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ABSTRACT

The signal produced by a pseudo-adiaba-
tic calorimeter is simulated by numerical
solution of the differential equations that

model the chemical kinetics [1], the ther-
mal properties of the calorimetric cell
[2], and the response of the thermistor
used as a thermometric sensor [3].

d[A
= A [1]
dT d[A .
(Keat + Cps) 5t = = (S AHV) = Ke(T = Tamp) + wp + 2R 2]
a10) _ 2 (ol Bl s ; i2 ,
Cpe () = 2 ( Roel T et/ ) — Ki (T, = T) = 2Ro — Ki(T, = T) 3]

These equations show that the calorime-
tric signal is related with concentration
in a complex way. Therefore, a compa-
rison between the signals of the three
basic kinetics reactions (zero, first and

second order) was made, as a first step
to obtain a standard procedure to follow
chemical kinetics using a calorimeter. In
order to help understanding this relation-
ship, the initial rate method was applied
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to the simulated data to assess the rela-
tionship between the order and the kine-
tic constants calculated with those used
for the simulations. As it was expected,
the initial rate method for the calorime-
tric data, do not give a slope directly re-
lated with the order of the reaction, as it
would be produced, for example, in data
from a spectrophotometer. However, a
linear relationship was found between
what we call the “calorimetric order”
and the kinetic order. Finally, the deve-
loped procedure was applied to the stu-
dy of the H,0, decomposition catalyzed
with Fe** in homogeneous phase and
with activated carbon in heterogeneous
phase, finding the order and the kinetics
constants of the global processes, which

d[A]

were in close agreement with those in
the literature.

Key words: Thermokinetics, pseudo-
adiabatic calorimeter, zero, first and se-
cond order kinetics, simulations, HZO2
decomposition.

RESUMEN

La sefial producida por un calorimetro
pseudo-adiabdtico se simulé mediante la
soluciéon numérica de las ecuaciones di-
ferenciales que modelan la cinética qui-
mica [1], las propiedades térmicas de la
celda calorimétrica [2] y la respuesta del
termistor que se usé como sensor termo-
métrico [3].

- = ~kilAl" [1]

(Keat + Cps) 5t = = ("L AHV) = Ke(T = Tymp) + wp + 2Ry 2]
dTe) _ 2 (8572 : i2 :
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Los resultados obtenidos de las simula-
ciones se usaron para hacer una compa-
racion entre las sefiales de las tres cinéti-
cas badsicas (orden cero, uno y dos). Esto
sirvié para establecer un protocolo de
estudio de la cinética de una reaccion a
partir de medidas calorimétricas, lo cual
resulta fundamental, ya que, como se ve
en las ecuaciones anteriores, la relacion
entre el orden de reaccién y la sefial ca-
lorimétrica no es sencilla. Para esclare-
cer este punto, se realizé el estudio de
las senales calorimétricas simuladas,
empleando el método de las velocidades
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iniciales, y se compararon los resulta-
dos asi obtenidos (orden de reaccién y
constante cinética) con los valores usa-
dos para las simulaciones. Como era de
esperarse, los “6rdenes de reaccidn calo-
rimétricos” no coincidieron con los 6rde-
nes cinéticos usados en las simulaciones,
como si sucede, por ejemplo, en el caso
de datos espectrofotométricos. Sin em-
bargo, se pudo establecer una relacion
lineal entre el “orden calorimétrico” y
el orden cinético que permite obtener el
orden de reaccion de un proceso que se
estudia con un calorimetro. Finalmente,
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el procedimiento desarrollado se aplico
a los resultados calorimétricos experi-
mentales de la descomposicién del H,O,
catalizada en fase homogénea con Fe** y
en fase heterogénea con carbén activa-
do, encontrando los érdenes de reaccion
y las constantes cinéticas respectivas de
cada proceso global, los cuales presen-
taron buena coincidencia con los valores
reportados en la literatura.

Palabras clave: termocinética, calo-
rimetro pseudo-adiabatico, cinéticas de

orden cero, uno y dos, simulaciones, des-
composicion de H,0O,.

