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Abstract

Free radical polymerization kinetics of N-vinylformamide was investigated in bulk and in aqueous solution. The molecular weight
development with N-vinylformamide conversions was measured using a gel permeation chromatography (GPC). The bulk process showed
a typical “gel effect” from the beginning of the polymerization. The molecular weight increased steadily at low conversion and leveled off at
high conversion. In the solution polymerization, the “gel effect” became less pronounce with decreasing monomer concentration. When the
monomer concentration was less than 40 wt%, no auto-acceleration was observed from the time-conversion curves. The kp/lql/2 values of the
polymerization system were determined using the initial rates of bulk polymerization and the number average molecular weight data at 50, 60
and 70°C. A kinetic model based on free volume theory was proposed to describe the polymerization kinetics and molecular weight

development. The model agreed with the time-conversion and conversion-average molecular weight data. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

N-vinylformamide (NVF), an isomer of acrylamide, was
developed as a precursor for the production of polyvinyla-
mine by the hydrolysis of poly(N-vinylformamide) (PNVF)
[1]. The monomer has low toxicity and high reactivity for
homo and copolymerization. Free radical polymerization is
the most convenient method to produce PNVF although
other methods include cationic [2] and anionic polymeriza-
tion [3].

Industrial interest in PNVF and its derivatives is due to
their potential applications in technologies such as waste-
water treatment [4] and papermaking [5-9], and to their use
as a possible replacement for acrylamide polymers.
However, a description of the fundamental polymerization
kinetics has not appeared in the literature. Schmidt and
coworkers [10] presented a DSC study of NVF bulk poly-
merization. The kp/kt” % values were estimated to be 1.70 and
2.03 1/(mol s)* at 70 and 80°C, respectively. Their study
focused more on the evaluation of the thermal measurement
techniques employed than the polymerization itself.

In this paper, we compose the results of an experimental
investigation and model simulation for both the bulk and

* Corresponding author. Tel.: +1-905-525-9140; fax: +1-905-521-1350.
E-mail address: zhuship@mcmaster.ca (S. Zhu).

aqueous solution polymerization of NVF. The effects of
temperature, monomer and initiator concentrations on the
polymerization kinetics and molecular weight development
are described. A free volume theory was incorporated in the
model to describe the kinetic behavior and molecular weight
development throughout the polymerization.

2. Experimental

NVF monomer (Aldrich Inc.) was distilled under vacuum
at 70°C and stored at —15°C before polymerization. The
free radical initiator, 2,2'—azoisobutyronitirle (AIBN) and
2,2/-azobis(2-methylpropionamidine)dihydrochloride
(AIBA) (Aldrich Inc.) were recrystallized twice before use.
Millipore purified water was used for the aqueous solution
polymerization.

A given mixture of NVF and AIBN (NVF, AIBA and
water in the case of solution polymerization) was charged
in a set of glass ampoules, which were subject to three
freeze-to-thaw cycles. After degassing, the ampoules were
immersed into a bath with circulating water at the polymer-
ization temperature. Ampoules were taken out at different
time intervals and frozen quenched. The reactant mixture
was dissolved in water and the polymer content precipitated
in methanol. All samples were dried under vacuum at room
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Nomenclature

a volume expansion coefficient

e volume contraction factor

¢ volume fraction

A the ith moment of living polymer chains

Wi the ith moment of dead polymer chains

B volume ratio of solvent and initial monomer, B = V,/V,
Cs, chain transfer constant to polymer

Cn chain transfer constant to monomer

dpn monomer density (g/cm?)

d, polymer density (g/cm?)

f initiation efficiency

[1] initiator concentration (mol/l1)

ky propagation rate constant (I/(mol s)

k termination rate constant (1/(mol s)

[M] monomer concentration (mol/I)

M, initial mass of monomer (g)

M, number average molecular weight

M, weight average molecular weight

[P] total dead polymer chain concentration (mol/l)
[P.] concentration of dead polymer chains with n repeat units (mol/l)
[R] total free radical concentration (mol/l)

[R,] concentration of free radical chains with n repeat units (mol/l)
R, rate of polymerization (mol/(1 s))

Vo initial monomer volume (1)

Vi free volume fraction of polymerization system
Vi solvent volume (1)

W, mass of polymer (g)

X polymerization conversion

Subscripts

0 initial condition or at zero conversion

c with chemical control

d with diffusion control

g glass temperature

m monomer

p polymer or propagation

S solvent

t termination

temperature for 48 h. The polymerization conversion x, was

calculated using:

x= e 1)
M,

where W, is the mass of polymer, and M, is the initial charge

of monomer.

