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Introduction

Frontal polymerization (FP) involves the conversion of a
monomer to a polymer through a localized exothermic reac-
tion zone that propagates through the coupling of thermal
diffusion and Arrhenius reaction kinetics. The simplest free
radical polymerization reactor consists of a test tube filled
with a monomer and an initiator. Once the reaction is initi-
ated at the top of the tube by adding heat, the narrow reac-
tion zone, polymerization front, travels down the tube with
a constant velocity, creating hot, solid polymer as the reac-
tion progresses. Because reaction becomes self-propagating
after an initial input of heat, FP is an energy-saving way of

producing polymer materials with the additional advantage
of short reaction times.
From its first discovery in Russia,[1] frontal polymerization

has been used to prepare different materials, including ther-
mochromic composite,[2] optical gradient materials,[3] tem-
perature-sensitive hydrogels,[4] and simultaneous interpene-
trating polymer networks.[5] The application of FP to synthe-
size copolymers has been investigated.[6–8] Recently, FP was
used by Fiori and Mariani for the synthesis of polyur-
ethane,[9] by McFarland and Pojman for the polymerization
of 1,6-hexanediol diacrylate with a microencapsulated initia-
tor.[10] In these examples, the rapid reaction rate, observed
in propagating fronts, circumvents phase separation which
occurs commonly in batch studies. Also, in the case of co-
polymerization the FP process tends to produce rather
narrow chain composition distributions with respect to all
other traditional polymerization processes. In addition, be-
cause of the high temperature reached by the propagating
fronts, polymerization runs can be performed without re-
moving the inhibitor from the monomers.
We have recently demonstrated the feasibility of self-

propagating fronts in the synthesis of grafting copolymer hy-
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drogels.[11] It has been found that this fast and efficient way
of producing starch-grafted-acrylic acid hydrogels provides a
substantial improvement in terms of conversion, swelling ca-
pacity and swelling rate, which are the desired features of
hydrogels.
Evidently FP is a very promising technique and one to be

widely explored. In all previous works on FP a number of
aspects have been explored, such as the effect of initiator
type and concentration on front velocity[10,12,13] and the
effect of pressure[14] and tube orientation,[15] the dependen-
ces of front velocity and front temperature on reaction com-
ponents.[9,11] In fact FP is performed in a nonadiabatic reac-
tor under the atmosphere in order to test the applicability of
this technique to process conditions often found in practice.
Thus the environmental conditions such as temperature and
reactor size are the key factors for the formation and travel-
ing behavior of self-propagating thermal front[13,16] and the
consequent material properties. In all previous works on FP
no systematic study on the influence of environmental con-
ditions has been undertaken.
In our previous work, we focused on studying the influ-

ence of the relative amounts of reaction components on the
front parameters and polymer properties through frontal
polymerization synthesis of starch-grafted poly(acrylic acid)
hydrogels. In this work we report on the effects of tempera-
ture and tube size on the propagating front and properties
of hydrogels. We prepared two sets of starch-grafted poly(a-
crylic acid) hydrogels at various initial temperatures and
tube sizes by FP. Ignition time, front velocity and its maxi-
mum temperature were the parameters of main interest.
The hydrogels were characterized by sol content, gel content
and swelling capacity.

Results and Discussion

Frontal polymerization synthe-
sis of graft copolymers : In gen-
eral, to make a starch-grafted
hydrogel by frontal polymeriza-
tion, the reaction mixture con-
taining appropriate amounts of
generalized starch, acrylic acid
neutralized partially by a
sodium hydroxide solution, ini-
tiator ammonium persulfate
solution, and crosslinker meth-
ylene bisacrylamide solution
was poured into a glass tube.
The tube was fixed in a cham-
ber drying oven. The graft-poly-
merization process was initiated
by application of a soldering
iron to the top of the test tube
until the formation of a hot
propagating front began. The
duration time from the begin-

