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Modeling of the Methyl Methacrylate Atom
Transfer Radical Suspension Polymerization
Process: Polymerization and Particle Kinetics

Le Xie, Zheng-Hong Luo*

In this work, a mathematical model is developed to characterize the batch atom transfer rad-
ical suspension polymerization (batch suspension ATRP). For the first time, the morphological
and molecular properties of particles, as well as their dynamics in methyl methacrylate ATRP
can be simultaneously simulated by solving the model that consists of ATRP kinetic equations,
moment equations, a phase equilibrium equation for calculating equilibrium monomer dis-
tributions in various phases, and a particle population balance model. The proposed model
is verified using the open experimental data. Based on the verified model, two key operating
factors including the ratios of monomer to initiator and water to monomer are studied in
order to investigate the batch suspension ATRP kinetics. In

addition, the model is also used to predict the droplet/par-
ticle size distribution. The effects of breakage rate, coales-
cence rate, and agitation speed on the droplet volume density
distribution and the Sauter mean diameter are discussed in
details. The simulated results demonstrate that the coupled
model can describe the batch suspension ATRP kinetics and

its droplet kinetics.

1. Introduction

During the past 20 years, there was much progress in the
atom transfer radical polymerization (ATRP) field. The past
progress focused on ATRP mechanism, kinetics, and meth-
odology.[*¢] Besides, the ATRP technology has already been
commercialized in USA and Japan, etc.l”] Nevertheless, past
ATRPs were mostly implemented in organic solution, bulk,
and emulsion.[®1% Few studies on suspension ATRP have
been reported.[1114

Due to its huge advantages in avoiding the two main
problems (i.e., the highly exothermic reactions, the large
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increase in viscosity),!**] suspension polymerization is one
of the most important technologies applied in the poly-
merization industry. A key consideration in designing a
suspension polymerization is to achieve such that desired
molecular microstructure and droplet/particle size dis-
tribution (PSD) of polymers are satisfied. The number
average molecular weight (M) and polydispersity index
(PDI), as the most basic performance indices of polymer
affecting the polymer end-use properties, are mainly
determined by polymerization kinetics, and the PSD can
control some key aspects of operation including suspen-
sion stability and productivity. Hence, there is a growing
demand for studying suspension polymerization kinetics
and its droplet/particle kinetics.

For a suspension polymerization, two characteristic
phases, i.e., the aqueous phase and the dispersed phase,
are present. If the dissolved monomer in the aqueous
phase is ignored, the polymerization process occurring at
the suspension droplets will be considered as a bulk one.
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Based on this opinion, Kalfas et all'®l developed a
two-phase free-radical kinetic model for suspension
polymerization. Their simulated results were in good
agreement with batch suspension experimental data
when using kinetic parameters from the bulk polymeri-
zation literatures. Similar works of vinyl chloride and sty-
rene copolymerization kinetics in bulk and suspension
polymerizations were also found in the open literature.[*”]
When monomers partially dissolve in the aqueous phase,
the mass transfer phenomena between the aqueous
phase and the dispersed phase would affect the whole
suspension polymerization process, which makes the
process more complex.[®! Kalfas and Ray!*®! put foward a
mathematical model to describe the suspension polymer-
ization of partially water-soluble monomers. Their simu-
lated results were consistent with the experimental data
from both the literature and their suspension polymeri-
zation experiments. To describe the dynamic conversion
and molecular weight profiles of suspension polymeriza-
tion, Silva et al.l?%) performed a detailed research consid-
ering the monomer partition between the aqueous and
organic phases for vinyl acetate/acrylic acid suspension
copolymerization. Successful descriptions of the large
variations of copolymer compositions along the reaction
runs were obtained. Wieme et al.[?!! also developed a com-
plete model to simulate pilot-scale and industrial-scale
batch vinyl chloride suspension polymerization reactors.
As a whole, the above models can provide quantitative
agreement with limited experimental data. Unfortu-
nately, the previous studies mainly focused on traditional
free radical polymerization system. Less effort paid to the
suspension ATRP. The kinetic behavior of the suspension
ATRP of MMA at different temperatures was investigated
by Zhu et al.l**! However, the dynamic behavior of the
partitioning of the monomer over the two phases was not
considered in their work.

