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Abstract Newly prepared and well-characterized nanocomposite thin films of

polyvinylpyrrolidone (PVP) containing 2, 5, 10, and 15 wt% cerium (IV) sulfate

have been subjected to structural and thermal stability investigations using the

transmission electron microscopy (TEM), atomic force microscope (AFM), X-ray

diffraction (XRD), differential scanning calorimetry (DSC), and thermogravimetric

analysis (TGA). The nanostructural nature of the investigated films was confirmed

from the estimated average size of the particles. Better crystallinity was achieved

with the addition of 15 wt% cerium disulfate to PVP. The thermograms of DSC and

its derivative for the investigated composites indicated the development of a new

endothermic peak of decomposition nature, and the values of peak position and

associated enthalpy were found to be composition dependent, indicating a decrease

in thermal stability of PVP with the increase of dopant concentration. Thermograms

of TGA and its derivative revealed that the weight loss in the composite samples is

composition dependent, and two main steps of degradation were clearly evident, the

first assigned mainly to dehydration processes at relatively lower temperature range

(30–200 �C) and the second at higher temperatures up to 400 �C attributed to

decomposition processes. Thermodynamic parameters, such as activation energy,

entropy, enthalpy, and Gibbs free energy, were also determined on the basis of

thermogravimetric data.
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Abbreviations
PVP Polyvinylpyrrolidone

TEM Transmission electron microscopy

AFM Atomic force microscope

XRD X-ray diffraction

DSC Differential scanning calorimetry

TGA Thermogravimetric analysis

NMR Nuclear magnetic resonance

IR Infrared

Introduction

Numerous polymeric composites generally consist of a polymer continuous phase

surrounding a dispersed phase in combination, with the aim of improving the

properties of the component materials and developing hybrid materials with unique

properties. Homogeneity increases as the size of the dispersed phase is reduced, and

the nanocomposite is formed when the dispersed phase can reach the nanoscale

(B10-7 m). Such hybrids which contain nanoparticles with high surface area and

small particle size are of certain interest due to their widely spread applications as,

for example, catalytic agents, luminescent materials, and electrochemical devices

[1–6].

In this respect, the polymeric nanocomposite systems containing rare-earth metal

salts belong to a recently advancing branch of an increasing importance in

contemporary polymer science and technology [5–8]. The resulting magnetic

nanostructures are quite remarkable materials because they exhibit exclusive

functionalities originated from both polymer and inorganic additives. Such

materials find promising applications in the fabrication of plastic lasing devices

and information storing media [5, 9–12]. In fact, doping of transition metal salts

with different concentrations into polymers can produce pronounced changes in

various properties of complexes and lead to the development of materials with

tailor-made properties [3, 7, 8, 13–15].

In recent publication for one of the present authors [16], a systematic research

work has been started to prepare and characterize the new nanocomposite systems

PVP–GdCl3 and PVP–HoCl3. In another work [17], the author reported that the

nanocomposites PVP–Ce(SO4)2�4H2O were found to display very good film-

forming properties, and their miscibility along with complex formation were

elucidated using nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy.

Magnetic and optical characterization studies were also performed.

The components of the composites studied in the present work were polyvinyl-

pyrrolidone (PVP) and tetrahydrated cerium (IV) disulfate, Ce(SO4)2�4H2O. The

pyrrolidone rings in PVP contain a proton accepting carbonyl moiety and prefer to

complex with many inorganic salts, while Ce(SO4)2�4H2O is usually used as highly

active oxidant in the synthesis of polymers. However, investigations of the cerium
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(IV) disulfate complete structure and its thermal degradation revealed an obvious

disagreement among different references [18–25].

Unfortunately, to the best of our knowledge, the literature is almost devoid of any

data concerning the study of the physical properties of nanocomposite system PVP/

Ce(SO4)2�4H2O, among which the issue of thermal degradation and stability is

essentially of both scientific interest and technological importance [23].

The aim of the present study is to investigate the structure and thermal stability of

PVP films in the presence of small amounts (2, 5, 10, and 15 wt%) of ceric sulfate

and to determine some characteristic structural and thermodynamical parameters of

PVP, Ce(SO4)2�4H2O and their nanocomposites.

Experimental

Materials

PVP with FW *40,000 was supplied by GFS chemicals, Powell, OH. The transition

metal salt cerium disulfate with empirical formula Ce(SO4)2�4H2O, FW 404.30, and

purity 99.9% was supplied by Strem Chemicals Inc., Newburyport, MA.

