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В работе применен гидротермальный метод получения нанокристаллической цел-

люлозы (НКЦ) в смеси соляной и азотной кислот при молярном соотношении 8:2, 7:3, 6:4 и 

5:5. Гидролиз сульфатной целлюлозы в смеси азотной и соляной кислот проводили в герме-

тичном толстостенном сосуде из нержавеющей стали с тефлоновым вкладышем в течение 

3 ч при 110 °С. Свойства НКЦ охарактеризованы с использованием различных методов: эле-

ментного анализа, термогравиметрического анализа, ИК спектроскопии, поляризационной 

оптической и электронной сканирующей микроскопии, метода динамического рассеяния 

света. Определен выход НКЦ, размер и заряд частиц, степень полимеризации, температура 

термодеструкции, изучена морфология образцов. Самый высокий выход (32 %) наблюдается 

при соотношении соляной и азотной кислот 7:3.  Найдено, что частицы НКЦ имеют сфе-

рическую форму со средним размером 60-80 нм. Сделано предположение, что в присутствии 

сильного окислителя происходит гидролиз не только аморфных областей целлюлозы, но и 

частично кристаллических, что сказывается на конечной форме частиц НКЦ. Показано, 

что гидролиз в смеси соляной и азотной кислот вызывает окисление первичных гидроксиль-

ных групп пиранозного кольца целлюлозы и образование поверхностных карбоксильных групп. 

Водные суспензии НКЦ демонстрируют высокую коллоидную стабильность вследствие до-

статочно большого поверхностного заряда. Отмечается значительное повышение терми-

ческой устойчивости НКЦ по сравнению с образцом НКЦ, полученным стандартным серно-

кислотным гидролизом: температура термического разложения увеличивается на 130-148 °С. 
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In this work, cellulose nanocrystals (CNC) have been produced by hydrothermal method in 
a mixture of hydrochloric and nitric acids in molar ratios of 8:2, 7:3, 6:4 and 5:5. Hydrolysis of 
sulphate cellulose in the mixtures of nitric and hydrochloric acids was conducted in a sealed thick-
walled stainless steel vessel with a teflon insert for 3 h at 110 °С. Properties of CNC have been 
characterized by applying different methods: elemental analysis, thermogravimetric analysis, IR 
spectroscopy, polarization optical microscopy, scanning electron microscopy, and dynamic light 
scattering. Yield of CNC, size and charge of the CNC particles, degree of polymerization, tempera-
ture of thermal destruction have been determined, and morphology of the CNC samples has been 
characterized. The highest CNC yield (32%) has been observed at a 7:3 ratio of nitric and hydro-
chloric acids. It has been established that the CNC particles are spherical and have an average size 
of 60-80 nm. An assumption has been made that presence of a strong oxidant (nitric acid) may 
cause hydrolysis of both amorphous and crystalline (in part) regions of cellulose, which affects the 
final shape of the CNC particles. It has been shown that the hydrolysis in a mixture of nitric and 
hydrochloric acids causes an oxidation of primary hydroxyl groups of the cellulose pyranose ring 
and formation of surface carboxyl groups. The CNC aqueous suspensions demonstrate high col-
loidal stability due to a rather high surface charge. It is noted that the CNC thermal stability is 
much higher than that of the CNC samples obtained by the standard sulfuric acid hydrolysis: the 
temperature of thermal destruction increases by 130-148 °С. 

Key words: cellulose nanocrystals, hydrothermal method, physicochemical properties, thermal stability 

 

INTRODUCTION 

Cellulose is a natural polymer, the most im-
portant representative of polysaccharides with macro-

molecules consisting of D-glucose units linked by a 
glycosidic bond. An elementary unit of cellulose has a 

structure of a six-member oxygen-containing heterocy-
cle, and the formation of the glycosidic bond between 

the elementary units involves, along with an aldehyde 
group located at the first carbon atom of one elemen-

tary unit, a hydroxyl group at the fourth carbon atom 
of the neighboring unit [1, 2]. The glycosidic bond in 

the cellulose macromolecule has a β-configuration (de-
noting a bond with an opposite spatial orientation in 

comparison with the configuration of the asymmetric 
carbon atom C-5 in the glucose molecule).  

