iIScience

¢? CellPress

OPEN ACCESS

Bleaching-free, lignin-tolerant, high-yield
production of nanocrystalline cellulose from

lignocellulosic biomass

rerssssmnsssnsnnenrresssss SCIUBION i
i Hemicellulose -
Tunable
1 Lignin 7z / Properties ¥
Lignin'Content = I/ ”
0 Jo Y \ = \/ -
100, .y 20:34% ,
B TEPHE < 43
F ™ s ,>
' — 74 CCYield: \ N
‘g 2177%
- (%CRM) NCC
/
Partial/selective  Regeneration Ultrasonication
Dissolution & Centrifugation
s Lignin

Lignocellulosic
Biomass

Conyversion:
PledUEtS

Lignin-tolerant
High-yield NCC
Production

GVL '/ — Integrated
@ + @ -_ Fractionation g

o
updates.

Zipeng Li, Di Xie,
Weizhi Zhu, ...,
Jianping Sun,
Yigiang Wu,
Fangchao Cheng

fangchaocheng@gxu.edu.cn

Highlights

A bleaching-free, lignin-
tolerant strategy for high-
yield NCC production was
used

The strategy combined
wood fractionation with
partial dissolution of
cellulose

The process can tolerate a
lignin content of 21.2 wt %
in cellulose-rich materials

The process provided a
high NCC yield of 76.6 wt
%, which was 34.3 wt % of
wood

Li et al., iScience 26, 105771
January 20, 2023 © 2022 The
Authors.
https://doi.org/10.1016/
j.isci.2022.105771



mailto:fangchaocheng@gxu.edu.cn
https://doi.org/10.1016/j.isci.2022.105771
https://doi.org/10.1016/j.isci.2022.105771
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105771&domain=pdf

iIScience

Bleaching-free, lignin-tolerant, high-yield
production of nanocrystalline cellulose
from lignocellulosic biomass

¢? CellPress

OPEN ACCESS

Zipeng Li,"* Di Xie,"* Weizhi Zhu," Hongjie Wang,' Tulong Ouyang,' Jianping Sun,’ Yigiang Wu,”

and Fangchao Cheng'24*

SUMMARY

Nanocrystalline cellulose (NCC) preparation in an integrated fractionation
manner is expected to solve the problems of low yield and environmental impact
in the traditional process. An integrated fractionation strategy for NCC produc-
tion from wood was developed through catalytic biomass fractionation, the par-
tial dissolution of cellulose-rich materials (CRMs) in aqueous tetrabutylphospho-
nium hydroxide, and short-term ultrasonication. The presented process could
tolerate a high CRM lignin content of 21.2 wt % and provide a high NCC yield
of 76.6 wt % (34.3 wt % of the original biomass). The increase in the CRM lignin
content decreased the NCC yield, facilitated the crystal transition of NCC from
cellulose | to cellulose Il, and showed no apparent effects on the NCC
morphology. A partial/selective dissolution mechanism is proposed for the pre-
sented strategy. This study provided a promising efficient fractionation-based
method toward comprehensive and high-value utilization of lignocellulosic
biomass through effective delignification and high-yield NCC production.

INTRODUCTION

Lignocellulosic biomass, which is composed of cellulose, hemicellulose, lignin, and minor amounts of ex-
tractives, is one of the most abundant resources in nature.’ Nanocrystalline cellulose (NCC), one of the
most important products extracted from lignocellulosic biomass, possesses a unique nanostructure and
excellent physical-mechanical properties and shows wide application prospects in the fields of fine chem-
ical engineering, biomedicine, and advanced materials.” " In the conventional production process of NCC,
commercial cellulosic materials, such as microcrystalline cellulose and pulp, are mainly employed as the
starting materials.® However, in the pulping process, most of the other components (e.g., hemicellulose
and lignin) are not used effectively, and the utilization efficiency of components needs to be improved.”
In recent years, NCC production directly from lignocellulosic biomass has attracted extensive attention,®
because it conforms to the emerging integrated biorefinery concept and enables the realization of

comprehensive and efficient biomass utilization.”'°

The NCC production from lignocellulosic biomass usually involves delignification, bleaching of cellulose-
rich materials (CRMs), and the nanocrystallization of purified cellulosic materials."’ Zhang and Liu'? pre-
pared NCC through irradiation oxidation and organosolv solubilization of eucalyptus wood using various
organic solvents and a NaClO/NaOH system. The fractionation and bleaching of lignocellulosic biomass
can break the lignin-carbohydrates complex (LCC), decompose the lignin, and improve the nanocrystalli-
zation efficiency.'® However, these processes usually involve complicated treatment processes, and how to
reduce their environmental impact and energy consumption is an important issue.'* Recently, y-valerolac-
tone (GVL), a sustainable chemical derived from lignocellulosic biomass, has been considered as a green
solvent in chemical processes.'

