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ABSTRACT: The degradation of poly(ethylene oxide) and
polyacrylamide in aqueous solution was studied with ascor-
bic acid. Gel permeation chromatograph was used to mon-
itor molecular weight dynamics with time. A model based
on continuous distribution kinetics showed that the experi-
mental data matched well with theory. The results showed
that the degradation of polymers is significantly enhanced in
the presence of ascorbic acid. The degradation rate initially

increased with ascorbic acid concentration but was indepen-
dent of it at higher concentrations. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 101: 3067-3072, 2006
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INTRODUCTION

Water soluble polymers form a major class of indus-
trially important polymers. Of these, poly(ethylene
oxide) and polyacrylamide have diverse applications
in various branches of industry."” Growing environ-
mental concern for the safe disposal has resulted in
greater drive to find newer methods for polymer deg-
radation. Pyrolysis is the most common method em-
ployed for polymer degradation but degradation in
solution is more advantageous.>* The reactions
caused by free radicals in solutions are very rapid and
therefore many initiators capable of producing free
radicals are commonly used in polymerization reac-
tions. These initiators can also be used for the oxida-
tive degradation of polymers in solution.® Ascorbic
acid (AA) is a well-known natural antioxidant, com-
monly referred to as vitamin C. It is used as a food
additive and for the prevention of common cold and
even certain types of cancer. Structurally it is a sugar
acid, which is unstable in air and oxidizes to give
dehydroascorbic acid with the formation of a radical
intermediate.” Polymerization with redox systems
containing ascorbic acid has been effective in synthe-
sizing polymers with considerable average molecular
weight and rate of polymerization and conversion.
The aqueous polymerization of acrylamide was inves-
tigated in the presence of air® with potassium perman-
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ganate in the ascorbic acid system in acidic pH. The
initial rate of polymerization increased with AA con-
centration up to 6 X 107> mol/L, but subsequent
increase in AA concentration decreases the rate and
conversion. A similar study of polymerization of
acrylamide was conducted with an ascorbic acid—per-
oxydisulfate system.” The rate was found to be con-
stant in the range of AA concentration between 8
X 107* and 22 X 10~* mol/L and varied as inverse
half power at higher concentrations. The overall acti-
vation energy was found to be 12.2 kcal/mol. The
aqueous polymerization of acrylonitrile with the same
initiating system showed that the rate decreased with
ascorbic acid concentration beyond 3 X 102 mol/L.
The rate also remained unchanged up to 40°C and
thereafter decreased with increase in temperature.'’
Methylmethacrylate and methylacrylamide were po-
lymerized with the same redox system of ascorbic
acid-peroxydisulfate.'* Acrylic acid and sodium ac-
rylate were polymerized by ascorbic acid-hydrogen
peroxide system with activation energies of 18 and 15
kcal/mol, respectively.””> Copolymerization was also
found to be effective by using only ascorbic acid as the
initiator. Kuramoto et al.'* studied the copolymeriza-
tion of styrene and fumaronitrile with AA in dioxane
in the presence of methanol. The reaction proceeded to
form a 1:1 alternating copolymer with the polymeriza-
tion occurring due to the formation of free radicals
from ascorbic acid. In all the above studies, oxygen
seemed to be a promoter rather than an inhibitor of
polymerization, though the converse is usually true of
polymerization reactions. In fact, higher rates of poly-
merization were obtained in the presence of oxygen
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than in its absence. The effect of ultrasound and ion-
izing y-rays in the degradation of ascorbic acid was
enhanced in the presence of oxygen.'?

To the best of our knowledge, only one study has
investigated the use of ascorbic acid for the degrada-
tion of polymers. The investigation on pectin solu-
tions, produced from orange peel, showed significant
viscosity decrease on the addition of ascorbic acid'®
with free radicals being assumed the cause of initia-
tion of the degradation. In the present study, the deg-
radation of poly(ethylene oxide) and polyacrylamide
solutions in the presence of ascorbic acid has been
investigated. A model based on continuous distribu-
tion kinetics was developed to determine the rate co-
efficients. The effect of temperature and the concen-
tration of ascorbic acid on the degradation were also
investigated.