RESUMO

O sinal produzido por um calorimetro
pseudoadiabdtico foi simulado mediante
a solu¢do numérica das equacdes dife-
renciais que modelam a cinética quimica
[1], as propriedades térmicas da célula
calorimétrica [2] e da resposta do termis-
tor que foi usado como sensor termomé-
trico [3].

d[A
= A [1]
dT d[A .
(Kear + Cps) 55 = = (B AH,V) — Ke(T = Tomp) + wp + %Rg 2]
1 1
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Os resultados obtidos das simulacdes
foram usados para realizar uma compa-
racdo entre os sinais das trés cinéticas
basicas (ordem zero, um e dois). Isso
serviu para estabelecer um protocolo
de estudo da cinética de uma reagdo a
partir de medidas calorimétricas, o qual
resulta fundamental, j4 que como se vé
nas equacdes anteriores, a relacdo entre
a ordem de reacdo e o sinal calorimétri-
co nao é simples. Para esclarecer este
ponto, foi realizado o estudo dos sinais
calorimétricos simulados usando o mé-
todo das velocidades iniciais e compa-
raram-se os resultados assim obtidos
(ordem de reagdo e constante cinética)
com os valores usados para as simu-
lacdes. Como era de esperar, as ordens
de reagcdo “calorimétricas” ndo coinci-
diram com as ordens cinéticas usadas
nas simula¢des, como sucede no caso de

dados espectrofotométricos. No entanto,
foi possivel estabelecer uma relacdo li-
near entre a ordem “calorimétrica” e a
ordem cinética que permite obter a or-
dem de reacdo de um processo que se
estuda com um calorimetro. Finalmente,
o procedimento desenvolvido foi apli-
cado aos resultados calorimétricos ex-
perimentais da decomposi¢do de H,O,
catalisada em fase homogénea com Fe*
e em fase heterogénea com carvao ativa-
do, encontrando as ordens de reacdo e as
constantes cinéticas respectivas de cada
processo global, os quais apresentaram
boa coincidéncia com os valores repor-
tados na literatura.

Palavras-chave: termocinética, ca-
lorimetro pseudoadiabdtico, cinéticas de
ordem zero, um e dois, simulacdes, de-
composi¢do de H,0O,.
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INTRODUCTION

Solution calorimetry is used to obtain
thermodynamic information about che-
mical processes (1, 2, 3). It is clear, that
the kinetic information is inside the ca-
lorimetric data, but it is not so easy (or
at least not so common), to obtain that
information (4, 5). This paper presents
an approach to obtain kinetic information
from the calorimetric data. In a previous
work (6), a home-made pseudo-adiabatic
calorimeter was characterized, and the
parameters values obtained from that
study were used, in this paper, to produ-
ce simulated signals of the three basic
kinetics processes: zero, first and second
order. The simulated data were treated
using the well know kinetic method of
initial rates to achieve the order and the
kinetic constants of the processes (7). In
this way, we were able to compare the
exact values of the kinetics constants
used for simulations, with those obtai-
ned after the application of the initial
rate method. After the comparison, it was
possible to construct a linear relationship
between the kinetic order of the reaction
and what we call the “calorimetric order”
of the reaction found by the initial rate
method apply directly to the calorime-
tric data. This procedure was used with
calorimetric experimental data obtained
during the decomposition of the H,O, ca-
talyzed with Fe** in homogeneous phase
and with activated carbon in heteroge-
neous phase. A satisfactory agreement
was found between the values obtained
using the procedure developed in this
work and values in the literature (8, 9,
10). Additionally, the study of the neu-
tralization of the NaOH with HCI, used
as a patron, is presented to examine the
whole process and establish a limit to the
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protocol, especially when the kinetics
are extremely fast, as it is the case for the
neutralization reaction (11).

MATERIALS AND METHODS

The calorimeter

A Dewar flask was used as a calorime-
tric cell, and it was submerged in a water
thermostat. The whole system was insi-
de an air thermostat. The solutions used
for the experiments where inside the air
thermostat contained in vessels, as it is
showed in Figure 1. Additional details of
the calorimeter can be seen in reference

(6).

Reagents and calorimetric
experiments

All reagents used were of analytical gra-
de. NaOH was Mol Labs; H202 30 % was
Panreac; activated carbon was J.T. Baker,
HCl 36 % and Fe(NO,),.9H,0 were
Merck. Adequate dilutions were used to
obtain the required concentrations. Two
solutions were mixed to start the reaction
using the dispositive show in the center
of Figure 1, numeral b.

Simulations

The simulations were made by solving,
numerically, a system of three coupled
differential equations. The first one co-
mes from the general chemical reaction:

A- n
This can be expressed as:

d[A
L —ki[A]" (1]

dt
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Air thermostate Xl

c)

()
-\ f-)

Figure 1. The calorimeter: a-) Dewar flask, b-) addition dispositive, c-) thermistor, d-) water
at constant temperature (298.15 + 0.05 K), e-) rubber tubes for circulation of water at constant
temperature (298.15 + 0.05 K) and, f-) vessels for the storage of reagents previous to the start of

the reaction.

