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Abstract

The poly-N,N-dimethyl acrylamide (PDMAA) hydrogel was synthesized and its physicochemical properties were deter-
mined. The isothermal thermogravimetric curves of PDMAA hydrogel dehydration were measured at the five temperatures
in the temperature range from 313 to 353 K. The apparent activation energy dependence on the dehydration degree was
determined by Vyazovkin’s isoconversional method. The conversion curves were fitted by the commonly-used equations
for the processes with nucleation-limited steps. It was found that all conversion curves can be completely described by the
acceleratory model equation of the dispersive kinetics model based on the Maxwell-Boltzmann distribution of activation
energies. The dependencies of model equation parameters (a and b), the rate constant, and the activation energy on dehydra-
tion time were determined for all investigated temperatures. During the dehydration, the state of absorbed water within the
hydrogel is changed continuously, relaxation processes within the hydrogel become faster and thus, dehydration nuclei with

a bigger critical radius are formed, resulting in a decrease in the activation energy.

Keywords Hydrogel dehydration - Dispersive kinetics - Poly-N,N-dimethylacrylamide hydrogel - Time-dependent rate

constant - Activation energy

Introduction

Hydrogels can be represented as a 3D network of hydro-
philic polymers, which can reversibly absorb (swelling) and
release (dehydration) a large fraction of aqueous solvent
while maintaining the structure [1-3]. As such, hydrogels
are an important class of so-called “smart” and “stimuli-
sensitive” materials and have wide practical application
in catalysis [4], tissue engineering [5], drug delivery [6],
removal of water from fuels [7], biosensors [8], etc. There
is relatively little research about the mechanism and kinetics
of dehydration, albeit the swelling behavior and swelling
kinetics of hydrogels have been lengthily studied [9-11].
Adnadjevic et al. modeled kinetics of the isothermal and
non-isothermal dehydration of swollen poly(acrylic acid)
hydrogel by the Weibull function of the dehydration times
[12]. The Weibull function was also used by Stankovi¢ et al.
to describe the kinetics of isothermal dehydration of alginate
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hydrogel [13]. The non-isothermal dehydration kinetics of
poly(acrylic-co-methacrylic acid) hydrogel was mathemati-
cally described by the logistic function [14]. Liu et al. ana-
lyzed dehydration of chitosan fibers enhanced gellan gum
hydrogel and concluded that its kinetics is composed of
two stages, diffusion- and nucleation- limited [15, 16]. Ma
et al. investigated polyvinylalcohol/polyvinylpyrrolidone/
hydroxyapatite/hydroxyapatite composite hydrogel. They
found that dehydration kinetics consists of diffusion of water
in the hydrogel network and evaporation [17]. Potkonjak
et al. did a comparative analysis of isothermal kinetics of
water evaporation and poly(acrylic acid)-g-gelatin (PAAG)
hydrogel dehydration and showed that kinetics of both pro-
cesses can be mathematically described by the novel dehy-
dration nucleation model, by which dehydration does not
occur through the release of individual water molecules,
but instead by the formation (and release) of nuclei of the
vapor phase from the potential nucleation centers [18]. This
model was further used to describe the isothermal kinetics of
PAAG hydrogel dehydration under microwave heating [19].
Stankovi¢ et al. investigated non-isothermal dehydration
kinetics of PAAG hydrogel and found a procedure by which
a distributed activation energy model can be connected with
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the commonly-used kinetic model for solid-state reactions. It
has been concluded that nucleation is the rate-limiting step
for this process [20].

Skrdla and Robertson developed two semi-empirical
equations of dispersive kinetics model (DKM) in which
the distribution of activation energies is described by the
Maxwell-Boltzmann function. One of these is the so-called
deceleratory model equation, which can be used to describe
processes with denucleation-limited step, whereas another
is the acceleratory model equation, which has been derived
in order to describe processes with nucleation-limited step
[21]. Deceleratory model equation describes processes
for which apparent activation energy increases during the
course of the process (whereas the rate constant, conse-
quently, decreases) and the opposite is true for the accelera-
tory model equation. The DKM of Skrdla and Robertson
have been applied to various reactions and processes, such
as phase transformation [21], reactions of pharmaceutical
products [22] of, isothermal oxidation of synthetic soot [23],
preparation [24], and self-assembly [25] of nanoparticles,
solution-mediated reactions [26], absorption of gases [27],
etc. Furthermore, throughout the detailed literature search,
it has not been found that hydrogel dehydration kinetics is
ever described by any of the above-mentioned equations,
although, as it was previously said, nucleation is often the
limiting step for dehydration kinetics of hydrogels.

