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In the last few decades polyacrylamide hydrogels (PAH) are one of the most relevant and
sought-after research topics in a variety of scientific disciplines: chemistry, physics, biology,
medicine, etc. PAHs are cross-linked polymeric structures capable of swelling and shrinking by
absorbing and releasing a large amount of moisture without degradation of the original form. Due to
these properties PAHs are necessary in agriculture, bioengineering, pharmacology, medicine,
cosmetology, plastic surgery, design of general hygiene products, including diapers, etc.

The presented work is devoted to the study of the kinetics and macrokinetics of the synthesis
of PAGs by the frontal polymerization method with the possibility of obtaining a product with
prescribed properties. The work shows that the proposed method enables to control the process
and, accordingly, provides the properties of the resulting PAHs according to the prescribed
requirements of the absorption and release of water (from 0,2 g to 5000 g of water per 1 g of dry
hydrogel), and the required physical and mechanical properties — elasticity, mechanical elasticity,
ability to withstand high mechanical loads without crumbling.

We note in particular that in contrast to the currently traditional methods of PAH synthesis the
proposed method provides the absolute ecological product safety completely free of even traces of
residual poisonous monomer — acrylamide.

Figs. 10, references 32.

Introduction

It is known that in the last few decades polymer hydrogels have been of
great interest for the international scientific community in relation to their
broad range of possibilities of application in various fields of national
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economy. It should be noted that there is a large number of academic
literature on the subject of synthesis and study of the properties of PAHSs [1].

Hydrogels can be obtained on the basis of various polymers and
copolymers with different additives, including nanosized, in order to control
the absorption and release of water and active substances in accordance with
the required physico-mechanical properties [2].

From the data available to date it can be concluded that PAHs have
better properties compared to others, both in their absorbability and release
of water and active substances, and in the required physico-mechanical
properties [3].

As already noted PAHSs are traditionally obtained in two stages (Figure
1) - the synthesis of linear polyacrylamide and further cross-linking of the
linear macromolecules to form a three-dimensional cross-linked structure of
polyacrylamide.
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Fig. 1. Two-stage scheme of hydrogel synthesis.

Apart from the traditional methods, it is natural to search for more
accessible and economic methods for PAH synthesis. At present, an
unconventional method for polymer synthesis, termed frontal polymerization
(FP), is of particular interest in many countries. The method was established
in the early 70s of the last century on the basis of the studies in the field of
adiabatic polymerization in combination with autowave processes, in Russia,
Akademgorod, Chernogolovka; there it was virtually exclusively studied
until 1991 [4-20], and only after then FP started to spread in USA, followed
by many other countries of the world [21].

From numerous countries many scientists were involved in the study on
the patterns of synthesis of various hydrogels, in particular, PAHs by the
method of FP due to its high cost- and energy-effectiveness and
environmental soundness [22-30]. Comparing to the traditional methods of
hydrogel synthesis, FP really proved to be more advantageous, at least due to
the fact that it proceeds in one phase, much faster and yields better results.
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The process is more economically advantageous, the process is more
profitable, since it proceeds through the release of the heat.

It has been shown that besides the technological profits of the process
proceeding in one phase, the method is more economically advantageous
because it takes place due to the heat released as a result of the exothermic
polymerization, and does not need additional heat supply from outside.
Furthermore, FP is easy in implementation and, more importantly, hydrogels
obtained by this method, are better in their performance than those obtained
by the traditional methods.

However, here it is important to focus on a crucial detail inherent in FP
which is practically necessary, and the violation of which may lead to
significant problems. The fact is that unlike the traditional methods of
polymerization, the specificity of FP consists in the implementation of the
process not throughout the entire volume, but lengthwise the reaction
ampoule by the mechanism of autowave propagation of a process from one
end to the other [24-30]. And this specificity dictates the necessary
conditions for each particular case of polymerization, and therefore,
thorough theoretical and experimental studies on the implementation of the
process are necessary, taking into account all the kinetic and macrokinetic
parameters accompanying the process. Since during FP the establishment of
a sustained (stable) stationary wave propagation occurs in the direction of
wave propagation (along the reaction ampoule) autowave propagation
transitions from one condition to another may occur depending on the effects
of various kinetic and macrokinetic factors. As a result, such a change in
wave nature before the establishment of the optimal propagation rate affects
the properties of the resulting product.

The purpose of this work was to study the possibilities of synthesis of
PAHs with prescribed properties by the method of FP, along with the
possibilities of their regulation according to the requirements of the product.

