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a b s t r a c t

Methyl methacrylate (MMA) polymerization is a diffusion-controlled reaction, characterized by a strong
gel effect, which may cause uncontrolled heat generation and the thermal runaway of the process. For
applications to industrial polymerization, kinetic control is particularly important and difficult to achieve
due to the interplay between heat development and diffusional control occurring during polymerization.
Sustaining the polymerization reaction (i.e. enhancing heat exchange) is a promising strategy to control
MMA polymerization kinetics. In particular, different initiators triggering polymerization at different
times can be used, thus reducing the possibility of thermal runaway by engineering temperature history
and initiator nature/concentrations. There are few models accounting for the presence of multiple initia-
tors and non-isothermal conditions. Therefore, a new, simple semi-empirical model, relating degree of

conversion and polymerization rate to time and temperature, was developed. To validate the model, DSC
tests were performed in isothermal and non-isothermal conditions, thus deriving the heat developed
during polymerization. Model parameters were calculated from isothermal DSC experiments, and the
model was predictive of monomer conversion in non-isothermal conditions in presence of single ini-
tiators and the mixture of them. Results indicate that, by varying formulation parameters (temperature

entra
history and initiator conc

. Introduction

Bulk free radical polymerization is a versatile process, which can
e carried out on many monomers and in a wide range of temper-
tures. Free radical polymerization occurs in three steps, namely
nitiation (formation of free radicals because of initiator fragmen-
ation), propagation (shifting of the reacting site on the chain end
uring monomer conversion) and termination, and is characterized
y a strong increase of the system viscosity while the monomer

s converted. In these conditions significant changes of mass and

eat transfer occur. The reaction is characterized, especially at
igh monomer conversions, by conversion-related diffusional hin-
rances of the different reacting species, namely gel (or Tromms-
orff), glass and cage effects [1–6]. Gel effect is related to the selec-
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tions), polymerization kinetics may be optimized.
© 2010 Elsevier B.V. All rights reserved.

tive reduction of termination over propagation rate as termination
step occurs when two growing (macro)radicals collide, and is there-
fore more sensitive to the mobility of macromolecules, while no
appreciable effect on monomer mobility takes place. The net effect
is a sharp increase in polymerization rate/heat generation, due
to incipient macromolecular entanglement. Gel effect is particu-
larly apparent in the bulk polymerization of methyl methacrylate
(MMA), and is highly undesired in industrial applications as may
lead to the thermal runaway of the process, thus causing depoly-
merization and plugging of equipment [1,7,8]. Glass effect occurs
because glass transition temperature of the reacting mixture (Tg)
increases with increasing monomer conversion. When Tg equals
polymerization temperature, also monomer mobility is reduced
thus hindering also propagation events. In these conditions, occur-
ring at later conversion stages, monomer diffusion is hindered, and
the reacting solution anneals before 100% monomer conversion due
to an extreme increase of the medium viscosity [2,9–11]. Finally,
cage effect occurs when even the mobility of initiator radicals is
hindered, thus preventing initiation events. This is detrimental to
initiator efficiency, and affects monomer conversion and polymer

molecular weight [11–14]. Glass and cage effects take place when
polymerization is carried out at temperatures lower than the Tg of
the polymer, which makes the diffusional control predominant.

In the case of MMA polymerization for industrial applications,
the kinetic control is particularly important since chemical reac-

dx.doi.org/10.1016/j.cej.2010.06.004
http://www.sciencedirect.com/science/journal/13858947
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ion and shaping occur simultaneously. The kinetic control is very
ifficult to achieve due to the highly exothermic nature of the
eaction and to the aforementioned diffusional obstacles occur-
ing during polymerization. This leads to uncontrolled temperature
rowth, process instabilities, monomer loss/boiling and uneven
olecular weight distribution, and induces residual stresses and

oids resulting in worsening of product quality/process efficiency.
n addition, these problems are more significant with increasing
roduct dimension/decreasing surface:volume ratios.

The optimization of MMA polymerization relies on many engi-
eering variables such as temperature history, feed concentrations,
roduct size, process times and may improve commercial poten-
ial/product quality, also reducing waste generation and production
osts [15–19]. The kinetic control of MMA polymerization may be
chieved by sustaining the polymerization process, thus enhancing
eat exchange. To this end, a possible strategy is the contemporary
se of different initiators triggering initiator scission at different
imes with the aim of distributing heat generation, thus reducing
he possibility of thermal runaway under an optimized tempera-
ure history [20–26]. In addition to this, nature and concentration
f initiators, and thermal history of the reacting system, are crucial
arameters for the optimization of MMA polymerization.