On the other hand, in the suspension polymerization
field, there are many publications on PSD based on the
population balance model (PBM). For instance, Vivaldo-
Lima et al.??l presented a comprehensive review providing
detailed information on the development of theoretical
model to predict the PSD in suspension polymerization.
Maggioris et al.[?*l studied the effect of turbulence nonho-
mogeneity on the evolution of PSD in vinyl chloride sus-
pension polymerizations based on a two-compartment
PBM. They investigated broad spatial distribution of the
local turbulent kinetic energy. Similarly, Kotoulas and
Kiparissides®!! proposed a generalized PBM to describe
the dynamic evolution of PSD in nonreactive and reactive
liquid (solid)-liquid suspension polymerization systems.
Their predicted data were in line with the experimental
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multiphase computational fluid dynamics (CFD) models
for the first time. According to their simulated results,
particle breakage occurred primarily in very small regions
near the impeller, while particle coalescence took place
in the liquid bulk. However, the polymerization reaction
kinetics was ignored in their model. Barkanyi et al.l?¢]
coupled the PBM with micromixing model to simulate an
isothermal batch suspension polymerization, thus a com-
plex three-scale system model was developed to investi-
gate the effect of coalescence, breakage, and micromixing
on the process. In conclusion, as described above, both
reaction kinetics and particle kinetics are very important
for suspension polymerization, especially for considera-
tion of products performance.

The current work proposes a coupled model describing
the polymerization kinetics and the evolution of PSD in
a batch suspension ATRP reactor. For the first time, the
ATRP kinetic equations are solved using the method of
moment in the polymerization engineering field, the
phase equilibrium equation, the constitutive equations
of dispersed phase, and the PBMs. The time evolutions of
polymerization conversion, polymer M,, PDI, and PSD are
obtained using the coupled model.

2. Model Developments
2.1. Suspension ATRP Kinetics Model

In this work, it is assumed that both suspension and bulk
ATRPs have a similar kinetic mechanism consisting of
initiation, propagation, and chain transfer to monomer
along with termination reactions as illustrated in Table 1.
Furthermore, the ATRP takes place only in the dispersed
phase under isothermal conditions. Since MMA partially
dissolves in water, we assumed that the phase equilibrium

Table 1. Elementary Reactions of suspension ATRP.

RX + CX<kkﬁR'+ CX,

Initiation
R+ M—=4 5 RM;
RM, X + cxe__% RM; + CX,
Propagation @
RM; + M—23RM;,,
Chain transfer to monomer RM; + M—5RM,+ M’

R'+R° —FR3RR

R'+RM;, —*= 5RM,R

data for the average particle diameter and PSD. Recently, ~ Termination RM 4 RM: S 5RM 4 RM
Nogueira et al.l?®l evaluated the spatial distribution of oh R ] o R
droplet breakage and droplet coalescence based on the RM;+RM; ——RM,,.R
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of MMA between two phases forms before the polymeri-
zation starts. With the proceeding of polymerization pro-
cess, the monomer concentration in the dispersed phase
decreases, resulting in the mass transfer of monomer from
aqueous phase to dispersed phase. Based on the above
description, a set of differential equations can be obtained
and are given as follows

1 d(V[RX])

T ar = kol RXICX ]+ o[RICX. ] (1)
1 d(V[CX]) . _
g = Rue[RIICX.] ko [RX]ICX]

+ka[RM][CX,] —k.[RM, X][CX] (2)

LAVICK) o
2 Sl [RCK. o[ RXI[CK] o

—kaa[RM7][CX, ] +ka [RM, X][CX]

1d(V[R']) _ “_ .
VT_ kp[M][R ] kda,o[R ][CX2] )
+kao fIRX][CX]-ko[R*][R*] -k [R*][RM]

