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Synopsis 

A model for bulk polymerization of AN is developed. I t  adequately predicts conversion-time 
histories and molecular weight development in the temperature range of 40°-800C with AIBN as 
initiator. It is shown that this model has predictive powers by simulating nonisothermal conver- 
sion-time histories. 

INTRODUCTION 

Heterogeneous bulk polymerizations are processes in which the polymer 
precipitates from its monomer, giving two loci for polymerization over a large 
portion of the conversion range, with one being a monomer-rich phase and the 
other a polymer-rich phase. The physical properties of the polymer and 
monomer phase have a profound effect on the polymerization rate. In general, 
heterophase polymerizations are autocatalytic, with an initial acceleration period 
followed by an almost constant rate period. The rate then increases rapidly, 
reaching a maximum and then rapidly falling to zero (Fig. 1). The position of 
the maximum rate is a function of the polymerization conditions and charac- 
teristics of the polymer p h a ~ e . ~ . ' ~  The bulk polymerization of acrylonitrile is 
typical of heterophase processes as shown in part I of this work.5 

For the description of bulk heterogeneous polymerization, basically two ap- 
proaches have been suggested. These could be classified as microscopic and 
macroscopic approaches. The former yields distributed parameter models in 
which the particles are treated individually as in emulsion polymerization. In 
this approach some of the important variables, in addition to reaction rate, in- 
clude number of particles, number of radicals per particle, the rate of absorption 
and desorption of radicals from the polymer particles, etc. This approach has 
been suggested by Ugelstadt,15 Olaj? and Ray" for vinyl chloride. This ap- 
proach is limited to low conversion, where the polymer particles have not expe- 
rienced appreciable agglomeration. The macroscopic approach does not concern 
itself with individual particles but rather with the polymerization taking place 
in the polymer and in the monomer phase as a whole. Its aim is to describe the 
conversion histories and molecular weight development. This approach was 
first suggested by Talamini12 for vinyl chloride and successfully applied to the 
same polymerization system by Abdel-Alim and Hamie1ec.l Variations of the 
same have been also successfully applied by Marquardt for acrylonitrile at low 
conversions.9 Three polymerization loci have been suggested for acrylonitrile 
and vinyl chloride: the monomer phase, the polymer phase, and the polymer 
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Fig. 1. Typical rate curve for heterogeneous bulk polymerization process. 

monomer interface. But in general there is no theory yet available which ade- 
quately accounts for the differences observed in vinyl chloride and acrylonitrile 
bulk polymerization.5J3 

MODEL DEVELOPMENT 

Polymerization Rate Model 

The proposed model is based on the following assumptions: (a) there is a 
monodispersed particle size distribution with a constant number of particles; 
(b) polymerization takes place in the polymer and monomer phases; and (c) the 
reactions in the polymer phase are controlled by diffusion of monomer from the 
onset of the reaction. 

These assumptions are supported by experimental evidence. The number 
of particles has been reported to be fairly constant after approximately 10% 
con~er s ion .~ , '~  The reaction rate has been reported to be independent of the 
surface area and therefore of the number of particles, which indicates that 
polymerization occurs in both phases.6.16 Addition of a swelling agent to the 
reaction mixture reduces the reaction rate by different amounts for different 
polymerization conditions. This suggests that the reactions in the polymer phase 
are diffusion contr01led.l~ 

A model based on the previous assumptions is a compromise between the 
macroscopic and microscopic approaches, for although it looks a t  the individual 
particles for the description of the polymerization rate, it cannot describe the 
mechanism by which the particles are formed and it does not account for the 
change in the number of particles due to agglomeration or continuous genera- 
tion. 

For a monodispersed system with a constant number of particles, an initial 
mass of monomer with volume V ,  and initial radius Ro can be associated with 
each particle. If the particles are heterogeneous, it can be assumed that at  time 
t > 0 the polymer particles will have the structure shown in Figure 2, where 
4/37r(RZ - r l )  gives the volume shrinkage due to density changes; 4/3x(r$ - r i )  
gives the monomer layer at  any time t and constitutes the monomer phase; and 
4 /3~(r :  - r : )  gives the shell or active volume of the polymer phase. A t  the 
monomer boundary the composition of the shell is X,?, which corresponds to a 
monomer-saturated polymer solution at the polymerization conditions. At  the 
core boundary the composition is X, (limiting conversion), which corresponds 
to the glass transition composition at  the reaction temperature. The polymer 
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Fig. 2. Structure of a heterogeneous polymer particle. 

