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OcHo6HBIM HedOCmAamKOM HaHoKpucmaniuueckoi uennionodvt (HKI]), nonyuennoii
mMpPAOUYUOHHBIM CEPHOKUCIOMHBIM 2UOPONU3OM, AGNACHICA €€ HU3KAA MmePMUiecKas Cmaouinp-
HoCmb 6cliedcmeue nUpPoOAU3a, KAMaau3upyemozo HoGepXHOCMHbIMU CYAbhocpynnamu. 3ameHa
HOGEPXHOCHMHBIX CYIbhozPYRn KaApPOOKCUNbHBIMU (6 pe3ynbmame OKUC/IEeHUs) N0360jsAem 3HA-
yumenvbHo nogvicumsy mepmuueckyro cmaounvhocms HKI]. Hecmompsa na 6onvuioe Koauue-
CmMeEo nyonuKauuil, ORUCLIGAIOUWUX CEOLICIEA NOTUMEPHBIX HAHOKOMNOZUMOB, APMUPOBAHHBIX
HKI], mepmuueckan ycmouuugocmos maKux KOMRO3Umo8 00 CUx Hop nioxo usyueHa, a aumne-
pamypHvie 0anHble uacmo npomugopequsvl. B oannoit paoome HKI] nonyuanu u3z muxpoxpu-
CMAUYeCKoll Uell0103bl 08YMA CHOCOOAMU: CEPHOKUCIOMHBIM 2UOPOSIUZOM U OKUC/IEHUEM
(2,2,6,6-mempamemunnunepuoun-1-un)oxcunom (TEMIIO). ITonyuenvt komnosumot HKI] ¢ so-
00paACMEOPUMBIMU ROJIUMEPAMU — HOJIUGUHUTIOBBIM CHUPHIOM, NOJIUIMUIEHOKCUOOM, NOIUGU-
HUIRUPPOAUOOHOM U hoSuaKpuiramuoom. Komnozumer 6vinu oxapakmepuszosansl paziuiHsImu
Memooamu, a UMEHHO: NPoceequsarouiell INeKMpPoHHOU U PACMPOBO IJ1IeKMPOHHOU MUKPOCKO-
nueii, IHeP2OOUCNEPCUOHHBIM PEHM2EHOCHEKMPATIbHbIM AHAAU30M, UHPpakpachoii Dypve-
CneKmpocKonueil, peHmM2eHOCMPYKMYPHbIM U MEPMOZPAGUMEMPUYECKUM aHaAUu3aMU, oudge-
PEHUUAIbHOU CKaAHUpylouleil Kanopumempueil, ucnvlmanuamu Ha pacmsaxycenue. llpoeedeno
CpagHumesnbHoe uzyieHue mepmMuieckux U MeXaHu4eckKux c60icme nOJaUMEPHBIX KOMHO3UMOG,
apMUpPOSAHHBIX HAHOUENT10710301l, NOJAYYeHHOU cepHoKuciomuvim cuopoauszom u TEMIIO-
okucnenuem. Ananuz mepmuueckux ceoiicme HKI] nokazvieaem, umo 3amena no8epxHocmHbIX
cynvghocpynn Ha KapOOKcuibHble HPUBOOUN K 3HAYUMETbHOMY HOGBLIUICHUIO MEMHePamypol
HAYANa MEPMUYECKO20 PA3NONCEHUA U MEMNEPAMYPbl MAKCUMATIbHOU CKOPOCMU DA310HCEHUS
HKI]. Oonako mepmuueckoe nogedenue KOMHO3UMOE C ROTUMEPAMU HAMHO20 COMHCHEe, YO
nOOpOoOHO 00CyxsHCcOaemcsa 6 npedcmasieHHOM mamepuane. AHAAU3 MEXAHUYECKUX CBOIUCHE
KOMNO3UMO06 NoKazai, 4mo 0oodaenenue HAHOUeNN10a03bl, noayuennoii TEMIIO-okucnenuem,
He npueoOUm K CyuieCmeeHHoMYy YIyuuleHu0 RPOUHOCIU Ha pa3pble u mModynsa FOunza no cpas-
HEHUI0 C HAHOUELTI0J10308l, NOJIYYEeHHOU CEPHOKUCOMHBIM ZUOPOIUZOM.
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J1s uuTHPOBAaHUS:
Boponosa M.U., Cypos O.B., Ky3zuesa M.M., AtaxanoB A.A. CpaBHUTEIbHBIA aHATN3 TEPMHUECKUX U MEXAHHMUYECKUX
CBONCTB IIOJIMMEPHBIX KOMIIO3UTOB, apMUPOBAHHBIX HAHOLIEIUIIOJIO30H, NOJYYEHHON CEPHOKUCIOTHBIM ruaposmsoM u TEM-
[1O-okucnenueM. H3g. gy306. Xumus u xum. mexnonoeus. 2022, T. 65. Bem. 10. C. 95-105. DOI: 10.6060/ivkkt.20226510.6596.

