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Abstract A facile and efficient approach to prepare

carboxylated cellulose nanocrystals (CCNCs) is pre-

sented through a novel one-step hydrothermal proce-

dure by using a mixed acid system of hydrochloric

acid and nitric acid (HCl/HNO3). The as-prepared

cellulose nanoparticles were characterized by scan-

ning electron microscopy, wide angle X-ray diffrac-

tion, conductometric titrations, Fourier transform

infrared spectrometry and thermal gravimetric analy-

sis. The results showed that the combination of the

mixed acid and hydrothermal reaction can speed up

the process of CCNC preparation, and then high

quality of the product could be obtained at relatively

low acid concentration. It is found that the addition of

nitric acid could not only promote the conversion of

surface groups on the cellulose nanocrystals (CNCs),

but also have significant influences on the yield,

particle size and microstructure of CNCs. For the

volume ratio of HCl/HNO3 of 7:3, the as-prepared

CCNCs exhibited the largest length to diameter ratio

and narrowest dimension distributions as well as

maximum degree of oxidation of 0.12. In addition,

high dispersion stability for the CCNCs could be

observed due to the existence of negative carboxyl

groups. This approach based on one-step oxidative

carboxylation greatly simplified the preparation of

CCNCs with high yield and high crystallinity under

mild hydrothermal condition.
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Introduction

Cellulose nanocrystals (CNCs) have successfully been

used for a wide spectrum of applications spanning

from nanocomposites, packaging, and mechanical and

rheological property modifications, to chemical catal-

ysis and organic templating, benefiting from their

numerous advantages such as renewability, sustain-

ability, biocompatibility, and cost efficiency (Moon

et al. 2011; Yu et al. 2013a, b; Jonoobi et al. 2015). As

organic reinforcements, the CNCs possess intriguing

mechanical properties such as transverse elastic mod-

ulus of 18–50 GPa and anisotropic elastic modulus of

140–220 GPa, large length to diameter ratio, and low

density of about 1.6 g cm-3. The increasing mechan-

ical strength has been explained by specific interac-

tions such as strong hydrogen bonding between the

CNCs and polymeric matrix. However, the CNCs

were generally produced by the acid hydrolysis of

cellulose-rich sources, and the CNCs have numerous
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surface hydroxyl groups, which inherently exhibit low

dispersibility in polymer matrix and poor interfacial

interactions, particularly as nanofillers with hydropho-

bic matrix polymers (Chen et al. 2016a, b; Leung et al.

2011). Fortunately, depending on the desired applica-

tion, chemical modification of the CNCs can be

carried out at the hydroxyl groups of the glucose units

on the crystalline backbone structure (Lam et al.

2012a). The introduction of carboxyl groups to CNCs

can enhance the interfacial interaction with hydropho-

bic polymeric matrix by improving their dispersion

stability in various organic solvents which are good

solvents for the polymer, take part in covalent cross-

linking and grafting reactions, drive the adsorption of

small molecules and ions, as well as make them highly

efficient as templates for anchoring functional inor-

ganic nanoparticles (Leung et al. 2011; Eyley and

Thielemans 2014; Yu et al. 2013a, b;Moon et al. 2011;

Fujisawa et al. 2013; Hosseinidoust et al. 2015). It has

been shown that carboxyl groups can be introduced on

the surface of CNCs, resulting in a higher surface

charge compared with sulfuric acid hydrolyzed CNCs,

through either a pre-or post-treatment by using

2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO)

mediated oxidation in addition to acid hydrolysis

(Zhang et al. 2016; Qin et al. 2011; Montanari et al.

2005). However, the control of such oxidation process

was so complicated. For example, the pH of the

reaction system should be kept at 10 for 5 h. Recently,

carboxylated CNCs (CCNCs) with yields of 14–81%

were successfully extracted from various cellulosic

sources through one-step hydrolysis of ammonium

persulfate (APS), a strong oxidant, instead of acid

hydrolysis (Zhang et al. 2016; Cheng et al. 2014;

Castro-Guerrero and Gray 2014; Mascheroni et al.

