
Introduction

Hydrogels may be conveniently described as hydro-

philic polymers that are swollen by, but not dissolve

in water. They are three-dimensional crosslinked

polymeric structures that are able to swell in the aque-

ous environment. Although many naturally occurring

polymers may be used to produce this type of materi-

als, the structural versatility available in synthetic

hydrogels has given them distinctive properties,

which in turn have enhanced their practical utility.

Due to characteristic properties such as swellability in

water, hydrophilicity, biocompatibility, and lack of

toxicity, hydrogels have been utilized in a wide range

of biological, medical, pharmaceutical and environ-

mental applications [1].

The most important properties of hydrogels are

their swelling capacity and swelling behaviour, their

mechanical properties and also dehydration behav-

iour. These properties will be effected hydrogel us-

ability in various applications. Although, the swelling

behavior and swelling kinetics of various types of

hydrogels are extensively studied [2–6], there are

much lesser information concerning hydrogel me-

chanical properties [7, 8] and according to our knowl-

edge there are not available apparent investigations

concerning the kinetics of hydrogel dehydration.

There are some recently published works concern-

ing the dehydration of some other types of compounds,

primarily crystallohydrates. For example, N. Deb, per-

formed thermal studies of cadmium(II)bis(oxalato)co-

baltate(II)-pentahydrate. The kinetic parameters have

been evaluated for the dehydration and decomposition

steps using, non-mechanistic equations, such as, Free-

man and Carroll, Coats and Redfern, Flynn and Wall,

MacCallum and Tanner equations. Using mechanistic

equations, the rate controlling processes of the dehydra-

tion and decomposition mechanism are also inferred. A

tentative mechanism for the decomposition of that sub-

stance in air is proposed [9]. Thermal decomposition of

nickel(II)sulfate(VI)hexahydrate in air and in helium at-

mosphere has been studied. Kinetic parameters of the

Arrhenius equation were calculated applying the

Coats–Redfern approximation [10]. The parameters of

the Arrhenius equation were determined applying the

third-law method to the results of kinetic studies re-

ported in the literature and obtained by their own work

for the dehydration kinetics of Li2SO4·H2O,

CaSO4·2H2O and CuSO4·5H2O. The impact of

self-cooling on the dehydration kinetics was investi-

gated [11]. The kinetic of non-isothermal dehydration of

Sn(II), Pb(II), Cd(II) and Hg(II) alginate ionotropic gels

has been examined and it was found that dehydration of

the investigated gel complexes occurred in one step pro-

cess. The kinetic parameters were calculated by differ-

ent models, such as Satava and Coats–Redfern [12].

The aim of this study was to investigate the ki-

netics of dehydration of poly(acrylic acid) hydrogel

using non-isothermal methods.
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Experimental

Materials and methods

Super-absorbing cross-linked poly(acrylic acid)

hydrogel, which has been applied for this investiga-

tion was synthesized using the procedure based on the

simultaneous radical polymerization of acrylic acid

and cross-linking of the formed poly(acrylic acid), ac-

cording to general procedure described in previously

work [13]. For that process, acrylic acid monomer,

initiators Na2S2O8, Na2S2O5, H2O2 and crosslinking

agent N,N�-methylenebisacrylamide (NMBA) were

used. Equilibrium swelling degree (SDeq) of the used

hydrogel in distilled water at 25ºC was 8500%, deter-

mined by standard method based on weight difference

of dry and swollen sample [2].

Hydrogel synthesis

Hydrogel synthesis was performed in a polymerization

reactor equipped with a magnetic stirrer, reflux con-

denser, nitrogen income and a thermometer, in a nitro-

gen atmosphere. Monomer solution was prepared from:

80 mL melted glacial acrylic acid dissolved in 180 mL

distilled water, and 0.8 g N, N�-methylenebisacrylamide

(NMBA) and 0.08 g ethylenediaminetetraacetic acid

(EDTA) both dissolved in 60 mL of distilled water. This

monomer solution is placed into the reactor, stirred and

deoxygenated with nitrogen gas bubbling through the

solution for 60 min. Initiator stock solutions was pre-

pared as follows: (A) 2.5 g sodium persulfate in 22.5 mL

distilled water, (B) 2.5 g sodium methabisulfite in

22.5 mL distilled water, (C) hydrogen peroxide, 30%.