ning of adding heat to the formation of self-propagating
front was defined as ignition time. Front propagation occur-
red at constant velocity; the position of the front was obvi-
ous because of the difference in the optical properties of
polymer and initial materials. A plot of the front position
versus time produced a straight line; the slope of this line
was the front velocity. The temperature profiles were meas-
ured by using a K-type thermocouple connected to a digital
thermometer.
The inner diameter of tube was varied from 10 to 45 mm

for one series of runs and a number of tubes at the same
inner diameter (15 mm) for a series in which the oven tem-
perature was varied. The oven temperature was varied from
25 to 60 8C to give a range of initial temperatures for the
series of runs and 30 8C for the series in which the tube size
was varied. In these two ranges a steady-state polymeriza-
tion front was observed. Both lower and higher values ex-
cluded the existence of steady-state propagation front: at
lower values the propagating front was not self-sustainable,
whereas at larger values, spontaneous polymerization occur-
red. The propagating behavior of the polymerization fronts
and the corresponding properties of polymers at different
reaction conditions are given in Tables 1 and 2.

Ignition time and bubbles : Ignition times ranged from 3.2 to
0.96 min as the initial temperature was raised from 25 to
60 8C as shown in Table 1 and from 1.36 to 35 min as the
tube size (i.d.) was raised from 10 to 45 mm as shown in
Table 2.
In each case there was an initial period when the reaction

mixture was preheated. At the longer ignition times frontal
polymerization only became apparent near the end of the

Table 1. Propagating features of the polymerization front and characteristics of hydrogels for different initial
temperature.

Run
no.

Initial temp.
[8C]

Ignition time
[min]

Frontal velocity
[cmmin�1]

Frontal
temp. [8C]

Sol
[%]

Gel
[%]

Equilibrium swel-
ling [gg�1]

1 25 3.2 0.27 98 5.2 96 534
2 30 2.84 0.32 104 7.9 93.5 651
3 35 2.5 0.37 108 10.8 90 783
4 40 2 0.43 112 16.6 88.1 872
5 45 1.67 0.49 117 18.7 85.6 1069
6 50 1.38 0.56 120 19.0 74.7 865
7 55 1.2 0.61 122 19.6 76.3 683
8 60 0.96 0.63 125 18.7 80.4 508

Table 2. Propagating features of the polymerization front and characteristics of hydrogels for different tube
size (i.d.).

Run
no.

I.d.
[mm]

Ignition time
[min]

Frontal velocity
[cmmin�1]

Frontal temp
[8C]

Sol
[%]

Gel
[%]

Equilibrium swelling
[gg�1]

1 10 1.36 0.26 95 3.6 97 516
2 15 2.57 0.31 103 7.6 94.1 693
3 20 3.3 0.39 108 8.5 88.7 740
4 25 4.95 0.44 110 9.8 85.8 783
5 30 7 0.47 116 11.4 82 898
6 40 24.2 0.46 113 17 73.6 912
7 45 35 0.44 114 23.2 68.4 907
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period. For example, for a tube size of 45 mm nothing ap-
peared to be happening for the first 33 min, and then a vigo-
rous reaction suddenly occurred within seconds, and a prop-
agating front formed within 2 min.
It is well known that an inhibition period exists in the

presence of oxygen for free radical polymerizations in gen-
eral and for acrylic monomers in particular.[17,18] Studies
have shown that oxygen essentially forms an alternating
copolymer with the monomer, that is, a polyperoxide
(-M-O-O-). Addition of monomer to the peroxy radical is
much slower than to the normal polymer radical, resulting
in the suppression of the normal propagation reaction. In
our experiments there was no attempt to exclude oxygen,
and there was an inhibition period which became longer as
the initial temperature was reduced or the tube size was in-
creased. The inhibition period is brought to an end as a
result of the polyperoxide decomposing and yielding initia-
tor radicals. At some point the concentration of initiating
radicals might become high enough to enable significant
amounts of normal polymerization to occur, resulting in a
sudden vigorous polymerization reaction and propagating
front.
The propagating front traveled down the tube and result-

ed in a large amount of vapor bubbles on the front surface
adjacent to the polymer product. Part of these bubbles trav-
eled up into polymer matrix and then came out noisily from
the tube, which made the final product soft and lightly
yellow. This was the case for tube size in the range 30–
45 mm. For smaller tube sizes the reaction was much less
vigorous, resulting in fewer bubbles and in the final product
being a white, opaque rubbery material.
The source of bubbles is water in the reaction mixture.

