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Abstract A series of blends of poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA)

were prepared by solution mixing and casting. Glycerol was used as plasticizer. The

blends were characterized for their physicochemical and thermo-mechanical prop-

erties. The FTIR results revealed the molecular level interaction between PVA and

PAA at all blend ratios. The incorporation of PAA significantly reduced the storage

modulus of PVA at a given temperature. PVA gradually lost its crystalline character

with the increase of PAA and became fully amorphous when the PAA content in the

blend exceeded 50 wt%. The kinetic parameters of the semi-crystalline blends were

determined using the Avarami–Erofeev model, which showed excellent fitting with

the experimental data from DSC. The loss in crystallinity of PVA also contributed

to an increase in swelling of the blend when the PAA content is increased. The

morphology study by FE-SEM demonstrated that there is no phase separation

among the blend components at all blend ratios.

Keywords Poly(vinyl alcohol) � Poly(acrylic acid) � Avarami–Erofeev model �
Solution blending

Introduction

Extensive research is being carried out in academia as well as in industry to develop

biodegradable polymer blends due to the concerns over conventional energy
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resources and increasing demands for advanced environment-friendly materials.

Extreme attention is to be taken while replacing conventional polymers with

biodegradable alternatives, because the fundamental mechanical, thermal and

chemical properties have to be reproduced. The major features need to be analyzed

for biodegradable polymers are water/solvent resistance, compatibility between

blend components, blend ratio and special treatments required for specified

properties.

Poly(vinyl alcohol) (PVA) is extensively used as water-soluble polymer in a wide

range of applications such as drug delivery, water-soluble packaging films, oil field

cementing, paper coating, textile sizing, hydrogels, etc. It possesses excellent

properties like film formability, barrier to gases and liquids, hydrophilicity, adhesive

strength, chemical resistance and more importantly its biodegradable nature [1–3].

The biodegradability is largely dependent on factors such as degree of polymer-

ization, degree of saponification, tacticity of main chain, ethylene content and 1,2-

glycol content [4]. PVA can be blended with different polymers or fillers to improve

the properties and make use for different applications [5–8].

Poly(acrylic acid) (PAA or carbomer) is the basis of a class of materials called

‘super absorbent’. PAA can be used as polyelectrolyte with the ability to absorb and

retain water and swell to many times its original volume. The swelling

characteristics of PAA can be controlled by crosslinking reaction and copolymer-

ization [9, 10]. PAA is used in many applications such as disposable diapers, ion

exchange resins, toothpastes, controlled release devices, membranes and so on. PAA

shows good miscibility with methyl cellulose polymer prepared by solution mixing

and casting process. The subsequent thermal treatment leads to the formation of

crosslinked material which is able to swell in aqueous and ethanol [11]. Recently,

Alkan et al. [12] prepared poly(ethylene glycol)-PAA blend and found that at their

miscibility conditions, the blends are potential material for thermal energy storage

applications.

Poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA) is a well-known blend system

for its molecular level miscibility through inter-polymer hydrogen bond interactions

[13, 14]. They possess massive potential in bio/environmental-related applications

as a biodegradable material because both of these polymers are water soluble and

can be easily fabricated into insoluble swollen networks. The intermolecular ester

groups formed between PVA and PAA are susceptible to microbiological

degradation in the environment by soluble character of each component. From an

engineering point of view, PVA can provide excellent strength properties and

thermal stability, whereas PAA exhibits excellent swelling ability and ionic

character. Quintero et al. studied the swelling behavior of PVA–PAA hydrogel films

in solution of varying pH. They explained the possible application of this hydrogel

as a bio-actuator/sensor based on its pH response [15]. PVA/PAA blends have been

used in different applications such as the dehydration process of alcohols, ethanol or

methanol [16] separation of organic solute molecules from water [17, 18], organic

memory devices [19] and polymer electrolyte membranes for fuel cell applications

[20]. Peppas and co-workers [21–24] have conducted extensive research on PVA/

PAA blends to utilize them as hydrogel in drug delivery applications. The addition

2788 Polym. Bull. (2014) 71:2787–2802

123



of PAA reduced the dry crystallinity of PVA, while the blend exhibited sensitivity

to pH changes in the swelling solutions.

