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Основным недостатком нанокристаллической целлюлозы (НКЦ), полученной 

традиционным сернокислотным гидролизом, является ее низкая термическая стабиль-

ность вследствие пиролиза, катализируемого поверхностными сульфогруппами. Замена 

поверхностных сульфогрупп карбоксильными (в результате окисления) позволяет зна-

чительно повысить термическую стабильность НКЦ. Несмотря на большое количе-

ство публикаций, описывающих свойства полимерных нанокомпозитов, армированных 

НКЦ, термическая устойчивость таких композитов до сих пор плохо изучена, а лите-

ратурные данные часто противоречивы. В данной работе НКЦ получали из микрокри-

сталлической целлюлозы двумя способами: сернокислотным гидролизом и окислением 

(2,2,6,6-тетраметилпиперидин-1-ил)оксилом (ТЕМПО). Получены композиты НКЦ с во-

дорастворимыми полимерами – поливиниловым спиртом, полиэтиленоксидом, поливи-

нилпирролидоном и полиакриламидом. Композиты были охарактеризованы различными 

методами, а именно: просвечивающей электронной и растровой электронной микроско-

пией, энергодисперсионным рентгеноспектральным анализом, инфракрасной Фурье-

спектроскопией, рентгеноструктурным и термогравиметрическим анализами, диффе-

ренциальной сканирующей калориметрией, испытаниями на растяжение. Проведено 

сравнительное изучение термических и механических свойств полимерных композитов, 

армированных наноцеллюлозой, полученной сернокислотным гидролизом и ТЕМПО-

окислением. Анализ термических свойств НКЦ показывает, что замена поверхностных 

сульфогрупп на карбоксильные приводит к значительному повышению температуры 

начала термического разложения и температуры максимальной скорости разложения 

НКЦ. Однако термическое поведение композитов с полимерами намного сложнее, что 

подробно обсуждается в представленном материале. Анализ механических свойств 

композитов показал, что добавление наноцеллюлозы, полученной ТЕМПО-окислением, 

не приводит к существенному улучшению прочности на разрыв и модуля Юнга по срав-

нению с наноцеллюлозой, полученной сернокислотным гидролизом. 
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полимерные композиты, термические и механические свойства 
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The main drawback of cellulose nanocrystals (CNCs) obtained by conventional sulphuric 
acid hydrolysis is their low thermal stability in consequence of pyrolysis catalyzed by sulfo-groups 

on the CNC surface. Replacement of surface sulfo-groups by carboxyl groups as a result of oxi-

dation allows the thermal stability of CNCs to be enhanced significantly. Although a great num-

ber of studies have reported properties of polymer nanocomposites reinforced by CNCs, thermal 

properties of the composites compared to the neat polymers are discrepant and still poorly under-
stood. In this work, CNCs were produced from microcrystalline cellulose by sulfuric acid hydroly-

sis and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidation. The CNC composites with 

water-soluble polymers – polyvinyl alcohol, polyethylene oxide, polyvinylpyrrolidone and poly-

acrylamide – were obtained. The composites were characterized by various methods, i.e. transmis-
sion electron and scanning electron microscopies, energy-dispersive X-ray analysis, Fourier-

transform infrared spectroscopy, X-ray diffraction and thermogravimetric analyses, differential 

scanning calorimetry, and tensile testing. A side-by-side comparison between the thermal and 

mechanical properties of the polymer composites reinforced by sulfuric acid-hydrolyzed and 
TEMPO-oxidized nanocellulose was conducted. Analysis of the thermal properties of CNC shows 

that the surface sulfonate groups replacement with carboxyl groups leads to significant increase 

of initial temperature of thermal degradation and temperature of the maximum decomposition 

rate of the CNC. However, the thermal behavior of the composites is much more complicated, and 

such thermal properties are discussed in detailed. The tensile properties analysis of the compo-
sites demonstrates that an addition of TEMPO-oxidized nanocellulose does not improve signifi-

cantly the tensile strength and Young’s modulus as compared with sulfuric acid-hydrolyzed one. 

Key words: cellulose nanocrystals, sulfuric acid hydrolysis, TEMPO oxidation, polymer composites, 
thermal and mechanical properties 

 

INTRODUCTION 

Cellulose is one of most available renewable 

natural resources with annual production rate more 

than 90 billion tons. As a cheap biopolymer cellulose 

plays an important role in production of ecologically 

pure biocompatible and biodegradable functional ma-

terials. Rod-like particles of cellulose nanocrystals 

(CNCs) can be isolated from cellulose fibers under 

acid or enzymatic hydrolysis conditions. Dimension 

of these particles ranges from 100 to 1000 nm in 

length and from 5 to 50 nm in diameter depending on 

hydrolysis conditions and raw material used [1, 2].  
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At present, CNCs attract attention by material 

scientists not only due to their availability and ecolog-

ical compatibility but also because of unique combi-

nation of physical and chemical properties: low tox-

icity and biocompatibility, biodegradability, large 

specific surface area and high modulus of elasticity 

[3, 4]. The application of CNCs as fillers in polymers 

allows materials to gain new quality improving their 

mechanical, optical and sorption properties, electrical 

performance, and control humidity. 

