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Carboxylated cellulose nanocrystals (CNCs) were produced from cotton linter using a mixture of a dicarboxylic
acid (maleic acid or succinic acid) and its corresponding anhydride with or without catalyst in acetic acid as
solvent. The low solubilities of these dicarboxylic acids can ease chemical recovery and decrease environmental
impact (especailly maleic acid is a U.S. FDA approved indirect food additive (21CFR175-177)) and capital costs
compared with the conventional concentrated sulfuric acid hydrolysis for producing CNCs. The dicarboxylic-
acid-produced CNCs (DC-CNCs) contained surface carboxyl groups of approximately 0.5 mmol/g, with ranges
of dimensions of 50-150 nm in diameter and 50-700 nm in length. Birefringence was observed in the DC-CNC
suspensions above critical concentrations. However, fingerprint texture was only observed in the DC-CNC sus-
pensions produced with catalyst p-toluenesulfonic acid. Scanning electron microscopy images of the cross section
of DC-CNC films revealed a periodic ordered multilayer structure. DC-CNCs were also produced using recycled

dicarboxylic acids.

1. Introduction

Cellulose nanocrystals (CNCs), produced from abundant and
renewable cellulose sources, have attracted significant interest for their
biocompatibility and excellent physical, chemical, and optical proper-
ties (Giese, Blusch, Khan, & MacLachlan, 2015; Hu, Omer, Ouyang, &
Yu, 2018; Kelly et al., 2013; Kumar, I Matari, & Han, 2020). Among
these properties, the ability to form a chiral nematic liquid crystal phase
in concentrated solutions has attracted considerable interest (Flazzou-
zi-Hafraoui, Putaux, & Heux, 2009; Revol et al., 1994). After evapo-
rating the solvent, the liquid crystal phase can form a chiral nematic
CNC film (Dumanli et al., 2014) with intriguing optical properties for
potential applications in security papers, nematic liquid crystal mate-
rials, optical materials, and mirrorless lasing (Giese et al., 2015; Kelly
et al., 2013).

The formation of chiral nematic phase is mainly due to the repulsive
steric and electrostatic interparticle forces induced by the negatively
charged surfaces of rod-like CNCs (Dong, Revol, & Gray, 1998). In the
conventional concentrated sulfuric acid hydrolysis process, sulfate
half-ester groups carrying a negative charge are formed at the cellulose
C6 position on the CNC surface (Revol, Bradford, Giasson, Marchessault,
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& Gray, 1992). The difficulties in economic sulfuric acid recovery and
low thermal stability of sulfuric acid CNCs (Chen, Zhu, Baez, Kitin, &
Elder, 2016; Roman & Winter, 2004), as well as the strong corrosive
nature of sulfuric acid, makes sulfuric acid CNC unsustainable and less
desirable. Alternative methods, such as oxidative methods using
ammonia persulfate oxidation (Leung et al., 2011) as well as
oxalic-acid-catalyzed potassium permanganate oxidation (Zhou et al.,
2018), have been applied to produce CNCs with carboxyl groups and
negative surface charge. However, the chiral nematic properties of these
CNCs along with the recovery of process chemicals have not been
evaluated nor demonstrated. When 2,2,6,6-tetramethylpiperidi-
ne-1-oxyl (TEMPO)-mediated oxidation was applied to chemically
modify concentrated sulfuric-acid-hydrolysis-produced CNCs (Azzam,
Heux, & Jean, 2016), carboxyl groups were formed as additional charge
groups other than the sulfate half-ester groups on the surface of the
starting sulfuric-acid-hydrolysis-produced CNCs, which enhanced the
electrostatic interactions between CNCs to result in decreasing critical
concentration of the CNC suspension for forming chiral nematic phase. A
recent study, using CNCs produced by adding acrylic acid in sulfuric acid
hydrolysis to form carboxyl as well as sulfate half-ester groups, also
indicated that the chiral nematic phase properties are strongly
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dependent on the type and strength of the interaction force between
CNCs (Cheng et al., 2019). Therefore, exploring sustainable CNC pro-
duction methods that result in different surface charge groups other than
conventional sulfate half-ester groups, along with understanding the
impact of different surface charge groups on the formation of chiral
nematic properties of sustainable CNCs has significant importance.
Concentrated dicarboxylic acid (DCA) hydrolysis using oxalic acid
and maleic acid (MA) are promising for sustainable production of CNCs
with surface carboxylation and negative charge (Chen et al., 2016; Jia
et al., 2017; Wang, Chen, Zhu, & Yang, 2017). Unlike water soluble
mineral acids such as sulfuric, phosphoric, and hydrochloric acids, these
DCAs have low solubility that facilitates recovery (Bian et al., 2019; Cai
et al., 2020). DCAs are also less corrosive than strong mineral acids,
which can decrease capital and operating costs. MA is a U.S. Food and
Drug Administration (FDA) approved indirect food additive
(21CFR175-177) with minimal environmental impact. However,
DCA-produced CNCs (DC-CNCs) are not commercially available. Limited
studies have been conducted on the utility and properties of DC-CNCs
(Bian et al., 2018; Chen et al., 2016). The objective of this study was
to evaluate the chiral nematic property of DC-CNCs produced from
cotton linter, an unusable material for textile, using concentrated DCA
hydrolysis (Bian, Chen, Dai, & Zhu, 2017; Chen et al., 2016), namely MA
and succinic acid (ScA). These two acids were chosen for their low
solubility at atmospheric condition, which can facilitate acid recovery
through crystallization (Bian et al., 2019; Cai et al., 2020). Cotton linter
was used as raw material without any pretreatment due to its high
cellulose content. To enhance CNC carboxylation and therefore surface
charge, catalyst and dicarboxylic anhydride were used in hydrolysis
reactions. The resultant CNCs were used to produce films through
casting for evaluating the resultant CNC chiral nematic structure.

