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Abstract A simplified RC model which simulates the
operation mode of an isothermal titration calorimeter
(ITC), when it is used in a continuous mode to determine
heat of mixing, is proposed. The model takes into account
several thermal effects that are evident in the mixing pro-
cess and it must be identified and quantified to determine
reliable values of heat of mixing. The main effects con-
sidered in the development of the model were those caused
by: (i) the difference between the temperatures of the
injected liquid and the mixture, (ii) the increase in heat
capacity of the mixture and the thermal conductance of the
couplings between the mixture and its surroundings and
(iii) the changes in the power dissipated by stirring after
injection. A good agreement between model and experi-
mental results is observed.
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Introduction

The isothermal titration calorimeters (ITC) can be used for
the analysis of solid-liquid and liquid-liquid processes,
and they allow the determination of enthalpies of solution,
enthalpies of dilution, enthalpies of reaction in solution,
enthalpies of mixing, etc. The standard operation mode to
obtain heat of mixing of liquid mixtures is to inject a
known amount of a liquid on another liquid. The mixing
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process produces a calorimetric signal which returns to the
experimental zero (baseline). The heat of mixing can be
then obtained by integration of the calorimetric signal (in
mV) and dividing the area obtained for the sensitivity of
the calorimeter (in mV W™"). This process is repeated until
the volume of the mixing cell has been completed.

On the other hand, the adequate determination of heat of
mixing using an ITC supposed to evaluate all the thermal
effects associated with both the experimental device and
the working method. We have observed the presence of
various thermal effects added to the heat of mixing. These
effects are explained below:

(i) The difference between the temperatures of the
injected liquid and the mixture. This fact gives rise
to an additional power associated to the heating or
cooling of the injected liquid (depending on whether
the mixture is exothermic or endothermic). This power
is proportional both to the injection flow and the heat
capacity of the injected liquid [1-3].

(i) The increasing in the heat capacity of the mixture and
the thermal conductance of the couplings between the
liquid mixture and its surroundings when the volume
of liquid in the mixture cell increases. This fact leads
to modifications, both in the static response (sensi-
tivity) and in the dynamic response (time constants)
of the calorimetric system [4].

(iii)) The changes in the power dissipated (by stirring) due
to the changes in density and viscosity of the mixture
when the liquid is injected. These changes produce

alterations in the baseline, which may be relatively
important [5, 6].

(iv) The small differences obtained for the sensitivity of
the calorimeter when the Joule dissipation and
mixture dissipations are produced. These differences
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are closely related to the fact that both energetic
processes occur at different locations [7].

In order to evaluate the effects mentioned earlier, we
have simulated the operation mode of the calorimeter using
a simplified RC model for three domains. The model is
obtained from experimental measurements made in a
Calorimeter TAM2277-201/2250 by Thermometric. The
modelling can assess the impact that these effects have on
the calorimetric signal and/or the thermodynamic result,
and, therefore, it makes the necessary corrections in each
situation.

Experimental device and model

The instrument used in this study was an ITC TAM2277-
201/2250 by Thermometric AB using the stirrer recom-
mended by the manufacturer for this experimental device.
Mixing cells of 5 mL capacity were used, although the
recommended maximum volume of liquid is 2.5 mL [8].
The calorimetric signal is directly read using a HP3457A
digital multimeter (10 nV). The calibration of the device
has been described in a previous work [7], and the sensi-
tivity obtained was 391 =9 mV W', In the chemical
calibrations, the water + ethanol and cyclohexane + ben-
zene binary systems were used.

In order to reproduce the experimental facts mentioned
above (for the simplest possible way) we used the localized
constants model (RC model) which has been frequently
used to simulate the operation mode of several conduction
calorimeters [9—14]. The identification of the experimental
curves from electrical calibrations resulted in transfer
functions (TF) with two time constants. However, the
different values obtained for the sensitivity, taken from
electrical and chemical calibrations, suggest the creation of
a specific domain for each source of energy dissipation. For
this reason, we chose a model of three domains (Fig. 1),
where the first one represents the place where the liquid
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Fig. 1 Diagram for the RC model chosen
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mixture occurs, the second one represents the area where
the Joule dissipation is produced, and the third one repre-
sents the container recipient. Each domain has a heat
capacity C;, and the thermal coupling between adjacent
domains is characterized by the thermal conductance P
(the thermal conductance, in W K™, is the reciprocal of
the thermal resistance R;;). The calculation of the P val-
ues has been described in detail in [9, 13].

