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bstract

The dehydration kinetics of equilibrium swollen poly (acrylic acid) hydrogel is analyzed by both model-fitting and model-free approaches. The
onventional model-fitting approach assuming a fixed mechanism throughout the reaction and extract a single values of the apparent activation
nergy (Ea) and pre-exponential factor (A) and was found to be too simplistic. The values of Arrhenius parameters obtained in such a way are
n fact an average that does not reflect changes in the reaction mechanism and kinetics with the extent of conversion. The model-free approach
llows for a change of mechanism and activation energy, Ea, during the course of a reaction and is therefore more realistic. The complexity of the
ehydration of poly (acrylic acid) hydrogel is illustrated by the dependence of Ea and A on the extent of conversion, α (0.05 ≤ α ≤ 0.98). Under
on-isothermal conditions, Ea decreases with α for 0 ≤ α ≤ 0.50, followed by an approximately constant value of Ea during further dehydration.

or 0 ≤ α ≤ 0.50, dehydration is complex, which probably involving a combination of several processes. In the constant-Ea region, non-isothermal
ehydration follows the three-dimensional phase boundary model (R3). The complex hydrogen-bond pattern in poly (acrylic acid) hydrogel is
robably responsible for the observed dehydration behavior. An existence of compensation effect is accepted and explanation of compensation
ffect appearance during the hydrogel dehydration is suggested.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogels may be conveniently described as hydrophilic
olymers that are swollen by, but not dissolve in water. They
re three-dimensional cross-linked polymeric structures that are
ble to swell in the aqueous environment. Depending upon the
ype of the monomers incorporated into the gels, they may
emonstrate a large volume transition and associated phase
ransition as a function of physical and chemical variables,
uch as temperature [1,2], pH [3,4] and ionic strength [5] as
ell as electric and magnetic fields [6] and thus are known as

stimuli-responsive” polymers. Although many naturally occur-

ing polymers may be used to produce this type of materials,
he structural versatility available in synthetic hydrogels has
iven them distinctive properties, which in turn have enhanced

∗ Corresponding author. Tel.: +381 11 187 133; fax: +381 11 187 133.
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parent activation energy

heir practical utility. Due to characteristic properties such as
wellability in water, hydrophilicity, biocompatibility and lack
f toxicity, hydrogels have been utilized in a wide range of
iological, medical, pharmaceutical and environmental appli-
ations [7].

The most important properties of hydrogels are their swelling
apacity and swelling behavior, their mechanical proper-
ies and also dehydration behavior. These properties will be
ffected hydrogel usability in various applications. Although,
he swelling behavior and swelling kinetics of various types
f hydrogels are extensively studied [8–12], there are much
esser information concerning hydrogel mechanical properties
13,14] and according to our knowledge there are not avail-
ble apparent investigations concerning the kinetics of hydrogel
ehydration. The aim of this study was to investigate of non-

sothermal dehydration process of poly (acrylic acid) hydrogel
sing model-fitting and model-free kinetic analysis.

As Vyazovkin [15,16] explains, both isothermal and non-
sothermal kinetics, the currently dominating approach appears

mailto:bojanjan@ffh.bg.ac.yu
dx.doi.org/10.1016/j.tca.2006.07.022
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o be force-fitting of experimental data to different reaction
odels. Following these indiscriminate model-fitting methods,
rrhenius parameters (the pre-exponential factor, A, and the acti-
ation energy, Ea) are determined by the form of f(α) chosen (f(α)
s the reaction model function or conversion function). Such

ethods tend to fail to meet even the justifiable expectations. In
non-isothermal experiment both α and T varies simultaneously.
he application of the model-fitting approach to a single heating-

ate data generally fails to achieve a clean separation between
he temperature dependence, k(T), and the reaction model, f(α).
s a result, almost any f(α) can satisfactorily fit the data at the

ost of drastic variations in the Arrhenius parameters, which
ompensate for the difference between the assumed form of f(α)
nd the true but unknown reaction model. For this reason, the
pplication of the model-fitting methods to single heating-rate
ata produces Arrhenius parameters that are highly uncertain
alues.

Vyazovkin [15] points out that an alternative approach to
inetic analysis is to use model-free methods that allow for
valuating Arrhenius parameters without choosing the reac-
ion model. The best known representatives of the model-free
pproach are the isoconversional methods. These methods yield
he effective activation energy as a function of the extent of con-
ersion. Knowledge of the dependence Ea on α assists in both
etecting multi-step processes and drawing certain mechanistic
onclusions. It is sufficient to predict the reaction kinetics over
wide temperature region. He stipulates that fitting data to reac-

ion models cannot be used as the sole means of identifying the
eaction mechanisms. Note that this is equally true in the case
hen statistical analysis allows one to unequivocally choose a

ingle reaction model-statistical analysis evaluates the reaction
odels by the goodness of fit of the data, but not by the physical

ense of applying these models to the experimental data. Even
f a reaction model does not have any physical meaning at all, it

ay well be the best fit to the experimental data.