The molecular weight was measured using a Waters
aqueous gel permeation chromatography (GPC), 2690
separation module and 2410 refractive index detector
equipped with three Waters Ultrahydrogel™ Linear GPC
columns (¢$7.8 X300 mm). The column temperature
was maintained at 30°C. The mobile phase was 0.05 N
NaNO; water solution subjected to filtration (0.4 wm).

Polyacrylamide (PAM) standard molecular weight samples
(broad standards) ranging from 12,000 to 6 million were
purchased from Polysciences Inc. A universal calibration
was used with K = 0.000543 and « = 0.715 for the
PNVF samples [11].

3. Experimental results
3.1. Bulk polymerization kinetics
Figs. 1-3 show the bulk polymerization kinetics at 0.006,

0.012 and 0.030 mol/l AIBN concentrations, each with
three temperature levels, 50, 60 and 70°C. All the
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Fig. 1. Kinetics of NVF bulk polymerization, [I] = 0.006 mol/l, ¢ 50, A 60,
and @ 70°C, — model.

time-conversion curves displayed an auto-acceleration in
the rate (““gel effect”) from the start of the polymerization.
The final conversion increased with increasing polymeriza-
tion temperature. The glass transition temperature of PNVF
was approximately 122°C measured by DSC at a 10°C/min
heating rate. The bulk polymerization yielded a glassy,
colorless, transparent monomer—polymer mixture. No
visible phase separation was observed throughout the
polymerization.

Both the number-average molecular weight (M,) (Figs.
4-6) and weight average molecular weight (M,,) (Figs. 7—
9) of the NVF bulk polymerization increased with conver-
sion from the start of the polymerization. The M,, of the
samples ranged from several hundred thousand to approxi-
mately 5 million. These values are comparable to the free
radical polymerization of acrylamide.

Under certain experimental conditions, the system gelled.
At 50°C and all three initiator concentration levels, and at
60°C with 0.006 mol/l AIBN concentration, gel was found
at the final stage of the polymerization. The gelation was
accompanied by a reduction in molecular weight of the sol
content shown in Figs. 7-9 (at >60% conversion). The
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Fig. 2. Kinetics of NVF bulk polymerization, [I] = 0.012 mol/l, ¢ 50, A 60,
and @ 70°C, — model.
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Fig. 3. Kinetics of NVF bulk polymerization, [I] = 0.030 mol/l, ¢ 50, A 60,
and @ 70°C, — model.

gelation mechanism may be due to chain transfer to polymer
followed by termination by recombination. This mechanism
can also explain the trend of the molecular weight increase
with conversion from the start of the polymerization. For
those samples without gel, M, tended to level off at high
conversions. All low conversion (<5%) samples had a poly-
dispersity index (PDI, M,/M,) greater than two.

3.2. Aqueous solution polymerization kinetics

Fig. 10 shows the solution polymerization kinetics at
50, 60 and 70°C with the monomer concentration of
40 wt% (5.63 mol/l) and initiator (AIBA) concentration of
1.47 X 10~ mol/l. Fig. 11 shows the kinetics at 2.94 X
10~% mol/l AIBA. These polymerization systems proceeded
to near completion. Fig. 12 shows the data at 60°C with
different monomer concentrations, 100 wt% (bulk), 40, 20,
and 10 wt%. The initiator concentration was 2.94 X
1072 mol/l based on the total initial reaction volume. The
dilution of monomer displayed a trend of increasing final
conversion and decreasing of auto-acceleration.