Since properties of the hydrogel are closely related to
the structure of water within it, water structure was widely
investigated by various methods [28] and has been com-
monly described in the literature by the model of Jhon and
Andrade [29] within which water exists in three states, i.e.
as bound, intermediate, and free water. Bound water consists
of the molecules that form relatively strong hydrogen bonds
with polar groups of polymer chains, whereas free water
is one that has a structure similar to the structure of bulk
water, i.e. one for which interactions with molecules of a
polymer are negligible. On the other side, intermediate water
interacts weakly with polymer and its structure lies between
the bound and free water. It is widely accepted that during
dehydration free water evaporates first and that, only after
that, comes to the evaporation of intermediate and bound
water. Sekine and Ikeda-Fukazawa [30] investigated changes
in the Raman spectrum of poly-N,N-dimethylacrylamide
(PDMAA) hydrogel during dehydration. They found that,
during the dehydration, vibration frequencies of water mole-
cules and the ratio between water molecules with four hydro-
gen bonds and water molecules with two hydrogen bonds
increase, (at first slowly, then sharper, and at the end of the
process even sharper). This finding is in accordance with
the model of Jhon and Andrade and suggests that changes
in the Raman spectrum of hydrogel (i.e. water within it)
become significant at the moment in which intermediate and
bound water start to leave the hydrogel, which is related to
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the weakening of the hydrogen bonds between water and
polar groups in the polymer. Using the XRD method, Nao-
hara et al. confirmed that during the dehydration of PDMAA
hydrogel, the structure of water changes in the same way that
Sekine and Ikeda-Fukazawa stated [31]. Having in mind that
changes in water structure during the isothermal dehydration
of PDMAA hydrogel are well investigated, the aim of this
paper is to find a model which can describe the kinetics of
this PDMAA hydrogel dehydration and thus, get a deeper
insight into the dehydration mechanism. Furthermore, the
understanding of dehydration mechanism and consequently
water structure within PDMAA hydrogel is important since
PDMAA is a widely used hydrophilic biocompatible poly-
mer that found applications in molecular biology (such as
DNA sequencing), as well as in medicine and pharmacol-
ogy, where most remarkable uses are those in contact lenses
and in drug delivery [32]. In the following sections, we will
discuss the synthesis and some basic characterization of
PDMAA hydrogel, after which kinetic analysis of isothermal
dehydration will be done based on thermogravimetric meas-
urements. Apparent activation, as one of the kinetic param-
eters, will be estimated by Vyazovkin’s isoconversional
method. The deeper kinetics analysis will be done from the
point of view of a kinetics model which can well describe
conversion curves. Finally, based on these results, the dehy-
dration mechanism and water structure will be discussed.

Materials and methods
Materials

N,N-dimethylacrylamide (DMAA, Sigma-Aldrich, Saint
Louis, USA, 99%), N,N’-methylenebis(acrylamide)
(MBAA, Sigma-Aldrich, 99%), potassium persulfate (KPS,
Centrohem, Stara Pazova, Serbia, >99%), and N,N,N',N'-
tetramethylenediamine (TMEDA, Sigma-Aldrich, >99.5%)
were used as the monomer, cross-linker, initiator, and
catalyst, respectively. Distilled water, purged with nitro-
gen gas for 3 h before sample preparation, was used in all
experiments.

Synthesis of PDMAA hydrogels

The procedure of synthesis goes as follows [30]. First,
DMAA (2.97 g) and MBAA (0.138 g) were dissolved in
water (30 mL) and after that TMEDA (24 pL) was added.
Finally, a solution of KPS (0.03 g) in water (3.0 mL) was
added to the reaction mixture (at 273 K and with continual
stirring). The solution was poured into a Teflon mold, allow-
ing free radical polymerization to occur for 20 h at the ambi-
ent temperature. The resulting gel-type products were taken
out, cut into disks, and washed out with distilled water to
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remove the remaining unreacted compounds. The water was
changed every 2-3 h for 3 days, except overnight. Subse-
quently, the washed-out hydrogels were dried in an air oven
at 60 °C until a constant mass was attained. The obtained
products were stored in a vacuum desiccator until use. For
this investigation, the obtained hydrogel was swelled to the
equilibrium state in distilled water at room temperature.