There is vast literature, based on fundamental and empirical
pproaches, dealing with gel and glass effects [27–30], together
ith reviews focused on process improvement by mathematical
odeling [31–33]. Some models attempt to correlate kinetic con-

tants [8,34,35], or transport properties of polymer and monomer
36–38] with conversion, temperature, free volume/chain end

obility [6,37–41], or to view chain growth as a statistical phe-
omenon leading to different states based on some relevant
inetic parameters, or on diffusion/reptation theories [42–48].
ore recently, attention was paid to non-isothermal and semi-

atch conditions, which are extremely important in the industrial
ractice [49–54]. Some models consider the presence of differ-
nt initiators or mixture of initiators, and other models take into
ccount non-isothermal conditions [25,45,55–60]. To our knowl-
dge, however, results on the contemporary presence of multiple
nitiators and the presence of dynamic conditions are still few. It

ust also be underlined that empirical approaches are more suc-
essful compared to molecular modeling as reviewed by Tefera et
l. [61,62].

In this context, the aims of this work were the quantification
nd the prediction of heat generation/conversion history during
MA polymerization in presence of multiple initiators and in

oth isothermal and dynamic conditions. A simple semi-empirical
odel relating two state variables (degree of conversion and

olymerization rate) to time and temperature was developed. In
articular, in this work both the simultaneous presence of differ-
nt initiators, used in the industrial practice, and non-isothermal
emperature profiles were contemporarily taken into account in
simple, semi-empirical model. To validate the model, DSC tests
ere performed in both isothermal and non-isothermal conditions

nd used to calculate the heat generation associated to monomer
onversion. Model parameters were estimated after isothermal
SC experiments, while dynamic conditions were predicted by the
odel, without any fitting, in presence of single initiators and the
ixture of them.

. Experimental

.1. Materials
MMA containing 0.1% terpinolene (Sigma–Aldrich, Italy) as a
olymerization inhibitor, and poly(methyl methacrylate) (PMMA)
ere provided by Clax Italia (Italy). Three non peroxide initiators,
DVN 2,2′-azobis (2,4-dimethylvaleronitrile), AIBN 2,2′-azobis
g Journal 162 (2010) 776–786 777

(isobutyronitrile), ACHN 1,1′-azobis (cyclohexanecarbonitrile),
namely Vazo®52, Vazo®64 and Vazo®88, were purchased from
DuPont (Canada). Vazo® initiators decompose with first-order
kinetics and produce less energetic radicals compared to perox-
ides, so they induce less branching and cross-linking [63]. Grade
numbers of Vazo® initiators represent the temperature, expressed
in Celsius degrees at which initiator half-life (the time necessary
for initiator concentration to decay to half of its initial value) in
solution is 10 h. Vazo® initiators thermally decompose forming
two primary radicals triggering MMA polymerization. The initia-
tor concentrations employed for Vazo®52, Vazo®64, Vazo®88 were
5.25 × 10−5 mol/L MMA, 6.24 × 10−5 mol/L MMA, 1.14 × 10−4 mol/L
MMA, respectively. These concentrations were chosen as they
are used in the industrial practice and, to simulate the actual
conditions, the same initiator concentrations were used for the
experimental plan. In particular, it must be underlined that pro-
longed induction times are helpful for the system to reach thermal
equilibrium before polymerization onset. The reactants were used
as received.

2.2. Methods

To study the polymerization kinetics of MMA and determine
the Tg of PMMA, differential scanning calorimetry (DSC) experi-
ments were performed (2910 DSC, TA Instruments, Wilmington,
DE, USA) under a constant 50 cm3/min nitrogen flow. Samples
were prepared at room temperature and inserted in hermetically
sealed aluminum pans. Isothermal measurements were carried out
for 3–20 h, depending on the temperature and the initiator used,
between 60 and 90 ◦C (step: 5 ◦C).

To determine the unreacted monomer fraction and the Tg of
the partially and completely cured polymer, two dynamic scans
were performed after each isothermal test (temperature range:
40–180 ◦C; heating rates: 1 ◦C/min for the first scan; 10 ◦C/min for
the second scan). In particular, Tg of the partially cured polymer was
calculated as the point of the thermogram immediately preceding
the onset of polymerization after the first scan. Indeed, in the case
of diffusion-controlled reactions, the residual monomer can poly-
merize only when the system temperature exceeds the Tg of the
reacting mixture. The Tg of the fully cured system was the temper-
ature corresponding to the inflection point of the DSC thermogram
obtained by the second dynamic scan.

