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Abstract A single-step ammonium persulfate
(APS)-assisted swelling, followed by oxidation, can
prepare nanocrystalline cellulose (NCC) from cotton
linters. The APS-swelling is the critical step in the
process, and the effects of swelling time, temperature
and solid-liquid ratios were thoroughly investigated.
The optimal conditions for NCC preparation were a
swelling time of 3.0 h, a swelling temperature of
25 °C, and a solid—liquid ratio of 1:50. Upon heating at
60 °C, the persulfate enters the amorphous region of
the cellulose and produces active SO; and H,O,,
which effectively attack the two-phase structure of
cellulose and oxidize the —OH group at the C-6
position. The swelling temperature of 25 °C plays a
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crucial role in breaking the hydrogen bonds between
the molecular chains of cellulose. It permits the
preparation of NCC with a high yield and crystallinity
index. The crystalline structure of cellulose Ig did not
change after APS swelling and oxidation. The atomic
force microscopic analysis confirmed the formation of
spindle-shaped particles with a helical structure. Upon
natural evaporation of the NCC suspension, brittle
films were obtained, which exhibited a left-hand
layered structure and high iridescence with a finger-
print-texture. These materials can be applied as
strength additives and chiral templates.
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Introduction

Nanocrystalline cellulose (NCC) is produced from
cellulose mainly via acid hydrolysis, oxidation, enzy-
matic and mechanical processes and their combina-
tions. NCC is one of the most abundant resources and
most important renewable polymers on earth (Klemm
et al. 2005). NCC has several advantages including a
high aspect ratio, large surface area and tremendous
stiffness (Jackson et al. 2011; Xu et al. 2016).
Simultaneously, it is not only biocompatible and
biodegradable, but it is also green and sustainable.
Therefore, NCC has attained an increased interest in
the fields of reinforcement in polymer composites and
its self-assembly. It is found numerous applications in
the fields of security printing (Chindawong and
Johannsmann 2014), enzyme immobilization (Mah-
moud et al. 2009), drug delivery excipients (Jackson
et al. 2011; Mohanta et al. 2014), bio-imaging (Dong
and Roman 2007), solar energy harvesting (Fang et al.
2014), tissue engineering (Domingues et al. 2014),
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electronics (Huang et al. 2013), bio-sensing materials
(Mohanta et al. 2014; Ooi et al. 2016), biodegradable
films (Hugq et al. 2012), chiral templates (Asefa 2012;
Shopsowitz et al. 2010), optical materials (Yang et al.
2012), etc.

The use of sulfuric acid to produce NCC has been
well established because it imparts sulfate groups on
the NCC surface, and these sulfonic groups are
responsible for the stable aqueous NCC suspensions
(Abitbol et al. 2013; Revol et al. 1992). However,
there are two problems associated with the sulfuric
acid hydrolysis method: (1) the thermal stability of
resultant NCC is poor, and (2) a very high concentra-
tion of sulfuric acid (usually 64 wt%) is required,
which leads to challenges in the processing equipment
and overall operation process and the production of a
large amount of waste acid, which is difficult to
dispose of.

Mechanical methods, such as ball milling or a
homogenizer, are also commonly used methods to
prepare NCC. However, the mechanical method has
the disadvantages of high equipment cost and high
energy consumption. It is usually used in combination
with chemical methods to reach the targeted properties
(Cheng et al. 2016; Cui et al. 2016; Lee et al. 2018; Lu
et al. 2016a). The hydroxyl group on the surface of
cellulose is highly reactive for the oxidative degrada-
tion and is therefore easily oxidized into carboxyl
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groups by strong oxidants (Potthast et al. 2006). Even
these oxidants can destroy the structure and reduce the
degree of polymerization; they are effective for
increasing the surface areas of cellulose materials,
thus facilitating the formation of nanocrystalline
cellulose.

