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Abstract 

This work investigated the extraction of spherical cellulose nanocrystal (spherical CNC) from cotton cloth waste 
(CCW) using sulfuric acid without ultrasound treatment during the hydrolysis process, producing a yield of 31%. The 
cellulose was first extracted through alkali, decoloring, and hydrochloric acid treatment. Then the cellulose was hydro-
lyzed using 55 wt% sulfuric acid with various acid to cellulose ratios, including 30:1, 40:1, and 50:1 mL  g− 1. The result-
ing CNC was characterized by morphological structure, functional groups, crystalline structure, elemental composi-
tions, thermal degradation kinetic, and zeta potential. The analytical results revealed that the acid to cellulose ratios 
significantly influenced the properties of CNC obtained. The morphological structure showed that when the acid to 
cellulose ratio was 30:1 and 40:1 mL  g− 1, the rod-like CNC was observed with a length of 53 ± 19 nm and 49 ± 13 nm; 
a width of 6.6 ± 1.3 nm and 4.3 ± 2.0 nm, respectively. However, when the acid to cellulose ratio was further increased 
to 50:1 mL  g− 1, the nanocellulose morphology turned to be spherical, with an average diameter of 14.4 nm. Further-
more, spherical CNC exhibited better characteristics consisting of crystallinity index (94.6%) and stable dispersibility 
with zeta potential value − 46.8 mV than rod-like CNC. However, the thermal stability of spherical CNC was slightly 
lower than that of rod-like CNC. The kinetic results indicated that the activation energy of spherical CNC ranged from 
134 to 423 kJ  mol− 1, which is lower than that (145 to 651 kJ  mol− 1) of rod-like CNC ranging from. This study showed 
that the CCW is a potential low-cost cellulose source to manufacture spherical CNC and a good example for develop-
ing a circular economy.
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1 Introduction
Cellulose nanocrystal (CNC) has recently received more 
attention due to many unique characteristics, such as 
biodegradability, high crystallinity, high surface area, 
high thermal stability, high aspect ratio, a large number 
of functional groups, and excellent mechanical properties 
[1, 2]. CNC is known as rod-like CNC with a length of 
50–1000 nm and a width of 3–50 nm [3]. Recent studies 
indicate that spherical CNC is a novel and unique shape, 

which exhibits more prominent characteristics than rod-
like CNC, such as a uniform morphology with a narrow 
size distribution [4] and a large surface area compared 
to rod-like CNC [5]. Hence, spherical CNC has been 
garnering increasing attention in various fields, such as 
supercapacitors [6], drug delivery [5], and adsorbent for 
metal ion removal from wastewater [7].

In published research, spherical CNC can be prepared 
from various biomass sources, such as cotton waste 
[8], eucalyptus pulp [9], empty fruit bunch fibers [1], 
and sago seed shells [10]. Most biomass waste contains 
low cellulose contents and requires thorough pretreat-
ment before CNC extraction [11]. Meanwhile, cotton 
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cloth waste (CCW) has extremely high cellulose con-
tent (upward 90%) [12], which corresponds to producing 
spherical CNC from CCW using lower water and energy 
consumption as well as input costs [13]. Additionally, 
CCW accounts for most of the fashion industry waste 
due to its large share of textile production, with about 
25 Mt of cotton fibers being produced annually as a cru-
cial feedstock source to supply the global textile industry 
[14]. According to the statistics, a tremendous amount of 
CCW is being dumped in landfills or incineration, which 
can cause environmental issues such as the emission of 
foul odor and air pollutants [12]. Therefore, the prepara-
tion of spherical CNC from CCW can be an advanced 
solution for reducing the massive generation of CCW 
and environmental influences. However, the utilization of 
CCW for spherical CNC extraction has not gained much 
attention yet.

Some previous studies have prepared the spherical 
CNC from cotton waste via a combination of enzymatic 
hydrolysis and ultrasound treatments [15] and ultra-
sound treatment during acid hydrolysis [16]. For exam-
ple, Meyabadi et  al. [15] successfully prepared spherical 
CNC from waste cotton fiber using enzymatic hydrolysis 
and ultrasound treatments for 175 h at 48 °C. Enzymatic 
hydrolysis seems to be a green process for CNC prepara-
tion. However, enzymatic hydrolysis method produced a 
low spherical CNC yield of 20% and required a long reac-
tion time [15], causing more energy consumption and 
higher production cost. Also, enzymatic hydrolysis pro-
duced spherical nanocellulose with low dispersibility in 
solution [17]. The other approach using ultrasound dur-
ing sulfuric acid hydrolysis can produce spherical CNC 
with a shorter reaction time than enzymatic hydrolysis. 
The study of Xiong et  al. [16] preparing the spherical 
CNC from waste cotton fabric via ultrasound treatment 
during sulfuric acid hydrolysis of 63.5 wt% for 3 h at 44 °C; 
the result showed that the spherical CNC has a low yield 
of 21.5% and an average nanoparticle diameter of 35 nm. 
Although, the ultrasound treatment played a significant 
role in forming the spherical CNC, the previous research 
indicated that the environmental impact could be 
decreased if limiting the use of ultrasonication in CNC 
preparation [18].

