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ABSTRACT  Carbox lated cellulose nanocr stals (OA-CNCs) isolated 
b  aqueous rec clable oxalic acid h drol sis from degreasing cotton were 
used to observe its self-assembl  behavior and chiral nematic properties. 
The oxalic acid here served as the sole catal st to esterif  and h drol ze 
the degreasing cotton. The results indicated that the obtained OA-CNC 
suspensions were spontaneousl  phase-separated into a chiral nematic 
mesophase above a critical concentration, and the occurrence of chiral 
self-assembl  is highl  dependent on the aspect ratio and the surface 
charge of the OA-CNC suspension. Scanning electron microscop  
images of the cross section of OA-CNC solid flms revealed a periodic 
ordered multila er structure. The residual OA was easil  recovered 
through simple re-cr stallization method after reactions with a high 
recover  rate of at least 90%. The rec cled OA (ROA) had excellent 
performance in terms of ROA-CNC  ield even after reusing for fve c cles. Moreover, the resultant ROA-CNCs from rec cled OA 
could also form chiral nematic ordered phases with little change in the critical concentration and pitch, suggesting excellent 
suitabilit  for sustainable OA-CNC production for photonics and other specialt  applications. 
KEYWORDS  carbox lated cellulose nanocr stals, rec clable oxalic acid, chiral nematic liquid cr stal, self-assembl , sustainable production 

■ INTRODUCTION
Cellulose nanocr stals (CNCs), a biosourced nanomaterial 
produced from cellulose, have gained increasing attention in 
recent decade due to its particular ph sicochemical proper-
ties.1−3 A fascinating characteristic of the CNCs is that it can
form a chiral nematic (also called cholesteric) l otropic liquid 
cr stal phase spontaneousl  above a critical concentration in 
water,4,5 making it a valuable material applied in sensing,
anticounterfeiting, or decoration.6

Generall , colloidal stabilit  of CNC aqueous s stems is a 
precondition that directl  determines whether the self-
assembl  of CNCs can take place.4 CNCs produced b 
concentrated sulfuric acid h drol sis (S−CNCs) can easil  
form a chiral nematic l otropic liquid cr stal phase7 because
the  have a negative charge due to the presence of half-ester 
sulfate groups on the surface that imparts S−CNCs excellent 
colloidal stabilit , thus forming highl  stable dispersion s stem 
through strong electrostatic repulsion.8 When the concen-
tration of the stable colloidal suspension is above a critical 
value, the chiral nematic liquid cr stal phase is generated b  
self-assembl .9 Therefore, S−CNCs have been almost
exclusivel  used in stud ing the chiral nematic properties of 
CNCs for promising applications. However, S−CNCs facing 
production and environmental challenges due to difculties in 

economic acid recover , the need for disposal of salts from acid 
neutralization, and the strong corrosivit  of sulfuric acid. 

Carbox lated CNCs prepared through TEMPO-mediated 
oxidation of S−CNCs (T-S-CNCs) were found to have liquid 
cr stal properties.10 The introduction of carbox l groups
through TEMPO oxidation also produced electrostatic 
repulsion between CNC particles and form the stable colloidal 
suspension. However, TEMPO S−CNCs sufers the the same 
production and environmental issues as those for producing 
S−CNCs in addition to the cost for TEMPO and extra 
processing steps.11 Other CNC production methods including
ammonium persulfate (APS) oxidation,12 periodate-chlorite
oxidation,13 KMnO4 oxidation,14 citric/h drochloric acid
h drol sis,15 and alkaline periodate oxidation16,17 have been
developed to improve sustainabilit  in CNC production. 
However, these methods are challenged b  some concerns, 
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such as high chemical cost, large energ  consumption, and 
poor reagent rec clabilit  and reusabilit . 

Solid organic acids have attracted interest for producing 
CNCs for its low corrosivit  and ease in rec cling,18,19

