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ABSTRACT: In the past few decades, the preparation of
cellulose nanofibers (CNF) has been restricting its application
in industrialization. A fast and green preparation method is
urgently needed to promote the industrialization process. In
10 this paper, eco-carboxymethylation of cellulose was first used
11 to enable the carboxymethylation of eucalyptus wood
12 dissolving pulp (EWDP) and then we introduced a new
13 idea of isopropanol alcohol (IPA) washing followed by drying
14  to disintegrate chemical modified fibers into dried nanometer-
15 sized cellulose powders. The cellulose powders were trans-
16 ferred into CNF with a width of 18 nm and length of several
17 hundred nanometers after high-pressure homogenization. The
18 powder form of cellulose provided more chances for
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19 fibrillation which resulted in low energy consumption and high yield of CNF. The obtained CNF were employed to prepare
20 nanopaper and conductive nanopaper by vacuum filtration. The fabricated nanopaper exhibited a high optical transmittance of
21 92% with a maximum tensile stress of 107.5 MPa. However, the optical transmittance of conductive nanopaper slowly decreased
22 to 68% when the square resistance reached 18 Q/sq. This novel route for preparing CNF was low toxicity, environmentally
23 friendly and solved the blocking of the high-pressure homogenization process. The fabricated transparent flexible conductive
24 nanopaper with smooth surface, high transmittance, high strength and good conductivity has great potential in the field of

25 optoelectronics.

26  KEYWORDS: Eco-carboxymethylation, Cellulose nanofibers, Nanopaper, Conductive nanopaper, Silver nanowires

27 l INTRODUCTION

28 As a renewable biomass resource, plant cellulose has been a
29 part of people’s life since antiquity.' It deserves special
30 attention due to its abundance, renewability, lightweight,
31 recyclability, biodegradability and many other interesting
32 properties and characteristics.” The growing demand for
33 environment sustainability has encouraged research into
34 biodegradable polymers in order to minimize the negative
35 impacts of conventional polymers. Industrial ecology, eco-
36 efficiency, and green chemistry are presently directing the
37 developments of the new materials, products, and processes.
38 Under these circumstances, cellulose nanofibers, or more
39 specifically its main derived components of such cellulose nano
40 crystalline, bacterial cellulose and electrospining cellulose
41 nanofibers, with at least one dimension in nanoscale (1—100
42 nm), has been found to be applied as advanced substrates’ in
43 fabricating packaging, coating, papermaking, electronics and
44 devices such as OLED substrate”™ and solar cells.”” The
45 simple structure of cellulose is fully known, and the rich
46 hydroxyl groups in the cellulose molecule (six in each repeat
47 unit) enable facile formation of hydrogen bonds with high stiff
48 structures, which prevents the effective isolation of cellulose
49 nanofibers from the cell wall. As the main building material out
so of which woods are made, the research in the extraction
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methods of cellulose has not stopped since its discovery. There s1
are many methods applied to prepare cellulose nanofibers, such s2
as mechanical method (including high-pressure homogeniza- s3
tion,® grinding,g refining, extrusion,'’ blending,12 ultra- s4
sonication,™® ball milling with ultrasonification'* and so on. ss
In 1983, Turbak et al.® and Herrick et al.'> were the first to s6
patent a new process to produce cellulose nanofibers by s7
repeatedly passing a liquid suspension of fiber cellulose s8
through a high-pressure homogenizer until the cellulose s9
suspension become substantially stable. The process converted 6o
the cellulose into cellulose nanofibers without substantial 61
chemical change, but production of cellulose nanofibers usin% 62
only mechanical disintegration requires high energetic cost.'® 63
Several strategies have been proposed to obtain fibers that are 64
less stiff and cohesive before sending to mechanical fibrillation 65
process, thus decreasing the energy needed for fibrillation. s
There are three alternatives employed: (1) limit the hydrogen 67
bonds inside fibers, and/or (2) add a repulsive charge that is 6s
different to the original cellulose molecular chains, and/or (3) ¢
decrease the degree of polymerization (DP) or the amorphous 70
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link between individual cellulose fibers. From this point,
biological and chemical pretreatments (including enzymatic
hydrolysis,’” TEMPO mediated oxidation,'® carboxymethyla-
tion,"” acetylation®® pretreatment and so on) are taken into
consideration. The high-pressure homogenization together
with biological and chemical pretreatments greatly decreased
the energy consumption and reduced difficulty by solving the
blocks of the head of the high-pressure homogenizer. Other
cellulose nanofibers have different formation mechanisms
compared with mechanical methods with or without biological
and chemical pretreatments. Bacteria cellulose (BC) is high-
purity cellulose generated by different bacteria in aqueous
culture media that contains a sugar source with a DP ranging
from 3000 to 9000 and a distinct crystallinity of 80—90%. The
generating time of BC ranges from few days up to 2 weeks
depending on the processes employed.”’ BC is generated in
the form of twisting ribbons with cross sections of 3 to 4 nm X
70 to 140 nm, and usually the obtained BC has a length of
more than 2 um.”> Researchers usually focus on finding
different bacterium and the postmodification of BC film. The
high-purity and the dense networks of BC with different
surface modification would obtain special functions like
desirable contact angle,”” and give it a broad prospect in
food packing® and some other fields. Electrospun cellulose
nanofibers (ECNF) are considered to be applied most likely in
industrial production with controllable diameter and length.
To produce ECNF, cellulose is first dissolved in an appropriate
solvent. Then, a high voltage is applied to a droplet of cellulose
solution to overcome the surface tension and to form a jet of
the solution. While it passes through air, the solvent
evaporates, forming a filament, which is collected on an
electrically grounded target.”> This electro-spinning process
makes it possible to fabricate complex three-dimensional
shapes and even different material microcapsules.”® In 2005,
Ma et al.”” used acetone/DMF/trifluoroethylene as a
dissolving media and had produced ECNF with a diameter
ranging from 200 nm to 1 pm. In 2013, Xuan et al.”®
determined that cellulose was difficult to dissolve in ordinary
solvents and electrospin into CNF directly, so cellulose was
modified into cellulose acetate (CA) nanofibers and CA
nanofibers were prepared by electrospinning and then
subjected to alkali treatment to obtain CNF. In 2014, He et
al”” improved the solution of cellulose in DMAc-LiCl and
produced ECNF for tissue engineering. The preparing
methods of cellulose nanofibers have developed rapidly over
the past years; however, research efforts on isolating cellulose
nanofibers have still encountered numerous problems, such as
energy-extensive consumption, serious pollution, high cost,
time-consuming and single product (only cellulose nano-
fibers). Thus, it is necessary to explore new methods to solve
these problems.