Equilibrium swelling degree and structural
characterization of the synthesized samples

The equilibrium swelling degree (SD,,) of PDMAA hydro-
gel was measured by the gravimetric procedure [30]. Meth-
ods proposed by Gudeman and Peppas [33] were used to
determine and calculate structural properties of synthesized
samples (in dried form), i.e. density (p), average molar mass
between the network crosslinks (M), crosslinking degree
(p.), and distance between the macromolecular chains (d).
The structural properties of the synthesized hydrogel are
presented in Table 1.

Fourier transform infrared spectroscopy (FTIR)
measurements

The ATR-FTIR spectrum of dry PDMAA hydrogel, in the
form, as is, was recorded on SHIMADZU IRAffinity-1 s,
Japan; in the range of wavenumber from 700 to 4000 cm™',
with 20 scan times, and at a resolution of 4 cm™!.

Thermogravimetric measurements

The kinetics of hydrogel dehydration was analyzed by iso-
thermal thermogravimetric (TG) analysis at five tempera-
tures, 313 K, 323 K, 333 K, 343, K and 353 K. Mass losses
of 20 + 1 mg equilibrium swollen hydrogel samples were
measured in platinum pans under nitrogen atmosphere and at
a gas flow rate of 10 mL min~! by TG Analyzer, TA Instru-
ments, Model Q500, USA. The heating rate of 100 K min~!
was used to heat samples to the selected dehydration tem-
perature and that temperature was maintained until the end
of the process.

Calculation of the dehydration degree

The dehydration degree, a, was calculated as:

Table 1 Structural properties of the synthesized PDMAA samples

-3

Property SD.//g ¢! plkgm™ MJgmol™! p/mol dm d/nm

Value 10.5 1210 2.80x 10° 432x107 595

my —m

o=
nlo - n1f (])
where m, m, and m; refer to the initial, actual, and final mass
of the sample, respectively.

Vyazovkin’s isoconversional method

Values of apparent activation energy at certain values of
a, E, ,, were estimated by the Vyazovkin’s flexible integral
isoconversional method [34], within which as the value of
E, , is taken one for which the minimum of the following
function is obtained:

®(E,,) = Z‘ J; M N

where the #,(T) is the time by which the conversion degree a
is reached at temperature 7 and I (E, 4, 1,(T)) is:

1,

a

Eaa Ea o
I(Ea,(x’ t(x(T)) = / e rrdf =e ®T At 3)

1

a—Aa

Minimization of ®(E, ) has been done by the Wolfram
Mathematica program package.

Experimental data fitting

The conversion curves were fitted with deceleratory (Eq. 4)
and acceleratory (Eq. 5) equations of DKM derived by
Skrdla and Robertson [21]:

w=1_ ) @)

g=1_e i) ®)

where a represents the conversion degree at time 7, while a
and b are (positive) fitting parameters of the model. Model
parameters a and b have been obtained by the OriginPro
program package and the Levenberg—Marquardt method
that minimizes the reduced chi-square value and gives the
adjusted R? value by which one can estimate the goodness
of the fit.

Results and discussion

By its type, the synthesis of PDMAA hydrogel is free-radi-

cal crosslinking polymerization.
N,N'-methylenebis(acrylamide) is commonly used as a

cross-linker for polymers based on polyacrylamide and its
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derivatives. In order to better understand the structure of
PDMAA hydrogel, let us first discuss the mechanism of its
synthesis. Lazzari et al. [35], proposed the model for the
acrylamide/N, N'-methylenebisacrylamide synthesis (Fig. 1a)
which holds, due to its generality, in the case of PDMAA
hydrogel synthesis. Before moving on to the mechanism
itself, it is convenient to define notation for reacting spe-
cies and the meaning of the indices in their subscripts. The
model involves two types of monomers, mono- (in our case
DMAA) and bi-functional monomer (in our case MBAA),
which are denoted as M, and M,, respectively. In the case
of radicals, R’, the first index takes values of 1, 2, and 3 and
defines its type, i.e. monofunctional, bifunctional, and one
with pendant double bond, respectively. The second index
corresponds to the chain length, whereas the third index is
for the number of pendant double bonds. In the case of the

