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This paper deals with an experimental batch mode study of a chemical homogeneous reaction: the dichromate-catalysed hydrog
ecomposition. The thermodynamic properties and the kinetic parameters of the reaction are simultaneously determined using a
pproach. Various batch-operating modes (adiabatic, isoperibolic, or differential thermal analysis) are compared and it is show
etermined parameters do not depend on the operating mode. A complete kinetic law is proposed. The reaction rate constan

o follow the Arrhenius rate law. The Arrhenius parameters are determined as frequency factork0 = 1.39× 109 s−1 and activation energ
= 54.9 kJ mol−1. The measured enthalpy of reaction is�rH =−94 kJ mol−1. The reaction order is between 0 and 2 in hydrogen pero
ccording to operating conditions and depends linearly on the initial dichromate concentration. The reaction can be managed by two
n one hand the released reaction heat directly depends on the hydrogen peroxide concentration, and on the other hand, the kin
e increased in increasing the dichromate concentration.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The determination of reaction kinetics is of major
mportance, as for industrial reactors optimization as for
nvironmental reasons or energy limitations. Kinetics
etermination is traditionally carried out in batch mode, and

he reactor must then be equipped for the concentrations
ariations measurements[1]. When reaction is exo- or
ndothermic, the temperature measurements alone makes it
ossible to follow the conversion or reaction extend against

ime.

∗ Corresponding author. Tel.: +33 3 83 17 50 88; fax: +33 3 83 17 50 86.
E-mail address: Nader.Frikha@ensic.inpl-nancy.fr (N. Frikha).

Reaction calorimetry, i.e. measurement in energy re
or uptake during a reaction, is a scientific tool designed
measurement of thermodynamic parameters: specific
latent heat, calorific powers, enthalpy of reaction or tran
mation. Calorimetry is perhaps one of the oldest scien
known technologies, with published examples dating b
to the 18th century[2]. Recently, reaction calorimetry h
expanded to find a variety of uses in process developm
process safety and basic research[3–5].

While calorimetry is very often used for the determina
of thermodynamics parameters alone, the resolution o
coupled heat and mass balances also allows the determi
of kinetics parameters.

The objective of this study consists in using a calorime
approach for the simultaneous determination of therm

040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

A heat transfer area (m2)
Cp specific heat capacity (J kg−1 K−1)
dam mean absolute difference (K)
E activation energy (J mol−1)
k rate constant (s−1)
k0 frequency factor (s−1)
K equilibrium constant (L2 mol−2)
m mass (kg)
n number of experimental and/or calculated

points
nj moles of componentj (mol)
P power (W)
r reaction rate (mol L−1 s−1)
T temperature (K)
U overall heat transfer coefficient (W m−2 K−1)
V volume (L)
X conversion (–)

Greek letters
α reaction order (–)
�G◦ (=�H◦ − T�S◦) molar free energy of forma-

tion of Cr2O9
2−

�rH enthalpy of reaction (J mol−1)
�Tad adiabatic temperature rise (K)
νj stoichiometric coefficient of componentj (–)
ρ density (kg m−3)
σ relative standard deviation (–)
τc thermal constant (s)
ϕ thermal inertia (–)

Superscripts
max maximal value

Subscripts
ad adiabatic
amb ambient
calc calculated
d differential
exp experimental
reactants reactants
reactor reactor
th theoretical
w wall
0 initial

namic and kinetic parameters. The method is applied to the
dichromate-catalysed hydrogen peroxide decomposition, and
several experimental devices are compared: batch adiabatic
reactor, batch non-adiabatic reactor (or isoperibolic reactor)
and batch reactor functioning according to the differential
thermal analysis principle.

2. Dichromate-catalysed hydrogen peroxide
decomposition

This reaction was selected according to its simplicity of
implementation. It is also based on the use of non-toxic reac-
tants and products, therefore without serious consequences
in the event of accidental thermal runaway. Lastly, it was not
the subject of any complete kinetic study, which testifies for
the interest of this work.

This reaction was the object of some previous studies
[6–8], and involves the following stoichiometric mechanism:

2H2O2+ Cr2O7
2− K←→Cr2O9

2− + 2H2O

Cr2O7
2− k′−→Cr2O7

2− +O2 (1)

Kobozev et al.[7] reported that there are doubts on the true
form of the intermediate ion (Cr2O9

2−and/or HCrO6
−), but

Brungs et al.[8] asserts that this does not have any influence
on the determination of the kinetics expressions.

