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NEW DEVELOPMENTS AND APPLICATIONS IN TITRATION
CALORIMETRY AND REACTION CALORIMETRY
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Isothermal titration calorimetry (ITC) and reaction calorimetry (RC) have been used to construct the solid-liquid equilibrium line in
ternary systems containing the solute to precipitate and an aqueous mixed solvent, and to study polymerization reactions under real
process conditions, respectively. Phase diagrams have been established over the whole concentration range for some benzene sub-
stituted derivatives, including o-anisaldehyde, 1,3,5-trimethoxybenzene and vanillin, in {water + alcohol}mixtures at different tem-
peratures. Acrylamide polymerization in aqueous solution using potassium permanganate/acid oxalic redox system as initiator was
investigated on a homemade calorimeter, which works according to the isoperibolic mode. A Calvet type differential RC was used
to illustrate the applicability of temperature oscillation calorimetry (TOC) for the evaluation of the heat transfer coefficient during
the course of reaction.
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Introduction

Calorimetric methods have been an invaluable tool
for understanding many physical and chemical phe-
nomena either in the early phases of process develop-
ment or in biological applications. Alongside of dif-
ferential scanning calorimetry (DSC), isothermal
titration and reaction calorimentry are the widely used
calorimetric techniques.

Titration calorimetry has been traditionally used
for titration or acid-base reactions [1]. ITC is also cur-
rently used to study complex formation in pharmaceu-
tical applications and binding effects in biophysical
applications. Numerous examples of such investiga-
tions using ITC can be found in recent publications
where different calorimeters have been used [2-5].
Recently, the advent in several highly sensitive titra-
tion calorimeters has generated much interest in this
technique [6-9]. Titration calorimetry has been very
rarely used to measure solubilisation or dissolution of
solid compounds. However, Smith and coworkers
[10—12] have used ITC to establish solubility bound-
aries in complex systems like microemulsions. The
present study takes place in the general approach re-
garding the design and the development of methods
useful for the acquisition of thermodynamic data on
phase equilibria in crystallization engineering. Crys-
tallization is of particular interest since it constitutes
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very often the final step of the solids purification. A
rigorous control of temperature is essential in solubil-
ity phenomena then isothermal experimental tech-
niques should be favoured. The construction of a
phase diagram containing a solid solute and a liquid
solvent is simply based on the determination of the
solubility of the solid solute in the solvent. The sol-
vent can be a pure liquid component or a liquid mix-
ture for efficient solvent-antisolvent selective capa-
bility. The choice of selected solvents in crystalliza-
tion processes rests on the knowledge of the solid
phase contour of the product to precipitate in the pres-
ence of the solvent-antisolvent mixture. Since theo-
retical calculations are not available so far to provide
accurate prediction of the solubility limits of a solid
component in binary mixtures, experimental determi-
nations are necessary to establish solid-liquid phase
equilibria in ternary systems. When the solute is an
organic component the solvent is generally a binary
mixture water + a hydrophilic organic component.
The thermodynamic study of the whole system is fo-
cused on the determination of the maximum of solu-
bility of the solid solute that is to say all along the
solid-liquid line of the ternary system; in this way,
this line which is the locus of the maximum solubility
data points is readily obtained as of plot of those
points. In this context, the solubility limit was deter-
mined by adding slowly (to remain at thermodynamic
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equilibrium) successive small increments of the
binary solvent to a known (weighted) amount of the
solid solute until the complete dissolution of the solid
crystals. One of the important aspects of this work was
the use of titration calorimetry to detect the dissolution
of the solid in the binary solvent through the heat in-
volved during each addition. Phase diagrams have been
established over the whole concentration range for some
benzene substituted derivatives, including
o-anisaldehyde, 1,3,5-trimethoxybenzene and vanillin,
in water + methanol, + ethanol, or + propanol. The ef-
fect of temperature was examined through measure-
ments in the temperature range 303 to 318 K.