The application of biodegradable polymers 

and polymeric composite materials attracts increasing 

attention due to environmental protection issues 

arose. Nowadays, a tendency to use natural organic 

nanofillers is caused by their advantages compared to 

conventional inorganic fillers: biodegradability and 

low toxicity. The use of CNCs as nano-dimentional 

elements for reinforcement of polymeric matrices is 

of interest due to unique combination of required 

physical and chemical properties and environmental ben-

efits [5-10].  

The main drawback of the CNCs obtained by 

conventional sulphuric acid hydrolysis is low thermal 

stability of the CNCs (owing to pyrolysis that is cata-

lyzed by sulfo-groups on their surface) [11]. Howev-

er, replacement of sulfuric acid with other mineral or 

organic acids usually brings to a limited dispersive 

ability of CNCs in polar media and increases floccula-

tion of their aqueous suspensions due to insufficient 

surface charge of the CNC particles. Therefore, in this 

case a combination of hydrolysis and preceding or 

succeeding oxidation of cellulose is often applied [12, 

13]. Frequently for cellulose oxidation, (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) is used, 

which oxidizes primary hydroxyl groups of the cellu-

lose to carboxyl groups. Other oxidizers are also ap-

plied, e.g., hydrogen peroxide, ammonium persulfate, 

NaNO2-HNO3, etc. [14-18]. The cellulose oxidation is 

accompanied with the formation of surface carboxyl 

groups which favor a good dispersive ability of CNCs 

in polar media as well as in polymer matrices of the 

composites. Introduction of carboxyl groups into 

CNCs may increase their interphase interaction with a 

hydrophobic polymer matrix because of enhancement 

of the CNC dispersion stability in different organic 

solvents which are good to solve the polymer. Car-

boxyl groups participate in covalent cross-linking and 

grafting reactions, they bring to adsorption of small 

molecules and ions as well as make them highly ef-

fective sites for inorganic functional nanoparticles 

fixing [19]. It is a very important circumstance that, in 

contrast to the surface sulfo-groups, carboxyl groups 

do not reduce the thermal stability of CNCs [20]. 

In this work, to obtain composites, the follow-

ing water-soluble polymers were used: polyvinyl al-

cohol (PVA), polyethylene oxide (PEO), polyvi-

nylpyrrolidone (PVP), and polyacrylamide (PAM). 

PVA and PEO are water-soluble synthetic 

semicrystalline polymers with numerous industrial 

and commercial applications due to their biodegrada-

bility, biocompatibility, chemical resistance and ex-

cellent physical properties [21, 22]. 

PVP and PAM are water-soluble non-

ionogenic amphoteric polymers. PVP is characterised 

by high solubility in water and polar solvents and is 

broadly used in synthesis of nanoparticles [23]. PVP, 

due to its amphiphilic nature, may affect the mor-

phology and shape of the nanoparticles governing the 

growth of certain crystal faces [24-26]. PAM is used 

as a selective flocculant in purification of domestic 

and industrial wastewaters, trapping and extraction 

heavy metal ions and toxic compounds in mining, ore 

beneficiation and regeneration of valuable mineral de-

posits (uranium, gold, titanium, aluminium, iron and 

charcoal) [27]. Addition of PAM as a binder to paper 

pulp increases fillers and pigments retention within the 

pulp in a wet and dry state. In oil industry, it is used as 

a stabilizer in drilling, for control of a filterability and 

rheological properties of drilling fluids.  

A great number of studies have reported 

properties of polymer nanocomposites reinforced by 

CNCs [28-33]. Although most of the CNC-based pol-

ymer composites have shown a significant improve-

ment in mechanical and barrier properties, their ther-

mal properties compared to the neat polymers are dis-

crepant and still poorly understood. Inconsistencies in 

the results published may be explained by different 

characteristics of polymers used for composite prepa-

ration. The starting polymer can vary greatly in prop-

erties (molecular weight, degree of hydrolysis, degree 

of crystallinity, etc). Furthermore, thermal behavior of 

the composites depends also on CNC properties, i.e., 

the origin, preparation conditions, distribution homo-

geneity in polymer matrix, etc. To the best of our 

knowledge, no attempts have been made in the litera-

ture to conduct a side-by-side comparison between 

thermal and mechanical properties of polymer com-

posites reinforced by sulfuric acid-hydrolyzed and 

TEMPO-oxidized nanocellulose.  

