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Absta'act-A bubbling reactor for pyrolysis of a poIystyrene melt stin-ed by bubbles of flowing nitrogen gas at at- 
mospheric pressure permits mzifonu-temperature distribution. Sweep-gas experiments at temperatm-es 340-370 ~ 
aliowed pyrolysis products to be collected separately as reactor residue(solidified polystyrene melt), condensed vapor, 
and uncondensed gas products. MolecuIar-weight dish-ibutions (MWDs) were determined by gel permeation chro- 
matography that indicated random and chain scission. The mathematicaI model accounts for the mass transfer of 
vaporized products from the polymer meIt to gas bubbles. The di'iving force for mass h-a~sfer is the inte1"phase differ- 
ence of MWDs based on equilibrium at the vapor-liquid interface. The activation energy and pre-exponentia! of chain 
scission were detemained to be 49 kcal/mol and 894• 10 ~3 s -~, respectively. 

Key wor&: Pyrolysis, Molecula-Wei~:t-Dish:bution, Random Scissio:~. Chain-e::d Scission, Contilmous Dish:bution Theory 

INTRODUCTION 

Fundamental and practical studies of plastics processing, such 
as energy recovery (production of fuel) and tertiary recycle (recov- 
ery of chemicals) [Camiti et al., 1991] are being promoted Both of 
these recycling processes are based on chemical decomposition of 
polymex's to low molecular-weight (MW) compounds. For process 
desigil, de::elolm:ent, and evaluation, a complete quaatitative descu-ip- 
tion would entail mathematical modeling of the composition of the 
reaction mLxture during thenuolysis by accurate representation of 
decomposition rates. 

The review [Westerout et al., 1997a] of Iow-temperakn-e pyroly- 
sis (T<450 ~ states that most chemical-reaction kinetics studies 
of pyrolysis were performed by standard thermogravimetric analy- 
sis (TGA). Weight-loss data for a small polymer mass (a several 
milligram sample) in a small heated crucible comprise the primary 
infom:ation for detenuining pyrolysis kinetics. The review, in a a-it- 
ical discussion of several models for alalyzing TGA data, pointed 
out that the observed weight loss in pyrolysis involves evaporation 
of Iow-IviW products. Any low-MW molecules in the pol3aner wi]i 
initially evaporate. The empirical power-law rate expression em- 
ployed in most studies to fit TGA weight-loss data is considered 
valid only at lmge polymer conve:~ions, where random scission of 
the remaining Iow-IVlW polymer molecules yields volatile prcd- 
ucts. The widespread use of the simple power-law model is a prob- 
able reason tint reported rate coefficients differ by a facto: of 10. 
Reported kinetic parameters (pre-exponential factor and activation 
energy) for polymer also cover a wide range. 
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Westerott et al. proposed a random-chain dissociation (RCD) 
model, based on ~apox'ation of depolymerization products less than 
a certain chain length In a subsequent paper [Westerout et aI., 1997b] 
on s~-een-heater pyrolysis, the RCD model was further described. 
For the scu-een-heated system, as well as for tilem:ogiavime~zy, mass 
transfer of vaporized depolymenzation prcducts can s~-ongly influ- 
ence rate. Such intexphase mass Iraasfer depends on a &-lying force 
that should account for equilibx-iv:a at the vapor-liquid (melt) in- 
terface. Evaluation of a flow reactor with entpained polymer partides 
[Westerout et aI., 1996] showed tilat melted particles tended to stick 
to the reactor walls, making their residence times unpredictable. 

Seeger and Cn-itter [1997] studied pyrolysis of l-rag samples of 
polyethylene and n-alkanes with programned temperature rise under 
hydrogen sweep gas. Gas chromatographic analysis of the volatil- 
ized reaction products yielded a carbon-number distribution. Rec- 
ognition of the key role of the volatilization process was the result 
of ti~at work Ng et al. [1995] used nitrogen as carier gas for poly- 
ethylene pyrolysis and catalytic cracking, noting ti~at volatile prod- 
ucts were p~aged from the reactor and prevented from reacting. 

