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SYNOPSIS 

Blends of citrus pectin and several types of poly(viny1 alcohol) were investigated to determine 
the effects of compositional variables and polymer type on film properties. Some films were 
also plasticized with glycerol. Films were cast from water onto LexanO plates, dried, and 
removed. Thermomechanical properties were obtained using a dynamic mechanical analyzer, 
and thermodynamic transitions were also obtained using a differential scanning calorimeter. 
Increasing the amount of poly(viny1 alcohol) in the blends reduced the storage and loss 
modulus of the films above the glass transition temperature (T,). The Tg values observed 
decreased as the amount of PVOH in the blend increased. Addition of glycerol depressed 
the PVOH T, and merged it into the T, of the pectin/glycerol blend. Changes in the molecular 
weight and degree of ester hydrolysis of poly(viny1 alcohol) exerted a rather small effect 
on the blends. 0 1996 John Wiley & Sons, Inc.' 

I NTRO D UCTlO N 

A rapidly growing area of research and industrial 
activity is the study and use of biopolymers. This 
includes a wide range of biopolymers that  have been 
used by themselves or in combination with other 
biopolymers.'-6 In other cases some biopolymers, 
particularly starch, have been blended with synthetic 
polymers that are totally resistant to  biodegrada- 
t i ~ n . ~ - '  As a result of the studies in this area, a broad 
spectrum of polymer compositions and properties 
have been obtained. 

Of particular interest to us are films based on 
pectin, a component of fruit cell walls. Work in our 
laboratory has shown plasticized blends of pectin 
and starch to exhibit useful properties as free stand- 
ing films.'0-'2 These films exhibit good modulus and 
tensile properties; however, a fairly high level of 
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plasticizer (>50% by weight) is needed to  obtain high 
elongations to  break. Such high plasticizer loadings 
can result in blocking problems, and have significant 
potential for plasticizer leaching. 

Some synthetic polymers exhibit susceptibility to  
biodegradation, and as such, are of interest to  us for 
use in blends with natural biodegradable pectin 
polymers. One such material is poly(viny1 alcohol) 
(PVOH). Poly(viny1 alcohol) polymers are strong 
tough materials that  can be easily obtained in a va- 
riety of molecular weights. They are made by hy- 
drolysis of poly(viny1 acetate) and can be made with 
any convenient level of residual acetate side chains. 
The molecular weight of the PVOH is dependent on 
the molecular weight of the precursor poly(viny1 ac- 
etate). Differences in the amount of residual acetate 
groups present can result in significant property dif- 
ferences among these materials.13 

The water resistance of PVOH is a t  its minimum, 
and its water solubility is a t  a maximum for mate- 
rials where 87-89% of the ester groups in the pre- 
cursor poly(viny1 acetate) have been hydrolyzed to  
the alcohol. At lower levels of hydrolysis (higher ac- 
etate content) the polymer is more hydrophobic and, 
thus, more resistant to  water. Increased levels of 
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hydrolysis allow higher levels of intramolecular hy- 
drogen bonding, which makes the polymer less able 
to  hydrogen bond with water, significantly increas- 
ing the water resistance of the p01ymer.l~ 

Because poly(viny1 alcohol) has good tensile 
strength and a high elongation to  break, it is a good 
candidate to blend with pectin to impart toughness 
to its films. The water solubility of the two polymers 
facilitates blending and processing of these poly- 
mers. Mixtures of a thermoplastic synthetic polymer 
and a nonthermoplastic biopolymer, both of which 
exhibit biodegradability, have the potential for use 
in a variety of applications. 

EXPERIMENTAL 

Materials 

MexPec 1400, a citrus pectin with a degree of methyl 
esterification of 71%, was provided by Grindsted 
Products, Inc. (Kansas City, KS) and was used as  
received. 

Six different grades of poly(viny1 alcohol) pur- 
chased from Aldrich Chemical Co. were used. Three 
were identified as  having a molecular weight range 
of 124-186,000. These had degrees of ester hydrolysis 
of 99+ %, 98-99%, and 87-89%. Two samples had a 
molecular weight range of 31-50,000, and had de- 
grees of ester hydrolysis of 98-99% and 87-89%. One 
sample had a molecular weight of 50,000 and a degree 
of ester hydrolysis of 99+%. All samples were used 
as received. The molecular weights and degree of 
ester hydrolysis for the samples are summarized in 
Table I. 

