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Summary: Reaction calorimetry is an efficient tool used to
obtain kinetic, thermodynamic and safety data. A reaction
calorimeter, RCle-HP350, developed in collaboration with
Mettler-Toledo GmbH, allows investigating chemical reac-
tions under supercritical conditions. The main technical
difference, compared with a classical liquid system, is that the
whole reactor volume is occupied by the media. Heat transfer
analysis in supercritical carbon dioxide (scCO,) by the Wil-
son plot method shows that the behavior of the internal heat
transfer coefficient in scCO, is the opposite of the one
observed for classical liquid. In scCO, the lower the temper-
ature (above the critical point) the better the internal heat
transfer coefficient. The evolution of scCO, thermodynami-
cal and transport properties near the critical point are
responsible for this behavior. The dispersion polymerization
of methyl methacrylate in scCO,, with the polydimethylsi-
loxane monomethacrylate as stabilizer, is used as a model
reaction. A polymerization reaction enthalpy of —56.9 +
2.2 kJ-mol ™ is determined, being in good agreement with
previously reported data. The results presented illustrate the
accuracy of the heat balance model used and emphasize the

potential of reaction calorimetry for the promotion of
supercritical fluids technologies.
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Introduction

Supercritical fluids (SCFs) are of great technological
interest because they exhibit properties which lie between
those of conventional liquids and gases. Their physical
properties reveal, at pressures and temperatures near the
critical point, spectacular changes over a wide range. This
allows the solvating power of a solvent in supercritical state
to be effectively tuned by varying the pressure and/or the
temperature. This characteristic has led to the development
of supercritical fluid processes applied to extractions'' and
more recently to chemical reactions.””! Most of the studies
focus on supercritical carbon dioxide (scCO,) being consi-
dered as a ‘“‘green’’-solvent, accessible and inexpensive,
non-toxic and non-flammable. In the near future, the grow-

ing interest in replacing harmful organic solvents and
reducing aqueous waste will emphasize the development of
supercritical fluid processes. For SCF applications a finan-
cial balance has to be drawn up in order to evaluate the
process viability, taking into account that infrastructure and
energy costs for gas compression may lead to strong
limitations.

Reaction calorimetry is a common tool based on heat
flows and heat balance measurements. It finds most of its
applications in the determination of kinetics parameters, in
the evaluation of data for process safety analysis and pro-
cess optimization™! as well as phase equilibrium and phase
transition studies.!*! The reaction calorimeter is composed
of a 1.3 L high pressure reactor coupled to a Mettler-Toledo
RCle thermostat. The set-up gives the opportunity to work
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at larger scale with reaction conditions close to those of
industrial reactors. In fact, most of the studies related to
SCF chemical reaction applications are realized in small-
scale batch or tubular reactors (1-60 cm3). Until now very
few publications are dealing with calorimetry applied to the
supercritical phase. The presented results describe, to our
knowledge, the first development and use of a reaction
calorimeter for supercritical field applications."”!

It is important for the polymer industry to find alter-
natives process routes decreasing the impact of solvent
emissions to the environment. This has motivated the devel-
opment of polymerization reaction processes in scCO,.*”!
Many monomers exhibit good solubility in scCO,.*!
However, it is a rather poor solvent for most high molecular
weight polymers except for some fluoropolymers and
silicones.~"! The latter are often used as sterical stabili-
zers in the dispersion polymerization of vinyl polymers such
as poly(methyl methacrylate)!'>~"® and poly(styrene).!"”!

The dispersion polymerization of methyl methacrylate in
scCO,, using the commercially available polydimethylsi-
loxane monomethacrylate as stabilizer, is used as a model
reaction.'?”! These preliminary results will serve to validate
the heat transfer model and also to illustrate the great
potential of reaction calorimetry as a thermo-analytical
tool.

Supercritical Reaction Calorimeter
Reaction Calorimeter

The reaction calorimeter for supercritical thermal analysis
has been developed in collaboration with Mettler-Toledo
GmbH. The reaction vessel (HP 350, Premex, Switzerland)
is a 1.3 L high pressure autoclave operating up to 350 bar
and 300 °C (Figure 1). The reactor, is coupled to a thermo-
stat unit to control the reaction temperature, 7. The reactor
is equipped with a magnetic drive, a 25 W calibration heater,

Calibration heater Qc

aPt100 reactor temperature sensor and a pressure sensor. The
calorimeter allows working in three different operating
modes; adiabatic, isoperibolic, and isothermal "

Supercritical Calorimetric Challenge

Generally, in “‘classical” reaction calorimetry only the
liquid phase is taken into account in the heat balance. This
means that the gas phase in equilibrium is neglected due to
its small contribution in terms of heat transfer and heat
capacity. The situation complicates with supercritical fluids
as soon as they occupy all the available volume. The whole
inner reactor surface has to be perfectly controlled ther-
mally when working with supercritical fluids. In our case,
the cover and the flange temperature are adjusted on-line to
T; in order to neglect the heat accumulation term (Figure 2).

