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Abstract

The production of cellulose nanocrystals (CNC) from biomass involves pretreat-
ment, CNC synthesis, and post-synthesis purification. Information on quality vari-
ation during the different stages of pretreatment and CNC synthesis is well docu-
mented; however, the post-synthesis purification stage has received little attention.
In this study, characteristic variations of CNC during the post-synthesis purification
process were investigated. The stages in the process were washing (first and second),
neutralization, and centrifugation. CNC'’s yield decreased after the second washing
and neutralization. Cellobiose and cellotriose were detected in the supernatants after
the first and second washings. After neutralization, CNC showed a higher colloi-
dal dispersion compared to the first and the second washings. The dimension, mor-
phological, and structural properties were moderately altered during the purification
process. Crystallinity increased while crystallite size reduced as CNC purification
progressed. The C+*CBD3 bound to CNC'’s surface reduced by 24.27% after the sec-
ond washing and increased by 47.44% after neutralization. The results in this study
provide comprehensive information regarding the overall changes in CNC’s charac-
teristics during its purification.
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Introduction

Cellulose is an abundant biopolymer and the main constituent of many vegeta-
ble biomasses [1]. Cellulose and its derivatives, including cellulose nanocrystals
(CNC), carboxymethyl cellulose, methylcellulose, and cellulose nanofibers, have
attracted global attention in the past decades due to their surface characteristics,
which confer them with a high degree of compatibility and adaptability in many
industrial manufacturing processes [2]. In addition to these properties, the CNC
has a high level of crystallinity, which has made it an important candidate in bio-
material reinforcement [3, 4].

Cellulose nanocrystal is a crystalline material obtained following acid hydroly-
sis of cellulose [5]. Conventionally, the production of CNC can be grouped in
three stages: biomass pretreatment, CNC synthesis, and post-synthesis purifi-
cation [6]. The first stage involves the treatment of raw materials with mainly
chemicals such as acid and alkali to remove lignin and hemicellulose [2]. In the
second stage, the pretreated cellulose-rich biomass is subjected to acid hydrolysis
to remove the amorphous region and liberate the crystalline component, CNC [5].
Sulfuric, hydrochloric, nitric, and phosphoric acids are usually employed for the
hydrolytic reaction [7]. Among these, sulfuric acid is mostly used due to several
advantages, including high reproducibility, uniformity, and ease in process scale-
up [6]. During acid hydrolysis of cellulose with sulfuric acid, there is a release
of hydroxonium ion, which selectively penetrates and degrades the amorphous
region of cellulose [7]. At last, the post-synthesis stage involves the purification
of CNC using operations such as washing, neutralization, and centrifugation [8,
91.

The quality of CNC depends on biomass source and the production proce-
dure [10]. Therefore, special attention is given to the selection of appropri-
ate biomasses and subsequent optimization of acid hydrolysis conditions, such
as temperature, time, and acid concentration, for improved yield and to achieve
the desired surface properties [11-14]. Besides, several studies have reported the
modification of biomass pretreatment process to enhance CNC synthesis and,
ultimately, improve the overall properties [15—17]. Earlier studies have reported
variation in the properties of CNC at different phases of pretreatment and syn-
thesis stages [6, 15]. However, the post-synthesis purification stage has received
little attention, hence the focus of this study. In this study, it was hypothesized
that the severity of post-synthesis purification would influence the yield and prop-
erties of CNC.

Common analytical techniques employed for the characterization of CNC fol-
lowing its production include microscopy, spectrometry, and X-ray diffraction [6,
8, 15]. The use of carbohydrate-binding module (CBM) for the determination of
cellulose crystallinity is becoming popular [18-20]. CBM is attaching to specific
ligands of insoluble carbohydrates and increasing the specificity and substrate-
binding ability of enzymes [21]. This is achieved through stacking or hydropho-
bic interaction between carbohydrate’s sugar rings, CBM’s aromatic residues, and
the glycan chains [19]. C+CBD3 is a CBM from Clostridium thermocellum, which
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has excellent cellulose-binding properties [22, 23]. Its cellulose-binding prop-
erty is achieved through the formation of a planar architecture that enhances its
complementation with the substrates [24]. Using CtCBD?3 to determine cellulose,
lignin, xylan, and chitin’s crystallinity has been reported [22, 23]. Besides, deter-
mining CNC’s crystallinity using C+CBD3 was reported recently [9]. The objec-
tive of this study was to evaluate the variation in the properties of CNC during
post-synthesis purification stages (washing, neutralization, and centrifugation).
The morphology, dimension, structural properties, crystallinity, and protein-bind-
ing capacity of CNC were monitored during the stages.

