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Preparation and Characterization of Nanocrystalline
Cellulose by Acid Hydrolysis of Cotton Linter

Chih-Ping Chang,1)     I-Chen Wang,2)     Kuo-Jung Hung,1)     Yuan-Shing Perng3,4)

【Summary】

The purpose of this study was to use acid hydrolysis of cotton linter to generate nanocrystal-
line cellulose (NCC). Based on a 24 factorial design, the effects of sulfuric acid concentration, tem-
perature, hydrolysis time, and the solid/liquid ratio on the NCC yield were examined. NCC speci-
mens obtained from different sulfuric acid concentrations were subjected to a battery of analyses, 
including dynamic light scattering (DLS), transmission electron microscopy (TEM), Fourier-trans-
form infrared spectroscopy (FTIR), 13C solid-state nuclear magnetic resonance (13CSNMR), and a 
thermal gravimetric analysis (TGA) to probe the particle size distribution, morphology, functional 
group shifts, position of the carbon, and thermal degradation properties of the ensuing NCC. The 
results indicated that the sulfuric acid concentration and solid/liquid ratio at higher levels, and tem-
perature and reaction time at lower levels were significantly conducive to increases in NCC yields. 
The main effects in diminishing order were the acid concentration, temperature, hydrolysis time, 
and solid/liquid ratio. Results of DLS and TEM observations suggested that the NCC had a size 
distribution centered around 20~200 nm, with length-to-width ratios ranging 1:1~1:30. The FTIR 
analysis indicated that absorption peaks at 1010~1080 and 1150~1260 cm-1 were derived from sul-
fate ester bonds on the cellulosic chains. Solid state 13CNMR spectra indicated that the C4 atoms 
along the cellulosic chain were shifted from 87.4 ppm to a lower magnetic domain, indicating the 
sulfonic ester bonding position. The TGA indicated that the lower-sulfuric-acid NCC specimen 
began step 1 weight loss at ca. 149℃, whereas its starting temperature of step 2 weight loss was 
generally higher than the mid- and high-acid NCC, at 337 and 205℃, respectively. The high-acid 
NCC only showed marked weight loss at 243℃. The study found that a sulfuric acid concentration 
of 60%, a solid/liquid ratio of 1:20, a hydrolysis temperature of 45℃, and a hydrolysis time of 5 
min produced the best yield of 54.4%.
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研究報告

棉漿酸水解法製備奈米纖維素及性質分析

章之平1) 王益真2) 洪國榮1) 彭元興3,4)

摘 要

本研究目的為棉漿應用硫酸水解法製備奈米纖維素，藉由24因子設計探討硫酸濃度、溫度、水解

時間、固液比等因子對於得率的影響。不同硫酸濃度下所製得的奈米纖維素產物利用DLS、TEM、
FTIR、13CSNMR、TGA等儀器進行檢測，以探討奈米纖維素的粒徑分布、形態、官能基轉移、碳位置
及熱分解等性質。研究結果顯示，硫酸濃度與固液比在高水準時，及溫度與時間在低水準時，對奈米

纖維素產量有顯著影響。主效應依序為硫酸濃度＞溫度＞水解時間＞固液比。雷射粒徑分析儀與穿透

式電子顯微鏡觀測結果顯示，實驗製得的NCC尺寸分佈集中於20~200 nm之間，長寬比由1:1~1:30不
等。傅立葉轉換式紅外線光譜分析指出，在1010~1080與1150~1260 cm-1處吸收峰增強，顯示纖維素長

鏈上新增硫酸酯類鍵結。13C固態核磁共振圖譜指出，C4位置由87.4往低磁場區移動，顯示硫酸酯類鍵
結於該位置。熱重分析結果顯示，低硫酸組奈米纖維素均在149℃左右產生第一階段重量損失，第二
階段熱重損失溫度低硫酸組較中高硫酸組為高，分別是337與205℃；高硫酸組僅於243℃時產生明顯
的熱重損失。本研究以酸濃度60%、固液比1:20、反應溫度45℃、水解5 min所得之收率最佳，產率為
54.4%。
關鍵詞：棉漿、奈米纖維素、硫酸水解、13C固態核磁共振、熱重分析。
章之平、王益真、洪國榮、彭元興。2010。棉漿酸水解法製備奈米纖維素及性質分析。台灣林業科學