2. Materials and methods
2.1. Materials

Cotton linter, 10-30 pm in diameter with varied lengths from
50—1000 pm, was obtained from a commercial source. Maleic acid,
maleic anhydride, succinic acid, succinic anhydride, acetic acid, and p-
toluenesulfonic acid (p-TsOH) all analytical grade were purchased from
Sinopharm chemical reagent Co. Ltd (Shanghai, China). Deionized (DI)
water was used throughout the experiment.
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2.2. Preparation of carboxylated cellulose nanocrystals

DC-CNC production followed the experimental schematic flow dia-
gram shown in Fig. 1. In this process, 3 g cotton linter in oven dry (OD)
weight were mixed with 20 g maleic acid or succinic acid, 10 g maleic
anhydride or succinic anhydride, with or without p-TsOH (1 g), and
20 mL acetic acid as solvent (Table S1). The mixture was placed in a 250-
mL three-necked flask and heated in an oil bath at 100 °C. After stirring
for 2 h, the reaction was terminated by adding 20 mL water into the flask
and stirring for several minutes. The resultant mixture was then
centrifuged at 10,000 rpm for 10 min. The supernatant (diluted hydro-
lysate) was filtrated then crystallized for later reuse. The solids were
added with water for washing and centrifuged at 10,000 rpm for 10 min.
This washing-centrifuging process was repeated until the supernatant
was turbid. The turbid supernatant was collected and dialyzed using DI
water until the pH of the dialysis water no longer changed. The DC-CNCs
were finally obtained. To facilitate discussion, the DC-CNC samples were
labelled as p-M-CNCs and M-CNCs to represent using maleic acid and
maleic anhydride as reactants with and without p-TsOH, respectively,
and p-Sc-CNCs and Sc-CNCs to represent using succinic acid and succinic
anhydride as reactants with and without p-TsOH, respectively.

2.3. CNC film casting

10mL of 11.0 wt % DC-CNC suspension was sonicated for approxi-
mately 5min by an ultrasonic processor (model KQ5200DE, Ultrasonic
Equipment Co., Ltd., Shanghai, China) with a power input of 300 W and
then immediately poured into a 50-mm-diameter polystyrene Petri dish.
The suspension was left undisturbed, and water was allowed to evapo-
rate under ambient. After drying, the films were peeled off from the Petri
dish for characterization.

2.4. Recovery of dicarboxylic acid

By adding water to terminate hydrolysis and washing the residue
solids, the anhydrate in the hydrolysate (liquid fraction) is converted
into its corresponding acid and is recovered in the acid form to resultin a
low pH of approximately 1.5. The hydrolysate that contains dicarboxylic
acid and solvent acetic acid is separated from the solid fraction that
included the cellulosic solid residue and CNCs by filtration after
centrifugation as discussed in Section 2.2. The collected diluted hydro-
lysates were successively passed through a fine filter (pore size

