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Outline

• What is UNAM?
• Why polymerizations in sc-CO2?
• What are polymer reaction engineers doing

worldwide in the area of polymerization in sc-CO2?
• What is my group at FQ-UNAM doing?

– Modeling of vinyl/divinyl copolymerization in sc-CO2

– Modeling of homogeneous polymerization
– RAFT polymerization in sc-CO2

• What else do we do in the PRE area at FQ-UNAM?
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UNAM Facts

270,000 total students (160,000 Bachelors and graduate students); 33,000 Professional staff 
(professors, researchers, technicians); 8,500 research projects; 1,144 buildings and 316 

“complexes”; 2,104,879 sq meters built infrastructure in Mexico City and other provincies.

Founded on
Sept. 21, 1551 
as “Real and

Pontificial
University of

Mexico”



Why polymerizations in SCF CO2?

Benefits:
Environmetally-sound technology
Enhanced mass-transfer
“Property” tunability with P/T

Commercial Processes:
-Dupont
(homogeneous, fluoropolymers)

-?? 
(heterogeneous, unlimited
chemistries & architectures)





PRE Topics about scCO2
*

• Phase behavior of polymer systems in high-pressure CO2
• Transport properties of scCO2 (e.g., hydrodynamics and mixing; heat transfer)
• Kinetics of free-radical polymerization in homogeneous phase in scCO2
• Monitoring reactions in SC media (e.g., online analytical methods as FTIR, Raman

spectroscopy, UV/Vis, NMR, etc)
• Heterogeneous homo and co-polymerization in scCO2 (e.g., Modeling)
• Inverse emulsion polymerization in carbon dioxide (designing and synthesizing CO2-

philic surfactants)
• Catalytic polymerization of olefins in scCO2 (e.g., phase behavior, cloud point

measurements and SAFT modeling of PEP-Ethylene-CO2 system)
• Production (and modeling) of fluoromonomers in scCO2
• Polymer processing with SCF
• Synthesis of advanced materials using SCF (e.g., CRP in scCO2)
• Polymer extrusion with scCO2
• Chemical modification of polymers in scCO2
• Reduction of residual monomer in latex products using high-pressure CO2

*Kemmere and Meyer, Supercritical Carbon Dioxide in Polymer Reaction
Engineering, Wiley-VCH: Weinheim, Germany, 2005



State of the art on the modeling
of polymerization in scCO2

Only a few scientific papers:
-De Simone, 2002

Homogeneous model for a continuous heterogeneous process (VDF 
polymerization)

-Kiparissides, 2003; Morbidelli, 2005, 2006
Modeling of heterogeneous homopolymerization process (MMA and VDF 
polymerization)

-Our group, 2005, 2006. 
Modeling of heterogeneous copolymerization with crosslinking
(vinyl/divinyl) and homogeneous production of fluoromonomers

Note: the tools to model these systems have been derived in the last decades by 
the members of the PRE community; what is new is the application (high P)



Objectives*

To develop a mathematical model of 
copolymerization with crosslinking for the 
first time in compressible media

To test the model with vinyl/divinyl
monomers in SCF CO2

Homogeneous & Heterogeneous

*Quintero-Ortega et al., Ind. Eng. Chem. Res., 44, 2823-2844, 2005



I. Continuous 
Phase, rich in CO2

II. Disperse Phase, 
rich in polymer

Species:
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Strategy

Polymerization Kinetics Model for 
each phase

Phase Equilibrium 
Model

PSD Model

Process Simulator

Experimental



Model Development

Copolymerization
w/crosslinking

Mathematical
Model

Phase
equilibria

Pseudo-kinetic
rate constant

method

Method of
moments



Termination by combination

Termination by disproportionation

Transfer to polymer

Transfer to monomer

Propagation through double pendant 
bonds

Propagation

Initation

Reaction Scheme

•+•

•

⎯⎯→⎯

⎯→⎯

j,1jj,in

j,inj

RMR

R2I

j,Ik

djk

•
+

• ⎯⎯→⎯+ j,1rjj,r RMR j,pk

•• +⎯⎯ →⎯+ j,1rjj,r RPMR j,fmk

srj,sj,r PPRR j,tdk
+⎯⎯→⎯+ ••

srj,sj,r PRR j,tck
+

•• ⎯⎯→⎯+

•
+

• ⎯⎯→⎯+ j,sr
k

j,sj,r RPR
*

j,p

•• +⎯⎯→⎯+ j,sj,r
k

j,sj,r RPPR fP



Kinetic Equations for Copolymerization
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Copolymerization with Crosslinking