1 mg of water will result in about 1.7 cm3 of water vapor at
the front temperature of 100 8C and ambient pressure. Bub-
bles occasionally interfered by making it difficult to initiate
a front if a large bubble collected under the front, insulating
the reactant and preventing propagation. This trend was
more prominent for larger tube size. Nonetheless, flat fronts
with constant frontal velocity were obtained.
For temperature series all the reactions proceeded

smoothly. The amounts of gas bubbles became more with
the higher level of temperature, and all these bubbles were
trapped by the viscose reaction mixture. Apparent charac-
teristics of the as synthesized products over all the tempera-
ture range were white and opaque.

Front velocity : The variation of front velocity vfront with ini-
tial temperature and tube size is presented in Tables 1 and
2. The front velocity increased from 0.27 to 0.63 cmmin�1

for initial temperatures from 25–60 8C as shown in Table 1.
An increase of the initial temperature decreases the amount
of heat lost to surroundings, resulting in higher frontal ve-
locity.
But for tube size series the front velocity changed non-

monotonically. The value of vfront increased from 0.26 to
0.47 cmmin�1 as the tube size was increased from 10 to
30 mm, and then decreased to 0.44 cmmin�1 as the tube size

was increased to 45 mm (Table 2). The effect of the tube
size on the front velocity can be attributed to two factors:
the change of surface-to-volume ratio of tube, which affects
the rate of heat conduction, and the escape of gas bubbles
from open tube, which removes part of heat from the poly-
merization front. The increase of the tube size decreases the
surface-to-volume ratio of the tube and resulted in the de-
cline in heat loss rate. On the other hand, the amounts of es-
caping bubbles increased with the tube size which, as men-
tioned above, removed more reaction heat from polymeriza-
tion front. The interplay of these two opposite effects deter-
mines the actual rate of propagating front.
To investigate the front velocity functional dependence on

initial temperature, we carried out additional experiments
with different tube sizes. Figure 1 shows an Arrhenius plot
of front velocity against initial temperature for three differ-
ent tube diameters (15, 20, and 25 mm). As can be seen,
straight lines can be obtained over low initial temperature
of 25–50 8C for tube sizes of 15 and 20 mm and 25–40 8C for
tube size of 25 mm. The deviation from straight line at
higher temperature is probably attributed to the escape of
bubbles from reaction system. From the slope of the plot for
the linear relationship between ln(vfront) and the inverse of
temperature (correlation coefficients, r 2 > 0.98), the aver-
age apparent activation energy was 24 kJmol�1.

Similarly additional experiments were carried out to in-
vestigate the front velocity functional dependence on tube
size. Figure 2 shows the dependence of front velocity on the
tube size x at three initial temperatures (25, 30, and 35 8C).
For three sets the front velocity was found to follow a rela-
tionship of higher order with the tube size (linear fitting cor-
relation coefficients, r2 > 0.98), as in Equation (1):

vfront ¼ ðax 2 þ bx þ cÞ�1

where a, b, and c are constants related to initial tempera-
ture.

Figure 1. Front velocity dependence on temperature; &: 15 mm, *:
20 mm, ~: 25 mm.
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Front temperature : Temperature gradients in a front are
very large, and profile measurements help to elucidate the
reasons for incomplete conversion and the structure of the
front. Figure 3 shows the temperature profile in a graft co-
polymerization front of acrylic acid onto starch at different
initial temperature. All polymerization fronts had a very
sharp temperature profile. This corresponds to a local
region completing conversion within a short time.