On its side, RC is the technique accepted as the
most powerful way to study the chemical processes in
near-to-the-industrial conditions, allowing a wide
spectrum of operation conditions and measurements.
The second objective of this work was to validate a
small scale isoperibolic calorimeter aim of be used for
studying polymerizations. In the isoperibolic mode
the surroundings of the reaction mass (usually a
jacket) are maintained at constant temperature. Exo-
thermic or endothermic changes will produce a tem-
perature increase or decrease in the reactor. The basic
equation of RC is the heat balance of a reactor with
external cooling jacket, under the hypothesis of per-
fect mixing in the reactor and in the jacket it, is the
following:

dT,
Cp d[r :UA (TJ 7711- )+Qchem +Qloss +Qdos +Pstirrer (1)

In the simplest case, the heat transfer coefficient,
UA, is assumed as constant and it is obtained by carry-
ing out an initial calibration experiment with a cali-
bration heater. When the heat loss, Q. and the
power dissipated by the stirrer, Pgyer, are known or
negligible, Eq. (1) allows the evaluation of the heat of
reaction [13]. Instead, when the heat transfer coeffi-
cient undergoes large changes, for example in batch
reactors, as a consequence of increase of viscosity,
the heat of reaction, Qcpem, cannot be computed from
Eq. (1), unless the variation of heat transfer coeffi-
cient is known. The increase in viscosity during poly-
merization is almost negligible in suspension and
moderate in heterogeneous bulk polymerizations but
significant changes occur in homogeneous bulk or so-
lution polymerization [14]. This is why the homoge-
neous solution polymerization of acrylamide (AM)
was chosen as model to illustrate the performances
and the limits of the new RC. In the present work our
attention was focused on the interpretation of the
measured signals in order to achieve reliable calori-
metric data. Thus, the evolution of the heat transfer
coefficient was followed by performing two calibra-
tion experiments, before and after the reaction; the
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two values of the heat transfer coefficient were subse-
quently interpolated, by to obtain the desired UA(?)
profile. Using the heat pulse calibration, a differentia-
tion method based on the convolution of the measured
heat flow by the generated one was used for determin-
ing the time constants and deconvoluting the mea-
sured heat flow.

The last objective of this work was to develop
the Temperature Oscillation Calorimetry (TOC) tech-
nique particularly in a small volume (9 mL) reactor
using a Calvet-type differential calorimeter. The aim
of this calorimetric technique was to obtain on-line
the parameters involved in the heat balance of the re-
action mass during a chemical reaction.

Experimental
Chemicals

4-Hydroxy-3-methoxybenzaldehyde (or vanillin)
with 99 mol% purity, o-anisaldehyde with 98 mol%
purity and 1,3,5-trimethoxybenzene with 99 mol%
purity respectively were provided by (Fine Chemi-
cals) Acros Organics France; methyl alcohol with
purity >99.8 mol% was provided by Fluka Chemika
France; ethyl alcohol absolute RE was provided by
Carlo Erba France; propyl alcohol p.a. with purity
>99.5 mole% was provided by (Fine Chemicals) Acros
Organics France. All chemicals were used without fur-
ther purification. Solutions were prepared by mass us-
ing freshly bidistilled water. Acrylamide (AM), potas-
sium permanganate and oxalic acid, used for
polymerizations, were provided by Fluka Chemika,
France and were used without further purification.