Glycerol (99+%), was reagent grade and was pur- 
chased from Aldrich Chemical Co. I t  was used as 
received. 

Water was HPLC grade made from deionized 
water using a Modulab Polisher I water system 
(Continental Water Systems, Inc.). 

Film Preparation 

Films were prepared by dissolving pectin in dilute 
solutions of poly(viny1 alcohol), and casting them 
on Lexanm plates using a “Microm” film applicator 
(Paul N. Gardner Co., Pompano Beach, FL). A wet 
film thickness of 98 mil (2.5 mm) was used. The 
films were then allowed to  air dry overnight. After 
air drying, the samples were vacuum dried for 30 
min a t  room temperature. The films were removed 
from the coating plates with a razor blade. Prior to  

Table I Poly(viny1 alcohol) Properties 

Molecular Weight 
Sample x 10-3 % Ester Hydrolysis 

1 31-50 
2 31-50 
3 50 
4 124-186 
5 124-186 
6 124-186 

87-89 
98-99 

87-89 
98-99 
99 + 

99 

testing, the samples were stored in a desiccator with 
a relative humidity of 50% maintained by a saturated 
solution of sodium bisulfate. 

Stock solutions of poly(viny1 alcohol) with a con- 
centration of 10.0% by weight were made by dis- 
solving the polymers in water using the method rec- 
ommended by Air Products CO.’~ This involved dis- 
persing the polymer in cold water and then heating 
the dispersion with vigorous agitation a t  85, 93, or 
96°C for 30 min, depending on the degree of ester 
hydrolysis. The temperature required increased with 
increasing degree of ester hydrolysis, and attaining 
the minimum temperature specified is essential for 
complete dissolution of the polymers. No changes 
in degree of hydrolysis occur during heating, and 
the samples maintain solubility after co01ing.l~ The 
solutions were stored in a refrigerator prior to  use 
to avoid bacterial attack. 

The pectin/poly(vinyl alcohol) solutions were 
prepared by weighing the appropriate amount of the 
PVOH solution into a 50 mL beaker, adding suffi- 
cient water to give a total solution weight of 37.5 g, 
and then adding the desired amount of pectin with 
stirring. For those samples where glycerol was used, 
it was added to  the water/poly(vinyl alcohol) mix- 
ture prior to  the addition of pectin. In each sample 
the total weight of pectin plus poly(viny1 alcohol) 
plus glycerol was equal to 2.5 g. The samples were 
mixed until there was no evidence of undissolved 
solids, usually 2-3 h. 

Differential Scanning Calorimetry 

Differential scanning calorimetry runs were made 
using a Perkin-Elmer DSC 7 instrument equipped 
with a chiller for operation a t  subambient temper- 
atures. Approximately 20 mg samples were accu- 
rately weighed into Perkin-Elmer large volume 
stainless steel DSC pans capable of withstanding 
internal pressures of 350 psi. Circular film samples 
that fit into the pans were cut out using a cork borer. 
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All runs were made with an empty pan in the ref- 
erence sample holder, and the instrument was placed 
in a nitrogen glove box. 

The samples were loaded into the instrument at 
25"C, and the temperature was then lowered to 
-40°C. After stabilizing at this temperature, the 
samples were held an for additional 2 min, and were 
then heated from -40 to 100°C at 10"C/min. 

Mechanical Testing 

Dynamic mechanical analysis (DMA) was done on 
a Rheometrics RSA I1 solids analyzer (Piscataway, 
NJ) using a film-testing fixture. Liquid nitrogen was 
used for cooling to subambient temperatures. Test 
samples were cut from the films with a razor blade. 
Nominal dimensions of the samples were 6.9 X 38.1 
X 0.08 mm. Sample thickness was measured with a 
micrometer, and sample width was measured with 
a millimeter ruler. The gap between the jaws at  the 
beginning of each test was 23.0 mm. 

A nominal strain of 0.1% was used in all cases, 
with an applied frequency of 10 rad/sec (1.59 Hz). 
Storage modulus (E) ,  loss modulus (E"), and loss 
tangent (tan) were determined as a function of tem- 

perature. Data were taken from -100 to 200°C using 
a heating rate of 10"C/min. One data point was 
taken every 24 s. Data analysis was carried out using 
the Rheometrics RHIOS software. 

