential
applications as food additives, biodegradable films, biofuel
productions, and/or carbon fibers."~'> Therefore, alkali treat-
ment alone has the promise of isolating cellulose-rich
components from lignocelluloses while exerting less impact
on the environment.

Rice straw, the most abundant agricultural byproduct in the
world, was reported to contain 28—36% cellulose, 23—28%
hemicelluloses, 12—14% lignin, and 14—20% silica ash.”

-4 ACS Publications  © 2016 American Chemical Society
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Various rice straw nanocelluloses have been produced,
including cellulose nanocrystals by sulfuric acid hydrolysis'*~"®

and cellulose nanofibrils (CNFs) by TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl)-mediated oxidation combined
with mechanical means using a homogenizer or blender'*™"’
or by mechanical means only, such as sonication®’ and collision
of pressurized aqueous jets.”'

Cellulose has been isolated from rice straw by stepwise
processes to remove each of the noncelluloses, ie., toluene/
ethanol dewaxing, acid hydrolysis and/or alkaline Ieachin% of
hemicelluloses, and sodium chloride bleaching of lignin. 420
Coupling TEMPO oxidation with mechanical blending has
shown to increase the yield of CNF from this purified rice straw
cellulose to a far superior 96.8%.'® When the same coupled
TEMPO oxidation and mechanical blending was applied to
holocellulose derived by omitting the second alkaline leaching
step, most remaining noncellulosic components including
hemicelluloses and/or lignin were degraded to water-soluble
factions by the oxidizing agents."”

This study was to investigate further streamlining the
isolation process by eliminating the sodium chlorite bleaching
step from our previously reported three-step process'* and the
properties of CNFs so produced in comparison to those from
the most purified cellulose'® and holocellulose.'” The stream-
line process involved optimizing alkaline pretreatments of
toluene/ethanol (2:1) extracted rice straw by studying the
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effect of NaOH concentrations (4, 6, and 8 w/v%) and time (S
min to up to 120 min) at 70 °C as well as repetition of the
optimal condition. The optimally alkali treated rice straw
cellulose was then subjected to TEMPO oxidation at three
primary oxidant levels of 5, 7.5, and 10 mmol NaClO per gram
of cellulose at pH 10 followed by mechanical blending to find
the optimal TEMPO condition for the highest yield. The
morphology, yield, chemical composition, self-assembled
structure, crystal structure, and thermal stability of the resulting
alkali treated cellulose nanofibrils (ACNFs) were analyzed and
compared with two other rice straw nanocelluloses, i.e., CNFs
from cellulose derived from the sodium chlorite-alkaline
extraction process,18 and HCNFs from holocellulose derived
from the sodium chlorite oxidation process.'” The endeavor is
to offer cellulose nanofibrils from yet another cellulose
precursor isolated by a less demanding and streamlined alkaline
pulping pretreatment.

B EXPERIMENTAL SECTION

Materials. Rice straw (Calrose variety) was harvested in the
Sacramento valley in 2009. Toluene (certified ACS, Fisher Scientific),
ethanol (anhydrous, histological grade, Fisher Scientific), sodium
hydroxide (NaOH, 1 N, Certified, Fisher Scientific), sodium
hypochlorite (NaClO, 10.6%, reagent grade, Sigma-Aldrich), 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO, 99.9%, Sigma-Aldrich), so-
dium bromide (NaBr, BioXtra, 99.6%, Sigma-Aldrich), and hydro-
chloric acid (HCI, 1 N, Certified, Fisher Scientific) were used as
received. Water was purified using a Milli-Q plus water purification
system (Millipore Corporate, Billerica, MA) in all experiments.

Isolation of Cellulose from Rice Straw by Alkali Treatment.
Washed and dried rice straw (30 g) was milled to fine powder (60
mesh, Thomas-Wiley Laboratory Mill model 4, Thomas Scientific),
oven-dried (50 °C, 48 h), and extracted with the toluene/ethanol (2:1,
v/v, 450 mL) mixture for 20 h to remove wax, pigments, and oils. The
dewaxed rice straw was treated with 4%, 6%, and 8% (w/v) of NaOH
at 70 °C for S min to up to 120 min to find the optimal conditions to
extract cellulose. The insoluble part was separated by centrifugation
(5000 rpm, 15 min), and the precipitate was washed with DI water
until pH reached neutral, frozen in liquid nitrogen (—196 °C), and
lyophilized at —S0 °C in a freeze-drier (FreeZone 1.0 L Benchtop
Freeze-Dry System, Labconco, Kansas City, MO). The alkali treated
celluloses (ACs) were designated as AC8-120, AC6-120, AC4-120,
AC4-5-5, etc., with the first number indicating w/v percent of aqueous
NaOH, with the second number being minutes in treatment time and
the third the number being repetition in treatment, if any.