25(3):251-64。

INTRODUCTION
Cellulose is one of the major plant cell-

wall components with an annual yield of 
about 1×1011 tons in nature. It has several 
valuable attributes such as being renewable, 
biodegradable, environmentally friendly, 
inexpensive, and possessing great mechani-
cal strength; in today’s world, such attributes 
are increasingly appreciated and of interest. 
Through sulfuric acid hydrolysis, a cellu-
losic material can easily be degraded into 
crystallites on the nanometer scale which are 
summarily named cellulose nano-crystallites 
(CNCs) or nanocrystalline cellulose (NCC), 
the latter term is used throughout this paper. 
The much-enhanced surface area of NCC not 
only helps it combine with other materials to 

create composite materials but also provides 
appropriate mechanical reinforcement. Func-
tional groups along the NCC molecular chains 
can be modified to render NCC suitable for 
use as functional fillers and applicable to 
combine with medicines as slow-release tab-
lets (Kao and Lee 2009, Stenius and Andresen 
2009).

Since the 1930s, much research has fo-
cused on the sulfuric acid hydrolysis of cel-
lulose. Materials used by researchers were 
mostly wood pulps, cotton linter, or various 
cellulosic tissues such as sisal fibers, husk 
fibers, barley straw, bamboo pulp, and even 
bacterial cellulose (Vandyke et al. 1931, Lin 
et al. 1991, Sun et al. 2005, Yang et al. 2008, 
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Wong et al. 2009, Kim et al. 2010). Some of 
those studies provided useful data on reac-
tion conditions, particle size distributions, 
influence of sulfonic groups, and morpholo-
gies. But very few of the studies discussed 
the effects of individual reaction factors and 
correlations among them. Due to a lack of 
exhaustive instrumental analyses, earlier 
studies often evaluated a limited number of 
NCC characteristics, such as functional group 
changes and morphology, without compari-
sons of different results based on accurate in-
strumental analyses (Xiang et al. 2003, Ago et 
al. 2004, Zhao et al. 2006). Recent studies in-
dicated that after sulfuric acid hydrolysis, the 
thermo-degradation behaviors of NCC could 
be significantly influenced by sulfonic esters 
loaded on the cellulose long chain (Wang 
et al. 2007, Morán et al. 2008, Zhang et al. 
2008, Rosa et al. 2010, Zhang et al. 2010).

In this study, cotton linter was hydro-
lyzed with sulfuric acid using a 24 factorial 
design. NCC yields were used as the de-
pendent variable in an analysis of variance 
(ANOVA) test, and the influences of different 
factors (acid concentration, solid/liquid ra-
tio, reaction temperature, and reaction time) 
were examined. The NCC preparations thus 
obtained were then analyzed using dynamic 
light scattering (DLS), transmission electron 
microscopy (TEM), Fourier-transform infra-
red spectroscopy (FTIR), 13C solid state nu-
clear magnetic resonance (13CSNMR), and a 
thermo-gravimetric analysis (TGA). The size 
distribution, morphology, functional group 
changes, carbon atom positions, and thermal 
behaviors of the NCCs were evaluated.

METERIALS AND METHODS

Experimental design
All experimental processes were fitted 

to a 24 factorial design. Four independent 

variables were selected, each with 2 levels 
of variation which were determined from 
preliminary studies. These were sulfuric acid 
concentrations of 50 and 60% (A); solid/liq-
uid ratios of 1:10 and 1:20 (B); reaction tem-
peratures of 45 and 55℃ (C), and hydrolysis 
times of 5 and 15 min (D). Mid-point condi-
tions were run with 3 replications to check the 
linearity of the responses. The sample matrix 
is shown in Table 1.

NCC yields were used as the dependent 
variable in ANOVA statistical test to deter-
mine the significance of the main effect of 
each independent variable. The most influen-
tial main effect was then chosen as a differ-
entiating factor for subsequent instrumental 
characterization of the resulting NCC speci-
mens and to provide insights into the detailed 
hydrolysis processes. The NCC properties 
investigated included the sample particle size 
distribution, morphology, aspect ratio, func-
tional group changes, positions of the carbon 
atoms along the cellulose chain, the thermo-
degradation, etc. Based on the evaluation 
results, the most-probable hypothesis of the 
sulfuric hydrolysis of cellulose was provided.