Materials and methods
Materials

Avicel PH-101 was obtained from Sigma-Aldrich (St. Louis, MO, USA), C+CBD3
(UniProtKB, Q06851, from Clostridium thermocellum ATCC 27405, UniProt Con-
sortium) was procured from the European Bioinformatics Institute, Hinxton Cam-
bridge CB10 1SD, United Kingdom. The characteristic features of C#CBD3 and the
cloning of its gene on a pET-21a vector (recombinant E. coli BL21 DE3) have been
previously described [24]. Sodium hydroxide (Junsei Chemicals, Tokyo, Japan), sul-
furic acid (Duksan Pharmaceutical Industry, Gyeonggi-do, Korea), glucose (Sigma-
Aldrich), cellobiose (Sigma-Aldrich), cellotriose (Sigma-Aldrich), and uranyl ace-
tate (TED PELLA, Redding, CA, USA) were obtained from Duksan, Ansan, Korea.
Luria-Bertani broth (BD, Franklin Lakes, NJ, USA), isopropyl-f-D-thiogalacto-
side (Sigma-Aldrich), Tris-HCI (Duksan), ampicillin (Sigma-Aldrich), imidazole
(Sigma-Aldrich), and Bicinchonic acid assay (BCA) reagent kit (BCA Protein Assay
Kit, Thermo Scientific, Waltham, MA, USA) were supplied by Taeyoung, Yeongde-
ungpo-gu, Seoul, Korea.

Preparation of cellulose nanocrystals

The sulfuric acid hydrolytic method described by So et al. [9] was used for the syn-
thesis of CNC from Avicel. In this study, the synthesis of CNC was considered in
four stages: hydrolysis, washing, neutralization, and centrifugation (Fig. 1). Briefly,
Avicel (10 g) was hydrolyzed with 175 mL 60 wt% sulfuric acid at 45 °C for 45 min.
After acid hydrolysis, 3 L of distilled water was added and the resulting suspen-
sion was kept at room temperature (20+2 °C) for 12 h. Subsequently, about 2 L
of the supernatant was carefully decanted and the remaining suspension (Al) was
collected. The step was repeated, and another suspension (A2) was obtained. There-
after, sample A2 (1 L) was neutralized with 10 M NaOH and centrifuged at 7,000xg
for 15 min. The residue obtained was washed several times with distilled water
until the water became turbid. The turbid supernatant (TCNC) and pellet particles
(PCNC) were collected separately. The yield of the collected CNC samples was

@ Springer



1534 Polymer Bulletin (2023) 80:1531-1544

r--Stage4---:

== Stage 1 .--.: i. ....... Stage 2 cmmmmmma === Stage 3 mmmmmmmm I i Turbid CNC :
| | I
: Acid hydrolysis : I A A2 { Centrifugation : : Turbid supernatant :
‘ | General form) ||
|- 1|1 Stop hydrolysis I Concentrate and (
I ﬁlévxg/l 1|_(|) g(; Il reaction and Dile and remo I: Neutralize by adding obtain CNC :': :
| 17; mi ¢ | remove supenalant ZSI;J it ;ecrlr(lj ve Il 10MNaOH by centrifugation || .4 | I
: 45°C. 45 min : I containing sulfuric I| until supernatant (11 Pellet CNC I
| i |1 acid h turbid I I Nomore turbid )
.......... R T T T T T T T T T LT T T T T T T L = supematant ||
1| Remaining pelet
|| (Pelietedfor) |

Fig. 1 Purification process of CNC

expressed in percentage. The CNC samples were further characterized to obtain the
particle size, dispersibility, morphology, crystallinity, and protein-binding efficiency.