In addition to the fractionation and bleaching processes, the cellulose nanocrystallization process can
also significantly influence the morphology and physicochemical properties of NCC."> Acidic hydrolysis
has been regarded as one of the most important chemical methods for cellulose nanocrystallization;
it can selectively hydrolyze the amorphous region of cellulose to produce nanoscale crystals.'® The me-
chanical treatment of cellulose, including high-pressure shearing, high-pressure homogenization, and
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Figure 1. Partial dissolution-based integrated fractionation strategy for NCC production
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ultrasonication, can also be combined with the hydrolysis process to prepare NCC."” The above methods
have been widely used to disassemble cellulose for NCC preparation, whereas the problems of high energy
consumption, high environmental impact, and low NCC yield still hinder the efficient and large-scale pro-
duction of NCC.""

A cellulose-dissolving system (e.g., ionic liquids, ILs) can effectively deconstruct the hydrogen bonding
network and dissolve cellulose. It can be used to improve the NCC production efficiency and reduce
the energy consumption.'® For example, 1-ethyl-3-methylimidazolium acetate, an effective IL for cellu-
lose dissolution, can produce surface-acetylated NCC through the partial dissolution of lignocellulosic
biomass and subsequent ultrasonic treatment.'” However, the disadvantages of imidazole-based ILs in
the cellulose dissolution, such as high viscosity and long treatment time, limit the application of ILs in
NCC preparation.”’ In addition, the existence of lignin and hemicellulose in cellulosic raw materials
has been proved to greatly influence the NCC properties, and higher lignin content usually leads to
low NCC yield.”"?” In recent years, it is found that the aqueous tetrabutylphosphonium hydroxide
(TBPH) with strong proton receptivity can dissolve and fractionate cellulose from primitive lignocellulosic
materials under mild conditions.”® Thus, the hypothesis of this study was that integrating the lignocellu-
lose dissolution into the fractionation processes for NCC production, which will be conducive to the
simultaneous realization of high-value comprehensive utilization of biomass and high-yield NCC
acquisition.

In this study, cellulose nanocrystallization based on partial dissolution was integrated into the fractionation
process of biomass to reduce the environmental impact, promote the comprehensive utilization of biomass
components, and achieve efficient NCC production in an integrated fractionation manner (Figure 1). This
study can promote the efficient and comprehensive conversion of biomass into biochemicals and
advanced materials by reducing environmental impact, enhancing the selective fractionation and dissolu-
tion, and improving production efficiency.

RESULTS AND DISCUSSION

Fractionation results

The fractionation results of poplar under different treatment temperatures are illustrated in Figure 2. With
the increase in the temperature from 120 °C to 240 °C, the CRM yield gradually decreased from 95.8% to
41.1%, and the lignin yield increased from 1.5% to 13.8%. Meanwhile, the mass loss increased from 2.7% to
45.1% as the temperature increased (Figure 2A). The treatment temperature significantly influenced the
fractionation results. A previous study has also confirmed the effect of temperature on the biomass frac-
tionation process, and it is found that high temperature led to high delignification rate and facilitated
the conversion of carbohydrates, resulting in a low CRM yield and high mass loss.?* In the current study,
the lignin content in CRM varied from 21.2% to 3.4% at different temperatures, leading to a delignification
rate ranging from 8.1% to 93.7% (Figure 2B). Based on these fractionation processes at different temper-
atures, a series of CRM samples with different lignin contents were successfully prepared. The scanning
electron microscopy results of CRM also indicate that both the poplar powder and CRMs were rod-shaped
particles, and the increase in temperature greatly reduced the CRM particle dimensions, with the particle
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Figure 2. Fractionation results and SEM images

(A) mass percentage of components and loss.

