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Continuous kinetics of thermal degradation of poly(styrene-allyl alcohol) (PSA) in
solution are explored theoretically and experimentally. Thermal degradation experiments
for PSA of number-average molecular weight 1,640 in t-butanol solution were con-
ducted in a steady-state flow reactor at 6.8 MPa and 403 -473 K. The molecular-weight
distributions (MWDs) of the original polymer and its reaction products were measured
as a function of residence time by gel permeation chromatography. The MWD of the
initial PSA is described by a gamma distribution function. Experimental data indicated
that the polymer cracks to specific, low-molecular-weight (MW) products and degrades
by random chain scission. Results are interpreted by a mathematical model based on
the continuous kinetics for specific and random degradation processes. Rate coefficients
are determined separately from the dynamic data of the MW moments for the specific
products and the MWDs for the reacting polymer. Activation energies obtained are
5.9-7.4 kcal/mol for specific degradation processes and 35 kcal/mol for the random
degradation process. The detailed MWDs are related to conventional lumped (number-
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average molecular-weight) data.

introduction

The degradation and stabilization of polymers are of con-
siderable importance from both practical and theoretical
points of views (Allen and Edge, 1992). Degradation is signif-
icant for several reasons: (1) the degradation of polymers in
different environments is a major limiting factor in their ap-
plications (Hawkins, 1984); (2) thermal degradation by pyrol-
ysis coupled with gas chromatography is an important analyti-
cal procedure for identifying polymeric structure (Flynn and
Florin, 1985); and (3) induced degradation can potentially be
used in recycling waste plastics (Powell, 1990; Miller, 1994).
Thermal degradation of polymers is similar in some respects
to other thermal decomposition processes, for example,
petroleum cracking and coal thermolysis.

Early work on polymer degradation was reviewed by Simha
and Wall (1958) and Jellinek (1955). Degradation by thermal-,
radiation- and oxygen-induced processes were considered by
Simha and Wall. Primary measurements were (1) yield of
monomer, (2) rate of decrease of average molecular weight,
and (3) rate of volatilization. Rate equations were developed
for free-radical mechanisms, which included both random-
bond breakage within the chain and specific, or preferential,
breakage of terminal bonds. The International Symposium,
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Brussels (Gevakens, 1975), reviewed trends in degradation
research, including experimental methods and kinetics.
Madorski (1964) reviewed data on rates, activation energies,
and experimental methods for thermal degradation of a vari-
ety of polymers. Two other books edited by Jellinek (1978,
1983) contain much fundamental information. For example,
Chapter 10 in Jellinek (1983) critiques thermal-gravimetric-
analysis (TGA) methods for measuring degradation rates. A
handbook of degradation has also recently been published
(Hamid et al., 1992). These sources contain considerable in-
formation on kinetics and mechanisms of degradation.

A few studies combine experimental and theoretical inves-
tigations to address quantitatively the kinetics and mecha-
nisms of polymer degradation (Reich and Stivala, 1971
Hawkins, 1984; Kehlen et al., 1988). These studies involve
the determination of a number of factors, not all of which are
easy to obtain experimentally: for example, identification of
intermediate and final products, and analysis of dynamic data
for molecular-weight distribution (MWD) or average MW.
Mechanisms have been proposed and the kinetic rate equa-
tions for each mechanism formulated (Jellinek, 1983; Ziff and
McGrady, 1985, 1986). For each kinetic scheme, the depen-
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dence of polymer properties, whose dynamic behavior can be
obtained experimentally, is predicted from the kinetic rate
equations. These predictions are compared with the experi-
mental dynamic data to evaluate the models. Two general
approaches were used in the early studies to treat the general
set of equations for initiation, propagation, transfer, and ter-
mination reactions:

(1) Starting with a monodisperse sample (a single MW) all
reactions that form all species of intermediates and products
are enumerated based on statistical theory of random break-
ing of links (Simha and Wall, 1958; Wall, 1962; Jellinek, 1978).
The mathematical problem was treated in two different ways:
either the desired functions were obtained by probability
considerations, or these functions were derived from differ-
ential rate equations. Jellinek (1955) also developed a theory
for random scission modified by randomly distributed weak
bonds. A disadvantage of these theories is that they are not
readily applied to degradation of polydisperse polymers.

(2) Pyrolytic thermal degradation {occurring in gas or vac-
uum) is typically a two-phase process, with higher MW species
remaining in the condensed phase and lower MW products
evaporating. Starting with a polydisperse sample and remov-
ing the produced monomer by evaporation, Gordon (1961)
and Boyd (1970) showed that the form of MWD for the poly-
mer remains unaltered through a mild degradation but shifts
to lower MW values.

Since degradation follows complex kinetic schemes, satis-
factory solutions are often difficult to obtain for comparison
with experimental data by the preceding approaches. With
the advance of instrumentation, dynamic MWD data can be
obtained during degradation processes by gel permeation
chromatography, field-flow fractionation, or mass spectrome-
try (Cooper, 1989). Monitoring the temporal change of the
MWD caused by degradation offers an opportunity to test
kinetic models. Degradation is a chemical fragmentation pro-
cess generally occurring in a polydisperse mixture. For sys-
tems with many species or size classifications the
continuous-mixture concept is applicable, providing a mathe-
matical tool to deal with the kinetics of polymer degradation.
Continuous-mixture mathematics is based on mass or popula-
tion balance equations that govern the temporal-spatial be-
havior of a frequency distribution function (Aris and Gavalas,
1966; Cheng and Redner, 1990). Ziff and McGrady (1985,
1986) and Kehlen et al. (1988) theoretically investigated the
continuous kinetics of degradation. Based on the early work
of Aris and Gavalas (1966), Syamlal and Wittmann (1985) and
Prasad et al. (1986) presented a continuous-mixture model
for liquefaction of coal, which can be considered a complex,
high-MW, polymerlike solid. The application of continuous
kinetics to coal thermolysis (Wang et al., 1994) also showed
how experimental MWDs of thermal decomposition products
can be described by mass-balance equations. McCoy (1993)
provided a framework for the continuous kinetics of addition
(fusion) and cracking (fission) processes in reversible
oligomerization. Random and proportioned stiochiometric
coefficients yielded different limiting distributions of
oligomers for batch equilibrium processes. McCoy and Wang
(1994) further extended the theory of cracking (size reduc-
tion) kinetics by showing that the stoichiometric coefficients
for the product distribution can be written in a general form
that allows random and specific products as special cases.
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Vigil et al. (1988) discussed a discrete model of coagulation
with single-particle breakoff.