In this work, we present results on the effect 

of sulfuric acid-hydrolyzed and TEMPO-oxidized 

nanocellulose on mechanical and thermal properties 

of water-soluble polymer composites. 
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EXPERIMENTAL 

Materials and methods 

PVA, (C2H4O)n, for synthesis (Mw approx. 

30,000, degree of hydrolysis ≥98%) was pur-

chased from Merck (Darmstadt, Germany). PEO, 

(C2nH4n+2On+1), for synthesis (Mw approx. 200,000) 

and PVP, (C6H9NO)n, (average Mw 40,000) were 

purchased from Sigma-Aldrich (Saint Louis, MO, 

USA). PAM, (C3H5NO)n, (average Mw 150,000) was 

purchased from Sigma-Aldrich (Moscow, Russia).  

Microcrystalline cellulose (MCC) (~20 μm, 

powder, CAS No 9004-34-6, cotton linters) and 

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, 

C9H18NO, 98%, Mw 156.25) were purchased from 

Sigma-Aldrich (Saint Louis, MO, USA). Sodium hy-

pochlorite (NaClO, 10-15%, reagent grade) was pur-

chased from Acros Organics (New Jersey, USA). Sul-

furic acid (H2SO4, chemically pure grade, GOST 

(State Standard) 4204-77) and sodium bromide 

(NaBr, chemically pure grade) were purchased from 

Chimmed (Moscow, Russia). Potassium bromide 

(KBr, FTIR grade, >99%), sodium hydroxide (NaOH, 

chemically pure grade) were purchased from Sigma-

Aldrich (Moscow, Russia). Deionized water was used 

throughout the experiment.  

Preparation of CNCs 

Aqueous suspensions of CNCs were prepared 

by sulphuric acid hydrolysis of microcrystalline cellu-

lose (MCC) according to procedure described earlier 

in [34]. Hydrolysis of MCC was conducted in water 

solution of sulphuric acid (62%, 1 g of MCC per 

40 mL of solution) at 50 °C for 2 h with intensive 

stirring. The suspension obtained by hydrolysis was 

washed out from the acid with distilled water through 

multiple cycles repetition of centrifugation until the 

constant value of pH (~2.4) of the supernatant liquor 

was achieved. Further, the CNC suspension was puri-

fied with ion-exchange resin (ТОКЕМ MB-50(R), 

Germany) and dialysis (cutoff of 14 kDa, Roth, Ger-

many), then sonicated (Sonorex DT100, Bandelin, 

Germany) for 15-30 min and used for preparation of 

polymer/CNC composite films. The CNC concentra-

tion in the suspensions was determined by gravimetry.  

For the TEMPO-oxidized CNC preparation, 

the CNCs were used preliminary treated with sodium 

hydroxide at elevated temperature for neutralization 

and surface sulfo-groups removal, as described in 

[19]. It was added 0.016 g of TEMPO and 0.1 g of 

sodium bromide to 2 mL of water and agitated in a 

magnetic stirrer for 60 min until complete dissolution 

attained [35]. Further water suspension of desulfated 

CNCs was added while stirring; the pH was adjusted 

to 10.0 ± 0.2 by 0.5 M NaOH addition and maintained 

this value during the whole procedure. Then 2.4 mL 

of NaClO solution was added drop by drop with con-

stant stirring. After completion of the oxidation reac-

tion, approximately in 1 h, the pH was adjusted to 7, 

and 30 mL of ethanol was added to the suspension to 

avoid further oxidation.  

The CNC samples obtained by conventional 

sulphuric acid hydrolysis are denoted below as 

SCNC, desulphated CNC samples as DCNC, and 

TEMPO-oxidized samples as TCNC. 

Preparation of composites 

For the composites preparation, 0.5 g of the 

polymer (PVA, PEO, PVP, or PAM) was dissolved in 

water (10 mL) at room temperature with constant stir-

ring for two hours. Into the obtained polymer solution 

(5%), a required amount of aqueous suspension of 

SCNC or TCNC was added to prepare composites 

with different content of the SCNC or TCNC. The 

mixtures obtained were agitated vigorously for one 

more hour. The films of the composites were formed 

by pouring into glass Petri dishes and dried at room 

temperature for 24-48 h. The composite films with 

different content of SCNC or TCNC (5, 10, 20 etc. 

wt. %) were labeled as PAM/SCNC-5, PEO/TCNC-

10 and so on. 

Characterization 

The size of CNC particles was determined by 

using a LEO 912 AB OMEGA transmission electron 

microscope (TEM) (Carl Zeiss, Germany) with ener-

gy filter integrated in the optical system of the in-

strument. The Köhler system provides even illumina-

tion of the sample with the parallel electron beam. 