0.1-1 pm, 30 x 500 mm, Chengyinuo Instrument Co., Ltd, Guangzhou,
rcspoﬂ
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Fig. 1. Experimental schematic flow diagram showing DC-CNC and DC-CNC film production and DC-CNC film characterization.
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China) and an activated carbon column to remove fine solids. After
passing through the column, each hydrolysate along with the corre-
sponding first washing filtrate was evaporated in a rotary evaporator
under vacuum (—0.1 MPa) at 90°C. A certain amount of dissolved
sugars in the hydrolysate was dehydrated into furan (Cai et al., 2020),
while most acetic acid and washing water were distillated. Recovery of
acetic acid and furan were not carried out this study. After cooling to
4 °C, crystallization was observed. Crystals were separated in the form of
wet solids from the bulk liquid. Therefore, certain amounts of acetic acid
and soluble sugars will be remained in the wet solids depending upon
the amount of liquids retained in the wet solids. The wet solids was then
vacuum-dried at 70 °C for 24 h. Before crystallization, an aliquot of
hydrolysate was collected to determine the amount of acid (M;) by high
performance liquid chromatography (HPLC) (Supplementary Informa-
tion). After crystallization, the residual liquid that contains primary
acetic acid and water was drained out immediately and the amount of
the crystallized acid (M5) was measured gravimetrically. The theoretical
acid recovery rate (R1) and actual recovery rate (Rg) of the dicarboxylic
acids were calculated by the following equations:

Ri(%) = M\/M x 100% (€}
Ry (%) = My /M x 100% (2

Where M; is the mass of the dicarboxylic acid determined by HPLC, M; is
the mass of the dicarboxylic acid that crystallized, and M is the total
mass of dicarboxylic acid and acid anhydrate (converted to acid base)
applied at the beginning of experiment.

The recovered dicarboxylic acid was reused for hydrolyzing fresh
cotton linter to produce DC-CNCs. The required amounts of fresh an-
hydride and acetic acid were added. The dicarboxylic acid was recov-
ered again and reused for a third time to evaluate its catalytic efficacy
for cellulose hydrolysis.

2.5. Characterization

Images of the DC-CNC samples were acquired using an atomic force
microscope (AFM) (5500, Agilent Technologies, Folsom, California,
USA) in tapping mode under ambient condition. Samples were diluted to
solids concentration of 0.01-0.05wt %, deposited on a clean mica
substrate, and then air-dried overnight at room temperature. Scanning
electron microscopy (SEM) images of the cross-sectional morphologies
of the DC-CNC films (fractured in liquid nitrogen) were also obtained
(Verios G4 UC, FEI Company, Hillsboro, Oregon, USA) using an accel-
erating voltage of 3kV on samples sputter-coated with gold. Polarized
optical microscopy (POM) graphs of the DC-CNC suspension and films
were also taken (ZYP-1000E POM, Zhongnuo, China) using crossed
polarizers. The pictures and color changes of DC-CNC films were
captured by a digital camera.

The crystallinities of cotton linter and DC-CNC samples were evalu-
ated by x-ray diffraction (XRD) (Min Flex 600, Rigaku, Tokyo, Japan)
with Cu K, radiation (4 =0.154 nm). Scans were performed from 5 to 60°
with a rate of 10°/min. The crystallinity index (CrI) of a cellulose sample
was calculated according to the Segal method (Segal, Creely, Martin, &
Conrad, 1959) with baseline subtraction:

Iooy — Ium

Cri(%) = x 100% 3

002

where Iz corresponds to the maximum diffraction intensity of the 002
lattice and I, corresponds to the intensity at 20 = 18°.

Fourier transform infrared (FT-IR) spectra of cotton linter and DC-
CNCs were obtained using a Nicolet AVATAR 360 FT-IR spectropho-
tometer (ThermoFisher Scientific, Waltham, Massachusetts, USA)
equipped with a universal attenuated total reflection (ATR) probe.

The surface compositions of the esterified cellulosic materials were
evaluated by x-ray photoelectron spectra (XPS ESCALAB 250,
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ThermoFisher Scientific). In these measurements, the C-C/ C-H
component of the Cls peak was adjusted to 284.6 eV.

Thermal gravimetric analyses (TGA) of the cotton linter and the DC-
CNC samples were performed using a simultaneous thermal analysis
(STA) TGA system (449 F5 NETZSCH Group, Selb, Germany). The
temperature range was from ambient to 450 °C with a heating rate of
10°C/ min under nitrogen. Approximately 5mg of dried sample were
used for each test.

