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bstract

A complete analysis of the heat flow equation in reaction calorimetry with supercritical fluids is presented. An especially developed reaction
alorimeter is employed to study the challenges introduced by the supercritical state of the reaction mixture and the particularities that they generate
n the calorimetric calculations. As a model reaction the free radical dispersion polymerization of methyl methacrylate is chosen. Each term of the
eat flow equation is optimized with special attention to the accumulation term and the injection term. The overall heat transfer coefficient, being
he most important variable of the heat flow equation, is estimated using four different approaches, both theoretical and experimental. Moreover,

he injection phase of additional reactants is shown to generate undesirable temperature oscillations and an optimized injection strategy is found
o eliminate the erroneous calorimetric calculations. As a result the enthalpy of reaction and the heat released by the reaction are very accurately
stimated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Supercritical fluids (SCFs) have been continuously attracting
cientific interest during the past decades because they represent
n environmentally benign alternative for volatile organic com-
ounds (VOCs) in the chemical industry [1]. The production and
onsumption of such organic compounds has been progressively
hased out starting from the Montreal Protocol on Substances
hat Deplete the Ozone Layer, signed in 1987. The particularity
hat renders SCFs attractive is the possibility to tune their physi-
al and chemical properties by slight changes of the temperature
nd/or the pressure in order to resemble those of a liquid or a
as [2]. Although research on SCFs initially started with water,
he most widely used nowadays is carbon dioxide (CO2). From
process development point of view CO2 has a relatively easily

ttainable critical point (Tc = 31.1 ◦C and Pc = 7.38 MPa) and it is
on-toxic and non-flammable. Furthermore, it is very cheap and
t can be provided in high purity. Finally it is advantageous for
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iomedical and pharmaceutical applications due to its generally
egarded as safe (GRAS) status.

Beginning from the first reactions reported with SCFs in
he second half of the 19th century their industrial applica-
ions increased and the two most important applications came
ater with the commercialization of the BASF process for the
roduction of ammonia in 1913 and the polymerization of ethy-
ene under supercritical conditions in 1939 [3,4]. More recently,
O2 has been widely employed as an extracting agent for the
xtraction of natural products, mainly for food ingredients and
hytopharmaceuticals, and as a solvent for polymerization reac-
ions [5,6]. Overall, supercritical reaction chemistry is advancing
t a high pace and the need for kinetics information and safety
nalysis for process development and scale-up studies is increas-
ng accordingly.

Heat flow reaction calorimetry is one of the analytical tools
hat can provide such information [7]. By definition it is a ther-

al analysis technique that monitors the evolution of a chemical

eaction by measuring the heat that flows in or out of a reactor
8]. It provides an extensive engineering insight of the chemical
rocess allowing for the development of model-based predic-
ive control schemes for improved process control. Overall heat

mailto:thierry.meyer@epfl.ch
dx.doi.org/10.1016/j.supflu.2007.12.001


122 C.A. Mantelis, T. Meyer / J. of Supercritical Fluids 45 (2008) 121–131

Nomenclature

A heat transfer surface (m2)
AIBN 2,2′-azoisobutyronitrile
cp reaction mixture constant pressure specific heat

capacity (J kg−1 K−1)
cv reaction mixture constant volume specific heat

capacity (J kg−1 K−1)
dr reactor’s diameter (m)
ds stirrer’s diameter (m)
hjacket jacket side film heat transfer coefficient

(W m−2 K−1)
hr reactor side film heat transfer coefficient

(W m−2 K−1)
k reaction mixture thermal conductivity

(W m−1 K−1)
kw reactor wall thermal conductivity (W m−1 K−1)
l reactor wall thickness (m)
micv,i are the mass (kg) and the constant volume specific

heat capacity (J kg−1 K−1) of each reactant (i) in
the reactor

minscp,ins are the mass (kg) and the constant pressure spe-
cific heat capacity (J kg−1 K−1) of all the inserts
in the reactor (e.g. ultrasound sensor, calibration
heater, etc.)

MMA methyl methacrylate
MTSR maximum temperature of the synthesis reaction
N stirrer’s rotation speed (s−1)
Pc critical pressure (MPa)
PDMS-mMA poly(dimethylsiloxane)monomethacrylate
Q̇acc rate with which heat accumulates in the reactor

(W)
Q̇calib rate with which heat is generated by the calibra-

tion heater in the reactor (W)
Q̇dos rate with which heat is inserted in the reactor by

the dosing of the reactants (W)
Q̇flow rate with which heat flows from the reactor to the

jacket (W)
Q̇loss rate with which heat is lost either by the reac-

tor, the jacket or the surrounding devices due to
secondary reasons (e.g. radiation) (W)

Q̇mix rate with which heat is generated due to mixing
(W)

