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PROTOCOLO DE INVESTIGACION

TEMA

Modelacién de polimerizacion RAFT de MMA en dioxido de carbono supercritico

usando la ecuaciéon de estado PC-SAFT.

INTRODUCCION

La necesidad de reducir las emisiones de disolventes organicos a la
atmosfera en las sintesis poliméricas tradicionales ha llevado a la busqueda de
disolventes alternativos como medio de reaccidén. Algunos disolventes que han
recibido mucha atencién son: el dioxido de carbono supercritico (scCOz), agua,
liquidos i6nicos y polietilenglicol. En particular, el uso de estos disolventes ha
aumentado en el campo de la polimerizacién radical por desactivacion reversible
(RDRP’s, por sus siglas en inglés reversible deactivation radical polymerization).
Los sistemas RDRP’s mas estudiados durante los udltimos 30 afios son la
polimerizacion por transferencia de cadena de adicion-fragmentacion reversible
(RAFT), polimerizacion radicédlica por transferencia de atomo (ATRP) y la
polimerizacion radicélica mediada por nitréxidos (NMP). La razon del uso de
sistemas RDRP’s como método de polimerizacion es debido a que se han llevado
a cabo polimerizaciones exitosas en condiciones homogéneas y heterogéneas,
desarrollando polimeros con microestructuras controladas los cuales pueden ser

utiles en diferentes campos de la industria y la investigacion.

Actualmente, scCO: es atractivo como medio de reaccion debido a que el
producto se recupera simplemente descargando el CO2 del reactor. Generalmente,
las reacciones en scCO:z ocurren como procesos heterogéneos debido a la nula
solubilidad de polimeros de alta masa molar en el solvente. Sin embargo, los
procesos poliméricos heterogéneos conllevan a un desafio comun en la quimica el
cual es el estudio de la transferencia de masa entre las diferentes fases y especies

poliméricas involucradas. @ También es importante sefialar que los datos



experimentales son dificiles de obtener debido a que los reactores trabajan a

presiones tan altas como 500 bar.

Anteriormente se han utilizado ecuaciones semi-empiricas para la particion
de solvente y mondémero entre las diferentes fases presentes, asi como el uso de
software comercial para la particion de componentes de bajo peso molecular entre
las fases de la mezcla de reaccion. En la presente investigacion se aplica la
ecuacion de estado PC-SAFT para describir la particion de las especies entre las
fases presentes, asi como se comparan los resultados con datos experimentales
reportados en la literatura. Se analizara el efecto de la presion y la temperatura en

la polimerizacién del metacrilato de metilo (MMA).



OBJETIVOS DE LA INVESTIGACION

El objetivo de esta contribucion es modelar y describir la polimerizacion RAFT del
metacrilato de metilo en diéxido de carbono supercritico usando la ecuaciéon de
estado PC-SAFT.

OBJETIVOS PARTICULARES
1. Desarrollar tres modelos matematicos (Modelos A, B y C) para modelar la
polimerizacion del metacrilato de metilo y compararlos entre si.

2. Utilizar el método de los momentos para simplificar el balance de materia en

ciertos modelos desarrollados.

3. Modelar la polimerizacion del metacrilato de metilo utilizando un software

comercial.

4. Comparar los resultados de las modelaciones de los tres modelos

desarrollados con resultados experimentales encontrados en la literatura

5. Estimar los parametros de interaccibn binaria a partir de datos
experimentales encontrados en la literatura para el sistema de polimerizaciéon

estudiada.

6. Describir el efecto de la presion y la temperatura sobre la polimerizacion del

metacrilato de metilo utilizando los tres modelos desarrollados.



MATERIALES Y METODOS

Para los modelos matematicos A y C, se obtuvieron las ecuaciones diferenciales
correspondientes a los balances de materia para cada componente. Se uso el
lenguaje de programacién Fortran y se resolvieron usando compiladores Intel en la
supercomputadora Miztli (UNAM, México). En el caso del Modelo B, se usoé el
software comercial Predici® en una computadora de escritorio. Los parametros de

interaccion binaria fueron estimados usando Aspen Plus V8.8 y VLXE.

DISENO EXPERIMENTAL

Se desarrollaran tres modelos para explicar la polimerizacion RAFT del MMA. En el
modelo A se usaran ecuaciones de particion semi-empiricas para explicar la
transferencia de masa de las especies entre la fase dispersa y continua. Se usara
el método de los momentos para simplificar el balance de materia.

En el modelo A se consideraran tres etapas durante la reaccion; etapa 1 donde la
reaccion inicia y las especies se encuentran en una sola fase (reaccion homogénea)
hasta una conversion critica (xsa) en el que se presenta una segunda fase; en la
etapa 2 hay presentes dos fases y la polimerizacién ocurre en ambas fases; en la

etapa 3 la polimerizacion ocurre solamente en la fase dispersa.

El modelo B utiliza el software comercial Predici® implementando ecuaciones de
transferencia con la finalidad de describir la transferencia de masa de las especies

de baja masa molecular y los radicales activos entre las fases continuas y dispersa.

El modelo C usara la ecuacion de estado PC-SAFT para describir el equilibrio L-L y
de igual manera que el modelo A usara el método de momentos para simplificar el
balance de materia. Similar al modelo A, existe una conversion critica Xsa en el que
los oligdbmeros ya no son solubles en la fase continua y se presentan dos fases por

lo que la reaccion se lleva a cabo en ambas fases.
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ARTICULO

MODELING OF RAFT POLYMERIZATION OF MMA IN SUPERCRITICAL
CARBON DIOXIDE USING THE PC-SAFT EQUATION OF STATE!