The automated system allows illumination only of 

that sample area which is appeared on the fluorescent 

screen of the microscope to prevent unwanted elec-

tron beam damage of other parts of the sample. The 

main features of the microscope are as follows: accel-

erating voltage (60, 80, 100, 120 kV), irradiated re-

gion (1-75 μm), aperture (0.2-0.34 mrad), magnifica-

tion (from 80x to 500 000x), inelastic scattering resolu-

tion (1.5 eV), energy range of inelastic scattering meas-

urement (0-2500 eV).  

A NanoAnalysis energy-dispersive X-ray 

spectrometer (Oxford Instruments, UK) with an ‘x-

ACT’ detector synchronized with a electron gun of a 

VEGA 3 SBH TESCAN (Czech Republic) scanning 

electron microscope (SEM) was used for elemental 

analysis of the sample surfaces.  

The CNC particles size and charge in aqueous 

suspensions were determined by dynamic light scat-

tering (DLS) method with a Zetasizer Nano ZS (Mal-

vern Instruments Ltd, UK) analyzer.  
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The FTIR spectra were obtained using a 

VERTEX 80v spectrophotometer (Bruker, Germany) in 

the frequency range of 4000-400 cm–1. The samples 

were pressed in pellets containing 1 mg of the com-

pound to be analyzed and 100 mg of potassium bromide.  

For the thermogravimetric analysis, a TG 209 

F1 Iris thermomicrobalance (Netzsch, Germany) with 

platinum crucibles in a dry argon atmosphere at a flow 

rate of 30 mL min-1, and a heating rate of 10 K min-1, 

was used.  

The thermal properties of the composites 

were studied using a DSC 204 F1 'Phoenix' (Netzsch, 

Germany) differential scanning heat flux calorimeter 

(DSC). The calorimetric experiment was conducted in 

a dry argon atmosphere (ultra high purity grade, 

99.998% argon content) at a flow rate of 15 mL min–1 

and a heating rate of 10 K min–1 using standard alu-

minum crucibles.  

The degree of polymer crystallinity in the 

CNC composite can be calculated by the equation:  

χc = ΔHm/w ΔH0
m,  (1) 

where w is the mass fraction of the polymer in the 

composite; ΔHm is the heat of fusion of the composite 

measured from DSC thermograms, and ΔH0
m is the 

heat of fusion of the 100% crystalline neat polymer.  

The elemental analysis was performed with a 

Flash EA-1112 (Thermo Quest, Italy) analyzer and a 

NanoAnalysis energy-dispersive X-ray spectrometer 

(Oxford Instruments, UK).  

The X-ray diffraction analysis was conducted 

with a Bruker D8 Advance powder diffractometer 

(Bruker, Germany) according to the Bragg-Brentano 

geometry using Cu-Kα radiation ( = 0.1542 nm). The 

angular scanning range was 2-45° with 0.01° step. A 

Vantec-1 count rate detector was used. The impulses 

counting time at each scanning point was 0.5 s. The 

crystallinity index was calculated according to the 

Segal method [5]:  

IC = (I200 - Ia)/I200,  (2) 

where I200 is the reflex intensity corresponding to the 

crystallographic plane (200), Ia is an amorphous halo 

intensity - minimum between the two peaks, corre-

sponding to the crystallographic planes (200) and (110). 

The crystallite sizes L (nm) (CNCs or a crys-

talline polymer) were calculated using the Scherrer 

equation [37]:  

L = 0.9 λ/ β Cos ϴ,  (3) 

where λ is the wavelength of X-ray radiation (nm);  

β is the full width at half height of the diffraction peak 

(rad); ϴ is the reflex angle (deg).  

The tensile properties of the composite films 

were measured using an I 1158 M-2.5-01-1 tension 

testing machine (Russia) in the tension mode at room 

temperature at the maximum load of 5 kN and mini-

mum loading rate of 1 mm min-1. Five specimens with 

the dimensions of 15 mm (length)×5 mm (width)×0.1 

mm (thickness) were used for each sample group. The 

stress and strain values were calculated from the ma-

chine-recorded force and displacement based on the 

initial cross-section area and the original gauge length 

(10 mm) of each sample, respectively. The Young’s 

modulus for each sample was calculated from the ini-

tial linear portion of the stress-strain curves through a 

linear regression analysis. The obtained values of the 

Young’s modulus were within ±10%, while the stress 

and the elongation at break fluctuated in the range of 

±15%. The thickness of the samples was estimated 

throughout the sample surface using a RECXON GY-

910 thickness gauge (China) with a combined meas-

urement principle (electromagnetic induction, Fou-

cault eddy currents) with a measurement range of  

0–1300 μm and a measurement accuracy of 3%. The 

resulting composite films were about 100 μm thick.  