To minimize monomer evaporation during experiments, kinetic
tests were performed on a 30% (w/v) solution of PMMA in MMA.
Dynamic experiments were carried out, in presence of one initiator,
and with the mixture of the three Vazo®s, added with halved initial
concentrations. Heating rate was 0.5 ◦C/min. The conversion and
rate resulting from dynamic experiments were compared, without
any fitting, to the predictions of the model obtained by using the
parameters as derived from isothermal experiments after fitting to
the experimental results. To assess mass conservation during DSC
experiments, samples were weighed before and after each experi-
ment, and the mass loss evaluated.

3. Kinetic modeling

MMA polymerization is a free radical chain reaction, which can
be schematized in three steps: initiation, propagation and termi-
nation. The rate of monomer disappearance is considered to be
coincident with the rate of polymerization, i.e. with the rate of

propagation. If the quasi stationary state approximation (QSSA)
holds, the concentration of radicals initially increases, but almost
instantaneously reaches a steady value. Another basic assumption
needed to build the model is the long chain hypothesis (LCH),
which assumes that the radical chain is composed by a high num-
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er of monomer units. This leads to consider that the initiation step
epends on the nature of the initiator, while propagation and termi-
ation are basically initiator-independent. Under these hypotheses,
acroradical concentration can be considered steady during most

f the reaction and the rate of monomer consumption is expressed
y [1]:

d[M]
dt

= Rp = kp[M][P·] = kp

(
fkd

kt

)1/2

[I]1/2[M], (1)

here Rp is the overall rate of polymerization; [M], [P·] and [I] are
he monomer, growing macroradical and initiator concentrations;
d, kt and kp are the decomposition, termination and propagation
ate constants, respectively; f is the initiator efficiency. To derive
he kinetic expression, chain transfer was neglected as it is more
ikely to occur in solution polymerization, while in this work bulk

MA polymerization is considered [47]. Eq. (1) can be re-written
n terms of degree of conversion ˛ = ([M0]−[M])/[M0]. It follows:

d˛

dt
= kp

(
fkd

kt

)1/2√
[I](1 − ˛). (2)

Due to the complex transport phenomena occurring during
MA polymerization, the kinetic parameters are variable during

he reaction. For example, a lot of effort has been devoted to cor-
elate kp and kt to the degree of conversion, molecular weight, free
olume or chain-end mobility [8,14,27,28,40,43,64–67]. These fun-
amental approaches could not be applied successfully to the case
f non-isothermal conditions, which are instead commonly used in
he industrial practice.

Indeed, during monomer conversion the viscosity of the reac-
ion medium markedly increases, thus the kinetic constants kp and
t are strongly affected not only by temperature, but also by the
egree of conversion and polymerization (i.e. average length of
rowing macroradicals/polymer chains). Moreover, initiator effi-
iency drops down by several orders of magnitude as the monomer
s consumed, due to the cage effect [12]. Thus, it is very important to
etermine the dependencies of the kinetic constants kp and kt and
f the initiator efficiency f upon both temperature T and the degree
f conversion ˛. Several attempts have been made in literature to
nd out the dependence of kp, kt and f on free volume, chain length,
hain end mobility and, ultimately, ˛, but this determination is very
hallenging and generally less than accurate [8,27,28,40,68–71].

However, no satisfactory results in non-isothermal conditions
ould be obtained, or the predictions were extremely sensitive to
he parameter values [24,59]. Therefore, the more successful mod-
ls are still empirical or semi-empirical as reviewed by Tefera et al.
61,62]. To overcome these issues, in this work we define an over-
ll kinetic constant depending on both T and ˛. In particular, it is
ssumed that the function of T and ˛ is the product of two functions
f one variable (h(T) and g(˛), respectively) as follows:

p

(
f

kt

)1/2

= h(T)g(˛) = K∗(T)(1 − ˛)r˛n, (3)

here h(T) = K*(T) is a temperature-dependent rate constant, and
(˛) = (1 − ˛)r˛n comprises the driving force of the reaction (1−˛)
nd the interplay among initiation, propagation and termination
onstants, which are variable with solution viscosity/degree of con-
ersion. Substituting Eq. (3) into (2), it results:

d˛

dt
= K∗(T)

√
kd[I](1 − ˛)m˛n, (4)
here m = r + 1.
An overall kinetic constant, dependent on temperature only, can

hus be introduced:

(T) = K∗
√

kd. (5)
g Journal 162 (2010) 776–786

Thus, Eq. (4) can be re-written as:

d˛

dt
= K(T)

√
[I](1 − ˛)m˛n. (6)

K, m and n are adjustable parameters; m and n are dimension-
less and, as described in Section 4, are weak and linear functions
of temperature, while K depends on temperature according to an
Arrhenius dependence:

K(T) = K0exp
(

− Ea

RT

)
; (7)

K0 is the pre-exponential factor, Ea the activation energy, R the gas
constant and T the absolute temperature.