(B) lignin content in CRM and the corresponding delignification rate.
(C) SEM images of poplar and different CRM samples.

diameter ranging from tens or even hundreds of microns to several microns (Figure 2C). In addition, the cell
wall structure of poplar gradually disappeared as the treatment temperature increased. The higher tem-
perature can lead to a higher degree of lignin dissolution and carbohydrate conversion, thereby resulting
in the dissociation of the poplar cell wall and the decrease in particle size.” It has also been reported that
most of hemicellulose was catalytically decomposed into biochemical during the organosolv process.””
Consequently, the presented strategy enabled the comprehensive utilization of biomass components by
lignin dissolution/separation and hemicellulose conversion, and the as-prepared CRMs can be subse-
quently converted into NCC through partial dissolution in TBPH and short-term ultrasonication, which
provided an integrated fractionation method for the comprehensive conversion of biomass into high-
performance materials and biochemicals.

NCC production results

The results of NCC yield (%CRM) and NCC extraction rate (%poplar) for the NCC production processes
with different CRM samples (from CRM-120 to CRM-240) are presented in Figure 3A. The lignin content
in CRM significantly influenced the NCC yield. As the CRM lignin content decreased from 21.2% to
3.4%, the NCC yield remarkably increased, from 20.8% to 76.6%. There are two possible reasons for this
phenomenon: First, the presence of lignin increased the recalcitrant characteristics of cellulose materials,
which was not conducive to the dissociation of the cellulose hydrogen bonding network.?” Second, most of
the lignin would be dissolved during the TBPH treatment process,”* and only a small amount of lignin
entered the NCC; thus, the higher lignin content led to a lower NCC yield because of the removal of lignin.

As discussed in fractionation results, a higher treatment temperature should be adopted to achieve a lower
CRM lignin content, but this will also lead to a lower CRM yield. Meanwhile, considering the effect of the
lignin content on the NCC yield, although the low lignin content in CRM (e.g., 3.4% for CRM-240) can
greatly improve the NCC production efficiency (76.6% for NCC-240), the low CRM yield (41.1%) will also
reduce the comprehensive biomass utilization rate. Herein, the NCC extraction rate, which was repre-
sented by the ratio of the NCC mass to the mass of the original poplar, was adopted to investigate the
comprehensive utilization rate of biomass in the NCC production process (Figure 3A). The NCC extraction
rate first increased and then decreased with decreasing CRM lignin content. The NCC production using
CRM-200 as the raw material gave the highest NCC extraction rate (34.3%), which meant 34.3% of the orig-
inal poplar was extracted as NCC. In addition, CRM-180 also resulted in a promising NCC extraction rate
(33.5%). Considering the lower treatment temperature of CRM-180, it can also be regarded as one of the
best raw materials for the NCC production process, aiming at the comprehensive utilization of biomass.
During the fractionation-based NCC production process, lignocellulosic biomass was fractionated into
NCC and lignin, and most of the hemicellulose could be converted into low-molecular-weight chemicals,
as reported in the previous study””; thus, the process enables comprehensive biomass utilization, which
conforms to the concept of integrated biorefinery.'®

The TEM results confirmed that the resultant NCC exhibited rod-like morphology (Figures 3C-3F), which
was similar to that obtained via acid hydrolysis.”® The statistical results of NCC size based on TEM
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Figure 3. NCC production results
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(A) NCC yield and extraction rate results for production processes using different CRMs; (B) Size distribution of NCC produced with different CRMs; TEM

images of NCC-120 (C), NCC-200 (D), NCC-220 (E) and NCC-240 (F).

images are presented in Figure 3B. The lignin content in CRM showed limited influence on the NCC par-
ticle dimensions, which led to diameters around 7 nm and varied lengths (109-136 nm) and aspect ratios
(14.3-19.1) of NCC. This should be mainly because of the high lignin solubility in TPBH solution.”” During
the NCC production processes, lignin in CRM can be readily dissolved in the solvent, and it would not
greatly affect the cellulose dissociation and dissolution. Consequently, the NCC production based on
TBPH treatment revealed high lignin tolerance, which can accommodate cellulose materials with a lignin
content of over 20%.