For tile most part, emph-ical reaction-kinetics expressions for 
weight loss due to volatilization of low-MW depolymerization prod- 
ucts were applied in polymer pyrolysis studies. The mathematical 
models usually disregarded mass-trazsfer resistance for volatile de- 
polymerization prcducts. Understanding the chain-scission reactions 
that produce low-IviW volatile products is obviously required for a 
fundanental quaatitative descnption of pyrolysis. M a y  studies ha::e 
tried to model random-chain scission, but chain-end scission, which 
is accompanied with random scission, has been ignored. 

The present objective is to study pyrolysis and a mahematical 
model combining mass-transfer; inteffacial vapor-liquid equilihium, 
and chain-scission processes. We take expe::nents for a polysty- 
rene melt decomposing at pyrolysis temperatures to form Iow-IVlW 
evaporating compounds. These products are swept a~vay by flow- 
ing inert gas into a cooled flask where conde~ased vapors are ~-apped 
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The lVlWDs of reactor residue and liquid condensate are determined 
by HPLC gel pe~neation chromatography (GPC). Nonconden- 
sable gases are analyzed downstream by gas chromatography. Pop_ 
ula~on ~Iance ec~a~ons, incorporaang random and chain-end scis- 
sion as well as liquid-vapor mass transfer\ are applied to polymer 
melt. vapor, condensable vapor, and gas. An lVlW-moment method 
applied to the govezx~ng integrcdJfferential equations allo~x~s formu- 
lation of ordinary differential equa~ons for zeroth moments (molar 
concentrations), first moments (mass concentrations), and second 
moments of melt, vapoz; condensate, and gas IviWDs. 

EXPERIMENTAL 

PoIystyrene pyrolysis exl:enments were conducted at atmospheric 
pressure under nitrogen gas at 340, 350, 360 and 370 ~ The di- 
agram of the expenmental apparata~s (Fig. 1) shows a polymer melt 
in the heated reactor (immersed in a molten-salt bath) and vapor 
can-led to the conder~ser vessel (immersed in an ice bath) by flow 
of nitrogen sweep gas. The gas flows through 1.59 mm stainless 
steel tubing, 3.4 m of which is coiled and immersed in the molten 
salt so that the gas temperature reaches the bath temperature. Nitro- 
gen enters at the reactor base through a 12.7 mm-diameter, 316 stain- 
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Fig. 1. (A) Schematic drawing of the experimental apparatus: (1) 

nitlx)gen cylinder, (2) yah, e, (3) rotameter, (4) heatel; (5) stir- 
rer, (6) reactor, (7) thermocouples, (8) molten-salt bath, (9) 
ice battl, (10) soap-bubble meter, (11) controllel~, (12) (li~- 
tal thermometer readout (B) Sketch of the apparatus for 
the mathematical model showing the notation for volumes, 
molar M~VDs, and flow rate. 

less steel flit (Supelco) with 2-gin pores, which disperse the gas but 
prevent bacldlow of the polymer melt The stainless steel reactor 
of intemaI vokrne 10 cm 3 is fitted into a steel protective sleeve lined 
with a steel shot (3.4 mm diameter) to improve heat ~nsfer. The 
volume available to conderxsable vapor, Vv=64 cm 3, includes reac- 
tor and condenser vapor spaces and a connecting tube. The vol- 
ume available to noncondensable gas, Vg=324 cm 3, includes Vv 
and the tube leading away from the condenser. 

The reactor holds 2 g of tmreacted polystyrene pellets. The stain- 
less steel tube leading fi-om the reactor to the condenser vessel was 
wrapped with heating tape to m ~  a temperm~ 5 ~ higher than 
the reaction temperature. This prevented condensation in the line. 