When the requested deoxygenation time has passed, the

following amounts of the initiator solutions was added

to the monomer solutions using syringes, in the order

listed with stirring: 2.4 mL of A, 10 mL of C and 1.2 mL

of B. Then, reaction mixture was slightly warmed up to

50°C until happened dramatic grows of the reaction’s

mixture temperature (gel-point) and left following 4

(four) h at 50°C. The obtained gel-type product was

converted into the Na+ form (60%) by neutralization

with a 3% solution of Na2CO3. The obtained hydrogel in

bulk was cut into smaller pieces, and dried in an air oven

at 105°C to constant mass. The obtained products were

stored in a vacuum exiccator before use.

Thermogravimetric measurements

Thermogravimetric curves were recorded by a Du Pont

thermogravimetric analyzer TGA model 9510. These

analyses were performed with 25�1 mg samples of

equilibrium swollen hydrogel in platinum pans under ni-

trogen atmosphere at a gas flow rate of 10 mL min–1.

Experiments were performed at heating rates of 5, 10

and 20°C min–1 from ambient temperature to 350°C.

The methods used to evaluate the kinetic
parameters (E, A) of dehydration process

The kinetic parameters of the investigated dehydration

process, the activation energy (E), and pre-exponential

factor (A), were determined from the thermogra-

vimetric curves using various methods: Kissinger [14],

Coats–Redfern [15, 16], Van Krevelen [17, 18] and

Horowitz–Metzger [19]. The existence of several

methods for the calculation of the kinetic parameters

from thermogravimetric measurements is a direct con-

sequence of difficulties related with the integration

procedure of the basic kinetic equation. Namely, if � is

the degree of conversion defined as the ratio of actual

mass loss to total mass loss, d�/dt. is the reaction rate

given in the form
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where, in analogy with homogeneous reactions A and

n denotes some kind of pre-exponential factor and or-

der of reaction, respectively, whereas E is the appar-

ent activation energy, and R is the gas constant. If the

heating rate �h is given by the expression:
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The integration of the last expression is a serious

problem, which is done approximately in all methods.

Kissinger method

The method proposed by Kissinger [14] is based on

the calculation of activation energy from a point of

the maximal temperature, Tmax, which is the tempera-

ture at the maximum of the heating derivative mass

loss curve for different heating rates. The condition

T=Tmax is satisfied when d2
�/dT 2=0. At this point the

following expression holds,

E

RT

A E

RT
n

max max

maxexp – ( )
2

11�

�

�

�
�

�

	






�
�

�

�

h

n (4)

where �h is the heating rate given by Eq. (2). Showing

that product n( )max1 11
� 

�

�
n , Kissinger found the ex-

pression:
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Using this expression (Eq. (5)) at several heating

rates �h, the activation energy (E) and the pre-expo-

nential factor (A) can be determined.

Coats and Redfern method

Introducing several assumptions in the integration pro-

cedure, Coats and Redfern [15, 16] proposed the fol-

lowing expressions for n �1 and for n =1, respectively,
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In the case of n =1, the activation energy (E) and

the pre-exponential factor (A) can be determined by

plotting of dependence ln(–ln(1–�)/T 2) vs. 1/T. If n �1,

it would also be done, but with correct selection of n.

Van-Krevelen method

For n �1 and n =1, respectively, Van Krevelen [17, 18]

obtained the following equations
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Obviously, as in the previous case, the activation

energy (E) and the pre-exponential factor (A) can be

calculated from these two equations. Thus, if n =1, a

plot of ln(–ln(1–�) vs. lnT gives a straight line and the

slope is related to the activation energy. The pre-ex-

ponential factor (A) can be calculated from the inter-

section of the y axis.