especiall  the dicarbox lic acids, which could achieve 
satisfactor  aqueous dispersibilit  of CNCs ascribed to the 
presence of surface carbox l groups,20 providing the possibilit 
for the self-assembl  of CNC suspension. Latel , we 
successfull  prepared carbox lated CNCs (DC-CNCs) from 
cotton linter b  dicarbox lic acid h drol sis. The resultant DC-
CNCs were able to self-assemble with liquid cr stal proper-
ties,21 especiall  with the application of a catal st and/or an
organic solvent. However, additional processing costs will incur 
especiall  using organic solvents. Compared with maleic acid 
and succinic acid used in our earlier stud ,21 oxalic acid (OA)
has higher acidit  (pKa1 = 1.23) and is more efective in CNC 
isolation and carbox lation,22 CNCs with 0.3−1.2 mmol/g
carbox l group content was reported.19 Moreover, CNC
suspension obtained b  molten OA deh drate h drol sis 
could present birefringence patterns.23 However, few studies
focused on the chiral nematic liquid cr stal behavior of 
carbox lated CNCs isolated b  aqueous OA h drol sis (OA-
CNCs) without the application of organic solvent and 
catal sts. The objective of the present stud  is to demonstrate 
the self-assembl  behavior of OA-CNCs derived from aqueous 
OA h drol sis along with the rec clabilit  of oxalic acid and 
the efcac  of the rec cled OA. The goal of the stud  is to 
achieve sustainable production of OA-CNCs with chiral 
nematic liquid properties for advanced CNC applications 
such as in photonics and light management. 

■ EXPERIMENTAL  ECTION
Materials. Degreasing cotton, obtained from Yanggu Jing anggang

Sanitar  Materials Factor , was crushed to 20−50 μm and then dried 
before use. Oxalic acid (OA, 99.5%) was purchased from Sinopharm, 
Chemical Reagent Co., Ltd. All other reagents were of anal tical grade 
and purchased from Aladdin (China). 
Preparation of OA-CNCs. CNCs were isolated b  heating a 

mixture of 100g 60−80 wt % OA and degreasing cotton (3 g) in an oil 
bath at 100−110 ° C for 2 to 4 h. At the end of the reaction, about 200 
mL warm water was added to quench the reaction. The obtained 
mixture was then fltered immediatel  to separate the solids from the 
unreacted OA solution. The fltrate was then cr stallized for later 
reuse. The solids were washed with water and then centrifuged 
repeatedl  until the supernatant was turbid. The turbid supernatant 

was collected and dial zed using a dial sis bag until the conductivit  
of the dial sis water no longer changed. Yield of the resultant OA-
CNCs was calculated b  dividing the mass of OA-CNCs b  the mass 
of the original degreasing cotton. As a control, sample of CNCs 
isolated b  sulfuric acid h drol sis was obtained b  treating 
degreasing cotton with 64% of sulfuric acid at 45 °C  for 1 h, and 
the sample was denoted as S−CNCs. 

OA-CNC flms were obtained b  the conventional solution casting 
method:24 8 mL of 2 wt % OA-CNC suspension was processed with
sonication for about 10 min through an ultrasonic processor 
(KQ5200DE, Ultrasonic Equipment Co., Ltd., Shanghai, China). 
The treated suspension was then immediatel  poured into a plastic 
dish (35 mm in diameter). The suspension was left undisturbed and 
slowl  evaporated under ambient conditions to obtain a solid flm. 
OA Recycling and Reuse. The collected supernatant (diluted 

h drol sate) was cooled to 4 °C  for cr stallization. The obtained 
cr stals were separated followed b  dissolution in warm water and 
then re-cr stallized again. To evaluate the efcac  of the rec cled OA, 
the rec cled OA was reused to h drol ze fresh degreasing cotton. 
Characterization. Fourier transform infrared (FTIR) spectra of 

samples were measured on a spectrometer (Nicolet is5, Nicolet, USA) 
with a range from 500 to 4000 cm−1 . The X-ra  difraction (XRD) 
patterns were measured using an X-ra  difractometer (MiniFlex 600, 
Rigaku, Tok o, Japan) equipped with copper radiation (λ = 0.154 
nm). The cr stallinit  index (CrI) of a cellulose sample was calculated 
according to the Segal method25 with baseline subtraction

I I
CrI (%) = 002 am × 100%I002 (1) 

where I002 corresponds to the maximum difraction intensit  of the 
002 lattice and Iam corresponds to the intensit  at 2θ = 18° . 

Surface compositions of the OA-CNCs were evaluated b  X-ra  
photoelectron spectroscop  (XPS, ESCALAB 250, Thermo Fisher 
Scientifc). The transmittance of flms was scanned on an R1 angle-
resolved spectroscop  s stem (Idea Optics) in the wavelengths 
ranging from 500 to 4000 nm. 

