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HIGHLIGHTS

» Y-Co catalyst is active and stable in carbon tetrachloride oxidation.

» The presence of water in the feed is necessary to avoid the catalyst deactivation.
» Kinetics results are consistent with a mechanism double site LHHW.

» O, and CCl, are adsorbed on different type of sites.
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ABSTRACT

In this contribution we present the results of a kinetic study of the catalytic combustion of carbon tetra-
chloride over several catalysts of Y-zeolite exchanged with Cr, Co, Mn and Fe. The catalysts were prepared
by ion exchange and characterized, before and after catalytic tests, by atomic absorption, N, physisorp-
tion (BET surface measurement) and X-ray diffraction.

The experimental results have been analyzed using both empirical, -power-law pseudo-homogenous-,
and mechanistical -Langmuir-Hinshelwood-models. The catalytic results indicate the following order of
activity: Y-Co > Y-Cr > Y-Fe = Y-Mn. According to the mechanism assumed to explain the kinetic results
obtained, the oxygen molecule adsorbs over the surface Co** species, and the carbon tetrachloride inter-
acts with the H" ion on the Bronsted acid site. It was also obtained that the presence of water in the feed is
necessary to avoid the deactivation of the catalyst. This effect is probably due to the capacity of water to
restore the Bronsted acid sites depleted during the reaction.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Chlorinated volatile organic compounds are used in the chemi-
cal industry for many purposes such as plastics manufacture, clean-
ing solvents and heat-transfer fluid [1]. Due to their suspected
toxicity and carcinogenic properties effective methods to destroy
the chlorinated volatile organic compounds are required. Thermal
incineration of these compounds requires high temperatures, over
1000 °C, with the consequently high energy consumption. Among
the alternative destruction techniques, the catalytic oxidation can
transform the chlorinated compounds in CO,, water and chlorine
gas. As regards the chlorinated hydrocarbons such as methyl chlo-
ride (CHsCl), methylene chloride (CH,Cl,), chloroform (CHCls) and
carbon tetrachloride (CCl,), the compound that is the most difficult
to destroy is the carbon tetrachloride [2]. Thus, some chlorinated
compounds, such as, 1,2-dichloroethane, can be eliminated by com-
bustion using acid catalysts [3]. However, it has been proposed [4-
6] the necessity of using metallic catalysts based on exchanged zeo-
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lites, such as Co-Y or Cr-Y, to carry out the total oxidation of chlori-
nated volatile organic compounds.

One of the most important problems raised during these suited
is the deactivation of the catalysts caused by the reactants, or by
the products obtained, e.g. Cl, [5]. On the other side, in order to
study the interaction between the chlorinated volatile organic
compounds and the catalyst surface, the effect of the presence of
water in the feed, or molecules that contain hydrogen have been
studied [3]. Thus, Lépez-Fonseca et al. [7] prepared a series of dea-
luminated zeolites which then were evaluated in the catalytic oxi-
dation of dichloroethane and trichloroethylene. The activity
increases when the dealumination increases until 50%. The authors
related the increase in the activity with the strong acidity due to
dealumination. Some papers propose different models in order to
obtain the kinetic parameters [8,9]. In a previous paper we studied
the kinetic behavior of exchanged zeolite in the combustion of tri-
chloroethylene [10]. It was found that the kinetic data were consis-
tent with an Eley-Rideal mechanism where the trichloroethylene
molecule is reacting from the gas phase with the oxygen previously
adsorbed. The aim of this work is to study the catalytic and kinetic
behavior of a series of Y zeolite exchanged with Co, Cr, Mn and Fe
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Nomenclature

Tca, reaction rate of CCl, oxidation (mol CCly gt h™")

kp kinetic constant according to potential model

Do, oxygen partial pressure (atm)

Dccia CCl, partial pressure (atm)

o reaction order respect to 02

B reaction order respect to CCly

Ko, equilibrium constant of oxygen adsorption (SS-LHHW)