Our work, as such, aims to present comprehensive characterization of PVA/PAA

blend at different blend ratios. The viability of using glycerol as a plasticizer in the

blend is investigated in this study. The DSC cooling data are issued to produce the

non-isothermal kinetic parameters using Avarami–Erofeev model.

Experimental

Materials

PVA (molecular weight, 27,000; degree of hydrolysis, 98.0–98.8 mol%) and

glycerol were procured from Sigma-Aldrich Company. PAA (molecular weight,

1,250,000) was obtained from Winlab, UK. Ethanol (99.8 % absolute) of Sigma-

Aldrich was used as solvent.

Preparation of PVA/PAA blends

The formulations are given in Table 1. Initially, specified amount of PVA as per the

blend ratio was dissolved in deionized water at 90 �C and glycerol was added as the

plasticizer. PAA was also weighed according to the blend ratio and was dissolved

separately in ethanol at 70 �C. Ethanol was chosen as the solvent for PAA because

PAA could be easily soluble in ethanol. When we used water as the solvent for

PAA, much larger volume was required to dissolve same amount of PAA in water

compared to ethanol as the solvent. This increases the processing complexity and

evaporation duration. Once PVA and PAA were completely dissolved in water and

ethanol, respectively, the PAA–ethanol solution was slowly added to PVA–water

solution under constant stirring. The resulting mixture was then stirred for another

3 h to obtain a homogeneous solution and then poured into the glass Petri dish for

drying at 50 �C for 24 h. The films were peeled off from thecontainer and pressed

between hot plates (at 150 �C) for 5 min using a Carver Press (Carver, Inc.) to

obtain rectangular samples of 1 mm thickness (Fig. 1). The samples were preserved

in a desiccator to avoid moisture uptake.

Characterization

FTIR studies

The FTIR spectra were obtained by averaging 32 scans, at a resolution of 4 cm-1

from 500 to 4,500 cm-1 using a Thermo NICOLET 6700 FTIR Spectrometer.

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) and properties of the samples were

investigated in a temperature range from room temperature to 130 �C in tension
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mode at a heating rate of 10 �C min-1 and a frequency of 1 Hz using a Perkin

Elmer DMA Q-800. The experiment was carried out under a nitrogen environment

at a load of 5 N with an average sample size 4 9 10 9 1 mm.

Differential scanning calorimetry (DSC)

Differential scanning calorimetric (DSC) studies performed using DSC-Q1000,

Universal V4.2E TA Instruments in nitrogen at a heating rate of 10 �C min-1 and in

the temperature range -70 to 240 �C. DSC Calibration was completed by

measuring the temperature and the enthalpy of indium melting. The percent

crystallinity of PVA, PVA/starch blend and the composites was calculated from the

ratio of the melting enthalpy of the sample to the theoretical melting enthalpy of

Table 1 Formulations of the

PVA/PAA blends (each

formulation contain total 6 g of

polymers and 3 ml of glycerol)

Sample code PVA (wt%) PAA (wt%)

PVA 100 0

PVA/PAA (90/10) 90 10

PVA/PAA (70/30) 70 30

PVA/PAA (50/50) 50 50

PVA/PAA (30/70) 30 70

PVA/PAA (10/90) 10 90

PAA 0 100

Fig. 1 PVA/PAA films of different blend ratios after molding at 150 �C; a (90/10), b (70/30), c (50/50),
d (30/70) and e (10/90)
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141.932 J g21 of 100 % crystalline PVA, multiplied by the weight fraction of PVA

in the sample [25].

Crystallization kinetics of PVA–PAA blends

The non-isothermal crystallization kinetics of PVA and PVA/PAA samples were

evaluated using non-isothermal Avrami–Erofeev equation which is given by

da=dT ¼
k

b
f a Tð Þð Þ ð1Þ

f a Tð Þð Þ ¼ n 1� a Tð Þð Þ ln 1� a Tð Þð Þ
n�1

n

h i
ð2Þ

da=dT ¼
k

b
exp � Ea

RT

1

T
� 1

T0

� �� �
n 1� að Þ � lnð1� aÞ

n�1
n ð3Þ

where f a Tð Þð Þ is the non-isothermal Avrami–Erofeev crystallization function, a is

the relative crystallinity, n represents the dimensions of crystal growth, k is the

frequency factor, T0 is the reference temperature and Ea is the apparent activation

energy. Detailed derivation of the equation can be found in Atiqullah et al. [26].