To take into account the glass and cage effects Eq. (6) can be
further modified by introducing a maximum degree of conversion
˛max < 1. In fact, it must be considered that, when the tempera-
ture is lower than the Tg of the polymer, the monomer is not fully
converted. The Tg of the reacting system increases with increas-
ing ˛ and, when it approaches the test temperature, the molecular
mobility is strongly reduced and the system undergoes vitrification
[11]. Under these conditions, the reaction rate is drastically reduced
and the total monomer conversion strongly hampered. When the
test temperature approaches the Tg of the fully polymerized system
˛max approaches unity. Under these conditions, the actual driving
force is (˛max − ˛), and Eq. (6) is accordingly modified:

d˛

dt
= K(T)

√
[I](˛max − ˛)m˛n. (8)

A linear correlation with the temperature observed has been
reported [72,73]. It is:

˛max = p + qT for T < Tg,max (9)

˛max = 1 for T ≥ Tg,max

where Tg,max is the glass transition temperature of the fully cured
monomer.

Eq. (10) must be coupled with an expression accounting for the
decomposition of each initiator, which is assumed to follow a first
order kinetics [63].

d[I]
dt

= −kd[I] (10)

Experimental observations showed that reaction takes place after
an induction time tind, necessary for inhibitor depletion by reaction
with the initiator [1]. Accordingly, initiator activation is modeled
by a step function u(t − tind):

d[I]
dt

= −kd[I]u(t − tind). (11)

Experimental evidences showed that the induction time of the
reaction, which can be found experimentally, follows a pseudo-
Arrhenius trend with temperature [72,73]:

tind = t0
ind exp

(
Eind

RT

)
. (12)

Here t0
ind is the induction time at infinite temperature, Eind the acti-

vation energy, R the gas constant and T the absolute temperature.
The decomposition constant kd, characteristic for each initiator,

showed an Arrhenius-type dependence:

kd = k0
d exp

(
− Ed

RT

)
; (13)

k0
d and Ed/R are evaluated from half-life data (data sheet provided
by the suppliers). Also t1/2, like induction time, was found to be
dependent on temperature according to a pseudo-Arrehnius law:

t1/2 = t0
1/2 exp

(
E1/2

RT

)
. (14)
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Table 1
Half-life constants for Vazo® initiators.

Vazo®52 Vazo®64 Vazo®88

t
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˛

t0
1/2

(s) 5.51 × 10−17 2.65 × 10−17 2.44 × 10−17

E1/2
R (K) 15582 16445 17638

0
1/2 and E1/2/R for the three initiators are reported in Table 1.

Indeed, initiator concentration can be expressed as:

I] = [I0] exp(−kdt) ⇒ [I]
[I0]

= exp(−kdt); (15)

hen t = t1/2 it is:

xp(−kdt1/2) = 0.5 ⇒ kd = ln 2
t1/2

Due to induction time, the concentration ratio for every initiator
rops to 0.5 when t = t1/2 + tind. For this reason, the decomposition
onstant has to be re-written accordingly:

xp[−kd(t1/2 + tind)] = 0.5

d = ln 2
t1/2 + tind

. (16)

In summary, the kinetic model when only one initiator is used
s described by Eqs. (8), (9), (11), (12), (14), (16).

The kinetic model was written also considering the presence of
ultiple initiators. As well known [1], the balance on the growing

adicals generated by each j-th initiator (j = 52, 64, 88 for Vazo®52,
azo®64 and Vazo®88, respectively), under the assumption of
SSA, is:

d[P·]j

dt
= vi,j − vP = 2fjkd,j[Ij] − kt[P·]2 = 0. (17)

To take into account the presence of multiple initiators, we
onsider that each macroradical generated by a j-th initiator con-
ributes to the total amount of growing chains, and the overall
oncentration of growing macroradicals is given by the sum of
eparate contributions and is set equal to zero for the QSSA:

d[P·]
dt

=
∑

j

2fjkd,j[Ij] − kt[P·]2 = 0, (18)

ence

P·] =

√√√√√
∑

j

fjkd,j[I]j

kt
. (19)

ubstituting Eq. (19) in (1):

p = kp[M][P·] = kp

√√√√√
∑

j

fjkd,j[I]j

kt
[M] = −d[M]

dt
. (20)

eing

p = −[M]0
d˛

dt
, (21)
onsidering that

= [M]0 − [M]
[M]0

,

g Journal 162 (2010) 776–786 779

and that the actual driving force of the free radical polymerization
is (˛max − ˛), rearrangements of Eq. (20) lead to:

d˛

dt
= kp

√√√√√
∑

j

2fjkd,j[I]j

kt
(˛max − ˛) (22)

Substituting Eqs. (3) and (5) in Eq. (22), and re-arranging the expres-
sion it results:

d˛

dt
(˛, T) =

√∑
j

K2
j

(T)[Ij]˛2nj (˛max − ˛)2(mj−1)(˛max − ˛). (23)

Here Kj(T), mj and nj are the kinetic constant and the other param-
eters as previously defined, for each j-th initiator Ij.