Sample preparation

The solution method was used to obtain film samples. A known amount of PVP

granules was dissolved in doubly distilled water to prepare a clear solution. Also,

known amount of Ce(SO4)2�4H2O salt was dissolved in small amount of distilled

water containing few drops of 0.1 M H2SO4 at room temperature. Solutions of

Ce(SO4)2�4H2O and PVP were mixed together with different weight percentages, 2,

5, 10, and 15 wt% of Ce(SO4)2�4H2O, using a magnetic stirrer, at 50 �C on a water

path for several hours in order to obtain complete dissolution. Samples with higher

dopant concentrations were difficult to obtain because of the limited solubility of

Ce(SO4)2�4H2O in water (36 g L-1, at 50 �C). Thin films of appropriate thickness

(*80 lm) were cast onto glass Petri dishes and then dried in air at room

temperature for about 7 days until the solvent was completely evaporated.

Measuring techniques

Morphological investigations were performed using a transmission electron

microscope of the type Jeol JEM-1230 (Jeol Ltd, Tokyo, Japan) at a working

voltage of 100 keV.

A drop of the sample was placed onto a carbon-coated copper grid followed by

drying at room temperature.

Images were recorded under an axial illumination at approximate nanoscale

focus. The diameter of the objective aperture used was 1 lm. The particle size

distribution was determined for more than 300 particles of diameters up to 100 nm

along a fixed direction on the micrograph.
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Topographic imaging of representative sample was performed at room temper-

ature and atmospheric pressure using an Atomic force microscope (model SPM-

9600 manufactured by Shimadzu Corporation, Kyoto, Japan) in contact mode.

The X-ray diffraction (XRD) patterns were obtained with Panalytical X’PERT-

PRO. Target: Cu Ka radiation with 2nd monochromotor, 40 mA, 45 kV, made in

Holand.

Thermal analysis was carried out using computerized differential scanning

calorimeter (DSC) and thermogravimetric analysis (TGA) instruments (TA-50)

manufactured by Shimadzu Corporation (Kyoto, Japan) under an atmosphere of

nitrogen at a flow rate of 30 ml/min. The heat rate used for all samples under

investigation was 10 �C/min.

Results and discussion

Transmission electron microscopy (TEM)

Figure 1 shows a typical TEM overview of the nanoparticles in the sample

PVA ? 10% Ce(SO4)2�4H2O. It can be seen that the additive salt is uniformly

dispersed in the PVP matrix, and the sample under investigation is nanostructured

material. Statistical results revealed that the value of the average particle size is

mostly about 45 nm. The figure also shows that the shape of the particles appears

nearly spherical. Agglomerated particles, as well as separated ones are present in the

figure. Figure 1 shows also the histogram of the particles size distribution.

Mainly, the agglomeration can be partly attributed to some extent to electrostatic

or Van der Waals’ forces between particles. Also, the nanoparticles containing

cerium ions tend to agglomerate because of their permanent magnetic moment

[16, 26]. Hence, the particles are permanently magnetized and get agglomerated.

Atomic force microscopy (AFM)

Figure 2 also shows representative topographic AFM image for the composite PVP

film containing 10 wt% Ce(SO4)2�4H2O, where the nanostructural nature is clearly

evident with calculated values of 45 nm for average particle size, 0.003 lm2 for

average surface area, and 0.55 nm for average surface roughness. Such parameters

effectively play an important role in the contact area of interaction between the

bodies, particularly in the nanoscale [27].

X-ray diffraction (XRD)

Figure 3 shows the X-ray diffraction patterns of the materials PVP and

Ce(SO4)2�4H2O, together with the composites PVP ? 5 wt% Ce(SO4)2�4H2O,

PVP ? 10 wt% Ce(SO4)2�4H2O, and PVP ? 15 wt% Ce(SO4)2�4H2O. Figure 3a

shows two diffuse halos observed for PVP over the angular ranges 9�–15� and

15�–35�, with maximum counts at 11� and 21�, respectively. This indicates the

amorphous nature of the PVP structure as previously reported in literature [18].
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However, Nishio et al. [20] reported two broad rings at 11.7� and 19.8� in the

diffraction pattern of PVP film. They assumed that some crystalline ordering is also

present in the homopolymer film. Presumably, the outer diffuse ring in the WAXD

pattern may be identified with an amorphous halo, while the inner diffraction ring,

located at 2h = 11.7� with relatively greater intensity, originates from a phase of

low regularity. In this phase, PVP molecules are arranged with chain-to-chain lateral

ordering to assume a pseudohexagonal packing, but without any definite longitu-

dinal repeat spacing.

