UDC 678-01
REGULARITIES OF OF HYBRID GELS CRYSTALLIZATION ON THE BASIS OF
FUNCTIONALIZED LOW DENSITY POLYETHYLENE AND CLINOPTILOLITE

1 R.V. Kurbanova, 2 N.T. Kakhramanov, 2 Kh.V. Allahverdiyeva, ?F.A. Mustafayeva,
?S.R. Abdalova

Azerbaijan State Oil and Industry University,
Azadlg str. 34, Baku, AZ 1000
%Institute of Polymer Materials of the National Academy of Sciences of Azerbaijan,
124, S.Vurgun str., Sumgait, AZ 5004, e-mail: najafl946@rambler.ru

Received 05.05.2020

Abstract: The step dilatometry method was used to study the effect of the concentration of dressed
clinoptilolite on the temperature dependence of the specific volume and free specific volume, kinetic
regularities, and the crystallization mechanism of nanocomposites based on low-density polyethylene
chemically modified with maleic anhydride. The concentration of dressed clinoptilolite in the composition
of maleated low density polyethylene varied in the range of 0.5 — 20 wt. %. It was shown that in the
process of stepwise cooling, a first-order phase transition for nanocomposites with a filler concentration
in the range of 0.5 — 10 wt. % occurs at a temperature of 88°C, and at a concentration of 20 wt. %, this
process occurs at 84 <C. An interpretation and theoretical justification are given for crystallization
processes occurring in the temperature range of 20-170°C. It was found that the dilatometric method
allows the graphical method to determine the glass transition temperature of nhanocomposites depending
on their composition. With an increase in the concentration of dressed clinoptilolite, a regular increase in
the glass transition temperature of nanocomposites occurs.

It is established that with the introduction of up to 5.0% of the mass crystallized clinoptilolite into
maleinized polyethylene the crystallization process or phase transition of the first kind proceeds with the
formation of disk-shaped crystalline structures from sporadic crystallization centers
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Introduction

Along with the improvement of engineering and technology for industrial production, an
emphasis is laid on the development of new types of polymer structural materials capable of
satisfying the increased demands caused by scientific and technological progress. The latter
circumstance is achieved due to chemical or mechanochemical modification of the structure and
properties of basic industrial polyolefins, by loading mineral fillers, plasticizers, stabilizers, by
mixing bipolar polymers, etc. [1-3]. The development of high quality composite materials is one
of the simple and innovative directions for polyolefins modification. The loading of fillers in the
composition of polyolefin can to some extent improve strength properties of composites.
However, the lack of compatibility of the non-polar polyolefin with the polar filler does not
allow the full use of the foreign body resource in changing the properties of the polymer
composite. In this regard, in recent years, the interest of researchers in using chemically
modified polyolefin and dressed filler particles has significantly increased which to larger extent
allowed us to get nearer to the solution of the problem of compatibility of mixture components.
This is not physical but rather chemical interaction of mixture components [4-6].

But the problem is solved not only by creating a polymer composite of the required
quality, but also by the proper selection of the technological mode of their processing, for
example, by means of injection molding. When it comes to polymer processing, what we
primarily meant is a correct selection of temperature regime of the material cylinder of injection
machine and the cooling of a molded product [7, 8]. In the first case, the problem is clarified by
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conducting rheological studies in a wide range of temperatures and shear stresses. The second
problem is solved in the course of selecting an optimal temperature regime for cooling the
polymer material in the mold by conducting a complex of dilatometric studies into regularities of
their crystallization [9,10].

Therefore, in this paper, the main attention is paid to the study of mechanism and kinetic
regularities of crystallization of a functionalized polyolefin with dessed nanoparticles of the
natural mineral filler.

Experimental part

The initial object of study was low-density polyethylene (LDPE) with properties as
follows: ultimate tensile strength- 13.1 MPa, bending modulus - 196 MPa, density - 927 kg/m?,
elongation at break-720%, heat resistance-85°C, melting point - 101°C, MFI = 1.3g/10min.,
crystallinity 60%.

Maleinized LDPE - (PEMA) was used as chemically modified LDPE. The concentration
of maleic anhydride (MA) in the composition of PEMA was 5.6 wt. %. PEMA was obtained in
the process of mechanochemical synthesis or reaction extrusion. Grafting of maleic anhydride is
usually carried out mainly in the most vulnerable areas of the LDPE macrochain: end, a-
methylene and transvinylylene double bonds, as well as at the place of breaking the macrochains
via -C-C- bonds during the thermomechanical effect of reaction extrusion.