2016; Leung et al. 2011). It is suggested that TEMPO

is only effective in fiber defibrillation, that is to say, it

does not completely break down the amorphous

domains (Leung et al. 2011). Therefore cellulose

starting materials are often hydrolyzed under acid

conditions firstly and then are oxidized further by the

TEMPO-mediated oxidation for yielding CCNCs. For

ultrasonic assisted TEMPO-mediated oxidation,

CCNCs having high carboxylate content were pro-

duced directly (Qin et al. 2011). It has higher yield of

CCNCs but larger energy consumption and quite

expensive compared with one-pot APS oxidation.

However, the amount of APS used in the reaction is

large, the yield of CCNCs is lower, and the reaction

temperature is high, although APS defibrillated and

removed amorphous cellulose effectively. Note that

two-step oxidation has been also reported to prepare

CNCs with sodium periodate followed by sodium

chlorite (Yang et al. 2013; Sirviö et al. 2015).

For the production of CNCs, the classic and most

widely used method is acid hydrolysis of a purified

cellulose starting material. Different inorganic acids

including sulfuric, hydrochloric, nitric, tungstophos-

phoric, hydrobromic and phosphoric acids or their

mixtures have been used as reaction medium for the

extraction of CNCs (Yu et al. 2013a, b; Camarero

Espinosa et al. 2013; Xiong et al. 2012; Hamid et al.

2016; Jonoobi et al. 2015). Moreover, some organic

acids such as oxalic acid, maleic acid, p-toluenesul-

fonic, and benzenesulphonic acids were also used to

prepare CNCs recently (Chen et al. 2016a, b; Sirviö

et al. 2016). Sulfuric acid and hydrochloric acid were

widely used to produce the CNCs from various

cellulose-rich sources. These CNCs are usually elon-

gated rods with high length to diameter ratio depend-

ing on the source of cellulose and hydrolysis

conditions. The CNCs prepared by sulfuric acid

hydrolysis have negatively charged surfaces due to

the esterification of hydroxyl groups incorporated by

sulfate ions, whereas no known surface modification

occurred for hydrochloric acid hydrolysis, and only

few charges could be found on the surface of the CNCs

(Yu et al. 2013a, b). In general, the CCNCs were

obtained through a route to first hydrolyze cellulose

raw materials, then chemically modify with oxide

acids or oxidation (Yu et al. 2013a, b; Yu et al. 2016).

For example, Tong et al. dispersed firstly cotton into

64% sulfuric acid and treated at 45 �C for 45 min, then

dialyzed with distilled water for 7 days, and finally

reacted with succinic anhydride at 120 �C for 12 h

(Yu et al. 2013a, b). Recently, some mixed reaction

systems such as HNO3/H3PO4–NaNO2 were used to

prepare carboxyl functionalized cellulosic nanoparti-

cles (Kumar and Yang 2002; Xu et al. 2014; Sharma

and Varma 2014).

Generally, alteration of the surface chemistry is

performed by using multiple reaction steps. Although

some single-step methods for the extraction and

surface functionalization of CNCs have successfully

used for various cellulose-based raw materials by

using APS and the acid mixture composed of

hydrochloric and an organic acid such as formic and

citric acid, but requiring too long reaction time for
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industrial use (Zhang et al. 2016; Cheng et al. 2014;

Castro-Guerrero and Gray 2014; Mascheroni et al.

2016; Leung et al. 2011; Chen et al. 2016a, b; Sun et al.

2016a; Yu et al. 2016). It may be argued that this slow

hydrolysis rate might result mainly from the config-

uration itself of cellulose. It is known that hydrother-

mal treatment could enhance the possibility of acid

attack (Yu et al. 2013a, b). In this work, a high-

efficiency one-step approach through a mixed acid

system of hydrochloric acid and nitric acid (HCl/

HNO3) hydrolysis of microcrystal celluloses (MCCs)

under hydrothermal condition was reported for the

extraction of CCNCs. The using of HNO3 as an

oxidant can be expected to effectively modify the

hydroxyl groups on the surface of CNCs with carboxyl

groups. More attention is paid to optimize nitric acid

fraction to obtain a high yield and good stability of

CNC aqueous suspensions.

Experimental

Materials

Commercial MCCs (Mw = 36,000) as starting mate-

rials for extracting CCNCs were purchased from

Shanghai Chemical Reagents (Shanghai, China).