Glycosidic bonds are comparatively easily 
split by acid hydrolysis, which is responsible for the 

relative susceptibility of cellulose to the action of aque-
ous solutions of acids. Complete hydrolysis of cellu-

lose produces D-glucose.  
In terms of formation of different derivatives, 

cellulose can be considered a polymeric polyatomic al-
cohol with the macromolecule of the elementary units 

containing three hydroxyl groups: a primary one – at 
the sixth carbon atom – and two secondary ones – at 

the second and third carbon atoms. The elementary unit 
of the cellulose macromolecule is in the energetically 

more favourable “armchair” 4C1 conformation, in 
which the hydroxyl and hydroxymethyl groups are 

equatorial, i.e. they are located approximately in the 
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plane formed by the second, third and fifth carbon at-

oms and the oxygen atom of the pyranose cycle. Such 
position makes them highly reactive [3, 4].  

Along with the ability to participate in chemi-
cal reactions, the role of hydroxyl groups also consists 

in forming a system of intra- and intermolecular hydro-
gen bonds. The primary elements of the supramolecu-

lar structure of cellulose are long and thin nano-size 
threads – elementary fibrils. Nanofibrils of natural cel-

lulose are formed by biosynthesis in living cells of 
plants, algae and some bacteria and animals (crustacea, 

cochleae and tunicates). Elementary nanofibrils have 
lateral dimensions of 3-10 nm depending on the cellu-

lose origin. According to the model of amorphous-
crystal structure of nanofibrils, cellulose macromole-

cules lie along the fibrils forming alternating regions 

with different ordering degrees – crystalline and amor-
phous ones. The share and sizes of crystalline regions 

depend on cellulose origin.  
Acid treatment leads to selective hydrolysis of 

cellulose amorphous regions. Treatment with dilute ac-
ids produces microcrystalline cellulose (the size of par-

ticles is tens and hundreds of microns), while treatment 
with concentrated acids allows obtaining cellulose 

nanocrystals (CNC) [5, 6]. CNC particles have an ani-
sotropic shape. The sizes of the obtained CNC parti-

cles, depending on the cellulose origin and hydrolysis 
conditions, vary from 50 to 1100 nm in length and ap-

proximately from 3 to 50 nm in diameter. 
CNC attract a lot of attention of researchers 

due to their physical and chemical properties, such as 
nontoxicity and biocompatibility, biodegradation, 

large specific surface area, high elasticity modulus, and 

optical characteristics. The use of CNC as a filler in 
polymers makes it possible to impart new qualities to 

materials: to improve their mechanical, optical, ab-
sorption properties, and biodegradation [7-10].  

The standard procedure of obtaining CNC in-
cludes hydrolysis with 62-65 % sulfuric acid at 45-50 °С, 

removing the acid by applying repeated cycles of cen-
trifugation, dialysis, ultrasound treatment. After wash-

ing, a pH value of the suspension is around 2.4 due to 
surface groups –OSO3H [11]. By conducting con-

trolled hydrolysis with sulfuric acid (due to partial 
etherification of the cellulose hydroxyl groups), it is 

possible to graft sulfate groups onto the surface of cel-
lulose crystallites and obtain stable suspensions, 

mainly, due to the electrostatic repulsion between the 
negatively charged particles. The main disadvantage of 

this method is that the substitution of cellulose surface 
hydroxyls with sulphate groups as a result of sulfuric 

acid hydrolysis does not only increase the stability of 

the CNC aqueous suspensions but also reduces thermal 
stability of the CNC and the CNC based composites 

(due to pyrolysis catalyzed by surface sulfogroups) 

[12, 13]. Besides, sulfuric acid hydrolysis does not 
only remove the amorphous part of cellulose but also 

changes the ratio of the geometric parameters of nano-
crystals and increases their polydispersity, which has a 

negative effect on the composites strength. Moreover, 
the CNC production is costly and environmentally unsafe. 

In order to find an alternative, cellulose hy-
drolysis in the presence of different mineral (hydro-

chloric, phosphoric, hydrobromic, heteropolyacids) 
[14-17], carboxylic (formic, acetic, oxalic, citric, ma-

leic) and organic acids (p-toluenesulfonic, benzenesul-
fonic) and their mixtures has been studied [18, 19]. 