Method of Moments

Averages (Mn, Mw, Mz)

All constants are pseudo-kinetic rate constants
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Reference System (Cooper et al.)

• Commercial DVB (80% DVB, roughly 20% 
EVB)

• P= 310 bar
• T= 65 0C
• [AIBN]= 0.0974 M
• [M]0= 1.6025 M
• V= 10 mL



Effect of Pressure
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Effect of Pressure
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Effect of Temperature
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Effect of Temperature
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Comparision versus Experimental Data
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Effect of Other Parameters

Physical Parameters

• Initial monomer 
concentration

• Initial initiator 
concentration

• Crosslinker initial 
concentration

• Free volume 
parameter, A2

Kinetic parameters

• Propagation
• Termination
• Propagation through 

pendant double bonds
• Primary cyclization



Homogeneous Homopolymerization of FOA
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Effect of kp and kt on polymerization rate and molecular 
weight development in FOA polymerization in scCO2, at 

P= 207 bar and T= 60 °C

Table 6. Physical and Kinetic Parameters for the Free-Radical Homopolymerization of FOA in 

scCO2 

Parameter, units Value, Case 1 Value, Case 2 Value, Case 3 Reference 

kp, L mol-1 s-1 7400a 7400a 2960b 38 

kd, s-1  3.4 x 10-6 3.4 x 10-6 3.4 x 10-6 9 

kfm, L mol-1 s-1   1.14 x 10-2 1.14 x 10-2 1.14 x 10-2 26 

kt, L mol-1 s-1 1.8 x 108c 740d 740d 26, 38 

f 0.83 0.83 0.83 9 

akp for TFE at 40° C; bkp for TFE at 40° C, corrected by pressure (taken as 40% of the value at 

normal conditions); ckt for Styrene; dValue for TFE at 40° C, corrected by pressure (taken as ten 

times the value at normal conditions). 

Quintero-Ortega et al., to be submitted to Ind. Eng. Chem. Res., 2006



Heterogeneous Copolymerization of TFE/Vac in scCO2
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Table 7. Kinetic Parameters for the Free-Radical Copolymerization of TFE/VAc in scCO2 

Parameter Value Reference 
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Conclusions (Conventional FRP in scCO2)

-Detailed kinetic model for the copolymerization
with crosslinking successfully developed

-Gelation point can be drastically 
delayed/accelerated (up to 100 min!!) with P 
changes with no significant network property 
modification

-By specifying appropriate process conditions, our 
model can handle linear homopolymerization
& copolymerization, homogeneous & 
heterogeneous



Controlled-Radical Polymerization
• Living polymerization: absence of termination 

reactions; possibility of production of polymers with 
controlled structure; commercial route: anionic 
polymerization; expensive, compared to free-radical 
technology

• Free-radical processes: robust to impurities; 
inexpensive; poor control of microstructure

• Controlled radical polymerization  (CRP): free-
radical technology with quasi-living behavior

• CRP Processes: INIFERTER, ATRP, NMRP, RAFT



Specific CRP Reactions

Other Reactions
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Modelling Approach

Reaction
Mechanism

Kinetic and
Moment

Equations

Self
developed
software

Parameter sensitivity
analyses, 

Parameter estimation

Model-based
experimental designs

Recipe formulation and
process design

Full MWD

PREDICI®

ATRP

INIFERTER

NMRP

RAFT



Experimental Approach

NMRP RAFT
Comparison of Polymerization Methods 

(Schlenk, Vials, Ampoules)

Experiments at high conversions using 
Predici as design tool

Experimental simulation of high 
conversions using anionic synthesized 

prepolymer or GPC standard

Promotion of high viscosity using small 
amounts of DVB (Sty/DVB copolym.)