Q̇r rate with which heat is generated by the reaction
(W)

Q̇stir rate with which heat is generated by the stirrer in
the reactor (W)

scCO2 supercritical carbon dioxide
SCF supercritical fluid
Tc critical temperature (◦C)
Tj jacket temperature (◦C)
T̃j jacket temperature sinusoidal disturbance (◦C)
�Tj amplitude of jacket temperature sinusoidal distur-

bance (◦C)
Tr reactor temperature (◦C)

T̃r reactor temperature sinusoidal response (◦C)
�Tr amplitude of reactor temperature sinusoidal

response (◦C)
U overall heat transfer coefficient (W m−2 K−1)
VOC volatile organic compound

Greek letters
η reaction mixture viscosity (kg m−1 s−1)
ρ reaction mixture density (kg m−3)
ϕ phase difference between the jacket sinusoidal

disturbance and the reactor response
ω frequency of jacket temperature sinusoidal distur-
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ransfer coefficients and reaction mixture specific heat capacities
an be also measured. This information is crucial for the deter-
ination of safety variables, like the maximum temperature of

he synthesis reaction (MTSR), in order to estimate the thermal
isks of a process [9,10]. In the case of polymerizations, reaction
alorimetry has been widely used and an extensive and elabo-
ate review on the state of the art isothermal calorimeters and
heir applications comes from Moritz [11]. Preliminary results
n the development of reaction calorimetry in SCFs have been
reviously reported [12]. In this study a more elaborate and com-
lete approach in the construction of the heat flow equation is
resented to achieve a more accurate monitoring of the studied
eactions.

. Experimental part

.1. Reaction calorimeter

The experimental set-up consists of a high pressure reac-
or coupled to an RC1e reaction calorimeter and has been
specially designed and developed to work with supercritical
uids with the collaboration of Mettler-Toledo (Schweiz) AG
Fig. 1). The reactor’s maximum operating pressure and tem-
erature are 35 MPa and 300 ◦C, respectively. It is equipped
ith a Pt100 temperature sensor, a pressure sensor, a mag-
etic stirrer connected to a double stage turbine, an ultrasonic
ropagation velocity sensor, and a calibration heater. Addition-
lly the reactor’s cover has two sapphire windows allowing
or optical observations with the use of an optical fibers endo-
cope. The reactor has three inlets/outlets used to charge and
ischarge it and is surrounded by a jacket to control its tem-
erature. The reactor cover and flange temperatures are also
ontrolled.

Temperature control is achieved by the RC1e calorimeter
sing silicon oil that circulates at high flow rate into the jacket.
wo additional controllers are used to interface with a personal

omputer, which uses a special software (WinRC) to control the
ntire installation. The calorimeter can operate in the following
hree modes:
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Fig. 1. Schematic representation of the experimental set-up

Isothermally: The jacket temperature is varied so that the
reactor temperature remains constant.
Isoperibolically: The jacket temperature is set to a fixed value.
Adiabatically: The jacket temperature follows exactly the
reactor temperature.

Carbon dioxide is charged in the reactor using a high pre-
ision coriolis mass flow meter connected to a piston pump.
he additional reactants are inserted in the reactor with a high
ressure syringe pump.

.2. Materials

Methyl methacrylate (MMA) (99+% purity, stabilized
ith ca. 0.004% hydroquinone) and 2,2′-azoisobutyronitrile

AIBN) were purchased by Fluka and were used as received.
oly(dimethylsiloxane)monomethacrylate (PDMS-mMA) was
urchased by ABCR and had a weight average molecular
eight of 5000 g mol−1. Carbon dioxide (quality 30, purity
9.9+%) provided by Carbagaz was used without further purifi-
ation.

.3. Model reaction

The free radical dispersion polymerization of methyl
ethacrylate was chosen in this study as a model reaction for

wo reasons. Firstly, extensive experience and knowledge has
een acquired in our group on the MMA polymerization dur-
ng the past years, both in theoretical and experimental level
13,14]. Secondly, this reaction is one the most well studied
olymerizations in SCFs [5,15]. Hence considerable informa-
ion is available in the literature on its evolution and on the
ffect of all the reaction parameters, which is necessary for the

nterpretation of the experimental data and the optimization of
he reaction calorimetry technique.

A prerequisite for correct and representative calorimetric
alculations is that all the reaction conditions, especially tem-

h
t

[

ting of the high pressure reactor and the RC1e calorimeter.

erature, are established before the reaction is actually launched.
onsequently, one of the reactants has to be kept separately until

he conditions are attained. In this case, the initiator (AIBN) was
hosen. The protocol used in every experiment consists of nine
teps in the following order. The reactor is charged with the reac-
ants and sealed. It is purged with CO2 for approximately 10 min
o eliminate traces of oxygen and charged with the respective
O2 mass. The desired reaction temperature is reached and the

nitiator, dissolved in a sufficient quantity of MMA, is injected
nto the reactor. The reaction is left to conclude, the reactor is
ooled down and the CO2 is slowly vented. Finally, the polymer
s recuperated from inside the reactor for further analysis. The
ollowing set of conditions was chosen as a base case scenario
nd served as the point of reference during the heat flow equation
ptimization tests.