Carboxyl group contents of DC-CNC samples were measured by
conductometric titration (da Silva Perez, Montanari, & Vignon, 2003).
Approximately 0.1 g DC-CNC samples were dispersed into 100 mL of
1 mL HCI solution. After stirring for 30 min, the suspension was titrated
by adding 0.2 mL of a NaOH solution dropwise in 30-second intervals
using a conductance meter (916 Ti-Touch, Metrohm AG, Herisau,
Switzerland). The carboxyl group content of the samples was given by
the following equation:

Micoon) = LCNM)H @
Mpc—CNCs

where V is the volume of NaOH consumed (mL), Cnaong =1 mol/L, and

mpc-cnes is the dry weight of the DC-CNC sample (g).

The ¢ potentials of the DC-CNC samples were measured on a Zeta
potential analyzer (NanoBrook Omni, Brookhaven Instruments Corpo-
ration, Holtsville, New York, USA) at a concentration of 0.05wt % in
PALS mode. DI water was used as dispersant. The { potential was
calculated using the Smoluchowski equation (Tockary et al., 2013).

3. Results and discussions
3.1. Characteristics of the DC-CNCs

Simultaneous hydrolysis and esterification of cellulose took place
during DC-CNC production. The anhydride and the catalyst both
enhanced CNC surface esterification, as revealed previously (Wang
et al., 2017). The p-TsOH used in this study acted not only as a catalyst
for esterification but also the source of hydronium ions that promoted
the hydrolysis of cotton linter. The morphologies of DC-CNC samples
prepared by the two dicarboxylic acids with or without p-TsOH were
observed by AFM (Fig. 2A-D). The four DC-CNC samples were not
significantly different with dimensions mostly from 50 to 700 nm in
length but varied in heights (diameters) based on AFM topographic
measurements (Fig. 2E and F) with mean values of 70-110 nm (Table 1).
The AFM topography measured CNC heights clearly indicate that most
CNCs are crystal aggregates that can be seen from the AFM images
especially the two CNC samples without p-TsOH (Fig. 2A and B). It is
well known that the average diameters of sulfuric acid CNCs are
approximately 10 nm with a range from 3 to 50 nm (Wang et al., 2012)
and length from 10 to 400 nm (Chen et al., 2015), and are therefore
crystal aggregates. The weak acidities of the DCAs certainly resulted in
CNCs with greater aggregation and diameters and lengths than sulfuric
acid CNGCs. It appears that the CNC height distributions (comparing
Fig. 2E with F) and the mean heights of M-CNCs and Sc-CNCs are not
significantly different (Table 1). However, the low acidity of ScA
(pKal =4.2, compared with MA pKal =1.9) resulted in a lower CNC
yield of 11 % than MA of 22 %, and lower CNC carboxyl groups content
of 0.53 mmol/g than 0.64 mmol/g from MA (Table 1).

By examining Fig. 2E and F and comparing Fig. 2A with C and Fig. 2B
with D, it can be concluded that the application of p-TsOH promoted the
hydrolysis of the cotton linter and the separation of crystals with more
uniform CNC dimensions. Furthermore, p-TsOH is more effective with
MA than with ScA in enhancing hydrolysis as can be seen from the mean
height of p-M-CNCs of 72 nm compared with p-Sc-CNCs of 92 nm and the
shift of the height distribution peak from approximately 65 nm for p-M-
CNCs (Fig. 2E) to 80 nm for p-Sc-CNCs (Fig. 2F). p-TsOH also signifi-
cantly increased CNC carboxylation and yield for both MA and ScA
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Fig. 2. AFM images (A-D) and AFM topography measured height distributions (E and F) of the DC-CNCs produced from cotton linter using maleic and succinic acid

with or without p-TsOH. All scale bars =500 nm.

Table 1

Morphological, physical, and chemical properties, along with critical concen-
trations for the formation of liquid crystal phase (CC1) and fingerprint texture
(CC2) of DC-CNCs.

