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Calculation and Applications of VCM 
Distribution in VaporlWaterlSolid Phases 
during VCM Polymerization 

R. K. S. CHAN, M. LANGSAM, and A. E. HAMIELEC* 

Plastics R&D 
Air Products and Chemicals, Inc. 
Allentown, Pennsylvania 18 105 

A B S T R A C T  

The distribution of vinyl chloride monomer (VCM) in vapor, 
water, swollen polymer, and free monomer phases as a function 
of conversion of VCM can be calculated from the related partition 
coefficients. It was found that the amount of monomer in the 
vapor and water phases is particularly significant, being 20% (at 
60°C) of that in the polymer phase at the peak exotherm. Neglect- 
ing the VCM dissolved in water and that in the head space of the 
reactor would seriously overestimate the polymerization rate 
and overdesign the required cooling capacity of the reactor. From 
the distribution the relation between conversion (x) vs pressure 
(P) after the pressure s tar ts  to drop can be developed and used to 
determine conversion at termination by pressure measurement. 
The results of x vs P from our partition coefficient approach are 
consistent with those derived from Flory-Huggin's equation. Also 
the knowledge of VCM distribution at termination of the polymeri- 
zation will assist VCM accountability and stripper design. 

*Consultant, Chemical Engineering Department, McMaster Uni- 
ver sit y, Hamilton, Ontario, Canada. 
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970 CHAN, LANGSAM, AND HAMIELEC 

I N T R O D U C T I O N  

In previous kinetics calculations [ 1-31 the VCM concentrations in 
vapor and water phases were neglected. The objectives of this work 
a r e  to evaluate such concentrations in terms of conversion (x) reactor 
size (V ) and charging conditions (initial % fillage of reactor W. and 
water-to-monomer weight ratio, y), and to explore the application of 
same. 

r 1 

D E R I V A T I O N S  

V C M  C o n c e n t r a t i o n s  i n  T h r e e  P h a s e s  d u r i n g  P o l y m -  
e r i z a t i o n  

The following two expressions (derived in the Appendix) will be 
useful for later derivations: 

x(vm - v )[RTWi + (1 - Wi) PmoMwvm] 
P I (RT - Pm0MmVm,(Vm + vw) 

w = w . +  
1 

where 

RTWi + Pmo Mmvm ( 1  - Wi) 
F,(T, Y ,  W,) = (3)  

Equation (1) means that Mo and Vr are interchangeable. Equation (2) 
signifies that the % fillage of reactor (W) is a function of conversion 
x, polymerization temperature T, and changing conditions Wi and Y. 

VCM in Vapor Phase Before, At, and After the Pressure  Star ts  to 
Drop, Nv 

Before the pressure starts to  drop, 

(1 - W)V,PmO 
N =  

RT V (4 )  
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VCM DISTRIBUTION 97 1 

Because of viscosity effect on termination in the solid phase, the peak 
exotherm (or hot spot) occurs at  a pressure drop (usually about 8 psi) 
which varies with polymerization conditions. Let the pressure a t  the 
"hot spot'' be denoted by Phs, 

After the pressure begins to drop, 

It will be later derived that the total pressure (P) is a function of x. 

VCM in Water Phase Before, At, and After the Hot Spot, Nw 

Before the hot spot., 

N =  Cw"" Y'O 
W 

Mm 

when and after the pressure s ta r t s  to drop, 

VCM in Solid Phase 

Before the pressure s tar ts  to drop, 

(7) 

mxMO 

Mm 

N =- 
S 
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972 CHAN, LANGSAM, AND HAMIELEC 

After the pressure s tar ts  to drop, 

The total pressure P in Eqs. (9) and (11) will be expressed as a func- 
tion of X. 

D e r i v a t i o n  of a n  E x p r e s s i o n  f o r  T o t a l  P r e s s u r e ,  
P ,  a s  a F u n c t i o n  of C o n v e r s i o n  x a f t e r  P r e s s u r e  
D r o p  S t a r t s  

(11) P M /M = Nv' + Nw' + Ns' + N O m  

Substitute Eqs. (l), (6), (8), and (10) into Eq. (11): 

where 

Equation (12) dictates the conversion x a t  different pressures (or 
pressure drop, A P  = P," - P) after pressure starts to drop. Abdel- 
Alim derived a similar relationship based on Flory-Huggins equation 
[ 41. Substitution of Eq. (12) into Eqs. (6), (8 ) ,  and (10) would give the 
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VCM DISTRIBUTION 973 

moles of VCM in vapor, water, and solid phases as a function of con- 
version after the pressure s ta r t s  to drop: 

Equations (4), (7), and (9) define VCM distribution before the pressure 
drop and Eqs. (14), (15), and (16) after the pressure s ta r t s  to drop in 
VCM polymerization. 