Materials
The materials used in the study, includ-

ing linter and chemicals are as follows. Cot-
ton linter with an average length of 2270.6 
μm, average diameter of 26.3 μm, and av-
erage aspect ratio of 151.9 was purchased 
from Chung-Rhy Specialty Paper Co. (Puli, 
Taiwan), and 98% sulfuric acid and sodium 
hydroxide for pH adjustment were from AR, 
Panreac Quimica S.A.U. (Barcelona, Spain). 
To prevent fallen dust from the environment 
from affecting the accuracy of the NCC 
yields, all the liquids were first passed through 
a 0.45-μm-pore Teflon filter paper (Advavtec, 
Osaka, Japan). Dialysis tubing with a molecu-
lar weight cut off (MWCO) of 8~10 kDa was 
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chosen to remove extra sulfuric acid from the 
liquid phase (Spectra/Por 132700, Spectrum 
Laboratories, Houston, TX, USA).

Analytical instruments
To measure the particle size distribution 

of NCC samples, a dynamic light scattering 
meter was used (DLS Nano S90, Malvern, 
UK). To observe the actual sizes of the hydro-
lysis products, both a transmission electron 
microscope (JEM-1400, Jeol, Tokyo, Japan) 
and an optical microscope (BX 51 Olympus, 
Kanazawa, Japan) were used. The latter was 
paired with a digital video camera (SSC-
DC50A Sony, Tokyo, Japan) and an Image-M 
measuring program (Apisc, Tao-Yuan, 
Taiwan). Functional group changes of the 
NCC samples were analyzed with a Fourier-
transform IR spectrophotometer (Spectrum 
100, Perkin Elmer, Waltham, MA, USA). 

Cross-polarization/magic angle spinning 13C 
solid-state nuclear magnetic resonance spec-
troscopy in conjunction with a 5-mm PFG 
Triple 1H-13C-15N resonance probe (CP/MAS 
13CSNMR, Unity Inova-500, Varian, Lexing-
ton, MA, USA) analyses were performed to 
confirm crystalline-type changes. Thermal 
degradation behaviors of the NCC specimens 
were investigated using a thermal gravimetric 
analysis unit (Pyris 1, Perkin Elmer).

Methods
Before acid hydrolysis, the cotton linter 

was oven-dried and accurately weighed into 
10-g specimens and then hydrolyzed under 
different conditions (cf. the 24 design) with 
continuous stirring at 400 rpm. Reactions 
were terminated by adding deionized water 
and cooling the system down to 10℃. All of 
the post-reaction liquid was then centrifuged 

Table 1. Factorial experimental design for 4 variables at 2 levels (24)
 A B C D Yield (%)
 Acid concentration (%) Solid/liquid ratio Reaction temp (℃) Reaction time (min) 
 50 10 45 5  1.6
 60 10 45 5 33.2
 50 20 45 5  1.8
 60 20 45 5 54.5
 50 10 55 5  2.0
 60 10 55 5  7.3
 50 20 55 5  1.9
 60 20 55 5 11.6
 50 10 45 15  2.2
 60 10 45 15 13.5
 50 20 45 15  3.5
 60 20 45 15 18.2
 50 10 55 15  0.6
 60 10 55 15  2.2
 50 20 55 15  1.0
 60 20 55 15  6.7
 55 15 50 10 19.5
 55 15 50 10 19.1
 55 15 50 10 17.5
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for 10 min at 10,000 rpm. The upper phase 
was adjusted to pH 7 by adding 1% NaOH, 
and then dialyzed for 72 h. All of the liquid 
samples were freeze-dried, and the yields 
calculated. All experiments were repeated in 
triplicate. Since the sulfuric acid concentra-
tion showed the greatest hydrolysis effect, 
the products of the highest yield conditions 
at different acid concentrations were chosen 
for further analyses. These samples were des-
ignated as follows: NCC50 from a 50% acid 
concentration, 1:20 solid/liquid ratio, 45℃ 
reaction temperature, and 15 min hydrolysis 
time; NCC55 from a 55% acid concentration, 
1:15 solid/liquid ratio, 50℃ reaction tempera-
ture, and a hydrolysis time of 10 min; and 
NCC60 from a 60% acid concentration, 1:20 
solid/liquid ratio, 45℃ reaction temperature, 
and a hydrolysis time of 5 min. In order to 
better understand the hydrolysis process at a 
50% acid concentration, solid residues left af-
ter centrifuging from the NCC50 preparation 
were also selected and designated RS50.