Equation (3) was solved by separation of variables into two functions a(T) and

T (Eqs. 1 and 2). The non-linear model was then fitted to the experimental data

using ‘‘NonLinearModelFit’’ command of Mathematica�. The frequency factor was

calculated at the reference temperature which was chosen as 370 K. Sufficient

experimental data points were collected for estimating the kinetic parameters (k, Ea

and n) to ensure high accuracy.

a was calculated from the DSC exotherm by the formula given below: [26].

a ¼ DHðTÞ
DHtotal

¼
R T1

T0

dH
dT

� �
dT

R T1
T

dH
dT

� �
dT

ð4Þ

TGA analysis

Thermal degradation studies on samples weighing approximately 10 mg were

performed using Perkin Elmer, Thermogravimetric Analyzer, Pyris-6 in nitrogen at

a heating rate of 10 �C min-1 and in the temperature range 25–600 �C.

Measurement of equilibrium swelling

To investigate the swelling characteristics of the PVA/PAA blends in water, the

rectangular-shaped samples were left to swell at room temperature. The swollen

film was withdrawn from the solvent and quickly blotted with an absorbent paper to

remove excess of superficial water, weighed and placed back in the same bath. The

relative degree of swelling was measured at different time intervals until a constant

weight was reached for each sample. This weight was used to calculate the

equilibrium degree of swelling (S) using the following equation:
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S ¼ ðWs �WdÞ
Wd

; ð5Þ

where Ws and Wd are the weights of the sample in the swollen and the dry state,

respectively.

Gel content

To measure the gelation content, pre-weighed dry samples were immersed in

deionized water and were allowed to equilibrium swelling. The samples were then

taken out and dried in a vacuum oven at 50 �C until the weight of the sample was

constant. The gel content was calculated using the following formula:

Gel content %ð Þ ¼ Wf

Wi

� �
� 100; ð6Þ

where Wf is the final weight of the sample after swelling and drying and Wi is the

initial weight of the sample before the experiment.

FE-SEM studies

Cryo-fractured samples were gold coated and scanning electron micrograph (SEM)

images were taken using LYRA3 TESCAN field emission SEM.

Results and discussion

FTIR studies

The FTIR spectra of PVA and PAA were compared to those of blends of varying

compositions as given in Fig. 2. The molecular level miscibility between PVA and

PAA could be achieved by the inter-polymer hydrogen-bonding interaction between

the hydroxyl group of PVA and the carboxyl group of PAA. In pure PVA and PAA,

the broad peaks at 3,000–3,500 cm-1 are ascribed to the hydroxyl groups. Pure

PVA is a semi-crystalline material and the absorption region of –OH stretching

(2,990–3,700 cm-1) is the contribution from the H bonds of crystalline and

amorphous phases in PVA. More bandwidth of –OH group (2,700–3,700 cm-1)

present in case of PAA is due to the intermolecular cyclic dimer interaction from the

–COOH group in PAA. The hydroxyl group (–OH) stretching band of PVA at

3,280 cm-1 has weakened and broadened with the addition of PAA and tends to

overlap with the broad band of carboxylic group (–COOH) of PAA in

2,400–3,500 cm-1 region. This indicates that the hydrogen bonds in PVA were

steadily replaced by H bonds due to the interaction between PVA and PAA. The

broad peak in PAA at 1,690 cm-1 is due to C=O (carbonyl) stretching vibration and

stable intermolecular cyclic dimer. The peak resolution at 1,690 cm-1 reduced with

increase in PVA content in the blend which indicates the formation of new

intermolecular interaction between PVA and PAA at the expense of cyclic dimmers
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of PAA. The presence of water molecules bounded also contributes to the peaks in

these broad regions mentioned above [27, 28]. The characteristic peak at

1,240 cm-1 corresponds to the –CH2– vibration of carboxylic group in PAA which

becomes less intense due to the increase in polymer molecule chains’ rigidity as a

result of interaction between PVA and PAA. The peak at 1,141 cm-1 is related to

the C=O stretching in the crystalline region of PVA [29]. The crystalline structure of

PVA disappeared completely when the PVA fraction is equal or less than that of

PAA content in the blend. The gradual reduction in peak intensity and insignificant

peak at higher concentration of PAA (above 50 wt%) indicates that the strong

interactions established in the blend which hinder the formation of crystalline

domains in PVA.