FT-IR analysis

The FT-IR spectra of poplar and CRM showed significant differences in the characteristic bands of
hemicellulose and lignin at 1736 cm™" (acetyl group, mainly in hemicellulose), 1595 cm ™" (C=C stretching
in lignin), 1505 cm™" (aromatic skeleton in lignin), 1462 em™! (C-H deformation in lignin), and 1247 em™!
(C-O-C stretching in lignin).?®? With the increase in the treatment temperature, the intensities
of these bands decreased until the bands disappeared, indicating the increasing removal of hemicellu-
lose and lignin, which accords with the fractionation results (Figure 4A). The characteristic bands
of cellulose in the spectra of different CRMs exhibited no significant change except for the
enhanced characteristic band of hydrogen bonding (3348 cm™") at the high treatment temperature.””
This indicates that the chemical structure of cellulose was not significantly affected by the fractionation
process, and the removal of hemicellulose and lignin would enhance the hydrogen bonding network of
cellulose.

The FT-IR spectra of NCC revealed that NCC prepared with different CRMs showed no significant differ-
ence in chemical structure (Figure 4B). The blueshift of the absorption band around 3460 em™, which is
attributed to O-H stretching vibration, indicates that the hydrogen bonding and crystalline structure of
cellulose changed after the TBPH treatment.’® The absorption peak of hemicellulose at 1736 cm™' was
absent in the spectra of all NCC samples, indicating that hemicellulose was further removed after the
TBPH treatment. Moreover, low-intensity absorption peaks of lignin at 1595 cm™', 1505 cm™', and
1462 cm™" were also present in the spectra of NCC-120 and NCC-140, revealing that the resultant
NCC still contained a small amount of lignin.?” However, these bands were absent in the spectra of
the NCC produced with CRM obtained at higher temperatures. These results indicate that the TBPH
treatment can largely remove hemicellulose and lignin and change the cellulose crystalline structure.
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Figure 4. Results of chemical and thermal analysis
(A) FTIR spectra of poplar and different CRM samples.
(B) FTIR spectra of different NCC samples.

(C) TG and DTG curves of CRM-180 and NCC-180.

(D) TG and DTG curves of CRM-240 and NCC-240.

The conclusion can also be further confirmed by the XPS results of the original poplar, CRM and NCC
samples (Figure S1). The XPS spectrum of NCC sample exhibited a stronger intensity of O1s character-
istic peak at 533.5 eV, indicating the elevated crystallinity of cellulose, whereas obvious shifts on the
characteristic peak cannot be observed, which showed there was no obvious derivatization of cellulose
during the NCC preparation process.

Thermal stability analysis

The difference in thermal stability between NCC and CRM was investigated by thermogravimetry, and
the TG and derivative thermogravimetric (DTG) curves of CRM and NCC obtained at 180 °C and
240 °C are displayed in Figures 4C and 4D. The initial degradation temperature of both CRM-180
and CRM-240 was lower than that of the corresponding NCC (~250 °C vs. ~270 °C). This should
be mainly because of the presence of non-cellulose components (especially hemicellulose) in the
CRM. The degradation temperature of hemicellulose was lower than that of cellulose,’’ leading to
lower initial degradation temperatures of the CRMs. In addition, the temperatures corresponding
to the maximum degradation rate of both CRM-180 (322 °C) and CRM-240 (310 °C) were also lower
than that of the corresponding NCC (331 °C); this may also be because of cellulose having a higher
thermal stability than non-cellulose components.® These results confirm the better thermal stability of
NCC than that of CRM.

XRD analysis

The XRD patterns of CRM at different temperatures featured strong diffraction peaks at 26 = 14.9°, 16.4°,
22.5°, and 34.5°, corresponding to (1710), (110), (200), and (004) crystal planes of cellulose I, respectively
(Figure 5A).%* The results show that the fractionation process had no significant influence on the CRM crys-
talline structure, whereas the process at different temperatures did affect the CRM crystallinity (Figures 5B
and S2, Supporting Information). The crystallinity data obtained by the Segal and peak deconvolution
methods indicates that the increase in the treatment temperature positively affected the crystallinity; the
CRM crystallinity calculated with the peak deconvolution method increased from 64.6 to 73.1% as the treat-
ment temperature increased. It has been reported that the removal of lignin and hemicellulose can in-
crease the CRM crystallinity.***° In the current study, as the increase in the treatment temperature could
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Figure 5. Results of crystal structure analysis

(A) X-ray diffractograms of CRMs obtained at different temperatures

(B) Crystallinity results of different CRM samples.

(C) X-ray diffractograms of different NCC samples.

(D) Area percentages of diffraction peaks in XRD patterns of NCC (Cl: cellulose I; Cll: cellulose Il; Am: amorphous peaks).

facilitate the removal of lignin and hemicellulose, the fractionation process at higher temperatures led to
higher CRM crystallinity.