Topographical images of OA-CNC samples were obtained b  
atomic force microscop  (AFM) (5500, Agilent Technologies, 
Folsom, California, USA) in the tapping mode. The morpholog  of 
OA-CNCs (a suspension of 0.05 wt ‰ placed on a copper grid, 
negativel  stained with 2% uran l acetate) were anal zed using Tecnai 
G2F20 scanning transmission electron microscope. The cross-
sectional morpholog  of the OA-CNC flm was obtained b  a 
scanning electron microscope (Verios G4 UC, FEI Compan , 
Hillsboro, Oregon, USA). Before observation, samples were 
embrittled with liquid nitrogen, spra ing gold for 45 s. 

The optical characteristics of OA-CNC suspension and solid flms 
were determined on a polarized optical microscope (ZYP-1000E 
POM, Zhongnuo, China). The photographs of the flms were taken 

Table 1. Characteristics of Cotton and OA-CNC Samples 

OA-CNC properties self-assembl  behavior 

cellulose sample 
b  ield aspect height range carbox l content 

(%) ratioa (nm) (mmol/g) 
 surface chargec CrI pitch

d e (mV) (%) DP *C1 *C2 (μm) 

degreasing cotton - - - - - 74.5 582 - - -
O(60, 100, 3) 14.74 5.1 4−24 0.12 −25.28 78.7 282 
O(60, 105, 3) 16.81 5.2 3−20 0.13 −27.88 79.3 277 
O(70, 105, 3) 15.07 6.6 5−23 0.13 −30.24 82.9 264 1.33 3.08 10.5 
O(80, 105, 3) 24.38 6.8 4−19 0.16 −35.74 85.5 235 0.74 2.99 11.3 
O(80, 100, 3) 21.98 6.2 4−29 0.11 −33.02 84.8 234 1.52 3.29 9.8 
O(80, 110, 3) 27.23 5.6 8−34 0.17 −35.37 86.4 219 0.99 3.84 12.7 
O(80, 105, 2) 18.2 6.4 3−21 0.12 −28.19 82.2 227 1.06 3.20 10.1 
O(80, 105, 4) 33.36 7.3 4−23 0.11 −35.55 85.7 208 0.91 3.11 9.9 
O(80, 100, 4) 23.15 7.9 5−12 0.17 −36.28 84.1 223 0.69 2.79 14.4 
S(64,45,1) 17.92 9.7 4−27 −45.67 89.0 183 6.44 7.94 7.2 
aTaken as the ratio
were formed in the 

length/width. bObtained from AFM measurement. cMeasured b 
CNC suspension, wt %. e*C2, second critical concentration at 

ζ potential. d*C1, frst critical concentration at which tactoids
which the CNC suspension became full  anisotropic, wt %. 
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b  a smartphone camera. Circularl  polarized luminescence (CPL) 
spectrum of OA-CNC flms was recorded using a JASCO CPL-300 
spectrophotometer and the corresponding luminescence diss mmetr  
factors (glum) were reported b  the spectrophotometer. 

Other experimental protocols and instrumentation, including liquid 
chromatograph , ζ potential measurement, and carbox l group 
content are described in the Supporting Information. 

■ RE ULT  AND DI CU  ION
OA-CNC Yield and Properties. As reported earlier,19,22 a

signifcant amount of cellulose will remain in the form of fbers 
and OA-CNC  ield is lower after concentrated OA h drol sis 
even under elevated temperatures because OA is a weak acid. 
As listed in Table 1, OA-CNC  ield varied from approximatel  

Figure 1. TEM images (a−j) of CNC samples extracted under 
diferent conditions. (a) O(60, 100, 3); (b) O(60, 105, 3); (c) O(70, 
105, 3); (d) O(80, 105, 3); (e) O(80, 100, 3); (f) O(80, 110, 3); (g) 
O(80, 105, 2); (h) O(80, 105, 4); (i) O(80, 100, 4); and (j) S(64, 45, 
1). 

Figure 2. (a) FTIR, (b) XRD, and (c) XPS spectra. (d,e) 
Deconvolutions of the C1 peaks of cotton and O(80, 105, 3) samples. 