The temperature of the propagating front (Tmax, as de-
fined in Figure 3) dependence on the experimental condi-
tions was similar to the corresponding vfront trend as shown
in Tables 1 and 2. Polymerization front is a hot wave, and a
high front velocity decreases the time for heat loss, resulting
in high front temperature.

Conversion : During the frontal graft copolymerization,
some monomers can diffuse to graft onto the starch back-
bone to form cross-linking networks, which compose the
final gel product. Others may be used for the formation of

soluble homopolymers and low molecular weight oligomers.
The variation of monomer conversion with initial tempera-
ture is shown in Table 1. As the temperature was raised
from 25 to 60 8C the sol content increased rapidly from 5.2
to 22.5% and then leveled off at lower value of 19% as
temperature was increased further. The gel content dropped
from 96 to 74.7% as the temperature was raised from 25 to
50 8C and then increased slightly to 80.4% for temperatures
from 50–60 8C.
As mentioned above, increasing the initial temperature in-

creased the front temperature. An increase in the tempera-
ture of polymerization front nearly always lowers the molec-
ular weight of the polymer produced regardless of whether
the molecular chain length is controlled by chain transfer or
by chain termination.[19,20] Thus the amount of the water-
soluble oligomers tends to rise with an increase of the initial
temperature. But on the other hand, it is well known that
the average dimension of the polymer chains approach com-
pletely random linking when increasing the temperature to
a certain level.[21–24] The active chain ends through hydrogen
abstraction can produce new active centers on the polymer
backbones. The newly formed free radicals may recombine
either with similar radicals or monomers to form random
crosslinking networks.[25,26] This random linking of polymer
chains tends to reduce sol content and increase gel content.
In the same way the variation of conversion with the tube

size is shown in Table 2. The sol content increased from 3.6
to 23.2% and the gel content dropped from 97 to 68.4% for
the tube diameters from 10 to 45 mm. This is due to the in-
crease in the Tmax value with tube size, which lowers the mo-
lecular weight of the polymer produced.[19,20] In addition, as
mentioned above, the amounts of the bubbles escaping from
tube increased with increasing tube size. These gas bubbles
open the passages for oxygen through the reaction system.
The intake of oxygen causes polymer and starch-backbone
degradation at high temperature by oxidation.[24] The degra-
dation may proceed by random bond breaking between
chain atoms or by peeling off the oligomers from the chain
ends, resulting in smaller yellow-colored units.[27] This was
supported by the yellow color of other products which
became deeper with an increase in tube size. When washing
these products, small yellow units dissolved into water and
white gels were obtained.

Swelling characteristics : The most salient feature of super-
absorbent hydrogels is its high swelling capacity. The swel-
ling capacity showed a maximum of 1069 gg�1 at the initial
temperature of 45 8C (Table 1). A marked increase in swel-
ling capacity was observed when the initial temperature was
raised from 25 to 45 8C, while hydrogels synthesized at
higher temperature (50–60 8C) showed a decreasing trend in
swelling characteristics.
The swelling of the polymer depends on the fine structure

of the polymer network.[28] The rapid temperature increase
at the polymerization front and hot front propagating step
by step will affect the microstructure of the hydrogels. To
confirm this presumption, the microscopic morphologies of

Figure 2. Front velocity dependence on tube size and curve fit at 30 8C
(inset) (r : correlation coefficients; x0, vfront 0 : a fixed point in v/x curve);
&: 25 8C, *: 30 8C, ~: 35 8C.