EXPERIMENTAL
Materials

Poly(ethylene oxide) was obtained from Sigma Al-
drich. Polyacrylamide was synthesized from aqueous
solution of acrylamide using potassium persulfate as
initiator (0.03%). The reaction was carried out at 50°C
by continuously flushing nitrogen into the reaction
vessel. The polymer was precipitated with methanol
and filtered and dried in vacuum at 60°C till constant
weight was obtained. Ascorbic acid (S.D. Fine chemi-
cals, India) was of 99% purity.

Solution degradation experiments

The polymer solution was prepared by dissolving the
polymer in double-distilled deionized water. The con-
centration of ascorbic acid varied from 0.2 to 4 g/L
depending on the polymer. About 15 mL of the poly-
mer solution was taken in culture tubes with screw
caps. The temperature (40-70°C) was maintained by a
thermostated water bath controlled by a PID control-
ler and the variation in temperature was *1°C. The
tubes were placed in the water bath till they reached
the desired temperature and then ascorbic acid was
added to the polymer solution. Oxygen is purged into
the system for 15 min to ensure that the system is
saturated with oxygen. No degradation was observed
at all temperatures with and without ascorbic acid if
no oxygen was purged into the system. In the presence
of oxygen, only samples containing ascorbic acid de-
graded to lower molecular weight. Control experi-
ments were also conducted at each temperature to
verify that no degradation of the polymer occurred
without ascorbic acid.

GPC analysis

The molecular weight distribution was monitored by
gel permeation chromatography (GPC). The GPC con-
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sisted of Ultrahydrogel linear SEC column (Waters,
Milford, MA) measuring 7.8 X 300 mm” maintained at
30°C. Double-distilled deionized water was used as
eluent at a flow rate of 0.5 mL/min. The refractive
index was monitored continuously with a differential
refractometer (Waters). About 800 uL of sample was
injected into the system to obtain a chromatogram and
converted to molecular weight by using narrow-dis-
tribution polyethylene oxide calibration standards.
The initial number—average molecular weight, M,,,
for PEO and PAM were 850,000 and 321,000, respec-
tively.

RESULTS AND DISCUSSION
Theoretical model

The emphasis of this section is to develop a theoretical
model that is consistent with the reactions that occur
when ascorbic acid reacts with polymer. Because no
reaction occurs in the absence of ascorbic acid, the
model should predict this also. The ascorbic acid dis-
sociates into two radicals, which reacts with the poly-
mer through hydrogen abstraction.

As shown in Scheme 1, the cleavage of ascorbic acid,
C, results in the formation of the ascorbate radical, C*,
and HO, radical. This can be written as

k,
C-5C* + HO,* (1)

where k, represents the rate coefficient for dissocia-
tion. The rate of ascorbic acid disappearance by dis-
sociation is thus given by

dcp
W = - kpCp (2)

where ¢y denotes the molar concentration of ascorbic
acid. The hydrogen abstraction from polymer chain,
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P(x), occurs through the ascorbate radicals reversibly
with rate coefficients of k; and kg,.. This reaction is
represented as

C* + P(x);)—dCH + R*(x) (3)

ke

On the basis of eq. (3), the population balance for
the consumption of ascorbate radicals can be written
as

de(t)/dt = k,c,(t) — c(t)kad(x’)p(x’,t)dx’

0

—c(t)fwkdr(x’)r(x’,t)dx’ (4)

The degradation of the polymer can be represented
by the following steps'” where P(x) and R*(x) repre-
sents the polymer and the polymer radical of molec-
ular weight x, respectively.

k

P(X)2R*(x') + R*(x—x") (5)
ki
P(X)<:—>R*(x’) (6)
k.
R*(x)—=>R*(x') + P(x—x") (7)