Instrumentation

The titration calorimeter, Titrys model, commercial-
ized by Setaram was used to perform the solubility
measurements. The calorimeter is built according to
the Calvet principle. The calorimetric block whose
temperature can be regulated to £20 mK houses two
thermopiles in which are placed the measuring and
reference cells respectively. The differential detection
allows to detect heat effects with 0.1 uW sensitivity.
The instrument can be operated in the temperature
range from 303.15 to 330.15 K. For this application
the calorimeter (see a schematic view of the calorime-
ter in Fig. 1a) presents a double interesting feature: in
each cell an active volume from 1 up to 12 cm® can be
used and the content of each cell can be stirred by
means of a small magnetic bar activated by a single
small motor which ensures the same (adjustable) stir-
ring speed in both cells. The calorimeter can be fed
with an injection system Dual Syringe Pump Model
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33 from Harvard, composed of two identical syringe
pumps mounted on a dual carriage in such a way that
identical volumes delivered by stainless capillaries
can be injected simultaneously at exactly the same
rate in both cells; during each injection the corre-
sponding heat effect is recorded as shown in Fig. 2a.
The injection system is entirely programmable and
computer controlled. In order to ensure a better con-
trol of the volumes delivered by the pumps, the whole
assembly, syringe pumps and their carriage/holder,
were placed in a small air bath thermostated to £50
mK. Before injection in the calorimetric cells, liquids
coming from the pumps are further thermostated as
the feeding capillaries are coiled in two small thermo-
stats placed inside the calorimetric block on top of
each cell (see details in Fig. 1a).

The set-up of the designed reaction calorimeter
is depicted in Fig. 1b. The reactor is a 100 mL flask
with a jacket and a lid with five ports. The flask jacket
is connected to a thermostatic bath whose temperature
is maintained within £0.1°C with a Vertex (model

HARVARD 2000 DIO (1,2)
syringe pump

Pt00

calorimetric

/ detector
rotating
a

Fig. 1 General view of a — the Titrys titration calorimeter,
showing the differential mounting of the thermopiles
housing the calorimetric cells, the thermostated lid (in
the upper position) and the injection dual syringe; and
b — schematic illustration of the isoperibolic reaction
calorimeter. In the lower part of scheme a detail of the
assembly thermocouple-feeding tube used as trigger for
the zero moment of polymerization is given

V9610) PID controller. One temperature sensor
(Pt100) is placed in the reactor and two more at the
jacket inlet and outlet, respectively. An additional
J-type thermocouple (I mm external diameter) is
placed in the space between the lid and the liquid’s
surface. As the details of Fig. 1b shows, the thermo-
couple is in intimate contact with the feeding tube and
consequently with liquid containing the initiator solu-
tion. Since, usually, the temperature of dosed liquid is
below the reaction temperature, the decrease of tem-
perature to the thermocouple serves as trigger for the
start of reaction as well as to correct the Qcpen by the
heat exchanged with the reaction mass during re-
agents dosing, Ques in Eq. (1). The reactor also holds
the calibration heater (electric resistance of 15 Q)
powered by a 30V/1A power supplier via a power am-
plifier connected to one of the analog outputs of the
data acquisition board (a PCI-441D model from Datel
Inc., USA). We developed a LabVIEW® (National In-
struments) to generate a desired voltage which is ap-
plied to the resistor during the calibration periods. For
the sake of brevity, the desired amount of heat (in
Joules) and the suited voltage are introduced by the
operator via the front panel of LabVIEW software.
The power uptake of the heater is measured on-line,
integrated over the time and compared with the re-
quired amount of heat. As soon as the two values are
equal each to other a digitally controlled relay stops
the current passing through the heater. In semibatch
operation mode the reagent is fed over a period with a
peristaltic pump (MasterFlex C/L, Barnant Company,
USA) with a pre-calibrated feeding rate. The duration
of feed is controlled by the software through a com-
puter controlled relay. The whole application is con-
trolled by a single LabVIEW program running on
computer. The program allows direct interaction with
all devices connected to the system as well as auto-
matic handling of a pre-defined recipe. The main task
of the LabVIEW program is to acquire the data of all
sensors and devices as well as to control the stirrer
speed and the power dissipated by the calibration

Table 1 Signal-conditioning specification of the measured input data with the isoperibolic RC

Signal Channels Description Amplified Filter
TR chO_1 Reaction Temperature (Pt100 sensor) yes 4Hz
7J in TJ out chO 2,3 Jacket Temperatures at inlet and outlet (Pt100 yes 4Hz
sensors)
Loy chO_4 Current passing through the calibration heater no no
Ven chO 5 Voltage supplied through the calibration heater
TC chO 6 Dosing liquid temperature (J-type thermocouple) yes 4Hz
Tsgirr chO 7 Current required by the stirrer engine to maintain
the desired stirring speed yes no
Vstirr chO 8 Voltage uptake by the stirrer engine no no
J. Therm. Anal. Cal., 85, 2006 533
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heater. Both tasks are performed by the same
PCI-441D precision sensor input and multi-functional
I/O board. The different signals acquired by the com-
puter are given in Table 1. The two analog outputs are
used to control the stirrer speed and the power dissi-
pated by the calibration heater, respectively.