Samples Cotton M-CNCs p-M-CNCs Sc-CNCs Pp-Sc-CNCs
linter
Yield (%) - 22 28 11 17
Mean height - 110 72 107 92
(nm)
Aspect ratio 5-50 10-90 6 - 64 5-55
Carboxyl - 0.64 0.89 0.53 0.75
groups
(mmol/g)
¢ potential - —-38+3 —53+2 —-32+2 —-51+4
(mV)
Crl (%) 74.5+5.2 79.6 +£2.3 76.8+2.6 77.7 +£4.3 75.5+3.7
CC1(%) 4.8 4.2 5.1 4.6
CC2(%) - 9.0 - 11.0

(Table 1). The low CNC yields for all four runs can be attributed to the
weak acidity of the two DCAs than sulfuric acid, in agreement with
previous studies using bleached wood fibers (Chen et al., 2016; Wang
etal., 2017). However, the overall yield of cellulose solid is high of over
90 %, or degradation of cellulose to sugar was minimal. The cellulose
solid residue can be easily fibrillated into cellulose nanofibrils, another
high value cellulose nanomaterials as demonstrated previously (Chen
etal., 2016; Wang et al., 2017). This is very different from most sulfuric
acid hydrolysis studies that resulted a CNC yield of 50 % with remaining
cellulose degraded into monomeric sugars that is low value and difficult
to recover. DC-CNC yield can be improved by increasing reaction tem-
perature to 120 °C and premilling the cotton linter as demonstred pre-
viously (Chen et al., 2016; Jia et al., 2017). The four DC-CNC
suspensions in neutral water all had negative zeta potentials (Table 1)
due to the presence of the negatively charged carboxyl groups on their
surface, which ensures their dispersion to result in stable aqueous
suspensions.

The four DC-CNC samples all showed typical XRD patterns of cellu-

lose I (Fig. 3A), with the main diffraction peaks at 20 = 14.8°, 16.2°, and

22.7°, assigned to the (101), (101), and (002) planes, respectively.
Compared with that of cotton linter, all the DC-CNC samples had a
slightly higher CrI (Table 1) due to hydrolysis of disordered cellulose.
The two DC-CNC samples from MA hydrolysis, M-CNCs and p-M-CNCs,
have higher CrI than their corresponding DC-CNC samples from ScA
hydrolysis, Sc-CNCs and p-Sc-CNCs. This is due to the stronger acidity of
MA than ScA that resulted in improved hydrolysis of disordered cellu-
lose. Application of catalyst p-TsOH, however slightly reduced Crl.

Thermal stabilities of the DC-CNC samples were also evaluated as
shown in Fig. 3B. Table S2 gives values for Topset (defined as dW/dT =
—1 (Chen et al., 2016)), Tpax (maximal weight loss temperature), and
Tys (defined as 5 % weight loss). Acid hydrolysis decreased thermal
stability as can be clearly seen by comparing the data for the CNC
samples with the data of cotton linter, this is especially true for the two
CNC samples from ScA hydrolysis. The lower thermal stability of
DC-CNCs compared with that of the unprocessed cotton linter can be
attributed to the carboxyl groups, which decompose at lower tempera-
tures than do hydroxyl groups (Ji et al., 2019). It can also be attributed
to the substantially greater surface area of CNCs and decreased cellulose
degree of polymerization (Vanderfleet et al.,, 2019) than the cotton
linter. The decrease in thermal stability of the two M-CNC samples by
MA hydrolysis was minimal compared with that of cotton linter. These
two DC-CNC samples, M-CNCs and p-M-CNCs, had much greater thermal
stability than the two Sc-CNC samples from ScA hydrolysis, Sc-CNCs and
D-Sc-CNCs. This can be attributed to the higher crystallinities of the MA
hydrolysis DC-CNCs than ScA hydrolysis DC-CNCs (Table 1) (Chen et al.,
2016). It appears that catalyst p-TsOH had negligible effect on resultant
CNC thermal stability.

The presence of carboxyl groups on DC-CNCs was also confirmed by
Fourier transform infrared (FTIR) spectroscopy. Compared with the
cotton linter, the FTIR spectra of DC-CNC samples had a new peak at
1728 em ™! (Fig. 3C) that is attributed to the carbonyl groups (C=0) or
carboxyl groups, qualitatively verified by titration measurements
(Table 1).

XPS was used to determine the nature of superficial atoms. Both the
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Fig. 3. Comparisons of DC-CNC samples with unprocessed cotton linter
through x-ray diffraction (A), thermal gravimetric (B), and FTIR (C) analyses.

cotton linter and DC-CNCs displayed two principal peaks at approxi-
mately 533 eV and 285eV in XPS spectra (Fig. 4A), corresponding to
oxygen and carbon, respectively. However, the deconvolution of the C1s
high-resolution signal highlighted the differences between the cotton
linter and DC-CNC samples (Fig. 4B-D). The C1s peak of all the samples
were fitted with four components according to the peak assignment by
(Dorris & Gray, 1978). The peak at 284.6 eV is assigned to C—C and
C—H bonds (C1), the peaks around 286.3 eV and 288.0 eV were often
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assigned to C—OH and O—C—0/C=O0 (C2 and C3), respectively. And
the DC-CNC samples exhibited a fourth peak at approximately 289.0 eV
from C=O groups (C4), further confirming the presence of carboxyl
group on the DC-CNC surface.