ChemChemTech. 2022. V. 65. N 10 95



M.U. BopoHoBa u ap.

For citation:

Voronova M.I., Surov O.V., Kuziyeva M.K., Atakhanov A.A. Thermal and mechanical properties of polymer composites
reinforced by sulfuric acid-hydrolyzed and TEMPO-oxidized nanocellulose: a comparative study. ChemChemTech [lzv.
Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2022. V. 65. N 10. P. 95-105. DOI: 10.6060/ivkkt.20226510.6596.

THERMAL AND MECHANICAL PROPERTIES OF POLYMER COMPOSITES REINFORCED
BY SULFURIC ACID-HYDROLYZED AND TEMPO-OXIDIZED NANOCELLULOSE:
A COMPARATIVE STUDY

MLIL. Voronova, O.V. Surov, M.K. Kuziyeva, A.A. Atakhanov

Marina I. Voronova (ORCID 0000-0002-8535-6940), Oleg V. Surov (ORCID 0000-0002-7164-364X)*

Laboratory of Physical Chemistry of Polymer-Liquid Heterogeneous Systems, G.A. Krestov Institute of Solu-
tion Chemistry of the RAS, Akademicheskaya st., 1, Ivanovo 153045, Russia

E-mails: miv@isc-ras.ru; ovs@isc-ras.ru*

Makhliyo M. Kuziyeva (ORCID 0000-0003-2552-6941), Abdumutolib A. Atakhanov (ORCID 0000-0002-

4975-3658)

Laboratory of Physical and Physicochemical Methods of Investigations, Institute of Polymer Chemistry and
Physics, Academy of Sciences of Republic of Uzbekistan, Kadiriy st., 7b, Tashkent 100128, Republic of Uzbekistan
E-mails: makhliyokuziyeva92@gmail.com; a-atakhanov@yandex.ru

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 (TEMPOQO) 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-
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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,
NaNO,-HNOQOs, 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].
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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, (C:H4O),, for synthesis (Mw approx.
30,000, degree of hydrolysis >98%) was pur-
chased from Merck (Darmstadt, Germany). PEO,
(CanHan+20n+1), for synthesis (Mw approx. 200,000)
and PVP, (CéHsNO),, (average Mw 40,000) were
purchased from Sigma-Aldrich (Saint Louis, MO,
USA). PAM, (C3HsNO),, (average Mw 150,000) was
purchased from Sigma-Aldrich (Moscow, Russia).

Microcrystalline cellulose (MCC) (~20 um,
powder, CAS No 9004-34-6, cotton linters) and
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl  (TEMPO,
CoH1sNO, 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 (H.SO., 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

Aqgueous 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 (TOKEM 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
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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 Kohler 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 um), 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 V).

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™. 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?, and a heating rate of 10 K min™,
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
and a heating rate of 10 K min using standard alu-
minum crucibles.

The degree of polymer crystallinity in the
CNC composite can be calculated by the equation:

2e = AHm/w AH%,, (1)
where w is the mass fraction of the polymer in the
composite; AHn is the heat of fusion of the composite
measured from DSC thermograms, and AH%, 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-K, radiation (A = 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 - 12)/1200, 2
where Iy is the reflex intensity corresponding to the
crystallographic plane (200), I. 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=0.9X B Cos O, (3)
where A is the wavelength of X-ray radiation (nm);
B is the full width at half height of the diffraction peak
(rad); © is the reflex angle (deg).

The tensile properties of the composite films
were measured using an | 1158 M-2.5-01-1 tension
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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’. Five specimens with
the dimensions of 15 mm (length)x5 mm (width)x0.1
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 um and a measurement accuracy of 3%. The
resulting composite films were about 100 pum thick.

RESULTS AND DISCUSSION

The images of SCNC and TCNC particles ob-
tained with a transmission electron microscope (TEM)
are shown in Fig. 1.

Fig. 1. TEM images of SCNC (a) and TCNC (b) particles. The
scale is 200 nm
Puc. 1. U3o6paxenus yactury SHKI (a) u THKII (b), monyuen-
HbIE C TIOMOIIBIO TPOCBEYHBAIOIIETO AIEKTPOHHOTO MUKPOCKOTIA.
Macmra6: 200 HM

The X-ray diffraction patterns of the SCNC
and TCNC samples are shown in Fig. 2. The diffrac-
tion peak arising at ~ 20 = 22.9° is assigned to the
(200) plane of cellulose I3, and the two overlapped
weaker diffractions at 26 close to 16.6 and 14.8° are
attributed to the (110) and (1-10) lattice planes of cellu-
lose 15 [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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Intensity

(200)

20, deg.