Experimental procedures

In ITC, an initial mass, usually 0.50 g of finely ground
powder is placed in the measuring cell. The two sy-
ringe pumps are filled with the same water-alcohol so-
lution of known composition. A dissolution run con-
sists in adding the same volume of the solution
simultaneously in both cells. The change in enthalpy
evolved during each addition is due to the heat of dis-
solution of part of the solid in the small amount of
added solution; this is directly given by the differential
heat flow recorded upon injection of the solution. Typ-
ically, each injection consists in adding 0.20 cm® of so-
lution at the rate of 0.10 cm® min™" and a complete run
is achieved after an average of 10 successive additions.
Each run yields a series of heat peaks (as shown in
Fig. 2a). The different heat effects AH, the actual peak
areas, are plotted vs. the number o=nyent/Msotute Which
represents the ratio of the number of moles of solvent to
the number of moles of the solute. Then, each dissolu-
tion run yields the type of plot shown in Fig. 2b. Typi-
cally each experiment is composed of two parts. First an
increase of AH represented by a linear function with
o: AH/nm=A;o.. Then, when all the solid has been com-
pletely solubilized, the second part which is simply re-
lated to the heat of dilution of the medium, is generally
well represented by a polynomial of the form: AH/n=
Aj+Ala+ALo’. The coefficients 4,,4;, 4], 4, were
determined by linear regression. The intercept of the

Calorimetric signal/mJ

Time/s

Injected volume/mL

two parts gives the enthalpy of dissolution for a given
ratio oy at saturation, Eq. (2):

Aoy =As+A4j00 4 +A;a§

)

From g at saturation, the composition of the ter-
nary system at saturation can be determined as fol-
lows:

3)
where #7; is the number of moles of each component.

Since x;tx,+tx;=1 one can finally write:
as=(1-x;)/x; and x;=1/(astl), x;=xs(l—x;) and
x3=x35(1-x), respectively.

The dissolution runs are made in such a way as to
cover the whole concentration of the binary aqueous
mixture. Then a ternary plot (x;, x,, x3) can be con-
structed where the three mole fractions are the actual
experimental mole fractions corresponding to the in-
dividual coordinates of the different intercepts.

With RC, a typical polymerization experiment is
presented in Fig. 3a. The reactor jacket was fixed at
the working temperature, the monomer and the sol-
vent are charged in the calorimetric vessel and as soon
as the thermal equilibrium is reached the solutions of
KMnO4/H,C,04 redox system are fed using the dos-
ing pump. As shown in Fig. 3a, the polymerization
does not start in the presence of KMnQOy (the first en-
dothermic peak of the temperature recorded by ther-
mocouple) but it starts soon after the dosing of oxalic
acid. The maximum increase of temperature of the re-
action mass (ATr=Tr—7)_out) was about 7.3°C. In or-
der to quantify the heat of reaction, the correlation be-
tween the temperature difference and the correspond-
ing heat flow should be made. A known amount of
power P (up to 10 W) is dissipated through the resis-
tance of the calibration heater during a well-defined

O =Ny /1, =(ny+05) /0, =(X,+x,)/X,

solvent

20.