RESULTS AND DISCUSSION 

The images of SCNC and TCNC particles ob-

tained with a transmission electron microscope (TEM) 

are shown in Fig. 1.  

 

   
а                                       b 

Fig. 1. TEM images of SCNC (a) and TCNC (b) particles. The 

scale is 200 nm 

Рис. 1. Изображения частиц SНКЦ (a) и TНКЦ (b), получен-

ные с помощью просвечивающего электронного микроскопа. 

Масштаб: 200 нм 

 

The X-ray diffraction patterns of the SCNC 

and TCNC samples are shown in Fig. 2. The diffrac-

tion peak arising at ~ 2θ = 22.9° is assigned to the 

(200) plane of cellulose Iß, and the two overlapped 

weaker diffractions at 2θ close to 16.6 and 14.8° are 

attributed to the (110) and (1-10) lattice planes of cellu-

lose Iß [36].  

Physicochemical characteristics of the SCNC 

and TCNC samples along with the methods and 

equipment used are presented in Table 1.  
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Fig. 2. X-ray diffraction patterns of the SCNC (1) and TCNC (2) 

samples 

Рис. 2. Рентгеновские дифрактограммы образцов SНКЦ (1) 

and TНКЦ (2) 
 

Table 1 

Characteristics of the SCNC and TCNC samples 

Таблица 1. Характеристики образцов SНКЦ and 

TНКЦ 

Parameter 
Characteristics 

SCNC TCNC 
a Dimensions of the particles, nm 

length 

diameter  
b Hydrodynamic diameter, nm 
b ζ-potential, mV 
c Total sulfer content, % 
d Degree of polymerization  
e Crystallinity index, % 
e Crystallite size in (200) plane, nm 

 

200-400 

10-20 

310±20  

-40 

0.9 

80 

83.8 

4.1 

 

200-400 

10-20 

300±30 

-30 

- 

80 

83.0 

4.1 

Notes: aTransmition electron microscopy (LEO 912 AB OMEGA) 
bDynamic light scattering (Zetasizer Nano-ZS)  
cElemental analysis (Flash EA-1112) 
dDetermined through viscosity measurements of CNC solutions 

in cadoxene  
eX-ray diffraction analysis (Bruker D8 Advance) 

Примечания: aПросвечивающая электронная микроскопия 

(LEO 912 AB OMEGA) 
bДинамическое рассеивание света (Zetasizer Nano-ZS) 
cЭлементный анализ (Flash EA-1112) 
dРассчитано на основе данных по измерению вязкости рас-

творов НКЦ в кадоксене 
eРентгеновский дифракционный анализ (Bruker D8 Advance) 

 

The results of elemental analysis (Table 2) 
indicate that desulfation of CNCs helps to reduce 
amount of surface sulfo-groups considerably. The 
surface sulfo-groups are removed completely through 
the TEMPO-oxidation procedure and surface carbox-
yl groups are formed that is clearly seen from the 
FTIR spectra (Fig. 3) of the TCNC samples (the C=O 
valence vibrations band at 1735 cm-1). 

Thermal stability is a very important charac-
teristic that should be considered in uses of nanocom-
posites in various industrial fields. The study of deg-
radation behavior is necessary for designing polymer 

Table 2 

Elemental composition of the CNC samples according 

to X-ray energy dispersive analysis 

Таблица 2. Элементный состав образцов НКЦ по 

данным рентгеновского энерго-дисперсионного  

анализа 

Sample 
Elemental composition, % 

C O S Na 

SCNC 

DCNC  

TCNC 

51.3 

49.1 

52.2 

46.8 

48.9 

47.8 

0.9 

0.4 

- 

0.7 

0.3 

0.4 
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Fig. 3. The FTIR spectra of the SCNC (1), DCNC (2) and TCNC 

(3) samples in the range of wavenumbers 4000-400 cm-1 (a), and 

in the range of wavenumbers 1900-1500 cm-1 (b) 

Рис. 3. ИК спектры образцов SНКЦ (1), DНКЦ (2) и TНКЦ (3) 

в диапазоне волновых чисел 4000-400 см-1 (a) и 1900-1500 см-1 (b) 
 

composites with required performance and enhanced 

thermal stability. As the decomposition temperature 
of CNCs is about 200 °C, polymer processing tem-

perature must not exceed that value to prevent their 
degradation. Numerous factors, including methods of 

CNC isolation, the cellulose source, the crystallinity 
of CNCs, and the sulfate content have profound ef-

fects on their thermal stability. The high content of 

surface sulfo-groups after sulfuric acid hydrolysis can 
decrease the thermal stability of CNC-based polymer 

composites [37]. Moreover, the thermal stability of 
polymer composites depends strongly on the strength 
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of intermolecular bonding between CNCs and a pol-

ymer matrix [38]. Therefore, for the enhanced thermal 
stability of polymer composites, a good interfacial 

adhesion between CNCs and a polymer matrix is 
needed. Hence, improving the thermal stability of 

polymer composites with CNCs obtained by sulfuric 
acid hydrolysis, remains a great challenge.  