The XRD patterns of different NCC samples confirmed the mixed crystal form of cellulose | and cellulose Il
(Figure 5C). Especially, the diffraction pattern of NCC-140 exhibited typical cellulose Il diffraction peaks at
20 =12.1°,20.0°, and 21.8°, which are attributed to the (1710), (110), and (200) crystal planes of cellulose 1.3
Characteristic diffraction peaks of cellulose | also appeared in the diffraction patterns of different NCC
samples, including (1710), (110), (200), and (004) peaksf“"3 The peak deconvolution analysis of the XRD pat-
terns was conducted to investigate the effect of the raw material (CRM) on the crystalline structure of the as-
prepared NCCs (Figures 5D and S3). The results indicate that the peak area percentage of cellulose | grad-
ually rose as the CRM treatment temperature increased. In addition, the raw materials (i.e., CRM) showed
limited influence on the crystallinity of the as-prepared NCC, and different NCC samples possessed a crys-
tallinity of around 75%. Considering the different CRM lignin contents, it can be inferred that a low lignin
content was beneficial to the retention of the cellulose | structure in NCC during the NCC preparation pro-
cess with TPBH. As an organic base, TPBH could dissolve cellulose and transform the natural cellulose |
structure into cellulose II. It also showed superior lignin solubility, and the presence of lignin in lignocellu-
losic materials was beneficial for TBPH to enter the cellulose, destroy the hydrogen bonding, and change
the cellulose crystalline structure.”>*” Consequently, the higher lignin content led to a larger change in the
NCC crystalline form. The CRM with low lignin content possessed high crystallinity, which hindered the
TBPH penetration into the cellulose, thus slowing down the crystal transition of NCC.

Optical microscopy analysis

To explore the dissolution process of CRM in TBPH solution, the dissolution processes of different CRM
samples were observed via fluorescence microscopy and polarized light microscopy. The existence of
lignin in the CRM/TBPH solution could produce a fluorescence effect, and it made the dissolution pro-
cesses of CRM-140 and CRM-180 visible under the fluorescence microscope (Figure 6). The results indicate
the relatively high lignin contents in CRM-140 and CRM-180, which were consistent with the fractionation
results. For CRM-140, the rod-like structure was gradually destroyed in TBPH solution, the CRM particle size
was reduced, and the surface became rough. Finally, CRM was separated into slender filaments, and the
rapid lignin dissolution played an important role in the TPBH permeation and CRM deconstruction.” As
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Figure 6. Fluorescence microscopy images of CRM dissolution in TBPH solution

the treatment temperature increased, both the CRM particle size and the lignin content decreased; thus,
CRM-180 and CRM-240 exhibited less lignin dissolution and smaller size change than CRM-140. This phe-
nomenon is a possible explanation for the different crystal forms of NCC prepared from the CRM raw ma-

terials with different lignin contents.

The polarized light microscopy results agreed with the fluorescence microscopy results (Figure 7), and CRM
with a higher lignin content showed larger size change and deconstruction. In addition, partial cellulose

2 min %

Figure 7. Polarized light microscopy images of CRM dissolution in TBPH solution (scale bar: 250 pm)
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dissolution occurred in the TBPH solution, and CRM was finally decomposed into micron-sized particles.
Therefore, NCC with a mixed crystal form of cellulose | and cellulose Il could be obtained after regenera-
tion and ultrasonication treatment.