Among the typical strategies for fabricating nanoscale-sized
cellulose-based materials, the cellulose nanofiber, generated by
mechanical isolation of cellulose with or/and without bio-
logical and chemical pretreatments is arguably the most
versatile and easily scalable method.

In this research, we demonstrated a process to prepare
cellulose nanofibers by both a novel partial carboxymethylation
of eucalyptus wood dissolving pulp (EWDP) carried out
through a solvent media process and two mechanical processes
including fine grinding after drying and high-pressure
homogenization. The carboxymethylation of EWDP was
carried out by treating plant fibers in H,0O/isopropyl alcohol

(IPA)/NaOH/CICH,COONa to increases the anionic charges
through the formation of carboxyl groups on the surface of the
cellulose nanofibers. The carboxymethylation treatment made
the fibrils highly charged and easier to liberate. Followed by a
washing process with IPA and drying process, the chemical
modified fiber was fine-ground into cellulose powders with a
concentrated small size. After the extraction of CMC by water,
a 30 min high-pressure homogenization was employed to
prepare CNF. This new method for preparing CNF had the
following advantages: (1) the carboxymethyl cellulose with low
degree of substitution (DS) can be carried out easily by
industrial production; (2) the washing process only consumed
a little of IPA and it was recyclable during the drying process;
(3) the chemical modified and IPA washed fiber could be
ground into cellulose powders easily with low energy
consumption and the highly concentrated small size of 49.1
pum contributed a lot in preventing the blocking of the high-
pressure homogenization process; (4) benefited in the harsh
cross section of cellulose powders, the fibrillation of cellulose
powders became easier and it increased the yield of CNF after
high-pressure homogenization.