Recovery of CtCBD3

The procedure described by Kim et al. [22] was used for the recovery of C+fCBD3
from recombinant E. coli. Briefly, recombinant E. coli BL21 (DE3) containing the
CtCBD3 gene was inoculated into Luria-Bertani broth containing 50 pg/mL of
ampicillin and incubated at 37 °C. The absorbance of the medium was monitored at
600 nm during incubation. When the absorbance reached 0.4-0.6, 1 mM isopropyl-f§
-D-thiogalactoside was added and incubation continued at 37 °C for 4 h. The cells
were recovered by centrifugation and resuspended in 50 mM Tris-HCI buffer (pH
8.0). The suspension was sonicated and centrifuged (10,000xg, 4 °C, 30 min). The
supernatant was purified using Ni-NTA agarose (Qiagen, Hilden, Germany) column
pre-stabilized with 50 mM Tris-HCI buffer (pH 8.0). Thereafter, 50 mM Tris-HCI
buffer containing 50 mM imidazole was introduced into the column for washing.
Subsequently, 50 mM Tris-HCl with 0.1-1.0 M imidazole was added for protein
elution.

Analysis of cellulose degradation during cellulose nanocrystal purification

The composition of soluble fractions recovered during the purification of CNC
was evaluated using thin layer chromatographic (TLC) analysis [25]. The soluble
fractions were introduced into a 20X 20 cm silica gel 60 G 25 Glass plates (Merck,
Darmstadt, Germany) in a mobile phase consisting of n-butanol/acetic acid/water
(2:1:1, by volume). This was followed by heating for 15 min at 120 °C. Sulfuric acid
solution dissolved in ethanol (10%, v/v) was sprayed onto the plate. Glucose, cello-
biose, and cellotriose were used as standards.

The pH of each sample was measured using a pH meter (ORION STAR A215,
Thermo Scientific, Waltham, MA, USA).
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Determination of dispersibility of cellulose nanocrystals

The sedimentation procedure described by Cheng et al. [8] was used to determine
CNC’s dispersibility. Suspensions, 0.1-0.5%, of each sample were prepared in trans-
parent bottles and allowed to gravitationally settle for 48 h.

Determination of morphology and dimension of cellulose nanocrystals

Bio-transmission electron microscope, TEM, (Bio-TEM, HT 7700, Hitachi, Tokyo,
Japan) was used to measure the shape and size of CNC based on the procedure
described by Brinkmann et al. [7]. Samples were dried on a carbon-coated grid
and stained with uranyl acetate. The size was measured using the Image] software
(National Institutes of Health, Rockville Pike, MD, USA) through random sampling
of more than 20 individual particles.

X-ray diffractometry and Fourier transform infrared spectroscopy

X-ray diffractometric (XRD, EMPYREAN, Malvern Panalytical, Malvern, UK)
analysis was conducted to determine the crystallinity and crystallite size of the sam-
ples based on the procedure described by Gong et al. [26]. The samples were freeze-
dried before analysis. The freeze-dried sample was ground to an average particle
size of 10 um in a corundum mortar and pestle. The ground sample was poured
into the sample holder and XRD patterns were obtained at 40 kV and 100 mA Cu
radiation. Diffracted radiations were measured in the range of 26=5-50°. The data
generated were analyzed using Origin 2021b software (Origin Laboratory Corpora-
tion, Northampton, MA 01060, USA). The crystallinity index was estimated as the
ratio of the area of the crystalline region and the total area of crystalline and amor-
phous regions. The crystallite size, D (nm), is calculated using the Scherrer Equa-
tion (Eq. 1) [27].

_ Ki
b= pCosé (1)

where K, 4, f, and 0 are Bragg’s constant, wavelength of diffracted X-ray, full width
at half maximum, and diffraction angle, respectively.

Fourier transform infrared spectroscope (FTIR, Nicolet iS5 FTIR Spectrometer,
Thermo Scientific, Waltham, MA, USA) was used to evaluate the structural prop-
erties of freeze-dried CNC samples based on the protocol described by Xiao et al.
[14]. The analysis was done at a spectra-range of 4000-500 cm™!, 16 scans, and
4 cm™! resolution.

Determination of CtCBD3 binding on cellulose nanocrystals
CtCBD3 binding on CNC was determined based on the procedure described by So

et al. [9]. One milligram of CNC was added to a solution containing 200 pg protein
in 0.5 mL 50 mM KPO, at pH 7.0. The mixture was maintained at 4 °C for 30 min
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and, thereafter, centrifuged for 7 min at 13,000xg and 4 °C. The amount of residual
protein in the supernatant was determined using the BCA assay. The residual protein
was deducted from the initial protein weight to obtain the weight of bound protein.