RESULTS 

Six samples of PVOH were blended with the pectin. 
The properties of these PVOH samples are given in 
Table I. Blends of the pectin were made with each 
polymer which contained 10,30, and 50% by weight 
poly (vinyl alcohol). Films made from these blends, 
as well as films made from each individual PVOH 
and the pectin by themselves, were analyzed by dy- 
namic mechanical analysis (DMA) to determine the 
size and temperature of the thermal transitions 
present. The pure poly (vinyl alcohol) films were also 
analyzed by DSC to further characterize the tran- 
sitions. 

Cast films of all six PVOH samples showed two 
broad overlapping thermal transitions by differential 
scanning calorimetry. A typical scan is shown in 
Figure 1. The first transitions occurred at 19-23°C 
for the 50,000 molecular weight samples , and at  20- 
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27°C for the 124-186,000 molecular weight samples. 
The higher temperature transition occurred a t  63- 
66°C for the 50,000 molecular weight samples, and 
at 57-60°C for the 124-186,000 molecular weight 
samples. For the 50,000 molecular weight samples, 
the lower temperature transition was about 5-7°C 
lower than for the 124-186,000 samples, whereas 
they were 6-8°C higher a t  the upper temperature 
transition. The areas of the individual peaks could 
not be resolved. The total area of the two peaks av- 
eraged 16.5 J / g  for the 124-186,000 molecular 
weight samples, and about 18.1 J / g  for the 50,000 
molecular weight samples. Unlike molecular weight, 
degree of residual esterification had little or no effect 
on the thermal behavior of PVOH. 

DSC curves of the poly(viny1 alcohol) powders 
with a degree of ester hydrolysis of 98-99% showed 
a single peak a t  56 and 54"C, respectively, for the 
50,000 and 124,000 molecular weight materials. 
Thus, the higher temperature peak in the DSC 
curves of the films corresponds to  the PVOH glass 
transition temperature. These relative values are 
consistent with those found in the films. The glass 
transition temperature of PVOH has been reported 
to be 85°C.'5 The lower temperature peak in the 
DSC curves apparently corresponds to  some other 
second order transition caused during the prepara- 
tion of the films. 

No thermal transitions were noted in the pure 
pectin film up to a temperature of 200°C. Apparently 
pectin does not have a glass transition temperature 
or melting point in the temperature range studied. 

In the dynamic mechanical analysis experiments, 
the presence of glass transitions was noted by large 
and fairly sharp changes in the mechanical prop- 
erties of the films with temperature. The thermo- 
mechanical properties measured were the storage 
modulus ( E l ) ,  the loss modulus ( E " )  and the loss 
tangent ( tan 6) .  A glass transition shows up in the 
storage modulus curve as a rapid drop in the mod- 
ulus. In the loss modulus and loss tangent curves 
the transitions show up as a peak. Shrinkage induced 
by rearrangement of the polymer molecules may 
show up as a gradual increase in the storage modulus 
with increasing temperature, or as a peak in both 
the storage modulus and loss modulus curves. 

All of the blends showed a distinct glass transition 
temperature attributable to the PVOH. The size of 
the transition was proportional to  the amount of 
PVOH in the blend. The general features of the 
thermograms were similar for both molecular 
weights and for all three degrees of ester hydrolysis. 
This is shown for the storage modulus and loss 

modulus of a typical set of compositions for a 50,000 
molecular weight sample in Figure 2, and for a 124- 
186,000 molecular weight sample in Figure 3. 