B EXPERIMENTAL SECTION

Materials. Eucalyptus wood dissolving pulp (EWDP) was
purchased from Guangzhou Chenhui Pulp & Paper Trading Co.,,
Ltd. with a solid content of 33%, and it was heated under 105 °C for 4
h until oven dry. Sodium hydroxide (NaOH, AR, 99.7%) and
isopropyl alcohol (IPA, AR, 99.7%) were both provided by
Guangdong Guanghua Sci-Tech Co., Ltd. Sodium chloroacetate
(SC, AR, 98.0%) was bought from Shanghai Macklin Biochemical
Co., Ltd.

Carboxymethylation of Eucalyptus Wood Dissolving Pulp.
The carboxymethylation section used oven dry EWDP as the starting
material. First, 2 ¢ NaOH was added into 50 g of deionized water and
continuously stirred after NaOH totally dissolved. After that, 150 g of
IPA was immediately added to prepare the reacting environment.
Then, 2 g of oven dry EWDP was successively added to the mixed
solvent to complete alkalization activation of EWDP fiber through
continuously stirring for 1 h under room temperature (20—25 °C). 7§
g of mixed solvent was removed and 2 g of SC was added into the
mixed solvent after the pretreatment of NaOH. Finally, carbox-
ymethylation of EWDP fiber was completed by continuously stirring
under 60 °C at a low speed (150—300 rpm) for a certain time ranging
from 30 min to 2 h. After the carboxymethylation process finished, the
reacting solvent was filtered and removed and the fiber filter cake was
dispersed by IPA and washed 2 to 3 times, the sample was named
IPA-washed fibers. It is worth noting that the fiber gradually
agglomerated and hardened in the IPA washing process, and the
fiber needed to be fully dispersed to ensure adequate washing by
gradually reduce the temperature of the washing solution. To make it
different, IPA was replaced by water to wash fiber filter cake and the
sample was named water-washed fibers. Both IPA-washed fibers and
water-washed fibers were dried at 75 °C until oven dry (usually it
would take no more than 1 h).

Fabrication of Cellulose Powders. The fabrication of cellulose
powders was based on previous experiments. Oven dry IPA-washed
fibers were ground by a mortar and pestle. After the grinding process,
the cellulose powders were passed through a 100-mesh sieve in order
to get better separation of cellulose powders from coarse fiber. The
sample was named IPA-washed cellulose powders. The IPA-washed
cellulose powders were washed by deionized water and passed
through a polyester film of 22 pm twice and deionized water was also
used to wash cellulose powders with the help of dialysis membrane
(molecular weight of 8k—10k) overnight. In the last washing step, 95
wt % alcohol was utilized to prevent water-washed cellulose powders
from clumping together and being difficult to disperse again. The
sample was named water-washed cellulose powders.
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Figure 1. Schematic illustration of the process for preparing cellulose powders and cellulose nanofibers.

200 Fabrication of Cellulose Nanofibers (CNF). Water-washed
201 cellulose powders were added to S00 mL of deionized water and
202 stored for use. CNF was achieved by high-pressure homogenization
203 (nano DeBEE, US) for a cycle of 20 min and high-speed
204 centrifugation at 5,000 rpm for 30 min. The high-pressure
205 homogenization process can stop in advance as long as the water-
206 washed cellulose powders dispersing liquid become clarified. The
207 concentration of CNF was measured through evaporation of
208 quantitative CNF suspension.

200 Fabrication of Nanopaper and Conductive Nanopaper.
210 Nanopaper was manufactured through vacuum-filtration under the
211 vacuum degree of 0.1 MPa using a membrane filter with a diameter of
212 5 cm and pore size of 22 ym. The obtaining of conductive nanopaper
213 was similar to nanopaper with an extra step of adding different
214 concentrations of Ag NWs suspension to the surface of the wet
215 nanopaper. Both nanopaper and conductive nanopaper were dried at
216 60 °C.

217 Characterization. Scanning Electron Microscopy (SEM). The
218 surface appearance and the relative content of C/O/Na/Cl of the
219 original fibers, IPA-washed fibers, IPA-washed cellulose powders, and
220 water-washed fibers were measured with the help of scanning electron
221 microscopy (SEM, EVO 18, Germany). The samples were first
222 dispersed in 95 wt % alcohol, and then the dispersing solution was
223 dropped on clean mica film and dried at room temperature. The mica
224 films with samples were glued to a steel support and covered with a
225 gold layer.