. Experimental

.1. Materials and methods

Super-absorbing cross-linked poly (acrylic acid) hydrogel,
hich has been applied for this investigation was synthesized
sing the procedure based on the simultaneous radical poly-
erization of acrylic acid and cross-linking of the formed

oly-acrylic acid, according to general procedure described in
reviously work [17]. For that process, acrylic acid monomer,
nitiators Na2S2O8, Na2S2O5, H2O2 and cross-linking agent
,N′-methylenebisacrylamide (NMBA) were used. Equilibrium

welling degree (SDeq) of the used hydrogel in distilled water
t 25 ◦C was 8500%, determined by standard method based on
eight difference of dry and swollen sample [8].

.2. Hydrogel synthesis
Hydrogel synthesis was performed in a polymerization reac-
or equipped with a magnetic stirrer, reflux condenser, nitro-
en income and a thermometer, in a nitrogen atmosphere.

w
i
T
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onomer solution was prepared from: 80 mL melted glacial
crylic acid dissolved in 180 mL distilled water, and 0.8 g
,N′-methylenebisacrylamide (NMBA) and 0.08 g ethylenedi-
minetetraacetic acid (EDTA) both dissolved in 60 mL of dis-
illed water. This monomer solution is placed into the reactor,
tirred and de-oxygenated with nitrogen gas bubbling through
he solution for 60 min. Initiator stock solutions was prepared
s follows: (A) 2.5 g sodium persulfate in 22.5 mL distilled
ater, (B) 2.5 g sodium methabisulfite in 22.5 mL distilled
ater and (C) hydrogen peroxide, 30%. When the requested
e-oxygenation time has passed, the following amounts of the
nitiator solutions was added to the monomer solutions using
yringes, in the order listed with stirring: 2.4 mL of (A), 10 mL
f (C) and 1.2 mL of (B). Then, reaction mixture was slightly
armed up to 50 ◦C until happened dramatic grows of the reac-

ion’s mixture temperature (gel-point) and left following 4 h
four) at 50 ◦C. The obtained gel-type product was converted
nto the Na+ form (60%) by neutralization with a 3% solution
f Na2CO3. The obtained hydrogel in bulk was cut into smaller
ieces, and dried in an air oven at 105 ◦C to constant mass. The
btained products were stored in a vacuum exiccator before use.

.3. Thermogravimetric measurements

Thermogravimetric curves were recorded by a Du Pont ther-
ogravimetric analyzer TGA model 9510. These analyses were

erformed with 25 ± 0.1 mg samples of equilibrium swollen
ydrogel in platinum pans under nitrogen atmosphere at a gas
ow rate of 10 mL min−1. Experiments were performed at heat-

ng rates of 5, 10 and 20 K min−1 from ambient temperature to
23 K.

. Kinetic studies

In thermogravimetric analysis, the extent of conversion may
e defined as the ratio of actual mass loss to the total mass loss
orresponding to the investigated process:

= m0 − m

m0 − mf
(1)

here m, m0 and mf are the actual, initial and final masses of
he sample, respectively. The rate of the kinetic process can be
escribed by Eq. (2) [18]:

dα

dt
= k(T )f (α) (2)

here α is a extent of conversion, k(T) a temperature-dependent
eaction rate constant and f(α) is a dependent kinetic model func-
ion. There is an Arrhenius type dependence between k(T) and
emperature according to Eq. (3):

(T ) = A exp

(
− Ea

)
(3)
RT

here A is the pre-exponential factor (usually assumed to be
ndependent of temperature), Ea the apparent activation energy,

the absolute temperature and R is the gas constant.
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For non-isothermal conditions, when the temperature varies
ith time with a constant heating rate β = dT/dt, Eq. (2) is mod-

fied as follows:

dα

dT
= A exp

(
− Ea

RT

)
f (α). (4)

he use of Eq. (4) supposes that a kinetic triplet (Ea, A, f(�))
escribes the time evolution of a physical or chemical change.
pon integration Eq. (4) gives:

(α) =
∫ α

0

dα

f (α)
= A

β

∫ T

T0

exp

(
− Ea

RT

)
dT

≈ A

β

∫ T

0
exp

(
− Ea

RT

)
dT = AEa

Rβ

∫ x

0

exp(−x)

x2 dx

= AEa

Rβ
p(x) ≡ A

β
I(Ea, T ) (5)

here T0 is the initial temperature, g(α) the integral form of the
eaction model and p(x) is the temperature integral, for x = Ea/RT,
hich does not have analytical solution. If T0 is low, it may be

easonably assumed that T0 → 0, so that the lower limit of the
ntegral on the right-hand side of Eq. (5), T0, can be approxi-
ated to be zero.

.1. Model-fitting approach

.1.1. Coats and Redfern method [19,20]
For non-isothermal experiments, model-fitting involves fit-

ing different models to α–temperature (α–T) curves and simul-
aneously determining Ea and A [21]. There are numerous non-
sothermal model-fitting methods; one of the most popular is
he Coats and Redfern method [19,20]. This method utilizes
he asymptotic series expansion in approximating p(x) (Eq. (5)),
roducing the following equation:

n
g(α)

T 2 = ln

(
AR

βEa

[
1 −

(
2RT ∗

Ea

)])
− Ea

RT
(6)

here T* is the mean experimental temperature.
Plotting the left-hand side (which includes the model g(α)) of

q. (6) versus 1/T gives Ea and A from the slope and intercept,
espectively. The model that gives the best linear fit is selected as
he model of choice. The most commonly used reaction models
or solid-state processes are listed in Table 1.