Where [A] is the concentration of the
reagent A, t is time, and k, is the kinetic
constant with i =0, 1 or 2, depending of

d[A]

the kinetic order n of the reaction. The
second equation represents the calorime-
tric cell behavior:

dT
(Keal + Cps) Frnie (— AHrV> — K¢e(T — Tamp) + wp + 2Ry [2]

dt

Where K_, is the heat capacity of the ca-
lorimetric cell, Cps is the heat capacity of
the solvent, 7 is temperature, AHr is the
enthalpy of the reaction, V is the volume
of the reaction mixture, K, is the overall
heat transfer constant of the calorimetric
cell, T, is the constant temperature of

Cpt (%) =i’ (Roe[B(Tit_%ef)D - Ki(T,=T)

This can be approximated as:

dT, " .
Cou () = PRo = Ki(Ty =)

the thermostat, w, is a term added to take
account of the unspecific sources or sinks
of heat (12), i is the current that flow
through the thermistor and R, is the resis-
tance of the thermistor at 298,15 K. The
third equation represents the behavior of
the thermistor used as a sensor:

(3]
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If the temperature of the thermistor
T is “close” to the reference temperature
Tmf of the thermistor, in this case 298,15
K, (“close” means no more than 3 K de-
grees of difference between them); C,
and K are, respectively, the heat capa-
city and the overall heat transfer constant
of the thermistor and B is a characteristic
constant of the thermistor. Table 1 pre-
sents the numerical values of the parame-
ters used for simulations. These values
were found by a simplex optimization
process where a calibration reaction, the
neutralization of NaOH with HCI, was
simulated, and the results were adjusted
changing the parameters of table 1, until
the agreement between the experimental
data and the simulated ones was trust-
worthy (6).

RESULTS AND DISCUSION

The simulations show the clear effect of
the kinetic order of the reaction over the
calorimetric signal when the kinetic rate
parameter k and the initial concentration
AO are constant, Figure 2.

In Figure 3a, the kinetic order of the
reaction is generalized to any number
possible between 2 and -2. A nice se-
quence, from 2 to almost 0.5 order, was
found and, after that, the differences in
order, particularly for the negative ones,
it is not clear because the differences are
small. Figure 3b try to describe this issue
in a most tangible way. Figure 3b is an
expansion of Figure 3a.

The initial rate method. The initial
rate method was used to determine the ki-
netic order of the reaction from calorime-
tric data. Simulated data for 8 kinetics or-
ders between 0.25 and 2 every 0.25 units
were tested. At each order, five different
initial concentrations were used (0.014,
0.028, 0.0049, 0.057 and 0.071 M). Fi-
gure 4a shows an example for the case
of first order, and Figure 4b, shows an
enlargement of these simulated results.
These figures describe the set of data that
we used to obtain the kinetic information
from the calorimetric measurements.

The initial rate method was applied to
the simulated calorimetric data, and then,

Table 1. Values of the parameters used to obtain the simulated calorimetric signals.

Parameter Symbol Value
Reaction constant k, Ix10" M5!
Reaction enthalpy AH, -8.3x10* J mol™!
Heat capacity of the calorimetric cell K., 28 J K@
Overall heat constant of the calorimetric cell K, 6,68 K's!t@
Reaction volumen \% 3,5x102 L
Non specific factors w, 1x103 ) st ®
Current through the termistor i 5.08x10*A®@
Heat capacity of the thermistor C, 50K @
Overall heat constant of the thermistor K’ 1JK!'st®
Characteristic constant of the thermistor B 100 K@

@ Simplex optimized value.
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Figure 2. The effect of the kinetic order over the calorimetric signal. The kinetic constant k, and

the initial concentration of A were the same in

the three cases.
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Figure 3. A generalized behavior of the calorimetric signal as a function of the kinetic order of
reaction: a-) Calorimetric signal as a function of the kinetic order and, b-) the expansion of the
previous figure. The kinetic constant k, and the initial concentration of A were the same in all

cases.

we were able to obtain a relationship bet-
ween the kinetic order of the reaction,
and that we call “the calorimetric order”,
Figure 5.

