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The aim of this study consisted in the elucidation of the thermal decomposition process of some cellulose
and poly(vinyl alcohol) based cryogels as films. The thermal behavior was studied by dynamic thermo-
gravimetry and differential scanning calorimetry in nitrogen atmosphere, up to 600 °C. Evolved gases
analysis were performed using a coupling to a quadrupole mass spectrometer and a Fourier transform
infrared spectrophotometer equipped with external modulus for gas analyses. Global kinetic parame-
ters of the thermal decomposition process were determined by applying the isoconversional differential
method of Friedman and the integral method of Flynn-Wall-Ozawa. The final form of the kinetic model
and the parameters for each individual stage of thermal decomposition were determined by multivariate
non-linear regression method.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cellulose, the most abundant natural polymer on the planet,
possesses the capacity to easily engage in intermolecular interac-
tions with other polymers or polymer based systems. Interactions
of cellulose with synthetic polymers are mainly based on hydrogen
bonding established between hydroxyl groups of the glucose ring
and functional groups of the polymers [1]. Cellulose based materials
present some disadvantages, such as limited solubility in organic
solvents. Such materials are hydrophilic, polar and manifest strong
interactions between polar groups. These properties harden the
dispersion of cellulose in the melted state of the synthetic polymer
thus leading to low adhesion between cellulose and the polymer
scaffold [2]. Surpassing these difficulties can be achieved through
the following procedures: (i) using of a coupling agent [3,4]; (ii)
chemical modification of cellulose, in order to allow the obtain-
ing of films, followed by a regeneration stage [5]; (iii) solubilizing
the cellulose in an adequate solvent and re-precipitation followed
by the obtaining of fibers or films [6]. Reported literature studies
refer to some systems based on unmodified cellulose (fiber, vis-
cose, powder) and synthetic polymers or blends based on different
cellulose derivatives [7].

Poly(vinyl alcohol) (PVA) is a water-soluble, non-toxic,
biodegradable, biocompatible synthetic polymer with excellent
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film forming properties. Due to its large number of hydroxyl groups,
PVA exhibits a strong hydrophilic and hydrogen bonding charac-
ter, thus being able to form crosslinked hydrogels. Its high polarity
and water solubility makes PVA suitable for the obtaining of blends
with natural polymers. Cryogels based on PVA and polysaccharides
may be applied for wound dressing due to their biocompatibil-
ity, flexibility, good mechanical strength and barrier agents against
microorganisms [8].

In this paper authors report the investigations on the thermal
decomposition process of cellulose and PVA based cryogels with
the purpose of gaining new knowledge on their thermal stability
in inert atmosphere as background to industrial processing of the
future material with biomedical applications.

2. Experimental
2.1. Materials

PVA with an average molecular weight of 146,000-186,000 and
a hydrolysis degree of 99% was purchased from Aldrich. Microcrys-
talline cellulose Avicell PH-101 was purchased from Fluka.

2.2. Synthesis

Cryogels with PVA as scaffold and increasing cellulose content
were synthesized following a procedure described in a previous
paper [8]. According to the procedure a PVA solution of 8 wt% con-
centration was prepared by dissolving of a certain amount of PVA in
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Table 1
Cryogels composition.

Sample Code Cryogels composition
PVA (%) Cellulose (%)
PVA PVA 100 0
90/10 P1 90 10
70/30 P3 70 30
50/50 P5 50 50
Cel Cel 0 100

double distilled water at a temperature of 90 °C and under stirring
for a time of 8 h. A clear solution was obtained. Varying quantities
of microcrystalline cellulose were dispersed in 11/1 water/NaOH
(w/w) mixture, stirred for 5 min and afterwards frozen at low tem-
perature (—30°C). After defrosting, the obtained solutions were
stirred and clear transparent solutions were obtained [9]. Cellu-
lose and PVA solutions were mixed in different ratios (Table 1) and
afterwards stirred for 5 min. The mixtures were poured on Petri
dishes and frozen at —20°C for 12 h, and after that thawed at room
temperature (25 °C) for another 12 h. The freezing/thawing process
was repeated three times. The blank PVA cryogel was prepared by
pouring a certain amount of PVA solution on a Petri dish and then
exposed to three freezing/thawing cycles (12 h freezing/12 h thaw-
ing). The PVA and the PVA/cellulose cryogels were washed for 3
days with distilled water and then they were dried by lyophiliza-
tion for 24 h, usinga LABCONCO 117 freezing-dryer. Polymeric films
were obtained after lyophilization. Since the cellulose cryogel could
not be obtained by this technique, the cellulose powder was used
as blank sample after it was first treated in the same conditions as
described above.