3.2. Chiral nematic properties of DC-CNCs

It is well known that, above critical concentrations, suspensions of
CNCs produced from concentrated sulfuric acid hydrolysis exhibit liquid
crystal properties (Revol et al., 1992). The generated crystalline phase
was normally cholesteric liquid crystal, also called the chiral nematic
phase. Here, we found that DC-CNC suspensions also form a chiral
nematic phase. However, different behavior was expected due to the
differences in CNC morphology (Elazzouzi-Hafraoui et al., 2009) and
surface charge groups, i.e., longer CNC length with larger diameters and
carboxy groups in DC-CNCs instead of shorter length with thiner di-
ameters and sulfate half-ester ~ groups, compared with
sulfuric-acid-produced CNCs.

Birefringence, the most important optical property caused by the loss
of physical isotropy when CNCs self-organize in a suspension, was first
used to assess whether the liquid crystal phase was formed. DC-CNC
suspensions of varied concentrations were prepared for each DC-CNC
sample and then observed by POM. Fig. 5A showed the POM images
of M-CNC suspension at concentrations of 3.2 wt %, 4.8 wt %, and 9.0 wt
% under different rotation angles (0° and 45°) of the objective stage. No
changes in color were observed at two rotation angles (0° and 45°) for
the suspension at 3.2 wt %, implying optical isotropy. However, when
the concentration was increased to 4.8 wt %, birefringence was
apparent. As the concentration further increased to 9.0 wt %, the bire-
fringence became more intense. Similar birefringence behavior was also
observed for the other three DC-CNC samples as shown in Fig. 5C-D.
Using the same method, the critical concentrations (CC1) for p-M-CNCs,
Sc-CNCs, and p-Sc-CNCs were obtained, i.e., 4.2wt %, 5.1 wt %, and
4.6 wt %, respectively. The results were summarized in Table 1, and the
values were consistent with the those of CNCs prepared using sulfuric
acid hydrolysis (Revol et al., 1992). p-M-CNCs with the highest aspect
ratio and carboxyl content has the lowest critical concentrations among
the four DC-CNC samples. It has been reported that both the aspect ratio
and the surface charges have an impact on the critical concentration for
the formation of the liquid crystal phase (Beck-Candanedo, Roman, &
Gray, 2005; Dong, Kimura, Revol, & Gray, 1996; Stroobants, Lekker-
kerker, & Odijk, 1986). Increasing aspect ratio decreases the critical
concentration (Elazzouzi-Hafraoui et al., 2009; Onsager, 1949), whereas
increasing carboxyl group content, i.e., surface charge, increases elec-
trostatic repulsion, which facilitates the parallel alignment of CNCs to
form the liquid crystal phase at low concentrations (Hanaor et al., 2011;
Liu et al., 2016).

3.3. Fingerprint pattern characteristic

With increasing concentration, the particles of ordered phase
(sometimes called tactoids) could gradually emerge to form a fingerprint
texture, which is a characteristic of chiral nematic liquid crystals. The
POM images between crossed polarizations of DC-CNC suspensions
above the critical concentrations are presented in Fig. 6. A well-oriented
liquid crystalline phase with clear tactoids was first observed at con-
centrations 9.0 wt % and 11.0 wt % for p-M-CNC and p-Sc-CNC sus-
pensions, respectively, indicating the formation of the CNC chiral
nematic liquid phase. However, no clear evidence of the ordered phase
was observed in the suspensions of M-CNCs and Sc-CNCs produced
without catalyst p-TsOH even above concentration 17 wt % after evap-
oration for a couple of hours. Perhaps, this is due to the lower carboxyl
group content or surface charge and greater polydispersity in physical
dimensions of these two DC-CNC samples compared with their corre-
sponding samples produced with catalyst p-TsOH (Fig. 2 and Table 1).
The critical CNC suspension concentrations for the formation of
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Fig. 4. A: XPS spectra of all DC-CNC samples and the unprocessed cotton linter. B-F: Deconvolution of the C1 peaks of the C-CNC samples and the cotton linter:

cotton linter (B); M-CNCs (C); p-M-CNCs (D); Sc-CNCs (E); and p-Sc-CNCs (F).

fingerprint texture (CC2) are listed in Table 1. In general, DC-CNCs tend
to aggregate and form a gel rather than an ordered phase (Jia & Liu,
2019).