Carboxylated NCC is reported to be fabricated by
the  2,2,6,6-tetramethylpiperidine-1-oxyl  radical
(TEMPO) oxidation method (Isogai et al. 2011;
Montanari et al. 2005) and deep eutectic solvent
(DES) treatment, which results in the formation of a
stable NCC suspension. The TEMPO oxidation
method also has several limitations such as toxicity,
high costs (Carlsson et al. 2014; Saito and Isogai
2004), and a long preparation time (Lin et al. 2012),
and it still results in the limited oxidation of cellulose
at C-6 hydroxyl groups (Batmaz et al. 2014). Although
the DES treatment can prepare the NCC with a length
distribution of 50-500 nm and a width of 3-5 nm, it
belongs to the ionic liquids (ILs) category with high
cost (Chen et al. 2015). It also requires the use of a
catalyst (Yang et al. 2019) or two-step methods
including DES pre-treatment and mechanical disinte-
gration using micro fluidizer (Sirvio et al. 2016) or
ultrasonic treatment (Liu et al. 2017; Ma et al. 2019) to
improve the yield and crystallinity index.

In an early study (Cheng et al. 2014), ammonium
persulfate (APS) was used as an oxidant in the
hydrolysis of lyocell fibres to produce spherical
cellulose nanocrystals (SCNCs), which are of cellu-
lose II crystalline structure, possibly because lyocell
fibres, a type of re-generated cellulose, are the raw
material. In the process, carboxyl groups are formed
from the oxidation of hydroxyl groups at the C-6
position. APS oxidation is a cost-effective and envi-
ronmentally friendly method that also offers mild
oxidation conditions (Castro-Guerrero and Gray 2014;
Leung et al. 2011). The bond of -O-O— in APS is
unstable and is readily decomposed into hydrogen
peroxide (H,0,) and radical (SO4-7) (Liu and Wang
2014; Schneider et al. 2001; Wang et al. 2016), which
has a strong oxidizing capacity.

The amorphous region of cellulose is loose and has
a large molecular distance; thereby, it can be readily
accessible by the reactants. The crystalline region of
cellulose is compact, highly ordered, and has a small
molecular space (Gardner and Blackwell 1974). Thus,
it is not as accessible by the oxidants. Although the
usage of APS volume is large, the yield of the

preparing nanocrystalline cellulose is not high because
of the two-phase structure of cellulose. Therefore,
corresponding measures must be taken to solve these
issues. As reported, several solvents can form hydro-
gen bonds in the amorphous region of cellulose to
swell and affect the crystallization region of the
cellulose (Mantanis et al. 1995). The rapid swelling of
natural and regenerated cellulose in aqueous medium
is an effective method for cellulose activation (Cuissi-
nat and Navard 2006; Mantanis et al. 1994; Roder et al.
2001).

An effective diffusion of oxidants, such as APS and
the associated active oxidative species, into the
cellulose structure is paramount in using APS to
prepare NCC from cotton linters (Leung et al. 2011).
The hypothesis of the present study is to allow optimal
swelling of cotton linters in the presence of APS
solution, which will have a significant impact on the
quality of resultant NCC and the overall process, such
as the yield and crystallinity index.

Herein is the first proposal of a novel method of
preparing NCC from cotton linters using APS in a one-
pot process that allows the swelling of cellulose raw
materials in the APS solution, followed by oxidation.
In this study, the effects of swelling time, swelling
temperature and solid—liquid (S-L) ratios were inves-
tigated in detail. To the best of our knowledge, no
similar reports are available in the literature.

Experimental section
Materials

Cotton linters with a cellulose content of more than
95% were purchased from Hubei Chemical Fiber Co.
Ltd. (Xiangfan, China). The cotton linters were used
without further purification. Ammonium persulfate
was purchased from Aladdin Industrial Corporation
(Shanghai, China). Deionized water was used in all the
experimental studies.

Preparation of NCCs and films

A schematic representation of the synthesis procedure
is shown in Fig. 1. In atypical procedure, 5 g of cotton
linter pieces was subjected to swelling in a 500 mL
1.5 mol/L aqueous solution of APS at different
swelling times (0.0, 0.5, 3.0 and 6.0 h) and different
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Fig. 1 Schematic representation of the preparation of NCC by APS swelling followed by oxidation, and NCC films