.1.2. Kennedy and Clark method [22]
The method proposed by Kennedy and Clark [22] is based

n the expression:

= βt + T0 (7)

here T0 is the initial temperature (the temperature at the start

f the reaction). The basic equation is

βg(α)

T − T0
= A exp

(
− E

RT

)
(8)

3

m
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nd taking the logarithm of both sides of this equation gives:

n

[
βg(α)

T − T0

]
= ln(A) − Ea

RT
. (9)

lotting the left-hand side of this equation against 1/T should
ive a straight line of slope −Ea/R and intercept ln(A), assuming
he reaction models g(α) listed in Table 1. T0 is the temperature
t which the dehydration process of hydrogel starts. The exper-
mentally determined values of T0 at considered heating rates
re: T0 = 293.2 K.

.1.3. Determination of the reaction model by masterplots
ethod
The use of the so-called “masterplots” has received increased

ttention as a means for the determination of the reaction model
f solid-state reactions [23]. Essentially, masterplots are refer-
nce theoretical curves depending on the reaction model but
ndependent of the Arrhenius parameters. Since the experi-

ental kinetic data can easily be transformed into masterplots,
comparison among the theoretical masterplots obtained by

ssuming different reaction models and the experimental mas-
erplots allows the selection of the appropriate reaction model
r, at least, the appropriate type of kinetic model. Application
f the masterplot method for thermoanalytical data recorded
nder non-isothermal conditions requires previously knowledge
f the activation energy. By using a reference at point α = 0.5 and
ccording to Eq. (5), the following equation is obtained,

(0.5) =
(

AEa

Rβ

)
p(x0.5) (10)

here x0.5 = Ea/RT0.5 and T0.5 is the temperature required to
ttain 50% conversion. When Eq. (5) is divided by Eq. (10), the
ollowing equation is obtained:

g(α)

g(0.5)
= p(x)

p(x0.5)
. (11)

Plotting g(α)/g(0.5) versus α corresponds to theoretical mas-
erplots of various g(α) functions. The knowledge of temperature
s a function of α and the value of Ea for the process should
e known in advance to draw the experimental masterplots of
(x)/p(x0.5) versus α from experimental data obtained at a given
eating rate. To draw the experimental masterplots of p(x)/p(x0.5)
ersus α from experimental data obtained under different heating
ates, an approximate formula [24] of p(x) with high accu-
acy was used p(x) = exp(−x)/[x(1.00198882x + 1.87391198)].
q. (11) indicates that, for a given α, the experimental value of
(x)/p(x0.5) and theoretically calculated values of g(α)/g(0.5) are
quivalent when an appropriate reaction model is used. Conse-
uently, this integral “model-fitting” masterplot method can be
sed to determine reaction models for solid-state reactions.

.2. Model-free approach
.2.1. Friedman (FR) method [25]
The differential isoconversional method suggested by Fried-

an [25] (FR method) is based on Eq. (4) in logarithmic form
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Table 1
Algebraic expressions of f(α) and g(α) for the reaction models considered in the present work

No. Symbol Reaction model f(α) g(α)

1 P1 Power law 4α3/4 α1/4

2 P2 Power law 3α2/3 α1/3

3 P3 Power law 2α1/2 α1/2

4 P4 Power law 2/3α−1/2 α3/2

5 R1 Zero-order (Polany–Winger equation) 1 α

6 R2 Phase-boundary controlled reaction (contracting area, i.e.,
bidimensional shape)

2(1 − α)1/2 [1 − (1 − α)1/2]

7 R3 Phase-boundary controlled reaction (contracting volume, i.e.,
tridimensional shape)

3(1 − α)2/3 [1 − (1 − α)1/3]

8 F1 First-order (Mampel) (1 − α) −ln(1 − α)
9 F3/2 Three-halves order (1 − α)3/2 2[(1 − α)−1/2 − 1]

10 F2 Second-order (1 − α)2 (1 − α)−1 − 1
11 F3 Third-order (1 − α)3 (1/2)[(1 − α)−2 − 1]
12 A3/2 Avrami–Eroféev (n = 1.5) (3/2)(1 − α)[−ln(1 − α)]1/3 [−ln(1 − α)]2/3

13 A2 Avrami–Eroféev (n = 2) 2(1 − α)[−ln(1 − α)]1/2 [−ln(1 − α)]1/2

14 A3 Avrami–Eroféev (n = 3) 3(1 − α)[−ln(1 − α)]2/3 [−ln(1 − α)]1/3

15 A4 Avrami–Eroféev (n = 4) 4(1 − α)[−ln(1 − α)]3/4 [−ln(1 − α)]1/4

16 D1 One-dimensional diffusion 1/2α α2

17 D2 Two-dimensional diffusion (bidimensional particle shape)
Valensi equation

1/[−ln(1 − α)] (1 − α)ln(1 − α) + α

18 D3 Three-dimensional diffusion (tridimensional particle shape)
Jander equation

3(1 − α)1/3/2[(1 − α)−1/3 − 1] [1 − (1 − α)1/3]2
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19 D4 Three-dimensional diffusion (tridimensional par
Ginstling–Brounshtein

nd leads to:

n

[
βi

(
dα

dT

)
α,i

]
= ln[Aαf (α)i] − Ea,α

RTα,i

(12)

here subscripts i and α designates a given value of heating rate
nd extent of conversion, respectively. For α = const., the plot
n[β(dα/dT)] versus (1/T) should be a straight line whose slope
an be used to evaluate the apparent activation energy.