However, the attempts to replace sulfuric acid 
usually lead to limited dispersibility of CNC in polar 

media and increase the flocculation of aqueous suspen-

sions due to an insufficient surface charge of the CNC 
particles. Therefore, in this case hydrolysis is often 

combined with preliminary or subsequent oxidation of 
cellulose [20]. Cellulose oxidation is accompanied by 

the formation of surface carboxyl groups and reduction 
in the degree of polymerization of cellulose [21]. Be-

sides, the presence of oxidized (aldehyde or carboxyl) 
groups in the cellulose macromolecule can increase the 

hydrolysis rate [2].  
Cellulose oxidation is often conducted with 

2,2,6,6-tetramethylpiperidine-1-yl)oxyl) (TEMPO) 
and other oxidants (such as hydrogen peroxide, ammo-

nium persulfate, NaNO2-HNO3 and others) [22-26]. 
The formation of surface carboxyl groups during oxi-

dation improves the dispersibility of CNC suspensions 
in polar media, including polymer matrices of compo-

sites. A very important circumstance is that, unlike sul-

fate groups, surface carboxyl groups do not reduce the 
thermal stability of CNC and CNC-based composites. 

A recently published paper describes a one-
step method of producing carboxylated CNC from mi-

crocrystalline cellulose (MCC) using a mixture of in-
organic acids [27]. This approach allows, under hydro-

thermal conditions of hydrolysis in a mixture of nitric 
and hydrochloric acids, to obtain stable suspensions of 

CNC with a high content of surface carboxyl groups. 
The aim of this work is to produce CNC under 

hydrothermal conditions of sulphate cellulose hydrol-
ysis in a mixture of hydrochloric and nitric acids and 

to study the physicochemical properties of the synthe-
sized CNC. 

EXPERIMENTAL PART 

Materials 
The original materials for obtaining CNC were 

sulphate bleached pulp of coniferous wood GOST 

(State Standard) 9571-89, sulfuric acid (chemically 
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pure, GOST (State Standard) 4204-77, Chimmed), hy-

drochloric acid (especially pure, GOST (State Stand-
ard) 14261-77, Sigma-Tech) and nitric acid (chemi-

cally pure, GOST (State Standard) 4461-77, 
Chimmed). 

Production of CNC by sulfuric acid hydrolysis 
Aqueous suspensions of CNC were obtained 

by sulfuric acid hydrolysis of sulphate cellulose by the 
method described earlier [13]. The hydrolysis (sul-

phate cellulose concentration of 0.025 g/ml) was con-
ducted in a solution of sulfuric acid (62%) at 50 °С for 

2 h at intensive mixing. After the hydrolysis, the sus-
pension was washed with water with subsequent cen-

trifugation (for 10 mins at 8000 rpm). The centrifuga-
tion was stopped after 5-6 washings. Then the CNC 

suspension was purified with ion-exchange resin 

(ТОКЕМ МВ-50(R) and treated with ultrasound (Son-
orex DT100, Bandelin, Germany) for 15-30 min. The 

CNC yield was about 30%. 
Obtaining of CNC by hydrothermal method in 

a mixture of nitric and hydrochloric acids 
Hydrolysis of sulphate cellulose in a mixture 

of nitric and hydrochloric acids was performed in a 
sealed thick-walled stainless steel vessel with a teflon 

insert. The hydrolysis of 1 g of sulphate cellulose in 27 ml 
of the mixture was conducted for 3 h at 110 °С with 

different molar ratios of the acids (HCl/HNO3) (8: 2; 7: 
3; 6: 4 and 5: 5) maintaining the total concentration of 

the aqueous solution at 4 M.  
After cooling to room temperature, the ob-

tained CNC suspension was diluted with distilled water 
and then repeatedly (5-6 times) washed by successive 

centrifugation. After that, the CNC suspension was 

treated with ultrasound (Sonorex DT100 Bandelin) for 
15-30 min. The purification of the CNC aqueous sus-

pension was conducted by using ion-exchange resin 
ТОКЕМ МВ-50(R) for 72 h. The CNC yield was from 

10 to 32%. 
Determining of CNC yield 

The CNC yield was determined by a gravimet-
ric method. For this, the CNC suspension was filtered 

on a pre-weighed glass fiber filter MN GF-1 (Ma-
cherey-Nagel, Germany) with a retention capacity of 

over 0.7 μm. Then the filter was dried at 100 °С for 2 h, 
and the sediment mass of the particles exceeding 0.7 µm 

was determined by a weight gain. To remove water-
soluble low-molecular compounds from CNC suspen-

sions, dialysis treatment of the suspensions was per-
formed. For that, the filtered suspension was placed in 

a dialysis membrane (pore size of 14 kDa, Roth). Then 
the membrane with the CNC suspension was placed in 

a vessel with a bidistilled water. The dialysis was per-

formed for 5-7 days, periodically replacing the water 
in the vessel until a constant pH value was reached. 