Measurement of radical concentrations 
using ESR

NMRP in sc-CO2?

NMRP in miniemulsion?

Semi-batch policies

Synthesis of the best reported 
controllers

Synthesis of new controllers using 
Predici as design tool

Evaluation of controllers in the full 
conversion range

Synthesis of block copolymers

Semi-batch policies

RAFT in sc-CO2?

RAFT in miniemulsion?

Viny/divinyl copolymerization with 
RAFT?



RAFT Main Reaction



RAFT: Low Pressure (Exp. Data from
Davis et al., JPS-PC, 2001)
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Figure 7. Comparison of model predictions obtained with models 1, 2 and 3, and 

experimental data (25) of conversion vs. time for the RAFT polymerization of styrene 

with cumyl dithiobenzoate and AIBN at 60°C. The polymerization conditions and kinetic 

parameters are: [M]0= 5 mol L-1, [I]0= 3.5×10-3 mol L-1, kd= 9.53×10-6 s-1, f =0.64, ki= 

kp= 339 L mol-1 s-1, ktd=0,  ktc= 107 L mol-1 s-1, ktir=0, ka= k-b= 5.4×105 L mol-1 s-1, kadd= 

k-bd= 3.5×105 L mol-1 s-1, and kb= k-a= kbd= k-add= 3.3×10-2 s-1. All other rate constants are 

set equal to zero. 

Pallares et al., J. Macromol. Sci., A: Pure Appl. Chem., in press, 2006



RAFT in scCO2 (Exp. Data from Arita et al., 2005)

• Preliminary Results of Dispersion Polymerization using Predici

• Styrene Polymerization at 80 °C and 300 bar with Cumil
Ditiobenzoate as RAFT agent, and AIBN as initiator, [I]o=2.6e-3 M, 
[M]o=6.49M, [RAFT]= (0.35, 0.7 and 2.1)x10-2 M



Present Research Lines
• Polymer Network Formation via free-radical 

copolymerization with crosslinking and nonlinear step
growth polymerization.

• Dispersed phase polymerization (suspension, dispersion
and emulsion).

• “Living”/Controlled free radical polymerization (CRP).
• Polymerization and processing in supercritical

carbon dioxide.
• Microwave activated polymerizations.
• Non ideal mixing in stirred tank reactors.
• Reactive processing.



Infrastructure at UNAM
• COMPUTING:
• 4 personal computers (PCs) for simulation work.
• 2 portable computers (laptops).
• Self developed and commercial polymerization packages (Predici®, 

Parsival®, Emulpoly, Watpoly), with teaching and research licenses.

• POLYMERIZATION AND CHARACTERIZATION:
• GPC Waters, with RI, viscosity and UV detectors
• Particle size analizer (0.02 a 2000 micras), Malvern Mastersizer 2000
• 2 liter Parr reactor with PID temperature controller, lateral windows, 

display for other variables (e.g., agitation), and fittings
• 600 mL Parr Reactor for high pressure applications (up to 5000 psia) with

PID temperature controller.
• High pressure, low volume cell with dual syringe ISCO pumps
• Conventional glassware and chemical equipments (vacumm pump and

oven, friedge for flammables, recirculators with temperature control, etc.)
• Access to NMR, IR, DSC X-Ray, etc., at the analytical central facilities

(USAI) of FQ-UNAM



How have we managed to obtain good results in 
non optimal conditions?

PRE          
FQ-UNAM  

(E. Vivaldo)
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Present Research Group

Pedro García (Experimental Polym. In sc-CO2); Martha Roa (Experimental NMRP); Gabriel 
Jaramillo (Modeling and Experimental RAFT Polym.), and Iraís Quintero (Modeling of

Polymerization and Processing in sc-CO2)

Guillermo Soriano (CIQA): Synthesis
of RAFT controllers