.2.2. Flynn–Wall–Ozawa (FWO) method [26,27]
The isoconversional integral method suggested indepen-

ently by Flynn and Wall [26] and Ozawa [27] uses Doyle’s
pproximation of p(x) [28–30]. This method is based on the
quation:

og β = log
AEa

Rg(α)
− 2.315 − 0.4567

Ea

RT
. (13)

hus, for α = const., the plot ln β versus (1/T), obtained from
hermograms recorded at several heating rates, should be a
traight line whose slope can be used to evaluate the appar-
nt activation energy. For x < 20, Doyle s approximation leads
o errors higher than 10%. For such cases, Flynn [31] suggested
orrections in order to obtain an accurate value for the apparent
ctivation energy.

.2.3. Kissinger–Akahira–Sunose (KAS) method [32,33]
The Kissinger–Akahira–Sunose [32,33] method (KAS
ethod) is based on the Coats–Redfern approximation [19]
ccording to which, for 20 < x < 50:

(x) ∼= exp(−x)

x2 . (14)

3

n
S

hape) 3/2[(1 − α)−1/3 − 1] (1 − 2α/3) − (1 − α)2/3

his is actually a particular example of a more exact approxi-
ation of the temperature integral suggested by Agrawal [34].
rom relationships (5) and (14) it follows that:

n

(
β

T 2

)
= ln

AR

Eag(α)
− Ea

RT
. (15)

hus, for α = const., the plot ln(β/T2) versus (1/T) should be a
traight line whose slope can be used to evaluate the apparent
ctivation energy. The Kissinger–Akahira–Sunose method gives
uite satisfactory values of Ea at x > 13.

.2.4. Tang (T) method [35,36]
The Tang et al. [35,36] method is based on the approximate

ormula [36] which introduced into Eq. (5). Taking the loga-
ithms of both sides, Eq. (16) is obtained as:

n

(
β

T 1.894661

)
= ln

[
AEa

Rg(α)

]
+ 3.635041

−1.894661 ln Ea − 1.001450
Ea

RT
. (16)

he plots of ln(β/T1.894661) versus 1/T give a group of straight
ines. The apparent activation energy Ea can be obtained from
he slope −1.001450 Ea/R of the regression line.
.2.5. Vyazovkin method [37–39]
The Vyazovkin isoconversional method [37–39] is a

on-isothermal method that utilizes an accurate, non-linear,
enum–Yang [40] approximation of p(x) (Eq. (5)), which leads
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Table 2
Values of T0, Tp, Tf and αmax for dehydration of poly (acrylic acid) hydrogel
determined by thermogravimetric analysis at different heating rates

β (K min−1) T0 (K) Tp (K) Tf (K) αmax

1
2

c
m
i
p
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E
o

E
c
E
a
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(α ≥ 0.50), when α increasing. It was pointed out [42–44] that
when Ea changes with α, the FWO, KAS, T and non-linear (V)
10 B. Janković et al. / Thermoc

o,

=
∣∣∣∣∣∣

n∑
i=1

n∑
j 
=i

I(Ea,α,, Tα,i)βj

I(Ea,α,, Tα,j)βi

∣∣∣∣∣∣ (17)

here n is the number of heating rates, I(Ea,α,Tα,i) the expo-
ential integral (p(x)) that results from heating rate βi while
(Ea,α,Tα,j) is the exponential integral from heating rate βj. The
th degree Senum–Yang approximation was chosen for our
ork.
The apparent activation energy (Ea) at a given extent of

onversion is the value that minimizes Φ in the above equa-
ion. This non-linear procedure suggested by Vyazovkin shows
xtremely low errors in the activation energy, which are practi-
ally independent on x value [37]. An advantage of the advanced
soconversional method is that it can be applied to study the
inetics under arbitrary temperature programs [39]. Vyazovkin
as provided a detailed description of this numerical algorithm
39,41].

. Results and discussion

.1. TG and DTG curves of dehydration process of poly
acrylic acid) hydrogel

The TG and DTG curves of the dehydration process of poly
acrylic acid) hydrogel samples obtained at different heating
ates (5, 10 and 20 K min−1) are shown in Fig. 1.