For the particle size distribution mea-
surements, all NCC samples were adjusted 
to a 10% concentration with deionized water 
and then directly observed with a DLS. The 
actual sizes of NCC50, NCC55, and NCC60 
were observed using a TEM. The RS50 and 
unaltered cotton linter were observed by opti-
cal microscopy. TEM samples were adjusted 
to a 5% concentration with 75% ethanol, neg-
atively stained with a 2% uranyl zinc acetate 
solution, and dried on carbon-coated Lacey 
TEM grids followed by observation. The in-
tensity of the electron beams used was 120 
kV. Samples for optical microscopic observa-
tions were adjusted to a 5% concentration 
before observation. From each sample, 200 
particles or fibers were selected and measured 
to determine the average length, diameter, 
and aspect ratio.

The freeze-dried NCC samples were 

well-mixed with KBr powder and examined 
with an FTIR unit based on a diffuse reflec-
tance principle. For the 13CSNMR analysis, 
experiments were performed under a static 
field strength of 11.7 Tesla at 25℃, with a 
spin rate of 10 kHz, a delay time of 2 s, and 
a contact time with the cross-polarized beam 
of 5 ms. Moreover, the thermal degradation 
behaviors of the NCCs were carried out with 
a 10℃ min-1 heating rate, and a temperature 
range of 50~800℃, in a nitrogen atmosphere 
with gas flow rate of 20 ml min-1.

RESULTS AND DISCUSSION

In this study, only those hydrolysis prod-
ucts with nano-scale sizes and certain residues 
were chosen as the targets of study, as other 
byproducts were mostly eliminated by dialy-
sis and centrifugation. Based on the research 
results, we managed to delineate the main ef-
fect of each independent variable and provide 
on explanation for the correlations between 
the sulfonic esters and thermal degradation of 
NCCs. We also provide a hypothetical path-
way of sulfuric acid hydrolysis.

Results of the 24 factorial design
The dependent variable (NCC yield) data 

listed in Table 1 were statistically tested by 
ANOVA. The main effects and interactions 
on NCCs yields as well as their statistical 
significances as represented by F-values are 
shown in Table 2. The 4-way ANOVA results 
show that the acid concentration, solid/liquid 
ratio, reaction temperature, and reaction time 
all significantly affected the NCC yield, with 
a significance level of α < 0.05. The influ-
ences of the 4 factors on the total NCC yields 
become more significant when the acid con-
centration and solid/liquid ratio approached 
the higher level, or the reaction temperature 
and reaction time shifted to the lower level. 
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The main effects of the factors in descending 
order of significance were: acid concentra-
tion (A) > reaction temperature (C) > reaction 
time (D) > solid/liquid ratio (B). The F value 
of A was 3482.1, B was 238.6, C was 1700.8, 
and D was 807.7. According to the experi-
mental design, the F test value of significance 
was F0.05,1,32 = 250; hence, factor B, the solid/
liquid ratio of our choice had no significant 
influence on the outcome of hydrolysis.

The F value of all interactions showed 
a significant influence on hydrolysis as fol-
low: AC = 1450.5, AD = 809.3, CD = 359.4, 
and ACD = 525.8. According to the F values 
obtained from the ANOVA test, the condi-
tions with the highest yield rates under dif-
ferent acid concentration were chosen for 
further analysis. The best NCC yield obtained 
(54.4%) was with an acid concentration of 
60%, a solid/liquid ratio of 1:20, a reaction 
temperature of 45℃, and a reaction time of 5 
min.

Morphology and size distribution of the 
NCC specimens

The results of the NCC size assessment 
produced from the DLS, TEM, and OP tech-
niques were compared to explain why NCC 
specimens had different sizes based on differ-

ent measurements. Results of DLS are shown 
in Fig. 1. Figure 1a shows that NCC50 had 
sizes distributed at 91~295 nm, with an aver-
age size of 289.2 nm; Fig. 1b indicates that 
NCC55 had sizes distributed at 164~615 nm, 
with an average size of 449.4 nm. NCC60 
showed a bimodal size distribution (Fig. 1c); 
the first peak was between 50 and 120 nm, the 
second peak was between 140 and 530 nm, 
with an average size of 319.0 nm. Measure-
ments of the particle size distribution by DLS 
followed several steps. First, the time differ-
ence characteristic of each sample determined 
by the instrument was transformed into a 
correlation function through a correlator unit. 
Then the correlation function was applied to 
the velocities of particles moving in the liquid 
to give an equivalent spherical particle of the 
same velocities. The diameters of the spheres 
were regarded as the estimated diameters 
of the sample particles. Finally, the Stokes-
Einstein equation was applied to calculate the 
thickness of the liquid surrounding the sample 
particles, and obtain the actual particle size 
by deducing the liquid film thickness from 
the estimated diameters. The following are 
equations involved in the DLS particle size 
estimation. Equations used for calculation are 
listed as follows: 