164

[~

AH/KJ mol ™!
e

Fig. 2 Calorimetric signal vs. injected volume of solvent, showing thermal traces of heat effects a — obtained upon successive ad -
ditions; and b — plot of cumulated thermal effects, AH/kJ mol ™! vs. O =Hsolvent/ Msolute; Obtained during a run, showing the ini-
tial dissolution e — of the solid solute followed by the dilution m — of the solution. The intercept gives the enthalpy of

dissolution and the ratio o at saturation

534

J. Therm. Anal. Cal., 85, 2006



NEW DEVELOPMENTS AND APPLICATIONS IN TITRATION CALORIMETRY AND REACTION CALORIMETRY

| 3.5

First calibration Second calibration

*”T . N

i
a
H
i

F2.9

Temperature/°C

Time/min

Power/W

4.0 - 3.0
3.5 [ = —.— Power L25
: Y )
3 3.0 | /, \‘ — ATcany 20
5 2.5 : !/ 5 —— AT '
2,04 \ F15
% - ;l —
£ o1s] | \ 1.0
It N I
1.0 i/ \
054 | N 03
: \\
001l 14 , | el 0.0
0 5 10 15 20 25
Time/min

Fig. 3 Acrylamide polymerization at 39°C with KMnO,/H,C,04 redox system in 10% aqueous solution: a — plots of the acquired
raw data (Pgir and TJ_in are not shown); b — the effect of viscosity increase on the heat transfer coefficient, UA. For both
calibrations the amount of heat dissipated by the calibration probe was the same, 1200 J

period, f.,, resulting in a temperature increase. The
heat generated during the calibration is equal to:

cal

Q. =P1=UA [AT, dt+U4:S’ (4)
0

where S§* is the area of the calibration peak (°C s). Af-
ter calibration the determination of reaction heat, Q,,
is very easy: Q=0.'S/S*; where S is the integral of re-
action effect. The calibration is performed before and
after reaction experiment. When the difference be-
tween the areas is significant, as in the case of poly-
merization reactions (Fig. 3b), the two values of the
heat transfer coefficient are interpolated to obtain the
desired UA() profile, which is subsequently used for
determination of the heat of reaction.

Results and discussion

Construction of solid-liquid phase diagrams in
ternary systems

For the different investigated systems the experimen-
tal mole fractions xj, x, and x3, represent the compo-
nent 1, the solid solute, component 2, water (H,O),
and component 3, the alcohol, methanol (MeOH),
ethanol (EtOH) or propanol (PrOH), respectively.
Graphical representation of the measured data are
shown in Figs 4a—c. In these Figures the smoothed
curves have been obtained through the procedure de-
scribed in what follows. The original raw data are re-
spectively the amount (in mass wy) of solute 1, the
volume of the aqueous mixed solvent (water + alco-
hol) in which the amount w, of water is known as well
as the amount ws of alcohol. Densities of water-alco-
hol mixtures were taken from literature [15] to evalu-
ate the respective quantities of water and alcohol in
the injected volumes of solvent. From the different
mass w; the corresponding mole fractions were calcu-
lated; they constitute the experimental data to be
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Fig. 4 Ternary plots for the investigated systems: a — effect of
the solute nature on the equilibrium lines for a wa-
ter/ethanol mixture; b — effect of the polarity of the sol-
vent mixture on the dissolution of vanillin at 303.15 K;
and ¢ — effect of temperature on the dissolution of
vanillin into water/propanol mixtures
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treated in order to get the fitting equations to repre-
sent the solid-liquid equilibrium lines for the different
systems. Firstly, a plot of x| vs. x, was fitted with the
following polynomial y:
x,=f(x,)=y=2 a; (I-x,)’ (5)
i=0

Coefficients a; were adjusted to give the best fit.
Secondly, using polynomial y a table of numerical
values Xj is generated as a function of X3, X5 = f(X>),
at rounded values of X; (e.g. 0 < X, < 1 at 0.05 incre-
ments) using the relation: X3=1-x,—-X,, where x; =y =
fiX>) as given by Eq. (5) and x; + X; + X3 = 1.

This ‘normalization’ step allows then to draw the
smoothed curves in Figs 4a—c. Equation (5) is the ac-
tual fitting equation of the experimental data points.
The best fit has been obtained using a SigmaPlot soft-
ware which gives automatically the solubility maxi-
mum of the solid in the optimal composition of the
aqueous mixture. The coefficients a; and correspond-
ing standard deviations c are listed in Table 2.