(a) Initiation 4 (b)

lo+2M; — 2R’y 10

lo+2M, - 2R’ 101

Propagationﬂ
Rimn*Mi = Rin,1n]

Rimn *Ma =R 10019
Rimn*Dsra > Ramarnig-11
Primary-cyclization q
Rimn = Ramn-1T

Secondary cyclizationq

Pendant dguble bond

pendant double bond species, D5, . the meaning of indi-
ces is the same as for the radicals. Finally, for the resulting
polymers, P, first and second index denote chain length and
number of pendant double bonds, respectively. At the begin-
ning of the polymerization process, it comes the initiation
of both M, and M, monomers. Thus, two types of radicals
are formed. The next step is the propagation of the polymer
chain, which occurs in three ways: with M;, with M,, as
well as with pendant double bond species. In the last case,
it comes to the formation of one effective crosslinking. On
the other side, reactions of primary and secondary cycliza-
tion consume one of the pendant double bonds, and thus
crosslinking does not occur from that pendant double bond
[35]. Primary cyclization forms a cycle within one primary
polymer chain, whereas, in the case of secondary cycliza-
tion, a cycle is formed between two or more polymer chains

“ crosslinkage

R'i,m,n + Da,r,q —>Rgmirns q-19 Secor;dary
cyclization )
Terminationq sy”crfi’f;ﬁon
) . { Pm +rLn+q
R imn ¥t R g™ Pm nt Pr,q
(c) — — — 7]
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|
HC. _C c=o0 c=0 SR
NN X0l / / TN o
| HN HN '
CH, \ \ o v
n CH, CH,
HN/ /
\ HN
c=o0 \
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Fig.1 a Mechanism of synthesis, b schematic drawing and ¢ chemical structure of PDMAA hydrogel
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(Fig. 1b). The end of the chain propagation occurs in the
termination step. Having mechanism in mind, the chemi-
cal structure of PDMAA hydrogel, as well as its schematic
drawing, are presented in Fig. 1. The photos of dried, as
well as the swollen PDMAA hydrogel, are given in Fig. 2.
It can be seen that the dried sample has a granular structure,
while the swollen sample is hydrogel with relatively high
transparency.

In the FTIR spectrum hydrogel sample (Fig. 3) several
characteristic peaks can be observed: v,, v,, and 6, band
of CH, group at 2892 cm™', 2832 cm™, and 1424 cm™!,
respectively; v band of C=0 group at 1632 cm™'; & band of
CH, group from MBAA at 1504 cm™!; v band of CN group
at 1256 cm™', and polymer skeletal vibrations at 1184 cm™!
(and lower wavenumber). The wavenumbers of the above-
mentioned peaks are in the accordance with those of Raman
spectra from [30], while the spectrum is similar to the ATR-
FTIR spectra that can be found in the literature [36, 37].
Moreover, the lack of a peak around 800 cm™ corresponding
to the vibration of the C=C bond in DMAA and MBAA [36]
further confirms that PDMAA hydrogel was synthesized.

Thermogravimetric curves showing the dehydration pro-
cess of equilibrium swollen PDMAA hydrogel at different
temperatures are presented in Fig. 4. For all temperatures
of interest, the isothermal TG curves have a sigmoidal and
asymmetric shape. Also, all curves are shifted to the right
and, with an increase in temperature, they become less
asymmetric and more sigmoidal.

As it is well known, the shape of the curve showing the
rate of a process versus conversion degree can give us some
basic information about the kinetics model of that process.
Dependencies of the dehydration rate of PDMAA hydrogel
on the dehydration degree at all temperatures are presented

o
8-
r& 3
S
2
L
o

Fig.2 PDMAA hydrogel in dry and swollen form
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Fig.3 FTIR spectra of PDMAA hydrogel

in Fig. 5. It can be seen that these curves have a shape of a
wide peak. Also, with the increase in temperature, the maxi-
mum shifts toward higher values of «, and curves become
more asymmetric. From the shape of the dependencies
shown in Fig. 5, it can be seen that isothermal dehydration of
PDMAA hydrogel has dependencies that are different from
those which any of the commonly-used kinetic models in
solid-state science has [38], although they mostly look like
one corresponding to the nucleation model. Since reaction
rate is the product of reaction model and rate constant, this
further implies that dehydration kinetics cannot be described
by any model within classic kinetics, and thus model which
allows changes of rate constant during the process needs to
be applied.