The objective of this study is to apply concepts of continu-
ous kinetics to the thermal degradation of poly(styrene-allyl
alcohol) (PSA) in ¢-butanol solution. The experimental tech-
nique introduces a novel approach by employing a steady-
state flow reactor and measuring the initial (inlet) and prod-
uct MWDs by gel permeation chromatography (GPC). The
reactor is operated at high pressure so that the thermal de-
composition reactions occur in the liquid phase, ensuring that
all components are solubilized during their residence time.
MWD data for different residence times and temperatures
provide the basis for developing and evaluating the model. A
gamma distribution represents the initial MWD. Both ran-
dom and specific degradation are included in the Kinetic
model. Mathematical solutions are developed by applying
moment theory to solve the governing integrodifferential
equations.

Experiments
Pretreatment of PSA samples

PSA of number-average molecular weight 1,100 (Polyscien-
ces, Inc.) has the chemical formula, (CyH4 C3H0),, indi-
cating a straight chain of n units. The MWD of the PSA
sample obtained by GPC measurements is shown in Figure 1.
The distribution is not smooth, indicating some component
peaks in the lower molecular-weight range. To remove the
low MW peaks, the original samples were pretreated by frac-
tional precipitation (Rafikov et al., 1964; Kamide and Mat-
suda, 1989).

To fractionate the PSA, a 50-g sample was dissolved in
500-mL f-butanol in a 2,000-mL flask. A precipitating agent,
distilled water, is slowly added to stirred polymer solution at
35°C. After 50-mL water is added, some precipitate starts to
settle as a swollen phase. This fraction, containing the macro-
molecules of highest molecular weight, can be separated by
decantation or centrifugation if the method is used to deter-
mine MWDs of polymers. Since in our case the goal is to
separate out and remove the small MW fractions, 1,250 mL
of water is continuously added to the solution. Then, the pre-
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Figure 1. GPC measurement of MWD for original PSA
samples.
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Figure 2. MWD with a gamma distribution fit for pre-
treated PSA samples fed to the reactor for
thermal degradation.

cipitate (large molecular weight fraction of PSA) and the lig-
uid phase are separated by centrifugation. The precipitate is
dried in an oven at 60°C until constant weight. The yield of
the large MW fraction is 60—70%. This pretreated sample is
stored in a closed container under nitrogen for the thermal
degradation experiments. The MWD of the pretreated PSA
sample is shown in Figure 2, which indicates a smooth MWD
and number-average MW of 1,640.

Thermal degradation experiments for PSA

Thermal degradation experiments with PSA solution were
conducted in a steady-state flow reactor through which the
solution flows continuously. Although the present experi-
ments are at subcritical temperatures, the detailed apparatus
and the operation procedure are described in the reports of
supercritical processes (Zhang et al., 1992; Wang et al., 1993).
The apparatus consists of four sections: (1) feed and pressur-
izing section; (2) extraction section; (3) temperature-control
section; (4) flow-rate-control and sample-collection section.
The experiments were done at high pressure, 6.8 MPa (1,000
psig), to prevent vaporization of the solvent or solutes at high
temperatures. Two parallel piston-type accumulators with a
maximum volumetric capacity of 8 liters were pressurized with
compressed nitrogen. The stainless-steel reactor is 0.45 m long
and 0.029-m ID with 0.0048-m wall thickness. A preheater
coil is wound around the reactor. The preheater-reactor as-
sembly is placed in an electric furnace of 1.4-kW maximum
power. A J-type thermocouple with the junction enclosed in a
1.6-mm-ID stainless-steel sheath is inserted from the bottom
of the reactor. Pressure is measured with an Ashcroft gauge
having a pressure range of 0-5,000 psig (0-34 MPa). The
temperature is controlled by a proportional-integral-deriva-
tive (PID) controller (Omega Model-2,000) and continuously
recorded by a Varian Model 9176 recorder. The PSA solu-
tion flows downward in the flow reactor, through a Nupro
60-micron stainless-steel filter, a pressure-reduction valve,
and a water-cooled heat exchanger. Finally, the effluent flows
through a rotameter. Effluent samples of 25 mL were col-
lected for GPC analysis.

PSA, pretreated as described, was dissolved in z-butanol to
a concentration of 2 g/L. The thermal degradation experi-
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ments were carried out at constant pressure, 6.8 MPa (1,000
psig). As the decomposition reactions occur in the liquid
phase, all reactant and product elements have the same resi-
dence time, unlike pyrolysis of a condensed phase in gas or
under vacuum. The temperature was continuously increased
at a heating rate of 0.14 K /s to the desired temperature and
then held constant until the end of a run. A time of 10-20
min was required to reach the desired temperature levels
(403-473 K). Thermal degradation experiments at four resi-
dence times (14, 23, 46 and 122 min) were performed at each
temperature. After reaching steady state, two 25-mL samples
of the reaction mixture were taken from the exit of the reac-
tor. All of the experiments were conducted at liquid-phase
reaction conditions and mild temperatures, which eliminates
repolymerization and carbonization reactions and limits the
amount of random chain scission.