Indeed, assuming the first stage is fast and balanced, and
the second slower one establishes the kinetic determining step
[9], of orderα:

K = [Cr2O9
2−]

[Cr2O7
2−] [H2O2]2

, rCr = k′[Cr2O9
2−]

α
(2)
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he dichromate molar conservation:

Cr2O7
2−
⌋

0
=
⌊
Cr2O7

2−
⌋
+
⌊
Cr2O9

2−
⌋

(3)

eads to:

Cr2O9
2−] = K[H2O2]2[Cr2O7

2−]0
1+K[H2O2]2

(4)

Finally, the consumption rate of dichromate is half
hat of peroxide. The kinetic expression of the dichrom
atalysed hydrogen peroxide decomposition can the
xpressed as:

H2O2 = 2rCr = 2k′[Cr2O9
2−]

α = k[Cr2O9
2−]

α

= k

(
K[H2O2]2[Cr2O7

2−]0
1+K[H2O2]2

)α

(5)

Thus, the kinetics does not depend on the form of inte
iate ions in the solution, but on the sum of their concen

ions, corresponding to the total initial dichromate conc
ration.

The reaction orderα is traditionally said to be 1 in th
iterature[6–8]. This will be confirmed in the experimen
art of this work. In this case, the kinetic expression take
eneral form:

= k
K[H2O2]2[Cr2O7

2−]0
1+K[H2O2]2

(6)

According to experimental conditions, the kinetic exp
ion can take a simplified form. Indeed with strong hydro
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peroxide concentrations, it becomes of pseudo zeroth order
in this reactant:

r = k
⌊
Cr2O7

2−
⌋

0
(7)

3. Experimental determination of thermodynamic
and kinetic parameters

This part deals with the general methodology of thermo-
dynamic and kinetic parameters determination. The thermal
characterization of the reactor is approached, and heat and
mass balance are then detailed.

3.1. Thermal characterization

Whatever the type of reactor used for the thermodynamic
and kinetic determination, this one may not be perfectly adi-
abatic. In this case, the thermal characteristics of the reactor
are first determined using a traditional calorimetric measure-
ment. The procedure consists in heating the reactor contents
by a thermal source (generally an electric resistance) and to
follow the temperature evolution against time.

The determined thermal characteristics are here:

• the overall heat transfer coefficientU, which accounts for

•
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Indeed, the peroxide concentration is then between 0.45
and 2.7 M, and the dichromate concentration remains lower
than 0.01 M. Under these conditions the variation of volume
lies between 0.25 and 1.5% and the variation of the total
heat capacity is between 0.11 and 0.64%. Furthermore, the
heat flow corresponding to the evaporation of the components
of the reactional medium can be theoretically estimated. It
remains very small, and does not exceed 2% of the other
exchanged heat flows. Thus, the volume variation is not sig-
nificant and the evaporation heat losses remain negligible.

In this case, for a simple stoichiometry reaction, imple-
mented in batch mode, the heat and mass balance lead to:

dnj

dt
= νjrV (9)

UA(Tw − T ) = mreactantsCpreactants
ϕ

dT

dt
+ rV �rH (10)

The batch adiabatic mode, when it is possible to carry the
reaction out without any risk of thermal runaway, is undoubt-
edly the simplest to use because it leads to a simple relation
between temperature and conversion.

Some other batch modes, which ensure the dissipation
of the heat of reaction, are often preferred for security rea-
sons (isoperibolic reactor. . .). Even if the relation between
temperature and conversion is then less direct, it is possible
t and
t ction
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the eventual heat losses,
the thermal inertiaϕ such asϕ = 1+ mreactorCpreactor

mreactantsCpreactants
,

which accounts for the reactor’s heat capacity.ϕ is the
ratio of the total heat flow, necessary for the hea
of the reactants and the reactor, to the reactants
flow.

efining Tw as the extern or jacket temperature,P as the
ower of a thermal source andA as the heat transfer area, t

s to say the measured wet area in contact with the re
alls, the resolution of heat balance in batch mode[10] allows

he determination of the thermal characteristics:

A(Tw − T ) = mreactantsCpreactants
ϕ

dT

dt
− P (8)

Resolution of Eq.(8) was numerically performed usin
atlab. The least square difference between calculate
easured temperatures was minimized using the subro

fminsearch’ that finds the minimum of a function of seve
ariables and making it possible to identify the two para
ersU andϕ.