2.3. Measurements

The thermal degradation and evolved gas analyses were per-
formed with a TGA-FTIR-MS system. The system was equipped
with an apparatus of simultaneous TGA/DSC analyses STA 449F1
Jupiter model (Netzsch, Germany), FTIR spectrophotometer Vertex-
70 model (Bruker, Germany) and a mass spectrometer QMS 403C
Aeolos model (Netzsch, Germany). The TG/DSC thermobalance
was coupled online with FTIR spectrophotometer and mass spec-
trometer through two heated transfer lines. 9 mg of each sample
was heated from 30 to 600°C under nitrogen flow (flow rate
50mLmin~1), in an open Al,03 crucible and Al,03 as reference
material was used. Heating rates of 5, 10, 20 and 40 °Cmin~! were
applied. The transfer line to FTIR spectrophotometer was made of
polytetrafluorethylene, had an interior diameter of 1.5 mm and was
heated at 290°C. The spectra were acquired with a spectral reso-
lution of 4cm~! on 400-4000 cm~! range. The transfer line to MS
spectrometer QMS 403C is made of a quartz capillary with an inter-
nal diameter of 75 wm and was heated at 290 °C. The mass spectra
were recorded under electron ionization energy of 70 eV. Data were
scanned in the range m/z=1-300, the measuring time for each cycle
was 150s. The NIST Mass Spectral Database was used for the iden-
tification of ion fragments (m/z) in MS spectra. The kinetic analysis
of thermogravimetric data was performed using the soft Netzsch
Thermokinetic 3.

3. Results and discussion
3.1. Thermal stability

Thermal stability comparative studies between the cryogels and
the pure comprising polymers were published elsewhere [8]. It
was reported that the pure cellulose decomposed in two stages
of thermal decomposition, exhibiting a major thermal degradation

stage in the second step at a temperature lower than 300 °C with a
maximum temperature peak at 345 °C. The pure PVA and cryogels
decomposed in four stages, according to the first derivative curves
(DTGs) peaks. For pure PVA, the initial decomposition temperature
value of stage three, where the highest degree of mass loss occurred,
was at 306 °C. Although the initial decomposition temperature val-
ues of the first two stages of the cryogels presented shifts to lower
temperature domains with increasing cellulose content, these val-
ues became intermediate to the ones corresponding to the pure
components beginning with stage three of thermal decomposi-
tion. The residual mass depended on the cellulose content and the
DTG curves peaks for the second stage of thermal degradation of
the cryogels decreased in intensity. These aspects clearly demon-
strate the occurrence of hydrogen bonding between the two pure
components, thus leading to an enhancement of the cryogels ther-
mal stabilities. The hydrogen bonding occurs between hydroxyl
groups of the glucose ring and hydroxyl groups of the PVA. The
simultaneous TG/DTG/DSC thermograms for cryogel coded P5 are
presented in Fig. 1. The TG and DTG thermograms clearly show
the four thermal decomposition stages, thus being in good agree-
ment with the reported literature [8]. The DSC curves exhibited four
endothermic processes characteristic to each individual thermal
decomposition stage. The other cryogels exhibited similar thermal
behaviors.

3.2. Thermal decomposition kinetics

It was assumed that the thermal decomposition process of the
studied films is described by the reaction model given in Eq. (1),
where the solid material M(s) decomposes into solid residue A(s)
and gases B(g).