Calculation of VCM Mole Fractions in Different Phases during VCM 
Polvm erization 

Let VCM mole fraction with respect to total monomer charge, 
MO/M be defined as m 

F = N  M /Mo F~ = N ~ , / M , ,  s s m  F = N M /Mo, v v 111 

Fvl = NV'Mm/Mo Fwl = NwlMm/Mo Fs = Ns'Mm/Mo 

(17) 

Substituting Eqs. (4), (6), (7), (8), (9), (10) into (19): 

max 
Fw = C Y W 

Fs = Mx 
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974 CHAN, LANGSAM, AND HAMIELEC 

(P - Pwo)Mm(l - W) 
F ' =  

x(P - PW0) 

HsvPmo 

Fs' = 

The mole fraction of free monomer is 

F f m = l - X - F  v - F  w - F s  

When either x or P is known, the VCM mole fractions can be calcu- 
lated through Eqs. (18) to (24). Table 1 shows the fixed parameters a t  
different temperatures used for calculation. 

The calculated results of total pressure andmole fractions of VCM in 
different phases vs conversion are tabulatedinTables 2, 3A, and 3B and 
plotted in Figs. 1 and 2. The partition coefficients H ~v and Hsvfor cal- 

culation were taken from our previous work [ 51 and Berens' work [ 61. 

TABLE 1. Fixed Parameters  for Calculation at Different Polymeri- 
zation Temperaturesa 

Temper- Temper- pm0 in (v, + Ww)Pm0 Mm p 0 

ature ature W 
(" C) (" K) PSI dyn/cmz RT (psi) 

30°C 303 66.9 0.461 X l o 7  0.000283 0.6 15 

40°C 3 13 88.2 0.608 x lo' 0.000362 1.07 

50" C 323 114.7 0.791 X l o 7  0.000456 1.79 

60°C 333 145.4 1.00 X l o 7  0.000559 2.890 

"W. = 0.8, 7 = 1.3, (vm + w,) = 2.4766 (cc/g); vW = 1 (cc/g), 
1 
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976 CHAN, LANGSAM, AND HAMIELEC 
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FIG. 1. Monomer activity Pm/Pmo vs conversion. 
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FIG. 2. Mole fraction of vinyl chloride F in different phases vs 
conversion x in VCM polymerization. 
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COMPARISON O F  T H E O R E T I C A L  AND 
E X P E R I M E N T A L  R E S U L T S  

Conversion v s  pressure data at termination after the pressure drop 
have been collected in our laboratory through gravimetric method 
(see Fig. 1). It appears that the calculated results closely approxi- 
mate the observed data from both our laboratory and Abdel-Alim's 
work [ 41. 

CONCLUSIONS 

From Fig. 2 it is apparent that the VCM concentrations in vapor 
and water phases are not negligible. At the hot spot the amount of 
VCM in vapor and water phases is about 20% of that in the solid 
phase. The reaction rate at the hot spot would be overestimated i f  
FCM in the vapor and water phases is not accounted for, as previ- 
ously done. The relation of conversion vs  pressure after the pressure 
starts to drop, calculated from the VCM concentrations in three phases, 
appears to be a close approximation of the practice. Also, knowledge 
of VCM distribution at termination of the polymerization will assist 
VCM accountability and stripper design. 

A P P E N D I X  1: D E R I V A T I O N  O F  EQS. ( 1 )  AND ( 2 )  

The initial liquid phase volume is 

(1 - Wi)VrPmo Mm 

RT 

or 

(1 - Wi)Pmo Mmvm 

RT 
Mo = Vr [,Wi + 

where 

RTWi + (1 - Wi)Pmo Mmvm 
F1(T, Y, Wi) = 

RT(Vm + Yvw) 
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During VCM polymerization the vapor phase volume, Vv increases by 

v M P o  AVv = xMO(vm - vP)/(l - m m m  
RT 

) 

The denominator represents f ree  monomer vaporization to fill up the 
shrinked volume: 

Vv = (1 - W)Vr = (1 - Wi)Vr + AVv 

Also, from combining Eqs. (Al) and (A3), 

(2) I X(v, - v )[RTWi + (1 - Wi)Pmo Mwvm1 

(RT - Pmo MrnVrnNVrn + Ww) 
w=w.+ 

1 

S Y M B O L S  

X c onver sion 
weight of monomer charged 
reactor volume 
water to monomer weight ratio 

specific volumes of monomer, water, and poly- 
m e r  
molecular weight of monomer and water 

MO 

'r 
Y 

vm, vw' and v 

Mm' Mw 
R gas constant 
T absolute temperature 

P 

vapor pressure of VCM (all pressures are in 
absolute pressure, not gauge pressure) 
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'm 
pw' pwO 
cS 

cW 
m 

Hsa' Hsv 

ths 

Nv', Nwr, and Ns' 

Fw' and Fs' 
Fv' Fw' Fs' Fv'l 

partial pressure of VCM 

partial pressure and vapor pressure of water 

VCM concentration in PVC (g/g PVC) 
VCM concentration in water (g/g HzO) 
maximum VCM concentration in PVC (g VCM/ 

partition coefficient of VCM in solid/water, 
water/vapor, and solid/vapor phases, respec- 
tively 

the reaction time where reaction rate is maxi- 
mum. It usually takes place a t  pressure drop 
equal to 8 psi 

% fillage of reactor at  time, t 
5% fillage of reactor a t  t = 0 
vapor-phase volume 

moles of VCM in vapor, water, and PVC phases 

moles of VCM in polymer form and in free 
monomer phase 

N N and N after pressure s ta r t s  to drop v ' w '  S 
mole fraction of N's with respect to moles 
charged 

g PVC) 
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