It must be considered that, when mixed initiators are used, each
initiator is activated in a different time point, and this is taken into
account by Eq. (12), re-written for each j-th initiator:

tind,j = t0
ind,j exp

(
Eind,j

RT

)
(12′)

Likewise, Eqs. (11), (14) and (16), when re-written for each initiator
are modified as follows:

d
[
Ij
]

dt
= −kd,j

[
Ij
]

u
(

t − tind,j

)
; (11′)

t1/2,j = t0
1/2,j exp

(
E1/2,j

RT

)
(14′)

kd,j = ln 2
t1/2,j + tind,j

(16′)

Therefore, the kinetic model when more than one initiator is
present is described by the set of Eqs. (9), (11′), (12′), (14′), (16′)
and (23).

It is worth to underline that the degree of conversion ˛ and the
rate of polymerization d˛/dt were derived from DSC as described
in the following. Assuming that the heat evolved during polymer-
ization is proportional to the extent of reaction, the degree of
conversion is immediately calculated as follows [72,73]:

˛ (t) = �H(t)
�Htot

, (24)

where �Htot is the total heat of polymerization, calculated by inte-
grating the total area under the DSC curve in a non-isothermal
experiment, and �H(t) is the heat developed in a DSC experiment
between the starting point and time t. Therefore, degree of conver-
sion and rate of polymerization are obtained from �H(t), i.e. the
heat evolved at time t, and the heat flow d(�H)/dt, as reported in
Eq. (25):

d˛

dt
= 1

�Htot

d (�H)
dt

. (25)

Isothermal DSC experiments showed that the developed heat,
�His, is lower than �Htot, which indicates a fraction of unreacted
monomer. Thus, the maximum degree of conversion, previously
defined (less than 1 in isothermal tests), can be easily calculated
by:

˛max = �His

�Htot
(26)
DSC data can also be used to determine the induction time, which
coincides with the onset of heat generation as shown, for exam-
ple, in Fig. 1. Thus, isothermal tests were performed to evaluate K,
m and n in presence of each single initiator and at every tempera-
ture. In particular, the experimental d˛/dt in isothermal conditions
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q = 1.88 × 10−3 K−1

The glass transition temperatures of the partially cured polymer
were obtained from the thermograms obtained by the first dynamic
ig. 1. Thermograms of (A) isothermal MMA polymerization, initiated with Vazo
.5 ◦C/min.

as calculated with Eq. (25), and the corresponding experimen-
al ˛ obtained by integrating this equation. The results were fit
y Eq. (8) using K, m and n as adjustable parameters. The trends
f the adjustable parameters with temperature were determined
y fitting the results at every temperature with Eqs. (7), (29) and
30) as reported in Section 4. Moreover, the experimental induction
imes were fit to Eq. (12). The corresponding results are reported
n Table 2. Furthermore, to validate the kinetic model in non-
sothermal conditions and in presence of multiple initiators, the
ynamic experimental d˛/dt and ˛ were calculated using Eq. (25),
s above described. The results were compared to the predictions
f Eq. (23), without any fitting.

To estimate the importance of propagation constant and initia-
or efficiency compared to termination constant, the characteristic
atio fk2

p/kt (l (mol s)−1) can be defined, As previously published, it
s [74]:

fk2
p

kt
= R2

p

2kd[I][M]2
. (27)

y re-arranging Eq. (27) using the kinetic model proposed in this
ork, the characteristic ratio can be expressed as:

fk2
p

kt
= (d˛/dt)2

2kd[I](1 − ˛)2
. (28)

. Results and discussion

After each DSC experiment, the samples were weighed and mass
oss was found to be less than 4% in each case.

To determine the kinetic parameters, isothermal tests were per-
ormed between 60 and 90 ◦C, every 5 ◦C, in presence of single
nitiators. For example, Fig. 1A shows the thermogram obtained

hen MMA was cured in presence of Vazo®52 at 70 ◦C. A sud-
en heat generation was apparent after approximately 5000 s. This
ndicates the induction time, which is coincident with the onset of
eat generation. Induction times were determined experimentally

n isothermal conditions and fit by Eq. (14). Results of the fit are
isted in Table 2. The induction period of Vazo®52 was found to be
apidly decreasing with increasing temperature, which is related

able 2
nduction constants for Vazo® initiators.