Hydrochloric acid (HCl) and nitric acid (HNO3) were

purchased from Guoyao Group Chemical Reagent

CO., LTD. All the material and reagents were used as

received without further purification.

Preparation

The CCNCs were extracted from the MCCs according

to a modified hydrothermal method with a mixed

acidic medium of HCl/HNO3 instead of pure HCl (Yu

et al. 2013a, b). Briefly, 1 g MCC was hydrolyzed in

the hydrothermal kettle at 110 �C for 3 h by using

60 mL HCl/HNO3 mixed acid with various volume

ratios including 9:1, 8:2, 7:3, 6:4, and 5:5, respec-

tively. Considering the addition of HNO3 as the strong

oxidizing acid, the concentration of mixed acid used in

this work was reduced to 4 M instead of 6 M pure HCl

used in previously reported. After cooling to room

temperature, the resultant suspension was diluted, and

then repeatedly washed by successive centrifugations

with deionized water to ensure the removal of free

acids. The as-prepared product was redispersed under

sonication (Kunshan Ultrasonic Instruments Co., Ltd,

China; 50 W, 40 Hz) for 5 min for forming a

stable aqueous suspension. Besides a small amount

of suspension was used to characterize the stability of

suspension and measure the particle size distribution

and zeta potential, most of them were finally freeze-

dried for 48 h to obtain the CCNCs. For comparison,

the CNCs were prepared in 4 M pure HCl medium

under the same preparation process.

Characterization

The morphologies of as-prepared CNCs were

observed on a field emission scanning electron

microscopy (FE-SEM, HITACHI S-4800) at 1.0 kV.

The CNCs were deposited on silicon dices and the

sizes of nanorods were measured from FE-SEM

images.

The particle size distribution and zeta potentials for

the CNC suspensions were measured on a Nano ZS

Malvern Zetasizer equipment with both multi-angle

particle size analysis by dynamic light scattering and

low-angle zeta potential analysis by electrophoretic

light scattering. The measurements for 2.5 mg/mL

CNC suspensions were conducted in triplicate for each

sample, and each sample was scanned 5 times and

results were averaged for each measurement.

The chemical structures were characterized on a

Nicolet 8700 Fourier transform infrared spectrometer

(FT-IR). The samples were analyzed as KBr pellets

(1% cellulose in anhydrous KBr). FT-IR spectra were

recorded in the spectral range of 4000–400 cm-1 with

a resolution of 4 cm-1 and an accumulation of 64

scans. The degree of oxidation (DO) measurements

were achieved by calculating the ratio of the intensity

of the absorption band near 1730 cm-1, corresponding

to the carbonyl stretching frequency, to that of the

strongest band near 1050 cm-1, intrinsic of the

cellulose backbone.

The crystal structures were characterized on a

Philips PZ1200 X-ray diffractometer by using Cu

Ka(1.5418 Å) X-rays with a voltage of 40 kV and a

current of 30 mA. X-ray diffraction data were col-

lected over an angular range of 5–40� at the rate of 2�/
min in steps of 0.02o at room temperature. The

crystallinity index (CrI) of the samples was deter-

mined by Segal’s equation:

CrI ¼ Ið200Þ � IðamÞ
� ��

Ið200Þ
� �

� 100% ð1Þ
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where I(200) is the intensity of the crystalline peak at

the maximum at 2h between 22� and 23�, I(am) the

intensity at the minimum at 2h between 18� and 19�,
and h is the corresponding Bragg angle.

The carboxyl content of oxidized cellulose samples

was determined by conductimetric titration, being

based on the fact that during the titration, one of the

ions is replaced by the other and invariably these two

ions differ in the ionic conductivity with the result that

conductivity of the solution varies during the course of

titration (Araki et al. 1998; Mascheroni et al. 2016).