226  Atomic Force Microscopy (AFM). The appearance of CNF,
227 nanopaper and conductive nanopaper was observed with the help
228 of atomic force microscopy (AFM). CNF suspensions were diluted to
229 0.05% with deionized water and then dropped on clean silicon wafer
230 and dried at room temperature. The nanopaper and conductive
231 nanopaper were glued to a silicon wafer by double faced adhesive
232 tape.

233 Degree of Substitution (DS). Degree of substitution of water-
234 washed cellulose powders was measured in reference to an ashing
235 method®® with some optimization. 1 g of water-washed cellulose
236 powders was burned at 300 °C for 3 min and 800 °C for 30 min to
237 ash, and the ash was dissolved in 0.1 mol/L HCI solution. The DS was
238 measured through acid—base titration by 0.1 mol/L NaOH solution.
239 The titration end point was given out by pH meter with pH = 6—8.
240 The calculation of eqs 1 and 2 was given as follows

— =

= =

B = Via = Viey
241 m (1)
.612B
Ds = 06128
242 1 — 0.080B (2)

243 where B stands for the carboxymethyl molar number in each gram
244 water-washed cellulose powders, mmol/g. V; stands for volumetric
245 value of standard HCI titration solution, mL. ¢, stands for the
246 concentration of standard HCI titration solution, 0.1 mol/L. V, stands

247
248

for volumetric value of standard NaOH titration solution, mL. ¢,
stands for the concentration of standard NaOH titration solution, 0.1
mol/L. m stands for the quantity of the water-washed cellulose 249
powders, g. 250

Infrared Analysis (FT-IR). Infrared analysis (FT-IR) of original 251
fibers and water-washed fibers with different carboxymethylation 252
times was measured in the spectral range from 400 to 4,000 cm™" 253
using a TENSOR27 from Bruker Inc. The fibers were comminuted 254
and mixed with KBr separately. The concentration of KBr was 10% in 255
every sample.

©n

256

X-ray Diffraction (XRD). Degree of crystallinity of original fibers, 257
fiber powders with different carboxymethylation times and nanopaper 258
fabricated from CNF was measured by X-ray diffraction (D/max-3A, 259
Japan) with an angle ranging from 4° to 40°. 260

Ultraviolet—visible Spectroscopy (UV—vis). The transmittance of 261
nanopaper and conductive nanopaper was measured by ultraviolet— 262
visible spectroscopy (UV-vis, DU 7HS, USA) with wavelength 263
ranging from 400 to 800 nm. The thickness of nanopaper and 264
conductive nanopaper was 35—40 ym. 265

Mechanical Property. Mechanical property of nanopaper and 266
conductive nanopaper was measured by tensile compressive material 267
testing machine (INSTRON 5565, USA) with the stretching velocity 268
of 5 mm/min. The samples were cut into rectangular strips with 269
length of 4 cm and width of 0.5 cm. The test data was taken into 270
consideration only when the fracture position was in the middle of the 271
paper strip. 272

Resistance of Conductive Nanopaper. The conductivity of 273
different conductive nanopapers was measured by a four probe 274
resistance tester (KDY-1). The samples were all cut into square pieces 275
of 1 cm? and tested multiple times to take the average data. 276

[

B RESULTS AND DISCUSSION

There were three hydroxyl groups on every glucose unit, which 278
limited the degree of substitution (DS) of carboxymethyl 279
group between 0 and 3. Functional groups transferring from 280
hydroxyl group to carboxymethyl group would increase the 2s1
steric hindrance between every cellulose molecular chain. The 282
carboxymethylation process under alkaline conditions also cut 283
cellulose long chain into short ones, which helped in preparing 284
CNF. This was because NaOH was good at alkalization and 2ss
swelling plant fibers up, together with peeling reaction and 286
alkaline degradation, which made it easier for chemiosmosis 287
and reaction of SC. The mechanism of reaction was that 288
cellulose was converted into alkalized cellulose according to eq 289
3: 290

(3) 201

Alkalized cellulose had a much better reactivity, which made 292
the carboxymethylation of cellulose with SC much easier. SC 293

277

Cell-OH + NaOH = Cell-ONa + H,0
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Figure 2. (a) Grind tool used to grind IPA-washed fibers into IPA-washed cellulose powders. (b) The 1 g of original fibers (A) and 1 g of IPA-
washed cellulose powders (B). (c) Size grading of IPA-washed cellulose powders treated with grind tool shown in panel a. (d) Producing time of 1

g CNF with different methods.