Porfirio L6pez-Dominguez?, Jesus Eduardo Rivera-Pelaez?, Gabriel Jaramillo-Soto?,

José Fernando Barragan-Aroche? and Eduardo Vivaldo-Lima®

ABSTRACT

The kinetics and evolution of molar mass averages for reversible addition-
fragmentation chain transfer (RAFT) dispersion polymerization of vinyl monomers in
supercritical carbon dioxide (scCO2) is addressed using three mathematical models
(models A, B and C). Models A and C are based on the methods of moments. The
partition of components is calculated using simple partition equations in model A,
whereas the perturbed-chain statical associating fluid theory (PC-SAFT) equation of
state is employed in model C. On the other hand, in model B, the polymerization
scheme and mass transport of the species among the present phases are calculated
by using the Predici® commercial software. The PC-SAFT equation of state is also
used to calculate the solubility of oligomers in the reaction mixture. The calculated

profiles of monomer conversion versus time and molar mass averages versus

1 Esta es la versidn aceptada del articulo “Modeling of RAFT polymerization of MMA in supercritical carbon
dioxide using the PC-SAFT equation of state”, Porfirio Lopez-Dominguez, Jesus Eduardo Rivera-Peldez,
Gabriel Jaramillo-Soto, José Fernando Barragan-Aroche and Eduardo Vivaldo-Lima, React. Chem. Eng., 2020,
5,547, DOI: 10.1039/c9re00461k.

2 Facultad de quimica, Departamento de Ingenieria Quimica, Universidad Nacional auténoma de México,
04510, Ciudad de México, México. E-mail: vivaldo@unam.mx

b Institute for polymer Research, Department of Chemical Engineering, University of Waterloo, Waterloo,
Ontario, Canada
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conversion are compared with available experimental data for dispersion
polymerization of methyl methacrylate (MMA) in scCO2, using 2,2 -azobis(2-
methylpropionitrile) (AIBN) and s-thiobenzoyl thioglycolic acid (TBTGA) as initiator
and controller, respectively. The effects of temperature and pressure are also

analyzed.

INTRODUCTION

During the last two decades, reversible deactivation radical polymerizations
(RDRPs) have been successfully conducted in homogeneous and heterogeneous
conditions yielding polymers with controlled microstructures for a diverse range of
applications.!? The most studied RDRP systems are reversible addition-
fragmentation chain transfer (RAFT) polymerization,®* atom transfer radical
polymerization (ATRP),>® and nitroxide-mediated radical polymerization (NMP).78
There has been an increasing interest on the study of RDRPs conducted in “green
solvents”, such as water, supercritical CO2 (scCOy), ionic liquids, and low molar
mass poly(ethylene glycol)s.®°Recently, well-defined poly-(dodecafluoroheptyl
methacrylate)-b-poly(methyl methacrylate) (PDFMA-b-PMMA) using AIBN and 1-
docecylS -(a-a’-dimethyl-a”"-acetic  acid) trithiocarbonate = (DDMAT) was
synthesized in scCO:2 at 70 °C and 300 bar. ! Scanning electron microscopy (SEM)
images showed that nanoparticles with an average size of 425 nm and with narrow
size distributions were obtained. Jennings et al.*? reported the one-pot synthesis of
poly(benzyl methacrylate (BzMA)-b-PMMA) and PMMA-b-polystyrene(PS) using

AIBN/DDMAT/scCO2 at 65 °C and 275 bar. It was found that the block control

13



capacity of the process was excellent when initiator content and targeted number

average chain lengths (P,) where both decreased.*?

Most polymerizations carried out in scCO2, proceed as dispersion as
dispersion polymerization processes. At the star of polymerization in scCOg, the
monomer and CO:2 form a homogeneous phase. The first propagation steps yield
small oligomer molecules which are also expected to be soluble in the reaction
medium until they reach a critical chain-length and then phase separate. Dispersion
polymerization is a type of precipitation polymerization.*31* The low or null solubility
of high-molar-mass macromolecules in scCO:2 leads to two reaction loci: the COo-
rich and the polymer-rich phases. Three approaches have been used in the literature
to account for the partition of monomer and COz: in such phases: (a) application of
the Sanchez-Lacombe equation of state (SL-E0S)'*8 for calculation of the phase
equilibrium and mass transfer of low molar mass species; (b) assuming mass
transfer of low molar mass species and polymer radicals between continuous and
dispersed phases using the “phase-exchange” and “k(s)-termination” steps of the
Predici® software,'®?° and (c) use of semi-empirical partition coefficient?-%> for

calculation of phase equilibrium and mass transfer of polymer species.
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Table 1 Polymerization scheme for RAFT homopolymerization of vinyl

monomers in phase ¥

Reaction Representation Kinetic Coefficient
Initiation Iy = 2R, ¢ fw. kgw
First propagation Ripw + My - Ry(1) kpw
Propagation Ry(S) + My » Ry(s+1) kyw
Termination by Ry(S) + Ry(r) » Py(s+71) kecw
combination and

Ry (S) + Ry(r) = Py(s) + Py(r) keaw

disproportion

Reversible chain transfer

to RAFT agent

Main equilibrium

Intermediate radical

termination

Ry(S) + PAy(r) < R(s)ARw(r)

— PAy(s) + Ry(r)

Ry(S) + R(NARy(l) » Ty(s+r+1)

kadd,‘l"' kbd,‘P

ka,‘P' kb,‘}’

ktir,‘l’
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Table 2 Definition of moments for the different polymer distributions in phase
Y
Distribution Moment definition Equation

Living polymer 2 1)
Yy = ) 5" [Ry(5)]
s=1
Dormant polymer - (2)
Znw = ) s"PAG(S)]
s=1
Dead polymer - 3)
Onw = ) s™Py(5)]
s=1
One-arm adduct e (4)
Two-arms adduct - (5)
Fransw = 22 "[R(S)ARy (1)]
r=1s=1
Three-arms adduct X - (6)
Gornuwy = Z Z z s Ty (s +r + D]
=1 r=1s=
Table 3 Material balance equations for low molas mass species in phase ¥
Species Material balance Equation
Initiator 1 d(Vylly]) _ (7)
Ve dt aw[lv]
Monomer 1 d(Vg[My]) (8)
— T = _kp,‘{J[M‘{J]([Rin,‘P] + YO,‘-P)
Vo  dt
Primary free radicals 1 d(Ve|R;, o)) 9)
—M = 2fykqwlly] — kyw[My][Riy w]
Vg  dt
RAFT agent 1 d(Vy[ABy]) (10)
E% = —kaaqwlABy]Yow + k qaqwEow
RAFT agent leaving 1 d(Vg[By)) (11)
E% = kpawEow — kpawZowlBy]