1 d(VIRMY)

at :kp[RMr—l'][Mi]_kP[RMr‘][M]

<

+k,[RM, X][CX] - kasa[RM,-][CX,]
— (e + R [RM, J[RM, ]~ ko [RM, ][M]  (5)
— ke [R°][RM;]

1 d(V[RM, X))

v ar =Rka[RM, ][CX,]-k.[RM, X][CX] (6)
é%:ktd[RM,.][RMS-]+kt,[RM,-][M] (7)
1 d(V[RM,R))

va S ktc[RM, ~[RM, ]+ R [R*][RM] (8)

In these equations, [M] is the monomer, [RX] is the ini-
tiator, [CX]is the activator (CuCl), [CX,] is the deactivator
(CuCly), [R] is the primary radical, [RM;] is the propagating
radical chain, [RM,X] is the dormant chain, and [RM,],
[RM,R] are the dead chains with length r formed by
disproportionation and coupling termination, respectively.
As described above, the monomer partially dissolves in the
aqueous phase, its mass conservation in two phases needs

O
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to be considered. The monomer transport rate will be com-
puted according to Equation (9)

Faﬁd zkma([M]e _[M]) (9)

Where, [M]¢ is the equilibrium concentration in the dis-
persed phase which is a function of MMA dissolved in
the aqueous phase (mol L) and will be explained further
below. Therefore, the monomer mass balance in the dis-
persed phase including monomer transport between the
two phases is

1 d(V[M]) . .
T ar = Rl RIIMI- (k, + k) [RM][M]

o (M ~[M]) (10)

Then the monomer conversion in the dispersed phase can
be defined as follows

[M]oVo _[M]V

Xy =ie e T
M1V,

(11)

Where, [M], and V, are the initial conditions for dispersed
phase, respectively. Similarly, monomers conservation
equation in the aqueous phase is

1 d(Va[M.]) e
o = e (MY (M) (2)
Here, it should be pointed out that the change of aqueous
phase volume (V) is neglected, while the dispersed phase
volume decreases during the polymerization due to the
density difference between monomer and polymer. That is
to say, the dispersed phase volume is the function of mon-
omer conversion and can be described as follows

V=Vo(1-yXn) (13)

Where, y is the volume contraction factor and is given by
v =(Po— Pw)/py.

In this paper, the polymerization kinetic equations are
rewritten by introducing the method of moment, which
was commonly used for modeling various polymerization
processes, to simplify the calculation and describe the pol-
ymer product properties (i.e., M, PDI) more conveniently.
For a generalized description of the method of moments,
the readers are encouraged to refer to the papers of Zhu
and co-workers.?72°l Herein, only some main equations
on the definition of moment are given as follows

fn =3 1" [RM], A=Y r"[RM,X],

O = ir’" (IRM,R]+[RM,]) (14)

r=1

Macromolecular
by Journals

Early View Publication; these are NOT the final page numbers, use DOI for citation 11 ?



R

Macromolecular
Reaction Engineering

www.mre-journal.de

Therefore, the moment equations for various spe-
cies are obtained when Equation (14) is substituted into
the polymerization kinetic equations.?%31 What’s more,
based on the first few moment equations, the polymer
average properties such as number-average chain length
(rn), weight-average chain length (r,), M,, M,, and PDI
can be obtained based on the following equations

_ Mt
Uo+ Ao+ @0 (15)
TS (6)
Uo+ Ao+ @
T = m (17)
A+,
L+ A+,
YL+ A+, (8)
ppp= T - (He A + @) (o + Ao + o) (19)
T (L +A+o,)

2.2. Calculation of the Equilibrium Concentration

For the above equations, one of the major issues is the

calculation of the monomer equilibrium concentration.