Reaction temperature: 80 ◦C;
Reaction pressure range: 20.0–25.0 MPa;
Initial MMA mass in reactor: 205.12 g;
Stabilizer used: poly(dimethylsiloxane)monomethacrylate
(PDMS-mMA);
Stabilizer mass: 25.28 g (10 wt.% PDMS-mMA/MMA);
Injection solution composition: 2.528 g AIBN/47.68 g MMA
(1 wt.% AIBN/MMA);
Solution injection method: constant flow at 50 mL min−1;
CO2 mass: 680 g;
Stirring speed: 400 rpm.

. Results and discussion

According to the principle of calorimetry the heat released
y a reaction constitutes an unmistakable trace of its evolution,

ence the latter can be monitored. The heat flow equation around
he reactor is based on the following heat balance:

accumulation] = [source] + [inflow] − [outflow]
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Fig. 2. Schematic representation of the heat flow equation.

he above expression can be transformed by substitution of each
erm with the corresponding heat terms as shown in Fig. 2.

˙ acc = Q̇r + (Q̇dos + Q̇mix + Q̇stir + Q̇calib)

−(Q̇flow + Q̇loss) ⇒ Q̇r = Q̇flow + Q̇acc − Q̇calib

−Q̇stir + Q̇loss − Q̇dos − Q̇mix (1)

upercritical fluids demonstrate two major challenges as far
s calorimetry is concerned. First of all, it is in their nature
o demonstrate density fluctuations, which render the composi-
ion homogeneity in the reactor more difficult to achieve [16].
herefore, it is important to assure that good mixing conditions
re established in the reactor. For our experimental set-up, pre-
ious studies based on Wilson plot analysis by Lavanchy have
howed that for pure scCO2 a minimum of 200 rpm with the dou-
le stage turbine is necessary to achieve sufficient composition
omogeneity [17]. The second particularity is that the reaction
edium being in the supercritical state occupies the entire avail-

ble volume in the reactor. This characteristic further implies that
rst the heat exchanging surface will be differently calculated

han in classical calorimetry and second that the reactor cover
nd flange are in contact with the reaction medium, hence heat
s also exchanged through these two elements and it has to be
ccounted for.

Therefore, a detailed analysis is necessary to identify the best
olution for the calculation of each term of Eq. (1). In the fol-
owing discussion if comparison between different strategies for
he determination of a term is necessary, this is done based on

he base case scenario of the model reaction and considering the
est strategies for the rest of the terms. Results are compared
ased on the calculated enthalpy of reaction and reaction heat
ate.

3

i
i
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.1. The heat flow term

The heat flow term (Q̇flow) is the most important term since
t accounts for the majority of the heat released by the reaction,
nd it is analytically calculated using Eq. (2).

˙ flow = UA(Tr − Tj) (2)

he reactor temperature is measured by the temperature sensor
nstalled, with an accuracy of 0.2 mK, and its value is considered
epresentative for the entire volume. The jacket temperature is
easured at the inlet of the jacket with an accuracy of 1 mK and

ts value is considered as homogeneous throughout the jacket.
his approximation stands because the temperature regulating
il circulates at an extremely high flow rate and the temperature
ifferences between the inlet and the outlet are two orders of
agnitude lower than the detection resolution.
The heat exchanging surface, constitutes the first particular-

ty as explained before, and is constant and equal to the entire
nner reactor surface. For our experimental set-up this value was
eometrically calculated and found to be 0.0477 m2. In the case
f liquid calorimetry the surface depends on the reacting mass
nd additional mathematical algorithms are used to take into
ccount the vortex created by mixing.

Finally, the most important parameter in Eq. (2) is the overall
eat transfer coefficient (U) between the reactor and the silicon
il. Typically this variable is measured before the reaction using
standard calibration procedure of the reaction calorimeter [18].
owever, in the cases where U changes significantly during the

eaction, like polymerization reactions, this variable needs to be
easured also at the end of the reaction [19]. The overall heat

ransfer coefficient was measured before and after the model
olymerization reaction and the respective values are:

init = 326.6 W m−2 K−1 Ufin = 288.1 W m−2 K−1

urthermore, in calorimetry the intermediate values are of
mportance because they affect the heat flow calculations. In
his analysis four different approaches are investigated for the U
ariation.

Constant average value.
Linear evolution between initial and final values.
Evolution proportional to conversion.
Application of the temperature oscillation technique.