For those limitations, a facile method in spherical 
CNC production has been conducted using sulfuric acid 
at appropriate hydrolysis conditions without the assis-
tance of ultrasound during acid hydrolysis. Hafemann 
et  al. [19] used 64 wt% sulfuric acid at 35 °C for 40 min 
to obtain the spherical CNC with an average yield of 
28.1% from royal palm trees. Also, Xu et al. [20] obtained 
the spherical CNC with a yield of 25.6% from bleached 
aspen kraft pulp through 64 wt% sulfuric acid at 45 °C for 
30 min. This hydrolysis process is simple, effective, and 

not time-consuming, but the used acid concentration 
is high, and the low yield is obtained. The yield is also 
considered an essential criterion because a high yield is 
required for any economically feasible process [11]. If the 
yield enhancement of spherical CNC is required, a low 
concentration of sulfuric acid is recommended. Thus, if 
the ultrasound treatment is avoided during acid hydroly-
sis and the sulfuric acid concentration used is reduced, 
expecting not only to improve the spherical CNC proper-
ties but also reduce the environmental impacts to some 
extent.

Hence, it is essential to develop the spherical CNC 
preparation by this alternative approach. However, to 
the best of our knowledge, there is no published study 
reporting the spherical CNC preparation from CCW 
using only sulfuric acid in the hydrolysis process and 
examined the thermal degradation kinetic of spheri-
cal CNC in comparison with rod-like CNC. Also, the 
acid hydrolysis conditions affecting CNC characteristics 
from CCW have not been mentioned much in previous 
literature. Therefore, the objectives of this study were (1) 
to produce spherical CNC from CCW through sulfuric 
acid without the assistance of ultrasound during the acid 
hydrolysis process; (2) to investigate the effects of sulfuric 
acid to cellulose ratios on the obtained CNC properties; 
and (3) to investigate thermal decomposition kinetic of 
the spherical CNC compared to rod-like CNC.

2  Materials and methods
2.1  Materials
CCW was collected from a recycling clothing store in 
the Zhongli District, Taoyuan City, Taiwan. The CCW 
included various shirts, pants, and towels with 100% cot-
ton labels. Then the all CCWs were cut into small cloth 
pieces and mixed them together well. The chemicals used 
were of analytical grades such as commercial microcrys-
talline cellulose (CMCC) (Merck’s company, Germany), 
sodium hydroxide (NaOH, Showa-Japan), hydrogen per-
oxide  (H2O2, Showa company, Japan), hydrochloric acid 
(HCl, Fisher chemical, Canada), and sulfuric acid  (H2SO4, 
Aencore company, Australia).

2.2  Synthesis of spherical CNC
2.2.1  Microcrystalline cellulose (MCC) extraction procedure 

from CCW 
MCC was extracted from CCW using alkali treatment, 
decoloring treatment, and hydrochloric acid hydrolysis. 
First, CCW was cut into small cloth pieces about 1  cm2 
in size and washed with deionized (DI) water many times 
to remove dust. The washed CCW pieces were dried in 
an oven at 105 °C for 24 h. Then CCW was processed 
through alkali treatment to remove remaining impuri-
ties such as hemicellulose, chemical additives, and other 
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polymeric components. The process followed previous 
published literature with minor modifications [12]. For 
alkali treatment, CCW was stirred with a 10 wt% NaOH 
solution with a ratio of 1:50 (g  mL− 1) at room tempera-
ture and heated up to 80 °C for 3 h. After alkali treat-
ment, the cotton cloth was filtered and rinsed with DI 
water until the filtrate pH was approximately 10. The dyes 
were significantly eliminated from alkali treatment, but 
a small amount of visible dye was still left on the fabric 
fibers. Therefore,  H2O2 (1.5 vol%) was used to obliterate 
the residual dyes. The treated cotton cloth was filtered, 
washed with DI water until the pH reached neutral, and 
dried in an oven overnight at 105 °C.

The treated cotton cloth (TCC) was then undergone 
hydrochloric acid hydrolysis (2.5 N) under mechanical 
stirring at a ratio of TCC to HCl acid of 1:50 g  mL− 1 at 
80 °C for 60 min. The cellulose suspension was formed 
as white slurry, filtered, and washed with DI water to 
remove residual acid until a constant pH (about 6.5–7) 
was obtained. Finally, the obtained MCC powder was 
dried at 105 °C for 24 h.

2.2.2  Spherical CNC extraction procedure
Spherical CNC was produced using sulfuric acid hydroly-
sis of MCC. Sulfuric acid hydrolysis was implemented 
under constant stirring using 55 wt%  H2SO4 at 45 °C for 
60 min and different acid to cellulose ratios of 30:1, 40:1, 
and 50:1 mL  g− 1 (CNC30, CNC40, and CNC50). The 
hydrolysis process was quenched by adding 5-fold cold 
DI water. Sulfuric acid residues were removed from the 
mixture by centrifugation at 5000 rpm for 15 min until 
the supernatant became turbid. The precipitate was col-
lected and dialyzed (using dialysis tubing with a molec-
ular weight cut-off of 12–14 kDa) against DI water for 
several days until the neutral pH was achieved. After 
dialysis, the obtained CNC suspension was homogenized 
in an ultrasonic bath for 15 min, then kept in the fridge at 
4 °C for further characterization.