In this study, the equilibrium concentration is calculated

based on the Flory—Huggins lattice theory of polymer

solutions.'%32] Therefore, the free energy of mixing in

aqueous and dispersed phase is presented in the following
Aqueous phase (monomer + water) :

(AGm /RT)i,a = ]-n(¢i,a ) + (1_ miW )¢W,ﬂ + Xiwm,a

+ D Oiabwa (s + 2w — Xwmy)+ Y, (1-My);.0

j=1,j2i j=1

N N-1 N
+ 2 xiWat D D, Oy + 2w — Xmy)
J=1,j#1 J=1,j#1 k=j+1,k1

(20)

Dispersed phase (monomer + polymer):

(AG,, /RT)i,d = 1n(¢i,d )+(1—-myp )¢P,d + XirPp 4

N N
+ Y Gaea (s + xw — xpmy)+ D, (1-My)05 4
j=1,j# j=
N—1 N

N
+ ZZU(PJZd + Z 2 O;.ae.a (X5 + X — X eMy)

Ten fon (21)

Where, y; is the Flory—Huggins interaction parameter of
species i and species j, ¢; 4 represents the volume fraction
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of species i in phase d, and m; is the ratio of the molar
volumes of species i and species j. When the phase
equilibrium is achieved

(AG,/RT); 2 =(AG,,/RT);4 (22)

Then monomer equilibrium concentration, [M]¢, can be
calculated based on the normalization condition in two
phases. Obviously, [M]® is a function of the amount of
monomer dissolved in the aqueous phase. In suspension
polymerization, the droplet size is usually greater than
50 pm so that the effect of interfacial tension energy can
be neglected, and the presence of water in the dispersed
phase is also neglected.[*"]

2.3. Particle Kinetic Model

A PBM developed in this study for describing the time
evolution of the particles/droplets size distribution of
dispersed phase is described as follows!®]

on(v,t) 0 _ _
5t Ty lvn(v.t)]l=E(v,t)-D(v,1)

(23)

where, n(vt) is the number density function, G(v)n(vt)
means the particle flux due to particle growth, and E(v;t) and
D(v,t) denote birth and death rate functions of breakage and
coalescence, respectively. They can be written as follows

E(v,t):jwﬁ(u,v)v(u)s(u)n(u,t)du
- (24)
+LV k(v—u,u)n(v-u,t)n(u,t)du

DWﬂ:MmﬂfdmmmmﬂmHﬂmeﬂ (25)

In Equations (24) and (25), s(v) and «{v,u) is the breakage
rate and coalescence rate, respectively. In this work,
suspension polymerization is assumed at the inertial
subrange, where turbulence affects particle breakage
and coalescence significantly. Additionally, the largely
increased viscosity will also affect these phenomena.
Thus, breakage and coalescence rates are calculated based
on frequency and Maxwellian efficiency®3l and the modi-
fications by Chen et al.l**] as follows

kco-(l'i'(P)2 kv,ud(1+¢)
s(v)=k, exp[— PRVEORE - PRECRE (26)
o pa pae( dyd, '
K(VIU):abexp[_m(dv +du) j (27)

In addition, the functions, v(u) and B(u,v) represent the
number and distribution of daughter droplets formed by

'a\
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Table 2. Model parameters at 9o °C.
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Descriptions Values References Descriptions Values References
Ry, kao(L mol™s™) 1.2853 [30] k. 2.4732x1073 [15]
kg, kg,0(L mol ™ s72) 1.2597 x 106 [30] k, 41445 x 1073 [15]
kp(L mol ™t s7t) 1539 [13] oy 3.4578 x 107® [15]
k(L mol ™ s™t) 0.0198 [34] o 49200 x 10% [15]
ke O(L mol~t s71) 1.0x 107 [35] Um (Pa-s) 0.000425 This work
kig®(L mol~t s71) 8.86 x 107 [35] Pm (kg/m?3) 866 This work
g Rio(L Mol s71) 2.0x10° [36] pp (kg/m?3) 1095 This work
Kma (1570 2.0x107 [19] Xt 0.74 [37]
Ry 2.3951x 1074 [15] Lvip 0.53 [37]

breakage events, respectively. Herein, it is assumed that
the daughter droplet size distribution conforms to the
normal distribution. Thus, for binary breakage, the droplet
rupture functions, v(u) and B(u,v), can be given[?323!