Clinoptilolite (CTL) of the Agdag deposit of Azerbaijan with typical oxide formula being
(Na2K2)OAI203-10Si02-8H20. The finely dispersed CTL was presented by the Institute of
Geology and Geophysics of the Azerbaijan National Academy of Sciences.

CTL nanoparticles were obtained in an A-11 analytical mill at a maximum speed of 30000
rpm.

The size of the nanoparticles was determined by means of the STA PT1600 Linseiz
model (Germany) with 20-110 nm.

Before the CTL nanoparticles had been loaded into the PEMA, the filler was subjected to
sizing for 8 h at a temperature of 90°C in acidified HCI (pH = 3.5) distilled water in the presence
of the organosilicon compound AGM-9 (y-aminopropyltriethoxysilane) - HoNCsHg-Si(OC2Hs)s3.
As a result of the alkoxide method of sol-gel synthesis between hydroxyl groups of AGM-9 and
CTL molecules, a covalent bond was formed on the surface of nanoparticles which, ultimately in
the form of a "web" - a thin monolayer of a cross-linked structure of the organosilicon
compound, formed "hybrid gels".

Polymeric nanocomposites based on PEMA and finished CTL (DCTL) were obtained by
mixing on rollers at a temperature of 170°C. After the polymer matrix being melted on rollers,
DCTL was loaded in portions for 8 minutes.

Dilatometric studies were performed on an IIRT-1 device converted into a dilatometer.
Also, step dilatometry was carried out at a load of 5.3 kg and in the temperature range from 170 °
C to a room temperature.

Results and discussion

The study into dependence of the specific volume on temperature allows to obtain reliable
information about mechanism and regularities of the crystallization of polymer composite
materials. It should be noted that the research literature provides insignificant data on the issue
[11,12]. According to the theory of the crystallization of polymers from the melt, it consists of
two main stages: nucleation and growth of crystalline formations. The nucleation process itself
proceeds at homogeneous and heterogeneous centers. Homogeneous nucleation centers are
formed and disintegrated until thermodynamic equilibrium is established at a given temperature.
As a result of random fluctuation interaction in the melt of oriented macrosegments of polymer
macromolecules, primary microcrystalline regions arise. Heterogeneous nucleation centers are
induced as a result of interaction with the surface of the filler nanoparticles [12-14]. The
chemical modification of LDPE with maleic anhydride allows us to solve one of the important
problematic issues related to improving the compatibility of the polymer matrix with



nanoparticles. Along with this, we used dressed clinoptilolite (DCTL) as filler. In this case, the
process of interaction of the modified polymer matrix occurs with the AGM-9 dressing available
on the surface of the nanoparticles. Taking into account that in the literature these issues were
not given sufficient attention, it seemed interesting to study in more detail the effect of dressed
nanoparticles on the kinetic regularities of crystallization of composites.

Fig. 1 shows the regularities of changes in dilatometric curves of nanocomposites based on
PEMA and DCTL. Analysis of the curves in this Fig. makes it possible to establish that as the
concentration of dressed DCTL nanoparticles increased, a regular decrease in the specific
volume was observed.
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Fig. 1. Effect of the DCTL concentration on the temperature dependence of the specific volume
of PEMA-based nanocomposites, wt. %: 1(0) - initial PEMA; 2(x) -0.5; 3(¢) -1.0; 4(A) - 5.0;
5(A)-10; 6(0) - 20.

The decrease in the specific volume of nanocomposites caused by rise in the concentration of
DCTL indicates increase in their density. It should be noted that in the process of stepwise
cooling of samples, the first-order phase transition or crystallization temperature occurrs at a
temperature of 84-88°C. So, for example, the crystallization temperature for the original PEMA
and nanocomposites with DCTL content of up to 10 wt. % proceeds at 88° C. A relatively low
crystallization temperature is observed for nanocomposite with high DCTL content (20 wt. %).
In this case, decrease in the phase transition temperature of a nanocomposite with a 20 wt. %
DCTL is due to the fact that with high content of nanoparticles in the volume of the polymer
matrix steric difficulties arise in the crystallization and crystal growth zone. As crystalline
formations grow from heterogeneous centers on the surface of the dressed nanoparticles and
from homogeneous crystallization centers, a part of free nanoparticles is pushed into the
amorphous region. Thus, the interphase amorphous region in the process of crystal growth
accumulated structural and partially cross-linked structural units with macro-chains [14, 15]. The
latter, most likely, create spatial difficulties at the very initial stage of the crystallization process
that accordingly affects the decrease in the temperature of the first-order phase transition in a
highly filled composite with 20 wt. % DCTL.