.2. Heat and mass balances

The hydrogen peroxide decomposition releases some
en as reaction proceeds and the reactional volume coul
ary between the beginning and the end of an experimen
his reason, it has been chosen to work with moderate co
rations and temperatures, to minimize the volume varia
nd the evaporation heat losses.
o analyze the obtained results, to express conversion
emperature against time, and finally to specify the rea
inetics, by resolution of heat and mass balance equati

Thereafter, the reaction will be initially studied in a
batic mode. The results will be confronted with th
btained for different non-adiabatic batch modes, suc

soperibolic mode or differential thermal analysis mode.

. Batch adiabatic reactor

Adiabatic operating mode is characterized by a low t
al inertia (ϕ≈ 1) and low heat loss conditions[4]. Study in

his mode is a stage of reaction assessment, and is nor
ndertaken to quantify the energy release or uptake dur
eaction and deduce reactional kinetics and thermodyna
arameters.

.1. Protocol

The batch adiabatic reactor was here a Dewar vess
L capacity. It was not exactly adiabatic, since it excha
eat with outside through its higher part. The heat tran
roperties were evaluated from calibrations performed

he initial and final reaction masses. Since the values
pproximately the same,UA andϕ were considered consta
uring the reaction. It allowed estimating the overall h

ransfer coefficientUA to 0.27 W K−1, and the thermal inert
to 1.08.
The reactants were purchased from Prolabo and

sed as received. The purity of the potassium dichro
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is higher than 99.9 % and the concentration of hydro-
gen peroxide is 9.82 M (110 V). Two separated potassium
dichromate and hydrogen peroxide solutions were then pre-
pared. Volumes of these solutions were selected to keep a
total final volume of 0.5 L and to obtain defined concen-
trations after mixture. The hydrogen peroxide solution was
first loaded, and agitated at 700 rpm. Once the desired ini-
tial temperature was reached, the dichromate solution was
rapidly added using a micropipette. The dichromate concen-
tration is much lower than that of peroxide, so the dichro-
mate volume is small compared to that of peroxide (less
than 3 %) and its dispersion in the solution can be consid-
ered as instantaneous. Agitation was continuously ensured
by a Rushton turbine, whose stirring speed is maintained
at 700 rpm.

The temperature variation versus time, with an acquisition
rate of 10 points per second, was finally recorded.

4.2. Exploitation of temperature curves

It has been choosen to define conversionX according to
hydrogen peroxide, since dichromate is regenerated as reac-
tion proceeds, as shown by the reactional mechanism (1).
�Tad is the adiabatic temperature rise:

[H2O2] = [H2O2]0(1−X),

T

r

U

w

τ

T

w

U
w ould
b can
n

Fig. 1. Temperatures variations in batch adiabatic mode.T0 = 291 K;
[H2O2]0 = 0.9 M; [Cr2O7]0 = 0.003 M.

The variations of measured and adiabatic temperatures in
batch adiabatic mode are presented inFig. 1. The two tem-
peratures are very close, especially at the beginning of the
reaction, showing that heat losses remain very small. The
adiabatic temperature does not correspond to any real tem-
perature in the Dewar; it simply makes it possible to precise
the end of the reaction (when it does not vary any more),
to calculate the adiabatic temperature rise, and translates the
conversion variations against time.

The numerical value of the adiabatic temperature rise
�Tad can then be calculated fromFig. 1, and the conversion
is also easily deduced:

�Tad= T max
ad − T0, X = Tad− T0

�Tad
(18)

4.3. Variation of process parameters

This part describes the influence of several process param-
eters on the dichromate-catalysed hydrogen peroxide decom-
position. The following figures present the calculated adia-
batic temperature variations versus time, for different oper-
ating conditions.