2.3  Characterization
The obtained samples were characterized by crystalline 
structure analysis (X-ray diffraction - XRD), morpho-
logical examination (scanning electron microscopy-SEM 
and transmission electron microscopy-TEM), functional 
group analysis (Fourier-transform infrared spectroscopy-
FTIR), zeta potential (ZP) (Zeta sizer ZS90), and ther-
mal degradation (synchronous thermal analyzer). More 
details about the operation parameters of each character-
ization are displayed in Supplementary Materials.

The crystallinity index (CrI %) was determined using 
the XRD peak height method and followed Segal’s equa-
tion (Eq. (1)) [21].

In which  I200 is the maximum peak intensity of the 
(200) plane at 2θ value of about 22.6o;  Iam is minimum 
intensity between (200) and (110) planes at 2θ value 
around 18.6o.

The crystalline size was calculated using the Scherrer 
formula (Eq. (2)), where  L200: the crystalline size at the 
(200) plane, nm; K: Scherrer constant (0.9) [22]; λ: the 
wavelength of X-ray source (0.15406 nm), B: the haft-
height width of the peak and θ: the diffraction angle for a 
chosen diffraction peak.

2.4  Kinetic study
Thermal stability is directly related to activation energy 
 (Ea) values [23], which can be defined as the minimum 
amount of energy needed to initiate a chemical process. 
The  Ea for CNC degradation was estimated using the 
Flynn-Wall-Ozawa (FWO) method at different heating 
rates of 5, 10, 20, and 40 °C  min− 1. The FWO expression 
and the estimated  Ea values are shown in Eqs. (3) and (4).

Where β (K  min− 1) is the heating rate, A is the 
pre-exponential factor, T (K) is the absolute tem-
perature at conversion (α), R is the ideal gas constant 
(8.314 J  K− 1  mol− 1), and  Ea (kJ  mol− 1) is the estimated 
activation energy.  Ea values were calculated on the slope 
(Δlog β/Δ (1/T)) of the best-adjusted straight line (Eq. 
(4)).

Conversion α is defined as the change in the reaction 
extent and is calculated using Eq. (5) with  mo,  mf, and  mt 
(mg) being the initial weight, the final weight, and the 
weight in the time (t), respectively.

2.5  Yield and elemental compositions of MCC and CNC
The MCC yield was calculated using the following Eq. (6); 
where:  W1 and  W2 are weight of CCW and MCC after 
drying 105 °C for overnight, respectively.

(1)CrI (%) =
I200 − Iam

I200
× 100%

(2)L200 =
K × �

B× cos θ

(3)

logβ = log

(

A × Ea

g(α)× R

)

− 2.315− 0.4567

(

Ea

R × T

)

(4)Ea = −

(

R

0.4567

)

�logβ

�

(

1
T

)

(5)α =

mo −mt

mo −mf
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The CNC yield was calculated by weighting a 10 mL 
suspension after oven-drying at 105 °C overnight follow-
ing Eq. (7) [24].

Where  M1 is the initial weight of MCC,  M2 is the 
weight of CNC after drying at 105 °C,  V1 is the total vol-
ume of CNC suspension, and  V2 is the volume of CNC 
suspension (10 mL) used for oven-drying.

Elemental analysis was used to determine the content 
of carbon (C), hydrogen (H), sulfur (S) and oxygen (O) 
using vario Micro cube CHNOS Elemental Analyzer 
(Elemental Analysensysteme GmbH, Germany).

CNC produced from sulfuric acid hydrolysis appears 
having sulfate groups on its surface due to esterification 
of surface hydroxyl groups. The sulfate group density was 
calculated according to Eq. (8) [25].

Where n
−OSO−

3
 represented the sulfate groups density 

(mmol  g− 1); S% is the percentage of sulfur composition in 
CNC sample determined using elemental analysis; and 
 MWS is molecular weight of sulfur (32 g  mol− 1).

3  Results and discussions
3.1  MCC characterization
3.1.1  MCC yield and elemental compositions
The MCC yield obtained by this study from extraction of 
CCW was 83%, which was higher than that of the previ-
ous reports, which also used hydrochloric acid hydroly-
sis. For example, MCC from sugarcane bagasse with 55% 
yield [26], MCC from brown algae with 69.5% yield [27], 
and MCC from date seeds with 12.5% yield [28]. The 
high cellulose component in CCW might be responsible 
for the improvement of the MCC yield. This shows that 
CCW has outstanding potential in recovering valuable 
cellulose material. Elemental compositions of samples are 
shown in Table S1. The percentage of carbon, hydrogen, 
and oxygen elements were determined in MCC, CMCC, 
TCC, and the CCW sample. The sulfur and nitrogen con-
tents were not detected in any analyzed samples. The 
results indicated that all samples contained the typical 
characteristic of cellulose. As indicated in Table  S1, the 
percentage of elemental compositions of MCC was simi-
lar to CMCC, implying successful extraction of MCC 
from CCW.