Homogeneous solution polymerization of acrylamide.
From measured signals to reliable calorimetric data

It is well known that the aqueous solutions of
poly(acrylamide) exhibit high viscosities. The modi-

fication of viscosity during the reaction induces large
changes in heat transfer coefficient. In this case, the
heat of reaction cannot be computed from Eq. (1),
which is one of the limitations of reaction calorimetry
for polymerization reactions. As Fig. 3b shows, at the
end of polymerization the increase of temperature is
more than three times higher (as well the surface area
of the calibration effect) than the initial increase of
temperature for the same amount of heat supplied in
the reaction mass. Taking into account Eq. (4) this
means that the UA strongly decreases during the exper-
iment. A simplified and common way of approaching
the problem is by performing two calibration experi-
ments, before and after the reaction. The two values of
the heat transfer coefficient are thus interpolated, by
obtaining the desired UA(f) profile. As is seen in
Fig. 5b and Table 3, the quality of results depends
heavily on the interpolation procedure used (i.e. aver-
age value, linear with time, proportional to conversion,
proportional to the power input of the stirrer).

On the other side, the reliability of kinetic data is
influenced not only by the precision of the signals
measurement, but also by thermogenesis [16]. Several
methods have been proposed for the deconvolution of
thermokinetic data and we used a differentiation
method based on the convolution of the measured

Table 2 Coefficients of the fitting Eq. 5 and corresponding standard deviations ¢ used to represent the smoothed curves in

Fig. 4. The temperature was 303.15 K

Ternary system ay a a as ay as c

Vanillin/H,0/MeOH - 0.0060 1.1346 -1.0615 0.2023 - 0.0189
Vanillin/H,O/EtOH - 0.1037 1.7322 —2.8849 1.2743 - 0.0087
Vanillin/H,O/PrOH - 0.4354 0.5372 —-1.3635 0.5659 - 0.0080
Vanillin/H,O/PrOH* - 0.6449 0.8499 -2.3078 1.1189 - 0.0145
o-Anisaldehyde/H,O/EtOH 0.0292 0.4758 0.4811 0.7530  —0.9381 - 0.0097
Trimethoxybenzene/H,O/EtOH - 1.5758 -8.8622 19.429 —18.480 6.4261 0.0139

*313.15K

Table 3 Evolution of the overall heat transfer coefficients, UA, of the calorimeter time constants, T, and of heat of polymerization, AHg,
in function of the interpolation method used to describe the variation of U4 during the polymerization of AM in water*

Measured parameters Units Values
Overall heat transfer Before polymerization, U4, wi/°C 3.409
coefficient, U4 After polymerization, UA, wi°C 1.402
Time constant, T Before polymerization, T, s 92
After polymerization, 1, s 268
Heat of reaction, AHg, Average of UA, and UA,, Avr 88.20
estimated as follows: Proportional with time, P_Time kJ mol™" AM 102.53
Proportional to conversion, P_Conv 88.21
Proportional to power input 72

of stirrer, P_Stirrer

* Reaction conditions are given in Fig. 3.
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Fig. 6 Effect of deconvolution on the measured heat of calibration compared with the supplied heat pulse, a — before and

b — after polymerization

heat flow W(¢) by the generated one ¢(7) represented
by the following system of linear equations:
do(n)

dr
do, (0

dt

¢ (O)=p()+, e

o (D)=0(D)+7,

(6)

¢ (1)=¢(n)+1,

where W(f)=lim,_,.,{(¢f)and Ty, To,.... T, are calorime-
ter time constants of successive orders. In practical
cases, a limited number (usually one) of linear equa-
tions is used. The parameters of the equations can eas-
ily determined by heat pulse calibration concomi-
tantly with heat transfer coefficient determination, see
Table 3. The effect of the first-order deconvolution on
the shape heat measured during the two calibrations is
illustrated in Fig. 6.