wla)=2 plu) -2 exp| 452 e8)

Furthermore, the Sauter mean diameter (ds,) will be calcu-
lated by Equation (29) with the given initial and boundary
conditions

(6/m)” va“n(v, t)dv

daz = =
Jo n(v,t)dv

(29)

2.4. Physical Properties of Dispersed Phase

In suspension polymerization, the density and viscosity
of the dispersed phase changes with monomer conver-
sion and should have a vital effect on the evolution of PSD
according to Equations (26) and (27). In this study, the dis-
persed phase density is calculated as a function of mon-
omer conversion with the expression

pa=[(1-yXn)/pu]™ (30)

To describe the change of viscosity, its dependence on the
monomer conversion of the polymerizing Poly(methyl
methacrylate) (PMMA) particle is described as below!??!

Ma = i [1+1.25X 0 pa / P (1= X pa /05 )] (31)

Where, u,, is the monomer viscosity. Obviously, when the
monomer conversion is low, the dispersed phase viscosity
is approximately the monomer viscosity.

3. Numerical Simulation

To solve the above-developed model, model parameters,
mainly polymerization kinetic and particle kinetic

M ' Macromol. React. Eng. 2016, DOI: 10.1002/mren201500074
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parameters, need to be confirmed in advance. Herein, these
parameters are obtained from some open references and
our previous works as shown in Table 2 and the polymeri-
zation data were taken from Zhu et al’s suspension ATRP
performed at 90 °C.'3] What is more, the termination rate
coefficient is given according to Equation (32)

ki = gi (ks + k1) (32)

where the gel effect coefficient (gy) is the function of X,
and can be described as below!1¢!

gi =exp(-0.4404 X, —6.362X% —0.1704 X3) (33)

An initial particle size distribution is also required to solve
the population balance equation (PBE). In this study, it
is assumed that the initial particle size distribution con-
taining 10*-10° droplets with a mean diameter of 160 pm
follows a normal distribution, and the variance that is
three times as much as the mean volume is adopted.

The polymerization kinetic model consists of a set of
differential moment equations, while particle kinetic
model is a nonlinear integro-differential equation. A large
amount of computation effort is required to solve the two
kinetic models simultaneously. Chen et al.l'®! reported a
finite-difference-differential technique and a logarithmic
scale for particle size, so that the PBM is changed into a
set of ordinary differential equations. The ODE23S-func-
tion provided in MATLAB 2012b (8.0) software can be
used to solve the differential equations to obtain X,,, M,
PDI, and PSD.

4, Results and Discussion
4.1. Validation of the Coupled Model

In this study, the batch suspension ATRP experimental
data reported by Zhu et al[l*3l are used to validate the
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Figure 1. Comparisons between simulation results and experimental datal'3! for the batch suspension ATRP at 9o °C: A) monomer conver-
sion versus time and B) PDI and M, versus time. Simulation and experimental conditions: [MMA], = 9.36 mol L™; [RX],=0.047 mol L,

[CuCl], = 0.047 mol L; [bpy], = 0.14 mol L™'; M/W = 1:4.
o PYylo

present model. It is well-known that monomer conversion,
M, and PDI were the main important polymer properties
in the description of polymerization process. Figure 1A
shows the evolution of monomer conversion during the
polymerization. As the polymerization proceeds, the MMA
conversion finally increases to 82%, which is slightly less
than that of MMA bulk polymerization and the experi-
mental data reported by Zhu et al.»3] The monomer con-
centration distribution in two phases could be one of the
most important reasons. Even so, the simulated monomer
conversion data are consistent with the experimental
data. Besides, some experimental data of polymer prop-
erties are also used to test the coupled model. Figure 1B
displays the evolution of M, with polymerization time. As
can be seen clearly, the M, increases to 1.5 x 10° g mol™
in the reaction time of 10 000 s. The polymer M, is much
higher than the theoretical value under the specified ini-
tial condition. Zhu et al.l*3] explained that the low initiator
efficiency would be one of the main reasons. According to
the reported experimental data, a low initiator efficiency