204 was usually used to produce carboxymethyl cellulose. The
205 mechanism of carboxymethylation was indicated by eq 4:

Cell-ONa + CICH,COONa

296 — Cell-OCH,COONa + NaCl (4)

297 The side reaction was indicated by eq S:

CICH,COONa + NaOH — HOCH,COONa + NaCl
298 (s)

299 This reaction must be continued under the basic environ-
300 ment. In addition, it was named Williamson ether synthesis.

301 Fibers had the potential to be transferred into CNF. In this
302 research, as the fabrication process shows in Figure 1, fibers
303 were invoked as the starting material. Fibers were treated with
304 sodium hydroxide in order to form alkalized fiber, which
305 owned a higher reactivity. The degree of modification should
306 be controlled to obtain a suitable degree of carboxymethyla-
307 tion, which both help to separate cellulose from each other and
308 reserve a certainly high yield after chemical and mechanical
309 treatments. The change of the fundamental group would
310 influence the crystalline region so that cellulose was easier to
311 obtain. With carboxymethyl groups present on cellulose chains,
312 fibers were easier to be made into nanosized ones. It made the
313 EWDP fibers more convenient for high-pressure homoge-
314 nization so as to reduce energy consumption. There was about
315 one-third water in the reacting system: part of hydrogen bonds
316 would be broken, and the drying process took out most water
317 and IPA inside fibers, which meant fewer hydrogen bonds
318 between cellulose molecular chains. During the carboxyme-
319 thylation process, water-soluble sodium carboxymethyl cellu-
320 lose (CMC) dissolved in water and adsorbed inside the fibers;
321 this process caused the morphological change greatly. The
322 cellulose powders were produced by grinding, which meant
323 that there must be full of gaps in the two sides of the cellulose
324 powders. This structure contributed to high-pressure homog-

—

enization, which raised the yield of CNF instead of debris and 325
declined the energy consumption during high-pressure 326
homogenization. 327

The grind tool is shown in Figure 2a. Compared to original 328 f2
fibers, IPA-washed fibers were easier to be ground into 329
cellulose powders, and there was no need for any complex 330
process. The 1 g original fibers (A) as well as 1 g IPA-washed 331
cellulose powders (B) are shown in Figure 2b: the cellulose 332
powders were smaller than the original fibers. As shown in 333
Figure 2c, compared to original fibers whose average length 334
was no less than 1 mm, IPA-washed cellulose powders had a 335
concentrated size distribution at 49.1 ym on any dimension. 336
There was only 10% cellulose powders beyond 153 pym that 337
could be screened easily by 100 mesh if necessary. The feature 338
of small size as well as low concentration of powders 339
suspension during the high-pressure homogenization process 340
not only solved the blocking problem of mechanical treatment 341
but also reduced time consumption, energy consumption and 342
promoted yield during producing CNF by using traditional 343
methods. The existence of cellulose powders with large size 344
was due to incomplete reaction, grinding process and different 345
crystalline structures of fibers. As shown in Figure 2d, our 346
method had a comparatively better side in treating time and 347
CNF yield compared with TEMPO oxidation,” ball milling,** 34s
enzyme treatment and base treatment.’® Different pretreat- 349
ment with the same homogenization post-treatment would 350
differ in energy consumption. According to the general energy 3s1
consumption studied by Ankerfors,** 2% (w/w) carboxyme- 352
thylated NFC, which has been produced by one-time 353
homogenization at 1600 bar, would cost 2221 kWh/tonne. 354
Under this condition, A Naderi®® averaged out eq 6: 355

2221 X2 X pXn
1600 X 1.2 (6) 356

EC, ,(kWh/tonne) =
In this equation, p and n stand for the applied homogenization 3s7
pressure and the number of passes through the homogenizer, 358
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Figure 3. (a) SEM image of original fibers. (b) SEM image of IPA-washed cellulose powders. (c) SEM image of water-washed cellulose powders.
(d) SEM image of water-washed fibers. (e¢) AFM image of CNF. (f) Depth distribution of CNF in Figure 3e.