Analysis of TG and DTG curves shows that 
replacement of surface sulfo-groups with carboxyl 

groups brings to a significant increase of initial deg-
radation temperature and temperature of the maxi-

mum decomposition rate of the CNC samples studied 

(from 170 to 308 C) (Fig. 4). 
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Fig. 4. TG (a) and DTG (b) curves for the SCNC (1), DCNC (2), 

and TCNC (3) samples 
Рис. 4. ТГ (a) и ДТГ (b) кривые образцов SНКЦ (1), DНКЦ (2) 

и TНКЦ (3) 
 

However, the thermal stability and degrada-
tion behavior of polymer composites based on SCNC 

and TCNC samples are much more complicated. In 

the thermograms obtained, three main mass loss re-
gions can be observed. All of the samples show an 

initial mass loss in the region 80-150 °C attributable 
to the evaporation of water. The second degradation 

region is located between 250 and 400 °C and is at-
tributed to pyrolysis of CNC and to the degradation of 

a polymer. The second stage of degradation mainly 

involves dehydration reactions and the formation of 

volatile products. The third stage of mass loss occurs 
above 400 °C and involves the decomposition of car-

bonaceous matter [38]. Pyrolysis of CNC results in 
the increasing amount of char residue for polymer 

composites in comparison with the neat polymers. 

The composites studied demonstrate common 

thermal behavior: with an increase of CNC content up 

to 30%, a low temperature peak appears due to ther-

mal destruction of SCNC while TCNC in the compo-

sites decays at a higher temperature. The temperatures 

of thermal decomposition of SCNC and TCNC in 

PEO- and PVP-based composites are increased signif-

icantly and are about 250 and 350 °C for SCNC and 

TCNC, respectively [22, 23]. However, in PAM-based 

composite, practically no difference in decomposition 

behavior of SCNC and TCNC is observed [27].  

The thermal stability of PVA-based compo-

sites differs remarkably compared to others in the se-

ries of studied polymers. As is seen in Fig. 5, the 

temperature of the maximum decomposition rate of 

the composite in the presence of TCNC or SCNC 

grows up to 330 °C or 380 °C, respectively, as com-

pared with 290 °C for the neat PVA. Earlier we have 

shown that thermal degradation of both SCNC and 

PVA in the composite occurs simultaneously at a 

much higher temperature than that of the SCNC or the 

neat PVA, and thermal stability of the PVA-based 

composites is maximally enhanced with the SCNC con-

tent of 8-12 wt% [21]. The enhanced thermal stability 

of PVA/SCNC composites is related to three-dimen-

sionally cross-linked structures formed from high-

molecular-weight conjugated polyenes forming dur-

ing the PVA thermal dehydration (in the presence of 

SCNC acting as dehydrating agent). 
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Fig. 5. DTG curves for PVA/TCNC-10 (1) and PVA/SCNC-10 

(2) composites. For comparison, the curve for the neat PVA is 

shown (3) 

Рис. 5. ДТГ кривые композитов ПВС/TНКЦ-10 (1) и 

ПВС/SНКЦ-10 (2). Для сравнения показана также ДТГ кривая 

для чистого ПВС (3) 
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Thermal properties of polymer composites 

were determined using differential scanning calorime-

try (DSC) as well. The DSC for composites based on 

PVA and PEO exhibit sharp enough endothermic 

peaks [21, 22], corresponding to the melting of the 

crystalline phase of PVA or PEO. The melting tem-

perature (Tm), crystallization temperature (Tcryst), heat 

of fusion (ΔHm), and degree of crystallinity (χc) ob-

tained from the DSC data for semicrystalline poly-

mers, PEO and PVA, are collected in Table 3. 