Fig. 2. X-ray diffraction patterns of the SCNC (1) and TCNC (2)

samples

Puc. 2. PenrrenoBckue qudpaxrorpammsl oopasios SHKIT (1)

and THKII (2)

Table 1

Characteristics of the SCNC and TCNC samples

Taonuya 1. Xapakrepuctuxku odpasuos SHKII and

THKI]
Parameter Characteristics
SCNC TCNC
@Dimensions of the particles, nm
length 200-400 | 200-400
diameter 10-20 10-20
® Hydrodynamic diameter, nm 310£20 | 300+30
b -potential, mV -40 -30
¢ Total sulfer content, % 0.9 -
dDegree of polymerization 80 80
& Crystallinity index, % 83.8 83.0
¢ Crystallite size in (200) plane, nm 4.1 4.1

Notes: #Transmition electron microscopy (LEO 912 AB OMEGA)
bDynamic light scattering (Zetasizer Nano-ZS)

°Elemental analysis (Flash EA-1112)

dDetermined through viscosity measurements of CNC solutions
in cadoxene

eX-ray diffraction analysis (Bruker D8 Advance)

IMpumedanns: [IpocBeunBaromasi >IEKTPOHHAS MUKPOCKOITHS
(LEO 912 AB OMEGA)

blumamMudecKkoe paccenBanue cBera (Zetasizer Nano-ZS)
“OnementHbii aHamu3 (Flash EA-1112)

dPaccynTaHO HA OCHOBE JAHHBIX 10 U3MEPEHHIO BA3KOCTH pac-
tBopoB HKI] B kanokcene

¢PenTreHoBcKuii T paknronHbi aHamu3 (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=0
valence vibrations band at 1735 cm™).

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
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Table 2
Elemental composition of the CNC samples according
to X-ray energy dispersive analysis
Tabnuya 2. dnementHbIii coctaB 06pasunoB HKI mo
AAHHBIM PEHTI€HOBCKOI'O JHEPTO-AUCIIEPCUOHHOT0

aHaJInu3a
Sample Elemental composition, %

P C 0 S Na
SCNC 51.3 46.8 0.9 0.7
DCNC 49.1 48.9 0.4 0.3
TCNC 52.2 47.8 - 0.4

1
)
>
8 -
_.g
€
2
© A
2
4000 3000 2000 1000
v, cm’”
a
s
£
&
'—

1700 1600 1500
v, cm’”
b
Fig. 3. The FTIR spectra of the SCNC (1), DCNC (2) and TCNC
(3) samples in the range of wavenumbers 4000-400 cm™ (a), and
in the range of wavenumbers 1900-1500 cm* (b)
Puc. 3. UK cnexrpsr o6pasuos SHKII (1), DHKII (2) u THKII (3)

B Manasone BoaHoBbIX uces 4000-400 cm? (a) m 1900-1500 em? (b)

1900 1800

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
Puc. 4. TT (a) u ATT (b) xpuBbie o6paznos SHKI] (1), DHKII (2)
1 THKII (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
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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).

Kl

Rate of mass loss, % min

100 200 30’[0 o 400 500 600
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)
Puc. 5. ITT xpussie komnosutos [IBC/THKLI-10 (1) n
NBC/SHKU-10 (2). [dnst cpaBHeHus nmoka3ana Taxxke AT kpuBas
st uucroro IIBC (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 (Teryst), heat
of fusion (AHm), and degree of crystallinity (y.) 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
(Teryst), heat of fusion (AHm), and degree of crystallinity
(xc) of PEO and PVA in composites with SCNC and TCNC
Taonuya 3. Temneparypa miasjenus (Tm), TeMnepary-
pa kpucramamanuu (Teryst), TemaoTa miapaeHns (AHm)
U crenenb Kpucraaandnoctu (yc) [190 u IIBC B kom-

no3utax ¢ SHKI[ u THKI]

Sample Tm, °C Tcryst, °C AHm, \] g_l Xcs %
PEO 65.5 36.3 138.2 73.5
PEO/SCNC-5 64.3 40.6 143.3 76.2
PEO/TCNC-5 68.1 36.0 136.2 68.8
PEO/SCNC-20 70.3 36.0 138.8 73.8
PEO/TCNC-20 64.6 39.4 101.0 67.1
PEO/SCNC-30 70.8 34.6 121.2 64.5
PEO/TCNC-30 64.7 37.6 93.2 70.8
PVA 227.9 192.4 78.4 48.7
PVA/SCNC-5 227.5 205.9 77.9 50.9
PVA/TCNC-5 223.8 207.0 73.3 47.9
PVA/SCNC-20 | 225.8 206.1 61.7 47.9
PVA/TCNC-20 | 223.7 191.6 61.9 47.9
PVA/SCNC-30 | 221.1 196.6 40.4 35.8
PVA/TCNC-30 | 222.3 185.7 47.2 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
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(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
Tabnuuya 4. Temneparypa crexjoanusi [IBI1 u ITAA B
kommo3urax ¢ SHKI u THKI