Table 2. Main effects, interactions, and F-values of the analysis of variance (ANOVA). In 
the Table, A is the sulfuric acid concentration, B is the solid/liquid ratio, C is the reaction 
temperature, and D is the reaction time

ANOVA Main effect
 A B C D
Yield 16.8 4.4 11.7 8.1
F-value 3482.1 238.6 1700.8 807.7

ANOVA Interaction
 AB AC AD BC BD CD ABC ABD ACD BCD ABCD
Yield 21.2 28.5 24.8 16.1 12.5  19.8 35.1 31.7   43.1 26.0 54.0
F-value 192.7 1450.5 809.3 75.5 50.6 359.4 59.0 75.2 525.8 42.2 49.9
F0.05,1,32 = 250. For values smaller than this, the effect was not significant.
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(a) Correlation function of polydispersed par-
ticles
G(τ) = A [ 1 + Bg1 (τ)2 ];
where A is the baseline of the correlation 
function, B is the intercept of the correla-
tion function, τ is the time difference of the 
sample recorded by a correlator, and g1(τ) is 
the sum of all exponential decays contained 
in the correlation function.
(b) Stokes-Einstein formula

dh = 

where dh is the hydro-diameter, kB is the 
Boltzmann constant, T is the temperature, ηo 
is the sample viscosity and D is a diffusion 
coefficient.

All of the NCC preparations showed a 
relatively narrow range for the size distribu-
tion, suggesting that the byproducts of hy-
drolysis were probably effectively removed. 
However, as the NCC preperations were not 
ideal spheres, the DLS measurements prob-
ably tended to overestimate the actual sample 
particle sizes.

Table 3 and Fig. 2. show the results of 
TEM and OP observations. As shown in Table 
3, the observed sizes of NCC specimens by 
the TEM method were generally smaller than 
those obtained by the DLS method. Diameters 
of the hydrolyzed cellulosic materials are nec-
essarily smaller as the outer and amorphous 
portions are eroded by the acid. The small 
size of NCC50 may have been the result of 

the weaker acid only partially dissolving the 
amorphous region on the cotton fibers. The 
observation of RS50 showed that the fibers 
retained their macroscopic shape even after 
15 min of reaction time. Figure 2a shows that 
NCC50 had a rough surface which may have 
been caused by fragments aggregating into 
clusters leading the DLC reading to overesti-
mate the size distribution.

Functional groups 
In this study, changes in functional 

groups were followed using a reflectance 
mode of the FTIR. At the same mass ba-
sis, the cotton linter and RS50 possessed a 
smaller specific surface area. Thus, upon mix-
ing with KBr, they provided smeller surfaces 
to be irradiated with IR than did NCC. As a 
consequence, cotton linter and RS50 samples 
produced a weaker signal than did NCC. Fig-
ure 3 shows the FTIR spectra of NCC speci-
mens and the original cotton linter. The RS50 
showed no appreciable functional group 
change from cotton linter, except for the 1200 
cm-1 peak as -SO3 asymmetrical stretching 
and a slight strengthening of the 3300 cm-1 
hydroxyl groups. Whereas for NCC50, 55, 
and 60, there were all strong new peaks at 
1010~1080 and 1150~1260 cm-1, both of 
which resulted from the fresh presence of 
sulfate ester bonds. Upon neutralization with 
the NaOH solution, all of the sulfate esters 
should have been transformed into monoso-

Fig. 1. Dynamic light scattering (DLS) analysis results of the acid hydrolysis products: (a) 
NCC50, (b) NCC55, and (c) NCC60.
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dium cellulose sulfate esters, and with typical 
peaks at 1210, 1250, and 1080 cm-1. The rea-
son that the peak surfaces of NCC 50, 55, and 
60 were larger then those of RS50 may have 
been due to the primary and secondary alco-
hols also formed during NaOH neutralization. 
The peaks at 2900, 1069, 1033, and 897 cm-1 
were all typical absorption peaks of cellulosic 
materials, representing C-H stretching, C-O 
stretching, C-C skeletal vibrations, and C1-H 
ring stretching of the glucose unit, respec-
tively. The peak at 1646 cm-1, however, was 
assigned to the -OH groups from atmospheric 
water vapor adsorbed onto NCC surfaces 
(Sun et al. 2005, Yang et al. 2008, Rosa et al. 
2010).