Isothermal titration calorimetry

Between the investigated benzene substituted com-
pounds, vanillin is a product of technological impor-

J. Therm. Anal. Cal., 85, 2006

tance which is produced industrially in large amounts.
The ultimate step in the production line is its crystalli-
zation in an appropriate solvent in order to obtain an
end product in the form of pure small crystals. Wa-
ter-alcohol binary mixtures are certainly the most
suitable solvents in terms of cost and recycling feasi-
bility. From the present study general conclusions can
be drawn as illustrated in the ternary phase diagrams
Figs 4a—c. The influence of the chemical structure of
the solute on its solubility is shown in Fig. 4a. At a
given temperature (303.15 K) and in water-ethanol
binary solvent o-anisaldehyde is much more soluble
than vanillin and 1,3,5-trimethoxybenzene, respec-
tively. At 303.15 K Fig. 4b shows that vanillin is more
easily solubilized in water/methanol mixture than in
water/ethanol or water/propanol when the solutions
are rich in alcohols and interestingly the situation is
changed if the water prevails in the solvent mixture.
The crossing point of the three solubilization curves is
located at about 0.45 mole water/mole alcohol. As ex-
pected, for the same compound and solvent mixture,
temperature has a distinct influence on the solubili-
zation, Fig. 4c. The increase of temperature with 10 K
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(from 303.15 to 313.15 K) induces the increase of sol-
ubility of about 30% and less alcohol is necessary.

In conclusion, isothermal titration calorimetry
can be recommended as a convenient technique to ob-
tain non only a qualitative description of solid-liquid
phase diagrams in ternary systems, but also precise
concentrations of the components along the solid-lig-
uid line. The fitting equations developed to represent
this line can be used for engineering calculations.

Reaction calorimetry

As mentioned in the introduction, the above-de-
scribed RC was designed to determine the essential
parameters of polymerization reactions. The most im-
portant parameter is the reaction rate, which is calcu-
lated from the heat generated by polymerization.

The radical polymerization of acrylamide in
aqueous media was chosen as model reaction to char-
acterize the calorimeter, since it is known as a repro-
ductive and easy to led reaction, and well described in
literature. As shown in Fig. 3a, the polymerization
starts soon after the dosing of the second component
of the redox system, i.e. the oxalic acid. The polymer-
ization occurs rather fast and the maximum increase
of temperature of the reaction mass (ATrR=Txr—1) out)
was about 7.3°C. The values of heat of polymeriza-
tion, AHg, (Fig. 5b and Table 3), are influenced by the
interpolation method used to describe the profile of
UA. The highest values were always found when the
UA varies proportional with time since the reaction
rate is higher just at the beginning of polymerization
and the values of UA(¢) are closer to UA;. Surpris-
ingly, in all cases the values of AHg, are the same for
proportional to conversion and average value interpo-
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Y == HF

— Pgtirr
\ = AHr

- 0.28
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- 0.20
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- 0.2

- 0.18
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AT, HF/°C, W/°C Wg ™! AM
Pstirr/W

Time/min

lation methods, event if the heat release faster occurs
in the first case. It is worth mentioning that this value
is in fairly good concordance with the one reported in
literature, i.e. 89.6 kJ mol™' [17], irrespective of the
initial monomer concentration or temperature. The
lowest values of AHg, have been obtained when pro-
portional to the power input of stirrer interpolation
method was used to calculate UA(f) variation.
Figure 7(a) illustrates the process evolution evaluated
through the heat released and the power uptake by the
stirrer engine. Clearly, the increase of viscosity is
faster monitored by the system as the heat released
during polymerization. This behavior is related both
to the relatively long time constant of the calorimeter
(of about 100 sec) and to the sensitivity of measure-
ment of power uptake of stirrer.