Vazo®52 Vazo®64 Vazo®88

t0
ind

(s) 8.70 × 10−17 8.47 × 10−17 1.58 × 10−17

Eind
R (K) 9354 8582 8509
t 70 ◦C, (B) dynamic MMA polymerization, initiated with Vazo®52. Heating rate:

to the lower thermal stability of Vazo®52. Table 2 also reports
t0
ind,j

and Eind,j/R values, which represent the induction time at infi-
nite temperature and the activation energy/gas constant ratio for
the induction phenomenon, respectively. Fig. 1B reports the corre-
sponding thermogram obtained during a dynamic experiment. As
in isothermal experiments, an induction period can be observed.
The example in Fig. 1B shows that polymerization starts at approx-
imately 70 ◦C, corresponding to about 3600 s. Of course, the induc-
tion period is lower due to temperature increase during the test.

After each isothermal test, two dynamic scans were performed
in the 40-180 ◦C temperature range as described in Section 2. As
an example, Fig. 2 shows the thermogram obtained after the first
dynamic scan following an isothermal test, by initiating MMA poly-
merization with Vazo®52, after isothermal test at 70 ◦C. A residual
reactivity peak, allowing the calculation of the isothermal max-
imum degree of conversion,˛max, was detected. ˛max is linearly
dependent on temperature, as expressed in Eq. (11).

It is:

p = 0.305
Fig. 2. DSC thermogram of the first dynamic scan after isothermal test for MMA
polymerization, initiated with Vazo®52 at 70 ◦C.
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ig. 3. DSC thermogram of the second dynamic scan after isothermal test for MMA
olymerization, initiated with Vazo®52 at 70 ◦C.

can. If the temperature of the isotherm is lower than 80 ◦C, irre-
pective of the initiator used, the Tg was found to exceed the
sotherm temperature by 19.1 ± 3.6 ◦C. This difference was lower
t 85 and 90 ◦C (13.8 ± 5.7 and 8.7 ± 2.6 ◦C, respectively), as the

sotherm temperature approaches the maximum Tg of the fully
ured polymer.

The second dynamic scan, reported in Fig. 3, shows no peak, thus
ndicating that the monomer is fully converted, and allowed the

ig. 4. Characteristic ratio fk2
p/kt as a function of conversion in isothermal conditions and

btained at different temperatures: (©) 60 ◦C; (�) 70 ◦C; (♦) 80 ◦C; (�) 90 ◦C.
g Journal 162 (2010) 776–786 781

calculation of the Tg of the fully cured polymer from the inflection
point of the DSC thermogram. Tg was found to be independent on
the used initiator, and was 100.1 ± 2.6 ◦C.

The characteristic ratio was calculated by Eq. (28) in both
isothermal and dynamic conditions, in presence of single and mul-
tiple initiators. Fig. 4 displays the plot of fk2

p/kt as a function of the
degree of conversion ˛. In Fig. 4A–C are reported the results when
Vazo®52, Vazo®64, Vazo®88 were used, respectively, at 60, 70, 80
and 90 ◦C. For ˛ values close to 0.3 the curves are very steep, which
expresses, at the very beginning of polymerization, the occur-
rence of gel effect, i.e. the corresponding decrease of kt. Moreover,
plots show a maximum occurring at conversions progressively
increasing with increasing temperatures. At each temperature the
maximum characteristic ratios were averaged on the initiators, and
were found to be corresponding to degrees of conversion span-
ning from 0.84 ± 0.01 at 60 ◦C to 0.95 ± 0.02 at 90 ◦C. The decreasing
region of the plot can be associated to the decrease of propagation
constant and initiator efficiency [12,74,75].

Fig. 5 shows the characteristic ratios calculated in dynamic con-
ditions. In Fig. 5A are reported the results in presence of single
initiators for dynamic scans (40–180 ◦C at 0.5 ◦C/min, as reported
in Section 2), while Fig. 5B shows the results with the contem-
porary presence of the three initiators. The ratios are increasing
when passing from Vazo®52 to Vazo®64 to Vazo®88. This can
be explained considering that Vazo®52 activates at the lowest

® ®
Trends with conversion are qualitatively different compared to the
ones obtained with isothermal tests, because experimental tem-
peratures reach values higher than maximum Tg of the polymer
(which is around 100 ◦C). Therefore, polymerization occurs in a

in presence of single initiators (A) Vazo®52; (B) Vazo®64; (C) Vazo®88. Data were
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ig. 5. Characteristic ratio fk2
p/kt as a function of conversion in dynamic condition

resence of the three initiators (�): Vazo®52, Vazo®64 and Vazo®88; (♦)Vazo®52, V

ubbery phase up to extreme regions of monomer conversion. In
hese conditions, less transport hindrances occur, and this leads
o a reduced risk of uncontrolled autoacceleration. For this rea-
on, the maximum values of the characteristic ratios are lower in
ynamic conditions compared to isothermal conditions, thus con-
rming that diffusional effects are more important compared to
hermal contributions, irrespective of the initiator. Fig. 5B shows
he comparison between the characteristic ratio curves obtained
hen the three initiators were used, in the same concentrations

f individual Vazo®s, and also halved concentrations. The plots are
asically coincident, thus strongly suggesting that initiator concen-
ration is not relevant at all in determining the importance of gel
ffect, though it influences the onset time of the polymerization.