If we consider the blended film to be a pectin film 
modified by PVOH, the temperature a t  which the 
glass transition of the blend occurred was found to 
decrease as the amount of PVOH in the blend in- 
creased. Alternatively, if we consider the blend to 
be a PVOH film modified by pectin, then the addi- 
tion of pectin to the PVOH resulted in an increase 
in the glass transition temperature of PVOH. Figure 
4 shows the effect of film composition on the glass 
transition temperature of the pectin / PVOH blends. 
In general, the glass transition temperature of 
PVOH in the blended films was found to be near 
45°C when it was present a t  the 10% level by weight 
in the pectin. By way of contrast, the Tg was about 
5°C in the pure PVOH films when the location of 
the Tg was marked by the location of the peak in 
the E" curve. The change was essentially linear with 
changes in composition. Correlation coefficients of 
greater than 0.95 were found in all cases. Using the 
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Figure 2 Effect of PVOH content on the (a) storage 
modulus and (b) loss modulus of films containing pectin 
and PVOH with 50,000 mol wt and 99+% degree of hy- 
drolysis. 
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Figure 3 Effect of PVOH content on the (a) storage 
modulus and (b) loss modulus of films containing pectin 
and PVOH with 124-186,000 mol wt  and 99+% degree of 
hydrolysis. 

peak in the tan plot to  determine the Tg consistently 
gave values 5-10°C higher. This increase in the Tg 
of the PVOH with increasing amounts of the pectin, 
which shows no glass transition over the wide tem- 
perature range investigated, is expected behavior for 
glassy polymer mixtures. 

The effect of the degree of hydrolysis on the Tg 
of the blends for the different compositions is shown 
in Figure 5. There appears to  be little change with 
degree of hydrolysis, although there does seem to be 
a very slight upward trend with increasing ester 
content. This small change with ester content is less 
marked in the samples containing only 10% PVOH, 
but this is to  be expected because the low level of 
the PVOH makes the exact temperature of the tran- 
sition somewhat more difficult to  determine. No 
strong trend was noted with the effect of molecular 
weight. Although the glass transitions seen in the 
pure PVOH samples are definitely higher for the 
higher molecular weight samples, no real difference 
was seen between the glass transition temperatures 
observed for the different molecular weight polymers 

601 I 

I 
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-54 
0 20 40 60 80 100 

Wt. % PVOH in Blend 
Figure 4 Effect of PVOH content on glass transition 
temperature, (a) 124-186,000 mol wt, (b) 50,000 mol wt. 

in the blends with pectin. The variability of the Tg 
values when measured by the DSC method was 2- 
6°C. A similar variability was found by DMA. 

The storage modulus is a measure of the elastic 
properties of the films.16 Below the glass transition 

60 
P 
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-ioJ 
86 88 90 92 94 96 98 : 

Degree of Ester Hydrolysis, % 

I0 

Figure 5 Effect of degree of ester hydrolysis on glass 
transition temperature. Open symbols-124-186,000 mol 
wt; filled symbols--50,000 mol wt; %PVOH-+ lo%, 
H 30%, 0 50%, A 100%. 
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Figure 6 Effect of PVOH content on the (a) storage 
modulus and (b) loss modulus of films containing pectin 
and PVOH with 50,000 mol wt and 87-89% degree of hy- 
drolysis. 

temperature, all of the films had a relatively constant 
value for the storage modulus in the range of 0.5 to 
1 X 10 lo Pa. Above the glass transition temperature 
the storage modulus decreased by about one to one 
and a half orders of magnitude over the next 50°C 
above T,: as the PVOH content was increased from 
0 to  50% by weight. I t  then plateaued, as  can be seen 
in Figures 2 and 3. The drop in storage modulus 
above T,: is relatively proportional to  the amount of 
PVOH present in the blend. Similar behavior pat- 
tern was observed for the loss modulus, where the 
modulus exhibited a large drop following the T,: peak. 
Reproducibility of the modulus values was found to 
be -t 15%. 

There was very little difference in the temperature 
behavior of the two moduli with molecular weight. 
Curves for the blends containing the different mo- 
lecular weight PVOHs were essentially superimpos- 
able over the entire temperature range for all com- 
positions, including the pure PVOH samples. How- 
ever, there was a very noticeable change seen with 
differences in the degree of ester hydrolysis of the 
samples. 

For both molecular weights, samples with 98% or 
higher degree of ester hydrolysis exhibited essen- 
tially identical behavior. Samples made using the 
PVOH with 87-89% hydrolysis, however, behaved 
quite differently from those more highly hydrolyzed. 
Nevertheless, in those samples there was no differ- 
ence due to molecular weight. For both of these 
polymers, the plateau values of the two moduli above 
Tg were significantly lower than for the other PVOH 
samples. This difference was also very visible in the 
50% blends, but was difficult to  see in the blends 
containing lower levels of the PVOH. The loss and 
storage modulus data for the samples containing 
various amounts of the 50,000 molecular weight 
PVOH with 87-80% hydrolysis are shown in Fig- 
ure 6. 