The chiral nematic pitch P, more commonly used in its reciprocal
value 1/P, defined as the distance between CNC rods with the same
orientation after a complete 360° rotation, was used to evaluate the
chiral interaction between crystals (Dong & Gray, 1997). P is commonly
determined by measuring the distance between three successive dark (or
light) bands of the fingerprint texture in a POM image (Castro-Guerrero
& Gray, 2014; Elazzouzi-Hafraoui et al., 2009). P was 40.0 pm and
33.2pum at the beginning of the appearance of tactoids (top row in
Fig. 6B and D) for p-M-CNC and p-Sc-CNC suspensions, respectively, and
then decreased quickly to 7.0 pm and 6.0 pm in approximately 10 min
(bottom row of Fig. 6B and D), respectively. The reduction in P with time
can be attributed to spontaneous relaxation of the chiral nematic phase
(Khadem, Bagnani, Mezzenga, & Rey, 2020). The terminal (equilibrium)
P values were smaller than those reported in the literature for CNCs
produced using sulfuric acid hydrolysis of 30—60 pm (Dong et al., 1996;
Revol et al., 1992). The helical pitch of the chiral nematic crystal liquid
was influenced by various factors, such as surface charges, CNC con-
centration, nanocrystal size, etc. In addition, increasing CNC concen-
tration, such as through evaporation of water in suspension, decreases
pitch (Castro-Guerrero & Gray, 2014). Sonication can release some of
the ions trapped in the bound-water layer on the surface of CNC parti-
cles, leading to an increase in P due to the increase in electrostatic
repulsion between CNC particles as supported by the increase in

suspension conductivity (Fig. S1).

3.4. DC-CNC films

The appearance of DC-CNC films prepared by evaporation-induced
self-assembly under natural light are shown in Fig. 7A. Both M-CNC
(12 pm thickness) and Sc-CNC (21 pm thickness) films were somewhat
transparent and not very iridescent, whereas p-M-CNC (9 pm thickness)
and p-Sc-CNC (54 pm thickness) films displayed iridescent color. The
planar texture was observed by POM in p-M-CNC and p-Sc-CNC films
(Fig. 7B), indicating the preservation of organized helical structure in
solid films. The P were measured as 1.0-3.0 pm and 2.0-6.0 pm for p-M-
CNC and p-Sc-CNC films, respectively, much less than that of the cor-
responding suspensions due to water evaporation. SEM images of the
cross section of p-M-CNC and p-Sc-CNC films clearly show more uniform
and better ordered multilayered structure compared with M-CNC and
Sc-CNC films (Fig. 7C). Magnifying the SEM images can better reveal the
layered structure and orientation of CNCs (Fig. 7D). The calculated he-
lical pitch of the p-M-CNC film was approximately 2pm, which is
consistent with those measured by POM. It should be noted that the
thickness of the film only affects the light reflectivity and spectral
bandwidth, but does not affect the pitch values (Liu et al., 2014).

It is widely known that the chiral nematic property of CNC films is
sensitive to humidity (Parker et al., 2018). The p-M-CNC film in a dry
state showed strong blue reflection under natural light (Fig. 8A). After
wetting the film with a water drop on the surface, the color of the film
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0° M-CNCs 45° 0° p-M-CNCs 45°
A 2.0 wt%

3.0 wt%

9.8 wt%

0° Sc-CNCs 45° 0° p-Sc-CNCs 45°

Fig. 5. POM micrographs of DC-CNC suspensions at different concentrations under 0° and 45° rotation angles of the objective stage. All scale bars =200 pm. A: M-
CNGCs; B: p-M-CNCs; C: Sc-CNCs; D: p-Sc-CNCs.