.1.1. Constant average value approach
The first approach essentially consists of calculating an

verage value between the initial and the final U values
307.4 W m−2 K−1). Although it is explained during the compar-
son of the four approaches that it does not introduce a significant
rror in the enthalpy of reaction calculation, it does not account
or the dynamic evolution of this variable.
.1.2. Linear evolution approach
In order to take into account the fact that during the polymer-

zation reaction the composition of the reaction mixture changes,
nducing a change in the overall heat transfer coefficient, the
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of the heat flow term is used and the differences of the surfaces
below the curves in Fig. 3 are small.

As far as the temperature oscillation calorimetry approach is
concerned, it must be explained that the disturbed initial values
C.A. Mantelis, T. Meyer / J. of Su

ore simplistic evolution, namely a linear change, is also inves-
igated. Such an evolution is known to be used in cases like
his one, where the intermediate values cannot be found. The
mprovement in this case comes from the acknowledgement of
he overall heat transfer coefficient decrease and hence of the
hange in the mixture composition.

.1.3. Proportional to conversion approach
The overall heat transfer coefficient can be more analytically

xpressed as the sum of three individual resistances, namely that
f the reaction mixture boundary layer, of the metallic wall, and
f the silicon oil boundary layer.

1

U
= 1

hr
+ l

kw
+ 1

hjacket
(3)

oreover, Eq. (3) can be further expanded with the aid of
imensional analysis to express the reactor side film heat trans-
er coefficient as a function of the reactor and the mixture’s
roperties.

1

U
= const.

(
η

ρ2cvk2

)1/3(
d3

r

N2d2
s

)1/3

+ l

kw
+ 1

hjacket
(4)

he variables in the first parenthesis vary as the monomer is
ransformed in polymer and the apparent mixture properties (e.g.
iscosity, η) change. The rest of the variables in Eq. (4) though,
emain constant throughout the reaction, because the experi-
ents with the model reaction are carried out under isothermal

onditions. Therefore, it is reasonable to assume that the over-
ll heat transfer coefficient evolution is directly linked to the
eaction evolution, hence the conversion.

The calculation of U proportional to the conversion is essen-
ially an iterative process. Initially the average value of U is
sed to find the reaction heat rate curve and then the conversion.
hen, using the conversion curve and the initial and final U val-
es, provided by the calibration processes, the new U estimation
s derived proportional to the conversion. The calculations con-
inue in this iterative way until a set tolerance is achieved for the
nthalpy of reaction value.

.1.4. Temperature oscillation technique approach
The forth and last approach in the calculation of the overall

eat transfer coefficient is by using a non-stationary method.
t is essentially based on the production of temperature oscil-
ations of the jacket temperature and the monitoring of the
ystem’s response. This technique has been originally devel-
ped by Reichert and co-workers and applies also in the case
f producing an oscillating heat signal using the calibration
eater [20,21]. To date the technique has been used in several
mulsion polymerization systems and biochemical applications
22,23].

In theory, a sinusoidal disturbance is added to the jacket tem-

erature, defined by the controlling mechanism of the reactor,
f the form:

˜j(t) = �Tje
iωt (5)

F
f
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nd it induces a response of the reactor temperature of the form:

˜r(t) = �Tre
i(ωt+ϕ) (6)

ased on the assumption that over the time of one period the
ontributions of all the terms in the heat flow equation, except
he heat flow term and the accumulation term, are equal to zero,
he following equations for the calculation of the overall heat
ransfer coefficient can be derived.

from the real part) UA = cvω�Trsinϕ

�Trcosϕ − �Tj
(7)

from the imaginary part) UA = −cvω

tan ϕ
(8)

combination of the two) UA = cvω

tan[arccos(�Tr/�Tj)]
(9)

comparative study on the results of the above three equations
y De Luca et al. has shown that Eq. (9) is the more robust being
he less sensible in errors on the amplitudes of the experimental
ata and is therefore the chosen one [24].

In practice, the WinRC software that controls the reactor oper-
tion has a special pre-designed phase called “SmartCal”. This
eature makes use of the previously mentioned technique of tem-
erature oscillation calorimetry and permits the calculation of
he overall heat transfer coefficient at the same time with the
eat of reaction.