The development of the model requires an energy bal-
ance for each domain. Assuming that the power generated
or absorbed in the domain of capacity C; is the sum of the
stored power in itself, C;(dT;/df), plus those transmitted by
conduction to the thermostat (7,) and the neighbouring
domains, we obtain the following model:

Wmix + Witirring + pCpf(TO - Tl)
dT
=C d_tl + Pp(Ty —T2) + Pi3(T) — Ts)
+ Po(T1 — To)
d7,
Weleer = CZ? + P(Ty — Ty) + Pos(Tr — Ti) (1)
+ P (T2 — To)

dT
0= C3d_t3 + Pi3(T3 —Ty) + P3(T3 — T)
+ P3o(T3 — To).

For the first domain, we consider the mixing power
(Wmix) and the power dissipated by stirring (Wiirring) and
for the second one, the power dissipated in the electrical
calibrations (W,ec). The power associated to the heating or
cooling of the injected fluid, when its temperature changes
from T (temperature of the thermostat) to 7 (temperature
of the mixture), is also incorporated in the equation for the
first domain. This power is represented by pc, ATo-T)),
where pc,, is the volumetric heat capacity of injected liquid
and fis the injection flow. Furthermore, because of the fact
that the third domain is in contact with the detector system
(thermocouples), we make the calorimetric signal, y(f), to
be proportional to the difference between the temperatures
of the thermostat and the third domain, i.e.,

y(t) = kr(T5 — To). (2)

On the other hand, if we consider the calorimetric device
as a two input-one output system, we can relate the
Laplace transforms of the inputs and the Laplace transform
of the output through TF. In the calculations, the power
dissipated in the first and the second domains, wy(f) and
wo(?), were the inputs and the calorimetric signal, y(f), was
the output. Additionally, to apply the Laplace transform to
the previous system of equations (Eq. 1), it is necessary
to assume that the C; and P values, corresponding to
different levels of liquid in the cell mixing, do not vary
with time. With these considerations, we obtain
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Gnix (5 + Spiy)
(S + Sl)(S + SQ)(S + S3)
GJoule (S + S.?oule)
(s+s1)(s+s2)(s+53)

Y(s) =

W1 (S)

W2 (S)

_ Kumix (1 + 5775) Wi (s 3)
(1 4+ s79)(L + s72)(1 + s75)
KJOU]C(I + Sr;oule) W, (S)

(1 4+ s71)(1 4+ s72)(1 + 573)
=TF(s)W1(s) + TF2(s)Wa(s).

In Eq. 3, Y(s), Wi(s) and Wy(s) are the Laplace transforms
of y(t), wi(#) and w,(?), respectively, s; and s} are the poles
and zeros for each TF; K,;;;x and K. are the sensitivities
for each TF (TF, and TF,) and 7; = —1/s;, % = —1/s*

Identification of the model

The model parameters were optimized by minimizing the
squared error between the experimental curves and those
obtained by the equations of the model (Eq. 1). In this
process, the simplex search algorithm method by Nelder
and Mead [15] and the software MatLab [16] were used.
The experimental curves used in the optimization process
are shown in Fig. 2, where the first and last curves (J1 and
J2) correspond to electrical calibrations (10 mW for 100 s).
The remaining curves (M1-M10) correspond to successive
injections of 0.1 mL of ethylene glycol on 1.5 mL of
2-pyrrolidone. Injection flow and stirring speed were
1 uL s~' and 120 rpm, respectively.

Given that the objective is to find a model valid for the
entire range of variation of the volume of liquid placed in
the mixing cell, the identification process is done by

M1 M2

J1
J2

05

Output/mV

Time/hours

Fig. 2 Calorimetric curves used in the identification of the model. J1
and J2 are electrical calibrations. M1 to M10 correspond to successive
injections of 0.1 mL of ethylene glycol (f= 1 uL s™') on 1.5 mL of
2-pyrrolidone

Table 1 Values of RC model (Egs. 1 and 2)

RC model kr = 0.0427 mV K~!