Heat Balance Equation

The most important assumptions in reaction calorimetry
are: temperature and concentration homogeneity. Then, the
energy balance for a semi-batch process is given by:

Qr + Qc + Qstir = Qacc + Qdos + Qflow + Qloss (1>

where Q, is the heat generation rate of the reaction, [W]. O,
is the heat delivered by the calibration probe, [W]. Q. is
the heat input by the stirrer, [W]. Q... is the accumulation
term, [W]. Qgos corresponds to the amount of heat due to
addition of reactants, [W]. Qgow 1S the heat flow through the
reactor wall, [W]. Q. 1S the heat losses to the surround-
ings, [W].

The simplified heat balance equation used for the

preliminary polymerization experiments is given by:!>"!
Or = Ofiow (2)
Qﬂow:U'A'(Tr_Tj) (3>

L {_Power supply |
Anti-backflow
High pressure vave
pump Heated cover
\
Heated flange
RC1e
CO, Bottle Thermostate
a—
Balance ‘ ‘ Water cooling
HP 350
High pressure
reactor
Figure 1. Technical scheme of the reaction calorimeter.
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Figure 2. Technical comparison between liquid and super-
critical reaction calorimetry.

U is the overall heat transfer coefficient, [W - m 2. Kil]. A
is the heat exchange surface, [m?]. 7, is the temperature of
the media, [K]. 7 is the jacket temperature, [K].

The overall heat transfer coefficient, UA, could be
measured online using a calibration probe delivering an
amount of heat, Q., around 25 W and using Equation (4):

2

I(Qc 7Qb)'dt
UA:”IZ— (4)
[ (T~ 1y)-ar

t1

where Q, is the baseline term, [W]. ¢ is the time, [s].

The terms Qjoss and Qg in Equation (1) can be taken as
constant during an isothermal experiment and are intro-
duced in the baseline, Q,."*" The measurement of UA at the
beginning and at the end of the reaction is sufficient for
reactions with little variations of the physico-chemical
properties. For polymerizations, the analysis may not be
trivial due to the change of medium viscosity during the
polymerization process. In this case, both terms UA and
Qi Which are directly related to the viscosity, may vary
during the polymerization. In our case, the influence of Qy;,
was limited choosing a “proportional to conversion’ base-
line type. The baseline O, takes into account all the effects
on the heat generation rate Q, that are not directly meas-
urable. The most important are heat flows which have been
neglected in Equation (1) or changes in the calibration
factors (e.g. U). The baseline should describe the signal
profile which would be recorded if no reaction occurs. This
is of particular importance if Q; is not the same at the start
and the end of a heat generation peak. A mean value of UA
was used for the heat flow term. The accumulation term in
Equation (1), Q..., can also be neglected as soon as the
system is working in a perfect isothermal mode. The dosing
term, Qgos, can be neglected only when a small quantity is
added or when T, equals 7.

For single reactions or one dominant reaction, such as the
propagation reaction in free radical or chain polymerization
processes, Q, is directly proportional to the measured heat
flow and the reaction enthalpy is given by:

tf
‘[ (Qr - Qb) - dt
AH=2" 5
X (5)
where A.H is the polymerization enthalpy, [J-kg ™ ']. m,, is
the initial amount of monomer, [kg]. X is the monomer
conversion when the polymerization is stopped (f).

Wilson Plot Analysis

Wilson plot analysis allows measuring the overall heat
transfer coefficient, U."**! The inverse of the overall heat
transfer coefficient, 1/U, can be expressed as a sum of three
heat transfer resistances:

1 1 e 1

U N hr N /lw * hoil (6)
where A, is the internal heat transfer coefficient, [W - m 2.
K_l]. e is the jacket wall thickness, [m]. 4, is the thermal
conductivity of the metallic wall, [W - m! -Kil]. Dot 18
the heat transfer coefficient through the coolant film,
[W-m2-K 'L

In Equation (6), the last two terms are independent of the

reaction medium and could be summed in ¢, being the
external heat transfer coefficient, [W -m 2-K '] leading
to:

11 n 1 7)
U h o
The internal heat transfer coefficient can be expressed using
the dimensionless correlation relating the Nusselt number
(Nu) to the Reynolds (Re) and Prandtl numbers (Pr):

“ h-d
Nu=C-Re®-Pr’. (ﬂ) =L T
My, A

(L)

where d, is the reactor internal diameter, [m]. A is the bulk
thermal conductivity, [W -m ™" - K™ ']. uis the bulk dynamic
viscosity, [kg- m ' sfl]. N is the stirrer rotation speed,
[s71. d is the stirrer characteristic diameter, [m]. p is the
bulk density, [kg-m ] ¢p 1s the bulk constant pressure heat
capacity, [J - kg_l -K_l] and C is a constant, [-].