All the thermogravimetric curves are asymmetric (Fig. 1)
nd were moves to higher temperatures with increase in heating
ate. Values of initial temperature (T0), inflection temperature
Tp), final temperature (Tf) and the extent of reaction at maxi-
um reaction rate αmax, at various heating rates are presented

n Table 2.
Increasing of heating rate leads to increase of the charac-
eristic temperatures values (temperatures Tp and Tf) on the
btained thermogravimetric curves. The values of αmax at 5 and
0 K min−1 are equal, while the value of αmax at 20 K min−1

s a little higher. On the DTG curves one well-defined peak

ig. 1. TG and DTG curves of the dehydration of equilibrated swollen poly
acrylic acid) hydrogel in nitrogen atmosphere at different heating rates.

i
d

F
α

c

5 293.2 368.2 433.2 0.670
0 293.2 387.2 463.2 0.670
0 293.2 417.2 523.2 0.675

an be distinguished. On the DTG curve at 20 K min−1, one
ildly shoulder was discerned at T = 363.2 K. With heating rate

ncrease, the maximums on DTG curves moves to higher tem-
eratures and peaks become more widen.

.2. Model-free analysis

The non-isothermal dehydration kinetics of poly (acrylic
cid) hydrogel was first analyzed by model-free methods. Start-
ng from Eq. (1) and applying above mentioned isoconversional
ethods, the curves Ea versus α were obtained. The results

btained by means of FWO method were corrected according
o the procedure suggested by Flynn [31].

Fig. 2 shows the variation of the apparent activation energy,
a, as a function of the extent of conversion α, for dehydration
f poly (acrylic acid) hydrogel.

From Fig. 2 one can notice the same shapes of the curves
a versus α corresponding to the isoconversional methods. All
urves shows that Ea decreases with extent of conversion (α).
a rapidly decreases in conversion range of 0.05 ≤ α ≤ 0.50, and
fter this range (α ≥ 0.50), decreasing of Ea with α is continue
pproximately linearly. Generally, on the observed Ea versus α

urves, two different regions are exist. First, with faster decreas-
ng of Ea (α ≤ 0.50) and second, with slower decreasing of Ea
soconversional methods lead to close values of Ea, but which
iffer substantially from the values of Ea obtained using the iso-

ig. 2. The activation energy, Ea, plotted as a function of the extent of conversion,
, for the dehydration of poly (acrylic acid) hydrogel under non-isothermal
onditions.
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onversional method suggested by Friedman. These differences
ould be due to the approximation of the temperature integral
hat were used in the derivations of the relations that ground
WO, KAS, T and non-linear methods. Therefore, we think

hat the existence of significant differences between the appar-
nt activation energy calculated by Friedman (average value
a = 28.5 kJ mol−1) and values of Ea calculated using the oth-
rs isoconversional methods (average values are Ea = 30.6, 44.7,
5.1 and 41.8 kJ mol−1 for FWO, KAS, T and V, respectively)
see Fig. 2) are due to the way in which the relations that form
he basis of the “integral” methods are derived. All applied iso-
onversional methods do not suggest a direct way of evaluating
ither the pre-exponential factor (A) or the analytical form of the
eaction model (f(α)), for the investigated dehydration process
f equilibrium swollen poly (acrylic acid) hydrogel.

Furthermore, the obtained results reveal that the dependence
f the apparent activation energy (Ea) on the extent of conversion
a) helps not only to disclose the complexity of a dehydration
ydrogel process, but also to identify its kinetic scheme.

The curves obtained in this paper (Fig. 2), reveal a typical
ependence for reversible reactions according to Vyazovkin et al
45–48]. Vyazovkin and Linert [46] have shown that the decreas-
ng dependence of Ea on α corresponds to the kinetic scheme of
n endothermic reversible reaction followed by an irreversible
ne. For such a process Ea is limited by the sum of the activa-
ion energy of the irreversible reaction and the enthalpy of the
eversible reaction at low conversions. At high values of con-
ersions, Ea is limited only by the activation energy of the irre-
ersible reaction at high α [46]. An examples of such reversible
eactions can be the dehydration of crystal hydrates, such as
alcium oxalate monohydrate [45] and thermal decomposition
f tetrazole [47], which displays these type of dependencies of
a on α (Fig. 2). In our case, the dehydration process of hydro-
el probably proceeding through the endothermic stage at low
xtent of conversions (to the values ofα ≈ 0.45), which is charac-
erised by a high value of the apparent activation energy (from
8.2 to 27.0 kJ mol−1 for Friedman method or from 143.0 to
3.3 kJ mol−1 for Vyazovkin method). This high value of the

ffective activation energy represents the sum of the enthalpy of
he reversible process and of the apparent activation energy of the
rreversible process. On the other hand, very low values (less than

R
e

able 3
rrhenius parameters determined by Coats–Redfern and Kennedy–Clark methods
ehydration process (0.50 ≤ α ≤ 0.95)