The CNC suspension was collected and its volume was 

determined. Several parallel samples of accurately 
measured volume were taken, poured into pre-weighed 

Petri dishes and dried in air to constant weight. Know-
ing a concentration and a volume of the CNC suspen-

sion, the total yield of the CNC can be calculated tak-
ing into account the mass of the initial cellulose. The 

relative error of the CNC yield measurement in three 
parallel experiments did not exceed 2.5%. 

Methods of research 
The CNC sample films for thermogravimetric 

analysis (TG), infrared spectroscopy (IR), polarizing 
optical microscopy (POM) and scanning electron mi-

croscopy (SEM) were obtained by natural evaporation 
of water at room temperature from aqueous suspen-

sions with a concentration of 10 g/l. 

TG analysis was carried out on a TG 209 F1 
Iris thermomicrobalance (Netzsch, Germany) using 

platinum crucibles in a dry argon at a transmission rate 
of 30 ml/min and a heating rate of 10 K/min. 

IR spectra were obtained on a VERTEX 80v 
spectrophotometer (Bruker, Germany) in the fre-

quency range of 4000-400 cm-1. Samples were pressed 
into tablets containing 1 mg of an analyte and 100 mg 

of potassium bromide. 
The sample films were studied using a Soptop 

CX40P polarizing optical microscope (Sunny Instru-
ments, China). 

To study a morphology of the CNC samples, 
we used a VEGA3 TESCAN scanning electron micro-

scope (Czech Republic). The samples were analyzed at 
an accelerating voltage of 5 kV in the high vacuum 

mode. 

The CNC particle sizes in aqueous suspensions 
were determined by the method of dynamic light scat-

tering (DLS) (radiation wavelength 633 nm) on a 
Zetasizer Nano ZS (Malvern Instruments Ltd, UK) op-

erating in the range of 0.3 nm-6 μm. The measurements 
were carried out at 20 °C in disposable polystyrene 

cells at a suspension concentration of 0.1 mg/ml. The 
obtained particle size values are the results of averag-

ing over five consecutive measurement cycles. In turn, 
the value obtained in each cycle is the result of auto-

matic processing of 10-15 measurements. 
The sizes of the CNC particles measured by the 

DLS method are the averaged values for hydrodynamic 
diameters of equivalent spheres and do not reflect the 

real physical dimensions of anisotropic CNC rod-like 
particles, but are used for comparison [28]. However, 

as shown in [29], the hydrodynamic diameters meas-
ured by the DLS method strictly correlate with the 

lengths of anisotropic CNC particles obtained from 

transmission electron microscopy (TEM) and atomic 
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force microscopy (AFM) images. Analysis of the liter-

ature shows the recent trend of an increasing use of the 
DLS method due to its simplicity and accessibility [30, 31]. 

A surface charge of the CNC particles in aque-
ous suspensions was estimated from a ζ-potential value 

(Zetasizer Nano ZS). The obtained ζ-potential values 
are the result of averaging over five successive meas-

urement cycles. 
Concentration of surface sulfate groups of the 

CNC obtained by sulfuric acid hydrolysis was evalu-
ated by elemental analysis for sulfur content (Flash An-

alyzer EA-1112, Thermo Quest, Italia). 
Aqueous solution of ethylenediamine cad-

mium complex (cadoxen) was used for dissolving cel-
lulose samples and testing their viscosity and degree of 

polymerization (DP) [32, 33]. The DP was calculated 

from the intrinsic viscosity values, as follows: 

DPα = []/K 
where K = 0.71; α = 0.94 (for DP<1900). 

According to the Huggins equation, the intrin-
sic viscosity (100 ml/g) equals: 

[] = [(2sp+1)1/2 – 1]/с 

where sp is specific viscosity of a polymer solution; c 

is a concentration of the polymer in the solution (g/100 ml). 

The specific viscosity sp can be derived as  

follows:  

sp = t/t0 – 1 

where t0 is an efflux time of the solvent (cadoxen) in 
seconds; t is an efflux time of the cellulose solution (s).  