Figure 3. Temperature profiles of acrylic acid grafting onto starch copoly-
merization fronts at different initial temperatures; A: 30 8C, B: 40 8C, C:
50 8C.
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hydrogel samples obtained at initial temperatures of 25, 45,
and 55 8C were measured by field emission scanning elec-
tron microscope (FE-SEM) (Figure 4). At low initial tem-
perature, less porous structure was observed (Figure 4a). At
higher initial temperatures of 45 and 55 8C, irregular porous
structures were obtained as illustrated in Figure 4b) and c).
The well-defined pores can be attributed to the high syn-

thesis temperature and rapid temperature increase at the
propagating front, which evaporate water to produce gas
bubbles. The increase in front temperature with initial tem-
perature results in more bubbles. These bubbles are trapped
by sticky reaction mixture and consequently form intercon-
nected capillary channels. High porosity would increase the
available space for water during the swollen state.[29] But at
higher initial temperature over 45 8C, the effect of the link-

ing mentioned above becomes dominant, resulting in the in-
crease in crosslinking density and decrease in porosity.
For tube size series we used the amounts of swelling in-

creased from 516 to 898 gg�1 as the tube size was raised
from 10 to 30 mm. For higher tube size values, the swelling
capacity remained almost constant at about 900 gg�1

(Table 2). This is most probably related to the porosity of
hydrogels. For tube sizes ranging from 10–30 mm, the
number of bubbles increased with tube size, as mentioned
above, leading to the increase in porosity of product. But
when the tube size was raised to the level higher than
30 mm, some gas bubbles escaped from reaction mixture,
only the retaining bubbles were trapped by reaction mixture
and formed porous structure. When both the speeds of the
bubbles formation and escape from reaction system were
enhanced equally with tube size, the porosity of hydrogels
would be kept constant. These presumptions were con-
firmed by FE-SEM images.
Separate swelling experiments were carried out to meas-

ure the spatial homogeneity of hydrogels obtained at the
center and perimeter of tube for tube sizes of 30 and
45 mm. The deviations were found to be �33 and
�57 gg�1, respectively, suggesting that hydrogels prepared
in these test tubes were spatially uniform.

Conclusion

We studied the effects of the initial temperature and tube
size on the propagating front and characteristic properties
of starch-grafted poly(acrylic acid) hydrogels. It was ob-
served that an unrestricted access of the reaction mixture to
oxygen delayed the formation of the self-propagating poly-
merization front. The existence of an inhibition period, es-
pecially at the large tube size, was attributed to the forma-
tion of peroxy radicals with low reactivity. The end of the in-
hibition period with the onset of rapid, apparently normal
polymerization is thought to result from the accumulation of
polyperoxide which eventually yields enough active free rad-
icals to overwhelm the inhibition effect of oxygen and set
off a self-accelerating process in which the heat released by
normal polymerization increases the rates of peroxide and
initiator decomposition, and the rise in viscosity restricts the
inward flow of oxygen and outward flow of heat. Thus the
polymerization front can propagate self-sustainably at con-
stant velocity.
An increase of the initial temperature increased both the

front temperature and front velocity, leading to more solu-
ble oligomers, gas bubbles and higher degree of crosslinking.
Oligomers raised sol content and reduced gel content. Con-
versely, crosslinking reduced the sol content and raised the
gel content. The interplay of two opposite effects of oligom-
er and crosslinking determined the sol and gel content. Gas
bubbles caused from water evaporation were trapped by the
reaction mixture and resulted in the formation of porous co-
polymers, which was critical for high swelling capacity of hy-
drogels.

Figure 4. Field emission scanning electron micrographs of hydrogels pro-
duced by frontal polymerization at different initial temperatures:
a) 25 8C, b) 45 8C, c) 55 8C.
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An increase in tube size had two effects on propagating
front. One was to raise the front velocity and front tempera-
ture due to the reduction in heat loss. The other effect was
to reduce the front velocity and front temperature attributed
to the increase in the number of escaping gas bubbles. The
combined action of two effects resulted in both the front ve-
locity and front temperature exhibiting the maximum values
with varying tube sizes. On the other hand, the bubbles
which escaped from test tube opened passages for oxygen
through the reaction system. The intake of oxygen from air
broke polymer molecules already formed into smaller units
by the action of oxidation, resulting in the increase in sol
content and the reduction in gel content with tube size. The
highest degree of swelling for products was obtained when
the tube size favor a formation of porous microstructure of
hydrogels.

