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ABSTRACT: A mathematical model for solid-state polymerization of poly(ethylene tere-
phthalate) was developed. The effects of temperature and chain entanglement on chain
mobility were considered to estimate the rate constants of chemical reactions. The
diffusivities of volatile byproducts could be determined using the free volume theory.13,14

The model predictions were validated with experimental data reported in the literature.
In addition, assuming that the concentration profiles of volatile byproducts in spherical
particles are described by a sinusoidal function, the mass transfer rate of the byproducts
at a given time could be derived as an ordinary differential equation that can be easily
treated. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 837–846, 1998
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INTRODUCTION be greater than that for large ones at 180 and
2007C. However, no influence of particle size on
the variation of molecular weight were observedSolid-state polymerization (SSP) is an important

process to synthesize high molecular weight poly- at 1607C. This might imply that the temperature
dependence of chemical reaction rate is greater(ethylene terephthalate) (PET) for injection or

blow-molding applications. Generally, SSP is car- than that of diffusion rate of the volatile byprod-
ucts, and then the SSP is purely kinetically con-ried out by heating PET prepolymer to a tempera-

ture above its glass transition temperature but trolled at low temperatures.
This study is a continuation of the earlierbelow its melting point. The two main reactions

occurring during SSP are the esterification and works10,11 pertaining to the modeling of PET poly-
merization process. The purpose here is to providethe polycondensation. Volatile reaction byprod-

ucts, ethylene glycol (EG) and water, are released additional insight into the mechanism of SSP for
improving the model predictability. Major param-from the two reactions, and they are removed to

enhance the forward reaction rate either by eters for the chemical reactions and physical dif-
fusion occurring during SSP were estimatedallowing a flow of inert gas or by applying vacuum.

Many efforts1–9 have been made to investigate through model calculations. As a result, an expla-
nation for the observation by Chen et al.1 couldthe mechanism of SSP. It has been clear that SSP

depends not only on the chemical reactions but be provided.
also on physical diffusion of the volatile byprod-
ucts through PET particles. Chen et al.1 carried
out the SSP for spherical particles with diameters ASSUMPTIONS AND MODELING
of 0.097 and 0.213 cm at temperatures of 160,
180, and 2007C. In their study, the growth rate of

Reaction Schememolecular weight for small particles was found to
A modeling approach that properly accounts for
varying chain lengths is required to establish a

Journal of Applied Polymer Science, Vol. 68, 837–846 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/050837-10 framework for representing polymer reaction ki-
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Table I Molecular Structures of Components Considered
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tVIN
AA

EG
W
tEG

terephthalic acid

Descriptions

TPA end group

EG repeat unit

TPA repeat unit

diethylene glycol repeat unit
vinyl end group
acetaldehyde

ethylene glycol
water
EG end group

HOOC© ©COOH

Molecular Structure
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netics. In this study, the polymer segment ap- tion leading to the diethylene glycol (DEG) forma-
tion. Although several reaction mechanisms haveproach,10–12 a functional group approach, was

used to establish the overall reaction network. Poly- been proposed to describe the DEG formation re-
action, the mechanisms are lumped together inmerization reactions can be regarded as reactions

between two functional groups. All components reaction 6. Reactions 7 and 8 are the thermal deg-
radation reaction and the acetaldehyde formationconsidered in the reaction scheme are listed in

Table I, where six different oligomeric segments reaction, respectively. Reaction 9 is the vinyl end-
group consumption reaction.are defined: tEG, tTPA, tVIN, bEG, bTPA, and

bDEG (‘‘t’’ and ‘‘b’’ represent the terminal func-
tional group and the bound monomer repeating
unit, respectively). Mass Balance Equations

The complete set of reactions considered here
is shown in Table II. In this table, ki ( i Å 1–9) During SSP, the unsteady-state diffusion of the

volatile byproducts is coupled with the chemicalare the rate constants and Ki ( i Å 1–5) are the
equilibrium constants. Reactions 1–4 are the es- reactions. The mass balance equation of volatile

components in a spherical particle can be writtenterification reactions, and reaction 5 is the poly-
condensation reaction. Reaction 6 is a side reac- as6