The specific viscosity (sp) can be measured in 
an Ostwald or Ubellode capillary viscometer. In this 

case, the efflux time of the solvent should be at least 

100 s. According to the above formula, it is possible to 
calculate the intrinsic viscosity by a single value of the 

specific viscosity (method of determining [] by one 
point). However, the method is accurate enough only 

if there is a linear relationship between c and sp/c. 
To prepare a solution of cadoxen, 1000 ml of 

28% ethylenediamine were cooled to -3-5 °C. Then, 80 g 

of CdO were added to the ethylenediamine solution at 
vigorous stirring and the mixture was kept for 2h at -3-

5 °C. Thereafter, the cadoxen solution was separated 

from residual solid by decantation or centrifugation. 
About 0.1 g of a cellulose sample was dis-

solved in 100 ml of cadoxen. The cellulose solution 
was drawn into a viscometer, equilibrated in a water 

bath to 20 °C for 30 min and then the efflux time was 
measured. 

RESULTS AND DISCUSSION  

Yield, size, shape and charge of CNC particles 
depend on acid nature and concentration, as well as 

temperature and duration of hydrolysis [9]. Hydrother-
mal conditions provide high temperature and pressure 

in a system, which reduce hydrolysis duration and in-
crease the CNC yield [14, 27]. Nitric acid as a strong 

oxidant causes oxidation of primary hydroxyl groups 
of the cellulose pyranose ring and formation of surface 

carboxyl groups.  

Characteristics of the CNC samples obtained 
by the standard sulfuric acid hydrolysis and hydrother-

mal method in a mixture of hydrochloric and nitric ac-
ids are presented in Table 1. 

 

Table 1 

Characteristics of CNC samples 

Таблица 1. Характеристики образцов НКЦ  

Characteristics 
аSample 

CNC (H2SO4) CNC (8:2) CNC (7:3) CNC (6:4) CNC (5:5) 

Yield, % 30 10 32 23 18 

Sulfur content, % 0.75 - - - - 

Hydrodynamic diameter of particles 

in an aqueous suspension, nm:  

first fraction 

second fraction 

 

 

45 

260 

 

 

105 

- 

 

 

85 

- 

 

 

75 

400 

 

 

80 

350 

ζ-potential, mV -53 -23 -40 -35 -28 

Degree of polymerization  80 50 100 80 100 
bThe peak temperature of degradation 

(Tmax), °С 

 

170 

 

300 

 

309 

 

318 

 

306 
Notes: а notation CNC (H2SO4) corresponds to the sample obtained by the standard sulfuric acid hydrolysis. The samples CNC (8:2), 
CNC (7:3), CNC (6:4) and CNC (5:5) have been obtained by hydrothermal method in a mixture of hydrochloric and nitric acids with 

a molar ratio HCl:HNO3 of 8:2, 7:3, 6:4 and 5:5, respectively.  
b The temperature of the maximum mass loss rate was taken as the peak temperature of degradation (Tmax). 

Примечания: a обозначение CNC (H2SO4) соответствует образцу, полученному стандартным сернокислотным гидролизом. 
Образцы CNC (8:2), CNC (7:3), CNC (6:4) и CNC (5:5) были получены гидротермальным методом в смеси серной и азотной 

кислот с молярным отношением HCl:HNO3 8:2, 7:3, 6:4 и 5:5, соответственно. 
b температура максимальной скорости потери массы была взята как максимальная температура разложения (Tmax). 
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The yield of the CNC obtained in a mixture of 
hydrochloric and nitric acids under hydrothermal con-
ditions, in general, is lower than that in the standard 
sulfuric acid hydrolysis. The highest yield (32%) is ob-
served at a 7:3 ratio of hydrochloric and nitric acids. 
This result is in the strong contradiction with the results 
obtained by Cheng et al. [27]. In [27] the concentration 
ratio of 7:3 is characterized by lowest yield in the row 
of 9:1; 8:2; 7:3; 6:4 and 5:5 ratios. However, the au-
thors of Ref. [27] do not indicate clearly how they cal-
culated the yield of CNC. Some authors really postu-
late a high yield of CNC as a result of cellulose hydrol-
ysis with hydrochloric acid (for instance, see [34-36]). 
However, hydrolysis with HCl does not introduce any 
charges on the cellulose surface, and the isolation of 
CNC from the hydrolyzed cellulose matrix cannot be 
performed by mere dispersion in water. In our case, we 
are talking about the CNC, aqueous suspensions of 
which have a high colloidal stability due to a suffi-
ciently large surface charge (see section Determining 
of CNC yield). 
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Fig. 1. Hydrodynamic diameters (a) and surface charges (b) of 
particles in aqueous suspensions of CNC samples: 1 - CNC (8:2); 
2 - CNC (7:3); 3 - CNC (6:4); 4 - CNC (5:5); 5 - CNC (H2SO4) 