Experimental Section

Materials : The materials used in this study were potato starch containing
5.3 wt% moisture, acrylic acid as the monomer, methylene bisacrylamide
as a crosslinker agent, ammonium persulfate as an initiator, and sodium
hydroxide. All materials were used as received from Beijing Chemical
Company (Beijing, China).

Frontal polymerization : Potato starch (2.5 g) and distilled water (12 g)
were mixed and then heated at around 60 8C to form gelatinized starch
slurry. Acrylic acid (11 g in 4 g water) was partially neutralized with solu-
tion of sodium hydroxide (2 g) in water (5 g). A solution of ammonium
persulfate (0.1 g) and methylene bisacrylamide (0.0015 g) in water (2 g)
was prepared. Then the monomer solution, the initiator and cross-linking
agent solution were added to the gelatinized starch. The mixture was stir-
red magnetically at room temperature for 30 min.

The reaction mixture was poured into a 200 mm long test tube (i.d. 10–
45 mm) to give a range of tube sizes for one series of runs and a number
of test tubes at the same inner diameter (15 mm) for a series in which the
temperature was varied. A K-type thermocouple, connected to a digital
thermometer, was utilized to monitor the temperature change. The junc-
tion was immersed at about 6 cm from the free surface of the mixture.
The front position and temperature was recorded as a function of time.
A plot of the front position versus time produces a straight line; its slope
was the front velocity. A temperature profile of the front was obtained
by converting the temporal profile to a spatial one using the front veloci-
ty. The tube was clamped to a ring stand in a chamber drying oven at a
temperature which was in the range 25–60 8C for the series of runs in
which the temperature was varied and 30 8C for the series in which the
test tube size was varied. The upper layer of the mixture was then heated
by soldering iron until the formation of a hot propagating front began.
The ignition time was defined as the duration time from the beginning of
adding heat to the formation of self-propagating front.

Determination of sol and gel content : After the reaction was completed,
the tube was removed from oven and allowed to cool to room tempera-
ture. The reaction product was removed and cut into small pieces (2–
5 mm) which were immersed in a large excess of sodium chloride solution
(1% wt/wt) and shaken at intervals over a 72 h period to dissolve water-
soluble materials. The presence of the salt restricted the amount of swel-
ling and improved the accuracy. Then the mixture was filtered. The gel
product was dewatered with methanol and dried in a vacuum oven at
65 8C until the weight of the specimen was constant. The dried polymer
product was weighted. The total amount of polymer obtained from the
weight of partially neutralized monomer and starch charged was calculat-
ed to yield the percentage gel content. The filtrate with known weight of
sodium chloride was heated in an air-circulating oven at 90 8C to dryness,
and weighted to give the total amount of sol content.

Swelling measurements : Water absorption measurements were per-
formed by filtration method. For dried gel polymers, a fixed amount
(0.2 g � 0.001) of classified (160–180 mm) product was dispersed in distil-
led water (500 mL) for 30 min. The swollen samples were filtered
through a 200-mesh wire gauze until they no longer slipped from the
gauze when it was held vertically. The degree of absorption was deter-
mined from the weight gain on the gauze after immersion in water per
unit weight of gel before immersion. To obtain a reliable value for ab-
sorbing, three values were averaged.

Scanning electronic microscope measurements : Structures of hydrogels
obtained were examined using a JEOL field emission scanning electronic
microscope (FE-SEM). The samples used for FE-SEM measurement
were immersed in distilled water after synthesis to swell to maximum
swelling, dehydrated in ethanol and then air dried at 60 8C. Dried samples
were cut to expose their inner structure, coated with a layer of carbon.
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