15% to over 30% for the range of h drol sis conditions carried 
out. This is in agreement with an earlier stud .19 To facilitate
discussion, the obtained CNC samples are labeled using 
abbreviated h drol sis conditions as A(xx,    , z) to represent 
acid A (O for oxalic acid and S for sulfuric acid) at an acid 
concentration of xx wt %, reaction temperature     °C, for a 
reaction duration of z h. The data in Table 1 show that 
increasing acid loading and h drol sis time or reaction 
temperature increased CNC  ield. The highest  ield of 
33.36% was obtained under the conditions of 80 wt % acid 
concentration and 105 °C for 4 h, severer than that for S(64, 
45, 1). TEM (Figure 1) and AFM (Figure S1) images of the 
OA-CNCs illustrate that the nanoparticles were pol disperse in 
ph sical dimensions. Length and width distributions (Figure 
S2) along with the height measured b  AFM (Table 1) of OA-
CNCs demonstrate that the shape of particles were fat objects, 
similar to those obtained b  the sulfuric acid method.26 The
average thickness of OA-CNC particles was around 15 nm for 
an average width about 100 nm and a length ranging from 200 
to 1000 nm. Aspect ratios of OA-CNC ranged from 5.1 to 7.9 
and seemed to increase with the increasing acid concentration 
or h drol sis time. The surface charge and carbox l group 
content of the OA-CNCs ranged from −25 to −37 mV and 
from 0.11 to 0.17 mmol/g, respectivel , impl ing that well 
dispersion of the colloidal suspensions can be achieved. 
Increasing h drol sis temperature also promoted cellulose 
esterifcation (or carbox lation). The stabilit  of the colloidal 
suspension dictated the formation of the l otropic liquid 
cr stal phase. In comparison, the CNCs resulted from sulfuric 
acid h drol sis of degreasing cotton [S(64, 45, 1)] (Figure 1j) 
S−CNCs have smaller dimensions, a larger aspect ratio and 
higher surface charge, thus making it easier to form chiral 
nematic liquid cr stal. 
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exhibited a signifcant decrease from 582 to 282−183 after 
h drol sis, suggesting that the molecular chains of cellulose 
were fragmented in the amorphous region at certain intervals, 
as reported b  Sun et al.27 

The existence of carbox l groups was also verifed b  XPS. 
Two peaks at 533 and 285 eV, which was assigned to ox gen 
and carbon, respectivel , were observed in both XPS spectra 
(Figure 2c). The C1s peak were ftted with four components, 
including peaks around 284.6, 286.3, 288.0, and 289.0 eV 
assigned to C1 (C−C/C−H), C2 (C−O), C3 (O−C−O and/ 
or C=O), and C4 (O−C=O), respectivel .28 Compared with 
original degreasing cotton (Figure 2d), OA-CNCs exhibited 
the fourth peak from C4 (Figure 2e), confrming the existence 
of −COOH on OA-CNCs. 
Chiral  elf-Assembly Behavior of OA-CNCs. As is well 

known, suspensions of CNCs from sulfuric acid h drol sis 
easil  form a chiral nematic liquid cr stal phase spontaneousl  
above a critical concentration. The occurrence of such self-
assembl  highl  depends on the CNC properties.29,30 The 
aspect ratio and surface charge are the two main characteristics 
of OA-CNCs that pla  an important role in their self-assembl  
behavior.31,32 Formations of chiral nematic liquid cr stal phase 
for all samples were investigated b  POM images as shown in 
Figure 3. It could be seen that no fngerprint texture was 
observed in POM images for samples O(60, 100, 3) and O(60, 
105, 3) obtained at an OA concentration of 60 wt % even at an 
OA-CNC suspension concentration above 4% (Figure 3a,b), 
perhaps, due to the low aspect ratio (Table 1) and low surface 
charge of these two samples. 

Samples with an aspect ratio above 5.5 and surface charge 
above 30.0 mV were all able to form the chiral liquid cr stal 
phase. The *C2 for the suspension ranged from 2.4−3.0% with 
pitches between 13 and 20 μm, much lower than that of S− 
CNCs at approximatel  8% with a smaller pitch of 7.2 μm. The 
data shown in Table 1 also demonstrate that the higher aspect 
ratios of OA-CNCs lead to lower *C2, which was consistent 
with Onsager’s phase separation theor .33,34 The above results 
demonstrate that OA-CNCs have the abilit  to form the chiral 
liquid cr stal phase, promising for applications in CNC-based 
chiral composites. 