Equation (5) represents the initiation and termina-
tion reactions that occur during polymer degradation
with rate coefficients of k, and k,, respectively. The
hydrogen abstraction from the polymer chain is re-
versible with rate coefficients of k, and k; and is
represented by eq. (6). The depropagation step occurs
by the irreversible B-scission of the polymer chain
with rate coefficient k, and is shown in eq. (7). The
initiation and termination steps are much less frequent
compared to the depropagation steps and can be ne-
glected. Thus the population balance equations for
polymer and the polymer radical is given by'”

ap(x,t) /ot = —ks(x)c(B)p(x,t) +kg (x)c(t)r(x,t)

—k,(xX)p(x,t) + kg (x,t) +fwks(x’)r(x’,t)Q(x,x’)dx’ (8)

X

ar(x,t) / at=ky(x)c(O)p(x,t)) = kg ()c(B)r(x,t) + ky(x)p(x, 1)

—kyr(x,t) =k, (x)r(x,t)+ J' xks(x’)r(x',t)Q(x,x’)dx’ 9)

x

For random chain scission, the stoichiometric ker-
nel, Q(x,x'), is given by 1/ x".Y The rate coefficients are
assumed to be linearly dependent on molecular
weight; thus, k;(x) = k;x. Applying the moment oper-
ation on egs. (8) and (9) yields,"”

dp¥) , 4
= kP + k(o
_ , ko
TR W Ty 7 (10)
Ay

g = kaeOpI — k(™

+ khp(jﬂ) — kg7t — kgﬁ%f(j+l) (11)

The quasi-steady state approximation, which as-
sumes that the change in the radical concentration is
zero, can be applied to eq. (11) and the radical con-
centration is

. . kac(t) + ki
G+1) — (5 (Gj+1)
A VO MR
The solution of the differential eq. (4) (by assuming
k4 is less compared to k) gives

— _ (1)
cpokp e (=1 + el ko

b — kapl) 4

c(t)

Equation (13) thus represents the variation of the
concentration of the ascorbate radical with time where
Cpo and po'”) represent the initial mass concentration of
ascorbic acid and polymer, respectively. Substituting
the expression for c(t) from eq. (13) in eq. (10) and
assuming k.p is much smaller thank, and when j
= 0, the zeroth moment representing the molar con-

centration of polymer, p©, is

dp®  koac(t)py”
a1+ (kge/ k) C(H)

(14)

where k,q = kk;/ky. On solving eq. (14),

MHO Mnokl CpO + (kzpél)/kp)
M, 1= kp |:th + ln{Cpg + (kngl) ekpf/kp) (15)

where M, is the number-average molecular weight
and is given as, M, = p"/p", ky = kik;/kq, and
ky, = kiky/ks. Equation (15) thus represents the
variation of the number-average molecular weight
with time. Because all parameters are known, the
rate coefficients k; and k, can be obtained by non-
linear regression of experimental data. The rate co-
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Figure 1 Variation of [(M,,,/M,,) — 1] with time at different
temperatures at a fixed polymer concentration of 2 g/L. The
concentration of ascorbic acid used for the degradation of
PEO and PAM was 0.5 and 1 g/L, respectively. The points
are from experiment and the solid lines are from theory by
nonlinear regression of experimental data. (a) PEO and (b)
PAM. (M), 30°C; (@), 40°C; (A), 50°C; and (4 ), 60°C.

efficient, k,, for ascorbic acid degradation at differ-
ent temperatures was taken from literature.'® When
ascorbic acid concentration is zero, the expression
reduces to

MnO
M,

~1=0 (16)

This indicates that no degradation can be observed
in the absence of ascorbic acid, and is consistent with
experimental data.