4.3.1. Initial temperature
Fig. 2 presents the adiabatic temperature variations as a

f tial
c for
p

F ures.
[

�Tad= [H2O2]0(−�rH)

ρreactantsCpreactants

(11)

he mass and heat balance here become:

= −d[H2O2]

dt
= [H2O2]0

dX

dt
(12)

A(Tamb− T ) = mreactantsCpreactants
ϕ

dT

dt
+ rV �rH (13)

hereTamb is the ambient temperature.
Definingτc as a characteristic thermal constant:

c =
mreactantsCpreactants

UA
(14)

he heat balance is easily rearranged into:

dT

dt
= (Tamb− T )

τcϕ
+ �Tad

ϕ

dX

dt
(15)

hich can finally be integrated as:

�Tad

ϕ
X = (T − T0)+

∫ t

0

T − Tamb

τcϕ
(16)

sing this last expression, an “adiabatic temperature”Tad,
hich corresponds to the temperature variation that c
e obtained in adiabatic mode without any heat loss,
umerically be calculated:

Tad= T0+�TadX = T0+ ϕ(T − T0)+
∫ t

0

T − Tamb

τc
(17)
unction of time for different initial temperatures, and ini
oncentrations of 0.003 M for dichromate and of 1.8 M
eroxide.

ig. 2. Adiabatic temperatures variations for different initial temperat
H2O2]0 = 1.8 M; [Cr2O7]0 = 0.003 M.
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Fig. 3. Influence of dichromate concentration.T0 = 291 K; [H2O2]0 = 0.9 M.

The reaction is accelerated by an increase of the initial
temperature, which logically corresponds to the dependence
of the rate constant against temperature, according to the
Arrhenius law. It can also be remarked that the temperature
variation is linear at the beginning of the reaction, and it is
thus possible to determine an initial reaction rate:

r0 = [H2O2]0
dX

dt

∣∣∣∣
t=0
= [H2O2]0

1

�Tad

dTad

dt

∣∣∣∣
t=0

(19)

4.3.2. Dichromate concentration
Fig. 3presents the influence of the dichromate concentra-

tion on the temperature, for an initial peroxide concentration
of 0.9 M.

It can be seen that the reaction rate increases with the
dichromate concentration. It is also remarked that the maxi-
mal variation in temperature�Tad remains the same, which
translates that dichromate only modifies the reaction rate:
the adiabatic temperature rise only depends on the peroxide
concentration. Lastly, it can be noticed that the variations of
temperature versus time are rather linear at the beginning of
the reaction, and that they change at the end of the experiment
i.e. for smaller hydrogen peroxide concentrations.

Fig. 4 presents the variations of initial slopes dTad/dt
(which according to relation 19 is directly proportional to
the initial consumption rate of peroxide, since [H2O2]0
a ini-
t rms
t ate
c

F con-
c

Fig. 5. Influence of initial hydrogen peroxide concentration.T0 = 291 K;
[Cr2O7]0 = 0.003 M.

4.3.3. Hydrogen peroxide concentration
The dichromate concentration was here kept constant,

while varying the initial hydrogen peroxide concentration.
Fig. 5shows that the reaction is zeroth order in peroxide for
the large hydrogen peroxide concentrations: indeed it can be
noted that initial rates all are identical, thus independent of
the initial hydrogen peroxide concentration.

Initial temperature variation rates (proportional to the ini-
tial reaction rate, according to relation 19) are presented in
Table 1. The almost similar values, for large initial peroxide
concentrations, show that the initial kinetics does not depend
on peroxide concentration. Indeed, for large peroxide con-
centration, the kinetics becomes of pseudo zeroth order in
peroxide (see relations 6 and 7) and reaction rate just depends
on dichromate concentration. For lower peroxide concen-
trations, theK[H2O2]2 term becomes of the same order of
magnitude as 1 (see again relations 6 and 7) and tempera-
ture variation rates (and kinetics) thus depend on peroxide
concentration.

On an other hand, it can be confirmed that the adiabatic
temperature rise depends on the peroxide concentration.

4.3.4. Conclusion
The variation of experimental conditions showed that the

kinetics is activated by temperature, does not depend initially
on (large) peroxide concentration and is proportional to the
i the
d ers.

4

4
r-
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T
I
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0
0
1
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nd �Tad remain unchanged), as a function of the
ial dichromate concentration. The linear variation confi
hat the initial rate is proportional to the initial dichrom
oncentration.

ig. 4. Initial variation rates of adiabatic temperature vs. dichromate
entration.T0 = 291 K; [H2O2]0 = 0.9 M.
nitial dichromate concentration. The next part concerns
etermination of thermodynamics and kinetics paramet

.4. Determination of enthalpy and kinetics expression

.4.1. Enthalpy of reaction
The enthalpy of reaction�rH is deduced from the expe

mental values of the adiabatic temperature rise�Tad. Com-

able 1
nitial temperature variations rates against time

nitial peroxide concentration (M) dTad
dt

∣∣
t=0

(K s−1)