Dilatometric curves make it possible to determine the temperature of the second-order phase
transition, i.e. glass transition temperature of nanocomposites. The temperature is determined at
the intersection of upper and lower branches of the dilatometric curve. As can be seen from Fig.
1, the glass transition temperature of the initial PEMA is -140° C. In nanocomposites with DCTL
concentration of 0.5; 1.0; 5.0; 10 and 20 wt. %, the value of this indicator, respectively,
increases in the following sequence: -140; -105; -77; -62; -35°C. Such a noticeable increase in
the glass transition temperature of nanocomposites starting from 1.0 wt. % DCLT indicated that
the emergence of fairly strong Van der Waal bonds at the polymer — dressing size nanoparticle
interface. Such an increase in these forces can only be associated with the participation of grafted
MA molecules in chemical crosslinking reactions as a result of the sol-gel MA reaction, dressing
size and hydroxyl groups present on the surface of DCTL particles [16].



By analyzing the curves in fig. 1, it can be established that if the lower branch of the
dilatometric curve is extrapolated to a temperature of absolute zero (-273°C), then the “occupied
volume” (Voc) can be determined.

Knowing the specific volume at any temperature, it was possible to determine the free
specific volume (Vs) from the difference Vi-Voc [14, 17].

Fig. 2 shows dilatometric curves of the temperature dependence of the free specific
volume. Comparison of the curves in Fig. 2 said that as the concentration of DCTL increased, a
regular decrease in Vs was observed. This circumstance unequivocally confirms our arguments
over the concentration of the most of solid particles in the amorphous space of the interfacial
region. It is this region that accounts for most of the free volume.
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Fig. 2. Effect of the DCLT concentration on the temperature dependence of the free specific
volume (V) of PEMA-based nanocomposites, wt. % : 1(0) - initial PEMA; 2(x) -0.5; 3(¢) -1.0;
4(A) - 5.0; 5(A) - 10; 6(o) - 20.

A decrease in the free specific volume with an increase in the concentration of the dressed DCTL
to 20 wt. % indicates that the nanoparticles do not lead to loosening of the crystal structures of
the nanocomposites. Otherwise, as large concentrations of nanoparticles were loaded, the
reverse process would be observed, i.e. an increase in the free specific volume. Consequently,
the dressed DCTL contributes to the compaction of the nanocomposite structure and the
strengthening of its strength characteristics [11, 13, 15]. It is characteristic that in this case a
sharp jump in the free specific volume is observed in the region of the first-order phase
transition. Such a change in the value of this indicator is interpreted as follows: in the process of
stepwise cooling, a decrease in specific volume occurrs due to a decrease in the volume fraction
of the free specific volume.

It is known that kinetic measurements of the crystallization process in the region of a
first-order phase transition are interpreted through the use of the Avrami model characteristic of
phase transformations in metals. Studies in this area showed that they were also applicable to the
study of kinetic processes of crystallization of polymeric materials. According to this theory, the
crystallization process is described using the expression:

p=e"" )

where ¢ - s the part of the polymer that has not yet undergone transformation into a crystalline
phase; K - is the generalized constant of nucleation and crystal growth; n — is a constant ranging
from 1-4; t- is the crystallization time, (sec). Its value depends on the nature of the nucleation
and growth process [14].



If V, is the initial specific volume of the polymer at T, V= is the specific volume at the
time t, V. is the final specific volume of the polymer at a given crystallization temperature in the
phase transition region, then the ratio (V.- V<)/(V, - V) is a part of the polymer that underwent
transformation into a crystalline state at time t. In this case, ¢ in equation (1) is:

0 = 1- (Vo- Vi)/(Vo- Vo) (2)
The double logarithm of the Avrami equation gives:
lg(-Ing) = IgK + nlgt (3)

The above equation is a straight line in the coordinates Ig(-Ing) of Igt. As a result of
experimental studies, the applicability of the Avrami theory to the study of the crystallization
process of the nanocomposites under study was established.

