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ABSTRACT: Gelatin/montmorillonite (MMT) hybrid nano-
composites with improved thermal and mechanical properties
were prepared in a previous work. The swelling behavior
(swelling rate, swelling kinetics, maximum solvent uptake,
etc.) of the obtained composites was investigated. The re-
sults showed that the swelling process of the composites
followed second-order kinetics identical to those of the orig-
inal gelatin. The swelling rate and maximum solvent uptake

were greatly suppressed by the presence of MMT and were
dependent on the MMT content and pH of the gelatin ma-
trix. Moreover, the swelling mechanism of the polyelectro-
lyte-intercalated nanocomposites was examined. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 88: 322–326, 2003
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INTRODUCTION

Gelatin is an amphoteric polyelectrolyte with plenty of
ONH2 and OCOOH in its molecular chains. The
crosslinked gelatin network shows high water absorp-
tion and quick degradation that are suitable for releas-
ing systems1,2 and wound dressings3 but limit its ap-
plications for structural biomaterials such as osteosyn-
thetic devices. For structural biomaterials, especially
for implants in vivo, swelling should be suppressed
because changes in the dimensions of the structural
parts are not permitted in some circumstances, such as
bone fixation devices. Moreover, swelling is often ac-
companied by a reduction in the mechanical proper-
ties. There are few reports about suppressing the
swelling of gelatin, and the results have not been
satisfactory.4 Wan et al.5 studied the suppression ef-
fect of continuous carbon fibers on gelatin swelling
and received good results. Nevertheless, the structure
of continuous carbon fibers can exert only a one-di-
mensional barrier effect for the diffusion of solvent
molecules. In addition, there exist various extents of
capillary action. Accordingly, the swelling degree of
continuous-carbon-fiber-reinforced gelatin composites
still seems to be high. Because of the two-dimension
layered structure of montmorillonite (MMT) and its
excellent barrier effect for the permeation of small
molecules,6 in this article we deal with the swelling

behavior of gelatin/MMT hybrid nanocomposites.
Furthermore, no study on the swelling kinetics of
MMT intercalated materials has been reported yet. We
reported the preparation and thermal and mechanical
properties of gelatin/MMT nanocomposites in the
first article of this series.7 Intercalated or partially
exfoliated nanocomposite were prepared, and the
thermal and mechanical properties were obviously
improved. In this article, the swelling behavior of the
composites is presented. In addition, the unique swell-
ing mechanism of this system is discussed.

EXPERIMENTAL

Materials

The materials used in this study were described in the
first part of this series. The gelatin, MMT, glycerol
(GLY; used as a plasticizer), and dextran dialdehydes
(used as crosslinking agents) were identical to those
used in the former experiments. The composition of
the phosphate buffer solution (PBS) was as follows:
NaCl, 140 mM; KCl, 3 mM; Na2HPO4, 8.1 mM; and
KH2PO4, 1.5 mM (pH 7.2). All the reagents constitut-
ing the PBS were analytical-grade.

Preparation of the gelatin/MMT nanocomposite

Gelatin powder (1 g) was soaked in 50 mL of deion-
ized water and heated at 70°C, and a homogeneous
solution was obtained (with the pH of the gelatin
adjusted by a solution of HCl or NaOH). Then, the
gelatin solution was added dropwise into a 2 wt %
ultrasonically pretreated MMT suspension under vig-
orous stirring at 70°C. Gelatin powders were added to
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the homogeneous mixture under agitation at 70°C
until the gelatin concentration reached 10 wt %. Then,
0.25 g of GLY was added, the mixture was stirred for
20 min at 70°C, 10 mL of a 10% dextran dialdehyde
solution was slowly added under the same conditions,
and the mixture was stirred for another 10 min. The
product was poured into a specially self-made mold
and dried at the ambient temperature for several days.

Swelling studies

All the specimens were thoroughly dried before swell-
ing. For the swelling test, rectangular test pieces (15
mm long, 10 mm wide, and 2 mm thick) were used.
Each specimen was immersed in a separate 250-mL
glass bottle containing 150 mL of a PBS solution at
25°C for 1000 min at most. The degradation of gelatin
was assumed to be very small in this period and was
neglected. The capped bottles were placed in a con-
stant-temperature bath for the duration of the swelling
experiments. At regular intervals, samples were taken
out from the PBS solution, surface-blotted up with
filter paper, and weighed with a weighing bottle on an
electronic balance. Each point was the average value
of three to five samples.