The cooled pyrolysis prcducts at the end of an experiment are 
solid polymer remaining in the reactor, liquid condensate in the con- 
denser vessel, and gas. Gas product was collected at 20-rain inter- 
vals &tring the experiment and analyzed by GC. Reactor and con- 
denser vessels were separately weighed before and at%r each ex- 
pei~nent to determine the final polymer and condensate masses. 
Each product was dissolved at 25 ~ in 100 ml of HPLC reagent- 
grade THF and analyzed by HPLC-GPC (Watez~). Two GPC col- 
umns (Waters HR3) packed with cross-linked styrene-divinylben- 
zene copolymer beads (10-gm diameter) were used in series. 

Conversion of IviW fi-om GPC retention time was computed by 
a spreadsheet computer program. Knowing the mass of the poly- 
mer and the v o h ~ e  of the solvent allows calculation of MWD as 
mass/IviW. Mass IvlWDs are rel~rted in tt~s work as ~ nor- 
malized for 1.00 g of initial sample (area under mass lVIWD repre- 
sents 1.00g). Molar MWDs can be calculated by dividing each mass 
MWD by MW. lVlW moments of these molar MWDs are repre- 
sented as P(~) (the ur~ts are moI for n=0 and mass for n = 1). The re- 
Sl:ective molar concet~-ation moments are expressed on a volume 
basis, p(n) = P(~)/V. 

The molecular weight distribution (Fig. 2) indicates a n~rnber 
average lVlW of 50,000 and a weight average MW of 210,000. The 
many peaks in the lower MW range would interfere with the analy- 
sis of the degradation products. 

To eliminate these low lVlW peaks, the polymer was frac~onated 
by partially dissolvlng 50 g ofpolymer in 500mI of toluene. The so- 
lution was continuously s~Ted with a magnetic s~Ter and 750 ml of 
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the precipitating agent 1-butanol, was slowly added until 70% of the 
polymer was precipitated. The precipitate was dried to a constant 
weight at 110 ~ and stored under nih-oger~ The molecuIa- weight 
disNbution of the treated pol3a'ne:; with number average IviW of 
95,000 and weight average MSV of 190,000, is shown in Fig. 2. 

THEORY 

The experh-aental apparatus (Fig. 1) shows a polymer- melt in 
the heated reactor, vapor flow to the condenser vessel, and flow of 
inert nitrogen sweep gas. The subsaipts m, v, c, and g denote poly- 
mer melt, conde:~sable vapor, condensate, and nonconde:~sable gas 
products, respectively Polymer melt volume, V,,,, decreases with 
reaction time due to evaporation of Iow-MW components. Con- 
densate volt~e,  Vo increases with reaction ame. Volt~e changes 
of the relatively lage vapor volume, V~ and gas-product volume, 
Ve, are negligible. The gas flow rate, Q, was constant. 

IVDVDs [mol/(vol-MSV)] are defined so that at time t, p(x, 0 dx is 
the molar concentration (inoKeolu:ae) of a compound having val- 
ues of IVDV x m the range x to x+cLx. Moments of IvIWDs are de- 
freed as integrals over x, 

p<'>(t) = ~ p(x, t)x%Lx (1) 

The zeroth moment (n=0) ks the til:ae-dependent total molar con- 
centration (molNolume). The fu~t moment, p(~ is the mass con- 
centration (massA~olume). The normalized first mornent (average 
IvlW) mad second central moment (variance of the MWD) are given 
by p~g=p0)/p(r and p~,.=p(2)/pr respectively. The polydis- 
pe:~ity index ks defined as the ratio of mass (or weight) area-age MW, 
Mw=p(2)/p (~ to molar (or number) average MSV, Mn=p ~e, thus, 
D(polydispersity)=p(2)pm)/[p~ 2. The three moments, I:(~ p~g, and 
p~% provide shape characteristics of the MSVD mad can be used to 
cons~uct the MSVD mathematically 