.45 0.0057

.9 0.0090

.8 0.0103

.7 0.0105
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Table 2
Molar enthalpy of reaction for different dichromate concentrations

[Cr2O7]0 (M) −�rH (kJ/mol)

0.001 93.8
0.0015 92.8
0.003 95.4
0.006 94.4
0.01 96.3
0.015 94.6

pared values of enthalpy are presented inTable 2. The mean
enthalpy value, for varying operating conditions and repro-
ducibility experiments is:

�rH = −94.6 kJ mol−1

The enthalpy value is related to the peroxide mole number,
with 2.3% of uncertainty.

4.4.2. Kinetics expression
The kinetic model depends on four parameters:

• two for the rate constant, described according to the Arrhe-
nius law:

k = k0 exp

(
− E

RT

)
(20)

whereE is the activation energy of the reaction,
• and two for the equilibrium constant:

K = exp

(
−�G◦

RT

)
(21)

where�G◦ is the free molar energy of formation of Cr2O9
2−.

The Ellingham approximation, which consists in linearizing
�G◦ is here supposed. Thus, for the experimental tempera-
ture variation range (293–323 K), the free energy of formation
of Cr2O9

2− can be described as:

�
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Fig. 6. Reciprocal of initial rates against reciprocal squared initial concentra-
tions of hydrogen peroxide for different temperatures. [Cr2O7]0 = 0.003 M.

are easily deduced from adiabatic temperature variations,
using relation 19.Fig. 6presents the variations of reciprocal
initial rates versus reciprocal squared initial hydrogen
peroxide concentrations. The equilibrium constant is then
deduced, for each temperature, from the slope and intercept.
The logarithmic variations ofK against−1/T are finally
presented inFig. 7. The initial expression of the equilibrium
constantK is then:

K (L2 mol−2) = exp

(
2480

T
− 6.957

)
(24)

This method is not very precise, because of the lack of
precision on the graphic determination of initial rates and
because only three data points were used for the determina-
tion of the linear relationship. However, the initial value of
the equilibrium constant thus determined just gives an order
of magnitude of this parameter, which will be useful for its
exact determination.

The kinetic identification was finally carried out by cou-
pled resolution of heat and mass balances for the performed
experiments. The differential equations(9) and (10) being
non-linear, an exact analytical solution cannot be obtained
and numerical techniques are required to deduce kinetics
parameters. The set of mass and heat balances (expressed
as a function ofX and T, Eqs. (25) and (26)) was solved
u ® he
r xper-

F stant.
[

G◦(T ) = �H◦(T0)− T�S◦(T0) (22)

here�H◦(T0) and�S◦(T0) are respectively the enthal
nd entropy of formation of Cr2O9

2− at T0 = 298 K.
The simultaneous identification of four parameters is

elicate and cannot give precise results without initial
ates of the parameters. For this reason, the equilib

onstant was first estimated according initial experime
ates.

Indeed, the kinetics expression (6) shows that 1/rvaries
inearly against 1/[H2O2]2:

1

r
= 1

kK[Cr2O7
2−]0

1

[H2O2]2
+ 1

k[Cr2O7
2−]0

= a
1

[H2O2]2
+ b (23)

So, the equilibrium constant can be estimated from thb/a
atio.

Equilibrium constantK was first estimated from relatio
3, applied to initial reaction rates. The initial reaction ra
sing a Matlab explicit Runge–Kutta method ‘ode45’. T
elative least square difference between calculated and e

ig. 7. Temperature dependency of the experimental equilibrium con
Cr2O7]0 = 0.003 M.
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Fig. 8. Experimental and theoretical adiabatic temperatures. [H2O2]0 =
0.9 M.

imental temperatures was optimized using the subroutine
‘fminsearch’ that finds the minimum of a scalar function of
several variables (i.e. 2 fork and 2 forK), starting at an ini-
tial estimate. This is generally referred to as unconstrained
non-linear optimization[11]. The optimization was simulta-
neously realised on all the performed experiments. Several
optimization runs were successively performed, for differ-
ent starting values. Depending on the initial values of the
kinetic and equilibrium parameters, the number of optimiza-
tions runs had to vary to give same final optimized relative
least square difference and values ofk and K. Thus, the

optimal solution does not depend on initial values (but the
number of runs to perform does), testifying for the quality of
the optimized values:

dT

dt
= (Tamb− T )