Analysis of polymer degradation products with GPC

The MWDs of the effluent samples were determined by
GPC using PLgel columns coupled with a Hewlett-Packard
1050 HPLC. Two PLgel columns (Polymer Lab), 0.30 mx
0.0075 m, of 100 and 500 A pore size, respectively, packed
with 5-pum cross-linked poly(styrene-divinylbenzene) copoly-
mer, were used in series. The HPLC reagent-grade tetrahy-
drofuran (THF, Baker Analyzed) was continuously pumped
through the columns at a flow rate of 1.0 mL/min. The in-
jected sample volume was 100 L at a concentration about 2
g/L. A variable-wavelength spectrophotometric detector with
a wide wavelength range (190-700 nm) was used to examine
the wavelengths of 235, 254 and 280 nm in preliminary exper-
iments. The wavelength 254 nm was chosen since it gives the
maximum absorbance for the effluent samples. A refractive
index detector was used to confirm the MWDs indicated by
the UV detector.

Effluent samples were collected at four temperatures and
four residence times. Ten mL of each sample were concen-
trated to about 2 mL by evaporating excess z-butanol solvent
under vacuum at 323 K. Prior to this procedure it was estab-
lished that boiling the feed-polymer solution for 2 h does not
cause degradation or alter the MWD. Each concentrated
sample was dissolved in THF, a satisfactory solvent for the
PSA. The samples completely dissolved in THF, and no seg-
regation of components was observed during GPC analysis.
In the preliminary experiments, the injection-volume range
(20-100 L) of the sample and the velocity range (0.5-4
mL/min) were tested and no effects on retention time or
shape of MWD were observed. This indicates that there were
no significant effects of association in solution nor of column
adsorption (Yau et al., 1979). GPC measurements with pyri-
dine as mobile phase yielded chromatograms closely similar
to those with THF, indicating that the results were not sol-
vent-specific.

Narrow molecular-weight range poly(styrene) standards
(MW = 162-20,000) from Polymer Lab were dissolved in THF
for peak-position calibration (Yau et al., 1979). Styrene and
5-phenyl-1-pentanol in THF were used to extend the calibra-
tion to lower MW. Figure 3 shows the calibration curve of
MW vs, retention time, which is satisfactorily fitted by a cubic
polynomial. The number-average MW of the untreated PSA
was measured with the GPC method as 1123, in agreement
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Figure 3. Calibration curve for GPC with poly(styrene)
standards, 5-phenyl-1-pentanol, and styrene.

with the value supplied by the manufacturer, 1100. Based on
the assessment that such calibration standards are satisfac-
tory for the purposes and conditions of thermal degradation
experiments, the MWDs were determined with a data acqui-
sition system (Chem Station) and GPC software incorporat-
ing the poly(styrene) calibration data. One of the experimen-
tal MWDs at 433 K is presented in Figure 4 and is compared
with the feed MWD. Detailed experimental MWD results and
model simulations are discussed below.

Mechanism

The degradation paths for polymer molecules that are de-
composed by heat in the absence of oxygen depends on
molecular structure and experimental conditions. One ex-
treme is pure random decgradation, represented by binary
scission of bonds at any position along the chain. The other
extreme is pure depolymerization for homopolymers, which
usually refers to the release of a monomeric species by scis-
sion at the chain end. Thermal degradation of PSA displays
degradation behavior consistent with both of these two basic
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Figure 4. MWD before (---) and after (—) thermal
degradation at 423 K and 6.8 MPa.
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mechanisms. In Figure 4, the GPC chromatogram of the re-
action mixture shows a region with MW < 500 where three
distinct peaks are observed, and a region with MW > 500
where the chromatogram shifts toward lower MW relative to
the feed polymer. Figure 4 suggests that one or two very small
peaks arc superimposed on the MWD at MWs higher than
the three obvious peaks. Although they could become signifi-
cant at higher temperatures, these small peaks are ignored in
the current analysis. By comparing the GPC chromatograms
for the reaction mixtures with those for pure styrene (S) and
5-phenyl-1-pentanol, the two lowest MW-specific products are
identified as styrene and the oligomer (SA) of an allyl alcohol
and a styrene molecule. We infer, based on its MW, that the
third specific product is an oligomer of two allyl alcohols and
one styrene (that is, ASA). The very small peak at MW = 497
is possibly (SA),. Any allyl alcohol (A) produced during
degradation would evaporate during sample preparation for
GPC. The chemical formulas of S, SA, and ASA are

CgHy CgHyC;HO
S SA

CSHS'(CsHso)z
ASA

The experimental results suggest that PSA, which can be
written as the regular copolymer, ---—SASASA—---, de-
grades through a combination of random and specific degra-
dation processes. Random degradation causes the main chain
to break down randomly to form smooth product MWDs that
cover a wide range of MW. Specific chain scissions are re-
sponsible for forming three specific products, S, SA, and ASA.
The large MW fragments can further degrade by either spe-
cific or random processes. Both processes are important for
PSA at our experimental conditions, and are treated as paral-
lel reactions according to the following diagram:

Specific Degradation S
Specific Degradation » SA
PSA
Specific D dati
pecific Degradation o,
Random Degradation Random
L - » Degradation