C; (Table 2) C, =2.045 T K} C; = 17.586 W K™!

Py, (Table 2) P> = 0.00482 W K~!  P,5 (Table 2)

Pyo = 0.03279  P,3; = 0.06672 W K™ P3, = 0.05747 W K~
W K!

adjusting simultaneously the extreme calorimetric curves
(J1, M1, MI10 and J2) and an intermediate calorimetric
curve (M5). In this process, the parameters C,, C3, P15, P2,
P»3, P3g and kt are considered as constants (independent of
volume of liquid in the mixing cell, V), while the param-
eters C;, P1g and P53 are forced to be linear functions of V
in agreement with the constancy in the injection flow. This
builds on that to observe the evolution of the static and
dynamic response of the calorimeter (sensitivity and time
constants) is necessary to assume different invariants (one
for each level of liquid). This approach is valid to describe
the operation of the calorimeter and reflects the experi-
mental reality when both flow injection [10, 11] and the
duration of injection pulses (in our case, 1 pL s~' for
100 s) is decreasing. The results of the identification pro-
cess are shown in Tables 1 and 2.

Figure 3 shows the calculated and experimental curves
and their corresponding powers. In the calculation, we have
corrected the baseline of each experimental curve exclud-
ing, in this process of identification, the power dissipated
by the stirrer. The electric power dissipated is a known
quantity because it has been measured experimentally but
the mixing power, associated with each injection pulse, is
supposed to have a rectangular shape and that its duration
is equal to the injection time. The mixing power for each
pulse of injection is determined from the enthalpies of
mixing obtained for each experimental curve [17]. The
output of the system to the power dissipated by the stirrer is
further studied, checking the consistency between the
experimental curve and those obtained by the model. For
example, for a stirring of 120 rpm and a volume of 1.5 mL
of 2-pyrrolidone, a constant power of 0.352 mW (Fig. 4) is
dissipated. Figure 5 shows enlargements for Fig. 4 and for
the injection pulse (M5) in Fig. 3. In Fig. 5, the agreement
between the experimental curves and those calculated by
the model can be observed.

Table 2 also shows the parameters of the different TF for
each value of C, P and Py3. Since the static response of the
system is given by the sensitivity and it depends on the
volume placed in the mixing cell, we calculate the sensi-
tivities by averaging the values listed in the table. The sen-
sitivity values obtained were Ky = 396 = 11 mV w!
and Kjoue = 347 £ 3 mV W, Moreover, as the dynamic
response of the system is given by the time constants, we
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Table 2 Values calculated for variable parameters of the RC model and for the characteristic parameters of the transfer functions (Eq. 3)

VmL CHK' PYyWK!' PyYWK!' g Tofs s Towe/S  Taix (3 KiowedmV W' Koy /mV W
1.5 3.2106 0.00364 0.01166 278.6 130.4 18.6 153.1 15.5 349.7 384.7
1.6 3.4320 0.00381 0.01296 281.7 128.1 18.6 152.3 15.8 349.2 388.8
1.7 3.6534 0.00398 0.01426 284.8 125.9 18.6 151.6 16.1 348.6 392.4
1.8 3.8748 0.00416 0.01556 287.7 123.9 18.6 151.0 16.3 348.1 395.4
1.9 4.0962 0.00433 0.01685 290.7 122.0 18.6 150.4 16.5 347.5 397.9
2.0 4.3176 0.00451 0.01815 293.5 120.2 18.6 149.9 16.7 346.9 400.1
2.1 4.5390 0.00468 0.01945 296.4 118.5 18.6 149.5 16.9 346.3 402.0
22 4.7604 0.00486 0.02075 299.2 116.9 18.6 149.1 17.0 345.8 403.6
23 4.9818 0.00503 0.02204 301.9 115.4 18.6 148.7 17.1 345.2 405.0
24 5.2032 0.00521 0.02334 304.6 113.9 18.6 148.4 17.3 344.6 406.2
2.5 5.4246 0.00538 0.02464 307.3 112.5 18.5 148.1 17.4 344.0 407.2
V is the volume of liquid in the mixing cell
mV 7 mw]  mV 2 mw Z os) ' ' ' " A
= 1] 10 1t 0] 5 3 / )