Macromolecular
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value f=0.11 is used in our simulations (see Equation (4)).
In addition, Figure 1C shows the variation of polymer M,
with monomer conversion. As can be seen, the polymer
M, increases almost linearly with monomer conversion,
indicating that the suspension polymerization is basically
at a controlling fashion. The particle size may be another
important factor in suspension polymerization for liquid—
liquid disperse system, and the average particle size in
batch reactor can be calculated according to the classic
equation found elsewhere.[?339 In this work, however, the
Sauter mean diameter is calculated based on the initial
distribution that is determined by ourselves. What’s more,
little experimental data could be obtained to compare
with the simulation results so that the validation of the
particle population balance model may have many diffi-
culties. In conclusion, Figure 1 shows that the simulated
results are in agreement with the reported experimental
data. Accordingly, the suggested model can be used to sim-
ulate the effects of other factors, which will be discussed
in Sections 4.2 and 4.3.
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Figure 2. Simulation results of batch suspension ATRP process at four monomer/initiator ratios: A) monomer concentration versus time,
B) M,, versus time, C) PDI versus time. MMA suspension polymerization at 9o °C and [MMA], = 9.36 mol L™"; [CuCl], = 0.047 mol L™}

[bpylo = 0.14 mol L"; M/W = 1:4.

4.2. The Suspension ATRP Kinetics
4.2.1. The Effect of the Ratio of Monomer to Initiator

It is well-known that the polymerization kinetics is much
influenced by the polymerization recipe such as the ini-
tial monomer concentration, initiator concentration, etc.
These parameters can also affect the final polymer proper-
ties, and therefore receive quite a lot of attention. In this
section, we mainly studied the effect of monomer/ini-
tiator ratio on suspension polymerization process along
with polymer properties. The simulated results shown
in Figure 2A-D illustrate the evolutions of these proper-
ties when the initial monomer/initiator ratio changes
from 50:1 to 300:1. As can be seen from Figure 2, the
monomer/initiator ratio has significant effect on the
monomer conversion, polymer M,, and polymer PDI, and
it can be concluded that the suspension ATRP of MMA is
sensitive to the monomer/initiator ratio in a batch reactor.
Besides, an obvious decrease in the polymerization rate is
reflected by the MMA concentration when the monomer/

M
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initiator ratio increased from 50:1 to 300:1. Olga et al.l*]
also investigated the effect of initial initiator mole frac-
tion on the styrene/2-ethylhexyl acrylate emulsion copo-
lymerization, and they also found similar results that the
polymerization rate increases as the initiator concentra-
tion increases, while the initiator concentration does not
seem to obviously affect the average particle size. With
the increase in the initial initiator concentration, the con-
sumption rate of MMA in the dispersed phase accelerates.
An excellent final MMA conversion (>95%) is obtained
when the monomer/initiator ratio is as high as 50:1. Figure
2B,C depicts the evolutions of polymer M,, and polymer PDI
with respect to reaction time. The simulated result shows
that M, is extremely sensitive to the change of initiator
concentration, and the low initiator concentration is con-
ducive to prepare the high-molecular-weight polymer.
From Figure 2B, it is apparent that the pace of M, change
accelerated as the monomer/initiator ratios rose. Further-
more, as can be seen in Figure 2C, the decreased initial
initiator concentration slightly broadened the resulting

./ Macromolecular
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molecular weight distribution of the polymer products.
Despite those, the PDI eventually levels at a value < 1.2,
which indicates that the suspension ATRP system is still
under control. The variation of M, with monomer conver-
sion under different monomer/initiator ratios is given in
Figure 2D. The M, increases almost linearly with monomer
conversion, which further proves that the polymerization
process is basically a controlled fashion.