Similar to the bulk system, the high monomer concentra-
tion solution polymerization exhibited an increasing trend in
M, and M,, with conversion from the very beginning of the
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Fig. 4. Development of M, with conversion in bulk polymerization, [I] =
0.006 mol/l, ® 50, A 60, and, ® 70°C, — model.



3080 L. Gu et al. / Polymer 42 (2001) 3077-3086

Molecular Weight
0.012 mol/LL AIBN

log(Mn)
o
h
)E;

4.5 T T T

0 02 04 06 08 1
Conversion

Fig. 5. Development of M, with conversion in bulk polymerization, [I] =
0.012 mol/1, ¢ 50, A 60, and, ® 70°C, — model.

polymerization (see Figs. 13—18). At 20 wt% [M] and 60°C,
M, and M, leveled off after 10% conversion. At 10 wt%
[M], the M, and M,, developed a maximum and dropped
thereafter (Figs. 15 and 18). These can be attributed to
higher radical mobility in lower viscosity solutions. The
solution polymerization at 50°C experienced gelation at
about 70% conversion for both 1.47 and 2.94 mmol/l initia-
tor concentrations (Figs. 13 and 16). No gel was observed
under other solution polymerization conditions.

4. Model development
4.1. Isothermal polymerization kinetics

In free radical polymerization, the formation of NVF
polymer chains consists of three kinetic stages, initiation,
propagation and termination. The main side reactions are
chain transfers to monomer and polymer. Table 1
summarizes these elementary reactions and their rate
expressions. The chain transfers to monomer and to polymer
are two major side reactions.

The long chain hypothesis is applied so that the mono-
mers consumed during initiation and chain transfer reac-
tions were ignored. The long chain radical concentrations
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Fig. 6. Development of M, with conversion in bulk polymerization, [I] =
0.030 mol/l, ¢ 50, A 60, and, ® 70°C, — model.
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Fig. 7. Development of M,, with conversion in bulk polymerization, [I] =
0.006 mol/l, ¢ 50, A 60, and, ® 70°C, — model.

are defined in population balance equations. The balance
equations for radicals and dead polymer chains are summar-
ized in Table 2 for an isothermal batch polymerization
process.

During the polymerization, volume contraction was
significant and must be considered. The volume contraction
factor is defined as

&= (dy — dy)ld, 2)

where d;, and d,,, are the densities of polymer and monomer.
The volume of reaction mixture at conversion x is therefore

V=Vyl—ex)+V,=Vy(l — ex +B) 3)

where V|, is the initial monomer volume. V; is the solvent
volume and B = V,/V,,. The method of moments is used to
simplify the infinite number of balance equations. The ith
moments of living and dead polymer chains are defined by

A= nR,] @

wi= > n'[P,] ()
However, a higher order dead polymer moment wj is

Molecular Weight
0.012 mol/LL AIBN

log(Mw)

0 02 04 06 08 1
Conversion

Fig. 8. Development of M,, with conversion in bulk polymerization, [I] =
0.012 mol/1, ® 50, A 60, and, ® 70°C, — model.
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Fig. 9. Development of #,, with conversion in bulk polymerization, [I] =
0.030 mol/1, @ 50, A 60, and, ® 70°C, — model.

involved in calculating A, because of the chain transfer to
polymer mechanism. This is solved by applying quasi
steady state to radical population, i.e. dA;/dt = 0. The
model can be further simplified by calculating the sum of
the radical and dead polymer chain moments, (w; + A;),
instead of individual ones. The final sets of rate equations
of the model to be solved are listed in Table 3.

The cumulative number-average (M,) and weight-aver-
age (M,,) molecular weights can thus be found by

_ A+

M, = AT M (6)
Ao T Mo

_ +

M, = u (7)
Aty

4.2. Diffusion-controlled propagation and termination
Both the rates of propagation and termination are subject

to diffusion control due to the limited mobility of long chain
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Fig. 10. Kinetics of NVF aqueous solution polymerization, [I] =
1.47% 1073 mol/l, [M] = 5.63 mol/l or 40 wt%, ® 50, A 60, and ®
70°C, — model.
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Fig. 11. Kinetics of NVF aqueous solution polymerization,
[1] =2.94 X 1073 mol/l, [M] = 5.63 mol/l or 40 wt%, ® 50, A 60, and @
70°C, — model.

radicals caused by viscosity increase and/or chain entangle-
ment (i.e. the “gel effect”). The onset of the diffusion-
controlled termination occurs much earlier than that of
propagation because the termination involves diffusion of
two long chains.