The cellulose samples (25 mg) were suspended into

15 mL of 0.01 M hydrochloric acid solutions. After

10 min of stirring, the suspensions were titrated with

0.01 M NaOH. The conductimetric titration curve for

the suspension first showed a decrease in conduc-

tivity corresponding to the neutralization of strong

acid in solution. The horizontal portion after the first

inflection point corresponds to the neutralization of

weak acid groups (probably carboxylic acid) on

CNCs. After the equivalence point is achieved the

conductivity increases rapidly due to the excess

NaOH. The DO value was given by the following

equation:

DO ¼ 162C V2 � V1ð Þ= C w� 36ð Þ V2 � V1ð Þ½ � ð2Þ

where V1 and V2 are the volume of NaOH (L) corre-

sponding to first inflection point and the equivalence

point at conductimetric titration curve, respectively,

(V2-V1) is the volume of NaOH (L) required to

deprotonate the carboxylic acids groups, C the NaOH

concentration (mol/L), and w the weight of the dried

sample. The value of 162 corresponds to the molar

mass of anhydrous glucose unit (AGU), and the value

of 36 to the difference between the molecular weight

of an AGU and that of the sodium salt of a glucuronic

acid moiety. The change in conductivity was recorded

by a conductometer (DDSJ-308F).

The thermal stability was studied on a NETZSCH

TG 209 F1 thermogravimetric analyzer. 0.3 mg CNC

(or CCNC) powder was directly placed in a ceramic

crucible for TGA measurement. The measurements

were performed from room temperature to 600 �C at a

heating rate of 20 �C/min in a nitrogen atmosphere

with a flow rate of 20 mL/min. The degradation

parameters including initial decomposition tempera-

ture (T0), the 5% weight loss temperatures (T5 %) and

maximum decomposition temperature (Tmax) were

calculated from the TGA curve.

Results and discussion

Morphology and suspension stability

Oxidized cellulose containing carboxyl groups is

commercially available by reacting cellulose with

NO2 or N2O4 in the gaseous form or as a solution in an

appropriate organic solvent, and the reaction with

HNO3 alone requires heating at high temperature,

these cause extensive hydrolysis of cellulose and low

yield of oxycellulose (Xu et al. 2014). Generally, the

extraction of CNCs from cellulose-rich raw materials

can be achieved through inorganic acid hydrolysis, in

which the disordered or paracrystalline regions of

cellulose could be hydrolyzed whereas crystalline

regions exhibited a higher resistance to acid attack

(Domingues et al. 2014; Sun et al. 2016b; Jiang et al.

2010). The yields and size distribution of the CNCs

depended strongly on acid concentration, reaction

temperature, and reaction time. It is demonstrated that

hydrothermal systems can provide a special reaction

under high pressure and high temperature condition,

resulting in facile and rapid extraction of thermally

stable CNCs from commercial MCCs with a yield up

to 93% in 6 M hydrochloric acid solution at 110 �C for

3 h (Yu et al. 2013a, b). To satisfy the requirement of

new properties of cellulose, carboxyl groups would be

introduced onto a polymer surface through the

oxidization of secondary hydroxyl groups of the

pyranose ring in cellulose. Herein nitric acid as a

strong oxidizing agent was mixed with hydrochloric

acid solution in a hydrothermal reaction kettle.

Keeping reaction time of 3 h and temperature of

110 �C, the acid concentration was reduced from 6 M

to 4 M to avoid excessive degradation of cellulose.

The morphologies of as-prepared CNCs were dis-

played in Fig. 1. It is found that all the CNCs

possessed a rod-like structure, but the products

prepared in mixed acid medium exhibited more

well-dispersion and smaller dimension compared with

that in pure hydrochloric acid solution as listed in

Table 1. The morphologies of the CNCs and CCNCs

were further observed by TEM as displayed in Fig. 2.

Compared with that extracted by using pure HCl

medium, the average length of CNCs decreased from

256 ± 30 to 213 ± 27, 196 ± 33, 165 ± 31,

170 ± 36 and 185 ± 23 nm with the increase content

of HNO3, meanwhile the average width also reduced

from 23 ± 5 to 21 ± 3, 20 ± 9, 13 ± 3 13 ± 5 and
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14 ± 6 nm, respectively. Due to the decrease in acid

concentration, the average length and width of the

CNCs became larger but still close to that extracted by

using 6 M hydrochloric acid reported in the previous

work. Furthermore, reduction in dimension of the

CNCs in mixed acid medium illustrated the acceler-

ation of hydrolysis process in the presence of nitric

acid. More clearly, the dimension and yield decreased

first with the increase of nitric acid fraction, reached a

minimum value at the volume ratio of HCl and HNO3

of 7:3, and then increased. The minimum length and

width for the CNCs were 176 ± 6 and 11 ± 2 nm,

respectively, while the yield decreased from 84.6 for

single acid hydrolysis to 72.6%, which was still larger

than those reported by most previous works involving

inorganic acid hydrolysis (Zhang et al. 2016;

Mascheroni et al. 2016).