The ideal relationship would be a
straight line with slope equal to one and
intercept equal to zero; instead, a straight

line with slope different to one and in-
tercept different to zero was obtained.
However, this relationship is particularly
useful to obtain the kinetic order of the
reaction from the calorimetric data, and
it can be used to obtain that information
from experimental calorimetric results as
we will discuss in the next part of this
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Figure 4. The effect of concentration over the calorimetric signal: a-) first kinetic order as a
function of concentration and, b-) the expansion of the previous figure. The kinetic constant was
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Figure 5. The relationship between the “calorimetric order” and the kinetic order of reaction. The
external dashed lines are the confidence interval of the linear regression.

paper. It is important to notice, before to
follow with the experimental data, that
the “calorimetric order” it is not equal
to the “kinetic order” because the signal
in calorimetry, the right hand side of the
equation [2], has more than one term,
and then the slope of the log-log plot of
the calorimetric data is not the kinetic or-
der of the reaction.
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Experimental results. The decompo-
sition of H,O, in homogeneous phase
catalyzed by Fe* was studied experi-
mentally using the calorimeter described
previously. The experimental data was
compared with the simulations for diffe-
rent orders finding that the overall pro-
cess is a clear second order, Figure 6.
Observe the slope of the log-log plot, fi-
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gure 7, and compare it with Figure 5. The
interpolation of the “calorimetric order”,
1.316, in the calibration curve produces a
kinetic order of 1.92 = 2.

This behavior is consistent with a
mechanism were the Fe** is an essential
part of the process, see reference (6) and
it can be resume in the global reaction:

[4]

Equation [4] is a second order reaction.

H,0, + Fe3* - Products

On the other hand, the same process
catalyzed by activated carbon, a hetero-
geneous process, shows first kinetic or-
der, (data are not showed because they
are similar to figures 6 and 7). The ex-
periment was made at constant concen-
tration of H,O, (0.043 = 0.002 M) and
variable quantities of activated carbon
(0.2000, 0.4000, 0.6000 and 1.0000 =+
0.0003 g per 35.0 = 0.1 ml of reaction

volume). In this case, the slope of the
log-log plot was 0.812 which, after inter-
polation in the calibration curve, produce
a kinetic order of 1.03 = 1 with respect
to the activated carbon. This result agrees
with previous studies using other techni-
ques (10), which demonstrate the accura-
cy of the protocol developed to achieve
the kinetic order of a reaction from ca-
lorimetric data. It must be said that these
two processes of catalyzed decomposi-
tion of the H,O, are complex; specially
the heterogeneous one. The effect of the
H,O, over the surface of the activated
carbon could be of different types (13,
14); but the meaning of the calorimetric
data is how much is the total heat evolu-
tion of the process; there is no easy way
to obtain information about the indivi-
dual steps occurring during the decom-
position reaction (15). Then, the kinetic
information, obtained from calorimetric
data is, also, the kinetic information of

299.4

299.2

muonmnmn
coo000 |

oococoo

299.0

298.8

Temperature / K

298.6

298.4

298.2 .
0

10

15 20 25

Time / min

Figure 6. Experimental calorimetric data of the decomposition of H,0, catalyzed with Fe**. The
Fe* concentration was constant an equal to 0.038 + 0.002 M. The uncertainty in the concentra-

tions of H,0, is also + 0.002 M.
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Figure 7. The initial rate method applied to the calorimetric data of figure 6, the decomposition
of H,0, catalyzed with Fe*. The external dashed lines are the confidence interval of the linear

regression.

the total process, and the order of reac-
tion is for the global process of decom-
position of H,O,, including any changes
of the surface or any other process invol-
ved (16).

Finally, as a way to control the who-
le process, and because it is a calibration
reaction for the calorimeter, too; the neu-
tralization reaction of NaOH with HCI
was studied. The results showed a second
order for the kinetics which is what it is
expected, and a reasonable agreement in
the value of the kinetic constant. Howe-
ver, it is necessary to mention that, due
to the huge value of the second order
constant of the neutralization process, it
is not possible to obtain a clear distinc-
tion between zero, first or second order
reactions, when the calorimeter data are
taken at intervals of 1 second, as it was
the case in the calorimeter used for this
work. In this case, to see the difference
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in the calorimetric signal as a function
of the kinetic order, it is necessary to co-
llect data at time intervals in the range of
the inverse of the kinetic constant of the
reaction, it means at intervals around of
107'% seconds. This is a warning, because
the procedure to obtain the kinetic order
of the reaction works only if the kinetic
constant of the process under investiga-
tion, has a value that generate data in a
scale of time longer than the time scale
of data acquisition.

CONCLUSIONS

An easy way to relate, what we call, the
“calorimetric order”, with the kinetic or-
der of the reaction was presented. The re-
lationship was resumed in a linear equa-
tion, and it was used to obtain the kinetic
order of three experimental processes:
The decomposition of the H,O, cataly-
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zed by Fe** in homogeneous phase, the
same process but catalyzed by activated
carbon in heterogeneous phase, and the
neutralization of NaOH with HCI. The
latter reaction is used as a patron in ca-
lorimetry, and in this case, it was helpful
to control the entire procedure, allowing
to establish a limit to the applicability of
the protocol developed, particularly with
respect to the magnitude of the kinetic
constant of the studied reaction.
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