M(s) — A(s) + B(g) (1)

The kinetic parameters were evaluated from non-isothermal
experiments. The conversion degree (o) was calculated using Eq.
(2), where m;, m; and m; represent the weights of the sample before
degradation, at a time t, and after complete degradation.

m; —me
Tomy—mg

(2)

The conversion rate is described by Eq. (3), where t is time
(min), A is the pre-exponential factor (s—1), E is the activation
energy of thermal decomposition (kjmol~1), R is the gas constant
(8.314J K1 mol-1), T is temperature (K) and f{) is the conversion
function.
da
aa _ pe—E/RT
- = Ae F/RTf(a) (3)

A new equation of the thermal degradation rate is obtained by
inserting the rate of heating (Eq. (4)), =dT/dt.
da _ A 7E/RT
ar = g @ (4)

Global kinetic parameters were evaluated by applying two
isoconversional methods which use shifts in thermograms with
heating rate increase, due to temperature delay as a function of
heating rate [10-12].

The method proposed by Friedman [13] uses the differential
form of the rate equation (Eq. (5)):

da do E
In a - In ﬂﬁ = In[Af(a)] — RT

The plot of Indw/dt versus 1/T, for «=const extracted from
the thermograms recorded at different heating rates should be a
straight line whose slope allows an evaluation of the activation
energy [13].

(5)
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Fig. 1. TG, DTG and DSC thermograms for sample P5.

After integration of Eq. (4) between the limits Ty and T, the inte-
gral function of conversion was obtained and was noted G(«) in Eq.

(6).

AT e _/apdi
G(a)_ﬁ/r e dT = i (6)

0

Ty is the initial temperature corresponding to =0 and Tj is the
temperature corresponding to the peak from DTG curve, where
a=ap. The integral function of conversion depicts the mechanism
of thermal degradation [14].

The second applied method is the integral one of
Flynn-Wall-Ozawa [15-17] which uses the Doyle approxi-
mation [ 18] of the temperature integral in Eq. (6). The relationship
between kinetic parameters and the heating rate is given by Eq.

(7).
AE E
Ing=1n (i) ~In G(a) - 5.3305 - 1.052 7)

To calculate the kinetic parameters with Eq. (7), it was consid-
ered that the process was described by a first order reaction for
G(a). For the same value of ¢, the plot of In 8 as a function of 1/Tis a
straight line with the slope proportional with the activation energy.

The non-isothermal data extracted from the thermograms
were processed with the software Netzsch Thermokinetics 3. As
an exemplification, the sample P5 was taken into account, due
to the similar thermal behavior exhibited by the other cryo-
gels. Figs. 2 and 3 show the graphics of the Friedman and
Flynn-Wall-Ozawa plots respectively, at o values ranging between
0.1 and 0.9, for the sample P5. The thermal decomposition in four
successive stages is confirmed by the slope of the straight lines
variation in Fig. 2. The straight lines from Fig. 3 are not parallel,
thus the assumption of a first order reaction model for flor) func-
tion is not the best option. Both isoconversional methods indicate
the dependence of the activation energy on the conversion degree.
The values of the global kinetic parameters obtained through the
two applied isoconversional methods for sample P5 are given in
Table 2. The differences between kinetic parameters calculated by
the two methods were explained in the literature [19,20].

It can be observed from Table 2 that in all four stages of ther-
mal decomposition the values of the kinetic parameters increase
with the conversion degree, suggesting a complex decomposition
mechanism through successive and/or parallel reactions [21]. The
possibility to apply a kinetic model of independent parallel reac-
tions, as those commonly applied to natural polymeric materials,
such as biomass [22,23], was first taken into account. However,
an inadequate correlation between the experimental and simu-
lated data was obtained in this case. Furthermore, this study was

conducted for pure cellulose based cryogels and in inert atmo-
sphere. These aspects may yield significant differences between
thermal decomposition mechanisms of biomass in oxidative atmo-
spheres and the discussed hydrogelsininert atmosphere. Due to the

log da/dt

-2.0

1000 K/T

Fig. 2. Plot of logda/dt as a function of 1000/T according to Friedman method for
P5.