DSC data were used to determine monomer conversion and rate
f polymerization as a function of time in isothermal tests through
qs. (26) and (27), respectively. Experimental results were fit by
q. (10) with K, m and n as adjustable parameters. As an exam-
le, Figs. 6 and 7 display the experimental and fitting results for
he isothermal degree of conversion and reaction rate as a func-
ion of time, when Vazo®52 is present, in the 60–90 ◦C range.
esults obtained with the other initiators are similar. Isother-

al data are fit very closely by the model (for all initiators, and

t every temperature, r2 > 0.998 when fitting the degree of con-
ersion; r2 > 0.976 when fitting the rate of polymerization), thus
llowing accurate estimation of the adjustable parameters. It was

ig. 6. Isothermal degree of conversion as a function of time in presence of Vazo®52
t different temperatures: (©) 60 ◦C; (♦) 65 ◦C; (+) 70 ◦C; (�) 75 ◦C; (�) 80 ◦C; (�)
5 ◦C; (�) 90 ◦C. Solid curves represent fitting results.
Fig. 7. Isothermal rate of polymerization as a function of time in presence of
Vazo®52 at different temperatures: (©) 60 ◦C; (♦) 65 ◦C; (+) 70 ◦C; (�) 75 ◦C; (�)
80 ◦C; (�) 85 ◦C; (�) 90 ◦C. Solid curves represent fitting results.

found that K depends on temperature according to Eq. (9), while m
and n are weak and linear functions of temperature, according to:

m = m0 + m1T, (29)

n = n0 + n1T; (30)

The corresponding fitting parameters K, m and n are listed in Table 3.
Dynamic experiments were carried out in the 40–180 ◦C range,

in presence of a single initiator and co-presence of the three initia-
tors. Fig. 8 displays the experimental dynamic degree of conversion
in presence of Vazo®52, Vazo®64, Vazo®88, and in presence of the
mixture of each initiator at the same concentrations used when

they were individually used, while Fig. 9 displays the dynamic rate
of polymerization. For all dynamic experiments, the exothermic
peak was found to be sharper compared to the peak determined
in isothermal conditions because increasing temperatures acceler-

Table 3
Polymerization constants for Vazo® initiators.

Vazo®52 Vazo®64 Vazo®88

K0 [L1/2/(s mol1/2)] 1.62 × 1012 1.43 × 1013 1.87 × 107

E/R (K) 10253 10961 6612
m0 7.00 × 10−4 2.32 × 10−3 4.35 × 10−3

m1 (K−1) 0.783 0.304 -0.643
n0 0.0264 0.0323 1.25 × 10−3

n1 (K−1) −6.06 −7.74 2.59
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Fig. 10. Experimental data on the dynamic degree of conversion as a function of tem-
perature in presence of Vazo®52. Solid curves represent model predictions. Heating
rate is 0.5 ◦C/min.
ig. 8. Experimentally determined dynamic degree of conversion as a function
f temperature with each initiator and in presence of the three initiators: (�)
azo®52; (©) Vazo®64; (�) Vazo®88; (�) Vazo®52 + Vazo®64 + Vazo®88. Heating
ate is 0.5 ◦C/min.

te polymerization reaction. As a result, heat generation is faster,
rocess times are shorter and the monomer is totally converted
ecause the test is carried out up to temperatures higher than the
olymer glass transition. In the case of single initiator, Vazo®52
ctivates at lower temperatures, followed by Vazo®64 (approxi-
ately 100 s after Vazo®52) and Vazo®88 (1400 s after Vazo®52).
hen Vazo®88 is used alone, the rate of polymerization curve is

harper because of the delayed activation of polymerization by
azo®88, which shifts the whole process at higher temperatures.
hen the three initiators are used together, the activation temper-

ture is very close to that for Vazo®52 (the polymerization onset
n presence of the three initiators occurs 40 s before the onset with
azo®52 used alone), which can be related to the higher overall

nitiator concentration. The latter leads to reduced reaction times

the polymerization is completed after 7390 s, while when Vazo®52
as used alone the time for fully converted monomer was 7830 s).