For comparison, rice straw holocellulose and cellulose were also
prepared according to a previously reported method.'* Briefly, the
dewaxed rice straw was oxidized with 1.4% acidified NaClO, at 70 °C
for 5 h to remove lignin and obtain holocellulose. The initial pH of the
solution was adjusted to 3.0—4.0 by CH;COOH. Rice straw cellulose
was obtained by treating the holocellulose powder with 5% KOH at
room temperature for 24 h and then at 90 °C for 2 h.

Isolation of Cellulose Nanofibrils from Alkali Treated Rice
Straw. AC4-5-5 was used to produce cellulose nanofibrils (ACNFs)
using TEMPO-mediated oxidation followed by mechanical defibrilla-
tion as reported previously."® Generally, 1 g of freeze-dried AC4-5-5,
0.016 g of TEMPO, and 0.1 g of NaBr were added to 100 mL of DI
water. Oxidation reaction was initiated by adding NaClO of three
different levels, S, 7.5, and 10 mmol per gram of AC, respectively, and
conducted at 9.8—10.2 pH adjusted by adding 0.5 M NaOH. The
reaction lasted until there was no further decrease in pH, and the
length of reaction time was recorded. The suspension was neutralized
to pH 7 with 0.5 M HCI, centrifuged (5000 rpm, 15 min), and
dialyzed against DI water to obtain TEMPO-oxidized AC (i.e,, TACS,
TAC7.5, and TAC10 where the number indicated the NaClO
concentration). These products were then mechanically defibrillated
using a household blender (30 min, 37 000 rpm) and centrifuged again
(5000 rpm, 15 min) to obtain nanofibril containing supernatants. The
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products were named alkali treated cellulose nanofibrils (i.e., ACNFS,
ACNF?7.5, and ACNF10). All yields were based on the mass of the
original rice straw unless specified.

For comparison, rice straw holocellulose and cellulose purified with
the NaClO, oxidation step were also TEMPO-oxidized using S mmol
of NaClO as initiator to obtain TEMPO-oxidized holocellulose
(THCS) and cellulose (TCS) followed by the same mechanical
defibrillation procedure to obtain HCNFS and CNES as reported
previously.'”

Self-Assembly of Fibrous Cellulosic Materials. ACNF aqueous
suspension of 0.1 wt % (S mL) was placed in a 15 mL centrifuge tube,
quickly immersed into liquid nitrogen (—196 °C), and lyophilized at
—50 °C in the freeze-drier. The ACNFs were thus self-assembled into
submicron fibers.

Analysis. The chemical structure of the ACs was analyzed by
Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700,
Thermo Scientific). The FTIR samples were prepared by mixing
freeze-dried ACs with KBr at 1:100, w/w CNF:KBr ratio. The FTIR
spectra were obtained from 64 scans over 4000—400 cm™' at a
resolution of 4 cm™ under transmission mode.

Neutral sugar composition, Klason-lignin content, and ash content
of dewaxed rice straw, AC4-5-5, holocellulose, cellulose, TACS,
THCS, and TCS were determined according to standard procedures
(Sluiter et al. 2005 and Sluiter et al. 2008). After sulfuric acid
hydrolysis, the neutral sugar composition analysis was carried out using
a high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD, Dionex, ICS-3000).

The morphology of individual ACNFs was studied by atomic force
microscopy (AFM, Asylum-Research MFP-3D). ACNF suspensions of
10 uL (0.000S wt %) were deposited onto freshly cleaved mica
surfaces and air-dried. The samples were scanned under ambient
conditions using tapping mode with OMCL-ACI60TS standard
silicon probes. The scan rate was set to 1 Hz. The height images
and profiles were processed with Igor Pro 6.21 software, and 100
samples were used to calculate the averaged thickness of ACNFs.