group

— kpw[My][Biy]
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The influence of temperature and pressure on the performance and properties of
polymer/supercritical-fluid systems has been successfully modeled with the use of
cubic equations of state (or its variants), and also using the so-called lattice-fluid
theory and statistical associating fluid theory (SAFT).26 One of the modifications of
SAFT, namely, perturbed chain statistical associating fluid theory (PC-SAFT) has
shown to quantitatively describe cloud points of homopolymer and copolymer
mixtures.?’?° Gornet an Sadowski®® calculated concentration profiles for the
polymer-rich phase of a PMMA/MMA/CO: system using experimental data obtained
by cloud point and infrared (IR) spectra measurements. The effects of temperature,
pressure and polymer molar mass on process performance and material properties

were nicely described with a mathematical model based on PC-SAFT.3°

Herein, three approaches for the analysis of RAFT polymerization of MMA in
scCO:2 are compared: model A, based upon semi-empirical partition equations and
the method of moments; in model B, transfer equations are implemented in Predici®;
and in model C, the liquid-liquid (LL) equilibrium is calculated using the PC-SAFT
equation of state (EoS), coupled with the method of moments. In the latter model, it
iIs assumed that the oligomers are monodisperse and that their chain-length
increases linearly with conversion, if an appropriate RAFT agent is used.3%:32 Models
A and B have already been used to model this type of polymerization.®?> They are
used here to validate model C, which had not been used earlier for the modelling of

these polymerizations.

Experimental data of MMA conversion versus time and molar mass
development at several temperatures (65-85 °C) and pressures (100-500 bar) for

polymerizations carried out in scCO2 were used to validate the model.33
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Table 4 Moment equations for polymer distributions in RAFT polymerizations
of vinyl monomers, in phase ¥

Species Material balance Equation

Living polymer 1 d(VgYpmy) (12)

Vo ar - fowlMyl ([Rin,q,] + [By] + SZO (’:) Vo — leqj>

—kewYmwYow — KeirwYmwFoow — KagawYmwl[ABy]

+ Kk gaawEmw — (kgw + k pw)VYmwZow + (k o w

Ym,‘Pz
+ kb,‘P)FmO,‘P - ktransferA,‘P (Ym,‘}’ -

$p
Dormant 1 d(VeZmw) (13)
ET = KpaEm — k paZmBiy — (ka,lp + k_b,‘P)Zm,‘PYO,‘P + (k gw
polymer
Zomw2
+ kb,‘l’)FmO,‘P - ktransferA,‘P (Zm,‘{’ - Tg )
P
Dead polymer 1 d(VgQmy) 1 o om (14)
Vo dr = Ektc,‘{»' Z; ( s ) YswYm-sw + KeawVmw¥ow
s=
One-arm 1 d(VyEmw) (15)
— " = kgaawYmwlABy] — (K aaaw + kpaw)Emw
Ve dt
adduct
+ K paZm|[By]
Two-arms 1 d(VyFmnw) (16)

Vy dt
adduct

= (kaw + k pw)YmwZnw — 2(k gw + kpw) Fpnw + (kg w

+ Kk pw)lmwYnw — ktir wFmnwYow

F mn,W¥2
- ktransferA,‘P (an,‘{’ - ( )
P
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Three-arms 1 d(VyGmnu,w)

adduct

Ve T = ktir,‘{’an,‘PYu,lP

(17)

MODELING

The polymerization scheme, kinetic and moment equations summarized in Tables
1-5 (eqn (1)-(17)) are very similar to the ones considered in our previous study?° for
the polymerization of styrene in scCO:. As stated earlier, the key change here, and
the focus of this contribution, is the use of the PC-SAFT EoS for calculation of the

partition of components between the continuous and dispersed phases.

The RAFT polymerization of vinyl monomers involves, on the one hand,
conventional reactions such as generation of primary radicals, R;, y, from initiator,
Iy, first propagation with monomers molecules, My, propagation and termination by
both combination and disproportionation of active radicals, Ry (s), in phase ¥ (¥ =
con (dis) for continuous (dispersed) phase), as summarized in Table 1. On the other
hand, the RAFT agent, ABy, reacts with the active radicals to form one-arm adduct,
Ry (s)AB, which in turn fragments into dormant polymer (macro-RAFT agent,
PAy(s)), and leaving free radical By. The main equilibrium represents a reversible
reaction between active radicals and macro-RAFT agent (dormant polymer) to yield

two-arm adduct, R(s)ARy (1).

Although there are simpler models than one used here for RAFT
polymerization where no intermediate two-arm adduct is produced or where addition

and fragmentation steps are not reversible, the polymerization scheme shown in

19



Table 1 not only describes the chemical route originally proposed by the people from
CSIRO,* but it has been shown to better represent RAFT polymerization systems

in a wide range of polymerization conditions.3®

Intermediate radical termination between two-arm adduct and active radicals

producing three-arm dead polymer (Ty (s + r + 1)) was also considered.

Once formed, polymer species Py(s) and Ty(s) do not undergo further
reaction and only contribute to global molar masses. On the other hand, the main
equilibrium between R(s), R(s)ARy(r) and PAy(s) can be affected by migration of
those species from the continuous to the dispersed phase, and vice versa. Mass
transfer of polymer species of size s, Poly(s), from phase ¥ to phase ¥, (second
phase) is modeled using a simple mass transfer rate expression, given by eqn (18)
and (19) in models A and C, where {»(s) is partition coefficients for polymer species
of size s, or Predici’s k(s)-termination step in model B. The full molar mass
distribution is required to account for chain length-dependent mass transport

parameters, as reported for the case of conventional radical polymerization of

MMA 15
dPoly(s) _ [Polys(s)]
V\ylc}i]t = _ktransferA,‘P(S) ([POllP(S)] - %) (18)
dPol
LMD = —Keranspersyu(s)([Poly ()] 19)
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Table 5