Figure 3e presents also the powder diffraction pattern and crystallographic data

obtained in the present work for the tetrahydrated cerium disulfate compound. The

interplaner spacing (dhkl) values, labeled on the corresponding Bragg reflections of

the obtained diffractogram, were compared to that previously reported in the

database, and the best fit matching most of the experimental peaks was achieved

with the calculated pattern of the monoclinic Ce(SO4)2�4H2O with space group C2/c

[28]. This fitting is an evidence of a pure material. Once again, we remained that the

Fig. 1 TEM image of the composite PVP ? 10 wt% Ce(SO4)2�4H2O and the corresponding histogram
of the particle size distribution
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complete crystal structure determination of Ce(SO4)2�4H2O is still ambiguous in the

literature [24, 25, 28, 29].

Addition of Ce(SO4)2�4H2O dopant until a concentration of 5% by weight to PVP

did not entail remarkable change in the diffractogram of the amorphous PVP, except

some increase in intensity of the halo at 21� and vanishingly small intensity of the

halo at 11�, as illustrated in Fig. 3b. When the dopant content reached 10 wt%, a

new diffraction profile of crystalline phase was easily discernible. The composite

PVP ? 10 wt% Ce(SO4)2�4H2O, Fig. 3c, confirmed a good crystallinity for this

material. The appearance of the hump at 2h = 21� indicates that the amorphous

phase of PVP is still present. Better crystallinity was achieved with a highly possible

addition of 15 wt% cerium compound to PVP, Fig. 3d. The limited solubility of

cerium (IV) sulfate tetrahydrate in water restricted the use of higher dopant

concentrations [30].

The average size of the nanocomposite particles (Dhkl) was estimated from the

X-ray diffraction pattern, Fig. 3, using the well-known Sherrer formula [31]

Dhkl ¼ 0:98
k

bhkl cosðhhklÞ
; ð1Þ

where k is the wavelength of the X-rays (0.154056 nm), bhkl is the full width at half

maximum (FWHM) of the diffraction peak, and hhkl is the Bragg diffraction angle.

The calculated values of average size (diameter) of the particles in the

composites 10 wt% Ce(SO4)2�4H2O ? PVP and 15 wt% Ce(SO4)2�4H2O ? PVP

were found to be 29 and 32 nm, respectively, i.e., within the range of the nanoscale.

These values of nanoparticles size are in good conformity with the values calculated

from TEM and AFM images.

Fig. 2 AFM images of the sample PVP ? 10 wt% Ce(SO4)2�4H2O
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Thermal properties

Differential scanning calorimetry (DSC)

Figure 4 shows DSC and its derivative thermograms obtained at a heating rate of

10 �C/min for pure PVP, pure Ce(SO4)2�4H2O, and their composites during a first

heating scan. For pure phase of PVP, Fig. 4a, the curves of DSC and its derivative

show a major endothermic peak centered at about 72 �C, assigned to a glass

transition process associated with an enthalpy of 542.35 J/g, and extending from

about 30–125 �C. It is probable that this broad peak includes another small one at

100 �C due to the removal of some water trapped in the polymeric network. Making

use of the method of water contribution subtraction [32], Fig. 4 shows the corrected

Fig. 3 X-ray diffraction pattern for (a) pure PVP, (e) pure Ce(SO4)2�4H2O and (b–d) for the composites
containing 5, 10 and 15 wt% Ce(SO4)2�4H2O-doped PVP, respectively
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trace corresponding to the PVP sample after subtracting the water effect. The broad

glass transition is apparently a result of the nonuniform nature of this process.

In the literature, several conflicting values of glass transition temperature (Tg) of

PVP were found, ranging from 42.5 �C at a scanning rate of 8 �C/min to 177 �C at a

heating rate of 25 �C/min [18, 33–37]. Several reasons are usually suggested for

such confliction of Tg values including: presence of impurities, changes in specific

heat involved, inability to attain near-equilibrium conditions during measurement,

and/or the faster rate of temperature change compared to the change in molecular

rearrangement, along with the large influence of sorbed moisture due to the

hygroscopic nature of the material [18, 37].