The total surface carboxylate/carboxylic (COO™/COOH) content
of the ACNFs was measured by conductometric titration. A certain
amount of 1 N HCI was added to the ACNF suspension (50 mL, 0.1
wt %) to protonate the carboxyl group, and the suspension was titrated
with 0.02 M NaOH solution. The changes of the suspension
conductivity values were recorded by an OAKTON pH/Con S10
series meter. The total COOH and COO™ contents (6coonscoo., in
mmol per gram of cellulose nanofibrils) were determined as follows:

oo o(v, — )

OCOOH+CO0- =
m

(1)

Here ¢ is the NaOH concentration (0.02 M), m is the mass of the
suspension (0.050 g), and v, and v, are NaOH volumes (in mL) used
for neutralizing the added HCI and carboxylic acid groups,
respectively. The total cCOOH + COO~ (in mmol per gram of
cellulose nanofibrils) was also converted to total COOH and COO~
content (in mol per mol of anhydroglucose (MW: 162 g/mol)) or
glucoronic acid (MW: 176 g/mol) weight percent (in grams per gram
of cellulose nanofibrils).

The self-assembled structure of the freeze-dried ACNFs was
analyzed by a field emission scanning electron microscope (FE-
SEM) (Merlin, Zeiss, Germany). The sample was mounted on
conductive carbon tape and sputter coated with gold. The SEM was
operated at S mm working distance and S kV accelerating voltage. The
silicon concentration of the samples was evaluated by energy-
dispersive X-ray spectroscopy (EDS) adjacent to the SEM. The
average diameters of self-assembled fibers were obtained from more
than 100 individual fibers by image software (Image], NIH, USA).

The crystal structure of the ACNFs was analyzed by X-ray
diffraction (XRD, Scintag XDS 2000 powder diffractometer).
Diffractograms of the freeze-dried ACNFs were collected with Ni
filtered Cu Ka radiation generated at 45 kV and 40 mA at a rate of 2
deg/min from 5° to 40° 26. The crystallinity (Crl), crystallite sizes,
primary C6 hydroxyl groups, and primary hydroxyl-to-carboxyl

m
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Figure 1. Alkali treated celluloses (ACs): (a) yields at different NaOH concentrations and times; and (b) FTIR spectra of dewaxed rice straw and
ACs, where the first number indicates NaOH concentration in %, the second number denotes treatment time in min, and the third (if any) indicates

repeating treatment time in min.

Table 1. Nanocellulose Generated from Coupled TEMPO Oxidation” and Blending of Cellulose Isolated by Different Processes

isolation TEMPO oxidation nanofibril
starting ligno- TEMPO reaction COOH + COO™ content
cellulose yieldb (%) oxidation” time (min) yieldb (%)  blending yieldb (%) thickness (nm) (mmol/g)
AC4-5-5 47.6 TACS 30 39.7 ACNEFS 34.2 125 + 047 0.96
TAC7.5 79 38.3 ACNEF7.5 36.5 1.36 + 0.83 1.25
TAC10 168 31.5 ACNF10 30.2 1.40 + 0.76 1.62
cellulose 358.5 TCS 71 30.8 CNFS 29.1 1.55 + 0.54 1.36
holocellulose 72.8 THCS 86 379 HCNEFS 33.7 1.36 + 0.62 1.09

“Number denotes NaClO concentration in mmol per gram of starting lignocellulose. YAl yields are based on original rice straw mass. The data on
cellulose,'”"® holocellulose,'” and their respective derivatives are taken from our previous studies.

conversion percent on cellulose crystal surfaces were determined
following a previous study.'®

The thermal properties of the ACNFs were analyzed with a
thermogravimetric analyzer (TGA-50, Shimadzu). Freeze-dried ACNF
sample of roughly S mg was weighed and heated from ambient to S00
°C at a rate of 10 °C per min under N, atmosphere (50 mL/min).