Steps used in Predici® for RAFT dispersion polymerization of vinyl

monomers
Reaction Step name Step pattern Kinetic
Initiation and first propagation Initiation (rad) 1 - 2I" fwkaw
I"+M - R(1) kyw
Propagation Propagation R(s)+M > R(s+1) kpw
Irreversible chain transfer to Change R(s) + AB - RAB(s) kogaw
Change RAB(s) - PA(s) + B* kpaw
Addition D-Termination R(s) + PA(r) = Q(s) kow
Fragmentation Change Q(s) = PA(s) kpw
S(s) = R(s) kpw
Intermediate radical termination Condensation R(s)+Q(r)>T(s+71) kiirw
R()+SM) ->T(s+r)  kurw
Termination Termination by R(s)+R(r) > P(s+71) kicw
combination/disproportion R(s) + R(r) - P(s) kigw
Phase transfer of LMS Phase exchange LMS,,, & LMS kye
Active radical transfer k(s)-Termination Reon(s) © LMS;4i5(S)  KiransferBw

The method of moments (MMs) applied to RAFT polymerization

The method of moments is an efficient approach for the calculation of average

polymer properties, especially in the modelling of structurally linear polymerizations,

such as number-average chain length, P,, and dispersity of molar mass, D. In the

present study, the definition of moments for the different polymer distributions in

phase ¥ are summarized in Table 2 (egn (1)-(6)). The rate of consumption of low
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molar mass species and polymer populations are listed in Tables 3 and 4 (eqn (7)-

(17)), respectively.

It was assumed for simplification purposes that mass transport coefficient,
keransrer 4, @nd polymer partition coefficient, {p, remain constant throughout the

polymerization.

Global number and weight-average chain lengths (P,, B,) are calculated
according to egn (20)-(25). It should be noted that global variables are represented
without subscript ¥. Global values for concentrations of low molar mass species and
polymer molecules are given by the sum if their respective values in each phase
(e.9.. M = Yy[M]pVy and Yy = Xy Yy wVy). Dispersity of molar mass, b, is defined as

the ratio of P, to P, (see eqn (25)).

1 2
tow =Yow + Zow + Qow + Sow + Egw + ;Foo,su + gGooo,w (20)

1
Py =Yiw+Ziw+Qry+Ey+ 5 (F10,tp + F01,l1/)

2
+3 (Groow T Gorow + Goorw) (21)

1 2
Uow =Youw+Zow+ Quuw+ Ezy + E(on,w + Foop + 2F11,!1/) + E(Gzoo,w + Gozoy +
Goozw + 2(Griow + Gro1,w + Gor1,w)) (22)

Pn — M1, conVeontH,disVdis (23)

Ho,conVeontHh1,disVdis

5 U2 conVeontH2 disVdis
by = == (24)
U1,conVeontH1,disVdis

Model A: simple partition of components. The modeling of dispersion
polymerization of vinyl monomers has been studied with the use of a simple model

for the partition of monomer and solvent, coupled with the method of moments, and
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considering a three-stage polymerization in terms of monomer conversion.® Such
approach has been successfully applied to conventional free radical
(co)polymerization?!-?4 and recently, a modified version of it was applied to RAFT

(co)polymerizations.?0-25,

Stage 1 (0 = x < x,,). The reaction begins as a homogeneous reaction until a
limiting monomer conversion, xg,, is reached. The amount of monomer in each

phase is calculated using eqn (26) and (27).

Mcon = Mo(1 —x) (26)

Mgyis =0 (27)

Stage 2 (x4, < x < x.). It is assumed that two phases, polymer-rich and CO:
rich phases, are present. The amount of monomer in each phase is calculated using
egn (28) and (29), where K; is defined as the mass ratio of CO2 to monomer in the

monomer in the dispersed phase.

~ x(xic—1)
Megn = My (1 - x — =25 (28)
B x(xic—1)
Mais = Mo \ =~ (29)

Stage 3 (x. < x < 1). In this stage, polymerization occurs only in the dispersed

phase as defined by egn (30) and (31).

Meon =0 (30)

Mgis = Mo(1 —x) (31)
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As summary, parameters xg,, x., and K; are to be estimated for each
polymerization case and their values lead to low or high monomer concentrations

attained in the dispersed phase.

Regarding the partition of initiator used in models A and C, it was assumed
that the ratio of initiator to total monomer is the same in both phases, leading to egn
(32) and (33) for the amount of initiator in both phases.2%23-25 Similar relationships

were assumed for RAFT agent, resulting in egn (34) and (35).

I

Ieon = % (32)

lgis =1 —Icon (33)

AB,,, = HATBL (34)
Mcon

ABgis = AB — AB,,, (35)

Model B: calculations using Predici®. Predici®, a commercial software
developed and commercialized by CiT, has been used to study several RAFT
polymerizations following the so-called Q-type approach.'®:37:38 |n this approach, the
main equilibrium between propagating radicals and dormant polymer are
represented by introduction of species Q(s) and S(r), which keep track of the size
of the two-arm adduct. The steps used in Predici® are listed in Table 5.3%3°
Regarding the mass transfer of low molar species (LMS = monomer, initiator or
RAFT agent) and active radicals between the continuous and dispersed phases,
Predici’'s phase exchange and k(s)-termination steps, respectively, were

implemented. Two phases were assumed from the beginning of the polymerization
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in which the initial concentration for component “LMS” in phase ¥ was calculated via
partition coefficients defined as {;ys = [LMS]4is/[LMS]:0nand used in the phase
exchange step.'® When using the k(s)-termination step, active radicals were
assumed to remain in the continuous phase until they reach a critical length, given
by a critical number-average chain-length (P,.). Eqn (19) was used thereafter. For
simplification purposes, ki qnsrerp Was assumed constant.!® Recently, this model
was used to study the RAFT polymerization of styrene in scCO:. It was found that
the predicted monomer concentration in both, continuous and dispersed phases,
resemble those observed in typical solution polymerizations; accordingly, no

diffusion-controlled effects are obversed.?°

P-rich
C02-rich
Feed
Data

T=75°C
P=350 bar
Mn=0.1-16.4 kg/mol

40DO

0.8

Fig. 1. Reaction path for case 1(see Table 6) using PC-SAFT parameters from
Table 7.
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Fig. 2 Equilibrium constant for monomers, solvent and oligomer as a function of monomer
conversion for case 1 (see Table 6) using PC-SAFT parameters from Table 7.

Model C: application of the PC-SAFT equation of state.