Figure 1 also gives the suspension stability of the

CNCs and CCNCs prepared under various acidic

conditions. After ultrasonication, all the CNC

Fig. 1 FE-SEM images and suspension stability of the CNCs and CCNCs prepared under various acidic conditions

Table 1 Dimension, Zeta potential and yield for the CNCs prepared under various acidic conditions

Sample HCl:HNO3 (v/v) Length (nm)a Diameter (nm)a Size (nm)b Zeta potential (mV) Yield (%)

CNCs 10:0 245 ± 25 24 ± 11 386 -6.7 84.6

CCNCs 9:1 199 ± 19 18 ± 5 230 -18.4 82.5

8:2 193 ± 14 17 ± 4 212 -34.5 75.2

7:3 176 ± 6 11 ± 2 188 -45.3 72.6

6:4 184 ± 16 14 ± 2 206 -39.1 73.9

5:5 187 ± 18 14 ± 4 218 -33.3 76.8

a Length and diameter were measured from SEM images
b Size was calculated by DLS particle size analyzer
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suspensions were blue in color and no obvious

sedimentation can be observed at the bottom of the

bottle. As the time prolonged, lots of sedimentations

appeared and after 1 day, almost all the CNCs

prepared without nitric acid would deposit onto the

bottom of glass bottle. The CNCs prepared by pure

HCl hydrolysis were easy to aggregate together due to

the strong hydrogen bonding between the nanoparti-

cles having numerous surface hydroxyl groups as

shown in Fig. 1. By contrast, excellent suspension

stability could be observed for the CNCs extracted in

mixed acid medium, and after 30 days, these suspen-

sions still kept high stability. It is believed that the

existence of carboxyl groups on the surface the CNCs

in the presence of nitric acid could provide strong

electrostatic repulsions to avoid the particle aggrega-

tion, which could significantly enhance their reinforc-

ing effects in hydrophilic polymeric matrix (Yu et al.

2016; Xiong et al. 2012).

Size distribution and Zeta potential

Dynamic light scattering (DLS) and Zeta potential

measurements have gained popularity as simple, easy

and reproducible tools to ascertain particle size and

surface charge. The average size obtained from DLS

data is a hypothetical measurement as such hard

spheres rarely exist in colloidal dispersions (Yu et al.

2013a, b; Cheng et al. 2014; Hosseinidoust et al.

2015). Thus for rod-like CNCs, the measurements

were only used to compare relative particle sizes. As

represent in Table 1, the average size of the CNCs

decreased from 386 nm for pure hydrochloric acid to

230 nm when 10% (V/V) nitric acid was added into

the reactive medium. With the increase of nitric acid

fraction, the average size further decreased to the

minimum value of 188 nm for the volume ratio of HCl

and HNO3 of 7:3, and then increased to 218 nm for

equal volume of HCl and HNO3. The trend of variation

is in agreement with that of SEM experiments.

One of the most popular uses of zeta potential data is

to relate it with suspension stability, and the electrostatic

repulsion is believed to be the physical mechanism for

stabilizing most aqueous nanoscale particle systems. At

this point, it is considerable that the nanoparticle

dispersions can be classified as highly unstable, rela-

tively stable, moderately stable and highly stable accord-

ing to zeta potential values of ±0–10 mV, ±10–20 mV

and ±20–30 mV and [±30 mV, respectively (Bhat-

tacharjee 2016). The yield and Zeta potential of CNCs

prepared under various acidic conditions as shown in

Fig. 3 and Table 1 lists Zeta potential value for the CNCs

prepared under various acidic conditions, and all of the

CNC suspensions had negative zeta potential values.