The exponent a for the Reynolds number in the Nusselt
equation is usually 2/3 for a stirred tank reactor equipped
with a turbine in liquid media.”** Exponent b for the Prandtl
number is 1/3. The viscosity ratio, for which exponent c is
usually 0.14, can be neglected since the maximum temper-
ature difference between the bulk and the wall is less than
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1 °C in isothermal mode. The combination of Equation (7)
and (8) allows expressing the inverse of the global heat
transfer coefficient as a function of the turbine’s rotation
speed:

1 1 1

T NE T, ©)

Experimental Part

Carbon dioxide (purity 99.9%, Carbagaz, Switzerland) is
delivered using a bottle mounted on a balance (Mettler-Toledo
GmbH, Switzerland) and connected to a CO, pump (NWA
GmbH, Germany). The Wilson experiments procedure is as
follows: The reactor is filled and purged two times with about
50 g of CO,. Then the reactor is filled up to a given mass. Eight
stirring speeds between 100 and 2500 rpm are tested at four
isotherms: 32, 35, 50, 100 °C for different densities.

The MMA dispersion polymerization in scCO, using the
PDMS macromonomer as stabilizer is realized using the
following products: The stabilizer (M, ~5000 g-mol ")
supplied by ABCR (Germany), the initiator (2,2'-azoisobuty-
ronitrile, AIBN) supplied by Fluka, and the monomer (methyl
methacrylate, MMA) supplied by BASF (Germany) are used
without further purification. The reaction vessel is charged
with monomer (200 g) and the required amount of stabilizer
(25 g), then closed and filled with CO, (around 800 g). Then the
temperature is raised to 80 °C. At this temperature, a 50 mL
MMA solution containing 5.1 wt.-% AIBN is added into the
reactor under pressure using a syringe pump (100 DX, ISCO
Inc.). The final ratio of AIBN/MMA is 1 wt.-% for all the
experiments. After 4 h, the reactor content is quenched by cool-
ing and venting CO, through a discharge tube. The conversion
of methyl methacrylate is evaluated gravimetrically. The
polymer obtained is characterized in terms of molecular weight
distribution (TDA 300, Viscotek), particle size distribution
(Mastersizer 2000, Malvern Instruments), and morphology by
electron microscopy (SEM). The polymer powder is dispersed
in hexane for the measurement of particle size distribution.

Results and Discussion
Heat Transfer

The linearity of the Wilson plot and the validity of the
Nusselt correlation is confirmed in Figure 3(a). The internal
heat transfer coefficient, 4, can be expressed as a function
of the rotation speed at the 2/3 power. The linear trend
indicates that the overall heat transfer coefficient, U, follows
the Wilson plot regression for all the studied temperatures
and stirring speeds except at 100 rpm. The deviation of the
model at 100 rpm is explained by temperature and density
inhomogeneities in the medium due to insufficient stirring.
Itis well known that for pressures and temperatures close
to the critical point, most of the physico-chemical proper-
ties exhibit variations over a wide range. The behavior of
h, is inverse to the one observed for classical liquid systems.
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Figure 3. (a) Wilson glot for the double-stage turbine and scCO,

density of 460 kg - m™". (b) Comparison of %, behavior for water
and scCO; at a stirring speed of 1 000 rpm.

h, improves asymptotically close to the critical point of
scCO,. For liquid water this tendency is not observed and
h, increases quite linearly with temperature (Figure 3(b)).
The particular behavior of &, for scCO, is mainly due to the
behavior of ¢, A near the critical point. As illustrated in
Figure 4, the thermal conductivity can rise by two orders of
magnitude close to critical point, the same behavior is
observed for the heat capacity.'” The combination of 1 and
cp behavior explains the asymptotic divergence of the
internal heat transfer coefficient in the vicinity of the critical
point as the latter is proportional to 2% and cll,/ 3,

The intercept at infinite rotation speed in Figure 3(a)
corresponds to the external heat transfer coefficient, ¢. The
intercept of the regressions performed at different temper-
atures indicates clearly an opposite effect of temperature on
h, and ¢@. @ improves with increasing temperature, mainly
due to the decrease of the coolant viscosity with temperature.