Dynamic mechanical analysis (DMA)

The elastic response (storage modulus) of PVA, PAA and their blends at varying

compositions in a temperature range 40–130 �C is shown in Fig. 3. Compared to

PAA, PVA is semi-crystalline and hence possesses higher mechanical strength

properties. The incorporation of PAA into PVA caused significant decline in storage

modulus. The blends show notable mechanical strength only up to a 70/30

composition of PVA/PAA. Equal weight ratio of PVA/PAA (50/50 composition) or

higher PAA content blend (30/70 composition) produced a blend with considerably

poor mechanical strength (Fig. 3). The molded films of PVA/PAA (90/10) were of

irregular shape and too soft (Fig. 1e), so that the DMA study did not provide any

useful information. Hence, it can be inferred that the storage modulus of the blends

is basically governed by the contribution from the crystalline region of the PVA

portion. As the PVA concentration in PVA/PAA blends drops, the strength

contribution from the crystalline portion of PVA is reduced. The negligible

Fig. 2 FTIR spectra of PVA, PAA and their blends at different compositions
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crystallinity at 50 wt% or above of PAA concentration caused a drastic decrease in

storage modulus.

The storage modulus of PVA and the blends up to 70 wt% of PVA decreases

with the increase in temperature within whole experimental range. However, in case

of blends with higher amounts of PAA, after the initial drop in storage modulus,

there was an increase in storage modulus at higher temperature above the Tg of PAA

(130 �C). This can be explained due to either or both of the following reasons. First,

with the thermal effect, PAA can undergo crosslinking reaction, inter-molecularly

between PVA and PAA by esterification reaction. Also, the intra-molecular cyclic

anhydride formation in PAA due to elevated temperature can contribute some

rigidity to the polymer chains (Scheme 1). The cyclic anhydrides in the PAA

contributed more rigidity to the polymer chain, resulting in increase in storage

modulus at higher temperature [30].

DSC studies

Figure 4 shows the heating and cooling thermograms of PVA, PAA and their blends

at varying blend ratios. PVA shows clear melting and crystallization peaks whereas

PAA does not show any, due to the semi-crystalline character of PVA and

amorphous nature of PAA, respectively. In case of their blends, the melting and

crystallization enthalpies decline with the decrease in melting and crystallization

peak temperatures, as the PAA content in the total matrix is increased (Table 2).

Both the melting and crystallization transitions disappeared completely for the

blends with PAA concentration at 50 wt% or above. This clearly indicates that the

crystallization process of PVA from the solution has been impaired by the presence

of PAA. During the drying process of PVA/PAA blends, the PVA crystallites are

formed simultaneously with the development of preferable interaction between

Fig. 3 Storage modulus vs. temperature of PVA and PVA/PAA blends
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PVA and PAA in the amorphous region of PVA. As the PAA content in the blend

increased, the tendency of PVA crystallization fades because of the strong

H-bonding interaction between PVA and PAA in the amorphous phase which

impedes the PVA crystal formation.

Crystallization kinetics of PVA–PAA blends

The non-isothermal crystallization kinetics of PVA crystallization at a cooling rate

of 10 �C min-1 have been derived from the DSC data of crystallization regions of

Scheme 1 The chemical interaction between PVA and PAA via esterification reaction and the anhydride
formation PAA

Fig. 4 DSC thermograms: the heating and the cooling curves of PVA, PAA and their blends
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PVA, PVA/PAA (90/10) and PVA/PAA (70/30) blends (Eq. 3) [31]. Figure 5 shows

the relative crystallinity profile for PVA, PVA/PAA (90/10) and PVA/PAA (70/30)

blends predicted by the model in comparison with the experimental data. It is

observed that the model predicts the crystallization profile very accurately with the

coefficients of determination (R2) above 0.995 for all samples. For the blends at or

above 50 wt% of PAA, there was no crystallization curve and the model study was

not used. The results from the model study are summarized in Table 3.