To further investigate the self-assembl  behavior of OA-
CNCs, the formation process of the chiral nematic liquid 
cr stal phase was recorded. Images of the suspension using 
sample O(80, 105, 3) with the concentrations of 0.3, 0.5, 0.8, 
1.0, 2.5, and 3.0 wt % sandwiched between two crossed 
polarizers, respectivel , are demonstrated in Figure 4a. When 
the concentration was below 1.0%, the suspension was 
opticall  isotropic. The suspension became biphasic with the 
upper phase opticall  isotropic and the lower phase opticall  
anisotropic as the concentration was increased to 1.0%. 
Besides, the fraction of the anisotropic phase increased with 
the CNC concentration until the suspension became full  
anisotropic at 3.0 wt % (Figure 4b). The corresponding 
characteristic fngerprints of OA-CNCs were also presented 
through POM images (Figure 4c). It could be seen that the 
suspension forms tactoids frst at a CNC concentration of 0.8 
wt %, then fngerprint texture emerged from the occurrence of 
phase separation with increasing concentration, and fnall  
well-ordered fngerprint texture could be observed when the 
suspension was completel  anisotropic. As is usuall  observed, 
the pitch decreases with increasing concentration. However, 
OA-CNC suspensions would transit to a gel state at a higher 
initial concentration (>4.0%), where onl  birefringence but no 

Figure 3. POM images (a−j) of CNC samples extracted under 
diferent conditions [arrows indicating directions of the polarizer (P) 
and anal zer (A); samples were sandwiched between P and A]. 

The chemical structure of OA-CNCs was characterized b  
FTIR, XRD, and XPS. Comparisons of FTIR spectra between 
the degreasing cotton and OA-CNCs can show the changes in 
chemical structure through OA h drol sis. OA-CNCs show a 
new peak at 1725 cm−1,  corresponding to C=O stretching, 
indicating the presence of the carbox l group on the OA-CNC 
surface due to cellulose esterifcation (Figure 2a). XRD results 
exhibited the t pical cellulose Iβ difraction peaks at about 2θ = 
14.6, 16.4, 22.8, and 34.2° assigned to the (−110), (110), 
(200), and (004) refection planes, respectivel  (Figure 2b). 
Compared with original degreasing cotton, OA-CNCs showed 
a more intensive peak at 22.8° because of the enhancement of 
cr stallinit  due to the removal of disordered cellulose b  OA 
h drol sis, and all the CNC samples had a higher CrI (Table 
1) due to h drol sis of disordered cellulose. The average DP 
values of the degreasing cotton and CNC samples were tested 
and are listed in Table 1. The DP value of degreasing cotton 
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chiral ordering was observed (Figure S1). The reason might be 
due to the restriction of the strong ph sical cross-linking 
network of the carbox l group at higher concentrations.35 

One of the fascinating characteristics of CNCs is that the 
chiral nematic structure observed in their suspensions can be 
preserved in flms, greatl  expanding their applications.24,36,37 

The OA-CNC flms displa ed iridescent color (Figure 5a) and 
fngerprint texture as clearl  observed (Figure 5b). Image of 
cross-sectional morpholog  of the solid flm is also presented 
(Figure 5c). From the cross-sectional SEM images, a highl  
ordered la ered structure was clearl  observed; the enlarged 
SEM image (Figure 5d) demonstrated that the CNCs were 
arranged regularl  to form a periodic helical structure in the 
flm. The helical pitch was measured to be approximatel  4.3 
μm, lower than the value obtained b  POM. 

Additionall , the response to water on the OA-CNC flm 
was evaluated under natural light. As shown in the inset fgures 
in Figure 5e−g, the dried OA-CNC flm had a blue color but 
changed to  ellow after wetting. However, the flm turned to 
blue color again after being dried. The change in the pitch 
before and after wetting is shown in Figure 5e−g. The pitch 
was about 4.6 μm at its initial dr  state and then increased to 
about 6.8 μm in the wet state, and recovered to 4.3 μm again 
after re-dr ing. Based on Bragg’s refection, the increase in 
pitch leads to increase in λmax of the flm (a red shift in the 
refectance peak), which can be seen b  the color change from 
blue to  ellow with increasing humidit .38 Refection spectra of 
the solid flm b  UV−vis (Figure 5h) proved the occurrence of 
red shift in refectance peak after being wetted b  water droplet 
and then returned to the initial state when re-dried in room 
temperature. Circularl  polarized fuorescence spectrum 
(CPL) of the OA-CNC flm is shown in Figure 5i, in which 

the flm displa s positive circular dichroism signals with a glum 
value of 0.036, confrming the abilit  of the OA-CNC flm to 
selectivel  refect left-handed circularl  polarized light.39 

Recycle and Reuse of OA. The dicarbox lic acid 
h drol sis method19 for producing CNCs onl  uses one 
chemical, which facilitates the rec cling of OA for reuse. The 
recover  and rec cle of the unreacted OA after h drol sis were 
evaluated. Through OA cr stallization from the h drol sate, 
the unreacted OA was recovered as shown in Figure 6a. 
Compared with fresh OA, the recovered OA maintained the 
cr stal-like shape but displa ed gradual brown color with the 
increasingl  rec cling c cles, most likel  from the impurities 
and degradation b products. Liquid chromatographic results 
(Figure 6b) showed that the h drol sates mainl  contained 
mannose (7.7%), x lose (5.3%), and glucose (87.0%). Figure 
6c,d revealed the high recover  rate and structural stabilit  of 
the OA after fve c cles. 