In order to estimate E, dependence on « the Vyazovkin’s
isoconversional method was used. It can be seen that the

Residual mass /%

Fig.4 The isothermal TG curves of PDMAA hydrogel dehydration at
different temperatures
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Fig.6 Dependence of E,;, versus « obtained by the Vya-
zovkin’s isoconversional method (scatter) and fitting by equation
E, (@) = E, ,,x — Ae” 5 (solid line)

value of activation energy obtained by isoconversional
method, E, ;, increases concavely with « (Fig. 6). More-
over, it was found that E versus a curve can be fitted

a, iso P
by the function E, ; (@) = E, ., —Ae” 5, where E, . ~

a,max
28 kJ mol™' A~ 15.5 kJ mol~!, B~ 0.36, and adjR* ~ 0.992.
Parameters E, .., A, and B have no (strong) physical mean-
ing, although form strictly mathematical point of view, E, ..
is the value of activation energy when @ — oo, E, ,.-A is
the value at the beginning of the dehydration (i.e. at a =0),
and B is the inverse of the parameter related with the rate by
which activation energy changes.

Since the value of E, ;, increases exponentially, the fit-
ting of experimental data was initially done by the decelera-
tory equation (Eq. 4). It turned out that this equation cannot

describe dehydration curves. This can be clearly seen from
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Fig.7 The fitting of the dehydration conversion curve at 343 K with
deceleratory (Eq. 4) and acceleratory (Eq. 5) equations of DKM

Fig. 7, where are presented experimental and deceleratory
model curve for 343 K. In the papers of Liu et al. [15, 16],
Potkonjak et al. [18], and Stankovic et al. [20] authors found
that nucleation is the rate-limiting step in the kinetics of
hydrogel dehydration. Since, by the basic assumptions of
DKM proposed by Skrdla and Robertson, nucleation-lim-
ited kinetics can be described by the acceleratory equation,
PDMAA hydrogel isothermal dehydration kinetics was fit-
ted by Eq. 5. As it can be seen (Fig. 7), this model equation
is able to describe the kinetics of the dehydration process
within the entire interval of time. Also, from a closer look
at Table 2, where parameters of Eq. 6 and values of R* are
presented, one can see that for all sets of experimental data,
the value of R? is very high. Thus, one can conclude that
PDMAA dehydration can be described by the acceleratory
equation of DKM.

As can be seen from Table 2, with an increase in tempera-
ture, the value of a decreases, while the value of b increases.
Since parameter a is defined as reciprocal of first-order rate
constant and parameter b as the second-order rate constant
[39], this finding clearly confirms that, at a higher temper-
ature, the rate of dehydration is higher at every value of
a (Fig. 5). On the other side, since values of parameter b
are very low, it is expected that values of activation energy
and rate constant should not significantly change with time.
Moreover, it was found that parameters of model change
exponentially, i.e. a(T) = aye™T and b(T) = b, + b;e T,
Values of a, ay, by b; and b,, as well as values of adjR? for
these exponential fits, are given in Table 3.