Horowitz and Metzger method

Horowitz and Metzger [19] introduced a characteris-

tic temperature Ts and a parameter � such that

� � �T Ts (10)

In the case of n =1, Ts is defined as the tempera-

ture at which (1–�)s =1/e = 0.368. If the reaction order

is unknown, Ts is defined as the maximum heating

rate. For n �1 and n =1 , respectively, they obtained

the following equations as a function of the character-

istic temperature Ts.
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If n is properly selected, the activation energy and

pre-exponential factor can be determined by plotting

the functions (left hand sides of Eqs (11) and (12)) vs. �.

In such a manner, if n =1, a plot of ln(–ln(1–�)) vs.

� gives a straight line and the slope is related to the acti-

vation energy.

Results and discussion

The TG and DTG curves of the dehydration of equili-

brated swollen SAP PAA samples obtained at differ-

ent heating rates (5, 10, 20°C min–1) are shown in

Figs 1a and b.

All the thermogravimetric curves are asymmet-

ric. Values of initial temperature (Ti), inflection tem-

perature (Tp) and final temperature (Tf) from

thermogravimetric curves at various heating rates are

presented at Table 1.

Increasing of heating rate leads to increase of all

of the characteristic temperature values on the ob-

tained thermogravimetric curves. It is specific that the
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Fig. 1a Thermogravimetric curves of the dehydration of equil-

ibrated swollen poly(acrylic-acid) hydrogel in nitro-

gen atmosphere at different heating rates



degree of enhancement is the maximal for final tem-

perature (Tf). On the DTG curves one well-defined

peak can be distinguished. With heating rate increase,

the maxima on DTG curves move to higher tempera-

ture and peaks become more widen.

The Kissinger plot obtained for dehydration of

equilibrium swollen poly(acrylic-acid) hydrogel in

nitrogen atmosphere is shown in Fig. 2.

The obtained values of the activation energy (E)

and pre-exponential factor (A) are given in row 1 of

Table 2. By this method, E and A, can be calculated

only if there are several thermogravimetric curves ob-

tained at different heating rates. Also, after assumptions

that were performed during the evaluation of Eq. (5),

this equation is not a function of the reaction order n. In

the next three methods, Coats–Redfern, Van Krevelen

and Horowitz–Metzger, activation energy (E) and

pre-exponential factor (A), were calculated at every

heating rate and they were sensitive to n. By systematic

analysis, we found that n =1 in the considered process

of dehydration in the region of 1��� 0.99 indepen-

dently of the method used, and, therefore, only these

results are given in the following section.

Figure 3 shows the relationship given by Eq. (7)

of Coats–Redfern technique.

The obtained values of the activation energy (E)

and pre-exponential factor (A) together with the range

of � values for n=1, are given in rows 2, 3 and 4 of Ta-

ble 2. The relationship given by Eq. (9) (Van Krevelen

technique) is presented in Fig. 4.

The calculated values of the activation energy (E)

and pre-exponential factor (A) together with the range of

� values for n =1, are given in rows 5, 6 and 7 of Ta-

ble 2. Figure 5 shows the relationship proposed by

Horowitz and Metzger for dehydration of equilibrium
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Table 1 Values of Ti, Tp and Tf for dehydration of equilibrated
polyacrylic hydrogel determined by thermogravimet-
ric analysis at different heating rates

�h/°C min–1 Ti/K Tp /K Tf /K

5 331.2 361.1 391.8

10 344.0 376.5 421.7

20 348.8 396.1 476.2

Fig. 1b The DTG curves of the dehydration of equilibrated

swollen poly(acrylic-acid) hydrogel in nitrogen atmo-

sphere at different heating rates

Fig. 2 Kissinger plot of vs. for the dehydration of ln( / )max�h T 2

equilibrated swollen poly(acrylic-acid) hydrogel in ni -

trogen atmosphere

Table 2 Kinetic parameters of the dehydration of equilibrated swollen hydrogel determined by different methods