Table 2
The kinetic parameter values of P5 calculated by Friedman method and
Flynn-Wall-Ozawa method.

o Kinetic parameters

Friedman Flynn-Wall-Ozawa

logA(s™") E (kJmol-1) logA (s1) E (kJmol-1)
0.1 5.97 97 4.75 80
0.2 9.42 137 8.39 122
0.3 10.50 151 9.88 141
04 10.86 156 10.62 150
0.5 10.77 156 10.97 155
0.6 10.70 155 11.07 157
0.7 11.44 166 11.19 160
0.8 16.03 230 12.95 184
0.9 28.55 415 26.67 391
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Fig. 3. Plot of log B as a function of 1000/T according with Flynn-Wall-Ozawa
method for P5.

fact that all analyzed structures, except cellulose, behave similar to
P5, a kinetic model of thermal decomposition in four successive
stages (Eq. (8)) was proposed. In Eq. (8) sample (A) is transformed
into the solid residue (E) through the intermediate stages (B), (C)
and (D) and the corresponding gaseous products. Similar, a two
stage successive reactions thermal decomposition mechanism was
proposed for the pure cellulose and its kinetic thermal degradation
parameters values also increased with the conversion degree.

A-LB-Ac 2D LE (8)

Multivariate non-linear regression method [21] was performed
to determine reaction models for the four heating rates and to
find the real forms of the conversion functions describing indi-
vidual decomposition stages of all studied samples. This method,
along with the two isoconversional above discussed and used
methods, can also be applied for kinetic determinations to some
non-degradative thermal processes studied through differential
scanning calorimetry [24].

The experimental TGA curves were compared with those simu-
lated by the software, using the isoconversional data. After testing
of 13 reaction types [25], the best results were obtained with n

order reaction model (coded Fn), as described by Eq. (9), for pure
PVA and the cryogels:

flay=(1-a) 9)

Table 3 lists the codes of the decomposition mechanisms pre-
sented in the literature [25] and also the statistical parameters (Fexp
and F) which indicate the fit quality of the calculated curves to
the experimental ones for P5.

Multivariate non-linear regression method indicated that the Fn
and expanded Prout-Tompkins (Bna) models fit better to former
and latter stage of thermal decomposition of pure cellulose with
correlation coefficients values of 0.999848 and 0.999738, respec-
tively. The Fn and Bna have both Fexp and Fj; values of 1.0 and 1.12.
The function flo) for the Bna model is 9-38(1 — ¢)044°, The E and
log A values for Bna model are 213 kJ mol~! and 16.6s~1. These val-
ues, along with the ones obtained for the Fn model, were found to be
situated within the range of the global kinetic parameters obtained
by Flynn-Wall-Ozawa and Friedman methods. The Bna model is
described as an autocatalytic model [26]. In solid-state kinetics
autocatalysis process occurs when nuclei growth promotes con-
tinued reactions because of formation of imperfections (i.e., cracks
or dislocations) at the reaction interface (i.e., branching). Termina-
tion takes place when the reaction starts to spread into the material
that has decomposed [27]. The Bna model has been used in a simi-
lar study for microgranular cellulose [28] and for nanocomposites
polymer non-organic particles [29,30].

The kinetic data obtained by multivariate non-linear regression
method are presented in Table 4.

Fig. 4 shows the comparison of experimental data with the
calculated data. It was observed that the tabeled correlation
coefficients yielded the closest values to unity, thus proving
the validity of thermal decomposition models in two and four
successive stages, respectively. Furthermore, it can be observed
that the kinetic parameters corresponding to each individual
decomposition stage for P5 are in the range of global ones
determined by the two applied isoconversional methods. The
same was observed for the other cryogels and pure comprising
polymers.

The first decomposition process of PVA corresponds to water
loss (31-217°C [8]). The value of n close to 2, in the second
(217-306°C [8]), third (306-419°C [8]) and forth stage of thermal
decomposition (419-513°C [8]), suggests that the weight loss is
related to random main chain scission with shorter polymer frag-
ments formation and intramolecular transfer [12]. The second stage
of thermal decomposition was assigned to both partial dehydration
and polyene formation [8]. The third stage of thermal decomposi-
tion was attributed to polyene decomposition and macroradicals
scission. This is considered the main degradation part of the PVA,
due to a high degree of mass loss (63% [8]) [31]. The last stage