τcϕ
+ �Tad

ϕ

dX

dt
(25)

dX

dt
= kK[H2O2]0[Cr2O7

2−]0(1−X)2

1+K[H2O2]20(1−X)2 (26)

Fig. 8 shows that the agreement is very satisfactory and
m um
p s
e ue,
w

ental
t ndard

deviation as:

σ =
(

1

n

∑
n

(
Texp− Tcalc

Texp

)2
)1/2

(28)

or a mean absolute difference, expressed in Kelvin:

dam= 1

n

∑
n

∣∣Texp− Tcalc
∣∣ (29)

wheren is the number of experimental and calculated points.
For the set of optimized parameters in batch adiabatic

mode, the relative standard deviation is here 1.6× 10−3 and
the mean absolute difference is 0.39 K.

4.5. Conclusion

The dichromate-catalysed decomposition of hydrogen
peroxide has been fully characterized in batch adiabatic
mode. The reaction kinetics depends linearly on the ini-
tial dichromate concentration. Its order in hydrogen per-
oxide varies between 0 and 2, and reduces to a pseudo
zeroth order for large hydrogen peroxide concentrations.
The activation energyE is 57.6 kJ mol−1 and the heat
released (or the adiabatic temperature rise) depends on
the initial peroxide concentration. Equilibrium param-
e
� n
fi

r =
1.39× 109 exp

(
−5

1

5

ble
t wall
t heat
i n of
k (for
e sec-
t the
p

5

city
j
c de of
b rmal
c Res-
o ere:
U ted
a The
akes it possible to identify the kinetic and equilibri
arameters. The optimized value ofK, and particularly it
nthalpy of formation, is rather different of the initial val
hat shows the interest of a complete optimisation:

k (s−1) = 2.53× 109 exp

(
−6920

T

)
,

K (L2 mol−2) = exp

(
2776

T
− 5.19

)
(27)

The uncertainty between calculated and experim
emperatures can be described using a relative sta
ters are determined as�H◦(T0) =−23.1 kJ mol−1 and
S◦(T0) =−43.1 J mol−1.The following kinetic model ca

nally be proposed:

.76×104
RT

)
exp

(
2776
T
− 5.19

)
[H2O2]2[Cr2O7

2−]0

+ exp
(

2776
T
− 5.19

)
[H2O2]2

(30)

. Batch isoperibolic reactor

If the reaction is too exothermic, it is often prefera
o carry it out in a batch-jacketed vessel, with constant
emperature, i.e. in isoperibolic mode where the reaction
s easily dissipated. In addition, when the determinatio
inetics must be made in absence of any calorimeter
xample on a factory site, in the production reactor) this
ion confirms that the use of isoperibolic mode allows
recise determination of kinetic laws.

.1. Protocol

The reaction was here carried out in a 0.25 L capa
acketed vessel, whose jacket temperatureTw is maintained
onstant using a cooling bath. The reactor used is ma
orosilicate and were purchased from Dilvac. The the
alibration was realized as in the batch adiabatic mode.
lution of the calibration balance (relation 8) gives h
A = 5.97 W K−1 and ϕ = 1.057. The reaction was star
fter addition of a small quantity of dichromate solution.
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Fig. 9. Temperatures in isoperibolic mode. [H2O2]0 = 1.8 M; [Cr2O7]0 =
0.003 M;T0 = 313 K.

mixture was continuously agitated with a magnetic stirrer
(700 rpm).

5.2. Experimental results

An adiabatic temperature can again be deduced from the
thermal variations in the reactor using relation 17. Yet, the
adiabatic temperature is this time very different from the tem-
perature in the reactor, because of the best transfer, as can
be seen inFig. 9. Its interest is then to simply calculate the
adiabatic temperature rise�Tad, to express the variations of
conversion according time, and to thus compare varying oper-
ating conditions:

Tad= T0+�TadX = T0+ ϕ(T − T0)+
∫ t

0

(T − Tw)

τc
(31)

Effects of the experimental parameters can be compared
using the adiabatic temperature. They are the same as those
observed in adiabatic mode, and will not be presented here.

5.3. Determination of enthalpy and kinetics expression

The reaction enthalpy has been determined using the adi-
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Fig. 10. Experimental and theoretical temperatures during an isoperibolic
experiment. [H2O2]0 = 1.8 M; [Cr2O7]0 = 0.003 M;T0 = 313 K.