Due to the lack of negative surface charges, the CNCs

extracted through pure hydrochloric acid hydrolysis

would rapidly aggregate. The increase in the absolute

value of zeta-potential is resulted from the conversion

from surface hydroxyl groups to carboxyl groups when

the nitric acid as the strong oxidation agent was

Fig. 2 TEM images of the CNCs and CCNCs prepared under various acidic conditions
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introduced into the reaction system (Cheng et al. 2014;

Mascheroni et al. 2016)). Larger the absolute value of

zeta potential, better suspension stability that can be

achieved due to electrostatic repulsion between the

nanoscale particles, which is consistent with the obser-

vations of the stability of the suspensions. Moreover, the

zeta potential value of CNCswas first decreased and then

increased with the increase of nitric acid fraction. A

minimum value of -45.3 appeared at the ratio of HCl and

HNO3 of 7:3, implying under this condition, the

strongest oxidation effect occurred.

Chemical structure

Figure 4 shows the FT-IR spectra of the CNCs

extracted under various acidic conditions. It is found

that all the CNCs exhibited typical absorption bands of

cellulose. The very broad band around 3400 cm-1 is

assigned to the stretching vibrations of –OH groups,

with a contribution near 2900 cm-1 due to the

stretching vibrations of C–H bonds. There are three

different hydroxyl groups present, located at C2, C3,

and C6 positions, contributing to the formation of

different kinds of intra-and intermolecular hydrogen

bonds. The hydrogen bonding of cellulose would be

weakened for the CNCs extracted through acid

hydrolysis, resulting in that the –OH stretching

vibration bands became narrow and shifted towards

lower wavelength. The characteristic bands at 1160

and 897 cm-1 were corresponded to C–O–C bending

and symmetric stretching at the ß - (1 ? 4) -glyco-

sidic linkage, and at 1060 and 1113 cm-1 to C–O–C

stretching of pyranose and glucose ring skeletal

vibration, respectively. These characteristic peaks

indicated that all the samples are primarily in the

form of cellulose Ib. Note that for the CNCs prepared

in mixed acid medium, a new band appeared at

1730 cm-1 corresponding to the existence of carboxyl

groups. This indicates that the introduction of nitric

acid did cause a significant change in the FT-IR

spectra, but the typical structure of the cellulose was

preserved (Yu et al. 2013a, b; Zhang et al. 2016; Yu

et al. 2016; Hamid et al. 2016). Furthermore, the

intensity for the band of carboxyl groups increased

first and then decreased with the increase of nitric

acids fraction as illustrated in Fig. 4. It is well known

that the degree of oxidation could be obtained by

calculating the ratio of the intensity of the carbonyl

peak to that for the strongest band near 1060 cm-1

which is related to the backbone structure of cellulose

(Habibi et al. 2006). The calculated DO value listed in

Table 2 was 0.05, 0.10, 0.12, 0.11, 0.10 for the ratio of

HCl and HNO3 of 9:1, 8:2, 7:3, 6:4 and 5:5,

respectively. It is obvious that the degree of oxidation

exhibited a maximum value of 0.12 occurred for the

CNCs prepared at the ratio of HCl and HNO3 of 7:3.

This result was consistent with zeta potential mea-

surement. The DO value was also calculated by using

the equation: DO = 0.01 ? 0.7(I1735/I1060) (Cheng

et al. 2014; Mascheroni et al. 2016). The DO values of

CCNCs prepared under the ratio of HCl and HNO3 of

9:1, 8:2, 7:3, 6:4 and 5:5 were 0.04, 0.08, 0.12, 0.11

and 0.08, respectively. In addition, the –CH2 bands

around 2900 and 1282 cm-1 still appeared in the

infrared spectra for the CCNCs (Castro-Guerrero and

Gray 2014). It is known that this group is present only

at the primary C6 position for untreated cellulose, and
Fig. 4 FT-IR spectra of CNCs and CCNCs prepared under

various acidic conditions

Fig. 3 Yield and Zeta potential of CNCs and CCNCs prepared

under various acidic conditions
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during acid hydrolysis process, the C6 was likely to be

preferentially oxidized to carboxylic acid. Therefore it

is suggested that the oxidation reaction took place only

on the surface of cellulose crystal and amorphous

region, whereas the bulk of the nanocrystals were not

oxidized.