413m-2 is in the glassy state and, therefore, the polymerization rate within the 
core is effectively zero. 

Rigorously speaking, a concentration gradient should be considered in the shell; 
but to simplify the analysis, it is assumed to be homogeneous (see discussion in 
the Appendix). 

Initiation 
The following reactions are considered to occur in both phases: 

k d  
C ---f 2R; 

R ; .+M-Rl  
Propagation 

kP R; + M-R; 

Transfer to monomer 

Termination by combination 

R, + R, - Pn+, (4 
That is, homogeneous kinetics are assumed in each phase. The overall poly- 
merization rate R,, is given by the sum of the polymerization rates in the 
monomer phase R,, and in the shell R,,. 

R,, = R,, + R,, in moleshec (1) 

R,, = k,, [R-],[M],V, in moleshec (2) 

R,, = k,, [R.], [MI, V, in moleshec (3) 

where 

and 

From homogeneous kinetics, if the S.S.H. is assumed valid, a ratio of radical 
concentrations 4 can be defined as 
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where 

( 5 )  

where the subscripts s and rn denote the shell and monomer phases, respectively, 
and f is the efficiency of the initiator. A mass balance of the initiator in the 
polymer and monomer phases, assuming that the core and shell have the same 
initiator concentration, gives 

-- [R-Is (2fSkds [ I I~ ) ' /~ /k t s  'I2 

[R.Im - (2fmkdm [IIm)1/2/ktrn 1/2 

Introducing the initiator partition coefficient 

combining eqs. (6) and (7), and substituting the concentrations into eq. ( 5 )  
yields 

To use eqs. (1)-(8), a value of the initiator partition coefficient must be as- 
sumed. A reasonable assumption appears to be K I  = 1, since this value can be 
inferred from an experiment reported in reference (2) and it has given good re- 
sults for VC Bulk polymerization over a wide range of conditions (1). Under 
this assumption combining equation (1) to (8) yields: 

where 

(11) Q = pP - 
P P  

Since the shell has been considered homogeneous throughout the reaction, 
Q is the correction due to volume contraction. 

a constant ratio of propagation rate constants can be assumed: 

x = L E  k 

k w  
Then the polymerization rate is given by 

In order to solve eq. (13), it is necessary to derive expressions for the terms 
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[M],Vm and [M],V,. A material balance on the polymer particle under the 
assumption of homogeneous core and shell gives the monomer concentrations 
and the volumes of the monomer phase and the shell. The density of the shell 
is given by 

1 1  
Ps Pm 

- (1 -XsQ)  

and the density of the core by 

1 1  
Pc Pm 

- (1 -XcQ)  

The initial volume per particle is given by 

where Mo is in gmol of monomer/particle, p is the density of monomer in 2A, and 
R is the monomer molecular weight in g/gmol. 
At any conversion X,  the volume of the particle is given by 

(17) 
3 v  

V = Vo (1 - QX) or r: = - (1 - Q X )  in literdparticle 
4 x  

An overall mass balance on the particle gives 

( ~ c  - ~ s ) r :  + ( ~ s  - p m ) 4  + pmr3, = P ~ R :  (18) 

Solving for rp yields 

(19) 

The total mass balance of monomer in the monomer phase is given by 

(20) 4 Pm [M],Vm = - x r  (r-3, - r:) 
3 M  

Combining eqs. (18) and (20) 

Similarly, the total mass of monomer in the shell might be given by 

(224 [M] ,V ,=-x=(r : -r? ) ( l  - X s )  

However, this equation is rigorous only if the shell has a constant monomer 
concentration. To account for the concentration gradients, the mass balance 
on the shell, eq. (A-l), must be solved in conjunction with eqs. (13), (19), and (21). 
As discussed in the Appendix, this approach leads to the following approximation 
to the mass of monomer in the shell: 

4 Ps 
3 M  

(2%) M 
where B(X) is a beta function (given in the Appendix) used to describe the rel- 

4 
[M],Vs = ; aR$ (I - X,)$B(X) 
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ative rate of growth of the core and shell volumes, and cp is an unknown function 
of the initiation rate. 