Fig. 10shows the good agreement between theoretical and
experimental temperatures for an experiment. The optimized
kinetic and equilibrium parameters are finally:

k (s−1) = 1.74× 109 exp

(
−6570

T

)
,

K (L2 mol−2) = exp

(
2725

T
− 4.91

)
(32)

These values are not very different from those obtained in
adiabatic mode.

The relative standard deviation is here 1.9× 10−3 and the
mean absolute difference 0.52 K. The uncertainties and deter-
mined kinetic and thermodynamic parameters are almost
identical to those obtained in batch adiabatic mode. Thus,
as batch adiabatic mode as batch isoperibolic mode can both
be used to perform kinetic and thermodynamic measurements
with the same precision. Another experimental device is pre-
sented in the next section.

6. Differential thermal analysis reactors

The reaction was then implemented in two reactors work-
ing on the principle of the differential thermal analysis.

A)
c soci-
a ring
w peed.
F n in
p the
o r the
e ctor-
c

ne
e tem-
p d.
batic temperature rise�Tad. Its mean value is here:

rH = −96.1 kJ mol−1

hich is very close the enthalpy determined in the prev
ection.

The kinetics determination was performed by resolu
f the coupled heat and mass balances (relations 25
6), of course expressed as a function of the real tem

ureT in the vessel. This optimization was performed in
imes: the kinetics parameters were first determined o
eginnings of curves, using a pseudo zeroth order. Ind
t the beginning of the experiment, advance is small
[H2O2]20(1−X)2 term is large against 1, and thus kine

aw is close to a pseudo zeroth order in peroxide (relatio
hich then no more depends on the equilibrium constaK.
t the end of the experiment the two terms are of the s
rder of magnitude, and thus the reaction depends o
eroxide concentration.
The principle of differential thermal analysis (or DT
onsists in the measurement of the heating effects as
ted with physical and chemical transformations occur
hen a substance is heated (or cooled) at a uniform s
or a batch liquid reaction, two reaction vessels are ru
arallel. One is filled with the reaction components and
ther one, e.g. with the solvent. The basic signal used fo
valuation is the temperature difference of the two rea
ontents[5].

The interest of working in DTA is to measure, in only o
xperiment, different phenomena appearing at various
eratures, or multiple kinetic effects, differently activate
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Fig. 11. Experimental setup for the differential thermal analysis mode.

6.1. Protocol

Two identical jacketed vessels, and same as that used in the
isoperibolic mode study, were used. The reactional mixture
containing hydrogen peroxide without catalyst was placed in
the first one, whereas the complete reactional mixture was in
the second reactor. The stirring speed was the same in the two
reactors (700 rpm) and the initial temperature was sufficiently
low so that the reaction did not begin.

A sketch of the experimental setup is presented inFig. 11.
Both vessels are 0.25 L in capacity. The thermal calibration
was first realized for both vessels, as for the batch adiabatic
and isoperibolic modes. Resolution of the calibration balance
(relation 10) shows that both reactors have the same thermal
characteristics:UA = 2.48 W K−1 andϕ = 1.057.

6.2. Experimental results

A linear variation of the jacket fluid temperature was then
imposed, and the variations of temperaturesTref for the ref-
erence vessel andT for the reactor were then recorded. The
difference in temperature variations between the two ves-
sels gives a thermal signature of the reaction, and enables
the determination of the reaction enthalpy, as well as
the kinetic and equilibrium constants for a given reaction
p

T

t d the
r

w ture:

T

The adiabatic temperature is very different from the real
temperature, and simply allows, as in isoperibolic mode,
to calculate the adiabatic temperature rise or to illustrate
the variations of conversion as a function of time.Fig. 12
presents the variations of different temperatures in DTA
mode.

6.3. Determination of enthalpy and kinetics expression

The mean reaction enthalpy, determined using the adia-
batic temperature rise�Tad, is:

�rH = −91.2 kJ mol−1

The kinetics determination was performed by resolution
of the coupled heat and mass balances (relations 26, 33 and
34), with given expression ofTref versus time. The optimiza-
tion was simultaneously realized on five experiments, with
same initial concentrations and different jacket temperature
variations.

The initial values of the four parameters to be determined
were taken from those given in adiabatic mode.