(6)MCC yield (%) =

(

W2

W1

)

× 100%

(7)CNC yield (%) =
M2 × V1

M1 × V2
× 100%

(8)n
−OSO−

3
= nS =

S%

MWS
× 1000

3.1.2  Surface characterization by morphological analysis
The macro photographs and SEM images of CCW, 
TCC, and MCC are shown in Fig. 1. As shown in Fig. 1a 
and b, the TCC has a bright white color compared to 
cotton waste which containes many dyed colors, imply-
ing the effectiveness of the pretreatment process in 
removing dyed fabric color. The CCW was observed as 
a ribbon-like shape with a smooth and uniform surface 
(Fig.  1d). After the pretreatment process, the fibers of 
TCC became swollen and appeared on a rough surface 
(Fig. 1e). The findings indicated that pretreatment could 
effectively eliminate the impurity components in CCW, 
such as hemicellulose, wax, and pectin [12]. Then, TCC 
was subject to hydrochloric acid and resulted in a fine 
and white powder (Fig.  1c), which were observed as 
short cylindrical microcrystal morphology (Fig.  1f ). 
This is because hydrolysis reaction formed hydronium 
ions  (H3O+) to attack the amorphous regions and broke 
the β-1,4-glycosidic bonds between two anhydroglu-
cose units from long cellulose chains, resulting in the 
formation of smaller fragments [27].

3.1.3  Crystalline speciation identification
The XRD spectra of MCC, TCC, CCW, and CMCC are 
presented in Fig. 2. There are four similar characteris-
tic peaks by all samples at 14.8, 16.6, 22.6, and 34.5o, 
corresponding to the crystal planes of (1–10), (110), 
(200), and (004) of cellulose I structure [29]. The XRD 
diffraction displays that MCC remains intact cellu-
lose I structure during chemical treatments. The result 
was in agreement with another work reported by Shao 
et al. [26], who prepared MCC using hydrochloric acid 
hydrolysis of the corncob. The authors reported that 
corncob-MCC possessed cellulose I and did not con-
vert it into cellulose II following the chemical treatment 
process [26]. As shown in Fig. 2, the characteristic peak 
at around 22.6o was sharper and narrower from CCW 
to MCC, implying that the obtained MCC grasped the 
highly ordered crystals and an increase of CrI [30]. This 
is because hydrochloric acid hydrolysis could remove 
the amorphous region of CCW and break the glycosidic 
linkages, resulting in releasing crystallites and increas-
ing the CrI value [31].

The CrI of MCC (95%) obtained by this work is higher 
than that of oil palm MCC (87%) [32], giant reed MCC 
(79%) [27] and pomelo peel MCC (41%) [33]. The find-
ing can be related to the low amorphous content of CCW 
which is easily eliminated by chemical treatments. In 
addition, the CrI of MCC is found higher than that of 
CMCC, indicating the extraction process is acceptable 
and the obtained MCC is a suitable cellulose source for 
CNC production.
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Fig. 1 Photographs of CCW (a); TCC (b); MCC (c) and SEM images of CCW (400X) (d); TCC (400X) (e); MCC (1000X) (f)

Fig. 2 X-ray diffraction patterns and crystallinity index of MCC, TCC, CCW and CMCC
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3.2  Spherical CNC characterization
3.2.1  Acid to cellulose ratio effect on morphological CNC
Figure 3 displays the TEM images of isolated CNC with 
various acid to cellulose ratios (CNC30, CNC40, and 
CNC50). Rod-like CNC was observed mainly in CNC30 
(Fig.  3a) and CNC40 (Fig.  3b). The average length and 
width of CNC30 were 53 ± 19 nm and 6.6 ± 1.3 nm, 
respectively; the average length and width of CNC40 
were 49 ± 13 nm and 4.3 ± 2.0 nm, respectively. How-
ever, when the acid to cellulose ratio further increased 
to 50 mL  g− 1, the CNC morphology turned to be spheri-
cal CNC (CN50), with a small diameter of 14 ± 4 nm 
(Fig. 3c). Spherical CNC is a spherical or corn-like shaped 
nanoparticle [34]. These results are consistent with previ-
ous study done by Xu et al. [20], in which when the acid 
to cellulose ratio increased from 9.5 to 10.5 mL  g− 1, the 
morphology of CNC became spherical CNC with an 
average diameter of 3.4 nm. The morphology of spheri-
cal CNC obtained in this research is similar to those of 
spherical CNC reported in other literature [10, 16]. The 
crystalline structure of spherical CNC is illustrated in 
HR-TEM results (Fig. 3d). Additionally, selected area dif-
fraction (SAED) patterns and crystalline lattices of spher-
ical CNC were also examined, as shown in Fig. 3c-e. The 
inset image in Fig. 3c displays the SAED pattern obtained 

from the blue circle. The SAED pattern indicated that 
spherical CNC was a single crystal, and the weak ring 
pattern was observed due to the appearance of residual 
amorphous regions. Figure 3e shows crystalline lattice of 
spherical CNC, which collected from the yellow dashed 
square in Fig. 3d and produced by an inverse fast fourier 
transform of a masked fast fourier transform (inset image 
in Fig. 3e). As shown in Fig. 3e, the (200) plane was con-
firmed with lattice-spacing of 3.9 Å, corresponding to the 
cellulose I structure [35].