There was a substantial difference between the 
glass transition temperatures determined by DSC 
and those found using dynamic mechanical analysis. 
This apparent discrepancy can be explained by the 
difference in the properties measured by the two 
methods. DSC measures the heat taken up as the 
polymer changes from the glassy to  the rubbery 
state. Dynamic mechanical analysis, on the other 
hand, measures the dynamic stiffness of the sample. 
I t  is quite normal for the storage modulus of a ma- 
terial to begin a rapid decrease prior to  the actual 
Tg as increased molecular motion begins to occur in 
the polymer chains. A linear correlation ( r 2  = 0.55) 
was found between the T, values found by DSC and 
those found by dynamic mechanical analysis. This 
is shown in Figure 7. 

Figure 8 shows the plasticizing effect of glycerol 
on a 70/30  pectin/PVOH blend containing the 
higher molecular weight PVOH with the highest de- 

671 
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gree of ester hydrolysis. The addition of glycerol has 
a large effect on both the storage and loss modulus 
behavior of this polymer blend, particularly with 
15% or more glycerol. 

The addition of 5% glycerol had little effect on 
the storage modulus curve, but appeared to decrease 
the magnitude of the Tg peak in the loss modulus 
curve somewhat. With 15% glycerol, the Tg peak 
was found to decrease in temperature by about 20"C, 
and a new peak appeared that was due to the inter- 
action of the glycerol with the pectin, and was iden- 
tified in previous work." A t  higher glycerol levels 
(30 and 45% ) , the glass transition of the PVOH 
seemed to disappear, and new peaks appeared above 
60"C, indicating the presence of new thermal tran- 
sitions. These are probably a result of film shrinkage. 
In addition, both the storage and loss modulus of 
blends containing 30 and 45% glycerol were much 
lower than those for the blends containing lower 
amounts of glycerol at  temperatures above about 
-60°C. At temperatures below about -8O"C, all of 
the blends had close to the same storage modulus 
values. 

DISCUSSION 

The thermomechanical properties of citrus pectin 
films are profoundly changed by the addition of 10 
to 50% PVOH by weight. Pectin does not have a 
glass transition below its decomposition tempera- 
ture, which is in the range of 19O-20O0C, whereas 
PVOH has a glass transition temperature in the vi- 
cinity of room temperature. In blends with pectin, 
PVOH imparts its Tg to the blend. In the absence 
of glycerol there appears to be only one glass tran- 
sition in the polymer blends. 

Increasing the amount of PVOH in the blend al- 
ways resulted in the Tg moving toward lower tem- 
peratures. The Tg of the unplasticized pectin is 
higher than its decomposition temperature and, 
therefore, cannot be actually measured. In any true 
blend of two glassy polymers, the glass transition 
temperature of the mixture is intermediate between 
those of the two separate components. Typically, 
the Tg of the blend is somewhat depressed compared 
to the arithmetic average of the two individual Tg 
values. The depression is due to a reciprocal depen- 
dence of Tg on concentration. While depressed rel- 
ative to the atithmetic average of the two glass tran- 
sition temperatures, the Tg of the blend is always 
higher than that of the component with the lower 
Tg. Here, PVOH has a lower Tg than pectin. In this 
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Figure 8 Effect of glycerol content on the (a) storage 
modulus and (b) loss modulus of pectin/PVOH blend con- 
taining 30% PVOH with 124-186.000 mol wt and 99+% 
degree of ester hydrolysis. 

case, pectin, the component whose Tg is above that 
of the blend, tends to immobilize the molecules of 
the PVOH, thereby effectively increasing the glass 
transition temperature of that component. 