.1.5. Comparison results
The four approaches are compared in terms of the predicted

verall heat transfer coefficient evolution and the calculated
nthalpy of reaction and the results are presented in Fig. 3 and
able 1. The differences in the calculated enthalpy of reaction
re very small and the justification, although the overall heat
ransfer coefficient evolution has changed dramatically, is two-
old. First, the difference between the average U value and the
arying ones is small with respect to their absolute values. Sec-
nd, for the calculation of the enthalpy of reaction the integral
ig. 3. Comparison of the overall heat transfer coefficient variation between the
our proposed approaches.
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Table 1
Enthalpy of reaction values calculated using the four proposed approaches for
the overall heat transfer coefficient

Enthalpy of reaction (kJ mol−1)

Average value 55.72 ± 1.17
Linear evolution 57.37 ± 1.21
Proportional to conversion 57.04 ± 1.20
T
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emperature oscillation calorimetry 58.56 ± 1.23
iterature value 57.20 ± 0.60

0–10 min) are justified because during that period of time the
acket and the reactor temperatures are strongly disturbed by the
njection of the additional reactants. This effect results in a non-
armonic oscillation of both temperatures that in turn gives the
isturbed values, which are not reliable.

Furthermore, during the final phase of the reaction (conver-
ion above 95%), the SmartCal results show an increase of the
verall heat transfer coefficient. Such an increase cannot be fully
xplained and is bound to be the result of several physical phe-
omena including the formation of some particle agglomerates
r even particle coalescence, repartitioning of scCO2 between
he continuous and the polymer phase due to the changing com-
osition and others. Experimental results from O’Neill et al.
how that the absence of MMA at the final reaction stages, pro-
uces a loss of stabilization due to the decreased solvency of
he stabilizer tail in the continuous phase resulting in particle
gglomeration and some degree of coalescence [25]. Addi-
ionally, Wissinger and Paulaitis have shown that at elevated
ressures in the presence of scCO2 the glass transition temper-
ture of PMMA drops significantly and its liquid state assists
gglomeration and coalescence [26,27].

Based on the above observations and conclusions and
lthough none approach improved the obtained results spectac-
larly, the method of choice, is the proportional to conversion
pproach due to the following advantages:

It has a relative theoretical background.
The resulting U curve shape is verified by the temperature
oscillation approach as being the correct sigmoid type.
It does not have the drawbacks of the temperature oscillation
approach.
This approach is certain to deliver much better calorimetric

results when monitoring reactions in non-isothermal mode
or more exothermic reactions where the larger (Tr−Tj) will
make the jacket heat flow term more important for the final
outcome.
It results the most accurate value for the enthalpy of reaction.

o
c
t
C
a

able 2
omparison between the average value approach and the proportional to conversion

Percentage of heat finally
attributed to the reaction in
the base case scenario

Heat of r
when the
conversio

˙ cover 0.07 0.002‰
˙ flange 0.19 0.005‰
itical Fluids 45 (2008) 121–131

.2. Reactor cover and flange contributions

The second particularity in reaction calorimetry with SCFs
omes from the reactor cover and flange. Since the reaction
edium is in contact with the entire reactor inner surface, heat

s exchanged also through these two elements. Therefore, their
ontribution has to be taken into account in the heat flow term.
his addition does not only improve the calculated reaction heat

ate and enthalpy of reaction but also the dynamic response of
he calorimeter, as have been shown in previous studies [28].

˙ flow = UA(Tr − Tj) + UflangeAflange(Tr − Tflange)

+UcoverAcover(Tr − Tcover) (10)

he determination of the overall heat transfer coefficients for the
over and the flange was carried out using a method proposed
y Lavanchy and is based on the difference of the baseline when
ifferent set temperatures are given for the flange and the cover
espectively, with respect to the reactor temperature [17]. How-
ver, this is only possible before the polymerization reaction
ecause the sensitivity of the polymer particles’ dispersion at
he end of the reaction does not permit the application of the

ethod. Hence, to determine the end value it was approximated
hat the ratio of the initial over the final value for the jacket U
alue stands also for the flange and cover U values. This approxi-
ation can be justified by looking at Eq. (3). Since the reaction is

arried out in an isothermal mode, it is logical to assume that the
econd and the third terms in the right-hand side, which depend
n the reactor itself and the temperature regulating oil, do not
hange. The only part that changes is the reaction mixture film
eat transfer coefficient. The latter, though, is bound to change
n the same way for all three parts of the reactor that surround the
eaction mixture. The measured initial values and the estimated
nal values were found to be:

Ucover,init = 279.0 W m−2 K−1

Ucover,fin = 252.4 W m−2 K−1

Uflange,init = 466.5 W m−2 K−1

Uflange,fin = 422.0 W m−2 K−1

ike in the case of the jacket overall heat transfer coefficient not
nly the initial and final values are important for the calorimetric

alculations but their evolution also. Therefore, a strategy has
o be decided on how these terms are going to be accounted for.
ontrary to the jacket case, the average values for the flange
nd cover U values are the method of choice. The reason for

approach for the flange and cover overall heat transfer coefficients

eaction improvement
proportional to
n approach is applied

�Hr improvement when the
proportional to conversion
approach is applied

Infinitesimally small
Infinitesimally small
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Table 3
Theoretical and experimentally measured specific heat capacity values for the
reaction mixture of the model reaction (J kg−1 K−1)

Before the reaction After the reaction

Theoretical cv (J kg−1 K−1) 1372.9 1558.9
E
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xperimental cv (J kg−1 K−1) 1392.9 1554.7
heoretical cp (J kg−1 K−1) 2481.0 2535.5

his decision lies upon the fact that much more computing effort
rovides very little in terms of calorimetric results, as can be
een in Table 2.