Substituting eqs. (21) and (22b) into eq. (13) and taking the definition of rate 
in terms of conversion, a final expression for the polymerization rate is ob- 
tained: 

- d X  = CpRIrn 112 [ 1 - -L---- Qx - B ( X )  ((-) Pc - Ps - P---- (1 - X )  P,)] (23) 
d t  Pc - Prn Pc - Prn Prn 

where 

and P = l X $  kprnfrn c, = 
ktrn lf2 

Since at X M  

-- - 0  
d2X 
d t 2  

the value of P can be calculated by taking the derivative of eq. (23) and equating 
it to zero: 

where 

and 

cs = (1 - X,)  fi 
Prn 

It can be seen from eq. (25) that P is a function of the initiation rate and char- 
acteristics of the polymer phase at the reaction conditions (Fig. 3). R I ~ M  and 
B ( X M )  are given by eqs. (10) and (A-2) evaluated at X M .  

Equation (23) is a nonlinear differential equation that can be integrated by 
any standard technique. The parameters in this equation are k d ,  C,, and X M .  
These parameters were estimated by nonlinear regression using the experimental 
conversion-time results reported in part I of this work; k d  and C, were estimated 
in an Arrhenius form. The activation energies and frequency factors are reported 
in Table I. The values obtained for k d  are in agreement with the well-known 
values reported elsewhere.' The values of X M  were estimated initially for each 
temperature and initiator concentration in order to find an empirical correlating 
relationship for it with the process variables, namely, initiation rate (Fig. 4) and 
temperature (Fig. 5). Finally, all the parameters ( k d ,  C,, and the parameters 
of the correlating relationship for X M )  were estimated using all the data at dif- 
ferent temperatures and initiator concentrations. The resultant values are re- 
ported in Table I. 

The model with the parameters thus obtained gives a very good fit of the ex- 
perimental data. Figures 6-8 show the comparison between experimental and 
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Fig. 3. P values for several initiator concentrations and temperatures. 

calculated values a t  several initiator concentrations and temperatures. The rate 
behavior for AN reported in part I has been satisfactorily reproduced by the 
model (Fig. 9). The model was further tested by running nonisothermal poly- 
merizations to determine whether it had any predictive power or was just a form 
of curve fitting. The reactions were run isothermally for a period of time, and 
then the ampoules were changed to another bath at a higher temperature. The 
model predictions and the experimental results are shown in Figure 10; the 
agreement is quite good. 

Molecular Weight Distribution 

Due to the heterogeneous nature of the reaction in acrylonitrile bulk poly- 
merization, termination reactions can take place in the monomer phase, the 
polymer phase, and the polymer-monomer interphase. In the monomer phase, 
bimolecular termination can be important, as it has been reported for homoge- 
neous polymerizations of acrylonitrile.3 A t  the interphase bimolecular termi- 
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0.2 

TABLE I 
Kinetic Parameters for Acrylonitrile Bulk Polymerization with AIBN Initiator in the 

Temperature Range of 40'-80'C 
(1) Polymerization Rate Model Parameters 

. 

-3570 1 1 sec moles -112 
~ [ R (T 333.16)] ( liter ) C, = 0.1969 exp - - - - 

(2) MWD Model Parameters 

A = 9.15 - 0.0962(T - 273.16) 

(3) Other Correlations 

X, = -2.355 + 0.01816T - 0.25 X 10-4T2 

X ,  = 0.5468 + 0.001T 

XU = Xw0 exp (ExM/-) 
X M ,  = -0.026 + 0.0543(T - 273.16) 

ExM = (1.109 X lo4) - (0.1745 X (T - 273.16) T i n  O K  

nation is also possible for radicals that have not been completely immobilized.6 
In the polymer phase, however, it is very unlikely that bimolecular reactions are 
important, since the polymer is almost a t  its glassy state and the radicals are 
immobilized.3 Termination can then take place by transfer to monomer4 or an 
equivalent mechanism.14 Since all these mechanisms can be important a t  dif- 
ferent stages during the reaction, it is very difficult to assess which one controls 
the overall MWD. 