The minor endothermic peak at about 210 �C in the thermograms of DSC and its

derivative for PVP may be attributed to a solid–solid transition of unspecified

Fig. 4 DSC and its derivative thermograms for (a) pure PVP, (f) pure Ce(SO4)2�4H2O and (b–e) for the
composites containing 2, 5, 10 and 15 wt% Ce(SO4)2�4H2O-doped PVP, respectively

158 Polym. Bull. (2012) 68:151–165

123



nature. Kumar et al. [18] reported a similar peak at 206 �C and found, using a hot

stage microscope, that PVP showed off-white to light yellow coloration at about

246 �C.

In addition to the endotherms at 72 and 210 �C, the PVP sample showed an

endothermic peak at about 392 �C, which can be attributed to the thermal chemical

decomposition process associated with an enthalpy of 16.94 J/g.

It is to be mentioned that, in a subsequent cooling and reheating runs, the

endothermic peaks have been disappeared, indicating the irreversibility of

thermograms of both DSC and its derivative for pure PVP.

On the other hand, Fig. 4f shows also the DSC and its derivative thermograms for

the pure compound Ce(SO4)2�4H2O. The endothermic dehydration peaks at 142,

156, and 191 �C are associated with enthalpies of 2.52, 17.69, and 61.17 J/g,

respectively. The peaks centered at about 229 and 382 �C are probably of thermal

decomposition nature associated with enthalpies of 25.15 and 12.52 J/g.

Figure 4b–e depicts the DSC and its derivative curves for the composite samples

under investigation and the obtained data are summarized in Table 1. One can

observe that the addition of 2 wt% Ce(SO4)2�4H2O to PVP entailed a development

of a new characteristic endothermic peak at 240 �C with an enthalpy of 49.17 J/g.

The increase of dopant concentration led to a shift of the peak position toward

higher temperature, along with a remarkable gradual increase of enthalpy values.

Besides, the endothermic peak assigned to thermal decomposition of PVP at 392 �C

can be observed to exhibit gradual decrease toward lower temperatures together

with considerable increase of corresponding enthalpies, indicating a remarkable

decrease in the thermal stability of PVP with the increase of dopant concentration. It

is to be mentioned also that the peak at 72 �C for PVP disappeared in the

thermograms of the investigated composites.

Table 1 Endothermic peak temperatures (Tp) and associated enthalpies (DH) for PVP, Ce(So4)2�4H2O

and their nanocomposites as obtained from the thermograms of DSC and its derivative

Specimen Endothermic peak temperatures (Tp) and associated enthalpies (DH)

Peaks in the region

30–200 �C

Peaks in the region

200–300 �C

Peaks in the region

300–400 �C

Tp (�C) DH (J/g) Tp (�C) DH (J/g) Tp (�C) DH (J/g)

PVP 72 542.35 210 0.63 392 16.94

PVP ? 2% Ce(SO4)2�4H2O – – 240 49.17 388 22.63

PVP ? 5% Ce(SO4)2�4H2O – – 249 129 385 46.87

PVP ? 10% Ce(SO4)2�4H2O 122 2.02 254 180.13 376 95.1

PVP ? 15% Ce(SO4)2�4H2O 127 4.55 258 219.85

149 4.41 – –

172 3.87

Ce(SO4)2�4H2O 142 2.52 229 25.15 382 12.52

156 17.69

191 61.17
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Thermogravimetric analysis (TGA)

To determine the stability of the pure PVP film and the effect of dopant

concentration on this stability, measurements of TGA and its derivative were carried

out in the temperature range 30–400 �C, and the obtained data were presented in

Fig. 5. The initial and final temperatures of degradation steps, and the percentages

of weight loss were determined from the TGA curves, and the maximum

temperature of the highest rate of weight loss for each degradation step (Tmax
* )

was determined from the derivative of TGA curves. The obtained data from Fig. 5

are summarized in Table 2.

Figure 5 and Table 2 show that PVP is thermally stable over a wide temperature

range (115–330 �C), and two distinct steps of degradation were clearly evident. The

Fig. 5 TGA and its derivative thermograms for (a) pure PVP, (f) pure Ce(SO4)2�4H2O and (b–e) for the
composites containing 2, 5, 10 and 15 wt% Ce(SO4)2�4H2O-doped PVP, respectively
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mass loss of the first step starts at 30 �C and reaches to maximum at 60 �C, while

the relatively much larger mass loss of the second step starts at about 330 �C and

reaches to maximum at about 390 �C, and the total percentage of weight loss

amounts to 75.6%. The first degradation stage includes the process of glass phase

transition, together with dehydration process of residual water associated with the

sample. Due to the hydrophilic nature of PVP, water can be absorbed from the

atmosphere and constitutes a significant weight loss percentage which can be

identified in the first mass-loss event in the TGA trace. On the other hand, the

second major decomposition step is thought to include mainly a chemical

degradation process resulting from bond scission in the polymer backbone.