 
Table 3 

Melting temperature (Tm), crystallization temperature 

(Tcryst), heat of fusion (ΔHm), and degree of crystallinity 

(χc) of PEO and PVA in composites with SCNC and TCNC 
Таблица 3. Температура плавления (Tm), температу-

ра кристаллизации (Tcryst), теплота плавления (ΔHm) 

и степень кристалличности (χc) ПЭО и ПВС в ком-

позитах с SНКЦ и TНКЦ 

Sample Tm, °C Tcryst, °C ΔHm, J g-1 χc, % 

PEO 

PEO/SCNC-5 

PEO/TCNC-5 

PEO/SCNC-20 

PEO/TCNC-20 

PEO/SCNC-30 

PEO/TCNC-30 

PVA 

PVA/SCNC-5 

PVA/TCNC-5 

PVA/SCNC-20 

PVA/TCNC-20 

PVA/SCNC-30 

PVA/TCNC-30 

65.5 

64.3 

68.1 

70.3 

64.6 

70.8 

64.7 

227.9 

227.5 

223.8 

225.8 

223.7 

221.1 

222.3 

36.3 

40.6 

36.0 

36.0 

39.4 

34.6 

37.6 

192.4 

205.9 

207.0 

206.1 

191.6 

196.6 

185.7 

138.2 

143.3 

136.2 

138.8 

101.0 

121.2 

93.2 

78.4 

77.9 

73.3 

61.7 

61.9 

40.4 

47.2 

73.5 

76.2 

68.8 

73.8 

67.1 

64.5 

70.8 

48.7 

50.9 

47.9 

47.9 

47.9 

35.8 

41.9 

 

The melting temperature and crystallization 

temperatures, heat of fusion, and degree of crystallini-

ty have a complex behavior depending on CNC con-

tent in the composites, but tend to increase until the 

CNC content reached 5-10 wt.%, and decrease with 

further increasing the CNC content. That indicates 

that CNCs can act as nucleating agents and promote 

crystallization of polymer matrices at a lower CNC 

loading, and interrupt the regular packing of the pol-

ymer molecular chains at a higher CNC content [22]. 

The crystallinity of semicrystalline polymers is af-

fected by nucleation and confinement caused by fill-

ers [39]. Therefore, depending on the filler content in 

the composite, its crystallinity depends on the com-

bined effects of nucleation and confinement. Moreo-

ver, poor dispersion and agglomeration of CNCs at 

their high concentration worsen the thermal stability 

of polymer composites based on CNCs.  

However, the SCNC and TCNC based com-

posites demonstrate apparently different behavior 

(Table 3). PVA and PEO are semicrystalline polymers 

bearing functional groups which produce strong mo-

lecular interactions (hydrogen bonding or van der 

Waals forces) between the polymers and SCNC or 

TCNC. A tighter packing and increased intermolecu-

lar bonding contribute to higher values of melting 

point, heat of fusion, and degree of crystallinity of the 

polymer composites. The differences in the surface 

functional groups of SCNC and TCNC affect the 

thermal behavior of their polymer composites.  

The glass transition temperature (Tg) values 

for composites based on amorphous polymers (PVP 

and PAM) determined under heating and cooling are 

reported in Table 4.  
 

Table 4 

The glass transition temperature (Tg) of PVP and PAM 

in composites with SCNC and TCNC 
Таблица 4. Температура стеклования ПВП и ПАА в 

композитах с SНКЦ и TНКЦ 

Sample Tg, °C (heating) Tg, °C (cooling) 

PVP 

PVP/SCNC-5 

PVP/TCNC-5 

PVP/SCNC-10 

PVP/TCNC-10  

PVP/SCNC-20 

PVP/TCNC-20 

PVP/SCNC-30 

PVP/TCNC-30 

PAM 

PAM/SCNC-5 

PAM/TCNC-5 

PAM/SCNC-10 

PAM/TCNC-10 

PAM/SCNC-20 

PAM/TCNC-20 

PAM/SCNC-30 

PAM/TCNC-30 

180.2 

176.5 

163.1 

178.3 

162.3 

184.2 

162.9 

198.5 

165.9 

194.5 

185.4 

179.7 

183.1 

184.7 

188.0 

191.3 

190.5 

187.9 

166.7 

173.9 

161.0 

174.7 

162.0 

177.7 

162.8 

186.4 

163.3 

193.3 

184.2 

186.6 

185.9 

183.6 

179.5 

193.2 

180.3 

182.6 

 

The results of DSC analysis of PVP and 

PAM-based composites show that Tg values drop at 

CNC content of 5-10 wt.% initially and then tend to 

shift to higher Tg values with increasing the CNC con-

tent in the composite (Table 4). This higher Tg values 

can point out that the association of the polymer mol-

ecules is enhanced by the CNC presence. A noticea-

ble increase in the Tg may be ascribed to the macro-

molecular confinement provided by SCNC or TCNC 

surfaces [40]. It is attributed to restrictions forced by 

intermolecular bonding between CNCs and the poly-

mer matrices, which limit mobility and flexibility of 

the polymer chains and lead to an increase in the Tg. 