B RESULTS AND DISCUSSION

Optimization of Alkali Treatment. Organic extraction of
cleaned and dried rice straw powder in 2:1 toluene/ethanol
yielded 94.4% dewaxed rice straw that was then treated with
4%, 6%, and 8% (w/v) NaOH at 70 °C for up to 120 min. The
most significant mass losses of 44.7% and 50.2% were observed
after treatment for S min with 4% and 6% NaOH, respectively,
losing slightly more to a total of 50.0—56.5% with 8% NaOH
up to 120 min (Figure 1a). The brown color of rice straw was
reduced with increasing concentrations and times, but a light
yellow color remained, indicating the presence of lignin in the
alkali treated rice straw cellulose even under the most extensive
alkali treatment conditions. The alkaline cellulose yield was
52.2%, 47.0%, and 41.1% of original rice straw for AC4-5, AC6-
S, and AC8-120, respectively, showing most noncelluloses in
the rice straw to be readily dissolved in 4% NaOH within 5
min, while leaving some residual lignin.

The FTIR spectra of dewaxed rice straw showed an aromatic
skeletal vibration at 1516 cm™, characteristic of lignin, as well
as hemicellulose carboxyl C=0 stretching at 1729 cm™' and
C—O stretching at 1245 cm™}, with the latter indicative of
xylan,”” a major hemicellulose in rice straw (Figure 1b). The
hemicellulose C=0 stretching at 1729 cm™" disappeared in all
AC samples while the xylan C—O stretching at 1245 cm ™" was
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only found in AC4-5, indicating easy dissolution of hemi-
celluloses with 4% NaOH and eventual xylan removal at above
4% NaOH, all within 5 min. While all AC samples were a slight
light yellow color indicative of the presence of lignin, the lignin
quantities in them were too low to be detected by FTIR. The
796 and 466 cm™" bands in dewaxed rice straw attributed to
Si—O—Si stretching'* decreased with increased NaOH
concentrations and times, but remained observable in all
cases. The presence of the silica peaks in AC8-120 indicated
silica to be only partially soluble even in 8% NaOH. These
above data showed that nearly all hemicelluloses and lignin in
the rice straw could be easily dissolved in 4% NaOH in S min,
but not silica.

The optimal alkali treatment (4% NaOH, S min) was
repeated a second time to lower the mass by another 4.6% to
yield 47.6% AC4-5-5 whose FTIR showed neither silica nor
hemicellulose bands (Figure 1b). Within the detection limit of
FTIR, this repeated alkali treatment appeared to be effective in
removing most of the noncellulosic materials in rice straw. The
AC4-5-5 yield was 12.1% higher than the 35.5% pure cellulose
by a three-step dewaxing—sodium chlorite oxidation—alkaline
leaching process reported earlier."*

TEMPO Oxidation of Alkali Treated Rice Straw
Cellulose to Nanofibrils. The optimally alkali treated
cellulose AC4-5-5 was TEMPO-oxidized at three primary
oxidant levels of S, 7.5, and 10 mmol NaClO per gram of AC to
produce TEMPO-oxidized ACs (TACs) that were then
mechanically defibrillated into ACNFs (Table 1). Oxidation
reactions of AC4-5-5 were terminated when the pH ceased to
decrease and lasted 30—168 min with increasing NaClO

DOI: 10.1021/acssuschemeng.6b02495
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Figure 2. AFM images (a—c) and height distribution (d—f) of ACNFs: (a, d) ACNFS, (b, e) ACNF7.S, (c, f) ACNFI10.

concentrations, yielding 39.7% TACS, 38.3% TAC?7.5, and
31.5% TACIO at S, 7.5, and 10 mmol NaClO, respectively. In
all three cases, the light yellow ACs turned into pure white
TACs, indicating removal and dissolution of residual lignin in
AC4-5-5 by TEMPO oxidation. With consideration of the
yields of AC4-5-S (47.6%) and pure cellulose (35.5%), these
TAC yields suggest that most noncellulosics were removed
upon oxidation with 5 and 7.5 mmol NaClO whereas some
amorphous cellulose may be lost at the highest 10 mmol
NaClO level. Mechanical blending of TACs for 30 min yielded
34.2% ACNFS, 36.5% ACNEF7.5, and 30.2% ACNFI10,
representing 86.1%, 95.3%, and 95.9% conversion, showing
optimal conversion (95.3%) and yield (36.5%) at 7.5 mmol of
NacCloO.