The results of deconvolution of measured data
(Table 3) show that the time constant of calorimeter
strongly increases, from 92 to 268 s, with the decrease
of UA induced be the change of viscosity. As seen in
Fig. 7b, the reconstructed curves of measured heat
flux match with enough accuracy the heat flux profile
for the two calibration experiments, before and after
reaction. As soon as the time constants before and af-
ter polymerization are determined, the method allows
to reconstruct the profile of heat flux during polymer-
ization. In this figure the reconstructed curves sup-
posing a variation of time constant proportional to
conversion or considering the average value of the
time constants are compared to the corresponding
profiles obtained when only the variation of U4 was
taken into account. As expected, the profile of heat re-
leased during polymerization is strongly influenced
by the variation of t(¢) even if the heat of reaction is
the same. For an accurate kinetic interpretation of the
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Fig. 7 Comparison between the advancement of polymerization monitored by the increase of power input of the stirrer and the in -
tegral of a — heat released and b — comparison between the reconstructed, after deconvolution of the signal, and the mea -
sured heats of polymerization. In both cases the interpolation procedures used for describing the profile of U4 were
proportional to conversion and the average value of UA before and after experiment
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data the evolution of the time response of the appara-
tus during the experiment must be considered.

Temperature oscillation calorimetry

The problem of a correct calorimetric evaluation de-
spite a changing of heat transfer value may be solved
using temperature oscillation calorimetry (TOC).
This technique makes only use of the reactor energy
balance and determines already during the reaction
the heat transfer value from forced temperature oscil-
lations. This new method to determine the chemical
heat flow simultaneously to a changing heat transfer
value requires only the use of a mathematical proce-
dure for evaluation of measured data [18].

In the present work a highly sensitive differential
calorimeter (BGR-Tech, Poland) was used to perform
TOC measurements. The desired oscillations of tem-
perature were obtained by imposing a sinusoidal vari-
ation of the set-point of calorimetric block by means
of an external temperature control system. The ampli-
tude of temperature oscillations was between 0.25
and 0.5°C and the period of oscillation was 6 min.

The evaluation of energy balance Eq. (1) is per-
formed in two steps. In the first step the heat transfer
value UA is calculated from temperature oscillations. In
the second step the reactor energy balance without oscil-
lating heat contribution is considered and the chemical
heat flow, Qchem, 1 calculated from Eq. (1). Given that
Eq. (7) is the general expression for an oscillating sig-
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nal, and considering only the influence of oscillating
terms on energy balance the equations for U4 (Eq. (8))
and heat capacity c, (Eq. (9)) are obtained [19]:

X=Axei(u)t+(px) (7)
AQ
UA=—=—cos(¢,—¢r) (8)
4
Ay .
mc, :®751n((PQ —-¢r) ©)

T

The values of phase and amplitude for each sig-
nal during the course of chemical reaction can be ob-
tained applying the Fourier transform technique on
each measured signal.

As model reaction the neutralization reaction of
H,SO4 (0.5 N) with NaOH (0.5 N) was selected,
which is known as highly exothermic reaction
(—139.1 kJ mol ™). The dosing period of NaOH was
80 min. The raw data of a typical run and the U4 and
Ochem evolution during the experiment are illustrated
in Figs 8a—d.

As expected, the overall heat transfer coeffi-
cient, U4, increases almost linearly during the experi-
ment, Fig. 8c, since the wetted surface area in the re-
actor, 4, increases during the dosing period. The inte-
gration of heat released during the neutralization
gives an enthalpy of —133.5 kJ mol ' which is close to
the literature values.
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Fig. 8 Temperature oscillation calorimetry during the neutralization of 2 ml of H,SO4 (0.5 N) with 2 mL of NaOH (0.5 N) at
40°C: a — raw measured heat flux (upper part) and temperature (lower part); b — phase shift between the measured heat
flux and temperature, respectively; ¢ — evolution of the overall heat transfer coefficient, U4; and d — of the heat of neutral-

ization in time
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In conclusion, RC is a powerful technique to in-
in the
near-to-the-industrial condition if a special attention
is paid to the baseline determination (U4) and to the
deconvolution of measured heat flux, and, of course,
when the concomitant determination of Qcpen and UA

vestigate the polymerizations processes

is possible.
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