K min−1 10 K min−1

odela ln A Ea (kJ mol−1) |r| Modela ln A Ea (

R method
7 9.66 38.9 0.9998 6 6.11 27.6
8 14.39 48.8 0.9991 7 7.24 31.8

18 23.87 83.9 0.9998 18 18.67 70.2

C method
7 5.88 30.2 0.9999 6 3.38 21.2
8 10.38 40.1 0.9994 7 4.37 25.4

18 19.31 75.2 0.9999 18 15.01 63.7

a Enumeration of the models is given in Table 1.
a Acta 452 (2007) 106–115 111

6.7 kJ mol−1—see Fig. 2) of Ea at higher conversions are char-
cteristic of the process proceeding through a reversible exother-
al stage. In the conversion range from α = 0.50 to α = 0.95,

he apparent activation energy is approximately independent of
he extent of conversion, which is indicative of the single-stage
haracter of the irreversible process. On that way, in the region
f Fig. 2 in which Ea is nearly constant, the dehydration reac-
ion can be assumed to follow a single-step reaction under the
espective heating condition, and the data can be model fitted to
eveal the dehydration mechanism. Frequently the rate parame-
ers (dα/dT, Ea and A), measured for dehydration, are sensible
o the availability of water vapor in the vicinity of the reactant
18]. This is one of the fundamental factors for the apparent
ariation in the kinetic data, sometimes found between different
eports concerning the some reaction. The decrement, as well
s the approximately constant value of Ea against α (around
5.7 kJ mol−1 calculated by FR method and 28.9 kJ mol−1 cal-
ulated by Vyazovkin method), demonstrate the importance of
he continuous flow of nitrogen to guarantee a slow water vapor
ressure and then favor the direct irreversible reaction.

.3. Model-fitting analysis

After model-free analysis has been performed, model fitting
an be performed in the conversion region where the appar-
nt activation energy is approximately constant, and where a
ingle model may fit. Model-fitting analysis is preferably con-
ucted after model-free analysis unless there are good reasons
o believe that the reaction proceeds via a single mechanism.
he non-isothermal kinetic data of hydrogel dehydration at
.50 ≤ α ≤ 0.95, where model-free analysis indicates approxi-
ately constant activation energy, were then fitted to each of the

9 reaction models listed in Table 1. The values of activation
nergies (Ea), pre-exponential factors (ln A) and the coefficients
f linear correlations (r) for three kinetic models which described
ehydration process of poly (acrylic acid) hydrogel very well at
ll constant heating rates (5, 10 and 20 K min−1) are presented
As shown in Table 3, for both applied methods (Coats–
edfern and Kennedy–Clark methods), the Arrhenius param-
ters (Ea, ln A) for hydrogel dehydration process are highly

(model-fitting), for three kinetic models which best describe the investigated

20 K min−1

kJ mol−1) |r| Modela ln A Ea (kJ mol−1) |r|

0.9988 6 5.19 24.7 0.9994
0.9999 7 6.29 29.0 0.9999
0.9999 18 16.34 65.1 1.0000

0.9991 6 3.15 20.2 0.9996
1.0000 7 4.09 24.5 0.9998
1.0000 18 13.33 60.6 0.9999
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ariable, exhibiting a strong dependence on the reaction model
hosen. On the other hand, two different models, R3 (three-
imensional phase boundary) and D3 (three-dimensional diffu-
ion (Jander)), give a highest coefficients of linear correlations
t all heating rates. However, the analysis of the correspond-
ng residual plots, applied for both models in Table 3, shows
hat only model R3 gives a pattern close to the ideal random-
ess. Therefore, model R3 provides a good description of the
on-isothermal dehydration kinetics over this range of the con-
ersion. Also, according to Table 3, it could be found that the
a values of hydrogel dehydration in N2 corresponding to the

eaction model R3 have best agreement with the values obtained
y isoconversional methods (Fig. 2).

The Arrhenius parameters of hydrogel dehydration, can be
alculated for the overall process at given heating rate, from Eq.
12) after rearrangement [49],

n

[
β(dα/dT )

fj(α)

]
= ln Aj − Ea,j

RT
(18)

here fj(α) is differential form of jth reaction model (Table 1),
n Aj and Ea,j are the pairs of Arrhenius parameters obtained for
th reaction model. Varying the different fj(α) models, from Eq.
18) for the best chosen reaction model (Table 1), the Arrhenius
arameters (ln Aj, Ea,j) of the investigated process were calcu-
ated. Table 4 shows the calculated Arrhenius parameters for
eaction models which best described the dehydration process
f poly (acrylic acid) hydrogel at every heating rate, in the con-
ersion range of 0.10 ≤ α ≤ 0.98.

From Table 4, it can be seen that the reaction model R3, at
eating rates of 5 and 10 K min−1 is the best model for describ-
ng the hydrogel dehydration process, in conversion range of
.10 ≤ α ≤ 0.98. The obtained values of apparent activation
nergies (Ea) for this reaction model, are in good agreement
ith values of Ea obtained by different isoconversional methods

or α > 0.5 (Fig. 2). However, at heating rate of 20 K min−1, the
hree-dimensional diffusion (Jander) (D3) was the best reaction
odel for hydrogel dehydration process. The obtained value of

pparent activation energy is in a good agreement with values of
pparent activation energies obtained by isoconversional meth-
ds at low values of α (see also Fig. 2).

Fig. 3 shows the experimental masterplots of p(x)/p(x0.5)
gainst α constructed from experimental data under different
eating rates. The theoretical masterplots corresponding to the

(α) functions for R2, R3 and D3 models (Table 1) are also
hown in Fig. 3.