Population balances for the IVDVDs are based on mass balances; 
that is, the accumulation rate is equal to the net generation by reac- 
tion minus the net loss by flow or mass transfer. The mass-transfer 
rate fi-om the pol3aner melt to vapor bubbles, described by an over- 
all inass-trasfer coefficient, k(x)=ko-k:x, is assumed to decrease 
l ine@ with IVDV to account for lower mass-transfer rates of higher- 
MW components. The inte:phase mass-tra:tsfer dmdng force is given 
by p,,-p]K, where p,,,, p~ and K are aii functions of x so that the 
driving force depends on the particuIar component that is evaporat- 
ing. The vapor liquid phase equilibrium constant is assumed to de- 
crease with IvIW according to an inverse polynomial 

K(x) =K0/(I + ;~ay )  (2) 

These expressions for k(x) and K(x) permit mathematical solutions 
to the mass balance equations through IviW moments. 

Simultaneous random-scission and repolymenzation reactions 
can be w:itten as 

P ( x ' ) T  P(x) +P(x ' -x)  (A) 

and irreversible chain-end scission as 

P(x) k ~  q ~) +P(x-x~) (s) 

where Q(x,) is a monomer or oligomer of mass x,. The :ate expres- 

sions for reactions A and B have been rented to radical mechanisms 
[Kodera and McCoy, 1997]. The random-scission :-ate should in- 
crease with the number of bonds that can be cleaved. Hence, ke 
should generally increase with x [Madras et al., 1997]. 

Pol3a-ne:izafion rates, accorcSng to the equal-reactivity approxi- 
mation, are independent of IvIW. The chain-end scission rate is es- 
sentially proportio:lal to the number of chain ends and is thus in- 
dependent of the chain length and of x, the IvRV of a maa-omole- 
cule peVang et al., 1995]. The stoichiornetnc kemels and 1/x' for ran- 
dan  scission and 8[x-(x'-x,)] mad ~(x-N) for the ~vo products of 
chain-end scission. Rate expressions for reactions A mad B have 
been applied previously in polymer degradation stuclies [Madras et 
aI., 1996; Song and Hyun, 1999]. 

'eVe consider that random-scission and repolymerization reac- 
tions, as well as chain-end scission, occur m the pol3aner melt ruth 
:ate coetiicients k4(x), ko, mad k,, respectively The random-scission 
rate coefficient is considered a fimction of x, whereas the two other 
coefficie:~ are independent ofx. The vapor is dilute as it is swept 
out of the reactor Hence, no significant reaction occurs m the vapor. 
If  conaposition is assv:ned ~ifon'n at any ~'ne tt~oughout the gas 
bubbles mad the liquid, the mass balances are as follows: 

for polymer melt 

o(v,,,p,,,) _ 
at .%(p,~ - p / K )  +V,,[-ke(x)p,~(x) 

+ 2~Sk~(x')p,,(x')( I/x')dx' -2kop,,(x)pl~ ~ 

+ kof[ p,~ (x') p,,(x -x')dx' - k,p,,(x) 

+ k,~S p,,(x')8[x -(x '  -x,)]dx'] (3) 

for vapor 

O(V,.R)/gt =%(p,, - p / K )  -Qp, (4) 

for condensate 

O(Vop~)/'O t =QR. (5) 

for noncondensable gas products 

O(V~p~)/0t =V,,k,~S p,,(x')8(x -xJdx '  -Qp~ (6) 

We fast consider that k~ is constaat with x and cozra'nent later 
on the effect of a linear dependence on x. Applying the moment 
operation to each equation yields [McCoy and Ma&as, 1997] the 
following differential equations: 

for polymer melt 

d(V,, p;, ) [ 
dt - Z0 Pl,~ '>- P(~'>+ ajP~ "+J 0 

+%,[p2+O_(pl:+,> +)..~a,R . J ~  < .... ~)).7/~]'] 