According to a recent study (Rosa et al. 
2010), the peak at 897 cm-1 can be used as 
a benchmark to identify glycoside linkage 
deformations among the glucose units in cel-
lulose. Moreover, the increase in absorbance 
at around 3200~3600 cm-1 was evidently due 
to increases in hydroxyl groups on NCC af-
ter acid hydrolysis. However, the hydroxyl 
groups may also have arisen from adsorbed 
atmospheric moisture.

The NMR spectra showing the carbon 
positions on the samples are shown in Fig. 4. 
The relative chemical shift, δ, of the cotton 
linter was C1: 105.0, C2: 72.3, C3, 5: 75.4, 
C4: 87.4, and C6: 65.3. For RS50, these were 
C1: 104.5, C2: 71.5, C3, 5: 75.49, C4: 87.4, 
and C6: 65.3. For NCC50, these were C1: 
104.9, C2, 3, and 5: 74.5, C4: 89.2, and C6: 

Table 3. Dimensions of the hydrolysis products obtained from TEM and optical microscopy
 Sample Average length (nm) Average diameter (nm) Average aspect ratio
Cotton lintera) 227.1×104 2.6×104 151.9
RS50a) 138.7×104 1.6×104  65.4
NCC50  20.0 20.7   1.0
NCC55 200.3 16.3  34.0
NCC60 100.6 12.5   7.8
a) Samples observed by optical microscopy.

Fig. 2. TEM micrographs showing the 
morphology of NCC specimens produced 
from different hydrolysis conditions: (a) 
NCC50, (b) NCC55, and (c) NCC60.
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61.2. For NCC55, these were C1: 105.7, C2, 3, 
and 5: 75.4, C4: 89.8, and C6: 63.0. And for 
NCC60, these were C1: 105.0, C2, 3, and 5: 
74.6, C4: 90.2, and C6: 60.6. Previous studies 
(Tomas et al. 2003, Wang et al. 2007) men-
tioned that sulfonic ester groups were mostly 
attached to the C6 and C2 positions of the 
glucose ring, and as a consequence, shifted 
the C6 position toward a lower magnetic do-
main (downfield region). But in our study, the 
C6 position moved from the original 65 ppm 
upfield, which may indicate a crystalline type 
change (Ago et al. 2004).

In Fig. 4, comparing the chemical shifts 

of cotton linter vs. the NCC specimens, only 
the C2 and C4 positions tended to shift down-
field, which was thought to arise from the 
newly added sulfonic ester bonds (Tomas et 
al. 2003, Zhao et al. 2006). All NCC spectra 
also showed that C4 atoms shifted more than 
C1 atoms. This, according to Tomas et al. 
(2003), was because the positions of sulfonic 
ester bonds were mostly present at or near the 
non-reducing end of the cellulose chain, and 
rarely at the C1 position. This phenomenon 
implied that during sulfuric acid hydroly-
sis of cotton linter, the cellulosic chain was 
pared from the crystalline region by a unit of 

Fig. 3. FTIR spectra of cotton linter, and NCC specimens: (a) cotton linter, (b) RS50, (c) 
NCC55, (d) NCC50, and (e) NCC60.

Fig. 4. The CP/MAS 13CSNMR spectra of hydrolysis products: (a) cotton linter, (b) RS50, (c) 
NCC50, (d) NCC55, and (e) NCC60.
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cellubiose. Also, the sulfate esters bonds were 
found only on the surface of NCC without 
penetrating the interior. 