Рис. 1. Гидродинамические диаметры (a) и поверхностные заряды 
(b) частиц в водных суспензиях для образцов НКЦ: 1 - НКЦ (8:2); 

2 - НКЦ (7:3); 3 - НКЦ (6:4); 4 - НКЦ (5:5); 5 - НКЦ (H2SO4) 
 

Experimental data on DLS in CNC aqueous 
suspensions indicate polydisperse character of the 
CNC particle size distribution. One can distinguish two 

groups of the particles with sizes of about 50-100 and 
300-400 nm, respectively (Table 1, Fig. 1). As a HCl 
content in a mixture of the acids increases (7: 3 and 8: 2), 
a fraction with the larger particle size disappears, while 
the remaining fraction has a particle size of about 100 nm. 
Increasing a hydrochloric acid content in the mixture low-
ers cellulose degree of polymerization as well (Table 1). 

The CNC aqueous suspensions exhibit high 
colloidal stability for a long time, and no flocculation 
is observed during storage for more than a month. That 
is caused by a significant surface charge of the sulfate 
or carboxyl groups grafted onto the CNC particles sur-
face during sulfuric acid hydrolysis, or hydrolysis in a 
mixture of HCl and HNO3, respectively (Table 1, Fig. 1). 

The formation of surface carboxyl groups dur-
ing hydrolysis in a mixture of the acids is confirmed by 
IR spectra of CNC samples (Fig. 2). 
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Fig. 2. IR spectra of CNC samples (normalized at 2900 cm-1 as a ref-
erence band): 1 - CNC (8:2); 2 - CNC (7:3); 3 - CNC (6:4); 4 - CNC 

(5:5); 5 - CNC (H2SO4) 
Рис. 2. ИК спектры образцов НКЦ (нормализованы по полосе 
2900 см-1): 1 - НКЦ (8:2); 2 - НКЦ (7:3); 3 - НКЦ (6:4); 4 - НКЦ 

(5:5); 5 - НКЦ (H2SO4) 
 

The IR spectra of the CNC samples demon-
strate absorption bands typical of cellulose. Broad in-
tensive absorption band in a region of 3000-3700 cm-1 
characterizes stretching vibrations of the cellulose hy-
droxyl groups participating in hydrogen bonding. The 
hydroxyl groups in positions C2, C3 and C6 contribute 
to the formation of intra- and intermolecular hydrogen 
bonds. Stretching vibrations of C–H bond in СН2 and 
СН groups are in a region of 2800-3000 cm-1. Quite 
intensive absorption bands at 900 and 1160, 1060 and 
1110 cm-1 are responsible for C-O-C bending vibra-
tions of glycosidic bond and pyranose cycle, respec-
tively. Production of CNC by the hydrothermal method 
in a mixture of hydrochloric and nitric acids leads to 
cellulose oxidation. That is manifested in a significant 
increase of bands intensity around 1720 cm–1 and in a 
region of 1383-1385 cm–1 (stretching vibrations of car-
boxyl group) (Fig. 2, Table 2). 
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Table 2 

The 1720 cm-1 band intensities (relative units) in the IR 

spectra of the CNC samples  

Таблица 2. Интенсивность полосы 1720 см-1 (относи-

тельные единицы) в ИК спектрах образцов НКЦ 

 

Sample 

CNC 

(H2SO4) 

CNC 

(8:2) 

CNC 

(7:3) 

CNC 

(6:4) 

CNC 

(5:5) 

I1720, normalized 

at 2900 cm-1 
0.161 0.267 0.696 0.447  0.572 

 

Grafting of surface carboxyl groups increases 

the CNC thermal stability significantly compared to 
the samples obtained by the standard sulfuric acid hy-

drolysis. Fig. 3 shows TG and DTG curves for the CNC 
samples obtained by the standard sulfuric acid 

hydrolysis and by hydrothermal method in a mixture of 
HCl and HNO3. 
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Fig. 3. TG and DTG curves for the CNC samples obtained by the 
standard sulfuric acid hydrolysis and under hydrothermal condi-

tions in a mixture of hydrochloric and nitric acids: 1 - CNC (8:2); 