Two different attempts on modeling the gel effect of free
radical polymerizations have been made. One is that of
O’Driscoll [12,13] and Tirrell [14] based on the ideas of
polymer chain entanglement. The other is based on the
free volume theory [15], which is used in this paper. Model-
ing diffusion-controlled polymerization process using the
free volume theory is a semi-empirical approach by its
nature. This method has been applied and tested over the
whole range of conversion for various polymerization
systems. The Chiu—Carratt—Soong (CCS) model [16] and
Marten—Hamielec (MH) model [17,18] are two representa-
tive models. The MH model suggested that the “gel effect”
would not take place until a ‘critical’ point is reached. This
leads to a discontinuous feature in the model and ‘artificial
onset’ free volume fraction values for the diffusion-
controlled termination and propagation. In comparison,
the CCS model proposed that the effective kinetic constants
(both propagation and termination) are the sum of the
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Fig. 12. Kinetics of NVF aqueous solution polymerization at 60°C with
varying monomer concentration, [I] =2.94 X 1073 mol/l, ¢ bulk, A
5.63 mol/l or 40 wt%, @ 2.82 mol/l or 20 wt%, and l 1.41 mol/l or
10 wt%, — model.
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Fig. 13. Development of M, with conversion in solution polymerization,
[1] = 1.47 X 10> mol/I, [M] = 5.63 mol/l or 40 wt%, & 50, A 60, and
® 70°C, — model.

inverse of diffusion-controlled constant and that of a chemi-
cal constant. In this case, both propagation and termination
are considered to be diffusion controlled at the beginning of
the polymerization:

1 1
- = +
keff,i kchem,i kdiff,i

i = propagation or termination (8)

Applying Eq. (8) to propagation and termination yields.

1 1 1
— = — ©)
kp kp,c kp,d
1 1 1
— = — 4+ — (10)
ke ke ki
where the diffusion-controlled constants were defined as
a
o = Kpaexp (2 ) (11)
£} £) Vf
kg = K0, exp (— & ) (12)
) 9 Vf

where V; is the free volume fraction of the reaction mixture.
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Fig. 14. Development of M, with conversion in solution polymerization,
[M] = 5.63 mol/l, [M] = 5.63 mol/l or 40 wt%, ¢ 50, A 60, and @ 70°C,
— model.
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Fig. 15. Development of M, with conversion in solution polymerization,
60°C with varying monomer concentration, [I] = 2.94 X 1073 mol/l, &
bulk, A 5.63 mol/l or 40 wt%, @ 2.82 mol/l or 20 wt%, and B 1.41 mol/l
or 10 wt%, — model.

kg’d and kgd are two pseudo-kinetic constants related to the
diffusion nature in the polymerization system [19]. The
parameter a, in Eq. (12) is further defined as a linear
function of the conversion, i.e. ¢, = a? + a;x. The model
equations of the diffusion controlled kinetic constants are
summarized in Table 4.

4.3. Simulation results

Before the model can be used to simulate the
polymerization process, several physical properties of the
initiator, monomer and polymer must be obtained or
estimated.

(1) Initial combined rate constant (kp,C/kE'CS) and chain
transfer to monomer, Cp,(= kn/k,).

According to Eq. (13), the combined rate constant kp,clkff
and chain transfer constant C,, can be estimated from the
initial polymerization rate and the M, data:

1 kiR,

i, " GpeMp? O (9
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Fig. 16. Development of M,, with conversion in solution polymerization,
[1] = 1.47 x 107> mol/l, [M] = 5.63 mol/l or 40 wt%, # 50, A 60, and
® 70°C, — model.
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Fig. 17. Development of M,, with conversion in solution polymerization,
[ = 2.94 X 107> mol/l, [M] = 5.63 mol/l or 40 wt%, ® 50, A 60, and @
70°C, — model.