swelling temperatures (— 15, — 5 and 25 °C) with
homogenous mixing. After the swelling, the system
was heated to 60 °C and kept for the oxidation reaction
under continuous stirring in the dark for 12.0 h. Once
the reaction finished, the solution was kept in a 10 °C
ice bath to terminate oxidation. Then, the supernatant
solution was removed, and the remaining sediment
was kept as such until reaching a transparent and
stable suspension by repeated centrifuge cycles
(10 min at 10,000 rpm). The transparent NCC sus-
pensions were collected from the upper layer until the
supernatant liquid was cloudy. The NCC suspensions
were then dialysed for approximately 10 days until the
pH was consistent with that of deionized water. To
obtain homogeneous and well-dispersed suspensions,
the NCC suspensions were ultrasonicated for 10 min
at 60% amplitude with a pulse of 2 s on and 1 s off.
Finally, a part of the NCC suspensions was concen-
trated to 2.0 wt% and stored in the refrigerator whereas
part of the NCC suspensions was freeze-dried for
subsequent characterization. After obtaining the opti-
mal swelling time and temperature, the effect of
various S-L ratios (1:40, 1:50, 1:75, and 1:100) was
investigated. The final products were named SNCC-x
after different swelling and oxidation reaction
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conditions. A hydrophobic glass Petri dish with an
inner diameter of 60 mm was filled with 2.0 wt%
45 mL of the well-dispersed NCC suspension, and the
water was evaporated to obtain NCC films on the
hydrophobic surface at room temperature.

Materials characterization
Optical microscopy measurements

The raw and dispersed cotton linters with different
swelling times and temperatures were placed in
between two glass plates and viewed under a Leica
DMI1000 optical microscope (Wetzlar, Germany) in
transmission mode. The images were obtained using a
high-resolution single-CCD camera. The width distri-
bution results of the cotton linters were obtained from
the optical images using the ImageJ V.1.8.0 software,
and the data were imported to Origin 8.0. The average
value and error scale was considered through the data
analysis function using statistics on columns and
frequency counts. More than 100 points were consid-
ered to report the results.
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Yield of nanocrystalline cellulose (NCC)

The NCC yield (%) (Kian et al. 2018; Lu et al. 2016b)
was calculated using the following equation:

Yield(%) = M2 = Ms) X V2

=" 2~ %100
M1XV1X95%X %

where M, represents the mass of cotton linters; M,
represents the total mass of freeze-drying NCC in the
weighing bottle; Mj; represents the mass of the
weighing bottle; V; represents the volume of NCC
suspensions subjected to freeze-drying; V, represents
the total volume of collected supernatant NCC
suspensions; and 95% represents the content of
cellulose in the cotton linters.

X-ray diffraction (XRD) analysis

The crystalline phases of the NCC samples were
obtained by X-ray diffraction (XRD) measurements
on an X’Pert3 powder diffractometer (PANalytical
Co. Ltd. Netherlands) with CuKa radiation
(A = 1.5406 A), operated at 40 kV and 40 mA. The
scattered radiation of intensity was recorded at ambi-
ent conditions in the range of 20 from 4° to 50°. The
crystallinity index (CI) of each NCC sample was
calculated using the method described by Segal et al.
(1959):

oo — Ly,

Cl= x 100

Ix00
where I, is the intensity of the peak at (200) plane for
the crystalline regions of cellulose Ig (20 = 22.7°), and
I, is the minimium intensity for the amorphous
regions of cellulose I (20 = 18.7°).

Fourier transform infrared spectroscopy (FT-IR)

The Fourier transform infrared spectra (FT-IR) of the
NCC sample were assessed using Bruker Vertex 70
(Bruker Spectroscopy Corp., Germany). The test NCC
sample slices were prepared by mixing the freeze-
dried NCC with anhydrous KBr and pressing in a bead
machine. The spectral range was from 500 to
4000 cm™".

Degree of polymerization (DP)

In this method, 25 mL of distilled water was added to
the viscosity bottle containing cotton linters and/or
NCC samples (0.1 g), and 2-3 copper sheets were
added to it, followed by a slight agitation to separate
the cellulose. Next, 25 mL of copper (II) ethylenedi-
amine (cuene) solution was added to the bottle, and
small glass beads were also added to drain the air. The
bottle was then shaken vigorously by hand to make the
sample completely slushed. A certain amount of
sample-cuene solution was then transferred into a
Pinkevitch viscometer and placed vertically in a
measuring device at a constant temperature of 25 °C,
where it remained standing for 10 min. The time
required for the solution to fall freely between the two
marks was measured. The DP was then determined
from the following formula (Immergut et al. 1953):

DP*% = 0.75[n]

where DP is the initial DP of cellulose, and [n] is the
intrinsic viscosity in mL/g. The average value of three
repeated tests was reported.