A: M-CNCs B: p-M-CNCs C: Sc-CNCs D: p-Sc-CNCs
17.0 wt% i < 11.0 wt%

22.5 wt%

Fig. 6. POM micrographs of DC-CNC suspensions above the critical concentration to form fingerprint texture (C2). A: M-CNCs; B: p-M-CNCs; C: Sc-CNCs; D: p-Sc-
CNCs. B and D: the images in the bottom rows were taken 10 min after taking the images in the top row.
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Fig. 7. A: Photographs of DC-CNC films; B: POM images of DC-CNC films taken with crossed polarizers; C: SEM images of the cross sections of DC-CNC films; D:
Magnified view of the layered structure within the cross section of the p-Sc-CNC film shown in C.

gradually changed from blue to yellow and then to red (highest humidity
within the water drop region, insets in Fig. 8B and C). However, the blue
color was recovered (inset of Fig. 8D) after the removal of water and
drying. This process was carried out repeatedly and the spectral
response was recorded (Fig. S2). The fingerprint structure of the films
before and after water absorption were illustrated by POM. The images
shown in Fig. 8 reveal the changes in the pitch of the film throughout the
wetting and redrying process. The pitch was approximately 1.0-4.0 pm
in its initial dry state (Fig. 8A) and was increased to approximately
20.0-40.0 pm in the wet state (Fig. 8C). The pitch was recovered to
1.0-4.0 pm again after water removal and redrying (Fig. 8D). According
to the Bragg’s reflection equation of crystal diffraction (Eq. 5) (Vries,
1951), there was a linear relationship between the maximum reaction
wavelength and cholesteric pitch:

Amax = Nay X P X sind ()

where Anax and nyy are reflectance peak and average refractive index of
the film, respectively, P is the pitch of the helical structure, and 6 is the
angle of light incident on the film surface. Therefore, the increase in P
leads to a red shift in the reflectance peak of the film (increase in Apax)-
In other words, the color of the film changes as wetting and water
evaporation with time, showing great potential application in such areas
of anti-counterfeiting and humidity sensing.

3.5. Effect of DCA recycling on the properties of DC-CNCs

Compared with the other methods that are used to prepare carbox-
ylated CNCs (Leung et al., 2011; Zhou et al., 2018), the reaction time of
the DCA hydrolysis method is the shortest (approximately 1-2h). The
main advantage lies in the recyclability of the dicarboxylic acids due to
their low solubility. Evaluation of acid recovery can be found in the
Support Information (Figs. S3-S4). The results confirmed the high re-
covery rate and structural stability of the dicarboxylic acids through
being recycled multiple times. However, the DC-CNCs, p-M-CNCs, and
p-Sc-CNCs produced using recycled acids with catalyst p-TsOH had a
lower surface charge and a lower carboxyl group content than the cor-
responding values of the samples produced using fresh acids (Table S3).
The decreases were not apparent for the DC-CNCs without catalyst
p-TsOH, suggesting the decreases were perhaps caused by the loss of
p-TsOH, which was removed with the removal of water and solvent
acetic acid because p-TsOH is more soluble than the two dicarboxylic
acids studied here. Morphological variations among DC-CNCs from
using acid recycled multiple times and from the sample using fresh acid
were observed. The observed variations by AFM (Fig. S5) can be due to
variations in sampling as well as due to variations in the chemical
composition of the recycled chemicals. Further study is in progress to
achieve true sustainable production of DC-CNCs with the use of these
dicarboxylic acids with low environmental impact.
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Fig. 8. POM images of a p-M-CNC film in dry and wet states. All scale bars =50 pm. A: dry state; B: at the beginning of contacting a water drop (t =0); C: after
moisture absorption (t =5 min); D: after water removal and redrying (t =30 min). All insets are photographs of the CNC films under natural light in dry and during

wet states.

4. Conclusions

DC-CNCs from cotton linter with chiral nematic properties can be
prepared through hydrolysis and esterification in one pot using maleic
or succinic acid mixed with their respective dicarboxylic acid anhy-
drates to enhance esterification with or without a catalyst of p-TsOH.
Detailed morphological and chemical structural analyses of the as-
prepared DC-CNC samples showed the rod-like shape of DC-CNC sam-
ples with surface charges from cellulose surface esterification. The liquid
crystal phase was formed in the suspensions of DC-CNCs above critical
concentrations. The fingerprint texture was also clearly observed from
the suspensions of two DC-CNC samples, p-M-CNCs and p-Sc-CNCs,
produced with catalyst p-TsOH at concentrations of 9.0 % and 11.0 %,
respectively. SEM images of the cross section of DC-CNC films displayed
a clear chiral nematic characteristic. Reversible color change of the DC-
CNC films due to moisture change was also observed. The recyclability
of the two dicarboxylic acids was also demonstrated to achieve process
sustainability compared with the conventional concentrated sulfuric
acid hydrolysis process.
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