The swelling is usually expressed as the grams of
the solvent absorbed by each gram of dry gelatin and
is determined by the following weight equation:

W �
m � m0

m0
� 100%

where m is the weight of swollen pieces measured at
time t and m0 represents the initial weight of the dried
sample.

RESULTS AND DISCUSSION

Effect of the MMT content

The swelling kinetic curves of the composites as a
function of the MMT content are shown in Figure 1.
For comparison, the swelling curve of the original
gelatin with identical dextran dialdehyde and GLY
contents is also included in the figure. All swelling
curves are characterized by two phases: fast swelling
and sequential slow swelling. Furthermore, as re-
vealed by the graphs, swelling basically decreases
with increasing MMT content. According to previous
research,8 the swelling kinetics of gelatin can be de-
scribed by a second-order rate equation:

dW
dt � k�W� � W�2 (1)

where K is the rate constant; W� represents the max-
imum or equilibrium solvent uptakes; and W is the
solvent absorbed per gram of gelatin at time t; (W�

� W) is defined as the swelling capacity. By integra-
tion and rearrangement, eq. (1) can be rewritten as
follows:9

t
W � A � Bt (2)

where A and B is the intercept and slope of plots of
t/W versus t, respectively (i.e., A � 1/K�

2 and B
� 1/W�). The swelling data of Figure 1 were calcu-
lated according to eq. (2), and the results are shown in
Figure 2. Figure 2 reveals that straight lines are ob-
tained by linear regression, and this means that the
swelling processes of the gelatin and the composites

Figure 1 Swelling curves of the gelatin and composites.
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follow second-order kinetics. This suggests that the
incorporation of MMT does not change the swelling
kinetics of the gelatin matrix.

The constants A and B, as well as the corresponding
values of W� and K� were obtained with eq. (2). These
data are listed in Table I. W� and K� of the composites
greatly decrease in the presence of MMT in compari-
son with those of the original gelatin, and the basic
trend is that W� and K� decrease as the MMT content
increases. This indicates that intercalation with MMT
can not only improve the thermal and mechanical
properties but also effectively hinder the swelling of
gelatin.

Abnormal phenomena around MMT concentrations
of 9 and 13 wt % may be ascribed to the unique
swelling mechanism of this system. Even though ex-
tensive research has been conducted on the swelling of
pure gelatin material,10–12 a study on the swelling
behavior of gelatin/MMT intercalated composites has
not been reported yet. It can be expected that the
swelling mechanism of composites will be different
from that of pure gelatin because of the presence of
MMT. It is well known that the swelling process de-
pends considerably on the structure of the polymer

network and is governed by the collective diffusion of
polymer and solvent molecules.10 According to this
theory, the structure of the original gelatin network
changes because of the incorporation of MMT. Conse-
quently, there are two opposite effects of MMT on the
swelling of the gelatin matrix. On the one hand, the
interaction between gelatin and MMT consumes some
ofONH2 of gelatin molecular chains, and this reduces
the reactive sites for crosslinking; the dispersed MMT
sheets hinder the formation of the gelatin crosslinking
network. As a result, the degree of chemical crosslink-
ing decreases with the increase in the MMT content.
On the other hand, the presence of MMT also serves as
physical crosslinking sites, which enhance the stability
of the network. Meanwhile, the strong interaction be-
tween gelatin molecular chains and MMT sheets con-
sumes some hydrophilic groups and depresses the
solvent uptake through capillary action at the inter-
face. The most important reason is that the nanodis-
persion of MMT sheets in the composite impede the
diffusion of the solvent molecules. The motion model
of solvent molecules in a matrix containing layered
barrier fillers is consistent with that of gas permeability.
According to a model of gas permeability,6 if a plate of
length L and thickness W is dispersed parallel in a poly-
mer matrix, the tortuosity factor � is given by eq. (3):

� � 1 � �L/2W�Vf (3)

where Vf represents a volume fraction of a plate. The
relative permeability coefficient (Pc/Pp, where Pc and
Pp are permeability coefficients of the composite and
polymer matrix, respectively) is given by eq. (4):

Pc/Pp � 1/�1 � �L/2W�Vf� (4)

Figure 2 Linear regression of the swelling curves of Figure 1 according to eq. (2).