Method �h/ºC min–1 n � A/min–1 lnA/min–1 E/kJ mol–1 Correlation coefficient

Kissinger 5–20 1 0.15–0.99 1.06·105 11.57 39.7 0.997

Coats–Redfern

5 1 0.15–0.99 8.14·106 15.91 53.1 0.999

10 1 0.13–0.99 2.63·105 12.48 43.5 0.999

20 1 0.02–0.99 4.55·104 10.72 38.6 0.998

Van Krevelen

5 1 0.16–0.99 2.82·107 17.15 55.5 0.999

10 1 0.13–0.99 7.20·105 13.49 46.5 0.998

20 1 0.12–0.99 7.48·104 11.22 39.8 0.999

Horowitz–Metzger

5 1 0.16–0.99 7.47·107 18.13 59.7 0.998

10 1 0.13–0.99 2.63·106 14.78 50.7 0.997

20 1 0.13–0.99 3.88·105 12.87 45.7 0.999



swollen poly(acrylic-acid) hydrogel in nitrogen atmo-

sphere.

The obtained values of the activation energy and

pre-exponential factors, together with the ranges of �

values for n =1, are presented in Table 2, rows 8–10.

Analyzing of Table 2, we can see that the linear

domains of the applied methods, when apparent reac-

tion order is n =1, for the determination of the activa-

tion energies (E) and pre-exponential factors (A), are

very long; the corresponding values of � are, at least,

between 0.16 and 0.99.

The obtained values shown in the Table 2, en-

ables us to conclude existence of a good agreement

between value of energy of activation of the dehydra-

tion process obtained by use of different methods at

the same heating rate of the investigated system.

Determined values for the apparent order, n =1,

and activation energy higher than enthalpy of water

evaporation, implies that process of hydrogel dehydra-

tion is a kinetically controlled one, and that their slow-

est stage is cleavage bond between adsorbed water and

the adsorption center of the observed hydrogel.

Comparing one with each other, the values for E
and lnA obtained using different methods, but at the

same heating rate, we can conclude that

Horowitz–Metzger methods gives the highest values

of these parameters, while Coats–Redfern and

Kissinger methods give lower values. Independently

of the applied method, increase of the heating rate

leads to decrease of the kinetic parameters.

Changes of the value of activation energy with

heating rate, �h, can be expressed by following Eq. (13)

E E c
d

� �
�

�

�

�

	


1 exp –
�h (13)

where E1, c and d, are constants. Table 3 presents values

of constants E1, c and d, obtained by the used methods.

The column 5 of the Table 3, presented activa-

tion energy values of the investigated process, ob-

tained by use of Eq. (13) for unlimited slow heating

rate of the system (�h�0°C min–1), Eo. The obtained

values for Eo at unlimited slow heating of the consid-

ered system (�h�0°C min–1), dependently on the ap-
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Fig. 3 Coats–Redfern plots of ln(– ln( )/ )1 2
�� T vs. 1/T for the

dehydration of equilibrated swollen poly(acrylic-acid)

hydrogel in nitrogen atmosphere

Fig. 4 Van–Krevelen plots of ln(– ln( ))1�� vs. lnT for the de-

hydration of equilibrated swollen poly(acrylic-acid)

hydrogel in nitrogen atmosphere

Fig. 5 Horowitz–Metzger plots of ln(– ln( ))1�� vs.� for the

dehydration of equilibrated swollen poly(acrylic-acid)

hydrogel in nitrogen atmosphere

Table 3 Values of constants of functional changing of activation
energy with heating rate of the considered system

Method E1/
kJ mol–1

c /
kJ mol–1

d /
ºC min–1

Eo /
kJ mol–1

Coats–
Redfern

37.81 41.09 5.06 78.9

Van Krevelen 37.60 36.00 7.15 73.6

Horowitz–
Metzger 44.76 37.58 5.42 82.3



plied method, are significantly higher (32–84%) than

values of E obtained at non-isothermal conditions,

which directly implies energetically redistribution of

the desorption centers under different velocities of the

thermal activation of the dehydration process of the

investigated system.