It is shown that the all experimental masterplots of dehy-
ration process at 5, 10 and 20 K min−1 are conformabled with

able 4
rrhenius parameters (ln A, Ea) of non-isothermal dehydration of poly (acrylic

cid) hydrogel obtained by Eq. (18) and corresponding best fit reaction models
for 0.10 ≤ α ≤ 0.98)

(K min−1) Model ln A Ea (kJ mol−1) |r|
5 R3 8.01 33.3 0.9984
0 R3 6.34 28.3 0.9994
0 D3 16.00 63.7 0.9997

l

w
r
p
(
i
a
t
p
m

e

ig. 3. Masterplots of theoretical g(α)/g(0.5) vs. α for R2, R3 and D3 theoret-
cal reaction models and experimental masterplots for the dehydration of poly
acrylic acid) hydrogel at a heating rates of 5, 10 and 20 K min−1.

heoretical masterplots for the corresponding reaction models.
he comparison of the experimental masterplots with theoretical
nes indicates that the kinetic process for the dehydration of poly
acrylic acid) hydrogel can be most probably described by R3
odel, at lower (5 K min−1) and middler (10 K min−1) heating

ates, β. At highest value of heating rate (β = 20 K min−1), the
ehydration process of poly (acrylic acid) hydrogel follow the
hree-dimensional diffusion (D3) reaction model. It is likely that
he apparent mechanism of overall reaction cannot be expressed
n terms of one simple reaction model.

.4. Numerical reconstruction of the experimental kinetic
unction

Model-free analysis, as well as providing Ea as a func-
ion of α, allows the experimental reaction model, f(α), to be
econstructed from the model-free activation energy, Ea and the
re-exponential factor, A. Comparison of the numerically recon-
tructed kinetic function with those of the theoretical models
an provide a much clearer picture of the reaction mechanism.
se of the so-called artificial isokinetic relationship (IKR) that
ccurs on fitting various reaction models to the same set of non-
sothermal kinetic data [50,51] can be used to evaluated A. In
ur case, the compensation effect (or the “θ rule”) [52–55],

n Aj = a + bEa,j (19)

as observed for investigated system. In Eq. (19), subscript j
efers to one of the possible models fj(α) assumed to describe the
rocess. Eq. (19) represent the artificial isokinetic relationship
IKR). The parameters of Eq. (19) are a = ln kiso (an artificial
sokinetic rate constant) and b = 1/RTiso (R is the gas constant
nd Tiso an artificial isokinetic temperature). Figs. 4 and 5 shows
he artificial isokinetic relationships for dehydration process of

oly (acrylic acid) hydrogel, obtained by different model-fitting
ethods (CR and KC methods).
The values of a, b, kiso and Tiso of Eq. (19) obtained by differ-

nt model-fitting methods for dehydration of poly (acrylic acid)
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Table 5
The values of a, b, kiso and Tiso of Eq. (19) obtained by different model-fitting methods for dehydration of poly (acrylic acid) hydrogel (for 0.50 ≤ α ≤ 0.95)

β (K min−1) a (min−1) b (mol kJ−1) kiso (min−1) Tiso (K) r

CR method
5 −3.8473 0.3549 0.0213 338.9 0.9969

10 −3.6805 0.3474 0.0252 346.3 0.9957
20 −3.2120 0.3296 0.0403 364.9 0.9954

KC method
0.0154 353.8 0.9920
0.0245 368.2 0.9918
0.0417 392.5 0.9930

h
T

p
i
v
i
t
i
r
t
c

t
b
C

t
a
b
a
t

t

F
p
r

F
p
r

5 −4.1726 0.3400
10 −3.7100 0.3267
20 −3.1764 0.3065

ydrogel (in conversion range of 0.50 ≤ α ≤ 0.95) are given in
able 5.

With increasing of heating rate (β), the values of isokinetic
arameters (kiso and Tiso) also increasing. The values of artificial
sokinetic temperatures obtained by KC method are higher than
alues of Tiso obtained by CR method (Table 5). If the f(α) model
s not properly taken the isokinetic temperature may lie out of
he region of the experimental temperatures [50]. From Table 5,
t can be seen that the isokinetic temperatures (Tiso) lying in the
egion of the experimental temperatures and this indicated that
he reaction model f(α) for conversions α ≥ 0.50 was a properly
hosen.

Table 6 shows the obtained results for correlation parame-
ers a and b, as well as the Tiso values determined from slope

of IKRs, for the best two reaction models in Table 3 (for
oats–Redfern method).

Although some models exhibit IKRs, the model considered
hat the best one describing the dehydration of poly (acrylic
cid) hydrogel is the three-dimensional phase boundary (R3),
ecause this model shows the best linear regression (r = 1.0000)
nd has a T value in the region of the experimental tempera-
iso
ures (Tiso = 353.2 K) with what confirm the above statement.

Once the correlation parameters a and b have been evaluated,
he Ea,α values are substituted for Ea,j in Eq. (19) to estimate

ig. 4. The isokinetic relationships (ln A vs. Ea) obtained for the dehydration of
oly (acrylic acid) hydrogel using Coats–Redfern method at different heating
ates.

t
l
m
a
d
m
a
b
c

d

t
n
m

T
T
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1

ig. 5. The isokinetic relationships (ln A vs. Ea) obtained for the dehydration of
oly (acrylic acid) hydrogel using Kennedy–Clark method at different heating
ates.

he corresponding ln Aa values and obtaining the dependence of
n Aa on α. Originally, this procedure was proposed [56] for esti-
ating the pre-exponential factor in the isoconversional method

s applied to a single-step process. However, the above proce-
ure can be applied to isolate the ln Aa on α dependence for
ulti-step processes [50]. Fig. 6 shows the variation of the ln Aa

s a function of the extent of conversion α, which was obtained
y three different isoconversional methods, for dehydration pro-
ess of poly (acrylic acid) hydrogel.