The PC-SAFT equation of state was derived assuming that molecules are
conceived to be chains composed of spherical segments. Three pure-component
parameters are used in PC-SAFT:. segment diameter (o), energy interaction
parameter (¢) and number of segments (m).?28 The PC-SAFT equation of state has
been used to correlate the sorption of supercritical fluids in polymers, to calculate
cloud points for polymer/solvent mixtures and to calculate the phase behavior of
copolymer systems.?”#9 In RAFT polymerization, most macromolecules are
oligomers at low conversions. These species are expected to grow linearly with

conversion. These species are expected to grow linearly with conversion, according

to eqn (36).

PTL = [AB] (36)
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Herein, PC-SAFT pure-component parameters for oligomers were
interpolated assuming that parameter combinations m, me/k and ma3 are linear with
P,.** Thus, as observed in Fig. 1, the path of the reaction can be depicted in a ternary
diagram taking into account egn (36) and the mass balances for monomer, polymer
and solvent, given by eqn (37)-(39), where w,,, w, and w, are masses of monomer,

polymer and solvent, respectively.

Wy, = Wpyo(1 —x) (37)
Wy = WpnoX (38)
Ws = Wso (39)
Table 6 Initial conditions for RAFT polymerization of MMA using AIBN and
TBTGA in scCOz (ref. 33)
Case M/I/AB M/S t (°C) p (bar)
1 160/1/1 1/12 75 350
2 160/1/1 1/12 65-85 300
3 160/1/1 1/12 75 100-500
Table 7 Kinetic rate coefficients and free-volume parameters used in the

simulations for non-RAFT reactions

Kinetic rate Unit Value Ref.
coefficient or
parameter
feon Dimensionless 0.83 [15]
f ais Dimensionless 0.5 [15]
k3 con st 4.19x 105 exp (—16190/T) [15]
k9 ais st 2.89 x 105 exp (—15722/T) [45]
kS con = KD con L molts? 5)2) x)106 exp ((—3055 + 0.204(p — [15]
1))T
kD ais = K ais L molts? 4.92x10% exp ((—2190 + 0.204(p —  [15]
DT
ky L molts? 9.8 x 107 exp ((—349 — 0.1827(p — [15]
D)T)
Ky /Koy Dimensionless 2.483 x 10% exp (—2057/T) [46]
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ﬂPlBtiﬁd
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Wy Wp'Ws
Oy,0p,0¢g
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ky'ky' Ky

kmmajco,

kpmmajco,

kMMA/PMMA

°C

oc-l
Dimensionless
mol g1

1010 m

K

Dimensionless

Dimensionless

Dimensionless

-106, 114, -160
1x1073,4.81x107%4,7x1073
0.33,1.45,1x1073

0.0306, 0.0262, 0.05839

3.6238, 3.6, 2.5637
265.69, 245, 152.1

0.05769 (50 °C), 0.07143 (60 °C),
0.06536 (70 °C), 0.06905 (80 °C),
0.06752

(50-80 °C)

0.10099 (50 °C), 0.10432 (65 °C),
0.10659 (80 °C

s -0.01 (65-80 °C)

[47]

[47]

[47]
[30],
[30],[44]
[30],
[30],[44]
[30],
[30],[44]
This
work

This
work
This
work

It is observed in Fig. 1 that at low conversions (0 < x < x,z.) when oligomers

are small and are present in minor amounts, the mixture is homogeneus until a

limiting conversion x,. is reached; afterwards, a two-phases region is shown for x >

Xgc-

Table 8 Kinetic rate coefficients and free-volume parameters for RAFT
reactions used in the simulations corresponding to case 1 (T=75 °C and P=350 bar)
Kinetic constant or Units Value Value Value
parameter (model A) (model B) (model C)
kgaw = k%qw L molt st 2.6 x 10° 2.6 x 10° 2.6 x 10°
K gaw = Kdaw st 2.6 x10' 2.6 x 10 2.6 x 10
k:‘i,w = k% L molts? 2.6 x 10° 2.6 x 10° 2.6 x 10°
K w =K}y st 2.6 x 10? 2.6 x 10? 2.6 x 10t
K L molt st 26x10°  1.2x10° 2.6 x 108
X K, st 0.95, 0.3 Not used Not used
¢m, €1, S, $co, Dimensionless Not used 2,2,2,05 Not used
{p Dimensionless 2 x 102 Not used 2 x 102
kye mint Not used 1x10? Not used
Kiransferaw mint 1x 104 Not used 1x10%
Kivansfernw mint Not used 1x10? Not used
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Bada B adasBa B a Dimensionless 0.5, 0.2, 0.5,
0.2,0.2

The equilibrium constants defined as K; = X; con/X; 4is depend on monomer
conversion, as shown in Fig. 2. As mentioned above, in the description of model A,

the partition of monomer and initiator were calculated with egn (32)-(35).
Diffusion-controlled effects

Diffusion-controlled effects (DCESs) for all the reactions involving polymer molecules
were modeled using free-volume theory, according to eqn (40), where k; is effective
kinetic rate coefficient, and k? is the corresponding intrinsic kinetic rate coefficient.
Vs is fractional free volume at initial conditions; V; is fractional free volume at time
t; and B; is a free volume parameter. Fractional free volume was calculated using
eqn (41), where a,, Ty, and ¢, are expansion coefficient, glass transition

temperature and volume fraction for component n, respectively.?%4?

_ 1,0 _p(r_1
ki = k0 exp | =i (-~ 7= )| (40)
#ofcomponents
Vf = 0.025 + Z (T = Ty) (41)
n=1

It should be noted that egn (40) and (41) are applied only to the dispersed phase
since DCEs are usually negligible at low concentrations. In a previous work, a set of
reasonable partition coefficients used in model B resulted in small variations of free-
volume in the dispersed phase. In contrast, significant DCEs were observed when

model A was used.?? The variation of free-volume was monitored in all models.