Mixture

Flynn and Florin (1985) pointed out that thermal degrada-
tion of some styrene copolymers, such as that of styrene and
dimethyl fumarate, can form specific products other than
monomers. Intramolecular transfer offers an effective way of
producing molecules in the dimer and trimer range, as de-
scribed by Madorsky (1964) for degradation of poly(styrene).
When poly(styrene) was pyrolyzed in nitrogen the products
consisted of, in addition to monomer, a mixture of saturated
and unsaturated compounds, but mostly of dimers and
trimers. A mechanism of chain scissions was proposed to ex-
plain the formation of the monomers, dimers, and trimers.
The C—C bonds in B-position to double bonds are consid-
ered weaker than ordinary C—C bonds. Bonds between hy-
drogen and a tertiary carbon are weaker than those between
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hydrogen and a secondary carbon. This suggests that the for-
mation of S, SA, and ASA in our experiments can take place
according to the following process, illustrated by the forma-
tion of SA:

T Tyl
T S e
H Cghs H CH,OHH  Cghy H

Similar reactions are involved in the formation of S and ASA.
Although Madorsky (1964) suggested that the two H-transfer
steps can possibly occur simultaneously, it is more likely the
steps occur consecutively. This two-step scission can thus be
considered equivalent to a random chain scission followed by
a specific depolymerization at a chain end.

Theoretical Model
Initial MWDs for polymers

To represent the MWD of the feed polymer we employ a
gamma distribution, which reduces to the Gaussian or Pois-
son distribution as special cases (Abramowitz and Stegun,
1968). The molar fraction gamma distribution is defined for

y=(x—=x,)/B as
p{x)=my* Vexp (—y)/[ BT (a)], )

and for y <0, p(x)=0. The weight fraction gamma distribu-
tion is

Pw(x)=xp(x). (2)

The average position, x**8, and width of a peak, o, which are
related to the first and second moments of the gamma distri-
bution, are given by Abramowitz and Stegun (1968) as

x¥e=x, + af )
and
ol=apB> “4)
The zero moment, m, is the total molar concentration of the
polymer mixture. The position of the peak maximum, x,, is
determined by dp(x)/dx = 0, which yields
x,=x,+(a—1B. %)

Mathematica software was employed to fit the experimen-
tal MWD data for the pretreated PSA to Egs. 1 and 2. Fig-
ure 2 shows that the gamma distribution and experimental
data agree reasonably well. The parameters obtained for the
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feed-polymer MWD based on molar fraction are a =17, 8
=850, and x;=190. This gamma distribution is used as the
initial MWD in the kinetics model.

Concepts of continuous kinetics for polymer degradation

A mixture with a very large number of different-size poly-
mer molecules approaches the condition of a continuous mix-
ture, whose distribution is not distinguished by a discrete in-
dex but by a continuous variable such as MW. A continuous
mixture is capable of undergoing an infinite number of reac-
tions, in the current case irreversible dissociations of continu-
ously distributed molecules. Following the notation of Aris
and Gavalas (1966), we define A(x) to be a polymer molecule
with molecular weight x. Polymer degradation can be written
as a combination of

random degradation:  A(x') = A(x)+ A(x'~ x) 6)

and

specific degradation:  A(x) — A(x)+ A(x'—x;) (7
where x; is the molecular weight of the specific unit that is
detached from a polymer molecule. The term specific degra-
dation is used here to describe the elimination of a low-MW
fragment from a polymer chain to form a specific product.
We define the time-dependent MWD of A(x), based on mo-
lar concentration, by p(x, f). Let the rate coefficient for
degradation of A(x) be k(x) and define v(x, x') as the frac-
tion of A(x’) that cracks to A(x). The parallel reactions for
degradation of A(x) are assumed first order. The general rate
equation for random degradation can be written as follows
(Aris and Gavalas, 1966; McCoy and Wang, 1994; Wang et
al.,, 1994):

dp(x, t . |
—p_(kxt—)= — k(x)p(x, l‘)+2f k(x)p(x', Hvlx, x') dx’.

®

For specific degradation two rate equations are required to
describe A(x;) and A(x' - x,),

dp(x,
for A(x'— x;): p(:t 2—*——k(x)p(x, t)

+[°°k(x')p(x', Dvlx —x;, x) de’ 9)

in(xi’ t)

for A(x;): "

= [mk(x’)P(x', Du(x;, x') dx’

(10)

where g/(x;, t) is the MWD of the specific product i. On the
right sides of Eqgs. 8 and 9, the first term accounts for the loss
of the reactant A(x) due to its degradation, and the second
term accounts for the gain of A(x) resulting from the degra-
dation of polymer molecules with MWs larger than x. For
the specific product A(x,) there is no loss due to degrada-
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tion, and only one term appears on the right side of Eq. 10. A
product molecule is represented by each integral term in Eqgs.
9 and 10; hence, the factor of 2 required in Eq. 8 does not
appear in either Eq. 9 or 10.

The MWDs that result from Eqgs. 8, 9 and 10 are deter-
mined by the forms of rate coefficients and stoichiometric
kernels. The rate coefficients, k(x), are generally dependent
on x for both random and specific degradation. One possible
form is given by

k(x)=k,x* (1D

where b is a parameter representing the degree of depen-
dence of k(x) on molecular weight x. McCoy (1993) used the
expression with b =0 for reversible oligomerization, and
Wang et al. (1994) used b =1 so that larger coal components
were more easily degraded. In the present work, since the
MW of reactants is not large, the choice b =0 proves ade-
quate to describe the experimental data.