Table 3

Reactions types and corresponding reactions equations, de/dt = —Aexp(—E/RT)f(e,p); e - concentration of the educt; p - concentration of the solid product, for P5.
Code fle,p) Reaction type Correlation coefficient Feit (0.95) Fexp
Fn e" nth-Order reaction 0.999855 1.11 1.00
Bna e.p? expanded Prout-Tompkins equation (na) 0.999534 1.11 1.30
F2 e? Second order 0.999254 1.11 1.56
D2 —1/Ine Two dimensional diffusion 0.998932 1.11 1.58
D1 0.5/(1—e) One dimensional diffusion 0.998527 1.11 1.60
D4 1.5(e7 13 -1) Three dimensional diffusion (Ginstling-Brounstein type) 0.998211 1.11 1.62
D3 1.5.e13.(e 1P - 1) Three dimensional diffusion (Jander’s type) 0.997556 1.11 1.75
F1 e First order 0.997111 1.11 1.84
R3 3.e23 Three-dimensional phase boundary reaction 0.996786 1.11 1.95
A2 2.e-(—In(e))'2 Two dimensional nucleation 0.996699 1.11 1.98
R2 2.2 Two dimensional phase boundary reaction 0.996788 1.11 1.99
A3 3.e.(~In(e))?? Three dimensional nucleation 0.996252 1.11 2.03
An n-e-(—In(e))n-1in n-Dimensional nucleation/nucleus growth (Avrami/Erofeev) 0.968765 1.11 135
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Table 4

Kinetic parameters of the thermal decomposition stages of the cryogels and pure comprising polymers.

Sample Decomposition Kinetic parameters Statistical data
stage
Correlation Feit (0.95) Fexp
coefficient
PVA I logA (s~1)=9.00 0.999866 1.12 1.00
E (kJmol~1)=86
n=2.97
il logA (s 1)=5.25
E(kjmol~1)=85.22
n=1.95
il logA (s 1)=15.58
E (kJmol~1)=219
n=1.68
\Y4 logA(s1)=21.26
E (kfmol~1)=317
n=2.33
P1 I logA (s~1)=4.069 0.999578 1.12 1.00
E (kmol~1)=48
n=2.68
i logA (s~1)=5.706
E (kJmol~1)=83
n=2.99
1 logA (s1)=13.84
E (kJmol-1)=185
n=2.99
v logA (s~1)=24.286
E (kJ mol~1)=309
n=2.99
P3 I logA (s 1)=6.839 0.999669 1.12 1.00
E (kJmol~1)=64
n=2.99
11 logA (s~1)=5.822
E (kJmol~1)=88
n=2.99
i logA (s 1)=13.77
E (kjmol~1)=183
n=0.8
v logA
(s71)=21.1381
E (kJmol~1)=274
n=2.99
P5 I logA (s 1)=4.9 0.999855 1.11 1.00
E (kJmol~1)=102
n=2.7
I logA (s 1)=5.47
E (kmol~1)=82
n=0.83
1l logA (s~1)=12.02
E (kJ mol~1)=165
n=2.99
I\% logA (s 1)=25
E (kJmol-1)=377
n=2.99
Cel I logA (s 1)=5.30 0.999848 1.12 1.00
E (kJmol~1)=42
n=3
it logA (s1)=16.6 0.999738
E (kJmol-1)=213
n=1.7

of thermal decomposition is characterized by complex advanced
degradation of the polymer chains and by random scission reac-
tions. The first stage of mass loss from cellulose corresponded to
water loss (30-124°C [8]), whilst the second (124-470°C [8]) was
attributed to main chain scissions leading to the formation of lev-
oglucosan followed by yields of volatile products and char [32].
Macroradicals formed during this stage may further catalyze the
thermal decomposition process. At least 19 volatile compounds
were found and reported for cellulose pyrolysis [33].

3.3. FTIR analysis of the evolved gases

Fig. 5 shows the tridimensional FTIR spectra of the evolved
gaseous products during the thermal decomposition process. As an
exemplification, all FTIR and MS spectra were discussed for struc-
ture P5, due to the other cryogels similar thermal behavior.