359 respectively. In our study, the pressure was set to 100 bar, and
360 the number of passes through homogenizer was set to 3—4, so
361 the energy consumption was about 694—925 kWh/tonne. Its
362 lower than nonpretreatment bleached kraft pulp (12 000—
363 70000 kWh/tonne), nonpretreatment sulfite pulp (27000
364 kWh/tonne) and TEMPO or enzyme pretreatment (~20 000
365 kWh/tonne).***’ Although the TEMPO oxidation pretreat-
366 ment is the best method so far in quality, it is much expensive
367 than SC and IPA used, giving the carboxymethylation
368 pretreatment a broad prospect.

369 The most brilliant breakthrough in this work was that fibers
370 were very easy to be ground into cellulose powders by grinder.
371 In Figure 3, the original fibers, IPA-washed cellulose powders,
372 water-washed cellulose powders and water-washed fibers were
373 made into paper, separately. Figure 3a showed the original
374 fibers of EWDP. The fibers were several microns in length and
375 diameter and the surface was rough with some micro fibrils
376 attached to the large long fibers. As shown in Figure 3b,
377 accompanied by a carboxymethylation process, micro fibrils
378 disappeared and numerous crystal particles were attached to
379 the surface of IPA-washed cellulose powders, while others may
380 be embedded in holes of fibers. The crystal particles were
381 shown as the white part. Referring to the reacting mechanism

of carboxymethylation of cellulose, the carboxymethylation 3s2
happened primarily in noncrystalline areas irregularly dis- 383
tributed in the fiber. After IPA washing, the byproduct 3s4
HOCH,COONa as well as NaCl, which does not dissolve in 385
IPA, formed the crystal particles. These crystal particles acted 3s6
as scissors and became one of the reasons that caused fibers to 3s7
be cut easier into cellulose powders. Another reason was that 3ss
the hydrogen bonds decreased thanks to fewer fibrils and the 3s9
barrier of crystal particles. From Figure 3c, compared with 390
Figure 3b, it was obvious that there were no crystal particles in 391
water-washed cellulose powders. This was because the crystal 392
particles were water-soluble. The wash not only retained the 393
small size after grinding but also purified it and exposed more 394
fibrils for homogenization. Compared to the complete original 395
fibers, the structure of water-washed cellulose powders must be 396
easier, energy saving and reduced the risks of blocking of 397
homogenizer head during homogenization in the same 398
situation. The little holes of particles adsorbed made it easy 399
for fibrillation to get CNF. If it were washed with water but not 400
IPA, fibers would exhibit different properties after drying. The 401
most intuitional phenomenon was that fibers were hard to 402
grind into cellulose powders. The fibers were still too big in 403
length and diameter to go through homogenizer head, and the 404
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Figure 4. (a) FT-IR curves of cellulose with different modification time. (B) XRD curves of original fibers and fibers with different modification
times. (C) DS-CNF Yield-IPA-washed-water-washed—time curves of cellulose with different modification times.

405 surface of water-washed fibers was much smoother than
406 original fibers shown in Figure 3a. This structure would make
407 it hard for cutting down and fibrillation, which would result in
408 blocking. Instead, they intertwined into a piece of paper during
409 filtering. As shown in Figure 3d, the surface of water-washed
410 fibers was so smooth that even grain and grain holes were filled
411 with tiny composite and these tiny composite glued
412 neighboring fibers together. The structure of mutual bonding
413 obtained higher binging force that made it difficult to disperse
414 and grind the fibers through mechanical action.

415 Further study of the relative element content of four
416 different materials is shown in Figure 3. IPA-washed cellulose
417 powders had higher content of Na and Cl, and the C/O ratio
418 was higher than those of the other three due to the existence of
419 IPA and residual NaCl and HOCH,COONa. The C/O ratio
420 of water-washed cellulose powders was higher than that of
421 water-washed fibers, and the content of Na was lower in the
422 meanwhile. This could be explained that although most soluble
423 carboxymethylcellulose was washed away during washing with
424 deionized water, there were more CNF lost after it was made
425 into powder form.