Zeta potential

The zeta potential of the NCC suspensions was
measured by dynamic light scattering (DLS) using a
Zeta potential analyser (Zetasizer Nano ZS, Malvern,
UK). The NCC suspension with a mass concentration
of 0.05 wt% was ultrasonically dispersed for 5 min.
Each sample was tested 3 times, and the arithmetic
mean value was taken.

Thermo-gravimetric analysis (TGA)

The thermal stability of the NCC samples was
determined by means of a thermo gravimetric analyser
using a NETZSCH STA 449F3 @Jupiter (Germany) at
a heating rate of 10 °C under nitrogen atmosphere
from 20 °C to 600 °C.

Atomic force microscopy (AFM)
The morphology of NCC was characterized by AFM.
The sample was prepared in a freshly cleaved mica

substrate, which was dipped in a dispersed NCC
suspension with a mass concentration of 0.05 wt% for
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5 min and dried in nitrogen flux for 2.0 h. The AFM
images were collected in a Peak Forcing Tapping of
the Bruker MMS8 system with a silicon probe having
Al-Reflex coating on the tip and a resonance frequency
of 70 kHz. Ra is the mean roughness, the arithmetic
average of the absolute values of the NCC surface
height deviations, calculated by the Research NanoS-
cope Analysis software. The length and diameter
distribution of NCC were obtained from the AFM
images using ImageJ V.1.8.0 software, and the data
were imported to Origin 8.0. Their average value and
error scale was considered through the data analysis
function using statistics on columns and frequency
counts. Nearly 300 points were considered to report
the data.

Polarized optical microscopy (POM)

The NCC films were placed in between two glass
plates and viewed under an Olympus BX51 advanced
Polarizing Microscope (Japan) in reflection mode with
crossed polarizers.

Field emission scanning electron microscopy
(FESEM)

The cross-sections of the NCC films were fixed with
conductive adhesives on a special test aluminium
table and then sprayed with gold. Secondary electron
(SE) cross-sectional morphology images of the NCC
films were studied with the Nova NanoSEM 450.
Under the highly vacuumed environment, the accel-
erating voltage of FESEM imaging was 5 kV, and the
working distance was 5.0 mm.

Results and discussion

Effect of cotton linter swelling at different times
and temperatures

Figure 2 shows the optical micrographs of the cotton
linter samples at different swelling times measured at a
constant swelling temperature of 25 °C. The width of
the cotton linters without APS swelling was
14 £ 6 um (Fig. 2a), which is in accordance with
the FESEM image (Fig. S1). After swelling for 0.5 h,
the width increased to 18 £ 5 um (Fig. 2b). After
swelling for 3.0 h, the width increased further to
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27 £ 8 um (Fig. 2c). After swelling for 6.0 h, the
width was 29 £ 3 um (Fig. 2d), which is not much
different from that at 3.0 h, although there was
evidence of more severe expansion at the ends, which
is indicative of more oxidation.

Figure 3 shows the optical micrographs of the
cotton linter samples at different temperatures. The
widths of the linters at the swelling temperature of
— 15 °C was 18 = 8 um (Fig. 3a). With the temper-
ature increasing from — 15 to — 5 °C and then to
25 °C, the width increased to 22 4= 6 and 27 £+ 8 pm,
respectively (Fig. 3b). The sub-zero temperature
freezes the solution, decreasing the fluidity and
diffusivity of the liquid and weakening the swelling
effect. Thus, a swelling temperature of 25 °C was
chosen.

Structural analysis of the NCC suspension
and particles

Figure 4 shows the XRD patterns of the cotton linter
and NCC samples at different swelling temperatures,
swelling times and S—L ratios. Both cotton linters and
NCC samples have a sharp peak at 20 = 22.7° and two
peaks at 20 = 14.7° and 16.7°, corresponding to the
cellulose crystal planes of (200) (1-10) and (110),
respectively (Duchemin et al. 2009; Flauzino Neto
et al. 2013). These are the characteristic diffraction
peaks of cellulose I (Qi et al. 2009), indicating that
the crystalline structure of cellulose did not change
after the APS swelling and oxidation. The CI of all
NCC samples was higher than that of the cotton linters
(80.60%). As the swelling time increased, the highest
crystallinity was obtained for the NCC (at 3.0 h). If the
swelling time is too long, some of the APS is
decomposed in the solution, resulting in a reduced
amount of effective oxidative species for the desired
oxidation reactions. As the swelling temperature
increased, the CI of NCC also increased. At sub-zero
temperatures, cotton linter may partially freeze, which
has a negative effect on the diffusion of persulfate into
the amorphous cellulose region. Therefore, a swelling
temperature of 25 °C is optimal. When the S—L ratio
was 1:50, the CI of NCC was at its maximum,
indicating that the amorphous region of the cotton
linter was destroyed most severely.