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

PVP 180.2 166.7
PVP/SCNC-5 176.5 173.9
PVP/TCNC-5 163.1 161.0
PVP/SCNC-10 178.3 174.7
PVP/TCNC-10 162.3 162.0
PVP/SCNC-20 184.2 177.7
PVP/TCNC-20 162.9 162.8
PVP/SCNC-30 198.5 186.4
PVP/TCNC-30 165.9 163.3
PAM 194.5 193.3
PAM/SCNC-5 185.4 184.2
PAM/TCNC-5 179.7 186.6
PAM/SCNC-10 183.1 185.9
PAM/TCNC-10 184.7 183.6
PAM/SCNC-20 188.0 179.5
PAM/TCNC-20 191.3 193.2
PAM/SCNC-30 190.5 180.3
PAM/TCNC-30 187.9 182.6

The results of DSC analysis of PVP and
PAM-based composites show that Ty values drop at
CNC content of 5-10 wt.% initially and then tend to
shift to higher T4 values with increasing the CNC con-
tent in the composite (Table 4). This higher T4 values
can point out that the association of the polymer mol-
ecules is enhanced by the CNC presence. A noticea-
ble increase in the T4 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 Ty 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
Ty 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
Taonuya 5. IIpoyHOCTHBIE CBOMCTBA MCCJIeyeMbIX
KOMITIO3UTHBIX IIJICHOK

Tensile | Ultimate
strength| tensile |Elongation| Young's
Sample at break| strength | at break | modulus
(ob), (Omax), (ev), % | (E), MPa

MPa MPa
PVA 24+3.5 | 24+3.5 | 394+£59.1| 69+6.9
PVA/SCNC-10 | 20+3.0 | 20+3.0 |245+36.8 | 122+12.2
PVA/TCNC-10 | 17+£2.5 | 17+2.5 | 258+38.7 | 159+15.9
PVA/SCNC-30 | 30+4.5 | 30+4.5 |288+43.2 | 155+15.5
PVA/TCNC-30 | 28+4.2 | 28+4.2 | 327+49.1| 142+14.2
PAM 32+4.8| 46469 | 12+1.8 |1380+138
PAM/SCNC-10 | 37+5.6 | 52+7.8 | 11+1.7 |1360+136
PAM/TCNC-10 | 42+6.3 | 57+8.6 | 10+1.5 |1650+165
PAM/SCNC-30 | 47+7.1| 5748.6 | 11£1.7 |1270+127
PAM/TCNC-30 | 52+7.8 | 66+9.9 | 9+1.4 |1400+140
PVP 7+1.0 | 10£1.5 | 7.5+¢1.1 | 133+13.3
PVP/SCNC-10 | 13+2.0 | 19+2.9 | 7.3£1.1 | 444+44 .4
PVP/TCNC-10 |16+2.4 | 19+2.9 | 6.9+1.0 | 587+58.7
PVP/SCNC-30 | 44+6.6 | 44+6.6 | 2.5+0.4 |1140+114
PVP/TCNC-30 |39+5.9 | 39+5.9 | 3.1+0.5 |1280+128
PEO 2.6+0.4| 2.7+0.4 | 1.7+£0.3 | 150+15
PEO/SCNC-10 | 154+2.2 | 16+2.4 | 2.7+0.4 | 930+93
PEO/TCNC-10 | 20+3.0 | 20+3.0 | 2.8+0.4 |1050+105
PEO/SCNC-30 |26+3.9 | 27+4.1 | 3.2+0.5 |1190+119
PEO/TCNC-30 | 28+4.2 | 29+4.4 | 3.2+0.5 |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-
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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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Aemopul gvipadcarom brazodaprocms Bepx-
HEBOINCCKOMY YEHMPY PUUKO-XUMUUECKUX UCCTIed0-
sanuti (Meanoeo, Poccus) u Llenmpy KoaleKmusHozo
nonv308anus HayyHou annapamypou Heanoeckozo
20CY0apCmMEeHH020 XUMUKO-MEXHONIOSULECKO20 VHU-
sepcumema (epanm Munobprayxu Poccuu Ne 075-15-
2021-671) 3a nexomopwie usmMepeHus, npoeoeHHbie
Ha 000pYO0BaAHUU YEHMPOS.

Aemopul  3aaenar0m 00 OMCYMCMBUU KOH-
¢rukma unmepecos, mpebyoueco packpvlmus 8
O0anHol cmamoe.
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