A strong hydrogen bonding between CNCs and the 

polymer matrices can lead to an increase in the Tg as 
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well. It is worth to note that the glass transition tem-

perature of the PVP/TCNC composites is much lower 

than that of the PVP/SCNC. Apparently, this is due to 

the firmly bound water, which is not completely re-

moved from the PVP/TCNC composites even under 

heating. The strongly bound water can act as a plasti-

cizer and increase mobility of the polymer chains (the 

Tg decreases) [23].  

Analysis of stress-strain curves and estimat-

ed tensile properties (Table 5) of the composites 

shows that CNC addition leads to enhancement of 

the tensile strength and decreases elongation at 

break. The TCNC addition does not demonstrate 

significant improvement of tensile properties com-

pared to those of SCNC.  

 
Table 5 

Tensile properties of the composite films under study 

Таблица 5. Прочностные свойства исследуемых 

композитных пленок 

Sample 

Tensile 

strength 

at break 

(σb), 

MPa 

Ultimate 

tensile 

strength 

(σmax), 

MPa 

Elongation 

at break 

(εb), % 

Young's 

modulus 

(E), MPa 

PVA 

PVA/SCNC-10 

PVA/TCNC-10 

PVA/SCNC-30 

PVA/TCNC-30 

PAM 

PAM/SCNC-10 

PAM/TCNC-10 

PAM/SCNC-30 

PAM/TCNC-30 

PVP 

PVP/SCNC-10 

PVP/TCNC-10 

PVP/SCNC-30 

PVP/TCNC-30 

PEO 

PEO/SCNC-10 

PEO/TCNC-10 

PEO/SCNC-30 

PEO/TCNC-30 

24±3.5 

20±3.0 

17±2.5 

30±4.5 

28±4.2 

32±4.8 

37±5.6 

42±6.3 

47±7.1 

52±7.8 

7±1.0 

13±2.0 

16±2.4 

44±6.6 

39±5.9 

2.6±0.4 

15±2.2 

20±3.0 

26±3.9 

28±4.2 

24±3.5 

20±3.0 

17±2.5 

30±4.5 

28±4.2 

46±6.9 

52±7.8 

57±8.6 

57±8.6 

66±9.9 

10±1.5 

19±2.9 

19±2.9 

44±6.6 

39±5.9 

2.7±0.4 

16±2.4 

20±3.0 

27±4.1 

29±4.4 

394±59.1 

245±36.8 

258±38.7 

288±43.2 

327±49.1 

12±1.8 

11±1.7 

10±1.5 

11±1.7 

9±1.4 

7.5±1.1 

7.3±1.1 

6.9±1.0 

2.5±0.4 

3.1±0.5 

1.7±0.3 

2.7±0.4 

2.8±0.4 

3.2±0.5 

3.2±0.5 

69±6.9 

122±12.2 

159±15.9 

155±15.5 

142±14.2 

1380±138 

1360±136 

1650±165 

1270±127 

1400±140 

133±13.3 

444±44.4 

587±58.7 

1140±114 

1280±128 

150±15 

930±93 

1050±105 

1190±119 

1780±178 

CONCLUSIONS 

In this work, thermal and mechanical proper-

ties of composites of water soluble polymers (PVA, 

PAM, PVP, and PEO) with CNC prepared by sulfuric 

acid hydrolysis (SCNC) and TEMPO-oxidized 

(TCNC) were studied. Analysis of TG and DTG 

curves shows that the surface sulfonate groups re-

placement with carboxyl groups leads to significant 

increase of initial temperature of thermal degradation 

and temperature of the maximum decomposition rate 

of CNC. However, the thermal behavior of the com-

posites is much more complicated. So, in the case of 

PAM, practically there is no any difference observed 

in the thermal decomposition behavior between 

PAM/SCNC and PAM/TCNC composites. The ther-

mal stability of the PVA-based composites remarka-

bly differs from other polymers. A temperature of the 

maximum decomposition rate of the composite is in-

creased up to 330 °C for the TCNC and 380 °C for 

SCNC at their content of 10%, compared to 290 °C 

for the neat PVA. This is due to increased thermal 

stability of high-molecular structures formed during 

the thermal destruction process of PVA in the pres-

ence of SCNC as a dehydrating agent. 

In the melting or crystallization behavior of 

semicrystalline polymers (PVA and PEO) in the com-

posites with SCNC or TCNC, significant differences 

were not noticed. It was observed that the glass transi-

tion temperature of the PVP/TCNC composite is 

much lower than that for the PVP/SCNC composite, 

and that may be attributed to plastifying effect of the 

water trapped in the composite with TCNC. 

The tensile properties analysis of the compo-

sites demonstrate that TCNC addition does not im-

prove significantly the tensile strength and Young’s 

modulus as compared with SCNC.  
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