The stoichiometric kernel v(x, x') is defined to satisfy nor-
malization and symmetry conditions (Aris and Gavalas, 1966),

'lev(x, xVde=1 (12)
0

and
v(x, xD)=v(x'—x, x'). 13)

These concepts were applied to model the thermal decompo-
sition of coal (Prasad et al., 1986; Wang et al., 1994). McCoy
(1993) utilized Dirac delta functions to describe fission that
yields fragments that are precisely proportioned; for exam-
ple, for an oligomer that cracks to products of MW ratio
(1/4):(3/4), the expressions are 8(x — x'/4) and 8(x ~3x'/4).
McCoy and Wang (1994) recently proposed a general frag-
mentation kernel that includes both random fragmentation
and specific fragmentation processes. For polymer degrada-
tion the following stoichiometric fraction kernels can be em-
ployed:

random degradation:  v(x, x') = B[x(x' - x)]* (14)
specific degradation:  v(x'—x;, x') = 8[x — (x'— x;)]

(15)

v{x;, x)=8(x—x;) (16)

where B is a constant determined by the normalization con-
dition (Eq. 13), d > 0 is a parameter, and x, is the MW for a
specific product. The totally random degradation kernel, with
d =0, is chosen for the current model. Equations 15 and 16,
respectively, are for the two products having molecular
weights of x’ — x; and x; resulting from specific degradation
of reactant with molecular weight x'.

Model formulation

We make the following assumptions:

1. The reactions for both specific and random degradation
are first order and all rate coefficients are independent of
the MW.
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2. The MWDs of the reaction mixtures can be described
by a gamma distribution whose parameters depend on resi-
dence time, and therefore are different from those for the
feed polymer. These parameters can be determined by mo-
ment methods. In general, any realistic continuous form of
the MWD can be used in the theory.

3. All products from the binary degradation processes are
dissolved in solution, and no cross-link or repolymerization
reactions occur in outr experiments.

4. The flow reactor can be treated as a steady-state plug-
flow reactor.

Reactor Equations. Based on the mechanism and assump-
tions just discussed, the following governing equations can be
written for our experiments in the steady-state plug-flow re-
actor. For the specific products (S, SA, and ASA) repre-
sented by the three peaks in Figure 4:

dg,(x, 1) ®
—q’—=f kip(x', 7)6(x—x) dx'  i=1,2,3. (17)
dT X
Here, the residence time is 7 = z/v, g{x;, ) are MWDs for
the specific products, and i=1, 2, and 3 represents S, SA,
and ASA, respectively. The initial conditions are
g{x,7=0)=0 i=1,2,3. (18)
For the reaction mixture we include effects of random degra-
dation and the large MW products of specific degradation:

dp(x, 7)

=—k, p(x, r)+2fwk,p(x’, )v(x, x') dx’
dr X

3 el
- {kip(x, ‘r)—f k;p(x', T)v(x —x;, x') dx'}. (19)
i=1 X

The initial condition for this differential equation is
plx, 7=0)=py(x) 0

where the MWD for the feed polymer is p,(x), a gamma
distribution given by Eq. 1.

Although the preceding equations could be solved numeri-
cally, a straightforward moment method is adequate because
the mild conditions ensured a small conversion. The MWDs
of the reaction mixtures for different experiments are thus
expected to be gamma distributions that are slightly, but
measurably, different from the initial MWD. Moment meth-
ods are applied to determine the parameters for these gamma
distributions, From the preceding governing equations we
formulate moment equations by operating on them with
[ZxI[...]dx. The MW moments are defined as

g (r) =j;)mqu(x, 7) dx (21)

where the superscript j indicates the order of the moment.

Moment Operations for Specific Products. The moment op-
eration, applied to Eq. 17, is interchanged with the time
derivative, yielding ordinary differential equations for mo-
ments:
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dg{P(r)
dr

=kx{p®(r)  i=1,2,3. (22)

As shown below, p@(7) = p® exp (k,r), and for special cases
7=0,1, 2, solving Eq. 22 leads to the following results:

k;
i=0  ¢9%)= k—p‘“’(O)(exp(k,T) -1 i=1,2,3
(23)
k;
j=1 g(r) = E—xip(o)(O)(exp(k,-r) -1 i=1,2,3
24
k;
ji=2  g®¥(n)= k—x,-zp(o)(O)(exp(k,r)— D i=1,2,3.
25)

The zero moments, q{®(r), represent the molar concentra-
tions of specific products, S, SA, and ASA. Equation 23 indi-
cates that molar concentrations for specific products increase
with time. The first and second moments can be used to de-
scribe the average MW and variance (Abramowitz and Ste-
gun, 1968),

4()

P

x28(r) = . i=1,2,3 (26)

(r)
o’ 1

2 2 2
=————(x")" =x; -2} =0
1] ql(O)(T) i 1 1

i=1,2,3. 27D

Equations 26 and 27 confirm that MWDs for the specific
products are delta functions, which represent pure com-
pounds. This indicates that continuous kinetics includes the
traditional kinetics based on a discrete index.

Moment Operations for the Reaction Mixture. Applying the
moment operation to the governing equation for the reaction
mixture (Eq. 19) yields

dp(”(‘r)
dr

=—(k, +k; +k, + ky)p(7)
+2f % dx wk, (', Pulx, x') ax’
Jyx ] Ko

3 o oc
+ 2[ x/ dxf k;p(x’, Pu(x’ = x;, x') dx'. (28)
0 x

i=1

In Eq. 14, choosing d = 0 gives
1
v(x, x)=—, (29)
X

which yields a totally random distribution of degradation
products. Equations 15 and 29 are substituted into Eq. 28.
The resulting moment equation is an ordinary differential
equation