426 The CNF prepared by homogenization was showed in
427 Figure 3e, the length of CNF was about several hundred
428 nanometers and the diameter was about 10—20 nm. Figure 3f
429 shows the depth distribution of the whole part in Figure 3e,
430 which was calculated by nanoscope analysis. The data centrally
431 distributed between 10 and 15 nm; the curve could also
432 indirectly indicate the diameter distribution of CNF.

433 FTIR analysis showed the changes of functional groups of
434 fibers before and after carboxymethylation. As shown in Figure
435 4a, the curves of cellulose powders treated with different times
436 were similar to each other and had little difference presented
437 with original fiber. Referring to known materials, wavenumbers
438 1060, 1112 and 1162 cm™' stand for —O— of stretching
439 vibration of —OH groups of cellulose, stretching vibrations of
440 ether bonds in cellulose molecules and stretching vibrations of

ether bonds (C—O—C) on cellulose skeleton, respectively. 441
1427 cm™' stands for C—H, 1610 cm™" stands for carboxylate 442
COO- (—CH,COONa), 1646 cm™" stands for the absorption 443
peak of adsorbed water in the cellulose and 2900 cm™ stands 444
for —CH,—. The C—H characteristic absorption peak could be 445
found in both original fibers and modified fibers. However, 446
COO- characteristic absorption peak could be found only in 447
the curves of modified fibers. It was concluded that the reacted 448
fiber had a —CH,COO— group, which could be defined as 449
carboxymethyl cellulose. Figure 4b shows the X-ray diffraction 4so
patterns of the fibers. The original fibers exhibited the typical 4s1
cellulose I crystalline form with peaks located in 22.6°, 16.2° 4s2
and 14.8°.°* Whereas the modified fibers showed the typical 4s3
cellulose II crystalline form, with peaks located in 12° and 4s4
20°-22°." This indicated that the crystalline form of fibers 4ss
changed during the modification of fibers.”” The average 4s6
crystallinity of original EWDP was about 44% while the IPA- 4s7
washed fiber powders before washing by deionized water and 4ss
homogenization was as high as 90%. This result explained why 4s9
the IPA-washed fibers were easier to be ground into fiber 460
powders. The average crystallinity of CNF-90 min (the 461
carboxymethyl modification time of original fibers was 90 462
min) decreased to about 45—55% (the crystallinity increased 463
as the modification time increased) because the homoge- 464
nization process broke some crystalline regions by fibrillation 465
of fiber powders. The solvent media process toward the 466
production of carboxymethyl cellulose was fully studied. 467
According to the ratio of water and IPA showed in the study 468
of Zhuomei,*' the proportioning was set at 70 wt % IPA in 469
order to get CMC with DS of 0.4. However, the efficiency and 470
evenness of the modification process in actual operation was 471
not as high as the reference value and the washing and 472
filtration processes caused some loss of CNF with high DS, 473
which also made a great contribution to the practical DS being 474
lower than theoretical data. According to the study of Heinze 475
et al,** the different reaction time and NaOH concentration 476
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Figure 5. (a) Digital image of original cellulose fibers, cellulose powders suspension, the supernatant of cellulose powders suspension and CNF
suspension. (b) Digital image of original paper and nanopaper. (c) Optical transmittance of PET and nanopaper and AFM image of nanopaper. (d)

Stress—strain curves of original paper and nanopaper.
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Figure 6. (a) AFM image of conductive nanopaper. (b) Digital image of conductive nanopaper. (c) Transmittance curves of original nanopaper
and conductive nanopaper with different contents of Ag NWs. (d) Sheet resistance of conductive nanopaper with different contents of Ag NWs.