The experimental data obtained in dynamic conditions were not
t (Eq. (10)) because the model was predictive of the experimental

ig. 9. Experimentally determined dynamic rate of polymerization as a function
f temperature with each initiator and in presence of the three initiators: (�)
azo®52; (©) Vazo®64; (�) Vazo®88; (�) Vazo®52 + Vazo®64 + Vazo®88. Heating
ate is 0.5 ◦C/min.
Fig. 11. Experimental data on the dynamic rate of polymerization as a function
of temperature in presence of Vazo®52. Solid curves represent model predictions.
Heating rate is 0.5 ◦C/min.

results by using the parameter values listed in Table 3 as obtained
in isothermal conditions. Model predictions were compared to
experimental conversion and rate of polymerization, as shown in
Figs. 10 and 11 for Vazo®52, the results being similar with other sin-

gle initiators. The proposed model can quantitatively predict both
the degree of conversion and the rate of polymerization without
any fitting. Table 4 shows the correlation factors for the compar-
ison between the predicted and the experimentally determined

Table 4
Correlation factors between experimental results and model predictions in terms of
degree of conversion and polymerization rate under dynamic conditions. Heating
rate is 0.5 ◦C/min.

r2 (˛) r2 (d˛/dt)

Vazo®52 0.997 0.944
Vazo®64 0.999 0.929
Vazo®88 0.983 0.906
Vazo®52 + Vazo®64 + Vazo®88 0.992 0.842
Vazo®52 + Vazo®64 + Vazo®88, halved concentrations 0.963 0.564



784 M. Biondi et al. / Chemical Engineering Journal 162 (2010) 776–786

F file, a
r

d
s
u
r
h
T
i
i
r
c
t
m
m
o
p
t
d
t

v
i
v

ig. 12. Simulations obtained with a non-monotonically increasing temperature pro
atio.

egree of conversion and polymerization rate. As for the conver-
ion, model predictions are very accurate when single initiators are
sed, and also when the three initiators are used together. Worse
esults were attained for Vazo®88 and when the three initiators
ave been used simultaneously, but with halved concentrations.
his can be ascribed to the fact that the use of Vazo®88 and of halved
nitiator concentrations tend to delay the onset of polymerization,
.e. to shift reaction onset at higher temperatures, when the accu-
acy of parameter determination is lower. In fact fitting parameters
ould be determined up to 90 ◦C, while dynamic scans get higher
emperatures. Therefore, particularly in the case of Vazo®88 and

ixed initiators with halved concentrations, conversion and poly-
erization kinetics were calculated based on extrapolated values

f the parameters, thus making model predictions less reliable, in
articular for extreme regions of conversions. On the other hand,
he conversion history as a function of temperature is well pre-
icted by the model, which suggests the accurate determination of

he kinetic parameters associated with polymerization events.

The proposed model may be a basis to estimate the con-
ersion and kinetic history when a random thermal history is
mposed. As an example, in Fig. 12 the simulated degree of con-
ersion/polymerization rate as a function of temperature and the
s reported in Eq. (31) (A) degree of conversion; (B) rate of reaction; (C) characteristic

characteristic ratio against conversion are plotted in the case of
a non-monotonically increasing temperature. We may impose
halved initiator concentrations and an arbitrary, non-monotonic
temperature profile as reported in the following example:

T (t) = 3 × 10−11t3 − 10−6t2 + 0.0102t + 313. (31)

The corresponding degree of polymerization and polymerization
rate are plotted in Fig. 12A and B, respectively. The characteris-
tic ratio, as reported in Fig. 12C, reaches maximum values at least
two orders of magnitude lower (0.04501 L mol−1 s−1; Fig. 12C) com-
pared to the values obtained when three initiators and a linear
thermal history (39.8 L mol−1 s−1; Fig. 5B) are used. This suggests
that, when the polymerization is sustained by a suitable control
on the temperature time trend, the importance of autoacceleration
can be reduced.

5. Conclusions
In this work, a new, semi-empirical model describing the heat
generation/rate of polymerization of MMA in presence of single
and multiple initiators and in isothermal/dynamic conditions was
developed. The model, which accounts for the presence and the
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ature of different initiators, could accurately predict the experi-
ental degree of monomer conversion and rate of polymerization

n both non-isothermal conditions and in presence of multiple ini-
iators. In particular, the importance of gel effect compared to other
henomena occurring during the conversion from monomer to
olymer was evaluated under different thermal histories and ini-
iator mixture/concentration. The results indicate that the choice
f the initiator mixture and, even more importantly, of the thermal
rofile, may lead to an engineered kinetic guidance. The model,
oreover, is simple to implement and therefore can be useful in

he industrial practice as it can provide a quantitative estimate of
he polymerization kinetics.
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