Figure 5 shows the FTIR spectra of cotton linter
and NCC samples at different experimental condi-
tions. The NCC infrared results were quite similar to
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«Fig. 2 Optical micrographs (i) and width distribution (ii) of the that of cotton linters, showing strong O-H stretching
cotton linters at different swelling times of 0.0 h (a), 0.5 h (b), absorption (approximately 3340 Cm_l) —CH, stretch-
3.0 h (¢) and 6.0 h (d) . ) 1 ’
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Fig. 3 Optical micrographs (i) and width distribution (ii) of the cotton linters at different swelling temperatures of — 15 °C (a), — 5 °C
(b) and 25 °C (¢)
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Fig. 4 XRD patterns of the cotton linter and NCC samples obtained at different swelling times (a), swelling temperatures (b) and S-L
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C-O-C stretching (approximately 1116 cm™"). Com-
pared with those of cotton linters, no apparent
differences in the spectra of the NCC samples were
obtained under different conditions, indicating that the
NCC crystal structure did not change and the
crystalline structure of cellulose Ig was maintained,
which agree with the XRD patterns. However, for the
NCC samples, the peak at 1207 cm ™' (C—OH bending
(Han et al. 2013)) disappeared, and a new carbonyl
peak at 1734 cm™ ! (at C-6) appeared.

The peak area approximately 2899 cm™' was
selected as a benchmark to calculate the other peak
areas of NCC. The results are shown in Table S1. The
relative peak areas of S3340/S2g99, S1739/S2g890 and
S1112/S2890 are indicative of the hydrogen bonding in
NCC, the C—OH bond conversion to carboxyl at C-6

and the C-O-C bond of the glucose units,

respectively. The minimum peak area ratios of S3z4¢/
S2899 and S;112/S2g99 and the maximum peak area of
S1739/S2899 Were obtained at the optimum conditions
of SNCC-3.0 h, SNCC-25 °C and SNCC-1:50. These
results support the conclusion that the optimum
conditions for preparing NCC from cotton linters are
a swelling time of 3.0 h, a swelling temperature of
25 °C and an S-L ratio of 1:50.

Table 1 shows that the NCC yield of 94.91% was
obtained at a swelling time of 3.0 h. As shown, with
just direct heating and oxidation and no swelling, the
NCC yield was low (64.24%). The swelling improves
the accessibility of cotton linters towards oxidants
(Hamad and Hu 2010). Moreover, a higher yield can
be obtained at room temperature (25 °C) rather than at
low temperatures. At an S-L ratio of 1:50, the
maximum yield of 95.75% was obtained. It is also
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clear that the increase in the S-L ratio from 1:50 to
1:100 does not have a significant role in the yield of
NCC. Notably, the volume of the APS solution was
reduced by half compared to the conventional
methods.

As shown in Table 2, using the same raw cotton
linters with different methods, the NCC yield of
95.75% prepared in this study at the optimal condi-
tions was higher than that reported in other methods.
The yield of NCC prepared by Shamskar et al. (2016)
was 77.0% using H,SO,4 hydrolysis, that prepared by
Thambiraj and Shankaran (2017) was 91.0% via
NaOH and H,SO, hydrolysis, that prepared by Ling
et al. (2019) and Liu et al. (2017) was 80-90% and
74.2% using DES treatment, respectively and that
prepared by Montanari et al. (2005) was 81% via
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TEMPO oxidation. Using the same source of cotton
linters with the same method of APS oxidation, the
optimal yield of NCC in our work was approximately
2.8 times higher than that prepared by Mascheroni
et al. (2016) (34.4%). This finding indicates that APS
swelling followed by oxidation is critical to reach the
present result of a very high NCC yield.