TABLE I
W� and K� of Gelatin and Composites

with Various MMT Contents

MMT content
(wt %) A B W� K�

0 0.0512 0.00128 778 4.419
5 0.0723 0.00166 599 3.719
9 0.0839 0.00245 407 3.452

13 0.0784 0.00188 529 3.571
17 0.0929 0.00265 376 3.281
20 0.116 0.00304 328 2.936

324 LI ET AL.



According to eq. (4), Pc/Pp should become smaller as
the length of the plate becomes longer. MMT is a clay
mineral about 200 nm long and 1 nm thick. Therefore,
L/W is very large and leads to a small value of Pc/Pp.
It is reasonable to think that the sheets of MMT sup-
press the dispersion of solvent molecules.

Therefore, the suppression of the swelling is mainly
ascribed to the barrier effect of MMT. Meanwhile, the
results also reflect that the swelling process of the
gelatin/MMT composite is complicated.

Effect of pH of the gelatin matrix

Figure 3 displays the swelling curves of composites
with various pHs of the gelatin matrix, that is, just
below, equal to, and above the isoelectric point (pI),
which are denoted AGM, NGM, and BGM, respec-
tively. Samples composed of 20% MMT (by mass)
were used. For comparison, the swelling curve of the
original gelatin is also included in the figure. All three
composites show much lower swelling rates and max-
imum solvent uptakes than the original gelatin. Mean-
while, they vary with one another. The swelling rate
and maximum solvent uptake are lowered in the fol-
lowing order: BGM, AGM, and NGM. Linear regres-
sion results of Figure 3, based on eq. (2), are shown in
Figure 4. Similar to that of the original gelatin, the
swelling behavior of composites with various pHs of
the gelatin matrix also agrees with second-order kinet-
ics, which are not influenced by the pH of the gelatin
matrix. The corresponding W� and K� data are listed
in Table II. The data for BGM, AGM, and NGM are
different. This result may be due to the different in-
teractions between MMT and gelatin with various
pHs. Gelatin is an amphoteric polyelectrolyte with a
pI equal to 5.05, which abounds with ONH2 and
OCOOH in its molecular chains. For pH � pI, there is
more ONH3

	 in the chains that can bind with MMT
through static electric interactions and intercalate into

MMT interlayers. For pH 
 pI, there is moreOCOO�

in the chains that coordinates with MMT sheets. For
pH � pI, the ionization degree of gelatin is relatively
lower, and there are small amount of active ONH3

	

and OCOO� interacting with MMT. The weak bond
strength between MMT layers and gelatin chains leads
to a higher swelling rate and a maximum solvent
uptake of NGM. As for AGM, a large amount of
ONH2 for crosslinking with OCHO of the crosslink-
ing agent is protonized, and this results in a decrease
in the degree of crosslinking. Therefore, the swelling
rate and maximum solvent uptake are higher than
those of BGM. In other words, MMT can exert a better
effect on suppressing the swelling of an alkaline gel-
atin matrix.

CONCLUSIONS

In this study, the swelling behavior of gelatin/MMT
hybrid nanocomposites was investigated. Like those
of the pristine gelatin, the swelling kinetics of the
composites follow a second-order equation. The incor-
poration of MMT does not change the swelling kinet-
ics of the gelatin matrix. Intercalation with MMT can
significantly slow down the swelling rate and reduce
the maximum solvent uptake of the gelatin matrix.
The basic trend is that W� and K� decrease as the
MMT content increases, and this is mainly due to the
barrier effect of MMT. Meanwhile, the results also

Figure 3 Swelling curves of the gelatin and composites
with various pHs of the gelatin matrix.

Figure 4 Linear regression of the swelling curves of Figure
3 according to eq. (2).

TABLE II
K� and W� of Gelatin and Composites with

Various pHs of the Gelatin Matrix

gelatin AGM NGM BGM

K� 4.382 3.279 3.447 2.931
W� 763 374 389 322
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reflect that the swelling process of the gelatin/MMT
composites is complicated. The composites, with var-
ious pHs of the gelatin matrix, also agree with second-
order kinetics. They exhibit different swelling rates
and maximum solvent uptakes under the same condi-
tions, and this is ascribed to the different interactions
between MMT and gelatin in various pH states.

The authors wish to thank the National Science Foundation
of China, through Grant No. 20204008, for supporting this
research.
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