o g a 02} ——Yeal
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Fig. 3 Details concerning the identification process model (simul-
taneous adjustment of the calorimetric curves J1, J2, M1, M5 and
M10 in Fig. 2). The power dissipated, w(t), is expressed in mW. The
calorimetric outputs, y(f), and those calculated by the model are
expressed in mV

my mii/
y(t)
01f 11
3 @
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o 0 rpm lo
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Time/s

Fig. 4 Evaluation of the stirring power (0.352 mW) using the RC
model: The power dissipated, w(f), is expressed in mW. The
calorimetric output, y(¢), and those calculated by the model, y.,(7),
are expressed in mV. In the experiment, the mixing cell contains
1.5 mL of 2-pyrrolidone and the stirring speed changes from O to
120 rpm
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Fig. 5 Graphic detail showing the agreement between the experi-
mental curves and those calculated using the model. a Expansion of
the M5 curves in Fig. 3. b Enlargement of the curves in Fig. 4

compared the dynamics of the different TF through the
representation of their magnitudes versus frequency
(Fig. 6). The figure shows that the response to an electric
dissipation is faster than to a mixing dissipation. Moreover,
since there are also differences between the dynamics of the
initial and final situations of the injection process, we have
expanded the area of Fig. 6, corresponding to the very low
frequencies, Fig. 7, in which it can be observed that the
response system is slower when increasing the volume of
liquid in the mixing cell.

Simulation and results

This section presents the results obtained from the simu-
lation, focusing on two aspects: (i) the effect of the injec-
tion and (ii) the change of the baseline. Generally, the
contribution due to these effects is relatively small (around
2% of the heat of mixing), however, when the heat of
mixing is small (0.5 J) then these effects must be eval-
uated to determine this energy with higher accuracy.
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Fig. 6 Variation of magnitude (in dB) and phase (in rad) for the
normalized transfer functions, TF(jw)/TF(0), versus frequency for the
process corresponding to J1-J2 and M1-M10. Magnitude (in dB) =
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Fig. 7 Magnitude (in dB) of transfer functions. The graph shows an
expansion of the zone of very low frequency in Fig. 6

As noted in the “Introduction” section of this article, the
effect of the injection is associated with the change in
temperature of the liquid when it passes from the thermo-
stat to the mixing cell. Furthermore, the power associated
with this process has the opposite sign of the mixing power.
In fact, when the mixture is exothermic: T > Ty, Wi > 0
and pc,f(Ty-T;) < 0. On the contrary, when the mixture is
endothermic: T; < Ty, Wpix <0 and pcfiTo-T7) > 0. In
order to show experimentally this effect, the following
experiment was carried out: A Joule dissipation is caused.
When the calorimetric output reaches stationary state, a
liquid is injected on a known quantity of the same liquid,
decreasing then the calorimetric output. Once the injection
has ceased, the calorimetric output returns to its initial
value.

Figure 8 shows the simulation of a specific measure to
assess this effect. Injecting a liquid with values of
pcpf = 0.0022, 0.0044 and 0.0066 W K! corresponds to

Time/hours Time/hburs

Fig. 8 Evaluation of the effect of injection. Simulation of Joule
dissipation and an injection in the middle of it. a The calorimetric
output (solid line) and the filtered curve (dashed line). b An extension
of the area for three injection flows: Ay, = 6.3 uV; Ay, = 11.5 pV;
Ay, =158 pV, forf, =1 pL s~ fy=2pL s 'andf, =3 pL s~

the injection flows f = 1, 2 and 3 pL s~ '. In this way, the
injected volume was 1.8 mL. The decrease of the signal
(Ay) is best determined when two derivative filters and an
integrator filter (1 + s71) - (1 + s72)/(1 + st*) are applied
to the calorimetric signal [18], and, to evaluate the effect of
the injection, the decrease of the signal is divided by the
value of the calorimetric signal corresponding to the sta-
tionary state: (Ay/y). Thus, the effect of the injection for
each flow, and for a liquid with pc, = 2.2 JK_lmL_l, is
the following: 1.8, 3.3 and 4.5%. These results are con-
sistent with those obtained experimentally in a previous
study [3].