29



Table 9 Upper boundary (limiting conversion) of stage 1 (x5, = Xsc)
employed in models A and C

T(0) p (bar) X T(C) p (bar) Xsa
75 100 0.00 (L-V) 75 450 0.20
75 150 0.06 75 500 0.23
75 200 0.08 65 300 0.15
75 250 0.10 70 300 0.13
75 300 0.12 75 300 0.12
75 350 0.15 80 300 0.11
75 400 0.17 85 300 0.11

Numerical implementation

Models A and C result in sets of ordinary differential equations (ODEs) which were
implemented and solved using the C programming language in a supercomputer
with Intel® compilers (Miztli, UNAM, Mexico). Sundials’ CVODE routine was
employed, using backward differentiation with both absolute and relative tolerances
set to 101243 The PC-SAFT binary interaction parameters were estimated using
Aspen Plus® version 8.8;* whereas the L-L equilibrium was calculated using

software VLXE (www.vIxe.com). Model B was implemented in Predici®, version 7,

using a desktop computer with an Intel Core 2® Quad processor and 4 GB of RAM.
Numerical integration of ODEs using models A and C took less than 1 minute,
whereas the simulation times for model B required from 1 to 4 hours. Computational
times of interaction parameters and L-L equilibrium using ASPEN Plus and VLXE,

respectively, took less than 1 minute for each case study.
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RESULTS AND DISCUSSION

As summarized in Table 6, three cases corresponding to RAFT polymerization of
MMA using AIBN and S-thiobenzoyl thioglycolic acid (TBTGA) in scCO2, are
analyzed in this contribution.®® The kinetic rate coefficients and physicochemical

parameters used in the simulations are listed in Tables 7 and 8.

Table 10 Kinetic rate coefficients for RAFT reactions used in the simulations
corresponding to case 1 in Fig. 6 (T=75 °C and P=350 bar)

Kinetic constant or Units Value (model C) Value (model C2)
kyaaw = k%qw L molts? 2.6 x 10° 1.4 x 10°
Kaaw = kpaw S 2.6 x 10! 1.4 x 10t
ko w = k% w L mol*s™ 2.6 x 10° 1.4 x 10°
Kow=kpy  S? 2.6 x 10! 1.4 x 10
Ky L molts? 2.6 x 106 1.4 x 106
{p Dimensionless 2 x 102 2 x 102
Ktransfera w min 1% 10% 1 x 105
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Fig. 3 Comparison of experimental data and calculated profiles of pressure versus
weight fraction of COz2: a) L-L equilibria of MMA/CO2 and b) sorption of CO:2 into
PMMA.

As explained in Model C: application of the PC-SAFT equation of state,
limiting conversions for stage 1 in models A and C (x,,, X5, respectively) were
estimated following the development of P, with monomer conversion (see Fig. 1).
Limiting conversions at different temperatures and pressures are summarized in
Table 9. On the other hand, in model B the LMS partition coefficients used in the
“‘phase exchange” step of Predici were set to reasonable values, namely, {,, = ; =

(4 =2 and s =0.4.
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Fig. 4 Comparison of L-L equilibrium experimental data and calculated values for
ternary system PMMA/MMA/CO: at: a) T=65 °C and 150 bar, with M,,=18 kg mol?,
and b) T=80 °C and 150 bar, with M,,=101 kg mol*
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Fig. 5. Comparison of experimental data and predicted profiles of polymerization
rate and molar mass development using model A, B and C: a) monomer
conversion versus time, b) Mn versus conversion and c) b versus conversion.

These values were chosen assuming that the concentrations of reactants are
higher in the dispersed phase. Critical chain-lengths used in the “k(s)-termination”
step were estimated as P,. = x;,[M],/[AB],- The obtained values of x,, are

summarized in Table 9.
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The PC-SAFT binary interaction parameters, k;;, employed in model C for

i
MMA/CO2, PMMA/CO2 and MMA/CO: were fitted to L-V experimental data*® and L-
L3049 equilibria, as observed in Fig. 3 and 4. It should be noted that the estimated
PC-SAFT parameters for CO: are different from those used by Gornert and
Sadowski, who used different L-V experimental data for the estimation of k;; values

for MMA/CO2 were obtained in this work, but the estimated parameters for

PMMA/CO2 and MMA/PMMA are similar.

Case 1 was used to compare the performance of models A, B and C at 75°C
and 350 bar. The predicted profiles of monomer conversion versus time (a), M,
versus conversion (b), and P versus conversion (c) are compared against the
corresponding experimental data in Fig. 5. As reported in Table 8, the values of kg,,,u,
k% and kp,, used in the simulations were practically the same. Those values
provided the best results for each model. The fitted value of k7, for model B

resulted in a slightly lower value, compared to that for models A and C.
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Fig. 7 Comparison of predicted profiles of concentrations versus conversion for: a)
monomer, b) initiator, c) RAFT agent, d) living polymer, e) dormant polymer,
and f) dead polymer, using models A, B and C.

The calculated profiles of conversion versus time agree well with experimental
data, especially the one calculated with model B, as observed in Fig. 5a. It is
observed in Fig. 5b that model C captures nicely the linear behavior of M,, versus
conversion up to about 80% monomer conversion, where slight underprediction
starts to appear. The underprediction region of the M, versus conversion profile
appears earlier in models A and B. All the calculated profiles of B versus conversion
lie above the experimental data, as observed in Fig. 5c. It is expected in RDRP
systems that B values are low, and not greater than 2. The profiles shown in Fig. 5
are the best results when conversion and M,, data are used for parameter estimation
purposes. However, a better description of B can be provided by model C if different
kinetic parameters (identified as model C2 in Table 10) are used, as observed in
profile C2 in Fig. 6. Masoumi et al. used the sequential Bayesian Monte Carlo model

discrimination method to RAFT polymerization and concluded than M,, is a suitable
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process output for model discrimination purposes but it was not enough to
discriminate models of similar mathematical structures as the ones compared in this
study.®® They pointed out that more experimental information, such as the
concentration of intermediate radicals, R(s)ARy(r), was necessary fur such as
purposes.®® Therefore, more experimental data such as intermediate species and
three-arm dead polymer concentrations would be necessary to adequately

discriminate between models A, B and C.