Conductometric titration

The degree of oxidation (DO) represents the number

of primary hydroxyl groups that have been converted

to carboxyl groups per anhydroglucose unit after the

oxidation process, and the content of carboxyl groups

on the CCNCs can be determined by conductometric

titration. Figure 5 shows the degree of oxidation for

the CCNCs prepared at various nitric acid fractions,

and the inset gives the conductometric titration curve

of the CCNCs for the ratio of HCl and HNO3 of 7:3.

The carboxyl content of the sample was determined

from the conductometric titration curve, assuming that

each added molecule of NaOH with this range

neutralized exactly one carboxyl group (Mascheroni

et al. 2016; Araki et al. 1998). According to the

volume of the consumption of NaOH solution, the DO

value could be calculated from a conductometric

titration curve as illustrated in the inset in Fig. 5. The

lowest DO value of CCNCs was obtained when only

10% nitric acid was added into the reaction system.

With the increase of nitric acid fraction, the DO value

increased first and then decreased. A maximum DO

value of 0.123 was achieved for the ratio of HCl and

HNO3 of 7:3, being in agreement with that obtained by

FT-IR and close to those measured for TEMPO or APS

oxidation system (Habibi et al. 2006; Montanari et al.

2005; Castro-Guerrero and Gray 2014; Lam et al.

2012b). Theoretically, the maximum degree of oxida-

tion of CNC is 0.2 (Lam et al. 2012b). According to the

DO value obtained from infrared spectra or conduc-

tometric titration, it is believed that about 60% of

hydroxyl groups could be oxidized to carboxyl groups.

Crystalline structure

Figure 6 illustrates X-ray diffraction (XRD) patterns

for the CNCs and CCNCs prepared at various nitric

acid fractions, and their crystallinity indexes (CrIs) are

summarized in Table 2. All the CNCs exhibited five

reflection peaks at 14.6�, 16.6�, 20.5�, 22.6� and 33.8�,
corresponding to the typical reflection planes of

cellulose Iß (110), (110), (012), (200) and (040),

Table 2 The degree of oxidation (DO), crystallinity index (CrI) and thermal parameters for the CNCs and CCNCs prepared under

various acidic conditions

Sample HCl:HNO3 (v/v) FT-IR DO CrI (%)a T0 (�C)b T5% (�C)b Tmax (�C)b

MCCs 83.5

CNCs 10:0 0 89.4 336.6 322.0 356.5

CCNCs 9:1 0.05 90.1 321.5 274.8 354.3

8:2 0.10 91.3 321.0 269.5 352.9

7:3 0.12 91.7 319.3 264.5 349.9

6:4 0.11 91.5 320.2 265.5 351.5

5:5 0.10 91.2 320.7 266.7 355.2

a CrI was calculated from the XRD patterns
b T0 and Tmax were calculated from the TGA curves

Fig. 5 The degree of oxidation as a function of nitric acid

fraction for the CCNCs prepared at various nitric acid fractions.

The inset displays a conductometric titration curve of the

CCNCs for the ratio of HCl and HNO3 of 7:3
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respectively (Yu et al. 2013a, b; Zhang et al. 2016;

Cheng et al. 2014; Sun et al. 2016a; Henrique et al.

2015). Note that all of the CNCs gave similar

diffraction patterns, implying that their crystal struc-

tures did not change during the mixed acid hydrolysis.

However, a slight change on the peak width of (200)

planes could be observed especially for the ratio of

7:3. Compared with other samples, the peak at 22.6o

became broad, indicating a reduction in crystallite

dimension. During the hydrolysis process, on the one

hand, efficient removal of noncellulosic polysaccha-

rides and dissolution of amorphous zones would take

place, being responsibled for the extraction of the

CNCs with high crystallinity. On the other hand, partly

crystalline region could be destroyed, resulting in

smaller crystallite sizes. As shown in Table 2, the CrI

increased from 83.5% for the MCCs to 89.4% for the

CNCs exacted from the MCCs through pure

hydrochloric acid hydrolysis under hydrothermal

condition. With the increase of nitric acid fraction,

the CrI would further increased in the presence nitric

acid, and exhibited a maximum value of 91.7% at the

ratio of HCl and HNO3 of 7:3. In fact, only a slight

change in the CrI could be observed, implying nitric

acid should play an important role on the oxidation of

cellulose but not on the improvement on the crys-

tallinity. That is to say, only the surface of crystalline

cellulose was partially carboxylated, and the main

crystal structure did not get greatly affected by the

oxidative process induced by HNO3 (Zhang et al.