Concerning the compound Ce(SO4)2�4H2O, one can see from Fig. 5f and Table 2

that this compound is thermally stable over the temperature range from about 30 to

120 �C, showing much less temperature range of stability than PVP. Two main

degradation steps appeared successively: the first one starts at about 120 �C and its

mass loss reaches to maximum at 155 and 196 �C, while the second one starts at

200 �C and its mass loss reaches to maximum at 300 �C. The percentage mass loss

in the first stage amounts to 5.28%, while that of the second step amount to 9.53%.

This means that the first degradation step is mainly a dehydration process, while the

second one is mainly a decomposition process, within the temperature range

employed (30–400 �C).

Unfortunately, the description of the thermal behavior and decomposition of

tetrahydrated ceric sulfate is obviously contradictory in literature. An early study

reported that this compound already decomposes into 3CeO2�4SO3 at 195 �C, while

Table 2 Stages of degradation, % weight loss and thermodynamic parameters for PVP, Ce(SO4)2�4H2O

and their nanocomposites, as obtained from thermogravimetric analysis

Samples Temperature (�C) % Weight loss Thermodynamical parameters

Start End Tmax
* Partial Total E#

(kJ/mol)

DS#

(J/K/mol)

DH#

(kJ/mol)

DG#

(kJ/mol)

PVP 30 115 60 11.2 75.6 36.16 -216.43 33.29 107.69

330 400 390 64.37 54.15 -364.34 1.15 176.48

PVP ? 2%

Ce(SO4)2�4H2O

30 150 58 15.58 33.7 28.07 -246.50 25.05 113.85

150 400 251 394 18.12 36.16 -271.05 31.60 217.76

PVP ? 5%

Ce(SO4)2�4H2O

30 160 57 145 14.67 36.7 30.48 -245.28 27.42 134.85

160 400 261 22.00 43.81 -253.65 39.21 163.79

PVP ? 10%

Ce(SO4)2�4H2O

30 175 140 159 15.57 51.1 30.33 -250.31 27.21 140.47

175 400 260 397 35.56 53.75 -236.54 49.09 212.59

PVP ? 15%

Ce(SO4)2�4H2O

30 180 59 151 17.03 56.5 28.21 -257.31 25.06 141.04

180 400 253 393 39.43 52.47 -238.67 47.79 212.26

Ce(SO4)2�4H2O 120 200 155 196 5.28 14.8 56.98 -190.73 53.38 146.82

200 400 300 9.53 20.52 -295.62 15.75 160.35

Tmax
* , the peak temperature of the maximum rate of degradation processes as obtained from the derivative of

TGA curves
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other studies showed that Ce(SO4)2�4H2O decomposes in four stages, losing two

molecules of water in the first and second stages, resulting in the formation of

anhydrous Ce(SO4)2 at 340 �C, then Ce(SO4)2 converts into CeO2�2Ce(SO4)2 which

in the final stage, between 700 and 940 �C loses sulfur dioxide and oxygen to give

CeO2 [24, 38]. In contrast, other authors showed evidence that the dehydration

process starts at 98 �C and proceeds in two steps up to 322 �C. Further, they

suggested that the observed weight loss in the range 450–495 �C corresponds to the

reduction of anhydrous cerium (IV) sulfate, giving Ce2(SO4)3, SO2, and O2 [39, 40].

Accordingly, tedious work is still needed from crystallographers in order to unfold

this contradiction.

Figure 5b–e presents the TGA and its derivative curves for the composite

samples under investigation, and the obtained data are listed in Table 2. It can be

noted that TGA and its derivative curves of all composite samples had continuous

weight loss up to 400 �C, and the composite containing 2 wt% Ce(SO4)2�4H2O had

the smallest weight loss among all composites. The presence of Ce(SO4)2�4H2O

appears to cause an earlier degradation onset than that in the pure polymer. This

means that PVP is less thermally stable in the presence of 2–15 wt% of cerium

disulfate. The temperature of maximum rate of weight loss for PVP is higher than

those for Ce(SO4)2�4H2O within the temperature range of measurements.