By knowing the values of parameters a and b, i.e. their
dependence on temperature, one can calculate values of
so-called global activation energy, Eg, and Arrhenius-like
frequency factor, A, as well as obtain activation energy and
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Table 2 P: t f
avies rarametels of K 313 323 333 343 353
acceleratory model equation
which fits PDMAA hydrogel a/min  359+0.2 21.1+0.2 149+0.2 8.6+0.1 5.7+0.1
isothermal dehydration kinetics b/min~? (8.55+0.04) 10 (1.74+0.02) 102 (2.99+0.02) 10~ (7.46+0.06) 10~ (1.26+0.01) 107
at different temperatures adiR®  0.996 0.994 0.995 0.994 0.999
Table 3 Parameters obtained by fitting dependences of a and b on temperature by exponential functions
a(T) = age T B(T) = by + bye™™T
ag/min a,/K™! adjR* by/min~2 by/min~2 by/K™! adjR?
(13£0.9) x 10 (4.8+0.2)x 107 0.997 - (1409 x 107 (7£2)x 10 (4.7+0.8)x 1072 0.997
rate constant dependencies on time. Values of Eg and InA - =313K
were estimated from In(a*b) versus 1/T curve. The valueof 229 WQ = ggg E
InA is the intercept of this linear dependence, whereas Eg —— 343K
can be calculated as a product of the gas constant and the === 353K
gradient. It was found that Eg ~20.8+0.2kImol ' and A ~ S e
P . . . . — ~
89+ 1 min~'. Dependencies of activation energy obtained 5 ) S
by DKM, E, pkm, on time (Fig. 8a) are calculated using E N o
Eq. 6 [39]: K )
a- 61391 = \ N
g . .. N
0 2
E, pkm = E; — RTbt (6) - N, . N
w \ ‘.
Since the mathematical form of dependence of a on ¢ is
known, it is possible to transform the dependence of E, iy 2 20 s
on 7 into the E, p) versus a dependencies (Fig. 8b). From #min
a closer look at Fig. 8a, it can be seen that in the beginning,
the E, pgy value is almost time-independent and close to p—TY
the value of Eg After that E, py value decreases rapidly. 2.M . 323K

At a certain value of time, E, pg) value decreases with tem-
perature, i.e. decrease in E, pgy with time becomes more
pronounced as the temperature increases. Further, from
Fig. 8b, one can notice that when a <0.2, E, pgy, insignifi-
cantly changes with a, whereas when a> 0.2, the decrease
is more pronounced. At a certain a, E, pxy decreases with
temperature. Moreover, as it was previously said, Sekine
and Ikeda-Fukazawa [30] investigated changes in the Raman
spectrum of PDMAA hydrogel during dehydration. They
found vibration frequencies of water molecules and a frac-
tion of water molecules with four hydrogen bonds increase
during dehydration. According to the here presented results
of E, pgm versus a dependencies, these changes become
more pronounced at a~0.2.

It can be noticed that E, pgy versus a curves have a
completely different shape than the one obtained by the iso-
conversional method (Fig. 6). In the other words, although
values of apparent activation energy are in relatively good
agreement, values obtained by the isoconversional method
increases, whereas those obtained by the dispersive kinetics
model decrease. The underlying reason for this discordance

Ea,DKM/kJ mol ™

a

Fig.8 Dependence of PDMAA dehydration activation energy on a
time and b dehydration degree at different temperatures

is that (Vyazovkin’s) integral isoconversional method
assumes that the rate constant is only a function of 7', but
not of the @, which can lead to the misprediction of E, values
[40, 41].
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Fig.9 Dependence of PDMAA dehydration rate constant on time at
different temperatures

Taking into account Arrhenius equation and Eq. 6, the
rate constant can be written as:

E)-RTbi? E
k=Ae = Ae_éebt @)

Furthermore, since the basic assumption of the DKM is
that process has the first-order kinetics, Eq. 8 holds:

— [kdt

a=1-e Of ®)
By involving k from Eq. 7 into Eq. 8, one can find that the

following relation needs to be valid in order to @ has a form

given by Eq. 5 [39]:

a=—¢w ®

Finally, by combining Eqgs. 7 and 9, reaction constant as
a function of time, containing only parameters of the model,
can be obtained:

k = 2abe (10)

Note that Eq. 10 can be also obtained by differentiation
of a (Eq. 5) on ¢ and considering that process obeying the
first-order kinetics. The dependence of the isothermal dehy-
dration rate constant on time was calculated by Eq. 10 and
presented in Fig. 9. As can be expected, the value of k is
almost constant at the beginning of the process and then
abruptly increases. Also, at a certain value of ¢, the k val-
ues increase with temperature. The change of k with time is
more pronounced than those of E,.

Since nucleation limited processes have been commonly
described in the literature by various functions [18, 42],
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such as logistic (Eq. 11), Weibull (Eq. 12), and Gompertz
(Eq. 13), as the final step of examination of the PDMAA
dehydration kinetics, the dehydration conversion curves
were fitted by these three functions. In Fig. 10 presented are
experimental and model curves for 343 K. As can be seen,
all functions describe a versus ¢ curve well. Moreover, by
comparative analysis of Figs. 7 and 10, one can see that
DKM and Gompertz function are equally good (in accord-
ance with which are the nearly same values of adjR?, i.e.
0.994).