As shown by the data in Figure 5 ,  the molecu- 
lar weight of the PVOH had a small but notice- 
able effect on the temperature of its glass transi- 
tion in the blends and in films by itself. The rel- 
ative values observed between the two molecular 
weights in the films fabricated from the blends 
and in the pure resin powders show the same 
trends. In both cases, DSC and DMA, the lower 
molecular weight samples, had the higher Tg val- 
ues, even if by only a few degrees. Degree of ester 
hydrolysis also had little effect on the Tg in the 
blends. There appeared to be a very slight increase 
in Tg with decreasing degree of ester hydrolysis 
( increased ester content). The increase in Tg be- 
came less evident as the proportion of PVOH in 
the blend decreased, and the differences were small 
enough that they are within the variability of the 
measurements. 
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Of more practical significance from an end use 
perspective are the values for the storage and loss 
modulus for the different blends at various tem- 
peratures. Essentially, there were no difference in 
blend moduli between the two different molecular 
weights for any of the three degrees of hydrolysis. 
Nor were the modulus values different between 
the two different molecular weight samples of the 
pure PVOH for any of the individual degrees of 
ester hydrolysis. However, the behavior of the 
storage and loss modulus for the samples with the 
87-89% degree of hydrolysis were quite different 
than that of the polymers that were more fully 
hydrolyzed. Above Tg, both the storage modulus 
and loss modulus of these two PVOH samples were 
about one-third of the values observed with the 
more fully hydrolyzed materials. This larger de- 
crease in modulus above Tg did not seem to have 
much of an effect on the modulus values observed 
in the blends with pectin. 

Possibly these lower modulus materials had a 
small effect on the modulus values of the blends 
because the observed moduli in the films are a 
composition weighted arithmetic average of the 
moduli of the two individual components. Because 
the modulus for the pectin is so much higher than 
that of either of the PVOH samples above Tg, even 
relatively large changes in the modulus of the 
PVOH will have only a small effect on the arith- 
metic average modulus of the blend when one is 
replaced for the other, except for blends which 
contain very little pectin. Only a t  this extreme 
does the PVOH have a modulus comparable to that 
of the blend. 

In the blends containing 50% PVOH, there 
was a small rise in the value of the storage mod- 
ulus above about 70°C followed by a small de- 
cline past about 130°C. This appears to indicate 
some shrinkage and stiffening is occurring in the 
film, followed by some additional softening of 
the film a t  still higher temperatures. This phe- 
nomenon is attributable to the poly(viny1 alco- 
hol) ,  because this behavior is not observed in 
the pectin alone. Previously" we have shown this 
behavior to occur in plasticized blends of pectin 
and starch. The PVOH chains are more mobile 
than the unplasticized pectin chains, thereby al- 
lowing molecular rearrangement to occur more 
easily. 

Plasticization of a 70/30 blend of pectin and 
PVOH with glycerol increases chain mobility as the 
glycerol content is increased. Thus, the Tg of the 
PVOH is depressed until it merges into the Tg of 

the pectin that has been induced by the addition of 
the glycerol. 

CONCLUSIONS 

The addition of PVOH of two different molecular 
weights and three different degrees of ester hydro- 
lysis into blends with high methoxy citrus pectin 
imparts a glass transition into the blends. The tem- 
perature of this transition decreased as the amount 
of PVOH in the blend was increased, but was rela- 
tively insensitive to the type of PVOH used. The Tg 
ranged from about 5 to 45"C, depending on the com- 
position. Below the glass transition temperature the 
storage modulus and loss modulus of the blends were 
insensitive to both the PVOH type and the amount 
of PVOH present in the blend. Above the Tg there 
was little or no effect of the PVOH type on the mod- 
ulus values of the blends. The PVOH samples 
themselves showed no effect of molecular weight on 
either of the two moduli; however, the values for 
both polymers with the lowest degree of ester hy- 
drolysis were about one-third of the values of the 
other four materials. This difference did not show 
up in the blended films because the moduli for the 
PVOH samples above Tg were all so much lower 
than the values from the pectin. 

The addition of glycerol plasticizer to the blends 
depressed the Tg of the PVOH, increased the mo- 
lecular mobility of both the pectin and the PVOH, 
and allowed for noticeable shrinkage through mo- 
lecular rearrangement to occur with enhanced 
packing efficiency of the molecules. 

Addition of the PVOH improves the toughness 
of the pectin films by the addition of a ductile ma- 
terial that is at or near its glass transition temper- 
ature, thereby decreasing the brittleness of the films. 

The authors wish to thank Dr. Michael Tunick for his 
assistance and helpful discussions with the DSC data. 
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