477 would lead to a different DS and yield of CMC, and the
478 reaction was more uneven in IPA, so a 75 wt % IPA
479 proportioning was taken into consideration. The DS of fibers
480 after modification was around 0.28. Although DS value was
481 0.28, cellulose powders were redispersible. As shown in Figure
482 4c, the yield of CNF stayed at a high level. The highest yield
483 indicated that the best modification time was about 110 min.
484  Figure 5a shows that as the size of fibers gradually decreased,
485 the transparency of the dispersion increased. Under the light of
436 a laser lamp, original fibers were visible and the cellulose
487 powders were smaller than original fibers. The supernatant of
488 cellulose powders showed a pure Tyndall effect, which

indicated that there were CNF in the supernatant of cellulose 489
powders solution but with low concentration. The concen- 490
tration of CNF increased after high-pressure homogenization. 491
As the digital images show in Figure Sb,c, compared with 492
original paper, nanopaper had a high transparency up to 93%, 493
similar to the light transmittance of PET film. Pure CNF were 494
transparent in the visible region, only the large scale of 495
cellulose, air inside cellulose and paper gaps would lead to low 496
transparence. The high transparency of nanopaper was mainly 497
due to the smooth surface (with R, = 12.0 nm and R, = 9.62 498
nm), small size of CNF and less air inside the nanopaper. 499
Moreover, this nanopaper exhibited a high tensile strength up soo
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to 107.5 MPa, which was about 7 times higher than that of the
original paper (Figure 5d).

The conductive nanopaper had a smooth surface (R; = 11.3
nm and R, = 8.70 nm) as shown in Figure 6a. The Ag NWs

sos were stiff and combined with CNF closely. Ag NWs partly

inserted into the surface of nanopaper to form conductive
nanopaper. This structure would prevent Ag NWs from

s08 washing away. A good dispersion of Ag NWs would not only

render nanopaper a stable conductivity but also a fine surface
roughness and transparency. The digital image of conductive
nanopaper is shown in Figure 6b; the power supply was loaded
at both ends of the conductive nanopaper, and the indication
of the voltage and current was displayed behind. The
conductive nanopaper was highly transparent with high
resistance. The detail data of transparency and resistance
curves are shown in Figure 6¢. It was obvious that as the
content of Ag NWs increased, the conductivity of conductive
nanopaper increased as well, but their transparency decreased.

s19 At light wavelength of 550 nm, as Ag NWs added, transparency

of conductive nanopaper decreased to 65%, 55%, 45% when

s21 Ag NWs added up to 32 mL/m” This phenomenon was

because Ag NWs had a different light refractive index with
cellulose as well as air and the large size of Ag NWs also
contributed to it. When the content of Ag NWs was down to
16 mL/m?, it was hard to form an intact conductive network.

526 As Ag NWs increased up to 20 mL/m? the conductivity of

conductive nanopaper tended to be stable and decreased to the
lowest of 18 €/sq, shown in Figure 6d.

B CONCLUSIONS

The innovation of this work was that it provided a two-step
route to fabricate nanosized fibers. The first step was to
prepare cellulose powders with concentrated size distribution
around several micrometers before further use. The alkalization
and carboxymethylation process would transfer original fibers
to carboxymethyl cellulose. However, the DS depended on the
ratio of isopropyl alcohol and water. A low DS of 0.3 was taken
into consideration to get a higher yield of cellulose nanofiber.
Chemical modified fibers that washed with IPA or water would
lead to a different result. In this research, we used IPA to wash
chemical modified fibers because they were more convenient
to dry and be ground into powders. The second step was to
disperse dried cellulose powders in water and carry out a high-
pressure homogenization process. The size of cellulose
powders was small enough to go through the head of a high-
pressure homogenizer with a diameter of 90 ym. Cellulose
powders could not be used to make a film because of too much
fiber debris without fibrillation. The high-pressure homoge-
nizer acted as a beating machine and increased the yield of
cellulose nanofibers. After 20 min of a high-pressure
homogenization process, CNF solution separated from the
obtained nanosized fibers with the help of high-speed
centrifugation. The nanopaper and conductive nanopaper
fabricated from CNF prepared also showed great properties

ss4 with tensile strength up to 107.5 MPa, light transmittance up

to 93% and low sheet resistance of 18 €2/sq with smooth
surface (the best R, = 8.70, Ry = 11.30). This work highlights
the potential for effort to further research properties and uses
of microfibers, CNF, nanopaper and conductive nanopaper.
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