The weight loss in the composite samples is generally less than that in pure PVP

and greater than that in cerium disulfate tetrahydrate, but it exhibits a gradual

increase with increase of dopant concentration. Holmes et al. [23] reported similar

trend on studying the pyrolysis behavior of TiO2–PVP composite materials.

Besides, it was reported for some rare-earth metal salts doped polyethylene oxide

that vaporization of residual water was observed to occur in the temperature range

40–150 �C [5]. Moreover, the water of coordination is usually eliminated

throughout the temperature range 100–350 �C, and this process is usually

accompanied by the appearance of several endo- and exothermic peaks in the

differential thermograms. However, the interpretation of the DSC and TGA curves

in terms of discrete stages with associated weight losses requires a great deal of

imagination and certain amount of wishful thinking.

Calculation of thermodynamic activation parameters

The thermodynamic activation parameters of the dehydration and decomposition

processes of the investigated samples, such as activation energy (E#), enthalpy

(DH#), entropy (DS#), and Gibbs free energy (DG#) were calculated by employing

the Coats–Redfern equation [41, 42]:

ln
� lnð1� aÞ

T2
¼ � E

RT
þ ln

AR

hE#
; ð2Þ

where A is Arrhenius constant, h is the heating rate, R is the universal gas constant,

and a is the fraction of decomposition at temperature T.

A plot of the left-hand side of Eq. 2 against 1/T gives a slope, from which E# was

calculated and A was determined from the intercept. The values of DH#, DS#, and

DG# were calculated using the following equations:
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DH# ¼ E# � RT ; ð3Þ

DS# ¼ 2:303 log
Ah

kT

� �
R; ð4Þ

DG# ¼ DH# � TDS#; ð5Þ

where k and h are Boltzmann and Planck constants, respectively.

Representative Coats–Redfern plots are given in Fig. 6, indicating good

correlation for both steps of degradation. The corresponding thermodynamic

parameters E#, DS#, DH#, and DG# are given in Table 2.

The negative entropy values, together with the relatively small values of the

thermodynamic activation parameters, indicate the orderness, the relatively low

thermal motion, and the relative stability of PVP–Ce(SO4)2�4H2O composites for

the first degradation step in comparison to the second stage of decomposition.

Conclusions

Newly prepared and well-defined nanocomposite thin films of the system PVP–

Ce(SO4)2�4H2O were subjected to a follow-up study in order to investigate their

structure and thermal behavior within the temperature range 30–400 �C, and to

determine some of their thermodynamical characteristics.

Fig. 6 Coats-Redfern plots of the first (open circle) and second (open square) degradation steps for
a pure PVP, b pure Ce(SO4)2�4H2O, c PVP ? 5 wt% Ce(SO4)2�4H2O and d PVP ? 15 wt%
Ce(SO4)2�4H2O
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X-ray diffraction results revealed that the pure PVP is predominantly amorphous

with some localized ordering, i.e., not withstanding the presence of a phase of low

regularity. The crystallinity of PVP films increases rapidly with increasing the dopant

content up to 15 wt% of Ce(SO4)2�4H2O at the expense of the amorphous phase.

The limited solubility of cerium (IV) sulfate tetrahydrate in water restricted the

use of dopant concentrations higher than 15 wt%. The estimated average size of the

dispersed particles in the investigated composites, as obtained from the X-ray

diffraction patterns and confirmed from TEM and AFM images, was found to be

within the range of the nanoscale.

DSC and its derivative thermograms indicated that the addition of 2 wt%

Ce(SO4)2�4H2O to PVP entailed the disappearance of the glass transition peak at

72 �C and the development of a new characteristic endothermic peak at about

240 �C associated with an enthalpy (DH) of 49.17 J/g. Both the values of peak

position and enthalpy are composition dependent.

TGA and its derivative thermograms revealed that two distinct steps of

degradation were clearly evident: one at relatively lower temperature range

(30–200 �C), assigned mainly to dehydration processes, and the other at higher

temperatures up to 400 �C, attributed mainly to decomposition processes of

unspecified nature. The presence of 2–15 wt% Ce(SO4)2�4H2O appears to cause an

earlier degradation onset than that in pure PVP.

Making use of the thermogravimetric data, some kinetic parameters, including

the activation energy E, entropy DS, enthalpy DH, and the Gibbs free energy DG,

were determined for the investigated samples. The obtained values of these

parameters indicate the orderness, relatively low thermal motion and relative

stability of PVP composites in the first stage of degradation when compared to the

second stage of decomposition at relatively higher temperatures.
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