The yield of ACNFs produced from alkali treatment was
compared with those of CNF from pure cellulose and HCNF
from holocellulose, all from rice straw (Table 1).'”'® Cellulose
was isolated by three-step toluene/ethanol extraction, acidified
NaClO, oxidation of lignin, and KOH dissolution of hemi-
cellulose as mentioned before. Holocellulose was produced by
omitting the third alkali dissolution step. At the same 5 mmol
NaClO level,'”"'®* TEMPO-mediated oxidation of holocellulose
and cellulose yielded 37.9% THCS and 30.8% TCS,
respectively. After mechanical blending, 88.9% and 94.5% of
the respective THCS and TCS were converted to HCNFS and
CNES. The lower conversion rates for ACNF and HCNF were

consistent with less oxidant available for oxidizing cellulose 00

after removing the noncellulosics. The 33.7% and 29.1% yields 550- Sl i

of the respective HCNF5 and CNES were 2.8% and 7.4% lower 3 —=— ACNF7.5

than the 36.5% yield of ACNF7.5 (Table 1). 2™ —S=ACNFI
Sizes and Surface Carboxyl Content of ACNFs. The 2 450-

average thickness of ACNFs from AFM height profiles was 1.25 'E =y

(£0.47), 1.36 (+0.83), and 1.40 (+0.76) nm for ACFS, 5

ACF7.5, and ACF10, respectively (Figure 2 and Table 1). 5 3

While the average ACNF thickness showed no statistic & 300-

difference (p < 0.05), more numerous ACNFs that were

thinner than 1 nm thick were observed with increasing NaClO 2“: 3 &

concentrations. ACNF lengths also shortened with increasing bk wt)

oxidant levels. ACNFES was hundreds of nanometers to about 1
um long whereas ACNF7.5 had some 100—300 nm long
nanofibrils and ACNF10 contained even more 100—200 nm
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long nanofibrils. At the lower S mmol NaClO level, most of the
remaining lignin and hemicelluloses in AC4-5-5 were removed
by oxidation, while the extra agent at 10 mmol of NaClO
reacted with amorphous cellulose and crystalline surfaces. At
the 10 mM NaClO level, more extensive oxidation of
amorphous cellulose may have occurred, leading to depolyme-
rization of cellulose chains and loss of cellulose fragments to
shorter ACNF10 lengths. The cellulose nanofibril thicknesses
from the same coupled TEMPO oxidation-blending of
differently pretreated rice straw materials were also similar,
ie, 1.25 (+0.47), 1.36 (£0.62), and 1.55 (+0.54) nm for
ACNFS, HCNFS, and CNFS, respectively (Table 1).'” CNFS
contained some shorter (100—300 nm long) nanofibrils, while
most HCNF5 and ACNFS species were longer than 500 nm,
again indicating the presence of hemicelluloses and/or lignin
consumed oxidant agents but possibly having lessened eftects
on cellulose chain scissions.

The surface carboxyl contents of ACNFs were measured by
conductometric titrations whose curves showed parabolic-shape
relationships with NaOH volume for all three ACNFs (Figure
3). TEMPO oxidation converts the C6 hydroxyls to carboxyls
(COOH) which, upon reacting with NaOH at pH 10, form
carboxylates (COO™Na*). At the onset of titration, the added
HCI converts COO™ to COOH. While titrating with NaOH,
the conductivity decreases initially from neutralizing excess

Figure 3. Conductometric titration curves of ACNFS, ACNF7.5, and
ACNFI10.

DOI: 10.1021/acssuschemeng.6b02495
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Table 2. Yield and Compositions of Dewaxed Rice Straw (RS), AC4-5-5, Holocellulose, Cellulose, TACS, THCS, and TCS“

dewaxed rice straw AC4-5-5 holo cellulose cellulose TACS THCS TCS

yield (% RS) 94.4 47.6 72.8 355 39.7 383 3L
Composition (% Mass)

neutral sugar 532 89.8 64.8 94.4 68.9 54.3 61.0
glucose 32.8 71.7 40.5 79.1 60.3 472 53.0
xylose 15.9 13.3 19.0 13.1 8.6 7.1 8.0
arabinose 3.0 33 3.9 1.8 ND ND ND
galactose 14 1.4 14 0.4 ND ND ND
Klason lignin 119 S.1 44 49 34 10.2 7.9
ash 17.2 6.3 20.2 3.3 4.8 6.9 33
unassigned 17.8 10.6 22.9 28.6 27.9

“ND: not detected.
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Figure 4. Freezing induced self-assembled cellulose structures: SEM images of fibers assembled from ACNFS at 0.1% (a) 5000, (b) S0000X, (c) X-

ray diffractograms, and (d) TGA thermograms.