The increase of acid to cellulose ratio investigated by 
this work is found to be successful in forming spheri-
cal CNC. The formation mechanism of different CNC 
morphologies could be derived from the effects of acid 
to cellulose ratio related to  H3O+ produced from the 
acid hydrolysis process and could attack glycosidic 
linkages and disintegrate the amorphous regions in the 
cellulose matrix [19]. Besides, the crystalline regions 
could retain essentially intact and thus the rod-like 
CNC was obtained. Furthermore, increasing the acid 
to cellulose ratio can result in more active hydronium 
ions in a given amount of cellulose, which tends to 
hydrolyze the semi-crystalline or amorphous regions 
faster and more intensely. The result is shorter rods 
obtained with higher crystallinity and higher-ordered 

Fig. 3 HR-TEM images of CNC30 (a), CNC40 (b) and CNC50 (c, d) and crystalline lattices (e) of spherical CNC (CNC50)
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structure. Then, these shorter rods tend to self-assem-
bly via interfacial hydrogen bond and ultimately form 
the spherical CNC [10].

Table 1 shows the spherical CNC (CNC50) diameter in 
this study (14 nm) was comparable to other works using 
sulfuric acid hydrolysis process; such as spherical CNC 
obtained from baby diaper waste (10–20 nm) [36] and 
sago seed shells (10–15 nm) [10]. Furthermore, the nano-
particle diameter of CNC50 is also found much smaller 
than that of previous researches where the spherical 
CNC diameter of 30–40 and 40 nm using ultrasound-
assisted sulfuric acid hydrolysis from empty fruit bunch 
fiber [1] and compound enzymatic hydrolysis from euca-
lyptus pulp [9], respectively. In general, the spherical with 

smaller size has remarkable potential in applications, 
such as drug delivery [5] and cellulose uptake [39].

3.2.2  CNC yield and ZP
The yield, sulfur compositions, and ZP of CNC samples 
are shown in Table S2. When the acid to cellulose ratio 
increased from 30:1 to 50:1 mL  g− 1, the yield of CNC 
significantly decreased from 52 to 31%. This is because 
the increase in acid to cellulose ratio means decreasing 
the amount of cellulose of the hydrolysis process, result-
ing in decreased CNC yield. Also, the increase of acid 
to cellulose ratio could promote the degree of cellulose 
hydrolysis. A similar observation was also reported in 
the previous study of Xu et al. [20] who indicated that the 

Table 1 Comparison of spherical CNC characteristics obtained from various preparation methods and raw materials

-: not available

Cellulose 
sources

Preparation 
method

Preparation conditions Yield (%) Crystallinity 
index (%)

Diameter 
size (nm)

Ref.

Acid 
concentration

Reaction 
time (h)

Reaction 
temperature 
(°C)

Acid: material 
ratio (mL  g−1)

CCW H2SO4 acid 
hydrolysis

55 wt%  H2SO4 1 45 50:1 31 95 14 ± 4 This study

Baby diaper 
waste

H2SO4 acid 
hydrolysis

60 wt%  H2SO4 2 37 9:1 – – 10–20 [36]

Bleached pine 
Kraft pulp

H2SO4 acid 
hydrolysis

55 vol%  H2SO4 0.5 35 25:1 – 85.26 – [37]

Royal palm tree H2SO4 acid 
hydrolysis

64 wt%  H2SO4 0.33 35 20:1 48.8 70.7 – [19]

Sago seed shells H2SO4 acid 
hydrolysis

64 wt%  H2SO4 0.75 45 9:1 – 72 10–15 [10]

Bleached aspen 
kraft pulp

H2SO4 acid 
hydrolysis

64 wt%  H2SO4 0.5 45 10.5:1 25.62 84.86 3.38 [20]

Cotton waste Ultrasound dur-
ing  H2SO4 acid 
hydrolysis

50 vol%  H2SO4 4.75 – 10:1 – 81.23 50 [8]

Empty fruit 
bunch fibers

Ultrasound dur-
ing  H2SO4 acid 
hydrolysis

64 wt%  H2SO4 2 45 – – 80 30–40 [1]

Waste cotton 
fabric

Ultrasound dur-
ing  H2SO4 acid 
hydrolysis

63.5 wt%  H2SO4 3 44 15:1 21.5 84.1 35 [16]

Commercial 
MCC 

Ultrasound 
blending acid 
hydrolysis

30 vol%  H2SO4, 
10 vol% HCl

10 68 25.7:1 – 80 60 [38]

Eucalyptus pulp Compound 
enzymatic 
hydrolysis 
(cellulase and 
xylanase with 
the concentra-
tion ratio of 9:1)

500 U  mL−1 
of compound 
enzyme

5 50 10:1 – 91.21 40 [9]

Waste cotton 
fiber

Enzymatic 
hydrolysis and 
sonication treat-
ment

2.3% cellulase 
enzyme and 
5 g  L− 1 substrate 
concentration

175 48 – 20 78.98 70 [15]
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yield of CNC markedly dropped off when the acid to pulp 
ratio increased from 8.5:1–10.5:1 mL  g− 1.