.3. The accumulation heat term

The third particularity of SCFs is also linked to the fact that
he entire reactor volume is occupied and relates to the specific
eat capacity of the reaction medium. The latter is necessary for
he calculation of the rate with which heat accumulates in the
eactor, as presented in Eq. (11).

˙ acc =
∑

i

(micv,i + minscp,ins)
dTr

dt
(11)

n classical calorimetry the constant pressure heat capacity (cp)
or the reaction mixture would be used, whereas in this case
he constant volume specific heat capacity (cv) has to be used.
he reason is that since the mixture occupies the entire reac-

or volume any change results in a pressure variation, rather
han in a volume one and the latter remains constant. Given that
he specific heat capacities of SCF mixtures are very difficult
o calculate using an equation of state, and that there are very
carce experimental data to date on such mixtures, two strategies
emain to be compared. The estimation of the cv of an ideal mix-
ure using mass fractions and values from the National Institute
f Standards (NIST) and the experimental measurement of the cv
sing a standard calibration procedure of the reaction calorime-
er. Table 3 shows this comparison adding also the respective
heoretical cp values to illustrate the possible error.

Using the above values and the assumption of a linear evolu-
ion between them, the enthalpy of reaction was calculated for
he polymerization model reaction under the base case condi-
ions and the results are presented in Table 4. The experimentally

easured values are considered to be more trustful and there-

ore chosen as the best strategy. It is also important to note that
he model reaction was carried out in isothermal mode which
nsured that the reactor temperature variations were the small-
st possible. As a result the effect of the accumulation term in

able 4
alculated enthalpy of reaction values for the three compared specific heat
apacity strategies

Enthalpy of reaction (kJ mol−1)

heoretical cv 57.08 ± 1.21
xperimental cv 57.04 ± 1.20
heoretical cp 54.34 ± 2.20
iterature value 57.20 ± 0.60
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ig. 4. Illustration of the measured reaction heat, the real reaction heat and their
espective baseline.

he overall calculations was also very small. In other cases where
eactions are carried out in adiabatic mode or where reactions
re much more violent even at isothermal mode (e.g. the precip-
tation polymerization of acrylic acid in scCO2) the effect of a
orrect consideration of the accumulation term is bound to be
ore substantial and a different evolution path between initial

nd final values might be more appropriate.
In the accumulation term, the several sensors inserted in the

eactor also participate. Their contribution though is constant
n every experiment and was experimentally determined to be
7.46 J K−1.

.4. The calibration heat term

The calibration heat term essentially consists of the heat
eleased by the heater in the reactor. Its name refers to its main
tility, which is to perform calibrations in order to measure the
verall heat transfer coefficient (U) between the reaction mix-
ure and the temperature regulating oil and the reaction mixture’s
pecific heat capacity. As far as the calorimetric monitoring of
he model reaction is concerned this term does not participate in
he calculations since the heater is not used during the reaction,
herefore it is not further investigated.

.5. The stirring heat term

The stirring heat term refers to the heat released by the stir-
er during its operation. This heat release is constant, meaning
hat even before the reaction is initiated some heat is being
xchanged and Eq. (1) gives Q̇r > 0. Therefore, according to
tandard calorimetric practice a baseline term is introduced to
ccount for these contributions that are not associated with the
eaction itself (Fig. 4). As a result the real reaction heat rate is
alculated from the following equation.

˙ Reaction = Q̇r − Q̇b (12)

he baseline can have many different forms but the rec-

mmended one for chemical reactions where the heat flow
ntroduced in the baseline depends upon the changing composi-
ion of the reaction mixture, is the proportional to conversion
ype. In polymerization reactions this is particularly true,
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liquid absorbs any possible pressure change, due to the increas-
ing mass in an isochoric system, by condensation. However,
in the case of supercritical fluids this addition phase becomes
more complex due to the entire reactor volume occupation. The
28 C.A. Mantelis, T. Meyer / J. of Su

ecause the physical properties of the monomer and the polymer
iffer a lot, causing a significant difference at the heat generated
y the stirrer.