Table II Reaction Scheme Considered in This Work

Rate Constants

No. Reactions Forward, Reverse

(1) EG / TPA S tEG / tTPA / W k1 , k1 /K1

(2) EG / tTPA S tEG / bTPA / W k2 , k2 /K2

(3) tEG / TPA S bEG / tTPA / W k3 , k3 /K3

(4) tEG / tTPA S bEG / bTPA / W k4 , k4 /K4

(5) tEG / tEG S bEG / EG k5 , k5 /K5

(6) tEG / tEG r bDEG / W k6 , —
(7) bEG / bTPA r tVIN / tTPA k7 , —
(8) tEG / bTPA r AA / tTPA k8 , —
(9) tEG / tVIN r bEG / AA k9 , —
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Table III Gj(t) of Each Component fusion of the volatile components occurring during
SSP. According to the free-volume theory, the dif-

GEG(t) Å 0R1 0 R2 / R5 fusivity of a diffusing small molecule in a very
GTPA(t) Å 0R1 0 R3 concentrated polymer solution can be given by13,14

GtEG(t) Å R1 / R2 0 R3 0 R4 0 2R5 0 2R6 0 R8 0 R9

GtTPA(t) Å R1 0 R2 / R3 0 R4 / R7 / R8

GbEG(t) Å R3 / R4 / R5 0 R7 / R9 Dj Å RTAj expF0Bj

Vf
G

GbTPA(t) Å R2 / R4 0 R7 0 R9

GW(t) Å R1 / R2 / R3 / R4 / R6

GbDEG(t) Å R6 ( for j Å EG, W, and AA) (6)
GtVIN(t) Å R7 0 R9

GAA(t) Å R8 / R9 where Aj is the prefactor; Bj , the so-called jump
factor of the diffusing component; Vf , the effective
fractional free volume of the system; R , the gas
constant; and T , the temperature in K. Bj dependsÌCj

Ìt
Å DjF Ì2Cj

Ìr2 /
2
r
ÌCj

Ìr G / Gj(t ) on the size and shape of the diffusing molecule.
The same values estimated by Kulkarni and Ma-
shelkar14 were used for determining Bj in our(for j Å EG , W , and AA ) (1)
modeling.

Vf in eq. (6) can be given by8

where Cj is the concentration of component j ; t ,
reaction time; Dj , the diffusion coefficient of vola-

Vf Å fAFA / fEGFEG / fWFW (7)tile component j ; and r , the distance from the ori-
gin of the sphere. On the other hand, the mass

Here, fA , fEG , and fW denote the fractional freebalance equation of nondiffusing components can
volumes of the amorphous phase, EG, and water,be written as
respectively, and F’s are the volume fractions in
the system. The contributions from the crystallinedCj

dt
Å Gj(t ) ( j Å TPA, tEG, tTPA, phase, the carrier gas used, and the other volatile

byproducts (e.g., AA) were not considered in this
equation. Also, fA can be written by the followingbEG, bTPA, bDEG, and tVIN) (2)
WLF equation15:

In eqs. (1) and (2), Gj(t ) is the generation rate
fA Å fg / a(T 0 Tg ) (8)due to chemical reactions, and it can be expressed

by a combination of the reaction rates, Ri ( i Å 1–
9). Gj(t ) and Ri are listed in Tables III and IV,

Table IV Ri of Each Reaction Listed in Table IIrespectively.
In eq. (1), the diffusion process was assumed to

be of Fickian type and isothermal without volume R1 Å 4k1CEGCTPA 0 (k1 /K1)CWCtTPA
CtEG

CtEG / CbEGchange of the particle. The relevant boundary and
initial conditions for eq. (1) are as follows6:

R2 Å 2k2CEGCtTPA 0 2(k2 /K2)CWCbTPA
CtEG

CtEG / CbEG

Cj Å CS
j for t ú 0, r Å rS (3)

R3 Å 2k3CtEGCTPA 0 (k3 /K3)CWCtTPA
CbEG

CtEG / CbEG
ÌCj

Ìr
Å 0 for t ú 0, r Å 0 (4)

R4 Å k4CtEGCtTPA 0 2(k4 /K4)CWCbTPA
CbEG

CtEG / CbEGCj Å C0
j for t Å 0, 0 õ r õ rS (5)