Statistical analysis

All experiments were conducted in triplicates. Data were subjected to analysis of
variance and Duncan multiple range test to determine the significant difference
(p <0.05) using Statistical Package for the Social Scientist (version 23, IBM Statis-
tics, Armonk, NY, USA).

Results and discussion
Yield of cellulose nanocrystals

The yield of CNC at different stages of purification varied (Table 1). Al had a yield
of 83.36% and this significantly (p <0.05) reduced by 27.77% after the second wash-
ing. This high rate of reduction was due to CNC degradation owing to the pres-
ence of negatively charged sulfate ester group of sulfuric acid on the surface of CNC
[8]. This might affect the dispersibility of CNC and reduce its reinforcing efficiency
[7]. There was a further significant (p <0.05) 16.41% reduction after neutralization
with NaOH. This showed that NaOH treatment had higher efficiency in reducing the
potency of sulfuric acid relative to the use of water. The neutralization with NaOH
possibly reduced the concentration of the sulfate ester group, which resulted in a
reduction in CNC degradation [8]. These findings showed that the yield of CNC
is influenced by the severity of post-hydrolysis treatments. Wang et al. [17] also
showed variation in the yield of CNC at different stages of hydrolysis of bleached
softwood kraft pulp.

The TLC bands of collected supernatant during CNC purification are shown
in Fig. 2. Cellobiose and cellotriose were present in the supernatant after the

Table 1 Yield, dimension, and crystallinity of cellulose nanocrystals at different stages of purification

Parameter Al A2 TCNC PCNC Avicel

Yield (%) 83.36 +3.56* 60.21+4.22° 3345+156° 1691+0.82¢ N.A

pH 0.33+0.02¢ 0.67 +£0.02° 6.22+0.24* N.A N.A

Length (nm) 165.65+49.77* 130.10+£42.27* 153.12+49.81* N.A N.A

Width (nm) 14.15+4.88" 11.54 +4.34% 12.99+2.23* N.A N.A

Aspect ratio 12.39+4.26" 11.57+2.64* 12.11+4.32*  N.A N.A
Crystallinity (%) 70.08+0.12° 71.96 +1.06° 72.61+£0.04*  68.91+0.34° 70.94+1.01°

Crystallite size (nm) 4.94+0.44° 4.57+0.11° 4.08+£0.05¢ 476 +0.02® 5.10+0.03

The data from triplicate experiments are expressed as mean + standard deviation
N.A—Not applicable

Values with different superscripts in row are significantly different (p <0.05)
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Fig.2 Thin layer chromatographic results of supernatants at different stages of CNC purification. Al
(lane 2), A2 (lane 3), Stage 3-a (lane 4), Stage 3-b (lane 5), TCNC (lane 6). Lane 1 contains standard
glucose, cellobiose, and cellotriose

recovery of Al, owing to the degradation of the amorphous component of Avicel
by sulfuric acid. Sulfuric acid has been shown to selectively degrade amorphous
cellulose for the liberation of crystallites [6]. Wang et al. [17] also reported the
presence of glucose and fructose in the hydrolysate after acid hydrolysis of soft-
wood kraft pulp. The supernatant collected after A2 recovery also showed the
presence of cellobiose, and this validated the fact that the presence of adher-
ing sulfate ester group on CNC’s surface might cause its degradation. Water
and hydroxonium molecules disrupt the hydrogen bonds on cellulose surface,
and this culminates in the formation of new hydrogen bonds with the hydroxyl
group of the p-1,4 glycosidic bond of cellulose and the protonation of the oxy-
gen atoms of the glycosidic bonds. In the presence of water, there is a break-
down of C-O bonds and conjugate acid to form cyclic carbonium leading to the
release of sugars [17]. None of the bands of the standard sugars was detected in
the supernatant after neutralization probably due to the inhibition of the sulfate
ester group by neutralization reaction [27]. Besides, no sugar was detected in
the TCNC. Overall, the result suggested an increasing purity of CNC along the
purification path.