Although the absolute value of the stirring heat is not nec-
ssary for the calorimetric monitoring of the model reaction,
ccording to the above discussion, nevertheless it is possible to
easure it. Several previous studies have reviewed the existing
ethods for measuring the power consumption in stirred ves-

els and have concluded that heat flow calorimetry is among the
ost suitable [29,30]. This measurement is based on the adia-

atic operating mode of the reaction calorimeter. In the case of
he model reaction the heat released by the double stage turbine
n the reactor was measured and it was found to be:

Q̇stir,init = 6.40 W kg−1 of reacting mass

Q̇stir,fin = 3.67 W kg−1 of reacting mass

he experimental values validate the calculated decrease in Q̇r.

.6. The heat loss term

The heat loss term was introduced in Eq. (1) because it finds
pplication in classical liquid calorimetry. It accounts for sec-
ndary heat losses to the environment through radiation and
onduction from the reactor head assembly. However, in this
ase where the reactor’s cover and flange have become also
emperature controlled, and their contributions are taken into
ccount in the heat flow term, this term has become obsolete.
herefore, the heat loss term is not taken into account in any
alorimetric calculation of this analysis.

.7. The mixing heat term and the dosing heat term

Unlike the previous heat terms, mixing and dosing are treated
ogether, as one term, henceforth called the “injection heat term,
˙ inject”. The reason lies behind the need to establish the reaction
onditions before the reaction is actually initiated for correct
alorimetric calculations, as explained in the experimental part.
herefore, the only time that heat is released or absorbed because
f mixing is during the dosing of the additional reactants.

A methodology has been developed to measure the heat intro-
uced in the system during injection and is based upon the
diabatic operating mode. Essentially the reactor is charged with
he initial quantities of monomer and stabilizer, following pro-
ocol, and the temperature is set 5 ◦C below the actual reaction
emperature. The reaction calorimeter is set in adiabatic mode
nd the reactor temperature is left to ramp until 5 ◦C above the
eaction temperature. Then the reactor is cooled down to the
nitial temperature and the adiabatic mode is reset. The only
ifference is that this time, when the temperature of the reactor
eaches that of the reaction the additional reactants are injected

n the reactor and the system is left again to reach 5 ◦C above the
eaction temperature. Finally, the difference between the accu-
ulation terms of the two runs is only the extra heat rate due

o the injection in the second one (Fig. 5). Mathematically the
F
t

ig. 5. Calculation of the injection heat term as the difference between the two
uns of the mixing and dosing evaluation method.

bove method is expressed as follows:

rst run : Q̇acc =
∑

i

(micv,i + minscp,ins)
dTr

dt
= Q̇stir (13)

econd run : Q̇acc =
∑

i

(micv,i + minscp,ins)
dTr

dt

= Q̇stir + Q̇dos + Q̇mix (14)

ifference between the two runs : �Q̇acc = Q̇dos + Q̇mix

= Q̇inject (15)

he forth particularity of reaction calorimetry with SCFs is iden-
ified in the injection phase. The addition of extra mass after
aving reached and stabilized the reaction conditions generates
destabilization in the temperature of the reactor. In the case of
lassical liquid calorimetry, this change is mainly due to a pos-
ible temperature difference between the reactor content and the
njected reactants. The existence of the vapor phase above the
ig. 6. Reactor and jacket temperature oscillations during the injection phase of
he model reaction.
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ig. 7. Calculated reaction heat rate during the first 20 min of the model reaction.

bsence on the vapor phase results in pressure variations during
he injection, which in turn destabilize the temperature of the sys-
em. It is observed that the reactor temperature increases rapidly
nd that as a consequence the reaction calorimeter tries to main-
ain isothermal conditions and reduces the jacket temperature
espectively, which in turn causes both temperatures to oscil-
ate around their steady state values. As a result the calorimetric
alculations during this period of time are not representative
f the reaction. Figs. 6 and 7 show the reactor and the jacket
emperature oscillations and the erroneous calorimetric calcu-
ations during the first 20 min of the model reaction under the
ase case conditions. Although the temperature oscillations are
nly of some tenths of a degree the resulting error in the cal-
ulated reaction heat rate is much more substantial. Under no
ircumstance can the model reaction release almost 100 W kg−1

f monomer within the first 2 min. The resulting heat signal is the
roduct of non representative calculations due to the temperature
scillations.

The source of the above problematic situation is the fact
hat in an isochoric system, like a batch reactor, every change
n mass results in a change of the system’s pressure and that,
hen working with SCF mixtures, translates into a change
f temperature. Consequently it is found that, during the

njection of the additional reactants, the reactor temperature
hanges due to the pressure change. Fig. 8 shows how the
eactor pressure change rate follows the reactor temperature
hange rate and leads to the conclusion that the smaller the

ig. 8. Reactor temperature and pressure change rates during the first 20 min of
he model reaction.