When the heat of mixing is very small and changes in
the stirring power are produced as a result of changes in the
physical properties of the mixture, during the injection,
relatively large disturbances in the baseline can occur. This
situation is given, for example, when the formam-
ide + ethanediol binary system is experimentally studied
[6]. Figure 9a shows the calorimetric signal corresponding
to two injection pulses of 50 pL of formamide (f =
1 uL s™" on 1 mL of ethanediol. When the second pulse
occurs, a negative jump of 20.5 pV in the baseline is
produced. On the other hand, when the mixing energy is
obtained using a curve, whose baseline has been previously
corrected, the mixing energy is 80 mJ; however, if a
derivative filter is applied to the experimental curve and
later the baseline is corrected, the mixing energy is 94 mJ,
which means an increase of 17.5% (both cases are shown in
Fig. 9b). For this reason, it is always better to work with a
signal in which part of the inertia of the device (given by
the time constants of the TF) has been previously removed.

Aiming to show the situation described above, we
simulated an experiment involving injecting a liquid
(pc, =221 K~ 'mL™") for 100 s with a flow of 1 pL s™",
which produces a mixing energy of 150 mJ. In the

@ Springer
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Fig. 9 a Experimental ITC curve for two injection pulses of 50 pL
of formamide (f= 1 pL s~') on I mL of ethanediol. b Energy of the
second injection pulse. Comparison between the values obtained from
ITC curve (a) and from the filtered signal with a time constant (b)
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Fig. 10 Simulation of a mixture dissipation (150 mJ) with a flow
injection of 1 puL s™' for 100 s, where a change in the level of
baseline is observed. Curves y,, y3 and y, are the result of applying a
filter to the calorimetric signal (y,). See Table 3

simulation, a reduction of 50 pW in the stirring power has
been caused, resulting in a decrease in the level of the
baseline (Fig. 10). The mixing energy for the four curves
(the calorimetric signal and those that result from applying
the filters specified in Table 3), shown in Fig. 10 were
previously obtained by correcting the baseline. Subse-
quently, the effects due to injection were corrected, and,
finally, each result was divided by the sensitivity of the
calorimeter. The results shown in Table 3 reveal that it is
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Table 3 Results obtained in the simulation for the heat of mixing
(Fig. 10)

Curve Applied filter Area/m] Error/%

Y1 None 106.12 293
2 (I + s79) 12636 13.8
Y3 (I + stp) (1 + 572) 147.16 1.9

Va (1 + s71) (1 + 572) (1 + sT3)/(1 + s7},;,) 149.49 0.3

necessary to apply at least two derivative filters to obtain
the mixing energy with an error <2%. The time constants
used for the filters applied were those that correspond to the
volume of liquid in the mixing cell, in accordance with the
identification made (Table 2).

Conclusions

In this article, a model designed to describe the operation
mode of an ITC is obtained. The model allows the carrying
out of a quantitative analysis for several thermal effects
that occur when a liquid is injected on another to determine
heat of mixing. These effects are experimentally observed
and their correction is necessary in some cases.

The effect due to injection is proportional to the injec-
tion flow and the heat capacity of the injected liquid.
Although in the simulated case this effect is around 1.8%,
if a liquid (like water) with a higher heat capacity was
injected, the effect would be doubled (3.6%).

Methods for correcting the baseline, when a relatively
large one is produced in it, have been developed. In the
case studied by the simulation, it is shown that if the
baseline is not corrected after an appropriate filtering of the
signal, the mixing heat is determined with an error of 29%.

The proper correction of the baseline involves applying
derivative filters and/or integrating them in the calorimetric
signal. The time constants values to be used for these filters
should be the same as in the experimental system. These
values are those obtained for the different liquid volumes
through modelling.
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