R5 Å k5CtEGCtEG 0 4(k5 /K5)CEGCbEG
where CS

j and C0
j are the interfacial and the initial R6 Å k6CtEGCtEG

concentrations, respectively, and rS is the radius
of the sphere. R7 Å k7CbEG

CbTPA

CtEG / CbEG

Diffusivity R8 Å k8CtEG
CbTPA

CtEG / CbEG

In a recent modeling work, Devotta and Ma-
R9 Å k9CtEGCtVINshelkar8 applied the free-volume theory13,14 to dif-
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where fg is the fractional free volume at the glass where Xn is the number-average degree of poly-
merization.transition temperature; a, the thermal expansion

coefficient of the free volume; and Tg , the glass Hence, considering the reaction rate to be pro-
portional to the chain mobility, the rate constanttransition temperature of the polymer. For sim-

plicity, the effect of molecular weight on Tg was (ki ) between two reactive polymer chains can be
mathematically expressed as follows:not considered, although Tg may increase with

molecular weight.
To determine FA in eq. (7), the kinetics of iso-

ki Å Ai
X2

R

X 2
n

expF0EP

RT GexpF0Ei

RT Gthermal crystallization16 were considered, i.e.,

( i Å 1–6 and 9) (12-1)
1 0 FC

F`
C
Å exp[0KCtn ] (9)

where Ai is the prefactor; XR , the number-average
degree of polymerization for a reference state; and

where FC (Å1 0 FA ) and F`
C are the volume frac- Ei , the activation energy for reaction i . Because

tions of crystalline phase at a given time and at reactions 7 and 8 are intramolecular reactions not
time of infinity, respectively; n , the Avrami expo- affected by the translational motion of polymer
nent; and KC , a coefficient depending on tempera- chains, the rate constant for them can be written
ture and molecular weight. The experimental re- as
sults found by Hartley et al.17 were used for the
estimation of KC and n . The effect of molecular
weight on the crystallization rate16,18 was not con- ki Å AiexpF0Ei

RT G ( i Å 7 and 8) (12-2)
sidered.

Calculation
Reaction Rate Constant

Xn of the polymer chains produced can be defined
Above glass transition temperature, amorphous as
polymer chains have translational degrees of free-
dom. In comparison with the corresponding melt
polymerization process, the chain mobility during
SSP is relatively low, due to the low reaction tem- Xn Å

CtEG / CtTPA / CbEG

/ CbTPA / CbDEG / CtVIN

CtEG / CtTPA / CtVIN
(13)

perature. The temperature dependence of chain
mobility can be assumed to be of Arrhenius-type

In trying to compare the calculated Xn with therelationship, i.e.,
corresponding experimental data of intrinsic vis-
cosity (h ) , we used the following relationship20:

mP } expF0EP

RT G (10)
h Å 2.1 1 1004(192.17 1 Xn )0.82 (14)

where mP is the chain mobility at a temperature,
For solving the above mass balance equations,and EP is the activation energy of translational

one must determine ki ( i Å 1–9) and Ki ( i Å 1–motion.
5). As a first approximation, we assumed that k1The most prominent change occurring during Å k2 Å 0.5 k3 Å 0.5 k4 , and k5 Å k9 .21 Also, weSSP is the growth of polymer chains. It is well
used the same values reported in the literature forknown that the translational mobility of polymer
melt polymerization process with a single catalystchains decreases with increasing their length, ow-
(Sb2O3),21,22 except the prefactors for the twoing to the chain entanglement. According to the
main reactions, i.e., A3 and A5 . There is no re-raptation theory19 for considering the entangle-
ported experimental result for the chain mobilityment effect, the translational mobility of a raptat-
of solid-state PET in the open literature. In ouring chain is inversely proportional to the square
model calculations, we used 13.5 kcal/mol for theof the chain length, i.e.,
value of EP , which was determined from rheologi-
cal data of molten PET.23 Additionally, the mass
transfer resistance in the gaseous phase was ne-mP }

1
X 2

n
(11)

glected and the concentration of volatile byprod-
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SOLID-STATE POLYMERIZATION OF POLY(ETHYLENE TEREPHTHALATE) 841

Table V Numerical Values Used for the Calculation

(1) Overall

BEG Å 0.070; BW Å 0.032 eq. (6) ref. 14
fg Å 0.025; a Å 4.5 1 1004 cm3/K; Tg Å 337 K eq. (8) ref. 15, 24
F`

C Å 0.45 eq. (9) —
Ep Å 13.5 kcal/mol eq. (10) ref. 23
XR Å 100 eq. (12) —

(2) Kinetic Parameters in Eq. (12) (refs. 21, 22)