Although the yield of spherical CNC obtained was not 
as high as expected, this result reflects that the spherical 
CNC can successfully be prepared by increasing the acid 
to cellulose ratio without ultrasound during the hydroly-
sis process. In previous research, the spherical CNC was 
prepared from cotton-derived cellulose by Xiong et  al. 
[16] using ultrasound during sulfuric acid hydrolysis of 
waste cotton fabric with 21.5% yield and Meyabadi et al. 
[15] applying enzymatic hydrolysis and sonication treat-
ment of waste cotton fiber with 20% yield. The limitations 
of ultrasound treatment and enzymatic hydrolysis in 
spherical CNC preparation are low yields. Therefore, the 
spherical CNC from CCW with a yield of 31% obtained 
in this study can consider as a prospective method for 
yield improvement of spherical CNC.

The acid to cellulose ratio significantly influenced 
the sulfate groups on the CNC surface (Table  S2). The 
increase of acid to cellulose ratio could intensify the 
degree of esterification of the hydroxyl groups and the 
substitution of these hydroxyl groups by sulfate groups, 
resulting in grafting more negatively charged sulfate 
groups on the CNC surface. If nanocellulose has a highly 
negative charged surface, it can avoid agglomeration and 
make a stable suspension due to electrostatic repulsion 
generated between the nanoparticles [10].

The stability of CNC suspension was determined 
via ZP analysis. ZP is related to the charge present that 
nanoparticles have. If the absolute ZP value of CNC 

suspension is higher than 30 mV, the nanoparticles have 
enough charge to repulse each other and resist forming 
agglomeration [40]. Furthermore, the ZP values obtained 
are proportional to the sulfate group’s density (Table S2), 
and an absolute ZP value of CNC50 (46.8 mV) was higher 
than that of CNC30 and CNC40. This could suggest that 
CNC50 with spherical nanocellulose disperses more sta-
ble in the aqueous phase than rod-like CNC of CNC30 
and CNC40.

Moreover, the obtained ZP of spherical nanocellulose 
was much higher than compared to that reported by 
Naduparambath et  al. [10] preparing spherical nanocel-
lulose with an absolute ZP value of 37.8 mV using sulfuric 
acid of sago seed shells. Xu and Chen [17] reported that 
the spherical CNC obtained from composite enzymoly-
sis of pulp fibers having an absolute ZP value of 28.2 mV. 
This means that the spherical nanocellulose prepared 
from sulfuric acid exhibits better dispersion than the 
enzymatic hydrolysis method. The nanocellulose should 
generally possess high ZP, which resists the agglomera-
tion and maintains stable dispersibility in the solution.

3.2.3  Functional groups
Figure  4 shows FTIR spectra of CCW, TCC, MCC, 
CNC30, CNC40, and CNC50. Peaks at 3340 and 
2900  cm− 1 correspond to O-H stretching vibration and 
C-H asymmetric stretching vibration [12]. The peaks 
around 1505 and 1596  cm− 1 were assigned to lignin aro-
matic skeletal vibration C=C bonds. The C-O-C stretch-
ing band at 1260  cm− 1 could present the lignin ether 

Fig. 4 FTIR of CCW, TCC, MCC and CNC samples
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linkages. However, these bands were not observed in 
the FTIR analysis, indicating that the lignin composi-
tion does not appear in all samples, and the result is con-
sistent with the published works [12, 16]. The peak at 
1429  cm− 1 is related to the bending vibration of -CH2-. 
The peaks observed at 1160 and 1110  cm− 1 are assigned 
to the bending vibration of C-C and C-O-C within the 
anhydroglucose ring, respectively [12], indicating that the 
degradation of cellulose was unlikely to attack glucose 
rings, whereas the degradation of cellulose should be at 
β-1,4-glycosidic ring linkage [16]. Some small peaks at 
1052 and 896  cm− 1 correspond to C-O-C pyranose ring 
vibration and C-H vibration in cellulose, respectively [40, 
41]. These bands found in all spectra are related to cel-
lulose I structure, showing that the cellulose components 
remain during pretreatment and acid hydrolysis. The 
result agrees with Dungani et al. [42] who extracted CNC 
from oil palm fronds via sulfuric acid.

Although the cellulose structure did not change, the 
peak intensity of the obtained cellulose samples mark-
edly changed. The intensity of O-H vibration around 
3340  cm− 1 for MCC, CNC30, CNC40, and CNC50 was 
lower than that of CCW and TCC. This is because  H3O+ 
generated in acid hydrolysis reaction weakened intermo-
lecular hydrogen bonds and broke the cellulose chains, 
which might be responsible for decreasing hydroxyl 
groups on the cellulose surface. For CNC samples, the 
depletion of their surface hydroxyl groups is also due to 
the contribution of esterification, which replaces these 
hydroxyl groups with sulfate groups [43]. Observing 
the intensities of C-O-C (around 1052  cm− 1) and C-H 

(around 896  cm− 1) vibrations in MCC, these intensi-
ties were higher than that of CCW and TCC. The result 
indicated that the non-cellulosic components could be 
removed effectively in the chemical treatment process 
and enhance the percentage of cellulose [19]. However, 
the intensity of these infrared bands in CNC samples 
showed a noticeable decrease and was proportional to 
the increase in the acid to cellulose ratio. The findings 
show that the acid to cellulose ratio affects the magni-
tude of the hydrolysis reaction on the cellulose structure, 
resulting in a decrease in the amount of cellulose, con-
sistent with yield results.