In developing the model for the MWD and averages, the following consider- 
ations were made: 

(1) Because of its high reaction rates, most of the polymer is produced or grows 

3 

Fig. 4. Conversion at maximum rate vs initial initiation rate. 
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Fig. 5. Dependency of the parameters X M ~  and Exw on temperature for the equation XM = Xw0 
exp ( E X ~ J ~ Q .  
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Time (hr.) 

Fig. 6. Aciyicinitrile bulk polymerization a t  4G3C. 

in the polymer phase. Therefore, the overall MWD can be approximated by the 
MWD generated in the polymer phase. 

(2) It is assumed that transfer t o  monomer controls the MWD in the polymer 
phase. But since reactions in the polymer phase are diffusion controlled, kfm/kp  
is a function of conversion. 
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Fig. 7. Acrylonitrile bulk polymerization at 60°C. 

A 
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Time (hr.) 

Fig. 8. Acrylonitrile bulk polymerization at 80°C. 

From the theory of homogeneous kinetics applied to the polymer phase, the 

(28) 

instantaneous weight fraction of polymer with chain length r is given by 
w(r , t )  = ( r  + b )  [r + YZ p(7 + p)r]r  exp [-(7 + b)r] 

where 
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Fig. 9. Polymerization rate a t  60°C. 

T 'C 
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Fig. 10. Nonisothermal bulk polymerization of acrylonitrile a t  two temperature levels: 50°C 
and 70°C: [I10 = 0.2 wt-%; (0),(.) experimental values; (1) run No. 1; (2) run No. 2; (-) model; 
( -  - -) temperature profile. 

ktcR, 
k W I 2  

kP 

P =  
under the above assumptions 

7 =  kf, 
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w(r , t )  = 72r e-rr 

We assume the conversion dependence of k~,lkp to be of the form 

then 

7 = C," + CT (1 - X) (33) 
Note that since we are approximating the overall MWD with that produced in 
the polymer phase, the term C T ( ~  - X) includes not only the diffusion effects 
but also the extent of bimolecular termination in the monomer phase and at  the 
polymer-monomer interphase. 

Instantaneous average chain lengths are given by 

FN = 117 

F,,, = 217 

and cumulative weight fraction and chain length averages by 

w,(r) = - lx w ( r , t )  dX x o  

(34) 

(35)  

Substituting eqs. (33)-(35) into eqs. (36)-(38) yields 

where 

The MWD and averages are functions, therefore, of two temperature-de- 
pendent parameters (Cmo and A )  and conversion. Since the difference in mo- 
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lecular weights due to initiator concentrations is not significant, the parameters 
were not correlated with respect to initiator concentration; C,, and A were es- 
timated from the molecular weight averages reported in part I.5 The model 
predictions and experimental results are shown in Figures 11-13. The agreement 
was satisfactory. The parameters C,, and A are reported in Table I in their 
functional form. The parameter C,, represents the ratio transfer to monomer 
to propagation without any effect of conversion. It is interesting that the values 
obtained for C,, are in agreement with values reported in the l i terat~re, '~ thereby 
indicating that the assumptions made in deriving the MWD model are probably 
not unreasonable. 

A flow diagram describing the use of the model is shown in Figure 14. The 
computer program is available upon request. 

DISCUSSION 

On the basis of the proposed model, it is possible to explain some of the dif- 
ferences observed between acrylonitrile and vinyl chloride bulk polymerization 
processes. In general, the core formation is a function of the initiation rate and 
the properties of the system at  the polymerization conditions (Xc, X,, pp, etc.), 
and its rate of growth increases with increasing initiator concentration. 
Therefore, a high initiation rate will favor the growth of the core and reduce the 
volume available for polymerization in the polymer phase. The rate will increase 

0 t 
- 
M~ x I 0-5 

6.0 

4 .O 

0 113, = 2.0 

0 C13, = 0.05 

'.O 0 0 0.2 t-----& 0.4 0.6 0.0 1.0 

X 
Fig. 11. Molecular weight averages vs conversion at 40°C: ( 0 )  [I], = 2.0; (0) [I], = 0.05. 
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Fig. 12. Molecular weight averages vs conversion at 60°C: ( 0 )  [I]" = 0.20; (0) [I]" = 0.025. 