AIChE Journal

dp(j)(T)
dr

= —(k, + ki +ky + k3)p (1) + 2k, Z,, p'P(7)
+ 3, DpU=rI =Dk x + kyxh + kyxi]  (30)
i=0

where (/) is the binomial expansion coefficient, and Z,isa
special case of Z;, discussed in detail by McCoy and Wang
(1994). For j=0, 1, and 2, Z,, is equal to 1, 1/2, and 1/3,

respectively. The initial condition is
PO = [xip,(x) dx. 3D
0

For j=0, Egs. 30 and 31 are simplified to

dp®(1)
P Tk, pr) (32)
dr
with
pO>r=0)=p0. (33)
Solving Eq. 32 yields
pO(r) = p® exp (k7). (34)

For j =1, simplifying Eqgs. 30 and 31 leads to

dp(l)(r)
dr

=—(kyxy+ koxy + kyx3) pO(7) (35)

and
PP =0)=p®, 36)
Solving Eq. 35 gives

kyxitkox, +kayxy
k

pO(r) = p — (exp (k,7)-1). (3D

r

For j=2, Eq. 30 leads to

dp®(r) + lk,p(z)(*r) = k2 pO(r) =2k, pD(z) (38)
dar 3
where
k,=kix;+kyx,+kyxy 39)
and
ko=kx}+kyx3+kyx3. (40)

Substituting Egs. 34 and 37 into Eq. 38 gives a first-order
linear nonhomogeneous differential equation,
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dpm(’r)
dr

1
+§k,p(2)(r)=f(r) (41)

where

o

S =k p® exp (k,7) -2k | pV - %p(o’(exp (k,7)—1)
(42)
and the initial condition is
pO(r=0)=pP. “3)
Solving the differential equation gives

PA7)=pPexp [—(1/3)k,7]

3 ) kxz 2 kx : (k ) 1 k
+ 3P0 T2 ) e k) —exp (- (173K,

»

k k
—6(7(1){pz”wé”)(f)}{l—exp[—(1/3)k,71}. (44)

The average MW and the variance for the reaction mixtures
can be obtained from p@(r), p(7), and p@(7). The results
will depend on temperature and 7:

k
x*e(7)=x28 exp (— k,7)— f(l —exp (= k,7)) (45)

r

o) =a? exp [~ (4/3)k, 7]+ (x28) exp [ - (4/3)k,7]

3 |k, k, 2 (4/3)k
+ 347 +2(k—r {1—exp [—(4/3)k, 71}

r

6 £ avg 4
S x5

MWDs for the Reaction Mixtures. Since we have assumed
that MWDs for the reaction mixtures can be described as
gamma distributions, the change of MWDs during degrada-
tion is represented by the change of the distribution parame-
ters, for example, x,, a, and B. We denote « and 8 for the
reaction mixtures as functions of residence time, thus, a(7)
and B(r). According to Egs. 3 and 4, when x, < x™8 the
following equations relate a(r) and B(r) to the average MW
and variance:

k
E{) > {exp (—k,7)—exp [~ (4/3)k, 71}

~{x™2 (). (46)

o (r)
B(r)= m 47
[x*8(n)]
a(r)= o) (48)

where x™8(7) and o ?(7) are obtained from Eqs. 45 and 46.
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Table 1. Gamma Distribution Parameters for the Reaction

Mixtures™

T(K) 403 423 443 473

alr) 1.70 1.67 1.63 1.58
1.69 1.65 1.60 1.54
1.67 1.62 1.57 1.51
1.63 1.58 1.52 1.46

B(r) 865 875 885 904
878 901 915 963
891 921 937 1,001
913 944 962 1,036

*The four entries at each temperature are for residence times 7 = 14, 23,
46, and 111 minutes. The initial values are ¢ =1.70 and 8 = 847,

Table 1 shows values of a and B for the four temperatures
and four residence times. The MWDs for the reaction mix-
tures are

plx, 7)=p@(r)yle™=Uexp (— y) /{ B(r)TLa(r)]} (49)
and
Pulx, )= xp(x, 7) (50)

where y =(x - x,)/B(7).

Results and Discussion

The experimental MWD results and model simulations for
the four temperatures are presented in Figures 5 to 8. In
these figures only, the noted residence times are based on a
velocity (density) at 1 atm and 298 K. The three distinguish-
able peaks in the range MW < 500 represent three specific
products: S, SA, and ASA. The other distinct feature is the
shift of the MWD toward the low MW range, caused mainly
by random degradation. This shift is similar to that observed
by Iring et al. (1976) for the thermal oxidation of polyolefins.
No cross-linking or polymerization processes, which would
yield high MW species, were observed under our experimen-
tal conditions.

Two types of parameters appear in the model: those in the
gamma distribution describing the feed-polymer MWD, and
the rate coefficients for specific and random degradation. As
mentioned, the parameters in the initial gamma distribution
were obtained by fitting the MWD data for the feed polymer.

The rate coefficients for specific degradation were deter-
mined by the zero moments for specific products at different
residence times. Since our experiments occurred at mild con-
ditions and relatively short residence times, k,7 is small. By
substitution of the approximation

exp (k,7)=1+k,1. (51)

Equation 23 yields

gD =k;pPr i=1,2,3, (52)

which gives a linear relationship between the zero moment
and residence time. The zero moment of each specific prod-
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Figure 5. Experimental results of MWD vs. mode! simulations based on continuous kinetics at 403 K and 6.8 MPa.