The values of ‘n’ and ‘k’ for PVA are 3.1 and 0.0584 s-1, respectively, which

shows that the crystal growth is tridimensional. These values are supported by the

literature [32]. From the results shown in Table 1, it can be observed that the value

of ‘n’ for the PVA/PAA blends is decreased which can be attributed to changes in

crystal growth morphology [33]. However, the values for ‘k’ have increased even

though there is significant reduction in the onset temperature of crystallization. The

half-time of crystallization (i.e., time to complete 50 % crystallization after reaching

crystallization onset temperature) was also reduced as the PAA content in the blend

is increased. This indicates that crystallization process in PVA portion became

faster even though there was marked decrease in total crystallinity of the blend [32].

The apparent activation energy ‘Ea’ is also decreased slightly with the addition of

PAA, therefore contributing to the ease of crystallization [26]. However, at higher

loadings of PAA, the crystallization process is hindered by the excess amount of

PAA.

TGA studies

The thermal stability of PVA, PAA and their blends at different ratios was studied

using TGA and the results are shown in Fig. 6a, b. Compared to PVA, PAA is

thermally more stable and its rate of degradation is lower. The maximum

degradation peak temperature of PVA is at 298 �C whereas that of PAA is at

394 �C. The major degradation of PVA occurred in a temperature range

243–387 �C (DT = 144 �C). On the other hand, in case of PAA, the degradation

took place over wide range of temperature between 195 and 490 �C (DT = 295 �C)

with a much lower degradation rate. This is because the cyclic anhydride dimmers

of the carboxylic group in PAA chains. They are thermally more stable than the

intra-molecular H bonds in PVA.

Table 2 The DSC results for PVA/PAA

Sample Tg (�C) Tm (�C) Tc (�C) DHm (J g-1) DHc (J g-1) %Xc

PVA 82.9 198.5 173.8 40.13 57.17 28.27

PAA 113.2 – – – – –

PVA/PAA (90/10) 51.4 179.5 152.1 26.04 25.14 15.94

PVA/PAA (70/30) 33.0 136.3 86.8 6.55 6.39 3.14

PVA/PAA (50/50) 35.5 – – – – –

PVA/PAA (30/70) 81.6 – – – – –

PVA/PAA (10/90) 113.5 – – – – –
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In case of blends at all compositions, the initial degradation started at a lower

temperature possibly due to the presence of glycerol which was added as plasticizer.

The initial thermal degradation is also contributed by the cleavage of weak chemical

bonds formed by the esterification reaction between PVA and PAA. However, as the

PAA concentration in the blend increases, the major degradation peak was shifted to

higher temperature, implying the improved thermal stability of the blend. The rate

of degradation reaction of the blends in the major degradation zone is found to be in

between that of PVA and PAA.

Equilibrium swelling studies

All the samples were swelled and reached equilibrium within 2 h, indicating that

both PVA and PAA have fast swelling characteristics. It was also observed that,

initially all the samples were swelled to a maximum and then there was a slight

decrease in swollen weight with further increase in time. This is attributed to the

dissolution of the loosely bound polymer chains into the solvent medium (water). In

the case of blends, the swelling ratio increased with increase in PAA content in the

blend due to the extensive swelling of PAA facilitated by the carboxylic acid groups

Fig. 5 Model-predicted relative
crystallinity vs. experimental
data for PVA, PVA/PAA (90/
10) and PVA/PAA (70/30)
blends

Table 3 Model predicted kinetic parameters for PVA and PAA blends

Sample k (s-1) Ea

(KJ mol-1)

Avarami–

Erofeev

index (n)

R2 Crystallization

onset temperature

(�C)

Half-time

of crystallization

(t1/2) (min)

PVA 0.0584 23.503 3.1 0.998 197.7 2.85

PVA/PAA (90/10) 0.0962 21.802 2.8 0.998 172.0 2.76

PVA/PAA (70/30) 0.2596 22.694 2.3 0.997 104.2 2.22
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on the polymer chain which strongly associated with water molecules [34]. If the

blend components, PVA and PAA were considered individually, PAA possesses

relatively higher swelling ratio compared to that of PVA (Fig. 7). This can be

explained due to the presence of the crystalline domains in PVA which prevented

the diffusion of water molecules into the polymer matrix. This indicates that the

weight loss occurred due to leach-out from the amorphous portion of the material.