Fig. 3 shows Kkinetic regularities of crystallization of nanocomposites based on PEMA
and dressed DCTL which make it possible to determine the growth mechanism of crystalline
formations in a polymer matrix. Based on the results of the studies, n values were determined to
characterize the growth mechanism of crystalline formations in the polymer matrix; according to
the obtained kinetic curves, it found that with an increase in the concentration of DCTL in the
composition of PEMA within 0.5; 1.0; 5.0; 10; 20 wt. % the value of n changes accordingly in
the following sequence: 2.6; 2.6; 2.1; 1.7; 1.6. The initial PEMA had a n value of 2.3.

lg(-Ing)

Fig. 3. Effect of the DCLT concentration on Kkinetic regularities of crystallization of
nanocomposites based on PEMA, wt. %: 1(0) - initial PEMA,; 2(x) - 0.5; 3(e) - 1.0; 4(A) -5.0;
5(A)-10;6(0) - 20.

From a comparative analysis, it can be established that n has fractional values to indicate
that crystal growth occurs from two heterogeneous nucleation centers: homogeneous and
heterogeneous. Values of the nucleation constant (K) for nanocomposites changes in the
following sequence are as follows: -3.5; -3.5; -3.3; -2.5; -2.4.

For nanocomposites with 0.5-5.0 wt. % DCTL content, the n value varies within 2.1-2.6
which corresponds to the growth of disk-like crystalline formations from sporadic crystallization
centers. Nanocomposites with a 10-20 wt. % DCTL content and with n equal to 1.6-1.7 are
characterized by the growth of rod-shaped crystalline formations from sporadic nucleation
centers. The obtained results prove that at relatively high concentrations of DCTL, nanoparticles
can essentially affect the growth mechanism of crystalline formations.

Based on the obtained experimental data, the Avrami equation (3) determined empirical
dependences allowing one to establish, in a given value of the crystallization time (1), in the
region of a first-order phase transition the amount that underwent into the crystalline phase of the
polymer matrix in nanocomposites:

(0.5and 1.0 wt. % DCTL) lg(-Ing) = 1g(-3.5) + 2.6lgr 4)
(5.0 wt. % DCTL) lg(-Ing) = Ig(-3.3) + 2.1lgr (5)

(10 wt. % DCTL) lg(-Ing) = Ig(-2.5) + 1.7Igt (6)



(20 wt. % DCTL) lg(-Ing) = 1g(-2.4) + 1.6lgt (7)

Given the crystallization time, it is possible to determine from the equations (4-7) that

part of the nanocomposite that has already undergone transformation into the crystalline phase.

Thus, on the basis of the foregoing, it can be concluded that the loading of dressed

nanoparticles into the PEMA promotes the formation of supramolecular structure where the
crystalline phase depends entirely on the DCTL concentration. With an increase in DCLT
concentration to 5.0 wt. %, the crystallization mechanism in nanocomposites changes from disk-
like to rod-shaped crystalline formations formed from sporadic nucleation centers.
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Memooom cmyneHuamotl OUIAMOMEMPUU  U3VHEHO GIUSAHUE KOHYEHMPAayuu annpemuposanHozo
KAUHONMUNIONUMA HA MEeMNEPAMYPHYIO 3A8UCUMOCIb YOETbHO20 00beMa U C80000HO20 YOeibHO20
00vema, KuHemuyeckue 3aKOHOMEPHOCMU U MeXAHU3M KPUCMALIU3AYUU HAHOKOMNO3UMO8 HA OCHO8E
XUMUYECKU MOOUDUYUPOBAHHOZO MALCUHOBLIM — AHSUOPUOOM  NOAUIMULEHA HUSKOU HIOMHOCIU.
Konyenmpayuio annpemupo8anno2o KIUHONMULOIUMA 68 COCTAGe MANEUHUIUPOBAHHO20 NOAUIMUTIEHA
HU3KoU naomuocmu eapvuposanu 6 unmepeane 0.5 — 20%macc. Ilokasano, umo 6 npoyecce
CMYNEHYamoz20 oXaaxNcoenus Qazoswlii nepexod nepeoco pooda Oisi HAHOKOMHO3UMO8 ¢ KOHYeHmpayuell
Hanoanumens 6 npedenax 0.5 — 10%macc. npoucxooum npu memnepamype 88°C, a npu konyenmpayuu
20%macc.  amom npoyecc npomexaem npu 84°C. Hdaemcs unmepnpemayus u meopemuueckoe
000CHOBaAHUE NPOYeccam KPUCMALIU3AYUY, npomexaruwum ¢ memnepamypuom unmepsane 20-170°C.
Hatioeno, umo memoo ounamomempudeckux uccile008aHUull NO360siem  cpaAPUUECKUM MemoooM
onpeodenums memMnepamypy Cmeki08aHUsi HAHOKOMNO3UMO8 6 3agucumocmu om ux cocmaea. C
yeenudenuemM KOHYEHmMpayuu annpemupo8aHHo20 KIUHONMULOIUMA NPOUCXOOUM  3AKOHOMEPHOE
nosvluieHue memnepamypsbl CMeKI08aAHUsL HAHOKOMNO3UMOS8. YCmaHnoeneHo, umo npu 68edeHuu 00
5.0%macc. annpemupo8aHHO20 KAUHONMULOIUMA 8 COCMA8 MATICUHUSUPOBAHHO20 NOAUIMUTLIEHA NPOYeCC
KpUCMALIU3ayuu Ui @azoeulil nepexoo nepeoco poda npomekaem ¢ 00pazosanuem OUCKOBUOHBIX
KPUCMATIUYECKUX CMPYKMYPHLIX 00pA308aHULL U3 CHOPAOUHeCKUX yenmpos Kpucmaniuzayuu. Illpu
KOHYyenmpayuu annpemuposannozo xaunonmunoauma 10-20%macc. obpazyiomes cmepicHesuonble
KPUCIANIUYecKue CmpyKmypsl U3 CNOpaouyeckux YeHmpos KpUCmaiiu3ayuu.