3.2.4  CNC crystalline speciation identification
The XRD patterns of rod-like CNC (CNC30 and 
CNC40) and spherical CNC (CNC50) are shown in 
Fig. 5. The CrI % and crystallite size are also presented 
in the inset of Fig.  5. The characteristic peaks were 
displayed at around 14.7, 16.6, 22.7, and 34.5o, corre-
sponding to the (1–10), (110), (200), and (400) crystal 
planes, respectively. These planes indicate that rod-
like CNC and spherical CNC have the characteristics 
of cellulose I. The findings are consistent with other 
researches where diffraction peaks of rod-like CNC 
and spherical CNC are similar [9, 16, 20]. The results 
also indicate that the structure characteristics of cel-
lulose I remain intact with increasing ratio of sulfuric 
acid to cellulose, consistent with FTIR analysis. The CrI 
of CNC samples did not improve in comparison with 
that of MCC after sulfuric acid hydrolysis. The findings 
show that the hydrolysis reaction in the CNC synthesis 

Fig. 5 XRD patterns, crystallinity index and crystallite size of CNC30, CNC40, and CNC50
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not only degrades the amorphous regions but also 
destroys some crystalline domains [16]. Moreover, the 
inset (Fig. 5) shows that the CrI values of CNC is sta-
ble when the acid to cellulose ratio increased from 30:1 
to 40:1 mL  g− 1. The finding was similar to Xu et al. [20] 
who indicated that the CrI values of CNC were not sig-
nificant different as the acid to cellulose ratio increased 
from 8.5 to 9.5 mL  g− 1. However, when the ratio was 
further increased to 50:1 mL  g− 1, the CrI of CNC50 
appeared to increase. The results could be derived from 
the different morphologies of CNC, since CNC50 with 
spherical nanocellulose can possess a more organized 
and crystalline structure which might be responsible 
for the higher crystallinity index of CNC50 [44].

Crystallite size is another crucial parameter relating to 
the crystal structure of cellulose. The previous reports 
mentioned that the increase of crystallite size could 
result from the increase of CrI [12, 15]. In this study, the 
CrI of CNC50 is higher than that of CNC30 and CNC40 
and consequently larger crystallite size (as shown in 
inserted table). The crystallite sizes obtained were simi-
lar to Maciel et  al. [45] preparing CNC samples with a 
crystallite size of 7.44 nm through sulfuric acid hydroly-
sis of industrial textile cotton waste. It is worth mention-
ing that CNC50 with spherical nanocellulose possesses a 
high CrI, which could improve the mechanical properties 
(rigidity, tensile strength) of nanocellulose-based com-
posites [46].

The CrI of spherical nanocellulose (CNC50) is approxi-
mately 95%, greater than those of results published by 
others (Table 1). For example, Tong et al. [9] used com-
pound enzymatic hydrolysis to prepare spherical nano-
cellulose with CrI of 91.2%. The results indicated that 
the spherical CNC with high CrI could be manufactured 
from CCW via the adequate sulfuric acid to cellulose 
ratio.

3.2.5  Thermal properties
Thermal analysis in this study focused on the thermal 
degradation behavior on CNC samples with different 
morphologies, including rod-like CNC30 and spheri-
cal CNC50. The result of the thermal properties of CNC 
obtained in Thermogravimetry (TG) and Derivative 
Thermogravimetry (DTG) curves are displayed in Fig. 6 
and Table  S3. Thermal analysis of spherical CNC and 
rod-like CNC was investigated at different heating rates 
of 5, 10, 20, and 40 °C  min− 1. The TG curves of spheri-
cal CNC (Fig. 6a) and rod-like CNC (Fig. 6c) showed an 
initial slight weight loss of only 2%, found in the tem-
perature range of 100–120 °C due to the evaporation of 
absorbed water or low molecule compounds.

For spherical CNC, the degradation of cellulose is 
displayed in two main pyrolysis regions (Fig.  6a and b). 
The first stage in low temperature of 153–235 °C corre-
sponded to the amorphous degradation regions, which 
were more accessible and sulfated [37]. The second one 

Fig. 6 TG and DTG curves of spherical CNC (a, b) and rod-like CNC (CNC30) (c, d)
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at high temperature range of 260–448 °C was attributed 
to un-sulfated crystalline regions [19]. This degradation 
process was also observed by Naduparambath et al. [10] 
who prepared spherical nanocellulose using sulfuric acid 
hydrolysis of sago seed shells. A similar thermal degrada-
tion behavior was observed for rod-like CNC, which also 
included two degradation stages (Fig. 6c and d). The first 
and second stages occurred between 150 and 260 °C and 
262–450 °C, respectively.

The thermal stability of spherical CNC is expected to 
be higher than that of rod-like CNC. Onset decomposi-
tion temperature  (Tonset), which is contributed by the 
thermal stability of a material, was higher for spherical 
CNC than the rod-like CNC (Table S3). This is because 
the CrI of spherical CNC was higher than that of rod-like 
CNC (as shown in XRD results) and consequently higher 
thermal stability. The results indicated that the CrI con-
tributes positively to the initial thermostability improve-
ment of spherical CNC [47].