1

a:1_1+ea+bt (11)
AP

a=1 —e_<5) (12)

a=1-e" (13)

Weibull, Gompertz, logistic and acceleratory DKM
functions can be written in the form so that they describe
process obeying first-order kinetics, where the reaction
rate is changed due to the formation of nuclei with differ-
ent critical radius during the dehydration [24, 39], although
mathematical forms of k versus ¢ are significantly different
(Egs. 14-16). Thus, in order to properly address the above-
observed finding (i.e. similarity in the goodness of the fit)
and to clarify DKM is the most suitable for the modeling
of kinetics itself, k versus ¢ dependencies (Fig. 11) were
calculated and compared with one obtained from the experi-
mental curve. It is clear that only the DKM model gives
proper values of rate constant (and thus apparent activation

== == Experimental data

- - - - Weibull function
1.0 —-— Logistic function =
Gompertz function ol
0.8
0.6 7
3
0.4
0.2 2
1.7 ’
0.0 44— T T T T T T T
0 5 10 15 20

t/min

Fig. 10 The fitting of the dehydration conversion curve at 343 K with
logistic (Eq. 11), Weibull (Eq. 12), and Gompertz (Eq. 13) function
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Fig. 11 The fitting of the reaction rate at 343 K with equations for
reaction rate obtained from acceleratory DKM (Eq. 10), logistic
(Eq. 14), Weibull (Eq. 15), and Gompertz (Eq. 16) function

energy) which confirms that DMK describes the kinetics of
PDMAA isothermal dehydration well, and not just fits the
conversion curve.

b
T 1+ eG@roy (14)
p1
=53 s
k = abe™ (16)

The results obtained in this paper (i.e. time-dependent
activation energy and rate constant) can be also looked at
from the point of view of the fluctuating structure of hydro-
gel. In the case of PDMAA hydrogel dehydration, dehydra-
tion leads to continual changes in the structure of absorbed
water, as well as in hydrogel itself. Relaxation of structures
in absorbed phases and polymer network is slower or com-
parable to the dehydration process. Due to that, the rate
constant of dehydration becomes a time-dependent param-
eter. Fact that the value of rate constant increases with time
indicates that relaxation times of newly formed structures
decreases, which is further connected with the formation of
dehydration nuclei with different critical radius. According
to the dispersive kinetics model, in the case when the rate-
limiting step of the process is nucleus formation, the activa-
tion energy decreases and is accompanied by an increase in
the critical radius [24, 39]. Furthermore, a decrease in acti-
vation energy is the consequence of an increase in activation
entropy, which is closely related to the mentioned critical
radius growth. In the other words, at the beginning of the

dehydration, the smaller critical nuclei (with higher E,) are
formed and as the dehydration process goes on, larger criti-
cal nuclei are formed, resulting in dispersion in E,. On the
other hand, the results of Sekine and Ikeda-Fukazawa [30]
further confirm this model since the increase in vibrational
energies of O—H stretching modes is related to the weaken-
ing of hydrogen bonds between the hydrogel and the water
which is in accordance with the decreases of the activation
energy.

Conclusions

The kinetics of isothermal dehydration of equilibrium swol-
len poly-N,N-dimethylacrylamide (PDMAA) hydrogel is
complex and thus cannot be well described by commonly
used models for the reactions and processes in the solid-
state, but neither with the functions which are often used
to model processes with nucleation-limited step. Instead,
the PDMAA hydrogel dehydration can be only modeled by
the acceleratory equation of the dispersive kinetics model
(DKM) based on the Maxwell-Boltzmann distribution of
activation energies. With an increase in temperature, the
model equation parameter a decreases, whereas parameter
b increases exponentially. At all of the investigated temper-
atures, the value of the rate constant increases with time,
while the value of activation energy decreases. Dehydra-
tion of PDMAA hydrogel is followed by continual changes
in the state of absorbed water within the hydrogel. During
the course of dehydration, relaxation processes within the
hydrogel become faster. This, according to the DKM, as a
consequence has the formation of dehydration nuclei with
a bigger critical radius. The presented results are in accord-
ance with literature data on changes state of absorbed water
obtained from spectroscopic measurements.
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