The pH of the recovered CNC samples varied (Table 1). An acidic pH was
recorded for Al and A2. The pH of A2 was slightly higher. The adhering sulfate
ester group on the CNC surface might be responsible for the low pH. Low CNC
surface pH may trigger intra- and inter-molecular hydrogen bonding, which
affect crystallinity [14]. The pH of CNC suspension obtained after treatment
with NaOH significantly (p < 0.05) increased to 6.22 due to the neutralization of
sulfuric acid. This is related to the disruption of hydrogen bonds in the crystal
region by the hydrated sodium ion [28]. The significantly (p <0.05) higher pH
value of TCNC also implies less sulfate ester group on the CNC surface [27].
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Dispersion ability of cellulose nanocrystals

The dispersibility of prepared CNC suspensions is shown in Fig. 3. There was vari-
ation in the dispersibility of Avicel and the prepared CNC suspensions after 48 h of
sedimentation. Avicel did not show any dispersibility because of its large particle
size and strong hydrogen bond, which increased surface tension and, by implication,
sedimentation [8]. All the CNC suspensions showed good dispersibility, irrespective
of the concentration. The TCNC showed higher colloidal dispersion compared to A1l
and A2. This is attributed to its low surface area, which increased its homogeneity
and reactivity due to strong electrostatic force [8]. The lower dispersibility of Al
and A2 might be due to an increase in the formation of inter-molecular hydrogen
bonding by the presence of water molecules [14]. The high dispersibility of TCNC
is an indication of good quality, especially in terms of crystallinity, biocompatibility,
heat, and colloidal stability [6].

Morphological changes of cellulose nanocrystals during purification

The morphology of CNC at different stages of purification is presented in Fig. 4.
The morphology of Al, A2, and TCNC showed a distinctive needle-like structure,
which characterizes cellulose I spectrum CNC [7]. The arrangement of the parti-
cles in each of the CNC samples differed possibly due to variation in self-orien-
tation and inter-particle distance [29]. This could influence their properties, espe-
cially crystallinity [15]. The morphology of PCNC showed an unusual clumping
together of particles due to the presence of other compounds. Consequently, its par-
ticle size was not measured in this study. The dimension of the CNC samples in
this study was within the standard recommendations for diameter (2-20 nm), length
(100-600 nm), and aspect ratio (10-100) [30]. The variation was further elucidated
in terms of the length, width, and aspect ratio (Table 1). There was no significant
difference (p>0.05) among the samples in length, width, and aspect ratio. None-
theless, Al had the highest mean values in all the parameters followed by TCNC.

HMEESEENE

Fig. 3 Dispersibility of Avicel and CNC at different concentrations
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Fig. 4 TEM images of CNC at different stages of purification A A1, B A2, C TCNC, and D PCNC

The least (p>0.05) dimension was recorded for A2. This implied that excessive use
of water during purification adversely affected the morphology of CNC owing to
increased protonation of glycosidic bonds leading to the breakdown of C—O bonds
and, consequently, shortening of the particulate sizes [17]. Previous studies [16, 31]
also reported variation in the dimension of CNC based on source, pretreatment, and
extraction methods.

Crystallinity and structural properties of cellulose nanocrystals

The XRD patterns of Avicel and CNC samples are presented in Fig. 5a. All the
samples showed similar absorption peaks, 20=15.10°, 16.60°, and 22.50°, that are
representative planes for the cellulose I spectrum of CNC [14, 32]. This indicated
that the crystalline structure in cellulose I was maintained during hydrolysis and the
subsequent purification process. Avicel showed broader and diffused peaks, which
are attributed to its higher amorphous region [27], compared to the CNC samples.
The sulfuric acid hydrolysis of Avicel might have degraded its amorphous region to
yield crystalline cellulose, CNC, which showed distinctive XRD crystalline peaks
[7]. Cheng et al. [8] also reported distinct crystalline peaks for CNC following acid
hydrolysis of commercial microcrystalline cellulose. The crystallinity and crystallite
size of CNC samples varied (Table 1). There was no significant difference (p > 0.05)
in crystallinity of Al and Avicel. A significant increase (1.88%) in crystallinity
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Fig.5 A X-ray diffraction patterns and B FTIR spectra of Avicel and CNC at different purification stages