Mechanism analysis

Based on the above results, a partial/selective dissolution mechanism for NCC preparation from ligno-
cellulosic biomass with TBPH solution is proposed (Figure 8). The polarization and fluorescence results
showed that the polymeric network structure of CRM was destroyed in the 40 wt % TBPH solution at
50 °C, and the CRM became loose, which promoted the penetration of OH™ and [Pa444]" ions into the
CRM internal structure. The free OH™ interacted with the protons of the cellulose hydroxyl in CRM to
form hydrogen bonds, whereas the free [P4s44]" attacked the oxygen atoms in the hydroxyl group.*®*”
Moreover, the electronegative a-methylene on the cation interacted with the carbon atom (C-1) on
the cellulose through electrostatic or van der Waals forces to form the cellulose-[P4444]" complex with
polyelectrolyte properties.’’ Because of the synergistic effect of OH™ and [P4444]" in TBPH, the hydrogen
bonding network in cellulose was destroyed, which led to the swelling behavior of cellulose and further
promoted the CRM dissolution. After the TBPH treatment of CRM, residual lignin and hemicellulose were
selectively dissolved and removed, and the cellulose crystalline structure was partially converted to cel-
lulose Il during the cellulose partial dissolution process.”’ And the hydrogen bonding in cellulose was
reconstructed to during the cellulose regeneration with the addition of water. Because the cellulose crys-
talline structure was not completely destroyed in the 60 min TBPH treatment process, the regenerated
cellulose still contained cellulose | crystalline structure. Both the XRD results and microscopic analyses
confirm these inferences. After ultrasonic and centrifugal treatment, the regenerated cellulose was uni-
formly dispersed in water to form NCC suspension (length: 50-200 nm, diameter: 3-13 nm). Therefore, in
this study, bleaching-free, lignin-tolerant, high-yield NCC production was mainly attributed to the partial
dissolution of cellulose and the selective dissolution and removal of other components (i.e., lignin and
hemicellulose) in the TBPH system.

Conclusions

An integrated fractionation methodology for NCC preparation was investigated based on the catalytic
fractionation, partial dissolution, and short-term ultrasonication of lignocellulosic biomass. Bleaching-
free, lignin-tolerant, high-yield NCC production was achieved after lignin separation and hemicellulose
conversion with the present strategy. The yield and crystalline structure of NCC can be regulated by
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changing the lignin content in CRM. A partial/selective dissolution mechanism was proposed based on the
microscopic study and the NCC characteristics. The presented strategy provided a promising way of
biomass valorization and comprehensive lignocellulose utilization through combining integrated fraction-
ation with NCC preparation.

Limitations of the study

The complex structure and variability of biomass feedstocks pose a challenge to the wide applicability of
the present method in the NCC preparation. In this study, a representative biomass, poplar wood, was
selected as the starting materials for the TBPH pretreatment, which is a kind of fast-growing wood with
universal availability. Further studies are needed to improve the applicability of the present strategy ac-
cording to the characteristics of different biomass feedstocks. In addition, the cost of the treatment sys-
tem is another concern. The TBPH system used in this study possesses the advantages of low viscosity
and high treatment efficiency, whereas it needs to solve the problem of high cost. The main solution
is to recycle the TBPH system, which has been studied in relevant literature. Finally, how to scale up
the treatment system is still an unsolved problem, which needs to be applied through industrial scale
experiments.
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METHOD DETAILS

Catalytic fractionation process

In a 50-mL stainless steel reactor, 2 g poplar powder was added and mixed with 20 mL aqueous GVL solu-
tion (16 mL GVL and 4 mL water) containing 0.67 g [Bmim][HSO,]. The reactor was heated in an oil bath for
30 min. After the reaction liquor was cooled to room temperature, it was filtered with an organic filter
(0.45 pm) under vacuum to separate the CRMs. Water was added into the filtrate, and the mixture was al-
lowed to stand for 24 h to regenerate lignin. The obtained CRM and lignin were washed with ethanol and
water, respectively, for three to five times and dried at 60 °C for 24 h, respectively. The CRM and lignin
yields were the ratios of their mass to the mass of the original poplar powder. The delignification rate
was calculated according to Equation 1:

Delignificationrate = (Mp X Lp — Mc X Lc)/(Mp X Lp) x 100%, (Equation 1)

where Mp and Mcrepresent the mass of poplar powder and CRM, respectively, and Lp and Lc represent the
lignin contents in poplar powder and CRM, respectively.

A series of treatment temperatures, including 120 °C, 140 °C, 160 °C, 180 °C, 200 °C, 220 °C, and 240 °C,
were adopted in this study to achieve CRMs of different lignin contents. The experiment was repeated
three times at each temperature, and the fractionation results were averaged. The CRM obtained at the
specific temperature was named CRM-T (e.g., CRM-120), where T represents the temperature value.
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NCC production process