By comparative analysis of the changes of the

determined values for E and lnA with changes in the

heating rate of the system, at all the methods, an exis-

tence of functional relationship the following type

(14), i.e. compensation effect is established:

lnA= a+bE (14)

where a is a constant independent on temperature and

is in relation to kinetic model of the process ƒ(�),

while b is:

b
RT

�

1

ic

(15)

where Tic is the isokinetic temperature and R is the uni-

versal gas constant.

Values of the constants a and b of the Eq. (14)

are presented at Table 4.

Determined values of the isokinetic temperatures

Tic (Table 4) are in good agreement with the experi-

mentally determined temperatures of the initial tem-

perature (Ti) of the investigated dehydration process

(Table 1, column 2).

In the Thomas’s book [20], a detailed consider-

ation of the compensation effect influence on the ki-

netics of the heterogeneous catalyzed reaction, where

this problem have been postulated and explained for

the first time. An appearance of the kinetic compensa-

tion effect is established in the many and various

chemical reactions: thermal degradation of the sub-

stances in the solid state, reversible topochemical re-

actions, crystallohydrate dehydration, it is widely dis-

cussed and published in the references [21–25].

Existence of the compensation effect is estab-

lished in the processes such as a curing of epoxy-res-

ins [26], unsaturated polyester resins [27], curing of

the diethylene glycol-bis(allylcarbonate) [28], ther-

mal decomposition of thermotropic poly(oxy-

benzoate-co-oxynaphthoate)vectra copolyester [29].

In agreement with S. Vyazovkin [30], linear rela-

tionship can be generalized as follows (16)

lnAx=a+bEs (16)

where, x presents factor on the process which leads to

the changes in Arrhenius parameters.

If, in Eq. (16) value of E would replace with value

from Eq. (13), the following expression is obtained (17):

ln expA a b E c
d
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Equation (17) in entire gives description of the

relationship of the kinetic parameters of the dehydra-

tion from the heating rate.

If we make an assumption, that factor x is the

heating rate of the system, while the pre-exponential

factor is proportional to the mass concentration of the

desorption centers and activation energy is propor-

tional to the energetically barrier of the observed pro-

cess, it can be proposed that with the increase of the

heating rate of the system comes to the energetic redis-

tribution of the desorption centers. The increase of the

heating rate, �h, leads to the decrease of the number of

active desorption centers per mass unit (decrease of

lnA) and to the decrease of the energy of the desorption

centers (decrease of E), which has as a consequence

changes of the kinetics parameters of the investigated

process and appearance of the compensation effect.

Conclusions

Using different methods: Kissinger, Coats–Redfern,

Van Krevelen and Horowitz–Metzger, kinetic para-

meters (E, lnA, n) of the hydrogel dehydration are deter-

mined. In the wide range of dehydration, from 0.15 to

0.99%, kinetic parameters of dehydration are indepen-

dent on dehydration degree. Values of kinetic parame-

ters (E, lnA, n) determined under same heating rate, ap-

plying different methods, are in good agreement one

with each others. Independently on the applied method,

values of the kinetic parameters (E and lnA) decrease

with increase of heating rate. An empirical equation,

which describes changes of E and lnA from heating rate

and existence of compensation effect, is specified. Val-

ues of the determined isoconversion temperatures are in

good agreement with initial temperatures determined

from thermogravimetric curves. The appearances of the

compensation effect is explained by changes of ener-

getic distribution of the desorption centers.
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Table 4 Values of constants a and b of compensation effect
and isokinetic temperatures Tic obtained by different
methods

Method a b/mol kJ–1 Tic/K

Coats–Redfern –3.060 0.357 336.9

Van Krevelen –3.976 0.379 346.8

Horowitz–Metzger –2.591 0.355 339.0
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