+ V,,, [ -  k~p~,7>(n - 1)/(n + I) - 2k~p~,7)p~ ) 

koE0?)p;, p,,, -k~p;,, k,E(n,)(-xffp,,, / (7) + " 0) (~-J) ( ~ ) +  " (~-J) 

3 =0 3 =0 

for vapor 
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_ n 4_ n + j  d(V~Plf>)-dt +Z~ (p~ j_~a,p~ > ]  

- Zl[pl] +1) -(pl~'+l) +~a? pl:' +1+ ' )>]  -Qp(f ) (8) 

for condensate 

d(Vcp~>)/dt =qp~) (9) 

for noncondensable gas products 

(n) _ n (0) @) d(Vepg )/dt-V,,,k~x,p,,, -Qpe (10) 

For n=0 the differential equations are molar balances: 

for polymer melt 

d(V,,,p,: >) = 1- (0,_(p<0> +Za, p0, > 
E -Z0Lp", . ~  ,=, ~ 

+V,,,[k~ -k~p~)]p~,~ > (II) 

for vapor 

(o)-~ 

d(V~g'dt :-+z~176 

- X,Epl,:> -(p<~" + ~%p~ " " > ]  - Qp(~ ~ (12) 

for condensate 

d(Vcp~0>)/dt =Qp~0~ (13) 

for noncondensable gas" products" 

(o) (o) (o) d(\:~pg )/dt=V,,,k~x,p,,, -Qp~ (14) 

For n = 1 the differential equations are mass balances: 

for polymer melt 

d(V~,p2 >) _ 
+V L ] dt 

+ Z,Epl:> -(p~) + _~ajp~ " ~ ) > ]  - V,~k~x,p:: > (15) 

for vapor 

(I)-~ 

d(V~g'dt :-+Z~ 

- Z,[pl~> -(p~' + ~ajp~ +">] - Qp: I, (16) 

for condensate 

d(\:,p<, 1 >)/dt =Qpl. 1~ (17) 

for noncondensable gas" products" 

(1) (o) _ d )  d(VeP, )/dt=V,,,k,x,P,,, QPe (18) 

If these four mass balance equations are added, ten'ns cancel so that 
the rate of change of the total mass, m,~=P~,I)+p~(I)+p~I)+P~ 1), eqvNs 
the loss of  gas products in the outflow, 

dm,o/dt =-QP~' (19) 

\V S. Cba et aI. 

thus recovering the ov~ l l  mass balance for the ecluipme~ Because 
dP~~ is vai~hi:gly small, fi-om Eq. (18) and the definition of the 
polymer melt IvIW, Iris,,, we have 

dm, o/dt = - k,(x/IvI,,,,,)P2 > (20) 

According to this equation, the rate of change of the total polymer 
mass is f~'st, order in melt mass, P,~l)=V,,,p~l). This is a rationale for 
the f~t-order rate expression that is frequently applied to calc~date 
rate coefficients for pyrolysis data ~Vestem~t et al., 1997]. The calcu- 
lation, however; is usually based on polymer melt mass, p~l), rather 
than total mass, m~o~ according to the supposed f:st-order expression 

dP2{/dt ~- - k~pp, P2 > (21) 

Eq. (21) ignores the vaporization contribution to weight loss and 
lumps all dmm-scission processes into one rate constant. There- 
fore, this expression is an approximation to the realistic rate. 

Initial conditions for polymer melt and condensate IvIWDs are 
p,,(x, 0) and p,(x, 0) and, for moments, p~~ and p~~ 

RESULTS AND DISCUSSION 

Experimental results demonstrate how M~VDs of reactor poly- 
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met and vaporized depolsanerization products vary with time. 
Fig. 3 represents the molecular weight distribLaion of prelreated 

feed polystyrene and its degradation products. Polymer remaitfing 
in the reactor after pyrolysis time is mainly produced by random 
scission and condensate collected in the condensate vessel is prod- 
uced by the chain end scission. 