Table 1 also shows the Zeta potential of NCC
suspensions obtained from different preparation con-
ditions. The Zeta potential of NCC suspensions ranged
from — 30.5 to — 25.7 mV, which is due to the
formation of carboxyl groups on the NCC surface as a
result of APS oxidation. These carboxyl groups are
responsible for the electrostatic repulsion between
NCC particles, so they are stable in water (Pable
et al. 2014; Yang et al. 2012; Yang and van de Ven
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Table 1 Crystallinity index, Yield and Zeta potential of the cotton linter and NCC samples prepared at different swelling times,

swelling temperatures and S-L ratios

Swelling time/h Swelling temperature/°C S-L ratio Cl/ % Yield/% Dp Zeta potential/mV
= - - 80.60 - 764 -

0.0 25 1:100 85.12 64.24 291 — 257
0.5 25 1:100 86.93 72.34 271 - 275
3.0 25 1:100 90.91 94.91 157 — 299
6.0 25 1:100 81.26 89.15 276 — 289
3.0 - 15 1:100 81.22 91.84 246 — 294
3.0 -5 1:100 83.31 90.22 237 —29.2
3.0 25 1:100 90.91 94.91 157 - 299
3.0 25 1:40 83.23 81.59 213 — 285
3.0 25 1:50 93.51 95.75 139 — 305
3.0 25 1:75 85.70 90.51 212 — 293
3.0 25 1:100 90.91 94.91 157 - 299

Cotton linters

Table 2 A comparison of the present work with previously reported methods without the swelling process using the same source

Source Synthesis method Morphology Size/nm Yield/ References
%
Cotton H,SO,4 hydrolysis Rod-like 25 (D% 77.0 Shamskar et al. (2016)
450 (LY
Industrial waste NaOH and H,SO, Needle-like 10 £ 1 (D) 91.0 Thambiraj and
cotton hydrolysis 180 + 60 (L) Shankaran (2017)
Cotton TEMPO oxidation Rod-like 4-5 (D) 81.0 Montanari et al. (2005)
Cotton DES treatment Needle-like 9-17 (D) 80-90 Ling et al. (2019)
122.4-205.9 (average
L)
Cotton DES treatment Needle-like  3-25 (D) 74.2 Liu et al. (2017)
100-350 (L)
Cotton linters APS oxidation Rod-like 6.2+ 0.9 (D) 34.4 Mascheroni et al.
121 + 46 (L) (2016)
Cotton linters APS swelling and oxidation Spindle-like 10 £ 5 (D) 95.75 This work
136 £ 90 (L)

“The diameter of NCC
"The length of NCC

2016). As shown in Fig. S2, the NCC suspension with
a concentration of 1.0 wt% is observed to be
transparent, stable and uniformly dispersed.

The average DP values of the cotton linters and
NCC samples were studied and listed in Table 1. The
DP value of cotton linters exhibited a significant
decrease from 764 to 291, 271, 157, 276, 246, 237,

213, 139 and 181 in the different experimental
conditions after APS swelling followed by oxidation.
This suggests that the molecular chains of cellulose
were fragmented in the amorphous region at certain
intervals, as reported by Sun et al. (2016).

AFM and height profile images of the NCC samples
prepared at different conditions and their diameter and
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length distribution, aspect ratio and Ra are presented
in Figs. 6, 7 and 8 and Table S2. The NCC particles
possess a spindle-like shape with length distributions
of 174 £109, 177 £105, 136 £ 88, and
179 £ 100 nm and diameter distributions of 10 + 5,
23 £9,12 £ 5and 26 £ 12 nm for swelling times of

length and diameter of the NCC were the lowest for a
swelling time of 3.0 h. The average length and
diameter of the NCC particles increased with the
increase of swelling time to 6.0 h. The NCC particles
possess a spindle-like shape with length distributions
of 193 £ 115, 166 = 85, and 136 & 88 nm and

0.0, 0.5, 3.0 and 6.0 h, respectively (Fig. 6). The diameter distributions of 17 £6, 14 &6 and
25 Ld (XX
(ll 174 +/- 109 nm 41 (l]] 10 +/-5 nm
204
8’ 154 E
5.
g 10
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= : 14
0 o4
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Length (nm) Diameter (nm)
* 0 L X ]
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(ii) iii
g 154
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£ 104
53
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Fig. 6 AFM images (i), length (ii) and diameter (iii) distribution of NCC samples obtained at different swelling times of 0.0 h (a), 0.5 h

(b), 3.0 h (¢) and 6.0 h (d)
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Fig. 7 - AFM images (i), length (ii) and diameter (iii) distribution of NCC samples obtained at different swelling temperatures of