In a typical run, 0.05 g CRM was immersed in 1 g of 40 wt % TBPH solution, and the mixture was stirred at
50 °C for 1 h. Then, 10 mL water was added to the mixture to regenerate the partially dissolved cellulose.
The regenerated cellulose was washed with water by vacuum filtration for three to five times. After the final
filtration, 50 mL water was mixed with the regenerated cellulose, and then the mixture was treated with an
ultrasonic processor (Ymnl-1800Y, Nanjing Immanuel Instrument Equipment Co. LTD, China) at a power of
1600 W for 240 s. The mixture was then centrifuged at 8000 r/min for 5 min, and the supernatant was the
NCC suspension, which was then filtered with an organic filter (0.22 um) under vacuum to collect the ob-
tained NCC. The experiment was repeated three times for each CRM sample, and the NCC yield was calcu-
lated using Equation 2. The mean value of the three replicates were adopted to present the results of NCC
preparation. The NCC prepared from CRM-X was named NCC-X (e.g., NCC-120):

Ynce = Mn/Mc X 100%, (Equation 2)

where My and Mc represent the mass of NCC and CRM, respectively. The NCC extraction rate was calcu-
lated using Equation 3:

NCC extraction rate = My/Mp x 100%,

(Mn/Mc) X (Mc/Mp) X 100%, (Equation 3)
Ynce X Yerm X 100(%7

where My, Mc, and Mp represent the mass of NCC, CRM, and poplar powder, respectively, and Yncc and
Ycrm denote the NCC and CRM yields, respectively. The overall production process for NCC is summarized
in Figure 1.

Characterizations

The X-ray diffraction (XRD) patterns of CRM and NCC were determined using a SMARTLAB3KW X-ray
diffractometer (Rigaku Corporation, Japan) equipped with Cu-Kea radiation source in the range 26 = 5-
40° at a scanning rate of 5°/min in steps of 0.01°. The peak deconvolution method was used to determine
the crystallinity index (Crl) with Equation 4

Crl (%) = (A — Ay) /A X 100%, (Equation 4)

where A; and A, denote the total area of the diffractogram and the area of amorphous peak, respectively.

The relative crystallinity of CRM was also calculated with Equation 5 according to the Segal method:

Crl (%) = ((1200 - Iam)/IZOO) X 'IOO%, (Equation 5)

where I500is the peak intensity of the diffraction peak associated with the (200) plane, and I,,, is the diffrac-
tion intensity of the amorphous cellulose fraction at 26 = 18°.

The Fouriertransform infrared (FT-IR) spectra of CRM and NCC were collected with a Nicolet iS 502 FT-IR
spectrometer (Thermo Fisher Scientific Corporation, USA) over the range of 500-4000 cm~ ", with 16 scans

at a resolution of 4 cm™".

Thermogravimetric (TG) analysis was performed using a DTG-60H TG analyzer (Shimadzu Corporation,
Japan) with a temperature range of 25°C-550°Cat a heating rate of 10 °C/min. The temperature was main-
tained for 10 min after heating to 550 °C.

The morphologies of CRMs obtained at different temperatures were observed with a Hitachi S-3400N scan-
ning electron microscope (Hitachi Corporation, Japan) at an accelerated voltage of 15 kV.

An NCC suspension with a concentration of 0.08% was added to a copper mesh covered with carbon film,
and negative staining was performed with 2 wt % phosphotungstic acid solution for 30 min to prepare the
transmission electron microscopy (TEM) sample. After natural drying, the morphology of the sample was
observed using an HT7700 TEM (Hitachi Corporation, Japan) with an acceleration voltage of 100 kV. The
dimensions of NCC sample were analyzed in a Nano Measurer software with three TEM images for each
sample, and the length and diameter data of 200 NCC particles was collected in each TEM image.

¢? CellPress

OPEN ACCESS

iScience 26, 105771, January 20, 2023 13




¢? CellPress

OPEN ACCESS

The dissolution behavior of CRM in TBPH solution was observed using an IMAGER.Z2 fluorescence micro-
scope (Carl Zeiss Corporation, Germany) and an Axio Vert. A1 polarized microscope (Carl Zeiss Corpora-
tion, Germany).

The lignin contents of CRM samples were determined via a previously reported method.*? First, 0.2 g CRM
was immersed in 4 mL of 72 wt % H,SO, solution and stirred at room temperature for 4 h, and then 112 mL
water was added to dilute the H,SO, solution. The solution was then refluxed for 2 hat 105 °C. The acid-
insoluble lignin was obtained through vacuum filtration and drying, and the amount of acid-soluble lignin
was determined using a UV spectrophotometer at 205 nm.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted in triplicates to obtain the CRM and NCC yields and their standard devi-
ation. The NCC dimensions were analyzed with three TEM images for each sample, and 200 NCC particles
was collected in each TEM image.
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