Typical pyrolysis ~xperhnents measure only loss of polymer mass 
due to evaporation of depolymenzafion products and Lareacted low- 
IviW polymez: The present approach provides two measurements 
of reactor polymer mass (Fig. 4) and of condensate (Fig. 5) at the 
end of each experiment. One method of the measurements is by 
weigtfing and the other is by the fn~t mon~ent of the IvIWD, which 
requires that the weight be known. As the measurements are not 
independent, reactor polymer mass and condensate mass calculated 
by the two methods coincide. Reactor polymer rnass decreases ruth 
increasing the condensate, and their sun decreases with time due 
to gas l~oduct loss (Fig. 6). The mass of gaseous products (Fig. 7) 
is found by subtracting the sum of polymer melt and condensate 
masses fi-om the initial polymer mass. For example, at 370 ~ and 
3 h, 10% of the original polymer remains in the reactor wtfile 84% 
is condensate and 6% gaseous products. As temperatLtre and time 
increase, the reactor polymer mass decrease while condensate and 

gas-product masses increase. The ~xne dependences of polymer- 
melt mass, condensate mass, combined mass, and product-gas mass 
were approximated as second-order polynomials (Figs. 4-7). 

The condensate accumulation rate increases with the gas flow 
rate, as indicated by Eqs. (5), (9), (13), and (17). Higher flow rates 
cause the mass of the reactor melt to be smaller and the mass of 
the condensate to be larger. The it~'luence of flow rate is greater at 
higher temperatures and loilger reaction ~nes. As the reaction tem- 
peratLtre approaches the boiling point of the polymer melt, vapor- 
ization increases. 

The moles of reactor polymer, p,~0), decrease with time (Fig. 8), 
because Iow-MW pr~tucts are vaporized Chain-end scission to prod- 
uce gas products and very low-MW liquid products does not chalge 
the polymer molar concentration. 

The moles of condei~sate, p}0) increase with Nne (Fig. 9) due to 
accumulation of condensed vapai: Calculations by Eq. (13) show 
the vapor molar concentration ks only 2% of the polymer melt molar 
concentration, which confmns the negligible contribution of vapor 
degradation. 

FolIowing application of the moment operation, mass-lralsfer 
ten-ns cancel when melt and condensate moment equations are added 
Thus, numerical values of coefficients in the mass-lransfer polyno- 
mial values expressions will not directly affect final results or con- 
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clt~sions. Relafix,e amounts o f  reactor residue and condensate, how- 
ever, do depend on file mass-Wansfer rate and fllelefore on the sweep- 
gas flow rate. 

Density of file polystyrene was determined by heating 1.00 g of 
raw polystyrene in atube and measuring the volume in file temper- 
ature range 151-293 ~ The weight of file tube and contents did 
not change, indicating there are no w-~porizafion losses in this ten~- 
pemture range. The density (g/cm 3) as a fimcfion of ten~per-,~ure CC) 
was fitted with a 2nd degree polynomial, 

%=0.996-0.0015 T+2 • 10 -~ T ~ (22) 

mid ex~'apolated to 370 ~ to calculate polymer-melt volume fiom 
melt mass. 

Af ter  an experhnent, weights of reactor residue and condensate 
were detenniued by weighing reactor and condensate vessels with 
their contents and subh~acting weights of  the empty vessels. Poly- 
mer-melt volume as afunction of  time, Vm(t), was determined fi'om 
reactor residue mass (Fig. 4) and density (F.q. (22)). Values o f  V,~ ver- 
sus time at four t~eaction tempei~tures (Fig. 10) me well approxi- 
mated. The condensate volume, V~(t), was calculated fi'om con- 
densate mass (Fig. 5) and density, measured as 0.79 g/cm ~. Values 
of V~ versus time at four reaction temperaures (Fig. 11) are fitted 
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Fig. 1L Change of conderLs~te vohnne, V~(cc), with lime at four py- 
rolysis temperatures. 