Equilibrium
Prefactor Activation Energy Constant

A1 Å A2 Å 2 A3 E1 Å E2 Å E3 K1 Å K2 Å 2.5
A3 Å A4 Å 6.8 1 1012 (L/mol)/min E3 Å E4 Å 17.6 kcal/mol K3 Å K4 Å 1.25
A5 Å 5.4 1 1012 (L/mol)/min E5 Å 18.5 kcal/mol K5 Å 0.50
A6 Å 1.8 1 1015 (L/mol)/min E6 Å 29.8 kcal/mol —
A7 Å 3.6 1 109 l/min E7 Å 37.8 kcal/mol —
A8 Å 2.3 1 109 l/min E8 Å E6 —
A9 Å A5 E9 Å E5 —

(3) Adjusted Prefactors in the Diffusion Coefficient of eq. (8)

Component Aj (cm2/s)

EG 2.2 1 1008

Water 2.0 1 1008

A3 and A5 were adjusted against the experimental data of Chen and Chen.5

ucts at the surface was assumed to be zero (i.e., diffusivity of AA could not be estimated from the
data fitting, because it does not affect both h andCS

j Å 0).
The numerical values used in the calculation carboxyl group content of the polymer formed dur-

ing SSP. Parameter estimation was carried outare summarized at Table V. The numerical tech-
nique for solving the mass balance equations by means of a nonlinear least-squares method.
was a combination of the fourth Runge–Kutta
method, which dealt with the time interval inte-
gration, and the finite difference method, which RESULTS AND DISCUSSION
handled the integral divisions of the particle. The
initial concentration of each component (C0

j ) in Validation of Model
the prepolymer could be determined by referring
to the measured data (e.g., h, carboxyl group con- In Figure 1, the model results are fitted against

four experimental data sets of Chen and Chen.5tent, and hydroxyl group content) provided in the
reference. The initial concentrations of tEG, All the parameters adjusted here are listed in Ta-

ble V. The model fits the experimental data verytTPA, bEG, and bTPA used in our model simula-
tion were 0.0787, 0.0513, 7.0568, and 7.0842 mol/ well, as shown at this figure. It is important to

emphasize that no parameter for activation en-L, respectively. The initial concentrations of other
components (i.e., EG, TPA, W, bDEG, tVIN, and ergy term (i.e., temperature dependence) has

been adjusted. Better fitting results could be ob-AA) were assumed to be zero.
In the following section, we estimated the pre- tained if the value of EP was also adjusted.

In Table VI, some values for the diffusivitiesfactors in the rate constants of the two main reac-
tions (A3 and A5) and in the diffusivities of EG and and for the rate constants are compared with

those obtainable from the reported data in thewater (AEG and AW ) by fitting the model results
against the published experimental data, h and literature. It should be noted that the diffusivity

values for EG and water obtained here are compa-carboxyl group content, of Chen and Chen.5 The
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results closely fit the experimental data, even
though the catalyst effect on the reaction rates
was not taken into account and the exact values
for the initial conditions were not used.

For estimating the diffusivities of EG and wa-
ter, the same values of Bj estimated by Kulkarni
and Mashelkar15 were used. Then, the activation
energies of EG and water diffusion used here were
about 4.0 and 2.4 kcal/mol, respectively. There
have been diversified values for the activation en-
ergy of EG diffusion reported in the literature,
such as 31.3 kcal/mol by Ravindranath and Ma-
shelkar6 and 5.4 kcal/mol by Chen and Chen5 (see
Table VII). The major reason most likely to have
given rise to this discrepancy is that the esterifi-
cation reaction was not considered in the work of
Ravindranath and Mashelkar.

As mentioned above, the observation by Chen
et al.1 implies that the temperature dependence
of the chemical reaction rates should be greater
than that of the diffusion (see Fig. 2). Moreover,Figure 1 Estimation of the model parameters by fit-
many other experimental results has shown thatting the model results against the experimental data
the activation energies of the apparent rate con-of Chen and Chen5; (a) intrinsic viscosity, (b) carboxyl

group content (AV). The solid lines are calculated by stants for SSP are greater than those for the melt
the model using the numerical parameters shown in polymerization process, as seen at Table VII. In
Table V. trying to explain this, we considered the tempera-

ture dependence of chain mobility (i.e., EP ) in the
reaction rate expression. As a result, the activa-

rable to those of the previous works. On the other tion energies of the apparent rate constants used
hand, the values for the two rate constants ob- here could become much larger than those of the
tained here are much larger than those found by diffusion of volatile components.
Tang et al.9 However, the direct comparison may
not be quite reliable, because the rate constants Effect of Crystallization
depend on the reaction scheme considered and the