Experimental section

The experiments on the study of the kinetics of non-isothermal adiabatic
polymerization were carried out in an adiabatic calorimeter; the results were
compared with the temperature profiles of a process occurring in an
autowave propagation mode by the known method of FP [31] .The process
was carried out by initiating the front from top to bottom along the reaction
ampoule. Reagents: acrylamide (AAm), sodium acrylate (Na acrylate),
potassium persulfate, N,N'-methylenebisacrylamide purchased from Aldrich,
local bentonite. The front velocity was measured along the direction of the
reaction process by means of a thermocouple inserted in the recess holes on
the glass reaction ampoule. The phisico-mechanical properties of the
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products were analyzed by Direvatograph Q-1500D, Roman spectroscopy
and gel-chromatography.

Results and discussion

As it was mentioned above, during FP a front velocity change is
possible, which dramatically affects the product properties. Hence, there is a
need to maintain the process’ steady modes — the stationarity of the reaction
front over the entire cycle of the ongoing process. Failure to incorporate the
specified factors may lead to non-reproducibility of the product properties,
and make it impossible to synthesize hydrogels with prescribed properties.

In Fig. 2 the temperature profiles of acrylamide, sodium acrylate and
initiator- potassium persulfate FP are presented.
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Fig. 2. Temperature profiles of stationary FP (AAm, Na acrylate, potassium persulfate).

As seen in Fig. 2, the temperature profiles are unchanged both in space
and time, which indicates a stationary front which, in turn, ensures the
homogeneity of hydrogel properties, T;in=93 °C (the temperature limit of
heating).

In this respect, it must be noted that the establishment of the stationarity
occurs after a certain period of time after initiating the front. If, when taking
samples for physico-mechanical analysis, the primary part of the gel is not
removed the properties of the product will be distorted due to its addition to
the total mass. Below is the scheme of the establishment of stationarity in the
synthesis of PAHSs, which represents the temperature change profiles and the
degrees of conversion in the direction of the polymerization front. As shown,
the stationarity is established in 2-3 cm, along the length of the reaction
ampoule.

Naturally, in the layers adjacent to the beginning of the ampoule the
heating occurs on account of an external source of heat that leads to an
unsteady polymerization in these layers. As the reaction proceeds, heat is
released that is further transferred to the neighboring layers where
polymerization process is initiated, and thus, at a distance of 2-3 cm from the
beginning of the reaction ampoule the external source no longer plays a
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significant role in the ongoing process. Hereinforth, the propagation of the
polymerization front takes places on account of the exothermicity of the
polymerization reaction, and a stationary condition is established.

In stationary conditions the degree of conversion, the temperature of
maximal heating and the velocity of the front remain unchanged along the
entire length of the reaction ampoule.
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Fig. 3. Profiles of (a) temperature and (b) concentration changes of FP in the direction of the
reaction front.

It is clear that the properties of the product will differ depending on the
zone from which the samples are taken, and if the product is analyzed as a
single whole the results will not correspond to reality, and from experiment
to experiment with the same kinetic and macrokinetic conditions the results
will be non-reproducible.

In the light of foregoing the following study was made in order to
prevent non-reproduciblity of data on the gel properties. Fig. 4 shows the
kinetic curves of the absorption and release of water for the gel segments
from the same sample in different zones of the reaction ampoule.
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Fig. 4. Kinetic curves of the absorption and release of water for the gel segments from the
same sample of PAH (b).
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The study of the kinetics of the absorption and release of water of the
obtained hydrogels was carried out in light of the above, i.e. the samples
were taken only from the zone where FP proceeded in a stationary mode.

PAHs with different concentration ratios of monomers (AAm, Na
acrylate) were synthesized by FP. The concentration ratios of AAm and Na
acrylate were varied within the following intervals: AAm:Na acrylate =
1:2.5; 2.5:1; 1.75:1.75. The results are demonstrated in Fig. 5.
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Fig. 5. Kinetic curves of water absorption and release capacity of PAHs with the following
concentration ratios of the monomers: AAm:Na acrylate = 1:2.5 (curve 1), AAm:Na acrylate =
2.5:1 (curve 2), AAm: Na acrylate = 1.75:1.75 (curve 3).

As can be seen from the curves of Fig. 5, the maximum absorption of
water by the hydrogels is observed at the ratio of AAm:Na acrylate =
1.75:1.75, accounting for 5000 g of water per 1 g of PAH.