— 15 °C(a), — 5 °C (b) and 25 °C (¢)

12 £ 5 nm for swelling temperatures of — 15 °C,
— 5°C and 25 °C, respectively (Fig. 7). The best
swelling occurred at room temperature, which was
conductive to minimize the decomposition of APS.
The spindle shaped NCC particles with length distri-
butions of 192 £ 101, 136 £ 90, 184 £ 100, and
136 £+ 88 nm and diameter distributions of 17 + 6,
10 &£ 5,11 &+ 3 and 12 £+ 5 nm were observed in the
samples prepared with S-L ratios of 1:40, 1:50, 1:75
and 1:100, respectively (Fig. 8). Thus, it is evident that
at an S—L ratio of 1:50, the length of the NCC particles
is 136 & 90 nm, which is almost the same as that
obtained at the optimal swelling time (3.0 h) and
optimal temperature (25 °C). Its diameter was
10 & 5 nm, resulting in a high aspect ratio. The
results on the aspect ratio ranged from 1 to 100 as
shown in Table S3, which plays an important role in

the formation of layer-by-layer self-assembly of NCC
layers after natural evaporation (Han et al. 2013).

In the height profile images, the curves of single
NCC are jagged with different widths and heights
(Figs. S3-S5). At the same time, the “linear” micro
roughness (Ra) of NCC ranges from 1.9 to 2.4 nm
(Table S3). These two analyses strongly validate that
the surface of single NCC is not smooth and contains
some gullies. The high-resolution AFM 3D image of
NCC shows that the surfaces have peaks and valleys,
indicating that the individual NCC may have helical
structures (Fig. S6), consistent with the height profile
curves and Ra.

The TGA and DTG results of the cotton linters and
NCC samples obtained under different conditions are
shown in Fig. 9 and Fig. S7. The main weight loss of
the cotton linters is related to cellulose degradation,
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Fig. 8 AFM images (i), length (ii) and diameter (iii) distribution of NCC samples obtained at different S—L ratios of 1:40 (a), 1:50 (b),

1:75 (¢) and 1:100 (d)

which occurs in the range of 322-378 °C (Sonia and
Priya Dasan 2013) (Fig. 9a). The NCC samples
obtained at different conditions exhibited gradual
weight loss in the range of 210-378 °C (Fig. 9b—d).
As shown in Table 3, the onset degradation temper-
atures of cotton linters, SNCC-3.0 h, SNCC-25 °C

@ Springer

and SNCC-1:50 are 322 °C, 226 °C, 226 °C and
219 °C, respectively, whereas the decomposition
temperatures are 361 °C, 333 °C, 333 °C and
360 °C, respectively. Compared to cotton linters, the
rate and weight loss of NCC was much lower. These
results illustrate that the thermal stability of NCC
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Fig. 9 TGA curves of the cotton linters (a) and NCC at different swelling times (b), swelling temperatures (c¢) and solid—liquid ratios
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Table 3 The thermo-
gravimetric analyses of
cotton linters and NCC
samples obtained at
different swelling times,
swelling temperatures and
S-L ratios

“Cotton linters

Swelling time/h Swelling temperature/°C S—L ratio Tonset/°C Tpear/°C Wioss/ %0
a_ - - 322 361 83.62
0.0 25 1:100 215 333 77.50
0.5 25 1:100 240 318 76.37
3.0 25 1:100 226 333 72.86
6.0 25 1:100 231 325 76.05
3.0 — 15 1:100 245 354 75.26
3.0 -5 1:100 233 355 71.68
3.0 25 1:100 226 333 72.86
3.0 25 1:40 226 333 73.22
3.0 25 1:50 219 360 77.45
3.0 25 1:75 240 343 82.94
3.0 25 1:100 226 333 72.86
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Fig. 10 POM images of the
NCC suspension during
evaporation (a) and after
drying (film) (b); FESEM
micrographs of the cross-
section of film (c—e) at a
swelling time of 3.0 h,
swelling temperature of

25 °C and S-L ratio of 1:50;
Schematic representation of
the NCC chiral self-
assembly structure (f);
FESEM micrographs of the
cross-section of film (g, h) at
a swelling time of 3.0 h,
swelling temperature of