Fig. 9. Comparison of the experimental results between the base case and the
o
a

c
i
i
t

h
t
w
i
t
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t

ptimized injection test for (a) the jacket temperature, (b) the reactor temperature
nd (c) the reactor temperature change rate.

hange rate of the pressure and the smoother this change
s achieved, the smaller the reactor temperature change rate
s, which in turn means less reactor temperature oscilla-
ions.

Based on the above conclusion, an optimized injection phase
as been designed for the model reaction. Instead of injecting
he additional reactants with a flow rate of 50 mL min−1, they
ere injected at 5 mL min−1. Furthermore, the volume of the

nitiator solution was optimized through a series of solubility

ests and 40% less monomer is used to solubilize the initiator.
he resulting total volume is 32.76 mL instead of 52.68 mL. The

mprovements in terms of temperature oscillations and reactor
emperature change rate are presented in Fig. 9.
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Table 5
Direct comparison of the conditions before and after the term-by-term analysis

Before After

Specific heat capacity
type

cp cv

Reactor elements
contributing to the heat
flow term

Jacket Jacket + cover + flange

Calculation of injection
heat term

No Yes

3

t
b
m
t

r
i
c
r
b

v
t
i

F

F

Injection flow rate 50 mL min−1 5 mL min−1

Injected solution volume 52.68 mL 32.76 mL

.8. Results on the term-by-term optimization analysis

The results of the optimization on each term of Eq. (1) to
ake into account the particularities of working with SCFs can
e clearly illustrated by a direct comparison between the calori-
etric results before the analysis and after. Table 5 highlights

he points where optimized solutions were introduced.
The results are presented in Figs. 10 and 11. As far as the

eaction heat rate evolution is concerned the main improvement
s focused on the early stages of the reaction. This part of the
alculation has been considerably improved by the new injection
ate as well as by the smaller solution volume injected. The curve
efore the analysis has two major errors.

−1
First it shoots up to almost 200 W kg of monomer at the
ery first minute of the reaction, which is not realistic. The reac-
ion, although highly exothermic, cannot release so much heat
n the first minutes. This calorimetric mistake is attributed to

ig. 10. Comparison of calculated reaction heat rate before and after the analysis.
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ig. 11. Comparison of calculated conversion before and after the analysis.

he erroneous application of the constant pressure specific heat
apacity in the accumulation term and to the fact that the dosing
ower is not removed. After the analysis the signal is completely
ltered from the above disturbances and reveals the real reaction
volution.

The second major error of the curve before the analysis is that
fter the initial peak the calculated reaction heat rate becomes
egative. This is physically impossible since the reaction is
xothermic and it cannot absorb heat. This numerical mistake
s again due to the accumulation term that is overestimated by
sing the constant pressure specific heat capacity and also due to
he temperature oscillations from the rapid injection of the reac-
ants. After the analysis the measured heat rate remains strictly
ositive.

In terms of conversion, the before-the-analysis erroneous
eat rate oscillations’ integration results in a rapid increase of
he conversion followed by a conversion decrease. The latter is
mpossible since there is no depolymerization reaction.
Finally, Table 6 gives the values for the enthalpy of reaction.
iven that the literature value for the free radical dispersion poly-
erization of methyl methacrylate is 57.20 ± 0.6 kJ mol−1, the

fter the analysis calculated value is much more precise [31,32].

able 6
alculated enthalpy of reaction values before and after the analysis and the

espective literature value

Enthalpy of reaction, �Hr (kJ mol−1)

efore the analysis 54.09 ± 2.22
fter the analysis 57.04 ± 1.20
iterature value 57.20 ± 0.60
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he improvement is not as important as for the heat rate and
he conversion but it demonstrates the precision that reaction
alorimetry in supercritical conditions can achieve.

. Conclusions

In this study a specially developed reaction calorimeter has
een employed to investigate the importance and the correct con-
ideration of every heat term in the heat flow reaction calorimetry
nder supercritical conditions. As a model reaction the free rad-
cal dispersion polymerization of MMA in scCO2 was chosen.
very term of the heat flow equation was studied separately,

aking into consideration the particularities introduced by the
act that SCF mixtures occupy all the available reactor volume
nd the best solutions were chosen based on the results of the
eaction heat rate and the enthalpy of reaction.

The most important points of the analysis include the use of
he constant volume specific heat capacity of the reaction mix-
ure for the accumulation term, the introduction of the injection
ower in the mixing and dosing heat terms during the addition of
eactants, the inclusion of the reactor’s cover and flange contri-
utions in the heat flow term and the optimization of the injection
hase for the elimination of the problematic temperature oscil-
ations.

Overall the optimized heat flow equation can calculate the
odel reaction heat rate and its enthalpy with high accuracy

nd the improved accumulation term guarantees the correct
alorimetric monitoring also under more thermally disturbed
onditions, such as more exothermic reactions.
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