In order to obtain PAHs with prescribed properties, including gels with
very low absorbability and a long-term release of water and active
substances, PAHs with nano additives were synthesized by FP. A colloidal
solution of bentonite was used as nano additive. The synthesis of bentonite-
containing PAHs (BPAHSs) was carried out as follows. 1, 3, 5, 7, and 10 wt%
of colloidal solutions of bentonite, which were added to the initial solution of
the monomers (AAm, Na acrylate, water and initiator) were prepared in
advance, and FP was performed. The temperature profiles of BPAHs FP are
similar to those of PAHSs, with the only difference that their limiting
temperature of heating is lower and amounts to T};, =83°C.
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The kinetics of water absorption and release capacity of the synthesized
BPAHs was investigated.
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Fig. 6. Kinetics of water absorption and release capacity of PAHs (curve 1), BPAHs with
1,35,7,10 wt% of bentonite (curves 2-6 respectively), PAHs containing N,N'-
methylenebisacrylamide (curve 7).

Fig. 6 shows the kinetic curves of water absorption capacity of PAHSs,
BPAHs with different wt% of bentonite colloidal solutions, and PAHs
containing N,N'-methylenebisacrylamide. As presented above, the maximum
water absorption of the PAHs accounts for 5000 g of water per 1 g of a dry
hydrogel (curve 1). As seen in Fig. 6, the maximum absorption of the
BPAHSs is achieved at a bentonote concentration of 1%. With an increase in
the concentration of ultrafine bentonite, absorptive capacity of the hydrogels
decreases. It should be noted that the goal of synthesizing BPAHs was to
lower the absorption and release of water and pharmaceuticals in PAHs
which, in turn, are of particular interest for the manufacture of
pharmaceuticals for prolonged action with a hydrogel carrier (data on the
application of PAHs for making prolonged action pharmaceuticals will be
presented in the upcoming article).

Introducing N,N'-methylenebisacrylamide with the ratios of AAm: N,N'-
methylenebisacrylamide =1.65:0.1 and 1.25:0.5 to the system allows one to
obtain PAHs with water absorption 1.6 g/g and 0.6 g/g, respectively (Fig. 6,
curve 7). An increase in the concentration of N,N'-methylenebisacrylamide
leads to a decrease in the hydrogel absorbability. Changing the concentration
of N,N'-methylenebisacrylamide makes it possible to regulate and adjust the
density of polymer networks.
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The samples of the PAHs and BPAHSs, synthesized by FP, were
analyzed by Direvatograph Q-1500D; the results compiled and presented in

Fig. 7.
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Fig. 7. Differential-thermal analysis of PAHs (curve 1), BPAHs with 3,5,7 wt% of bentonite
(curves 2-4, respectively), and PAHs containing N,N'-methylenebisacrylamide (curve 5).

The results indicate that the samples of the PAHs are resistant up to
350°C (curve 1), and those of the BPAHs — up to 320°C (curves 2-4). Upon
reaching these temperatures, the samples start to decompose.

PAHs containing 5% of bentonite were also synthesized varying the
initial concentration ratios of AAm and Na acrylate (AAm:Na acrylate =
1:2.5; 1.75:1.75; 2.5:1). The results are demonstrated in Fig. 8.
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Fig. 8. Kinetics of water absorption and release capacity of PAHs containing 5 wt% of
bentonite with different concentration ratios of the monomers: AAm:Na acrylate =1:2.5 (curve
1), AAm: Na acrylate =1.75:1.75 (curve 2), AAm:Na acrylate =2.5:1 (curve 3).
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As it can be seen from the curves, in the presence of 5% bentonite the
PAHs’ water absorbability depends on the ratio of the initial concentrations
of the monomers. Here, the maximum water absorbability is observed at the
ratio of AAm:Na acrylate =1:1.25 (Fig. 8, curve 1).

At the same time, a serious issue has recently arisen on the synthesis of
PAHSs, because of which many countries have ceased using PAHSs in biology,
medicine, agriculture and other spheres of human activities. In recent years it
was found that the presence of even trace amounts of the primary monomer,
toxic AAm, in PAHs can be harmful to health and the environment. The
presence of residual AAm in PAHs is resulted from today’s technologies and
methods of PAH’s production. It should be noted that the synthesis of PAHs
by the method of FP completely eliminates the presence of AAm in the
resulting hydrogels. This is due to the specificity of FP, i.e. the presence of a
shock heat wave in the direction of the polymerization reaction, which,
similar to the synthesis of superconducting high-temperature intercalated
polymer nanocomposites, pushes residual amounts of the initial monomers
into the polymerizing part of FP [32].

The absence of acrylamide in the obtained hydrogels was substantiated
by the methods of Roman-spectroscopy (Fig. 9) and gel-chromatography
(Fig. 10).
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Fig. 9. Roman spectra of a) acrylamide, b) crystalline polyacrylamide, c) polyacrylamide
hydrogel.