HC], then reaches a plateau in neutralizing the weak carboxylic
acid on the ACNFs, and finally increases sharply from the
excess NaOH. The total COOH and COO™ carboxyl content
of ACNFs was calculated from NaOH added in the plateau
regions to be 0.96, 1.25, and 1.62 mmol per g of ACNF (Table
1), or 0.16, 0.20, and 0.26 mol per mol of anhydroglucose (AG)
for ACNFS, ACNF?7.5, and ACNFI10, respectively. At the same
S mmol NaClO level, CNFS and HCNFS5 contained 1.36 and
1.09 mmol/g COOH/COO™ groups, respectively, and both are
higher than the 0.96 mmol/g of ACNES (Table 1). Further
increasing NaClO concentration to 7.5 mmol resulted in
ACNEF7.5 of total COOH and COO~ carboxyl content
comparable to that of CNFS. In short, ACNFs produced
from less purified cellulose exhibited similar thickness, but
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longer fibril length, lower surface carboxyl content, and higher
yield than those from pure cellulose.

Compositional Analysis of Rice Straw Fibers and Their
TEMPO-Oxidized Products. To further understand the
essential difference among ACNFs, CNFs, and HCNFs, the
chemical compositions of their precursors were analyzed (Table
2). From dewaxed rice straw, the double alkali pretreatment
was impressively effective in removing approximately 80%
Klason lignin, 80% ash, and more than half of the nonglucose
sugars (ie., hemicelluloses). Sodium chlorite bleaching of
dewaxed rice straw generated holocellulose that contained
slightly less lignin as expected, but had little effect on the silica
ash. Compared to cellulose from a three-step toluene/ethanol—
NaClO,—KOH process, which contained 79.1% glucose, AC4-
5-5 contained slightly less cellulose, but higher hemicelluloses,
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Table 3. Properties of Self-Assembled Nanofibrils®

fiber cryst size original surface primary C6 surface primary hydroxyl-to- char at
nanofibrils  width (nm) Si (wt %) CrI (%) (200 plane, nm) hydroxyl (per AG) carboxyl convert (%) T (°C) 500 °C (%)
ACNFS 197 + 79/ 0.20 68 2.7 0.24 65 274 12.0
12+£3
ACNF7.5 ND 0 68 2.7 0.25 80 271 15.8
ACNF10 ND ND 70 3.0 0.23 115 270 22.5
CNFS$ 497 + 161 0 69 2.6 0.26 85 263 24.4
HCNES 94 + 33 0.56 68 2.6 0.26 69 274 27.8

“Except for silicon contents, data on CNFS$ and HCNFS were from previous studies.'”'® ND: not determined.

ash, and slightly higher lignin. It should be noted that the three-
step standard process did not produce 100% pure cellulose as
indicated by the neutral sugar analysis, but this most purified
product was referred as rice straw “cellulose” hereafter for
consistency. Alkali treatment could not dissolve hemicelluloses
entrapped within or between cellulose microfibrils.”> Among
different hemicelluloses, xylans were among the most resilient
to alkalis perhaps due to their strong hydrogen bonding and
hydrophobic interaction with cellulose.”* In a similar study,
xylans were found to be present in bleached eucalyptus pulp
when treated with 0.5—2 M NaOH.>

At the same 5 mmol NaClO level, TEMPO-mediated
oxidation of AC4-5-5, holocellulose, and cellulose yielded the
highest neutral sugars at 68.9% from TACS, followed by 61.0%
from TCS and 54.5% from THCS, whereas the proportion of
glucose out of neutral sugars was only slightly higher for TACS
(87.5%) than for THCS and TCS, both at 86.9%. The absence
of arabinose and galactose in all indicated their effective
removal by TEMPO oxidation whereas the partial remaining of
xylose (ie., xylan) was probably due to the lack of C6-primary
hydroxyl to be oxidized by TEMPO-mediated oxidation."
Selective removal of hemicelluloses during TEMPO oxidation
was in accordance with what was observed previously.'”%*°
The Klason lignin content of TACS was also lower than that of
ACS5-4-4 perhaps due to the degradation of the $-O-4 structure
of lignin by the oxidation agents.”” Both the amount of NaClO
added and the precursor fiber sizes affect the dissolution of
lignin.””** In a comparison to TCS (3.3%), TACS had higher
ash content (4.8%), but it was lower than that of the silica
containing THCS (6.9%)."” The unassigned products may
include uronic acids and other losses during the measurements.
The fewer unassigned components in TACS (22.9%) than in
TCS (27.9%) and THCS (28.6%) were consistent with the
lower efficiency of hydroxyl-to-carboxyl (e.g., glucose to
glucoronic acid) conversion of AC4-5-5 (0.96 mmol/gscnrs
or 16.9% glucoronic acid) than either holocellulose (1.09
mmol/gycngs or 19.1% glucoronic acid) or cellulose (1.36
mmol/gcygs or 23.9% glucoronic acid). TEMPO oxidation at
the same S mmol NaClO level required less time (30 min) to
generate TACS from the double alkali treated cellulose AC4-5-
5 than from cellulose (71 min) and holocellulose (86 min), but
the resulting ACNFS also contained fewer carboxyl groups than
CNFS and HCNFS.