From Fig. 6, it can be seen that the ln Aa shows the same
ependence on a as the apparent activation energies (Ea) in Fig. 2.

Having determined values of the pre-exponential factor and

he activation energy, one can reconstruct the reaction model
umerically. The f(α) function reconstructed from the experi-
ental data for α ≥ 0.5 at 10 K min−1 is plotted in Fig. 7, with

able 6
he obtained results of isokinetic parameters for the best two reaction models

n Table 3 (Coats–Redfern method)

odela a (min−1) b (mol kJ−1) Tiso (K) r

7 −3.5856 0.3405 353.2 1.0000
8 −9.3206 0.3962 303.6 0.9991

a Enumeration of the models is given in Table 1.
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ig. 6. Dependence of the ln Aα on extent of conversion, α, for the dehydra-
ion of poly (acrylic acid) hydrogel estimated from Eq. (19) for three different
soconversional methods.

he solid lines that represent f(α) calculated according to the
odels in Table 1. Because f(α) depends only on α for a given
odel (Table 1), the construction of these solid lines does not

equire knowledge of Ea or A. Each line is constructed from
nowledge of the individual kinetic function itself.

It is shown that the reconstructed f(α) function from the exper-
mental data at β = 10 K min−1, correspond to the f(α) function
or reaction model R3.

Thus, on based of the obtained results, the observed dehy-
ration behavior of the poly (acrylic acid) hydrogel is attributed
o the complicated hydrogen-bond network between molecules

f water and hydrogel. From the dependences of the apparent
ctivation energy and pre-exponential factor on the α value, it
as identified the existence of two regions for Ea and Aα values:
he first for α ≤ 0.5, where the values of Ea and Aα decreases

ig. 7. The experimental kinetic function, f(α), reconstructed from model-free
nalysis of the dehydration of poly (acrylic acid) hydrogel under non-isothermal
onditions (�) for α ≥ 0.50 (β = 10 K min−1). The solid lines represent kinetic
unctions calculated from relevant theoretical models in Table 1.
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onotonously, and a second one for α ≥ 0.5 with the values of
a and Aα which remains approximately constant. This con-
titutes a clear indication that the kinetic description of mass
oss can be accomplished through at least two different mecha-
isms, and this conclusion is consistent with the appearance of a
houlder in DTG curves (at highest heating rate (20 K min−1)).
igh values of apparent activation energies in the first region,

an be attributed the interruptions of hydrogen bonds between
olecules of water and hydrogel active centers and most proba-

ly the diffusion of water molecules through the hydrogel matrix
endothermic reaction). However, in this region (0 ≤ α ≤ 0.50),
ydrogel dehydration is complex, likely involving a combina-
ion of several processes. In the second region, the mechanism of
ydrogel dehydration was changed, so that the rate-limiting step
ecome the velocity of three-dimensional spherical shrinkage of
he reaction interface (R3). If we make an assumption, that the
onversion and the reaction model represent factors on the pro-
ess which leads to the changes in Arrhenius parameters, while
he pre-exponential factor is proportional to the mass concentra-
ion of the desorption centers and apparent activation energy is
roportional to the energetically barrier of the observed process,
t can be proposed that with the increase of the extent of con-
ersion (α) comes to the energetic redistribution of the desorp-
ion centers. The increase of the extent of conversion (reaction
rogress) leads to the decrease of the number of active desorp-
ion centers per mass unit (decrease of ln Aa) and to the decrease
f the energy of the desorption centers (decrease of Ea), which
as as a consequence changes of the Arrhenius parameters of the
nvestigated process and appearance of the compensation effect.

. Conclusions

The dehydration kinetics of poly (acrylic acid) hydrogel
nder non-isothermal conditions is analyzed by the model-fitting
nd model-free approaches. For 0 ≤ α ≤ 0.50, dehydration under
onsidered conditions is complex, which probably involving a
ombination of several processes. One of this processes prob-
bly involve the diffusion of water molecules which is submit
o the three-dimensional diffusion (Jander) mechanism (model
3). The approximately constant-Ea region of non-isothermal
ehydration follows three-dimensional phase boundary (R3)
inetics. The obtained values of Arrhenius parameters (for R3
eaction model) by model-fitting methods in conversion range of
.50 ≤ α ≤ 0.95 are in good agreement with values of Ea and ln A
btained by different isoconversional methods. The obtained
rtificial isokinetic temperatures (Tiso) at different heating rates
f the system, were lying in the region of the experimental
emperatures and this indicated that the reaction model f(α) for
onversions α ≥ 0.50 was a properly chosen. The appearances
f the compensation effect is explained by changes of energetic
istribution of the active desorption centers.
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