4.2.2. The Effect of the Ratio of Water to Monomer

Compared with bulk or solution polymerization, sus-
pension polymerization contains more than one phase.
Although the polymerization takes place only within the
dispersed phase because of the oil-soluble initiators, the
aqueous phase does play an important role in heat transfer
and monomer concentration distribution during the poly-
merization. Herein, we also simulate the effect of water/
monomer (W/M) ratio on suspension ATRP of MMA. MMA
is partially soluble in water, therefore the phase equilib-
rium of MMA is established between aqueous phase and
dispersed phase. The monomer dissolved in the aqueous
phase does not react until phase equilibrium forces it to
transport to the dispersed phase to replenish monomer
when the polymerization proceeds.*! Thus, the W/M ratio
will determine MMA concentration distribution in the two
phases, and in turn affect the suspension polymerization
and polymer products performance. Figure 3 displays the
variation of the overall monomer conversion and PDI as a
function of time when the W/M ratio ranges from 4:1 upto
1:1, which is applied in most commercial processes.6l
Here, the suspension polymerization will become a bulk
polymerization when the W/M ratio approaches 0. It can
be clearly seen from Figure 3 that the suspension and bulk
polymerization monomer conversions become almost
identical when the water to monomer ratio is smaller than
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2. This is because the fraction of monomer in aqueous
phase decreases with the increase of the volume fraction of
dispersed phase. Furthermore, it is obvious that the rate of
bulk polymerization is faster than that of suspension poly-
merization. However, both the final monomer conversion
levels at a value >80% at the reaction time of 10 000 s or
later. Although the W/M ratio has a significant effect on the
monomer conversion and polymer M,, (data are not shown
here because of the similar trend of M,, vs time as described
in Section 4.2.1), the polymer PDI seems to be independent
of the change of W/M ratio (see Figure 3B). It means that
the monomer concentration distribution caused by phase
separation has little influence on the molecular weight dis-
tribution of the polymer products. According to the work
of Zhu et al,[*3l the PDI was significantly affected by the
reversible equilibrium reaction in ATRP, namely, it is the
activator or deactivator instead of monomer concentration
that may have a strong influence on the PDL

4.3. The Suspension ATRP Droplet/Particle Kinetics

The PBM suggested in this work is solved together with
polymerization kinetic equations and constitutive equa-
tions, describing the physical properties of dispersed phase
in MMA suspension polymerization. The kinetic, transport,
and physical parameters, appearing in the PSD model,
are employed in the simulations. A number of simula-
tions were performed to investigate the effect of operating
conditions on the dynamic behavior of droplet size that is
determined by both breakage and coalescence rates over a
wide range of conditions. Figures 4—6 illustrate the volume
density function of the dispersed phase changes when the
suspension polymerization proceeds and Figure 7 displays
the effect of agitation speed on the Sauter mean diameter.

Figures 4 and 5 give the effect of breakage and coa-
lescence phenomena on the time evolution of the PSD
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Figure 3. Simulation results of batch suspension ATRP process at three M/W ratios: A) monomer conversion (X,,) versus time, B) PDI versus
time. MMA suspension polymerization at 9o °C and [MMA], = 9.36 mol L™%; [RX], = 0.047 mol L™%; [CuCl], = 0.047 mol L'%; [bpy], = 0.14 mol L.
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Figure 4. Effect of the breakage rate on the droplet volume den-
sity distribution at different time points.

in terms of the volume density function when the
given average energy dissipation rate is 0.0382 W kg
(200 rpm). There shows a great difference for the volume
number density at different instant points, which means
that the breakage and coalescence plays an important
role on the total PSD in suspension polymerization. In
Figure 4, the simulated results show that as the drop-
lets break, the total droplet number increases, while
the droplet size decreases. On the contrary, the droplet
size increases in the process of coalescence as shown in
Figure 5. According to the mathematical model estab-
lished in Section 2, the breakage rate is highly dependent
on operating conditions, i.e., agitation speed, while the
coalescence rate is influenced mainly by the dispersed
phase physical properties, ie., density and viscosity,
which changes significantly in the process of suspension
polymerization. Furthermore, it is well-known that the
disperse-phase Sauter mean diameter will either decrease
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Figure 5. Effect of the coalescence rate on the droplet volume
density distribution at different time points.
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or increase when breakage or coalescence effect is domi-
nated in the suspension polymerization.