To obtain the polymerization rate, the data summarized in
Table 5 are used. The values of Ax/At were taken as equal to
dx/dt. Therefore

dx A
Ry =M = [M]A—f (14)

The right hand side of Eq. (13) is plotted against Rp/[M]2
data. The slopes of the least squares linear fitting give the
inverse of k,/ki; and the intercept, C,. The data were
summarized in Table 6. Within the scope of this investiga-
tion, k, . and k. cannot be estimated separately.

(2) Glass transition temperature of the monomer (7p)
and polymer (Tp).

The glass transition of NVF monomer can be estimated
using Fedors’ correlation [20], Ty = — 112°C. Ty, is
obtained using DSC, T,, = 122°C.

(3) Thermal expansion factors of the monomer () and
polymer (ap).

The thermal expansion factors, a,, and «, are used in the
present model to calculate the free volume fraction during
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Fig. 18. Development of M,, with conversion in solution polymerization,
60°C with varying monomer concentration, [I] = 2.94 X 1073 mol/l,
bulk, A 5.63 mol/l or 40 wt%, @ 2.82 mol/l or 20 wt%, and l 1.41 mol/l
or 10 wt%, — model.

Table 1
Kinetics of NVF bulk free radical polymerization

Initiation [ — 2R R; = 27k, (1]
Propagation R, + M — R, , R, = ky[R,1M]
R,+R,, — P, (recombination) R, = k. [R;][R},]
Or P, + P, (disproportionation) Ry = kyg[R),][Ry]
Chain R, +M — R, + P, (to monomer) Ry, = ki [MI[R, ]
transfer
R, + P, — R,, + P, (to polymer) Ry, = kg [P][R,]
Table 2

Population balance equations

VA(M]V)/dt = —k,[M] STIR]

1/VA([I]V)/dt = —kqy(1]

VAR IV)dE = 2fka[1] — k[RVT3T [Ri] + ki [M1Ag
UVA(R,1V)/dt = k,IMI(R,- 1] — [R,]) — k[R,1 3T [R)] —
kimMI[R,] — kp(R,1 37 ilP) — n[P, YT R  n>2
VAPVt = kg[R, 13T [Ri] + ke [MI[R, ] + ke ([R, 137 iPi] —
nPISTIRD  n>1

Table 3
Model equations

dvidt = —(V,/(1 + B)edx/dt

d[1)/ds = —kg[1] — [I/VdV/dt

du/dt = ky(1 — x)Ag

dAo/dt = 2fkg[1] — kA2 — Ao/VAV/de

dA/de = 2fka[1] — kidgAs + ke [MI(Ag — Ay) + K, [M]Ag
—kiy Ay — Aopa) — Ay /VAV/de

dA/dt = 2fka[1] — kiAgAy + ke [MI(Ag — Ag) + K, [MI(2A; + Ao)
—kiyAa s — Aops) — Ao/VAV/de

d(Ag + wo)dt = duo/dt = 2fky[1] + ke [M]Ag — po/VAV/dt

d(A; + p)/dr = dpy /dt = 2k, [1] + ki [MIAg + ko [MIAg — p,/VAV/dt

Ay + po)dr = du/dr = 2fky[1] + ke [MIAg + Ky [MI(2A; + Ag)

— o/ VAV/dt

Table 4
Modeling diffusion-controlled kinetic constants

Uk, = Uk, + 1/kpq

kpa = ko g exp (— a,/V;)

Vf = qu me + ¢prp + ¢5st
= ¢n[0.025 + ay (T — Ty)] +
$pl0.025 + (T — Typ)l +
¢S[0025 + as(T - Tgs)]

a, = a? + a?x

ay =04, a) =10

ke = ke + ke
ke = kg exp( — a/Vy)

polymerization. The value of «, was calculated from the
reported NVF density data [21].

o, =9.53%107* (15)

A regression method was used to find the a,. The free
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volume fraction of the PNVF-NVF mixture at the final
conversion was taken to be 0.025 [22].