with 2nd-order polynomials. 
An appt~oximate estknate of tire chain scission rate coeffident 

can be detemdned fi'om the mass of  the polymer melt, P,~). By ap- 
plying Eq. (21), we calculated an approximate rate coefficient, k , , ,  
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�9 360 ~ 

2 . 0  �9 3 5 0 %  / 

.e-" I �9 340~ 

"~.~ 1 . 5  

n 

E 10 / 1 ,  

4000 8000 12000 
T i m e  ( s )  

Fig. ]2 .  Plot of ~ o~ ]~[P.',/P,.~] verms time at four pyrolysis temper- 
~Aln'es. 
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Fig,. 10. Change of the polymer melt v ~ l m w ,  V,,,(cc), ,aith time at 
fmw pyrolysis temperatures. 
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at each reaction tempembare from the slope of ln[P2)(t)/P2)(0)] Q 
versus time (Fig. 12). Tile An-henius plot of these rate coefficients t 
gave the activation energy of 49 kcal/mol and prefactor 8.94• 10 n V~ 
s -~ (Fig. 13). Compared with other reports, these values are similar V~ 
to recommended values. For example, Westerhout et al. [1997a] V,~ 
for polystyrene suggested 49 kcal/mol and 10 n s 1, and Kim et el. V~ 
[1999] also suggested 53 kcal/mol for polystyrene of MVV " 222,000. 

: gas flow rate [m3/s] 
: time [s] 
: volume of polymer melt [m 3] 
: volume of gas product [m 3] 
: volume of polymer melt [m 3] 
:volume of vapor volume [m 3] 

CONCLUSIONS 

The analysis and results of this investigation are for a two-pbase, 
plastics-pyrolysis process with polymer degradation occurring in 
the polymer melt. Lower-MW products formed by random scis- 
sion volatilize by mass Isansfer and are condensed downstream. The 
&iving force for mass li-ansfer depe~lds oi1 file vapor-liquid equilib- 
rium, for which volatility decreases with increasing M-vV Captur- 
ing and analyzing the condensable vapors selmrately from the reac- 
tor polymer facilitates file analysis and inteIIx-etafon of reaction data. 
The MWDs of polymer and condensate, determined by HPLC-GPC, 
permit important features of file physical and chemical reaction pro- 
cesses to be beGer understood and interprete& The mathematical 
model applied to the experimental data was based on distribution 
kinetics, by which populationbalance equations for MW~Ds are for- 
mulated as mass balances. These integrodifferential equations for 
melt, vapor, condensate, and gas were converted to ordinary differ- 
enfial equations by an MVVUmome~lt method. Tile resulting set of 
equations could be used to interpret the experimental data. The chain 
scission rate coefficient, k, As exp(-E/RT), was computed from 
data at different temperatures, yielding E,=49 kcal/mol and As=8.94 
• 1 0 n s -z for polystyrene. 

NOMENCLATURE 

A s  

Es 
k 
K 
k, 
I n  ~ 

p~O) 
p~~ 

p~) 
p~O) 
pg(o) 
pO) 

g 

p~z) 
p:U) 

p:Z) 

p2 ) 
e(• 0 

: pre-exponential factor [s z] 
: activation energy [kcal/mole] 
: mass transfer coefficient [m/s] 
: equilibrium constant 
: rate coefficient [s -z] 
:total mass [kg] 
: zeroth moment of condensate [mole/m 3] 
: moles of condensate [mole] 
: first moment of condensate [kg/m 3] 
: mass of  condensate [kg] 
: zeroth moment of gas product [mole/m 3] 
: moles of gas product [mole] 
: first moment of gas product [kg/m 3] 
: mass of  gas product [kg] 
: zeroth moment of polymer melt [mole/m 3] 
: moles ofpolylner melt [mole] 
: first moment of polymer melt [kg/m 3] 
: mass of  polymer melt [kg] 
: molar c011centration of  a compound having values of  

M W  x at tilne t [mole/m 3] 
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