Fig. 13shows the good agreement between theoretical and
experimental temperatures for an experiment. The optimized

F
d

athway.
Defining:

d = T − Tref (33)

he difference between heat balances in the reactor an
eference vessel (where no reaction occurs) gives:

�Tad

ϕ

dX

dt
= dTd

dt
+ Td(t)

τcϕ
(34)

hich can be integrated, to define an adiabatic tempera

ad(t) = T0+�TadX(t) = T0+ ϕTd(t)+
∫ t

0

Td(t)

τc
dt

(35)

ig. 12. Temperatures in ATD mode. [H2O2]0 = 2.7 M; [Cr2O7]0 = 0.003 M;
Tw/dt= 0.027 K s−1.
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Fig. 13. Experimental and theoretical temperatures in ATD mode.
[H2O2]0 = 2.7 M; [Cr2O7]0 = 0.003 M; dTw/dt= 0.027 K s−1.

kinetic parameters are very close to those obtained in both
previous detailed modes:

k (s−1) = 6.11× 108 exp

(
−6320

T

)
,

K (L2 mol−2) = exp

(
2803

T
− 5.38

)
(36)

The relative standard deviation is here 4.1× 10−3 and
the mean absolute difference 1.1 K. Uncertainty is slightly
higher as in batch adiabatic or isoperibolic mode, but
the agreement between experimental and theoretical values
remains very good. The experimental temperature varia-
tions are here more important as in previous studied modes,
so that some hypotheses (Ellingham approximation, neg-
ligible vaporisation heat losses) may be more difficultly
validated.

7. Conclusion

The dichromate-catalysed peroxide decomposition has
been studied in three operating modes: batch adiabatic reac-
tor, batch isoperibolic reactor, and batch DTA reactors.

The three operating modes make it possible to study the
i ction
k eter-

Fig. 14. Comparison of the rate constants for the three operating modes.

mined in the three operating mode, are presented inFig. 14.
The very good agreement between the values shows that any
operating mode can be used for the determination of reaction
kinetics. The data exploitation is simplest in adiabatic mode,
reaction heat dissipation is easier in isoperibolic mode, and
the DTA enables to study multiple reactions, occurring at
various temperatures. Uncertainties comparison shows that
best precision is obtained in batch adiabatic and isoperibolic
modes.

It has been shown that the dichromate-catalysed peroxide
decomposition kinetics is:

r = k
K[H2O2]2[Cr2O7

2−]0
1+K[H2O2]2

wherek is described according to the Arrhenius law andK
according to the Ellingham approximation.

The thermodynamic and kinetic parameters obtained by
the three operating modes are gathered inTable 3. It can be
noted that variation between the three operating mode’s deter-
mined values varies between 4% for the reaction enthalpy and
6 % for the activation energy.

Some average values can finally be proposed:

k (s−1) = 1.39× 109 exp

(
−6600

T

)
,

( )

T
K

�rH

A −94
I −96
D −91
nfluence of operating conditions, and to measure the rea
inetics. As a comparison, the three rate constants, d

able 3
inetic and thermodynamic parameters

E/R (K) Ln (k0)

diabatic 6920 21.65
soperibolic 6570 21.28
TA 6320 20.23
K (L2 mol−2) = exp
2768

T
− 5.16 and

�rH = −94 kJ mol−1

(kJ/mol) �H◦(T0)/R (K) �S◦(T0)/R (−)

.6 −2776 −5.19

.1 −2725 −4.91

.2 −2803 −5.38
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The enthalpy value is close to that reported in the literature
by Korneeva et al.[6] (�rH =−98.4 kJ mol−1) and the kinetic
rate values are also close to that reported by Brungs et al.[8]
in the same operating conditions (indeed, forT = 313 K, the
measured value is herek = 0.97 s−1, whereas Brungs mea-
suredk = 0.6 s−1).

One of the main facts discovered in the course of this study
is that the reaction depends linearly on the initial dichro-
mate concentration. Its order in hydrogen peroxide varies
between 0 and 2, depending on operating conditions. The
reaction can be managed by playing on two parameters: on
one hand the released reaction heat directly depends on the
hydrogen peroxide concentration, and on the other hand, the
kinetic rate can be increased in increasing the dichromate
concentration.

This reaction, of easy implementation, based on non-toxic
reactants and products, and whose kinetics and thermicity can
be varied, can then be used as a model reaction for the study
of thermal stability or thermal runaways of chemical reactors.
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