It can be observed from Fig. 5 that the cryogels initially lose
physically absorbed water and air. The region 4000-3000 cm™!
and 1350-2100 cm~! were attributed to loss of physically absorbed
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Fig. 4. Comparison of experimental TGA curves with the ones calculated from kinetic data.

water traces [10]. The peak from 2362 cm~! coupled with the sig-
nals raging from 1350 to 2100 cm™~! correspond to carbon dioxide
traces loss from the physically absorbed air. Fig. 5 shows that the
signals intensity corresponding to water and to carbon dioxide
continuously increases throughout the whole temperature decom-
position process. The signal at 1120cm~! and the region between
3000 and 3600 cm~! with a peak at 3240 cm~! could correspond to
C—OH and O—H stretching vibrations from alcohols [34]. The peak
signals at 2181 cm~! and 2114 cm™! correspond to CO evolvement
[35]. The region 1250-2000 cm~! may be attributed to a complex
gaseous mixture containing also C=0 and C=C stretching vibrations
from carbonyl and olefin products. In the thermal decomposition
stage during which the highest mass loss occurred, amongst the
gaseous mixtures continuously evolved from the previous ther-
mal decomposition stages, there also appears a broad region raging

0.04 1

0.03 4

0.02

Absorbance

0.01

0.00

Temperature [OC]
Wavenumber [cm™]

Fig. 5. FTIR spectra of evolved gases during the thermal degradation of P5 recorded
as a function of temperature.

between 2800 and 3000cm~! with a peak at 2937cm~! cor-
responding to C—H stretching vibration from CHs, CH, and CH
groups. These peaks become individualized in the last stage of ther-
mal decomposition. New compounds containing carbonyl groups
appeared in last stage of thermal decomposition at 1768, 1749,
1734 and 1716 cm™1.

3.4. MS analysis of the evolved gases

FTIR spectra and NIST Mass Spectral Database were used for the
interpretations of mass spectra. Although the FTIR-MS analysis of
the products generated during the thermal degradation of cryogel
P5 revealed a complex volatile mixture, only the presence of the
most abundant species were taken into account.

The MS analyses confirm the presence of water and air traces
in the gaseous mixture. The m/z values of 44, 28, 16 and 12 were
attributed to carbon dioxide from air. Also m/z values of 28 and 14
are specific to nitrogen and m/z values of 16 and 32 to oxygen in
desorbed air. Water traces were identified by the presence of m/z
values of 16, 17 and 18. The loss of absorbed air and water traces
is further confirmed by around 2% mass loss in the first stage of
gases evolvement. The second stage of thermal decomposition also
exhibits the all above mentioned gases, except that carbon diox-
ide is released from the structure and not from the desorbed air.
Methanol traces were also identified by m/z values of 31, 32, 29,
28 and 15. The signals at 44, 43, 29 and 15 can be attributed to
acetaldehyde resulted from PVA main chain decomposition. Also
m/z values of 28 and 12 can correspond to carbon monoxide from
cellulose structure decomposition. Ethylene could also be identi-
fied in the gaseous mixture by the m/z values of 28, 27 and 26 [36].
The presence of new gases evolvement in the second stage of ther-
mal decomposition is confirmed by a higher mass loss of around
6% in comparison with the first stage. The third stage of thermal
decomposition exhibits a major mass loss of around 70% due to
the presence of the continuously evolved gases from the previous
stages and evolvement of new compounds. The m/z signals values
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raging between 44 and 38 correspond to the formation of ethylene
oxide and an increase in acetaldehyde concentration. The CHs, CH,
and CH groups identified in the correspondent FTIR spectrum may
originate from these structures. The last stage of thermal decom-
position is characterized by a massive decrease in mass loss due to
the ending of ethylene oxide evolvement. The m/z signal values at
30, 29 and 28 may correspond to formaldehyde formation.

4. Conclusions

Non-isothermal decomposition kinetic studies of some PVA
and cellulose based cryogel materials were conducted by dynamic
thermogravimetry, in inert atmosphere and in the temperature
range 30-600 °C by recording thermograms at four different heat-
ing rates. Global kinetic parameters were determined by applying
the isoconversional methods of Friedman and Flynn-Wall-Ozawa.
The activation energy values of all samples increased with the
conversion degree, thus suggesting a complex mechanism of ther-
mal degradation. Non-linear multivariate regression method was
applied to determine the individual kinetic parameters for each
stage of thermal decomposition of all studied structures. A Fn
model best described the thermogravimetric data for pure PVA and
cryogels, whilst the Fn and Bna models better described the two
decomposition stages of pure cellulose. During the thermal degra-
dation of cryogels a significant number of gaseous products were
identified. The major volatile products evolved during the thermal
decomposition were: water, carbon dioxide and olefin and carbonyl
structures.
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