Degradation with ascorbic acid

The degradation of PEO and PAM was conducted at
five different temperatures and at different concentra-
tions of ascorbic acid and polymer. The initial pH of
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PEO and PAM solutions was 6.4 and 7.2, respectively.
On adding ascorbic acid to the solutions, pH dropped
to 3.5 for both the polymer solutions. After reaction
and subsequent degradation, the pH of the final solu-
tions remained at 3.5. To verify whether the degrada-
tion occurred due to acidic pH, the experiments were
also conducted at pH of 3 in the absence of ascorbic
acid. No decrease in the molecular weight of the poly-
mer samples was observed. This shows that ascorbic
acid is primarily responsible for the polymer chain
scission. Ascorbic acid in aqueous solution undergoes
a two-step oxidation-reduction process in the pres-
ence of oxygen. The decomposition is a pH-dependent
process and in acidic pH, the following mechanism is
valid. A one-electron oxidation of ascorbic acid pro-
duces semidehydroascorbic acid radical that dispro-
portionates into dehydroascorbic acid and ascorbic
acid.”

The degradation of PEO and PAM by ascorbic
acid at different temperatures is shown in Figure
1(a,b), for PEO and PAM, respectively. The degra-
dation rate coefficients k; and k, are obtained by
nonlinear regression of experimental data with eq.
(16) and are given in Table I for both PEO and PAM.
The Arrhenius dependence of degradation rate is
shown in Figure 2(a,b). The activation energies, E;
and E,, obtained from the temperature dependence
of rate coefficients, k; and k,, for PEO are 4.5 and 4.4
kcal/mol, respectively. Similarly for PAM, the val-
ues of E; and E, are 9.2 and 8.5 kcal/mol, respec-
tively.

The effect of ascorbic acid concentration on the deg-
radation of PEO and PAM was also studied. The vari-
ation of (M,,,/M,,) — 1 with time at different concen-
trations of AA for PEO and PAM at 50°C is given in
Figures 3(a) and 3(b), respectively. The degradation
rate increases with an increase in AA concentration
initially and the rate saturates at higher concentrations
of AA. As the concentration of ascorbic acid is large,
the variation of (M,,o/M,,) — 1 is equal to k. gkyM, ot / ks,
i.e.,, independent of ascorbic acid concentration. The

TABLE 1
Rate Coefficients for the Degradation of PEO and PAM
in Presence of Ascorbic Acid (AA)

K (10°9) k, (10°9)
Temperature (°C) (mol/g/min) (mol/g/min)

PEO 2 g/L, AA 0.5 g/L

30 5.0 4.0
40 7.0 5.0
50 8.0 6.0
60 10.0 8.0
PAM 2 g/L, AA 1.0 g/L

30 1.3 1.0
40 2.0 2.0
50 3.0 3.0
60 4.7 4.0
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rate coefficient values are the same, as obtained ear-
lier. PEO degraded at a lesser concentration of ascor-
bic acid (0.2-0.7 g/L) whereas PAM required a higher
concentration (1-4 g/L).

The variation of degradation rate with the polymer
concentration (2-10 g/L) was also studied at 50°C and
at 0.5 and 1 g/L concentration of ascorbic acid for PEO
and PAM, respectively. The degradation profiles were
consistent with that obtained by substituting the poly-
mer concentration in eq. (16). This indicates that the
model is suitable for a wide range of polymer and
ascorbic acid concentration.

CONCLUSIONS

The degradation of PEO and PAM by ascorbic acid
was found to be very efficient. Higher molecular
weight polymer degraded rapidly even at 30°C. More-
over, significant rate of degradation of the polymers
was obtained even with low concentrations of ascorbic
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Figure 2 Variation of the overall rate coefficient with tem-
perature. (a) PEO and (b) PAM. (W), k, and (@), k.
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Figure 3 Variation of [(M,,,/M,,) — 1] with time at differ-
ent concentrations of ascorbic acid at a fixed temperature
of 50°C and polymer concentration of 2 g/L. The points
are from experiment and the solid lines are from theory by
nonlinear regression of experimental data. (a) PEO and (b)
PAM. (W), 0.2 g/L; (®),0.5g/L; and (A), 0.7 g/L for PEO.
(W), 1g/L; (@®),3g/L; and (A), 4 g/L for PAM.

acid. Thus, ascorbic acid serves as an inexpensive,
efficient, and nontoxic chemical for the degradation of
PEO and PAM. From a commercial viewpoint, these
properties make it an attractive reagent for use in
polymer degradation.
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