2016; Cheng et al. 2014; Castro-Guerrero and Gray

2014; Leung et al. 2011).

Possible mechanism

Based on above results, a possible mechanism on the

formation of CCNCs has been proposed as shown in

Fig. 7. It has been demonstrated that adequately

removal of the amorphous region of MCCs can be

achieved through hydrochloric acid hydrolysis under

high pressure and high temperature reaction condition,

but only the surface of crystalline cellulose is attacked

by hydrochloric acid (Yu et al. 2013a, b). When nitric

acid was introduced into reaction system, the conver-

sion of the cellulose primary hydroxyl groups to

carboxyl groups carried out. These oxidation reaction

took place firstly on the amorphous region of the

MCCs, and then the surface of CNCs. The introduc-

tion of carboxyl groups is helpful to promote the

degradation of amorphous region, resulting in larger

reduction on the acid concentration and particle

dimension but remaining almost same crystallinity.

However, the increase in the nitric acid fraction

corresponded to the reduction in the hydrochloric acid

content. With the nitric acid content further increased,

the ability for the degradation of cellulose was

weakened, resulting in the increase on the yield and

particle dimension but decrease on the degree of

oxidation of the CCNCs. The maximum degree of

oxidation obtained at the volume ratio of HCl/HNO3

of 7:3 could be mainly contributed to the largest

surface area (the smallest size) of CCNC as displayed

in Fig. 7.

Thermal stability

Figure 8 shows TGA curves for the CNCs and CCNCs

prepared under various reaction conditions, and the

thermal parameters are listed in Table 2. Note that all

the samples exhibited mainly a one-step degradation

process which could be divided into four stages. The

removal of water absorbed within cellulose and/or low

weight molecules adsorbed on the surface of the

nanocrystals occurred first before 120 �C, being

responsible for *3% of the total weight loss on

average of the samples. Then a plateau appeared until

about 260 �C, and followed by a sharp decrease in

weight at approximately the temperature range from

260–400 �C. Cellulose degradation consisted mainly

of several concurrent processes such as depolymer-

ization, dehydration and decomposition of glycosidic

units (Yu et al. 2013a, b; Cheng et al. 2014; Henrique

Fig. 6 XRD spectra of CNCs and CCNCs prepared under

various acidic conditions
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et al. 2015). Final carbonation conversion of the

residual products took place over 400 �C. As dis-

played in Table 2, the T0, T5 % and Tmax of the CNCs

prepared through single acid hydrolysis were about

336.6, 322.0 and 356.5 �C, respectively. Compared

with the CNCs, all the CCNCs exhibited a slightly

decrease in the thermal stability due to the existence of

carboxyl groups and small dimension (Zhang et al.

2016; Xiong et al. 2012). Furthermore, the thermal

stability of CCNCs firstly became weaken with the

increase of nitric acid content in mixed acid medium,

and then improved gradually. The CCNCs prepared

for the ratio of HCl and HNO3 of 7:3 exhibited the

poorest thermal stability, and its T0, T5% and Tmax

were about 319.3, 264.5 and 349.9 �C, respectively,
being in good agreement with the previous results.

Conclusion

A facile and rapid one-step approach has been

presented to prepare CCNCs with high suspension

stability and enriched carboxyl groups, which would

make these nanoparticles more reactive and extend

their potential applications. By using the mixed acid of

HCl and HNO3 the conversion of the cellulose primary

hydroxyl groups to carboxyl groups can be achieved

within short oxidation time without special pre- or

post- treatment, acid concentration can also be

reduced. The influences of nitric acid fraction on the

morphology, microstructure and properties of CCNCs

were discussed. The maximum degree of oxidation of

0.12, being close to those through long time oxidation

treatment by using TEMPO-mediated and APS as the

oxidation reagent. Moreover, smaller dimension,

higher crystallinity and relatively high yield of up to

72.6% can be obtained at the ratio of HCl and HNO3 of

7:3. The incorporation of HNO3 into HCl hydrolysis

under hydrothermal condition make simultaneous

extraction and oxidation of cellulose nanocrystals

more efficient and more environmentally friendly.
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