Figure 3 shows the effect of the crystallization onamount of reaction catalysts26 initially present at
the growth rate of molecular weight (i.e., Xn ) . Asthe prepolymer.
predicted, the crystallization retards the growthBecause water diffuses from the interior of PET
rate. In industrial practice, copolymers containingparticles to the surface more easily than EG, the
a comonomer (e.g., isophthalic acid) are usuallyesterification reaction and water diffusion become
used as the prepolymer for SSP. The crystalliza-dominant in the case of pellet-size particles with
tion rate will be somewhat decreased due to thediameters of the order of 0.1 cm.5,7 Therefore, it
presence of the comonomer units.is important to note that the rate constant of the

Obviously, diffusion and reaction depend on theesterification reaction and the diffusivity of water
crystallization. However, the crystallization ki-might affect the results of model prediction more
netics of eq. (9) may be not sufficient to predictsignificantly.
the crystallinity, because the real situation is
complicated with secondary crystallization, differ-

Temperature Dependence of SSP ences in core vs. surface crystallinity, nucleation
of crystals by additives, etc. More elaborate exper-In Figure 2, the experimental data of Chen et al.1 imental data will be required to take account intoare compared with the model prediction. For the these phenomena in the modeling.calculation, the same model parameters obtained

from Figure 1 were used. The same initial condi-
Chain Entanglement Effecttions of Figure 1 were also used, because the exact

values were not provided in the reference. From From experimental results, it seems likely that
the overall rate of SSP decreases with time. ThereFigure 2 it is surprising to note that the model
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Table VI Comparison with Other Studies

(1) Diffusion Coefficient at 2307C, cm2/s

EG Water

This study a3.1 1 1006 a5.7 1 1006

Ravindranath et al.6 b3.6 1 1006 —
Tang et al.9 2.6 1 1006 5.8 1 1006

Schmalz et al.25,27 — c1.3 1 1005

a Calculated at FC Å 0.45.
b Estimated from the Chang’s data2 without considering the esterification reaction.
c Deduced from extrapolation of the data obtained at 110–2007C.

(2) Reaction Rate Constant, (L/mol)/min

Temperature Esterification Polycondensation

This study 2307C a5.3 1 1002 a1.7 1 1002

1607C b2.9 1 1004

Tang et al.9 2307C 1.1 1 1002 2.9 1 1003

Ravindranath et al.6 1607C — c3.3 1 1004

Karayannids et al.7 2307C — c1.8 1 1002

a Calculated at Xn Å 200.
b Calculated at Xn Å 115.
c Estimated using a purely kinetic model.

is room for argument on this point. In a previous diffusion limiting. Further, Chen and Chen5 de-
veloped a kinetic expression for end-group diffu-work, Gaymans et al.28 suggested that the dis-

tance of reactive end groups may be broadened sion-limited reaction to explain their experimen-
tal results. On the other hand, Devotta and Mas-during SSP and the reaction will be of end-group
helkar8 assumed that there exists a sphere of
action within which the reactive chain ends
search for each other by a diffusional motion and
the diffusivity of the end depends on the local free
volume available in the polymeric media that de-
creases with reaction time. In this study, the
chain entanglement effect was considered as a
major factor decreasing the overall rate of SSP.
This requires some further discussion.

Mass Transfer Rate

In the unsteady-state mass transfer process, the
concentration at a given position varies with time.
In the case of SSP, however, the mass transfer
rate at a given time is of greater interest than the
concentration profile itself. First, we assume that
the concentration profile of the volatile byprod-
ucts at time t is given byFigure 2 Comparison of the model prediction with

the experimental data of Chen et al.1 For the calcula-
tion, the same model parameters obtained from Figure

Cj 0 CS
j Å f (r ) Å p

r
sin(lr ) / q

r
cos(lr )1 were used. The solid lines are calculated for particles

with diameters of 0.097 cm, while the dotted ones are
for 0.231 cm. ( j Å EG, W, and AA) (15)
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Table VII Temperature Dependence

(1) Diffusion Coefficient, kcal/mol

EG Water

This study 4.0 2.4
Ravindranath et al.6 a31.3 —
Chen & Chen5 5.4 —
Schmalz et al.25,27 — b8.7

a Estimated from the Chang’s data2 without considering the esterification reaction.
b Determined at temperatures 110–2007C.