was recorded following the second washing. Neutralization with NaOH gave a fur-
ther significant increase (0.65%) in crystallinity. This was possibly because of an
increased swelling of the crystalline region following the continuous removal of the
hydrolyzed amorphous region by water and the neutralization of adhering sulfate
ester group on CNC’s surface by NaOH [26]. A low crystallite size was reported
for Avicel and CNC samples and this implied that the amorphous region was solely
responsible for peak broadening [33]. The value in this study was similar to the crys-
tallite size (3.50—4.20 nm) previously reported for CNC synthesized from Avicel
[26]. There was a significant (p <0.05) reduction in crystallite size as the purifica-
tion of CNC progressed due to the variation in the texture of crystallite as well as
the crystallinity index of CNC at various purification stages. According to Park et al.
[33], the crystallite size of cellulose is dependent on the nature of crystallites, syn-
thesis, and sample preparation methods. TCNC had the least crystallite size because
of the rearrangement of CNC’s molecular chains following the neutralization of the
sulfate ester group of sulfuric acid by NaOH [26].

The structural changes observed during the purification of CNC are shown by
the FTIR spectra in Fig. 5b. The absorbance peaks of 3331-3333 cm™' (OH stretch-
ing and vibration in cellulose) [34, 35], 2889-2897 cm~! (CH stretching in cellu-
lose), 1636-1653 cm™ (symmetric bending of CH,) [35], 1314-1315 cm™! (CH,
rocking) [36], and 1160 cm™' and 1054 cm™' (C—O-C asymmetric stretching and
vibration in cellulose) [35] were observed in Avicel and CNC samples. Meanwhile,
610614 cm™' peaks, indicating C-S stretching [37], appeared in samples Al and
A2 and this is related to the etherification of hydroxyl group owing to the deposition
of negatively charged sulfate half esters on the surface of CNC [32].

CtCBD3 binding

The concentration of CtCBD3 bound to the surface of Avicel and CNC samples is
presented in Fig. 6. There was significant (p <0.05) variation in the concentration
of CtCBD3 bound on these substrates, indicating a variation in the affinity of the
CBM to the different substrates [19]. The affinity of a CBM to a substrate is cor-
related to the substrate’s crystallinity, therefore, the low concentration of C+CBD3
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Fig. 6 Binding ability of CfCBD3 on CNC at different purification stages

bound on Avicel is due to the presence of a high amorphous region [23]. Follow-
ing acid hydrolysis of Avicel, a significant (p <0.05) increase, up to 5.89 fold, in
CtCBD3’s binding ability was recorded, relating to the increase in crystallinity
following the hydrolytic cleavage of glycosidic bonds of the amorphous domain
of Avicel by the hydroxonium ions released by the sulfate ester group of sulfuric
acid [15]. This corroborated the findings of So et al. [9] who reported a 2.79-fold
increase in CftCBD3 binding following the synthesis of CNC from Avicel. There was
significant (p <0.05) variation in the binding ability of C+CBD3 on CNC based on
the stage of recovery during purification. This implied that purification treatments of
CNC influenced the adsorption of CtCBD3 on the substrate. This aligned with Liu
et al. [19] who reported variation in frequency and dissipation values at the adsorp-
tion equilibrium following the use of different concentrations of CBM4 on CNC.
The amount of CtCBD3 bound on CNC’s surface reduced significantly (p <0.05)
by 24.27% after the second washing. This further suggested the detrimental effect
of water on the crystallinity of CNC as earlier discussed. The treatment of A2 with
NaOH resulted in a 47.44% increase (p <0.05) in the binding ability of C+CBD3
on CNC. This might be linked with the neutralization of adhering sulfuric acid on
CNC'’s surface, thus preventing the disruption of glycosidic bonds on the surface of
CNC [17]. Among the CNC samples, CtCBD3 showed the least binding on PCNC
due to the presence of other compounds. The result of cellulose-binding experiment
agreed with the crystallinity result obtained from XRD.

Conclusions

This study showed variation in the properties of CNC during post-synthesis puri-
fication. The yield, morphology, and crystallinity of CNC varied depending on the
stage of purification. The crystallinity of CNC increased as purification progressed.
The affinity of CtCBD3 on CNC'’s surface was negatively affected by excessive
water treatment. The crystallinity of CNC and its protein-binding capacity increased
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following neutralization with NaOH. This study has established the need to optimize
CNC purification conditions for improved yield and surface properties.
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