Vi = ¢nl0.025 + (T — Tyn)] + ,[0.025 + (T — Tyl
(16)

Given the temperature, the corresponding final conversion
(bulk polymerization, Table 5) and a,, a, can be obtained
by a least squares fit

a,=7.32x10"" (17)

For comparison purposes, the suggested “universal” values
[22,23] are 10.0 X 10°* and 4.8% 10 * for an, and a,
respectively.

The model calculation and parameter regression was
implemented with the MATLAB 5.0 software package. The
ordinary differential equation solver was a second order
Runge—Kutta method (ODE23S) and the optimizer
(FMINS) used a Nelder—Mead type simplex search method.
The minimization objective function for fitting the model
was defined as

2 2
Xexp,i — *mod,i Myexpi = Myumod,i
Obj:Z ( ps d,) +Z ( P, d,) (18)

2 2
i (xexp,i) i (Mwexp,i)

The number-average molecular weight data, M,,, were not
used in fitting, but calculated using the estimated kinetic
parameters obtained from the regression.

In the event of gelation, only the conversion data of the
samples were included in the objective function. The mole-
cular weights of the sol samples were not included. In the
calculation, data for k4 of acrylamide [24] was used. The
parameters to be estimated were kg,d, kgd, Ct, (= kgplk,) and
a;. The parameter a, was set to 0.4 and a’ to 1.0 for all the

polymerization temperatures and initiator concentrations
[15,25].

The rate constants and physical properties used in the
model calculation are summarized in Table 7. The regressed
parameters are listed in Tables 8 and 9 for bulk and solution
polymerization, respectively. The regressed conversion, M,
and calculated M, results from the model are plotted as solid
lines along with the experimental data points from Figs. 1-
18. In general, the model is able to describe the polymeriza-
tion behavior, both the conversion and the molecular weight
sufficiently.

In the bulk polymerization, the model gives a better fit of
the time-conversion data than the conversion-M,, data. It
over-predicts M, at the start of the polymerization and
shows a slower increase than the experimental M,. The
regressed kg,d value increases with initiator concentration
at each temperature level. The kgd value also increases
with initiator concentration with the exception at 60°C,
0.012 mol/l [I] (see Table 8). The values of presented
in Table 8 do not show a clear pattern over the range of
experimental conditions. The Cy, values at different initiator
levels are similar at the same temperature and increase with
polymerization temperature.

In the solution polymerization, the average values of Cy,
obtained in the regression of the bulk polymerization at 50,
60 and 70°C are used as known constants. The parameters to
be fit are thus reduced to kg,d, kgd and a and the results are
summarized in Table 9.

The model, which does not consider gelation, over-esti-
mates M, at the final stage of polymerization at 50°C where
gelation was observed at >70% conversion. The model
gives a good agreement to conversion, M, and M, data at
monomer concentrations >40%. However, the model is
poor in describing the molecular weight data when the

Table 5
Low conversion M, and M,, data and the final conversions of bulk polymerization
T (°C) [1] (mol/1) Time (min) Conversion M, x 1073 M, X 1073 PDI Final conversion
50 0.006 30 0.024 327 897 2.7 0.77
49 0.037 367 1063 29
0.012 20 0.027 291 746 2.6 0.76
35 0.039 310 951 3.1
0.030 15 0.037 154 527 34 0.79
60 0.006 8 0.020 287 668 2.4 0.80
19 0.047 296 799 2.7
0.012 5 0.019 194 449 23 0.83
8 0.034 245 629 25
0.030 3 0.026 117 378 32 0.85
70 0.006 3 0.026 182 397 22 0.86
55 0.058 215 540 2.5
0.012 25 0.035 133 358 2.7 0.85
35 0.052 159 441 2.8
0.030 1.17 0.034 91.2 265 32 0.85
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Table 6

Combined rate constants, kp,c/kf?f and chain transfer constant, Cy, (= kgn/k;)

T (°C) kypolki2, 1/(mol 5)* Cpx 10*

50 0.090 7.33

60 0.143 9.37

70 0.245 18.0

Table 7

Rate constants and physical properties

Property Value Reference

f 0.6

kq 2.88 x 10" exp(—15686/t)  Xie [26]
(S7" AIBN
9.42 x 10" exp(—14860/t)  Polymer handbook [27]
(sh, AIBA