25 °Cand S-L ratio of 1:100

IS 1IT
TIPS

samples is significantly increased compared to that of Based on the results of the swelling followed
cotton linters (Shankar and Rhim 2016). Amongst the by oxidation, the optimum conditions for NCC syn-
different samples, the sample prepared at a swelling thesis were a swelling time of 3.0 h, a swelling
temperature of 25 °C and S-L ratio of 1:50 displayed temperature of 25 °C and an S-L ratio of 1:50. A
better thermal stability and lower weight loss. possible mechanism is then illustrated as follows. The
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role in the process of swelling by diffusing into the
amorphous region of cellulose fibre (Mantanis et al.
1995; Pei et al. 2019; Spinu et al. 2011; Zhang et al.
2006) and laying the foundation for the next step of
oxidation. Upon heating at 60 °C, the persulfate enters
into the amorphous region of cellulose and produces
active SO4-— and H,O,, which effectively attack the
two-phase structure of cellulose and oxidize the —-OH
group at the C-6 position. The swelling temperature of
25 °C plays an effectively crucial role in breaking the
hydrogen bonds between the molecular chains of
cellulose. It permits the preparation of NCC with a
high yield and crystallinity index. SO4-~ and H,O,
have strong oxidizability and low molecular weights;
thus, they can easily oxidize the reducible groups in
the amorphous region and break the intra and inter-
molecular hydrogen bonds (Lam et al. 2012; Moon
et al. 2011).

Chiral self-assembly of the NCC film

The NCC sample prepared at the optimum conditions
such as a swelling time of 3.0 h, a swelling temper-
ature of 25 °C and an S-L ratio of 1:50 and the sample
prepared with the S-L ratio of 1:100 was used for the
preparation of NCC films. The NCC suspension was
naturally evaporated with the eventual formation of a
transparent and brittle film (Fig. 1). Due to its
brittleness, its application is very limited. Therefore,
several methods have been reported to solve this issue.
It can be solved by the addition of some water soluble
polymers such as sodium poly acrylate and poly(-
ethylene glycol) (Bardet et al. 2015), poly(vinyl
alcohol) and styrene butadiene (Zou et al. 2016) or
cellulose nanofibrils (Xiong et al. 2014) to produce
flexible and birefringent composites (Guidetti et al.
2016). The increased CI of the as-prepared NCC was
expected to increase the stiffness and rigidity (Islam
et al. 2018). The POM images of the film exhibited the
appearance of iridescence in the drying process
(Fig. 10a, b), supporting the conclusion that the as-
prepared NCC particles are spiral and chiral (Revol
et al. 1992; Sharma et al. 2009). The chiral nematic
phase of NCC films was further demonstrated by
FESEM micrographs. A layer-by-layer structure on its
cross-section (Fig. 10c, g) is clearly evident due to the
change of the direction of the helical axis of the chiral
nematic phase, as reported previously (Majoinen et al.
2012; Straley 1976). In the SEM images, the helical

pitch distance was observed to be in the order of
several hundred nanometres in between each layer
(Fig. 10d, h) that were arranged in a counter-clock-
wise pattern (a left-hand pattern, Fig. 10e). A sche-
matic representation of the NCC chiral self-assembly
structure is shown in Fig. 10f.

Conclusion

This study focused on the development of a green and
sustainable method for preparing NCC from cotton
linters, which is based on ammonium persulfate
assisted swelling followed by oxidation. The reaction
parameters for preparing NCC were investigated in
detail. The optimum conditions were as follows: a
swelling time of 3.0 h, a swelling temperature of
25 °C and an S—L ratio of 1:50. The NCC suspension
is a transparent liquid with uniform dispersion while
no NCC agglomeration is observed. The NCC yield,
crystallinity index and Zeta potential under optimized
conditions were 95.75%, 83.51%, and — 30.5 mV,
respectively. The length, diameter, aspect ratio and
roughness of the NCC particles with a spindle-shaped
helical structure were 136 &= 90 nm, 10 £ 5 nm,
3.1-45.2 and 2.2 nm, respectively. Moreover, the
swelling plays a crucial role in the preparation of NCC
by the APS oxidation method, which shortens the
reaction time, decreases the APS volume and
improves the NCC yield, while simultaneously
decreasing the particle size. The FESEM and POM
micrographs exhibited a layered structure perpendic-
ular to the surface and iridescence of transparent films
with a fingerprint texture. A chiral nematic phase is
formed during drying.
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