(2) Reaction Rate Constant, kcal/mol

Esterification Polycondensation

This study 31.3 (Å17.6 / 13.5) 32.0 (Å18.5 / 13.5)
Chen and Chen5 19.1 24.0
Karayannids et al.7 a23.9 —
Kokkalas et al.26 26.0 a24.3
Yokoyama et al.22 b17.6 b18.5

a Estimated using a purely kinetic model.
b Determined from melt-phase polymerization.

where p , q , and l are constants. Here, it should be
Nj(t ) Å 0 3

rS
Dj
Ìf (r )
Ìr Z

rÅrS
noted that eq. (15) is a form of the mathematical
solution for eq. (1) when there is no chemical reac-
tion, i.e., Gj(t ) Å 0.29 Because Gj(t ) is not a func-

Å p2Dj

r2
S

(CAVG
j 0 CS

j ) (19)tion of r , it may not affect the concentration profile
significantly.

From the boundary conditions, f (r ) has to be
Consequently, the mass balance equation of thefinite at the origin and zero at the surface, i.e.,

diffusing components can be written as

f (r ) Å p
r

sinSpr
rS
D (16) dCj

dt
Å Nj(t ) / Gj(t ) Å p2Dj

r2
S

(Cj 0 CS
j ) / Gj(t )

Integrating eq. (16), p can be obtained as follows: ( j ÅEG, W, and AA) (20)

Equation (20) is of the ordinary differential
*
rS

0

4pr2 p
r

sinSpr
rs
D dr Å 4

3
pr 3

S (CAVG
j 0 CS

j ) (17) type, which is more easily treated than eq. (1).
Here, the validity of eq. (15), which is the only
assumption used for deriving eq. (20), should be

where CAVG
j is the average concentration of compo- mentioned. Figure 3 shows the concentration pro-

nent j within the sphere. Then, one can obtain files for EG calculated from eq. (1). From this
figure, it seems likely that the profile can be de-
scribed by a sinusoidal form of eq. (15). In Figure
4, the calculated Xn by eq. (20) are compared withf (r ) Å p

3
(CAVG

j 0 CS
j )

rS

r
sinSpr

rS
D (18)

those by eq. (1). It can be clearly shown that there
is no detectable discrepancy between the two cal-
culated results. Accordingly, it seems reasonableNow, the transfer rate per unit volume across

the surface of sphere, Nj(t ) , is to suppose that eq. (20) is valid for the mass bal-
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Figure 5 Comparison of the calculated results by eq.
(20) with those by eq. (1). The same model parameters
obtained from Figure 1 were used. The diameter of the
particle and the reaction temperature were assumedFigure 3 Effect of crystallization on the chain growth
to be 0.130 cm and 2307C, respectively. The solid linerate. For the calculation, it was assumed that the reac-
represents the ideal case where the calculated Xn by eq.tion temperature is 2407C and the diameter of particles
(20) are exactly equal to those by eq. (1). The distanceis 0.109 cm. The same model parameters, except for the
between the plotted points and this line indicates thecrystallization kinetics obtained from Figure 1, were
absolute error between the two calculated results.used. For the calculation of curve A, it was assumed

that KC and n are 5.1 1 1008 and 4, respectively. For
curves B and C, the crystallization rates were assumed

NOTATIONto be zero and infinity, respectively.

Ai , Aj : prefactors in eqs. (12) and (6), respec-
ance equation of the volatile byproducts formed tively
during SSP. Furthermore, the equation is very Bj : jump factor of volatile component j in eq.
useful to save the calculation time effectively. (6)

Cj : concentration of component j (mol/L)
CAVG

j : average concentration of volatile compo-
nent j within sphere

CS
j : concentration of volatile component j at

surface of sphere
C0

j : initial concentration of component j
Dj : diffusivity of volatile component j (cm2/

s)
Ei : activation energy for reaction i ( i Å 1–

6)
EP : activation energy for chain mobility
fA : fractional free volume of amorphous

phase
fEG : fractional free volume of EG
fg : fractional free volume at Tg

fW : fractional free volume of water
f (r ) : concentration profile of volatile compo-

nent, defined as eq. (15)
Gj(t ) : generation rate of component j due toFigure 4 Internal distribution of EG in a spherical

chemical reactionspellet with diameter of 0.130 cm during SSP at 2307C.
j : component, defined in Table IThe same model parameters obtained from Figure 1

were used. KC : coefficient in eq. (9)
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5. S. Chen and F. Chen, J. Polym. Sci., Polym. Chem.Ki : equilibrium constant for reaction i ( i Å
Ed., 25, 533 (1987).1–5)
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