Properties of Freeze-Drying Induced Self-Assembled
ACNFs. Rapid freezing 0.1% ACNFS suspension in liquid
nitrogen (—196 °C) followed by freeze-drying generated white
fluffy randomly oriented fibrous mass (Figure 4a). Most fibers
were 100—300 nm wide and hundreds of micrometers long,
with many numerous finer nanofibers in spider net-like
structure (Figure 4b). The average fiber diameters of these
two populations were 197 (£79) nm and 12 (+3) nm,
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respectively (Table 3). Few thicker ribbons of 400—1000 nm
width were also observed. During rapid freezing, individual
ACNEFS species self-assembled with each other laterally and
longitudinally into fibers that were 10—200 times thicker and
hundreds of times longer than the individual ACNES.

Interestingly, most of the fibers self-assembled from ACNFS3
averaged 197 nm wide, less than half the width as compared to
those from CNF5 (497 + 161 nm), but twice as thick as those
from HCNFS (94 + 33 nm), all from exactly the same
oxidation conditions (Table 3). The thinner spider net-like
structure was not observed in either ACNFS or CNFS from the
same 0.1% concentration, but similar bimodally sized nano-
fibrils (164 + 70 nm and 18 + 5 nm) were also observed for
self-assembled HCNFS from a much lower 0.01% concen-
tration.'” The less surface charged ACNFS assembling into
finer fibers was consistent with previous observations that more
highly surface oxidized CNFs tended to self-assemble into
thicker ultrafine fibers."®*” The thinner self-assembled fibers of
ACNEFSs than those of CNFSs may also be attributed to the
interference of the noncellulosics, such as less hydrophilic
hemicelluloses and/or silica, in self-assembly. TEMPO
oxidation dissolved and removed most of the hemicelluloses
except xylan. However, the impact of xylan in ACNFS, CNEFS,
and HCNFS may be comparable since the proportion of xylose
out of neutral sugars was very similar in TACS, THCS, and
TCS. Silica in HCNFES (0.56 wt % Si) was thought to have
contributed to the much reduced self-assembled fibers as
compared to those of silicon-free CNFS."” However, the silicon
contents in ACNFs were very low, ie., 02 wt % for ACNFS
and 0 for ACNF7.5, and close to the detection limit of EDS,
which thus may not be as clearly evident. The FTIR results also
confirmed that ACNFs had similar chemical composition to
that of CNFS, but not HCNFS which exhibited Si—O-—Si
stretching bands of silica.'®"” In conclusion, at the same freeze-
drying conditions, ACNFS self-assembled to fine fibers, 60%
thinner than those of CNFS, but twice as thick as those of
HCNEFS, the former attributed to the surface charge difference
whereas the latter was not as clearly linked to the silicon
contents in these nanofibrils.