rapidly at the beginning of the polymerization up to the point where the core is 
formed and begins to grow, thereby decreasing the reaction rate. In the case 
of acrylonitrile, as the initiation rate is decreased the growth of the core is re- 
tarded and the maximum rate appears later in conversion. For vinyl chloride, 
the high solubility of the monomer in the polymer precludes monomer diffusion 
control, and the polymer phase can be considered homogeneous. I t  has been 
reported, however, that vinyl chloride follows the same behavior as acrylonitrile 
when polymerized at low temperatures and high initiation rates.13 Furthermore, 
it is evident from Meeks' data at normal temperatures8 that an early maximum 
appears with vinyl chloride at high initiation rates. In this case, after a rapid 
growth of the core the initiation rate decreases due to initiator consumption, the 
thermodynamic equilibrium is restored, and the reaction then follows this 
equilibrium path. The same reasoning applies to the number of radicals trapped 
in the polymer phase. The aftereffect will be more considerable for polymer 
produced a t  low temperatures and high initiation rates. 

The relative growth of the core and shell accounts also for the discrepancies 
regarding the reported polymerization loci for acrylonitrile, since at low initiation 
rates the system behaves like a two-phase system with practically homogeneous 
polymer particles, as proposed by M a r q ~ a r d t . ~  A t  high initiation rates the core 
and shell boundaries will be very close, with the result that the reaction takes 
place practically a t  the polymer-monomer interface as suggested by Peebles'O 
and Lewis and King.6 
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Fig. 13. Molecular weight averages vs conversion a t  80°C: ( 0 )  [I],, = 0.05; ( 0 )  [I],, = 0.025. 

Appendix 

Relative Growth of The Core and Shell 

For the rigorous solution of eqs. (13), (19), and (21), it  is necessary to  include the monomer con- 
centration gradients within the shell given by the continuity equation: 

with boundary conditions 

r = r, 

r = r, 

[MI,, = (1 - Xc)pc/m 

[MI, = (1 - X,)psm 
t = O  r = r = r  s c = O  

This system has the following initial and final Conditions: 

a t  t = O  r m =  Ro 

a t  t = m r, = rs = rc 

Note tha t  eqs. (13), (19), (21),  and (A-1) form a coupled moving boundary system which is very dif- 
ficult to solve. From the constrained solution of this system of equations a t  each initiator level and 
the form of the rate curves, i t  was found that the relative growth of the core and shell could be ap- 
proximated by a beta function such that 
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(261, (27) OR FIG. ( 3 ) .  , 

Fig. 14. Model flow diagram for the calculations of isothermal and nonisothermal conversion 
histories and MWD. 

where 
X y = -  
X ,  

and that the monomer in the shell ([MI,, V,) could also be approximated a t  any time for each initiator 
level by assuming a constant monomer concentration (at conversion X , )  and using eq. (A-2) to cal- 
culate V,,, that  is, 

4 
[MI,, V,$ I = - T 2 (1 - X , , ) R 3 ( X )  (A-3) 

I1Io 3 M I"10 

Furthermore, it was also found that H(X)lI lo  varied with initiator concentration a t  each temperature 
level, and therefore eq. (A-3) could be written in general as 
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(A-4) 
4 P s  

3 M  
[M],V, = - T = (1 - X, )R$(X)@ 

where $J is a function of the initiator concentration at  each temperature level, and i t  is to be deter- 
mined from the rate expression. 

The parameters D, p, and g of the beta function in eq. (A-2) can be determined by the following 
conditions: (1) The position of the mode is given by the conversion a t  which the rate is maximum 
( X M ) .  (2) Equation (A-2) must sat.isfy eq. (19) a t  X O ,  the conversion a t  which the core begins to 
grow. (3) Equation (A-2) must also pass through any arbitrarily chosen point Xi between X = 0 
and X = X o  for which r, = 0 if the material balance given by eq. (19) is to be satisfied. 

From the first condition, 

which eives - 
g - l = ( p - l )  - (XI.iMXM) 

(A-5) 

(A-6) 

Evaluating eqs. (19) and (A-4) a t  XO and XI and solving for D and p yields 

and 

D = ” m  Q Xo 
(A-8) 

If the drop in the polymerization rate after X M  is assumed to be due to the beginning of core growth, 
then 

XO = XM (A-9) 

and 
x1= $ x M  

where + is any fraction less than 1 according to condition (3). 

(A-10) 
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