Experimental results, line; model simulation, arrow; Dirac delta function for specific products.
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Figure 6. Experimental results of MWD vs. model simulations based on continuous kinetics at 423 K and 6.8 MPa.
Experimental results, line; model simulation, arrow; Dirac delta function for specific products.
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Figure 9. Ratio q{%(r)/p? for the three specific prod-
ucts: temperatures vs. residence time.

uct peak was taken to be the area above the gamma distribu-
tion function for the reaction mixture. The obtained values
were divided by the feed moment, p®, and plotted as a func-
tion of residence time. The least-squares-fitted results (Fig-
ure 9) are in approximate agreement with the linear relation-
ship of Eq. 52. The slope for each line in Figure 9 gives the
rate coefficient k; for a specific degradation. The peaks for
specific products are represented as Dirac delta functions
with heights equivalent to the highest measured concentra-
tions of S, SA, or ASA. The actual peaks have a nonzero
width (or variance) due to isomers of the specific products, or
more probably, dispersion in GPC measurements.

Based on the experimental MWDs for the reaction mix-
tures at the four temperatures (Figures 5 to 8), the average
MW and variance were calculated by Eqgs. 45 and 46. To cal-
culate a(7r) and B(7), Egs. 47 and 48 were applied. Since the
experimental MWDs for the reaction mixtures were based on
weight fraction, Eq. 50 was used to convert MWDs based on
molar fraction into MWDs based on weight fraction. By fit-
ting the model with the experimental results, the rate coeffi-
cient k, was determined. The experimental results and model
simulations, presented in Figures 5 to 8, show that the exper-
imental MWDs are reasonably well simulated.

The Arrhenius plots of the rate coefficients for both spe-
cific and random degradation are presented in Figures 10 and
11 and correspond to the following activation energies:

random degradation E, =35 kcal/mol
E; =74 kcal/mol for S
E, = 6.8 kcal/mol for SA

E; =509 kcal/mol for ASA

specific degradation

(53)

The values for specific degradation are lower than that for
random degradation, and decrease as the MW of the product
increases. Thus, random degradation processes require higher
energy, which supports the conclusion that random degrada-
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Figure 10. Arrhenius plot for the random degradation
rate constant, k..

tion involves main-chain scission and specific degradation in-
volves intramolecular transfer. The activation energy for the
pyrolytic degradation of poly(styrene) is 'in the range 44-55
kcal/mol (Sawada, 1976; Flynn and Florin, 1985), and is af-
fected by purity, method of preparation, and initial MWD for
the feed polymer. Furthermore, the values depend on the
range of conversion chosen for determination. Our lower ac-
tivation energies indicate that poly(styrene) is more stable
than PSA.

It is commonly observed that the average MW of the resid-
ual polymer decreases during the course of degradation. With
continuous kinetics the variation of average MW for the reac-
tion mixture can be obtained from Eq. 45. The experimental
results from GPC and theoretical calculations are presented
in Figure 12, and show fair agreement. Figure 12 indicates a
linear relationship for the average MW vs. residence time due
to mild conditions and short residence times.

Conclusions

The thermal degradation of solubilized PSA in a steady-
state flow reactor has provided fundamental information on

-8 \SA ] 4

-
5 ASA
9F R
_10 A L 1. _— L
0.0021 0.0022 0.0023 0.0024 0.0025
/T (1K)

Figure 11. Arrhenius plot for the specific degradation
rate constants, k;, i=1, 2, 3.
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Figure 12. Model calculations vs. experimental data for
number-average molecular weight at differ-
ent temperatures.

Experimental data, line; model calculations.

the kinetics and mechanism of a class of polymer reactions. A
novel feature of the experiments, in comparison to pyrolysis,
is that the reaction occurs in liquid phase, which facilitates
the analysis of all reaction products. The monitoring of
MWDs with GPC at different residence times shows that
there are three specific products, S, SA, and ASA at MW <
500 and that the MWDs for the reaction mixture shift toward
lower MWs. This is evidence that both specific- and random-
degradation reactions occur. A continuous kinetics model, in-
cluding both specific and random degradation, has been de-
veloped and solved using MW moment theory. The model
satisfactorily describes the experimental MWD results for
four temperatures in the range 403-473 K. The parameters,
resulting from a fit of the model to experimental results, are
in general agreement with existing information about poly-
mer degradation.
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Notation

B =coefficient in the stoichiometric kernel
k, =proportional constant in the rate coefficient expression
p(x, 7)=MWDs of the reaction mixtures based on molar fraction
g =jth order MW moments
v =velocity in the plug-flow reactor
x, =lowest molecular weight for a gamma distribution
x*&(7) =number-average molecular weight for the reaction mixtures
x%8 =number-average molecular weight for the feed polymer
y =dimensionless molecular weight
z =length of reactor
o X(1) =variance
8(x) = Dirac delta function of x
I' =gamma function

Literature Cited

Abramowitz, M., and 1. A. Stegun, Handbook of Mathematical Func-
tions, Chap. 26, Nat. Bur. Stand. (1968).

1532 June 1995 Vol. 41, No. 6

Allen, N. S., and M. Edge, Fundamentals of Polymer Degradation and
Stabilization, Elsevier, New York (1992).

Aris, R., and G. R. Gavalas, “On the Theory of Reactions in Contin-
uous Mixtures,” Phil. Trans. R. Soc., London, A260, 351 (1966).
Boyd, R. H., “The Relationship Between the Kinetics and Mecha-
nism of Thermal Depolymerization,” Thermal Stability of Polymers,

R. T. Conley, ed., Marcel Dekker, New York, p. 47 (1970).

Cheng, Z., and S. Redner, “Kinetics of Fragmentation,” J. Phys. A:
Math, Gen., 23, 1233 (1990).

Cooper, A. R., Determination of Molecular Weight, Wiley, New York,
p. 1 (1989).

Flynn, J. H., and R. E. Florin, “Degradation and Pyrolysis Mecha-
nisms,” in Pyrolysis and GC in Polymer Analysis, S. A. Liebman and
E. J. Levy, eds., Marcel Dekker, New York, p. 149 (1985).