The freeze-dried ACNFs exhibited cellulose I structure with
three main characteristic peaks at 20 = 14.5°, 16.6°, and 22.7°
20 corresponding to the 110, 110, and 200 crystallographic
planes as expected (Figure 4c). The ACNFS, ACNF7.S5, and
ACNF10 exhibited similar crystallinity indexes (Crls) of 68%,
68%, and 70%, respectively, and similar average crystal sizes of
2.7, 2.7, and 3.0 nm, respectively (Table 3). ACNFS exhibited
similar crystallinity (Crl = 68%) and crystal size (2.7 nm) as
those of CNES (69%, 2.6 nm) and HCNFS (68%, 2.6 nm). On
the basis of the crystalline dimensions, surface primary C6
hydroxyls were calculated to be 0.24, 0.25, and 0.23 per
anhydroglucose (AG) in the original ACNFS, ACNF7.5, and
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ACNFI10, respectively (Table 3). Assuming all oxidation
occurred in the crystalline surfaces, the extent to which the
surface primary hydroxyls was converted to COOH/COO~
groups was 65%, 80%, and 115% for ACNFS, ACNF7.5, and
ACNF10, respectively, consistent with increasing levels of
oxidation. The 15% over the full possible surface OH/(COOH
+ COO~) conversion on ACNF10 could be due to the
oxidation of some ACNF10 surface glucan chains to
homopolyglucuronic acid.*® The 65% surface primary carboxyl
conversion of ACNFES was lower than that of CNF5 (85%) and
HCNFS (69%), likely due to the consumption of oxidant in
oxidizing lignin.

The TGA curves of all ACNFs showed less than 10% initial
mass loss around 100 °C from evaporation of adsorbed water,
followed by rapid mass losses in 250—300 °C from
decomposition and finally slow mass loss during charring
(Figure 4d). The temperature in which most cellulose
decomposed (T,,,) decreased slightly from 274 to 271 °C
and 270 °C while the char residues at 500 °C increased from
12.0% to 15.8% and 22.5% for ACNFS, ACNF7.5, and
ACNF10, respectively, consistent with the decreased thermal
stability and higher chars with increasing carboxylate contents
previously reported.'® ACNFs were slightly more thermally
stable than CNF3S and similar to HCNFS, but had 50.8% and
56.8% less chars than CNFS and HCNFS, respectively (Table
3), perhaps due to less well self-assembled structures from the
less carboxylated surfaces to hydrogen bonds'® and the lower
silicon content.

B CONCLUSIONS

Alkaline cellulose nanofibrils (ACNFs) have been efficiently
isolated from rice straw by streamlined alkali pretreatment
followed by TEMPO-mediated oxidation followed by mechan-
ical blending. Most hemicelluloses and lignin in rice straw were
shown to be readily dissolved whereas silica was completely
removed in two repetitive alkali treatment (4% NaOH, 70 °C, S
min), yielding 47.6% cellulose-rich solid or alkaline cellulose.
Optimal TEMPO oxidation with 7.5 mmol NaClO per g of
cellulose and 30 min mechanical blending produced 38.3%
TEMPO-oxidized alkaline cellulose (TAC) and 36.5% ACNFs,
respectively, higher than 29.1% of cellulose nanofibrils (CNFs)
produced from rice straw cellulose isolated by a three-step
dewaxing—sodium chlorite oxidation—alkali leaching process
and 33.7% of holocellulose nanofibrils (HCNFs) by the same
process without the alkali step. The ACNF7.5 species were 1.36
(£0.83) nm thick and 100—300 nm long and contained 1.25
mmol carboxylate per gram of cellulose. Derived at the S mmol
NaClO level, ACNES exhibited similar chemical composition,
thickness (1.25 nm), and crystallinity (68% CrI) as those of
CNFS (1.55 nm, 69%) and HCNFS (1.36 nm, 68%), but
longer than CNF and less surface charge (0.96 mmol/g) than
CNF (1.36 mmol/g) and HCNF (1.09 mmol/g). Upon rapid
freezing of 0.1% suspensions at —196 °C, ACNFs self-
assembled to bimodally sized fibers (197 and 12 nm), with
some thicker than those from HCNFs (94 nm), but much
thinner than those from CNF (497 nm). The double alkali
pretreatment (4% NaOH, 70 °C, 5 min) of dewaxed rice straw
has been shown to be highly effective in removing most
noncelluloses and generating more of the less charged but
longer ACNFs that self-assembled to a lesser extent than CNF5
from the most purified cellulose. While the purity of cellulose
precursors had little effect on the nanofibril thickness and
crystallinity, the presence of noncelluloses lessened the effects
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on surface oxidation and fibril lengths, resulting in distinctly
different self-assembled structures upon freezing and freeze-
drying. Findings from this study offer further pretreatment
choices in purifying cellulose for generating cellulose nanofibrils
that present additional attributes for more diverse applications.
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