Dispersion Polymerization of Methyl Methacrylate

The results for the dispersion polymerization of methyl
methacrylate in scCO, at 80 °C are summarized in Table 1.
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Figure 4. Three-dimensional view of a P-T-1 phase diagram
for CO,.

The characteristic reaction time is 180 min. Py is the pres-
sure measured before the addition of the initiator/MMA
solution and P, the pressure at the end of the polymeriza-
tion. It is observed in Figure 6 that the pressure first
decreases to a minimum and then slightly increases rea-
ching a value lower than the initial pressure. Several
authors!'*?*! show that the pressure can either increase or
decrease with time during a batch dispersion polymeriza-
tion in scCO,. It appears that the pressure behavior depends

Table 1.

on the initial pressure in the system. The actual data do not
allow defining a precise upper limit from which a decrease
in pressure is observed rather than an increase. This be-
havior change could be estimated between 230 and 300 bar.
The pressure decrease can be understood by taking into
account the change in molar volume of a vinyl monomer to
the corresponding polymer. Lepiller and Beckman!®*! attri-
buted the anomalous pressure variation, with respect to the
initial pressure in the reactor, to the non ideal behavior of
the ternary system (monomer-CO,-polymer).

Both polymerizations conducted with 10 wt.-% PDMS
macromonomer respectively at stirring speed of 400 and
600 rpm yield a fine white powder with high molecular
weight at monomer conversion higher than 90%. The well
defined spherical morphology is observable by scanning
electron microscopy (Figure 5(a)). The term D(v, 0.9) in
Table 1 means that 90% of the particles have a diameter
under the given value. Figure 5(b) gives an example of the
narrow particle size distribution obtained for the polymer-
ization at 400 rpm.

At commercial scale, stirring is essential to ensure tem-
perature homogeneity and to avoid thermal runaway.
However, it is well known that dispersion polymerizations
in scCO, can be destabilized under efficient stirring speed
due to additional termination mechanism by interaction
with the reactor metallic wall'"*! or due to shear forces. The
relative stability under stirring depends on the character-
istics of the stabilizer (molecular weight, backbone, mor-
phology). Moreover, its relative proportion with respect to

Experimental conditions and results of the dispersion polymerizations.

rpm Py P, Conversion

M, PDI d, (SEM) D(v, 0.9)

bar bar %

kg -mol ! pm pm
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257
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Figure 5.
at 400 rpm.
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(a) SEM micrograph (5 000 x ) of PMMA produced at 400 rpm. (b) Particle size distribution of PMMA produced
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Figure 6. Evolution of the heat released by MMA polymeriza-
tion at 400 and 600 rpm.

monomer is a key parameter for successful and effective
dispersion polymerization at high stirring speed. It is
observed in Figure 6 that the heat released, calculated with
respect to the total weight of monomer, does not depend on
stirring speed. Moreover, the good reproducibility of the
reaction calorimeter is confirmed. By the integration of the
thermal curves, the enthalpy of polymerization can be
calculated as —56.9+2.2 kJ-mol~' and is in good
agreement with the literature’s value of —57.8 kJ - mol '
obtained in conventional solvent.”™ The error of 2.2
kJ - mol ' is a standard deviation calculated from a series of
7 measurements. This result reveals all the potential of
reaction calorimetry for supercritical fluid investigations
and polymerization monitoring. Wang et al. discussed in
2003, the monitoring of polymerizations in scCO, using a
compensation calorimeter with a total volume of 60 mL.!*!
They concluded that this technique was not of high
precision mainly due to calorimetric problems. They
obtained an enthalpy of polymerization from —52.6 to
—59.7kJ -mol ™', The use of heat flow calorimetry in larger
scale (1.3 L), presented in this paper, resulted to be efficient
and reproducible. The development of supercritical calori-
metry required a very sensitive apparatus and good analysis
of the heat transfer parameters.

Conclusions

The newly developed supercritical reaction calorimeter
allows measuring thermodynamical data such as reaction
enthalpy and overall heat transfer coefficient used for
process safety and optimization studies. The Wilson plot
analysis allows understanding the heat transfer in super-
critical carbon dioxide. It has been shown that the behavior
of internal heat transfer coefficient in SCF is opposite of the
one observed in classical liquids. The fundamental explana-
tions are based on the particular tendency of the physico-
chemical properties of carbon dioxide to vary on a wide

range close to its critical point. Moreover, it has been shown
that the Nusselt correlation can also be used for heat transfer
analysis in supercritical carbon dioxide.

Furthermore, it has been demonstrated that the poly-
dimethylsiloxane macromonomer is a suitable stabilizer for
the dispersion polymerization of methyl methacrylate
under efficient stirring.
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