There was a sharp increase in the degree of swelling at 50 wt% of PAA in the blend.

At this concentration of PAA, the blend has lost its crystalline contribution from

PVA, and completely behaved as an amorphous material. This is also supported by

the DSC studies and previous literatures [13, 25]. There was more than 100 %

swelling for the blends containing 50 wt% or above PAA.

Gel content

The gel content of the samples measured after equilibrium swelling and drying

demonstrated that the gel content increased with increase in PAA (58 % in case of

PVA to 71 % for PAA) (Fig. 8). The tendency for PVA to leach-out and dissolve in

water took place in its amorphous region. However, there was difference in the

swelling response of PAA in water. In PAA swelling, water hydrates the weak

acidic carboxylic groups attached to the polymer chain and the polymer go through

stepwise swelling with ionization and neutralization of –COOH and –COO-,

respectively. This can generate a steric interaction among the charged polymer

groups and, in the long run, may lead to higher gel strength and swelling capability

of the polymer. This is the reason why PAA absorbs more amount of water than

PVA before the loosely bounded chains in the network dissolved in the given

medium.

Fig. 6 a TGA and b DTG curves of PVA, PAA and their blends
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FE-SEM studies

Cryo-fractured surfaces of the samples were examined under FE-SEM after etching

the sample cross-sections using ethanol (Fig. 9). The PVA and PAA segments could

make use of interaction by entanglement with the formation of intermolecular

H-bonding and there is definite change in morphology as the blend ratio varies. The

semi-crystalline character of PVA shows a ductile morphology with plastic

deformation for the blends with rich PVA content [PVA/PAA (90/10)]. As the PAA

content in the blend increased, the blend matrix has become more brittle and the

fracture morphology became smoother. There was definite trend for the change in

morphology as the PAA content increased from 10 to 90 wt%. The presence of tiny

Fig. 7 Degree of swelling of
PVA, PAA and their blends as a
function of time

Fig. 8 The degree of
equilibrium swelling and gel
content of PVA, PAA and their
blends
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holes evenly right through the fractured surface for the blends with lower

concentration of PAA indicates that the amorphous phase of PVA was leached out

to ethanol solvent. The size of such hole reduced further with the increase of PAA

content in the blend and finally disappeared as the PAA ratio reaches 90 wt% [i.e.,

PVA/PAA (10/90)]. At this composition, the blend shows nodular structure

morphology. The absence of any phase separation or agglomeration for whole blend

ratios indicates the excellent miscibility of PVA and PAA and the formation of a

homogeneous blend at all the blend ratios.

Conclusions

Blends of poly(vinyl alcohol)/poly(acrylic acid) were prepared by solution mixing

and casting. The use of glycerol as the plasticizer eased the blending process

between PVA and PAA, and increased the compatibility of the final blend. The

FTIR results showed the molecular level interaction between PVA and PAA at all

blend ratios due to the hydrogen-bonding interaction. The incorporation of

amorphous PAA polymer into semi-crystalline PVA significantly reduced the

storage modulus of PVA at a given temperature. The loss in crystallinity for PVA

Fig. 9 FE-SEM photographs of PVA/PAA blends
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was observed when the PAA concentration in the blend exceeds 50 wt%. The

degree of swelling of the blends in water increased with increase in PAA in the

blend whereas the dissolution of the blend components during equilibrium swelling

period was decreased. PVA/PAA blends exhibit excellent miscibility at whole blend

ratios as it is revealed from the absence of any phase separation or agglomeration.

This study can be extremely useful considering the fact that biomaterial carrier for

drug delivery applications needs to be crosslinked only physically so that there will

not be any toxic leachable compounds or unreacted crosslinking agents.
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