The performance of the recovered OA was evaluated b  the 
 ields and dimensions of the CNCs (ROA-CNCs) extracted 
using rec cled OA. As demonstrated in Figure 6c, the  ields of 
ROA-CNCs were slightl  decreased from 24.38 to 21.57% 
after fve rec cles, and the morpholog  and size distribution of 
the ROA-CNCs (Figures 6e−g and S4) were most likel  
unchanged compared with that of OA-CNCs from using fresh 
OA. The self-assembl  propert  of the ROA-CNCs was also 
evaluated. Figures 6h and S5 present the POM images of ROA-
CNC suspensions at *C2 critical concentrations with little 
change in the value of P, indicating that all samples showed 
fngerprint patterns, conforming the formation of the CNC 
chiral nematic liquid phase. 

Based on the above results, the recovered OA still showed 
excellent performance after being rec cled for at least fve 

Figure 4. (a) Phase separation observed between cross polars for sample O (80, 105, 3) in diferent concentrations, (b) corresponding phase 
transition diagram for O (80, 105, 3), and (c) POM photographs of O (80, 105, 3) suspensions with diferent concentrations. 
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■ CONCLU ION  
OA-CNCs with uniform nanoscale morpholog  were extracted 
from degreasing cotton through simultaneous esterifcation 
and h drol sis b  rec clable oxalic acid. Phase separation of 
OA-CNC suspensions was detected above a critical concen-
tration and fngerprint texture was observed. The formation of 
the CNC chiral liquid cr stal phase was infuenced b  the 
CNC properties with a second critical concentration ranging 
from 2.4 to 3.0%, much lower than that of CNCs isolated b  
sulfuric acid h drol sis. Additionall , the OA-CNC solid flm 
displa ed a highl  ordered la ered structure and sensitive 
moisture response, impl ing the good preservation of the chiral 
nematic structure. The performance of OA was maintained 
even after fve rec cles in terms of CNC  ield, with no obvious 
diference observed in morpholog  and abilit  in forming the 
chiral

■ 
 nematic cr stal phase. 
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Figure 5. (a) Photo of the flm; (b) POM image of the flm; (c,d) 
cross-sectional SEM images of the flm; (e−g) POM images of the 
flm in dr , wet, and re-dr  states; all insets are photographs of the flm 
in dr  and wet states; (h) UV−vis spectrum of the flm in dr  and wet 
states; and (i) CPL spectrum of the flm. 

times, impl ing its suitabilit  for continuous CNC isolation, 
providing a promising method for isolating CNCs with self-
assembl  abilit  and improved reagent utilization. 

Diferent preparation methods and corresponding perform-
ance of self-assembl  abilit  for CNCs are listed in Table 2. 
Compared with other methods reported in the literature, the 
method described in this work is simpler and quicker without 
an  other additives or procedure expect for oxalic acid 
h drol sis. Moreover, the CNCs obtained b  this method 
could form chiral nematic liquid cr stals above a lower critical 
concentration (1.0%), promoting the market adaption of this 
renewable nanomaterial. Because of the eas  rec cle and less 
environmental impact of OA, the preparation of OA-CNC in 

Figure 6. (a) Photo of the recovered OA; (b) liquid chromatogram of 
h drol sate; (c) recover  rate of OA and  ield of CNCs under 
diferent c cles; (d) FTIR spectra of CNCs under diferent c cles; (e) 
length and (f) width distribution, and (g) TEM and (h) POM images 
of the ROA-CNCs obtained using OA rec cled fve times. 

such a manner is expected to facilitate the scaling up of the 
preparation. 
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Experimental methods, length and width distribution of 
CNCs under diferent conditions, POM image of OA-
CNC suspension at a concentration of 6%, AFM images, 
length and width distribution of ROA-CNCs under 
diferent c cles, and POM images of ROA-CNCs under 
diferent c cles (PDF) 
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