The comparison of the Roman spectra of acrylamide, crystalline
polyacrylamide and polyacrylamide hydrogel, as well as the interpretation of
the data obtained from the-gel chromatography shows that the synthesized
PAHSs are completely free of residual acrylamide.
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Column 2.5um SQ 100A 10cm
Gradient A: H20, B: Acetonitrile / A :95% ->5 % in 30 min
Flow Rate : 0.5 mi/min
UV detection @ 210 nm
Temperature : ambient
Sample : (black) PAM-extraction via H20
background (red) 1.Uracil 2. Acrylamide
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Fig. 10. Data obtained from gel-chromatography.

Conclusion

The paper demonstrates the advantages and achievements of FP in the
synthesis of PAHs — high energy- and cost-efficiency, ecological purity,
ability to provide high-quality PAHSs, absolute non-toxicity (in contrast to the
PAHs currently available in international practice) and possibilities of
producing PAHs with prescribed properties through the regulation of the
kinetic and macrokinetic parameters of the process. Thus, the synthesis of
PAHs by FP is much cheaper than that by the traditional methods, and the
characteristics of the product far exceed those available today. A particular
advantage of the FP method is the possibility of synthesizing PAHs
completely free of acrylamide.

Thus, as it can be derived from the presented material, the synthesis of
hydrogels by the FP method provides a number of advantages in comparison
with the conventional methods — the possibility of producing PAHs with
prescribed properties, as well as PAHs completely free of residual toxic
acrylamide.
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Homuakpunamunaeie ruaporenn (ITAY) B mocnenHue HECKOIBKO JCCATHIICTHA SB-
JISTIOTCSL OJTHOM M3 aKTyaJIbHEHIITNX U BOCTPEOOBAaHHBIX TEM HCCICIOBAHUN B CAMBIX Pas3-
HBIX HAyYHBIX JUCHUIUIMHAX: XUMUH, (pU3KKe, Ononoruu, Memuimae u T.1. [TAI" — 310
CIIMTBIC TIOJMMEPHBIC CTPYKTYPBI, CIOCOOHBIC HA0YXaTh ¢ MOTJIOMEHHEM OOJIBIIOrO KO-
JIMYECTBA BJIATH U OTJaBaTh OOPAaTHO MOTJIOIICHHBIC BEIIECTBA B OKPYIKAIOIIYIO CPEIy
6e3 paspyiieHus: opuruHanbsHON Gopmbl. biarogaps stum ceoiicrBam ITAI” BocTpeboBa-
HBI B CEIILCKOM XO3SIHCTBE, OMOMHKCHEPHH, (DapMaKOJIOTHH, METUIIIHE, KOCMETOJIOTHH,
IUTACTUYECKOW XUPYPTUH, B 00JACTH CO3JaHUS IIPEIMETOB OOIIEH T'MTHUCHBI, BIUIOTH 10
HU3TOTOBJIEHUS TAMIIEPCOB U .
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IIpencrasnennast paboTa MOCBSINEHA HCCIECAOBAHNIO KHHETHKA M MaKPOKHHETHKU
cunte3a [TAIT MeTogOM (QPOHTATBLHON TOJMMEPHU3ANMHA C BO3MOXKHOCTHIO TTOTYUYESHHS
MIPOAYKTA C 3apaHee 3aJaHHBIMH CBOHCTBaMH. B paboTe moka3aHo, YTO MPEIIIOKCHHBIN
HaMM METOJ 00eCIIeUnBacT yIPaBIIEMOCTh MPOIECcca U, COOTBETCTBEHHO, CBOMCTB I10-
myuyeHHBIX [1AT, cormacHo 3apaHee 3aJaHHBIM TPEOOBAaHUSAM IO HAOYXaHHUIO M OTHAYC
Boabl oT 0.2 2 1o 5000 2 Boas! Ha 1 2 cyxoro ruaporens U TpeOyeMbIM (PU3UKO-MEXaHH-
YECKUM CBOMCTBAM — 3JIACTUYHOCTH, MEXaHWIECKYIO YIPYTOCTh, CIIOCOOHOCTD BBIAEP-
)KUBATh BBICOKHE MEXaHHYIECKUE HArPY3KH (IIPH 3TOM HE PACCHIIATHCSL).

Oco00 OTMETHM, YTO, B OTIWYHE OT MOTY4aeMbIX B HACTOSAIIEE BPEMS TPaJHIINOH-
HeIMH MeTomamu [1AT, mpenoXeHHBIH HaMH MeTOoJ o0ecrednBaeT abCOMOTHYIO KO-
JIOTHYECKYI0 0E€30MacHOCTh MPOAYKTA, MOTHOCTHIO CBOOOMHOTO JaXe OT CIEJOB OCTa-
TOYHOTO SAOBHUTOTO MOHOMEpPA — aKpUIIAMHJA.
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