Predicted profiles of concentrations of monomer, initiator, RAFT agent, active
radicals (Y;), dormant polymer (Z,) and dead polymer by combination and
termination (Q,) for case 1, using models A, B and C, are shown in Fig. 7. It is
observed in Fig. 7a that the predicted monomer concentration profiles in the
continuous phase are very similar, while those in the dispersed phase behave
differently. Similar trends were obtained for the initiator, as observed in Fig. 7b. As
expected, the RAFT agent is completely consumed during the first stages of

reaction, mostly in the continuous phase, in the low conversion range x < 0.1.
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Influence of temperature on RAFT polymerization of MMA in scCO2

The effect of temperature on polymerization rate and molar mass development in
RAFT polymerizations has been addressed by some groups in the open literature.
Hernandez-Ortiz et al.>! estimated k,, k;, and k,;, for the RAFT polymerization of
styrene using 2-cyanoprop-2-yl 1-dithionaphtalate (CPDN) and AIBN at 60, 72 and
98°C. The kinetic rate coefficients were found to vary one order of magnitude when
operating between 60 to 98 °C. For instance, k, =2 x 10°,8 x 10° and 2 x 10° at
60, 72 and 98 °C, respectively. Meiser et al.> estimated K., = k,/k; for the RAFT
polymerization of butyl acrylate (BA) using S-thiobenzoyl-2-thiopropionate (ETTP)
via single fast electron paramagnetic resonance (EPR), scanning in a range between
-40 and 70 °C. They obtained an activation energy of E(K,q,) = -49.5 kJ mol?, and
assuming that E (k,) = 8.4 kJ mol?, it was estimated that E (k;) = 57.9 kJ mol?, that

is, k;,’s activation energy is about 7 times greater than that of k.5
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Fig. 8 Comparison of experimental data and calculated profiles of: a) monomer
conversion versus time, b) M,, versus conversion, and c) b versus conversion,

using model A at 300 bar and 65, 70, 75, 80 and 85 °C.
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Fig. 9 Comparison of experimental data and calculated profiles of: a) monomer
conversion versus time, b) Mn versus conversion, and c) B versus conversion,
using model B at 300 bar and 65, 70, 75, 80 and 85 °C.

Herein, the activation energy of k, was set to a low value of E(k,) = 8.4 kJ
mol?,%3 the activation energy of k;, was assumed to be four times greater than that
of k,, E(kp) = 4E(k,), and the activation energy of k;;- was considered to be the

same as that of k;, namely, E (k) = E(k;). Comparison of experimental data and
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calculated profiles of monomer conversion versus time, M,, versus conversion and
b versus conversion at 300 bar and 65, 70, 75, 80 and 85 °C, using models A, B and
C are shown in Fig. 8-10, respectively. It should be noted that parameters x., K.
and ¢, 41, ¢aB» Sco,, Used in models A and B, respectively, were kept constant in the

temperature and pressure ranges studied in the present and following subsections.
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Fig. 10 Comparison of experimental data and calculated profiles of: a)

monomer conversion versus time, b) M,, versus conversion, and c¢) D versus
conversion, using model C at 300 bar and 65, 70, 75, 80 and 85 °C.

As expected, high temperatures lead to high polymerization rates, mainly at
the beginning of the polymerizations. It is observed in Fig. 8 and 10 that no significant
increase in final monomer conversion at temperatures higher than 75 °C is predicted

by models A and C, and a gradual increase is obtained by model B (see Fig. 9). The
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calculated profiles of M,, versus conversion vary only slightly when going from 65 to
85 °C. Finally, the calculated b values decrease as temperature increases, following

the experimental trends.
Influence of pressure on RAFT polymerization of MMA in scCO2

Regarding the pressure dependence of parameters k,, k;, and k;;,, it was assumed
that their activation volumes (V*) are related to those of the propagation and
termination reactions as follows: V*(k,) = V*(k,) = V*(k,)= -16.7 cm* mol*, and
V*(kyr) =V*(ky) = 15.0 cm® moll.® Comparison of experimental data and
calculated profiles of monomer conversion versus time, M,, versus conversion and
b versus conversion using models A, B and C at 75 °C and 100 to 500 bar are shown
in Fig. 11-13, respectively. As shown in Table 9, higher pressures favor solubility of
oligomers. It is observed in Fig. 11-13a that higher monomer conversions are
attained at higher pressures and the final conversion range is broader when model
C is used. M, is predicted to increase with pressure by models A and B. Model C
predicts a slight decrease, instead, which agrees better with experimental data, as
observed in Fig. 11-13b. b values are predicted to decrease with pressure when
models A and C are used; on the other hand, model B predicted an increasing
behavior of D. It is interesting to note that at the beginning of the polymerization, the
MMA/CO:2 mixture at 75 °C and 100 bar consists of two phases, liquid and vapor. It
is therefore expected that the predictions for this case may be inaccurate. This is
indeed confirmed in Fig. 13, where it is observed that the predicted profiles at 100

and 150 bar deviate significantly from the other cases.
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Fig. 11

Comparison of experimental data and calculated profiles of: a)

monomer conversion versus time, b) Mn versus conversion, and c) b versus

conversion, using model A at 75 °C and 100 to 500 bar.
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Fig. 12 Comparison of experimental data and calculated profiles of: a)

monomer conversion versus time, b) M,, versus conversion, and c) P versus
conversion, using model B at 75 °C and 100 to 500 bar.

CONCLUSIONS

Three modeling approaches were used to analyze the Kkinetics of RAFT
polymerization of MMA in scCOg, using AIBN and TBTGA in a range of temperatures
and pressures of 65-85 °C and 100-500 bar, respectively. The method of moments
was used in models A and C to simplify the polymer material balances. In model B

the reaction mechanism was implemented in the Predici® software.
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Regarding the partition of monomer and solvent between continuous and
dispersed phases, semi-empirical equations were used in model A; in model B,
Predici’s “phase exchange” and “k(s)-termination” steps were used; and in model

C, such calculations were carried out using the PC-SAFT equation of state.
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Fig. 13 Comparison of experimental data and calculated profiles of: a)

monomer conversion versus time, b) M,, versus conversion, and c) D versus
conversion, using model C at 75 °C and 100 to 500 bar.

As a fundamental tool, the PC-SAFT equation of state allowed to estimate the
monomer conversion (x,) at which oligomers of size P, become insoluble in COz. In
most cases, the polymerizations were carried out in two stages. First, the system

was assumed to be homogeneous and proceeded as a solution polymerization until
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a conversion x, is reached, when a second phase is formed and the polymerization

proceeds as a heterogeneous system.