However, the spherical CNC exhibited slightly lower 
thermal stability than the rod-like CNC in the main deg-
radation regions (Table S3). The finding can be related to 
the presence of sulfate groups on the CNC surface. The 
previous studies suggested that the higher sulfate groups 
might be responsible for the lower thermal stability [48]. 
Also, the  Ea of spherical CNC is lower by introducing 
the negatively charged sulfate groups on the CNC outer 
surface. Another factor affecting spherical CNC thermal 
stability could suggest that increasing the acid to cellu-
lose ratio could generate a higher  H3O+ concentration 
to access the crystalline domain. As a result, part of the 
crystalline regions can be dissolved, resulting in its sus-
ceptibility to disintegration at high temperatures [49]. 

In short, both the CrI and the sulfate group are essential 
factors for determining the thermal stability of spherical 
CNC.

3.3  Kinetics results
The  Ea is directly associated with the thermal stability of 
CNC. Hence, the investigation of  Ea values could provide 
a better insight into the thermal degradation of spherical 
CNC and rod-like CNC. The correlation between log β 
and 1000/T using the FWO method at different conver-
sion (α) values for spherical CNC (CNC50) and rod-like 
CNC (CNC30) is shown in Fig.  7. The lines illustrated 
nearly parallel in all samples, confirming approximate  Ea 
values in various conversions [43]. Table  S4 indicates a 
strong correlation with the high value of  R2 and in agree-
ment with the previous research [50].

Both spherical CNC and rod-like CNC (CNC30) 
showed an increase in  Ea values in the conversion range 
from 0.1 to 0.4, followed by decreased  Ea values in the 
conversion range from 0.5 to 0.8 (Fig. 8). The  Ea values in 
this study were superior to those reported by Henrique 
et al. [43], who prepared CNC from Kraft pulp using sul-
furic acid hydrolysis with the  Ea values range from 156 to 
269 kJ  mol− 1. The  Ea values of spherical CNC were higher 
than that of rod-like CNC until conversion closer to 0.35. 
However, in the conversion ratio from 0.4 to 0.8, the  Ea 
values of spherical CNC were lower than rod-like CNC. 
These findings demonstrated that the various reactions 
appeared simultaneously with the CNC degradation [51].

The CrI was considered as an influential factor on 
CNC’s  Ea values [43]. Observing in conversion ratio of 0.1 
to 0.35, the rod-like CNC has lower  Ea values than spheri-
cal CNC. This is because the low crystallinity preferred 

Fig. 7 Plot of log β versus 1000/T at conversion varied from 0.1 to 0.8 for spherical CNC (a) and rod-like CNC (CNC30) (b) 
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the dehydration reactions, resulting in reduced  Ea values 
[37]. However, after conversion higher than 0.4, the  Ea 
values of spherical CNC were generally lower than that 
of rod-like CNC. This is because the more negatively 
charged sulfate groups are introduced into the spheri-
cal CNC surface. The results indicated that the more the 
number of sulfate groups in spherical CNCs, the lesser the 
 Ea needed to be supplied to the degradation process [37].

4  Conclusions
This study successfully extracted the spherical CNC from 
CCW using chemical treatment and sulfuric acid hydrol-
ysis without ultrasound during the hydrolysis process. 
The chemical treatment effectively removed the impu-
rity components and amorphous regions in cotton fibers 
before carrying out the sulfuric acid hydrolysis stage. The 
yield of spherical CNC (31%) obtained was more efficient 
than that of spherical CNC mentioned in the literature. 
The results revealed that the acid to cellulose ratio mark-
edly influences the CNC properties. The morphological 
structure displayed the rod-like CNC was observed at 
ratios of 30:1 and 40:1 mL  g− 1. However, the CNC mor-
phology appeared the spherical shape when the acid to 
cellulose was further increased 50:1 mL  g− 1, with a small 
diameter of 14 nm. The FTIR spectra displayed the cellu-
lose I structure in all samples, but the intensity of cellulose 
peaks decreased with increasing acid to cellulose ratio. 
Compared to the XRD and ZP results of rod-like CNC, 
the spherical CNC possessed a higher crystallinity index 
(95%) and higher stable dispersion (ZP of − 46.8 mV). The 

high crystallinity index indicated the extraction process 
efficiency and facilitated mechanical properties improve-
ment of bio-composite materials. The degradation of CNC 
samples occurred in two main pyrolysis stages, including 
the highly sulfated region (150–290 °C) and the unsul-
fated crystalline region (260–450 °C). The thermal stabil-
ity of spherical CNC was lower than that of rod-like CNC, 
which could be derived from the amount of the sulfate 
groups on the spherical surface and the dissolution of part 
of the crystalline domains in spherical CNC. The kinetic 
results indicated that the various reaction occurred simul-
taneously with the degradation process of CNC. The 
lower  Ea values of spherical CNC could be attributed to 
higher sulfate groups introduced on its surface. In general, 
the spherical CNC prepared from CCW would reduce the 
negative impacts on the natural environment and produce 
a potential bio-nanomaterial source for biomedical and 
environmental remediation applications.
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