Gevakens, G., Proceedings of the International Symposium on Degrada-
tion and Stabilization of Polymers, Applied Science, London (1975).

Gordon, M., “Recent Advances in the Theory of Thermal Degrada-
tion of Heterodisperse Polymers,” in Thermal Degradation of Poly-
mers, SCI Monograph 13, Society of Chemical Industry, London,
p- 163 (1961).

Hamid, H., M. B. Amin, and A. G. Maadhah, Handbook of Polymer
Degradation, Marcel Dekker, New York (1992).

Hawkins, W. L., Polymer Degradation and Stabilization, Springer-
Verlag, New York (1984).

Iring, M., S. Laszlo-Hedvig, T. Kelen, F. Tudos, L. Fuzes, G. Samay,
and G. Bodor, “Study of Thermal Oxidation of Polyolefins: VI.
Change of Molecular Weight Distribution in the Thermal Oxida-
tion of Polyethylene and Polypropylene,” J. Polymer Sci. Symp., 57,
55 (1976).

Jellinek, H. H. G., Degradation of Vinyl Polymers, Academic Press,
New York (1955).

Jeltinek, H. H. G., “Degradation and and Depolymerization Kinet-
ics,” in Aspects of Degradation and Stabilization of Polymers, Else-
vier, Amsterdam, p. 1 (1978).

Jellinek, H. H. G., Degradation and Stabilization of Polymers, Vol. 1,
Elsevier, New York (1983).

Kamide, K., and S. Matsuda, “Fraction Methods for the Determina-
tion of Molecular Weight Distribution,” in Determination of Molec-
ular Weight, A. R. Cooper, ed., Wiley, New York, p. 201 (1989).

Kehlen, H., M. T. Ratzsch, and J. Bergmann, “Continuous Kinetics
of First Order Degradation Reactions in Polydisperse Mixtures,”
Chem. Eng. Sci., 43(3), 609 (1988).

Kelen, T., Polymer Degradation, Van Nostrand Reinhold, New York,
p. 43 (1983).

Madorsky, S. L., Thermal Degradation of Organic Polymers, Inter-
science, New York (1964).

McCay, B. ., “Continuous-Mixture Kinetics and Equilibrium for Re-
versible Oligomerization Reactions,” AICRE J., 39, 1827 (1993).
McCoy, B. J., and M. Wang, “Continuous-Mixture Fragmentation
Kinetics: Particle Size Reduction and Molecular Cracking,” Chem.

Eng. Sci., 49, 3773 (1994).

Miller, A,, “Industry Invests in Reusing Plastics,” Environ. Sci. Tech.,
28, 16A (1994).

Powell, C. S., “Plastic Goes Green,” Sci. Amer., 101 (Aug., 1990).

Prasad, G. N,, N. J. Agnew, and T. Sridhar, “Modeling of Coal Lig-
uefaction Kinetics Based on Reactions in Continuous Mixtures: 1.
Theory,” AIChE J., 32, 1277 (1986).

Rafikov, S. R,, S. A. Pavlova, and 1. 1. Tverdokhlebova, Determina-
tion of Molecular Weights and Polydispersity of High Polymers, Chap.
11, Davey, New York, p. 19 (1964).

Reich, L.and S. S. Stivala, Elements of Polymer Degradation, Mc-
Graw-Hill, New York, p. 164 (1971).

Sawada, H., Thermodynamics of Polymerization, Marcel Dekker, New
York, pp. 311-325 (1976).

Simha, R., and L. A. Wall, “Mechanisms of Polymer Formation and
?ecomposition,” Catalysis, Vol. 6, Chap. 3, Rienhold, New York
1958).

Syamlal, M., and C. V. Wittmann, “Continuous Reaction Mixture
Model for Coal Liquefaction Kinetics,” Ind. Eng. Chem. Fundam.,
24, 82 (1985).

Vigil, R. D., R. M. Ziff, and G. Lu, “New Universality Class for
(Gelation in a System with Particle Breakup,” Phys. Rev. B, 38, 942
1988).

Wall, L. A., in Analytical Chemistry of Polymers, Chap. 5, Part 11, G.
M. Kline, ed., Academic Press, New York, p. 181 (1962).

AIChE Journal



Wang, M., J. M. Smith, and B. J. McCoy, “Kinetics of Coal Thermol-
ysis with a Mixed Solvent of t-Butanol and Tetralin,” Energy Fuel,
7, 78 (1993).

Wang, M., C. J. Zhang, J. M. Smith, and B. J. McCoy, “Continuous-
Mixture Kinetics of Thermolytic Extraction of Coal in Supercriti-
cal Fluid,” AIChE I., 40, 131 (1994).

Yau, W. W., J. J. Kirkland, and D. D. Bly, Modern Size-Exclusion
Liquid Chromatography, Wiley, New York (1979).

Ziff, R. M,, and E. D. McGrady, “The Kinetics of Cluster Fragmen-

tation and Depolymerisation,” J. Phys. A: Math. Gen., 18, 3027
(1985).

Ziff, R. M., and E. D. McGrady, “Kinetics of Polymer Degradation,”
Macromol., 19, 2513 (1986).

Zhang, C. J., J. M. Smith, and B. J. McCoy, “Kinetics of Supercriti-
cal Fluid Extraction of Coal: Physical and Chemical Processes,”
ACS Symp. Ser. on Supercritical Fluids, No. 514, Chap. 29, p. 363
(1992).

Manuscript received Apr. 28, 1994, and revision received Aug. 1, 1994.

AIChE Journal

June 1995 Vol. 41, No. 6 1533