2 - CNC (7:3); 3 - CNC (6:4); 4 - CNC (5:5); 5 - CNC (H2SO4) 
Рис. 3. Кривые ТГ и ДТГ для образцов НКЦ, полученных 

стандартным сернокислотным гидролизом и в гидротермаль-
ных условиях в смеси соляной и азотной кислот: 1 - НКЦ 

(8:2); 2 - НКЦ (7:3); 3 - НКЦ (6:4); 4 - НКЦ (5:5); 5 - НКЦ 
(H2SO4) 

 

It can be seen (Fig. 3, Table 1) that the 
temperature of 170 °C, corresponding to the maximum 

decomposition rate of the sample CNC (H2SO4), 
increases significantly (up to 300-318 °C) for the 

samples obtained in a mixture of HCl and HNO3. 

CNC (H2SO4) 

  
CNC (8:2) 

  
CNC (7:3) 

  
CNC (6:4) 

  
CNC (5:5) 

  
a b 

Fig. 4. POM images of the CNC films surface (crossed polarizers, 

magnification 40 ×) (a); cross-sectional SEM micrographs of the 

CNC films (scale bar: 1 μm) (b) 

Рис. 4. ПОМ изображения поверхности пленок НКЦ (скрещен-

ные поляризаторы, увеличение в 40 раз) (a); СЭМ микрофотогра-

фии поперечного сечения пленок НКЦ (масштаб: 1 мкм) (b) 

  

It is worth to note that the CNC samples pro-

duced by sulfuric acid hydrolysis show iridescent col-

oration in a polarized light, unlike the CNC samples 

obtained by hydrolysis in a mixture of HCl and HNO3 

(Fig. 4, a). The observed interference colors are a con-

sequence of birefringence in the CNC films. The rea-

son for the interference of light is the phase shift caused 

by difference in refractive indices for polarization 
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along and across the anisotropic rod-like CNC particles 

obtained by the standard sulfuric acid hydrolysis. 
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Fig. 5. SEM image of a cross section of the sample CNC (7:3) for 

estimating the CNC particles size (scale bar: 1 μm) (a); histogram 

of particle size distribution for the sample CNC (7: 3) (b) 

Рис. 5. СЭМ изображение поперечного сечения образца НКЦ 

(7:3) для оценки размера частиц НКЦ (масштаб: 1 мкм) (a); 

гистограмма распределения частиц по размерам для образца 

НКЦ (7:3) (b) 

 

It has turned out also that under conditions of 

hydrothermal hydrolysis in a mixture of hydrochloric 

and nitric acids, shape of the obtained CNC particles is 

mainly spherical. It is especially evident in the sample 

CNC (7:3) (Fig. 4, b). Most probably, in the presence 

of a strong oxidant, hydrolysis occurs not only in amor-

phous, but also in crystalline regions of cellulose (in 

part, at the ends of rod-like particles), which affects the 

final shape of the CNC particles [37, 38]. 

To estimate the size of spherical CNC parti-

cles, a cross-sectional SEM image of the sample CNC 

(7:3) was used. A sampling of 100 particles was used 

to plot a bar chart for CNC particle size distribution 

(Fig. 5). The analysis shows that the average size of the 

CNC particles is 60-80 nm, which agrees well with the 

hydrodynamic diameter value (85 nm) obtained by 

DLS method (Table 1). 

CONCLUSIONS 

Cellulose nanocrystals (CNC) have been ob-

tained by hydrothermal method in a mixture of hydro-

chloric and nitric acids at the molar ratios of 8:2, 7:3, 

6:4 and 5:5. The CNC yield, particle size, degree of 

polymerization, temperature of thermal degradation 

have been determined. Cellulose hydrolysis in a mix-

ture of hydrochloric and nitric acids causes cellulose 

oxidation to form surface carboxyl groups. A high sur-

face charge determines high colloidal stability of CNC 

aqueous suspensions. It is found that the CNC particles 

have a spherical shape with an average size of 60-80 

nm. It is noted a significant increase in thermal stability 

of the CNC samples produced under hydrothermal con-

ditions in a mixture of hydrochloric and nitric acids. 
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