In this study, the particle breakage and coalescence
rates are mainly determined by mixing power per unit
volume combined with tip shear rate of stirrer paddle.
In other words, breakage and coalescence rates are
dependent on both the operating parameters (i.e., agita-
tion speed) and reactor structural parameters (i.e., type of
stirrer paddle, installation location). The agitation speed,
as one of the most important influence factors, can affect
the average energy dissipation rate (¢) that is an important
parameter in PBM (see Equations (26) and (27)). Therefore,
only the effect of stirrer speed on the dynamic behavior of
droplet size is studied herein when the reactor has been
specified. Figure 6 displays the dispersed phase volume
density function at different times with different agita-
tion speeds of 200 rpm (¢ = 0.0382 W kg™), 300 rpm (e =
0.1101 W kg), and 400 rpm (e = 0.2692 W kg1). As can
be seen in Figure 6, with the increase of agitation speed,
the droplets volume density function changes observably.
When the stirring rate is 200 rpm, the breakage rate and
coalescence rate are approximately equal to each other
and the total droplets volume density distribution seems
to remain the same. Similar results can also be seen in
Figure 7 that the droplet Sauter mean diameter remains
unchanged under the low agitation speed (N = 200 rpm).
When the agitation speed is as high as 400 rpm, however,
a large number of small droplets are generated due to
the breakage events (see Figure 6C). Figure 7 illustrates
the influence of agitation speed on droplets diameter in
details. At first, the Sauter mean diameter has a simple
linear relation with time. What’s more, there is a great
difference in the droplets diameter under three different
agitation speeds, which further proves the importance of
agitation speed in suspension polymerization.

5. Conclusions

In this work, a comprehensive mathematical model was
developed to describe the dynamic behavior of the batch
suspension MMA ATRP. The suspension ATRP kinetic
model, the thermodynamics equilibrium of the suspension
system, and the rate of droplet breakage and coalescence
were considered to investigate the suspension polymeri-
zation system. Open experimental data were applied to
validate the above model. Based on the validated model,
extensive simulations were performed to investigate the
influences of the operating conditions on polymerization
and particle kinetics. First, the monomer/initiator ratio
has significant effect on monomer conversion, M,, and
PDL An excellent final MMA conversion (>95%) and PDI
value (<1.2) are obtained when monomer/initiator ratio is
as high as 50:1. In addition, when the water to monomer
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Figure 6. Effect of the agitation speed on the droplet volume density distribution at different time points: A) t = 1000 s, B) t = 5000 s,

C)t=10000s.

ratio is smaller than 2, the monomer conversions of sus-
pension and bulk polymerization become almost equal to
each other. For particle kinetics, the effect of breakage and
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Figure 7. Effect of the agitation speed on the Sauter mean
diameter during the whole polymerization.
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coalescence event on the time evolution of the volume den-
sity function were obtained respectively, attention was also
paid to the effect of agitation speed on the droplets volume
density distribution and Sauter mean diameter. When the
stirring rate is 200 rpm, the breakage rate and coalescence
are comparable and the total droplets volume density dis-
tribution seems to remain the same. When the agitation
speed is as high as 400 rpm, however, a large number of
small droplets are generated due to the breakage events.

As awhole, the established comprehensive model could
better capture the whole suspension polymerization
information including the time evolution of conversion,
M, PD], droplet volume density distribution, and Sauter
mean diameter. It is believed that the current model may
contribute to a more rational design of suspension polym-
erization reactors. Recently, much attention was paid to
the CFD to provide detailed flow fields information in
polymerization reactor. Therefore, the more realistic CFD
model based on the current simulation results will be
developed in our future work.
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