Knwueevle cnoea: wnanokomnosum, KpUCMAiIu3ayus, KIUHONMULOAUM, MAJeUHOBbIL aHUOPUO,
ROAUDMULIEH HU3KOU NIOMHOCNU
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FUNKSIONALLASDIRILMIS ASAGI SIXLIQLI POLIETILEN VO KLINOPTILOLIT
OSASINDA HIBRID GELLORIN KPISTALLASMA QANUNAUYGUNLUQLARI

'R.V. Qurbanova, ?N.T. Qahramanov, 2X.V. Allahverdiyeva, >F.09. Mustafayeva,
?S.R. Abdalova

YAzorbaycan Dévlat Neft vo Sonaye Universiteti
2Azarbaycan Milli EImlar Akademiyast Polimer Materiallar: Institutu
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Pilloli dilatometriya Gsulu ilo appretlasdirilmis klinoptilolitin migdarimin malein anhidridi ilo
Kimyavi modifikasiya olunmus asagr sixliglt polietilen asasinda olan nanokompozitlarin XUsusi
hacminin ~ vo  sarbast  hacminin  temperatur  asililigina,  kristallasmanmin  kinetik
qanunauygunluglarina va mexanizmina tasiri Oyranilmisdir. Maleinlosdirilmis asagr sixligh
polietilen tarkibinda appretlasdirilmis klinoptilolitin migdart 0.5-20 Kitlo % migdar intervalinda
doayisdirilmigdir. Doldurucunun migdar: 0.5 — 10 kitlo % olan nanokompozitlor Ggtn pillali
soyutma prosesinda birinci név faza kecidinin 88°C, 20 kiitlo% miqdarda isa bu prosesin 84°C
temperaturda getdiyi gostorilmisdir. 20-170°C temperatur intervalinda gedon kristallasma
prosesinin izahi va Nazari asaslandirilmast verilmisdir. Dilatometrik tadgigat Gsulunun, grafiki
usulla nanokompozitlarin tarkibindon asili olaraq onlarin siisalosma temperaturunun miayyan
olunmasina imkan verdiyi tapilmisdir. Appretlogdirilmis klinoptilolitin migdar: artdigca
nanokompozitlorin siisalagsma temperaturu ganunauygun olaraq yiiksalmisdir. 5.0 kiitlo % qodar
appretlosdrilmis  klinoptilolitin maleinlasdirilmis polietilenin torkibina daxil edilmasinda
kristallagma va ya birinci név faza kegidinin spor sakilli kristallasma markazlarindan disk sokilli
kristallik quruluslarin  amala goalmasi ilo getdiyi mlayyon olunmusdur. 10-20 kitlo %
appretlosdirilmis klinoptilolit migdarinda sporsakilli kristallasma moarkazlorindan mil sokilli
kristallik quruluglarin amala Qalmisdir.

Acgar sozlar: nanokompozit, kristallasma, klinoptilolit, malein anhidridi, asagi sixliqh polietilen
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