Thermo-degradation behaviors
The thermal degradation parameters of 

the hydrolysis products are listed in Table 
4. According to a previous study (Wang et 
al. 2007), the thermal stability of NCC sig-
nificantly decreases due to the presence of 
residual sulfuric acid absorbed onto the cellu-
losic hydroxyl groups. In order to prevent this 
unexpected weight loss, the NCC specimens 
of our study were neutralized with sodium 
hydroxide. However, even with the removal 
of sulfate, the thermal degradation tempera-
ture of the NCCs was still lower than that 
of the cotton linter. The probable cause was 
that the large amounts of hydroxyl groups 
exposed with the increased specific surface 
areas were absorbing atmospheric moisture; 
and along with the rising temperature, sulfate 
ester bonds desorbed and reacted with the wa-
ter molecules to create sulfuric acid, leading 
to structural damage to NCC and a reduction 
in the thermal degradation temperature (Wang 
et al. 2007, Rosa et al. 2010).

The DTG curves in Fig. 5 show that the 
degradation of NCC50 and NCC55 occurred 
within a wider temperature range and showed 
2 well-separated pyrolysis processes in the 
DTG curves. For NCC50, the first pyrolysis 
step occurred at 150.0℃ and the second at 

337.8℃. For NCC55, the first pyrolysis step, 
similar to NCC50, occurred at 146.4℃; how-
ever, the second degradation temperature was 
much lower than that of the NCC50, and oc-
curred at 205.2℃. The thermal decomposition 
temperature of NCC60, on the other hand, 
had considerably shifted to a higher tempera-
ture, and occurred within a narrow tempera-
ture range at 243.1℃. Cotton linter and RS50 
showed similar DTG curves with degradation 
temperatures beginning at ca. 300℃.

In order to explain our research results in 
detail, the TGA parameters must be discussed 
together with the FTIR and TEM results. 
Based on the literature review, the factors 
that influenced thermal degradation tempera-
ture include sample characteristics (such as 
sample size, stability of the functional groups, 
moisture content of samples, etc.), and exper-
imental factors (for example, the heating rate, 
nitrogen flow rate, etc.) (Roman and Winter 
2004). In our study, influences of the experi-
mental factors could largely be eliminated, and 
the influence of sample moisture content was 
present only at temperatures below 100℃. As 
a consequence, only 2 factors of sample size 
and functional group stability might have im-
pacted the TGA results. In general, the weight 
loss of a small sample is faster then that of a 
larger one. Thus, a sample with more-stable 
functional groups will have a higher thermal 
degradation temperature.

Comparing the results of Table 4 and Fig. 

Table 4. Thermo-degradation parameters measured by TGA analysis for hydrolysis 
products produced under different conditions
 Sample Step 1 Step 2 Char at
 Onset temp (℃) Weight loss (%) Onset temp (℃) Weight loss (%) 800℃ (%)
Cotton linter 300.4 53.0 - -  8.9
RS50 289.2 55.5 - -  7.4
NCC50 150.0 23.6 337.8 12.5 26.5
NCC55 146.4 10.0 205.2 60.9 15.0
NCC60 243.1 17.7 - - 31.7
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3, for NCC50 and NCC55 with detectable 
sulfate ester groups, the first step of pyrolysis 
occurred at a lower temperature, which agrees 
well with a previous study (Kim et al. 2010). 
The second pyrolysis step of NCC55 showed 
greater weight loss and a lower temperature 
than those of NCC50, which may have been 
due to the NCC55 containing relatively more 
sulfate esters than did NCC50, and also the 
greater amorphous fraction presented by 
NCC55. According to the results of Kim et 
al. (2010), NCC of larger sizes would have 
higher thermal degradation temperatures. 
However, our results tended to disagree with 
their observations. The probable cause for the 
difference might be that they considered only 
sample sizes as a single variable, whereas our 
results were compounded with other factors. 

The reason that NCC60 had a lower thermal 
degradation temperature then NCC50 was 
because it had more-corroded crystalline re-
gions and smaller diameters, as can be noted 
in Fig. 2 and Table 3.

Based on our results, we hypothesized 
that the sulfate ester bonds formed by sulfuric 
acid were mostly present on the surface, and 
the disrupted lattices of the NCC specimens, 
which were easily detached from the surfaces, 
re-formed sulfuric acid, dissolved the disor-
dered amorphous fraction, and entered some 
crystalline regions causing partial degradation 
of cellulose crystallites with rising tempera-
tures. Based on this hypothetical model, we 
can provide reasonable explanations for the 
fact that even though NCC55 had a higher 
crystallinity than NCC60, it nevertheless had 