05 9.19 x 10* exp(—741/t) Hunkler [24]

(I/mol/min), acrylamide

monomer concentrations are 10 and 20 wt% (Fig. 18), in
which the experimental M,, leveled off or decreased at an
early stage (~20% conversion). In order to fit the time-
conversion data, the constraint over the MW data was
released in the objective function (Eq. 18). The calculated
M, and M, data are plotted in Figs. 16 and 18. The model
gives a continuously increasing M,, results with conversion.
The calculated M, results are higher than the experimental
values although the trend is matched. This suggests that
other factors need to be considered in a dilute aqueous solu-
tion polymerization.

The trend of @/ change is more obvious in solution than in
bulk. At a monomer concentration of 40 wt%, the value of
a! decreases as the polymerization temperature increases
from 50 to 70°C. The al1 also decreases with the monomer
dilution from bulk to 10 wt% at 60°C. In the solution poly-
merization, a long chain radical has a diffusion rate higher
than in bulk. In addition, the free volume fraction loss due to

d 1.01-0.98 (g/cm?) Singley [21] monomer conversion is partially offset by the free volume
d, 1.25 (g/em) Estimated, this research contribution from solvent. This allows a slower decay in the
Tgm —122 (C) Calculated from Fedors [20] diffusion controlled termination constant, k.4, which is
Ty 112 (°C) This research ted by the ch . 1 ’
T, ~136 (°C) Fedors [20] represented by the change in q; .
Molecular 71, monomer
weight
164, AIBN .
271, AIBA 5. Conclusions
an 9.53x 1074 (°C™" Calculated from Singley [21]
ap 732x107*(°C™h This research The free radical polymerization of N-vinylformamide
a; 5.54% 107 (°C™") Calculated from Perry [28] was examined in bulk and in aqueous solution processes.
The bulk polymerization showed a severe “gel effect” from
the start of the polymerization. Both the number-average
Table 8 o molecular weight, M,, and weight-average molecular
Simulation results of bulk polymerization weight, M, increased continuously from a very low
T.C)  [Lmoll  kyx107  kyx107  Cpx10°  qf conversion and then polateaued at the final stage of the poly-
merization. The kp,C/kt,é5 and C,, values at 50, 60 and 70°C
S0 0.006 0.106 0255 L11 3.40 were obtained using the initial conversion and M,, data of the
0.012 0-365 405 1.29 312 bulk polymerization. For the solution polymerization, the
0.030 0.866 14.4 0.99 3.16 bulic polym on. poly g
60 0.006 0.389 2.3 1.36 339 gel effect” was still pronounced at monomer concentrations
0.012 0.966 10.5 1.20 3.51 greater than 40 wt%. The M, and M|, displayed the same
0.030 0.987 7.63 1.58 3.53 increasing trend as that in the bulk polymerization. Further
70 0.006 0.847 2.78 251 2.90 dilution of the monomer with solvent effectively eases the
0.012 1081 472 260 379 “gel effect”. No auto-acceleration in time-conversion curves
0.030 10.39 134 225 238 & : ,
was observed at 10 and 20 wt% monomer concentrations. A
Table 9
Simulation results of aqueous solution polymerization
T (°C) [M] (Wt%) G, X 10° [1], (mol/l) kg% 107 kyx 1077 a
50 40 1.13 0.00147 1.27 11.7 2.07
0.0294 0.225 0.357 2.74
60 40 1.38 0.00147 1.98 15.7 2.13
0.00294 3.80 442 1.78
70 40 2.45 0.00147 6.24 47.7 1.40
0.00294 1.87 6.01 1.42
60 100 1.380 0.00294 1.73 9.65 1.83
40 3.80 442 1.78
20 0.369 0.141 0.49
10 0.270 0.051 0.03
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semi-empirical model based on a free volume theory was
proposed to describe both the bulk and solution polymeriza-
tions. The model was able to fit both the time-conversion data
and the conversion- M,, data satisfactorily.
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