All models captured well the temperature effect on the polymerization
performance, in the range 65-85 °C. Regarding the pressure effect, it was found that
simulations at low pressures may not satisfactorily represent the polymerization
kinetics, especially at 100 bar, since the polymerization at such conditions starts as

a liquid-vapor mixture.

The profiles of monomer concentration in the dispersed phase did not show
significant diffusion-controlled effects. Overall, the application of PC-SAFT equation

of state allowed a better understanding of the process.
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NOMENCLATURE

[]

ABy

ij

0
ka,ll»'

0
k_a,‘}’

0
kadd,‘{’

0
k_add,‘{J

0
kb,‘P

Denotes molar concentration, mol L
Moles or concentration of RAFT agent in phase ¥, mole per L

Moles or concentration of primary radical from fragmentation of the
RAFT agent (“R” leaving group of the RAFT molecule), mol L

Molar mass dispersity, dimensionless

m-th moment of the one-arm adduct polymer population in phase W
(m=0,1,2,...),mol L?

Chemical initiator efficiency in phase ¥

Moment of order m on one arm and n on the other of the two-arm
adduct polymer population, in phase ¥ (m,n=0, 2, 2, ...), mol L*

Moment of order m on one arm, n on the second arm and u on the

third one of the three-arm dead polymer population, in phase ¥ (m, n,
u=0,1,2,...), mol L?

Moles or concentration of initiator in phase ¥, mol L

Binary interaction parameter

Intrinsic kinetic rate coefficient for the forward fragmentation step of
the chain equilibration reaction in phase ¥, L mol* s

Intrinsic kinetic rate coefficient for the reverse fragmentation step of
the chain equilibration reaction in phase ¥, L mol? s

Intrinsic kinetic rate coefficient for the forward addition step of the
reversible chain transfer to RAFT agent reaction in phase, L mol? s

Intrinsic kinetic rate coefficient for the reverse fragmentation step of
the reversible chain transfer to RAFT agent in phase ¥, s

Intrinsic kinetic rate coefficient for the forward fragmentation step of
the chain equilibration reaction in phase ¥, s

Intrinsic kinetic rate coefficient for the reverse addition step of the chain
equilibration reaction in phase, L mol* s
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0
ktc,l}’
L molt st

0
Kea,w

0
ktir,‘P

k transferAW¥

ktrans ferBW

Intrinsic kinetic rate coefficient for the forward fragmentation step of the
reversible chain transfer to RAFT agent in phase ¥, s

Intrinsic kinetic rate coefficient for the reverse addition step of the
reversible chain transfer to RAFT agent in phase, L mol* s

Intrinsic kinetic rate coefficient for decomposition in phase ¥, s

Intrinsic kinetic rate coefficient for first propagation in phase ¥, L mol*

Intrinsic kinetic rate coefficient for propagation in phase ¥, L mol? st
LMS phase transfer coefficient, min-

Boltzman constant, 1.38064 x 10723 J K*!

Intrinsic kinetic rate coefficient for termination in phase ¥, L mol* st

Termination by combination intrinsic kinetic rate coefficient in phase ¥,

Termination by disproportion intrinsic kinetic rate coefficient in phase
¥, L moltst

Intermediate radical termination by disproportion intrinsic kinetic rate
coefficient in phase ¥, L mol? s

Mass transfer coefficient in phaseV¥ , used in models A and C, min!
Mass transfer coefficient in phase ¥, used in models B, min
Effective kinetic rate coefficient for reaction j in phase ¥
Equilibrium constant for the i-th reaction

Solubility constant of solvent (CO2) in monomer mixture

Low molar species (M, AB and I)

Number of segments PC-SAFT parameters

Moles or concentration of monomer in phase ¥, mol L*

Pressure, bar (unless indicated otherwise)
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Py (s)
mol L1

Poly(s)

PAy(s)

S

S
[}

s"tu

Q(s)

mol L1

Qm,lP

Ri*n,llJ
Ry (s)

1

R(s)ARy (1)

S()

T(s)
gi
Vo
Vo

V:f-‘

Moles or concentration of dead polymer species of size s in phase ¥,

Moles or concentration of polymer species of size s in phase ¥, mol L

Moles or concentration of dormant polymers of size s in phase ¥, mol

Number-average chain length
Critical number-average chain lenght
Weight-average chain length

Moles or concentration of two-arm adduct of size s used in model B,

m-th moment of the polymer population produced by termination by
disproportion in phase ¥ (m=0, 1, 2, ...), mol L

Moles or concentration of primary free radicals in phase ¥, mol L
Moles or concentration of active radicals of size s in phase ¥, mol L1

Moles or concentration of one-arm adduct of size s in phase ¥, mol L

Moles or concentration of two-arm adduct of size s and dormant
polymer of size r, mol L

Moles or concentration of two-arm adduct of size r used in model B,
mole per L

Time, s (unless indicated otherwise)

Temperature, K (unless indicated otherwise)

Moles or concentration of three-arm dead polymer of size s, mol Lt
Glass transition temperature for component I, K

Fractional free volume at initial conditions, dimensionless
Fractional free volume, dimensionless

Activation volume, cm? mol?

Volume of phase ¥, cm?®
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Mass of componenti (i=M, P and S), g

Molar mass of componenti (i=M, P and S), g mol?

Monomer conversion, dimensionless

Critical conversion, dimensionless

Limit solubility conversion in model A, dimensionless
Limit solubility conversion in model C, dimensionless

Molar fraction of component i phase ¥, dimensionless

m-th moment of the living polymer population in phase ¥ (m =0, 1,

...), dimensionless

m-th moment of the dormant polymer population in phase ¥ (m =0,

2, ...), dimensionless

GREEK LETERS

G
{p(s)

.um,‘I"
...), mol Lt

Parameter for calculation of free volume expansion coefficient, °C*
Free volume parameter for reaction |

Energy interaction parameter, J

Partition coefficient (i = LMS or polymer)

Partition coefficient for polymer species of size s

2,

1,

m-th moment of the total polymer population in phase ¥ (m =0, 1, 2,

Segment diameter, m
Volume fraction for component i
Reacting phase, ¥ = con (dis) for continuous (dispersed) phase

Second reacting phase
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