Fig. 5. Thermo-gravimetric (TG) and differential TG (DTG) curves of the hydrolysis 
products produced under different conditions.
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chemical reaction primarily entailed paring 
the outer portions of the fiber into spherical 
particles. When we observed the performance 
of 55 and 60% sulfuric acid in hydrolyzing 
cotton linter, notably only 2 min after mixing 
with the cotton linter, the liquid phase turned 
clear and no residue was present after cen-
trifugation. Meanwhile, the liquid phase of 
the 50% sulfuric acid/cotton linter mixtures 
remained milky white, indicating a weak in-
filtration of the acid and the presence of large, 
visible particles. By comparing Table 3 and 
Fig. 2, we noted that NCC55 had a greater 
aspect ratio than did NCC50 and NCC60, as 
well as larger crystallite length and width. 
Hence, we assumed that 55% sulfuric acid 
had sufficient penetrating power and upon 
contacting cotton linter would first dissolve 
the outer layers and then penetrate into the 
amorphous regions in the interior and even 
begin to disrupt the crystalline regions until 
being quenched by acid neutralization. In 
the meantime, the external NCC was further 
hydrolyzed into sugars and other acid deriva-
tives. From Fig. 2, we can discern that in 

Fig. 6. Hypothetical pathway of sulfuric 
acid hydrolysis.

a lower second-step thermal degradation tem-
perature than the latter did.

The hypothetical pathway of sulfuric acid 
hydrolysis

Sulfuric acid hydrolysis of cellulose is 
a complex heterogeneous reaction, which 
involves different physical factors and hydro-
lytic chemical reactions. A slight modification 
of the experimental conditions could have 
resulted in varying pathways and products. 
Some previous studies pointed out that the 
permeability of different sulfuric acid con-
centrations often cause significant variations 
in NCC morphology, thermal degradation 
behaviors, and crystallinity (Xiang et al. 
2003, Mohamed and Hassan 2007). Xiang et 
al. (2003) suggested that the first step of cel-
lulose acid hydrolysis is penetration of the 
acid into the cellulose matrix. The process 
is a first-order reaction which follows the 
rule of the Arrehnius equation: ki = kio×Ami

×e- , where kio is the pre-exponential fac-
tor, A is the concentration of the acid, mi is 
an exponent indicating the acid’s effect, and 
Ei is the activation energy. Thus, if sulfuric 
acid of a specific concentration is capable of 
totally penetrating into the cellulosic matrix, 
then it is capable of quickly hydrolyzing it. 
Hydrolysis, as the name implies, needs to add 
water molecules to the reactant in the reac-
tion. Thus, too high an acid concentration 
might not provide enough water; whereas too 
low an acid concentration might not have suf-
ficient penetrating power. Effective working 
sulfuric acid concentrations need to carefully 
be selected. Based on our research data, the 
hypothetical pathway is depicted in Fig. 6.

By comparing the morphology of NCC 
specimens shown in Fig. 2, it is plausible that 
a relatively weak sulfuric acid concentration 
(i.e., 50%), could not effectively penetrate 
into the interior of the cotton linter, and the 
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addition to what occurred with the 55% acid, 
the 60% acid penetrated even deeper into the 
crystallites and created a more-fragmented 
product with smaller particle diameters than 
the cellulose element fibers (Stephanie et al. 
2005). However, whether the 2 acid concen-
trations can totally dissolve the amorphous 
regions and how disruptive they were to the 
crystalline regions must await further studies.

CONCLUSIONS

Our experimental design indicated that 
the solid/liquid ratio contributed less to hy-
drolysis than did other factors. For future 
cost savings, a lower ratio could be employed 
with minor consequences. The results also 
indicated that NCC specimens produced from 
different acid-hydrolysis conditions presented 
variable physical characteristics, but all had 
narrow size distribution ranges. The morphol-
ogy of the NCC specimens suggested that a 
55% sulfuric acid hydrolysis condition pro-
duced nanocrystallines with a suitable aspect 
ratio which were adequate reinforcing materi-
als to produce polymer composites. However, 
their thermal degradation behavior might be 
a matter of concern. On the other hand, those 
NCC specimens with lower aspect ratios 
might be suitable for modifying the surface 
properties of polymer composites incorporat-
ing them, or be applied as medicinal addi-
tives. Quantities of the hydroxyl and sulfate 
esters groups greatly increased along with 
sulfuric acid hydrolysis. For future studies, 
those active functional groups, especially the 
ones on the C2 and C4 positions, can be fur-
ther modified for different purposes to more 
fully explore applications of NCC.
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