Kn,0 equilibrium constant of water adsorption (SS-LHHW)

Kcea equilibrium constant of CCl, adsorption (SS-LHHW)

Pu,0 water partial pressure (atm)

*T total adsorption sites, considering only one type adsorp-
tion (SS-LHHW)

* free adsorption sites (SS-LHHW)

St adsorption sites corresponding to sites adsorption of
water and oxygen (DS-LHHW)

S free adsorption sites (DS-LHHW)

Lt adsorption sites corresponding to CCl4 adsorption (DS-
LHHW)

L free adsorption sites (DS-LHHW)

T temperature (K)

T reparameterization temperature (K)

Ky, pre-exponential factor defined in Eq. (4)

E, apparent activation energy (k] mol~!)

SSR sum of squared residuals

SE standard error

R? correlation coefficient

I(g)2 equilibrium constant of oxygen adsorption (DS-LHHW)
K;:lzo equilibrium constant of water adsorption (DS-LHHW)

Keca equilibrium constant of CCl, adsorption (DS-LHHW)

kss intrinsic kinetic constant for SS-LHHW model (Eq. (8))
keg constant defined in Eq. (12)

kes constant defined in Eq. (15)

Keca constant defined in Eq. (12)

ko, constant defined in Eq. (15)

n number of experimental data (Eq. (3b))

p number of parameters (Eq. (3b))

kps intrinsic kinetic constant for DS-LHHW model (Eq. (20))
kps constant defined in Eq. (25)

kps constant defined in Eq. (28)

during the carbon tetrachloride combustion. This paper deals on
the development of mathematical relationships between “poten-
tial” and “Langmuir Hinshelwood Hougen Watson” (LHHW) ki-
netic models, which facilitates the discrimination of the models
used.

The kinetic study was carried out in order to evaluate the more
plausible reaction mechanism that can explain satisfactorily the
experimental results.

2. Experimental
2.1. Catalyst preparation and characterization

The four samples studied were prepared by ion exchange of a
commercial Y-zeolite (Zeolyst) with a BET surface area of
720 m? g~1. As was described previously, the exchange procedure
was carried out employing proper solutions of nitrates of Co, Cr,
Mn and Fe [10]. The samples obtained were named as Y-Co, Y-Cr,
Y-Mn and Y-Fe respectively. The zeolite exchanged with Co was sub-
jected to three successive steps of exchange, the Y-Cr sample was
prepared using two steps, and the Y-Fe and Y-Mn samples only
needed one exchange step. After that, the samples were dried over-
night at 100 °C and then calcined at 500 °C in air for 2 h. Metal load-
ings were determined by atomic absorption spectrometry. The
specific surface areas (Sg) were measured by N, physisorption at
—196 °C, using a Autosorb 1-C sorptometer and BET analysis meth-
ods. Previous to N, physisorption, samples were degassed for 2 h
at 200 °C under high vacuum conditions. The crystalline structure
of solid samples were determined by powder X-ray diffraction
(XRD) technique employing a Shimadzu diffractometer XD-D1
equipped with a monochromated CuKo radiation source.

2.2. Catalytic tests

The oxidation of CCl; was carried out in a fixed-bed tubular
reactor (Pyrex, 0.8 cm i.d.) operating at atmospheric pressure.
The liquid CCl4 was fed by means of a syringe pump, which allows
the use of variable flows of reactant. Before the reaction zone there
is a preheater where the water and CCl, are vaporized. Catalytic
tests were performed using catalyst loadings (W) of 0.5 g, contact

times (W /F{,) of 96 g h mol " and gas flow rates of 500 mL min~".

Catalytic tests were performed with or without water in the feed
with a partial pressure of 0.03 atm that was kept constant for all
experiments. Samples were sieved to retain particles within
0.35-0.42 mm diameter and then loaded to the reactor. The parti-
cle size used ensures the absence of any diffusional limitation, as
was verified for several catalytic runs [10]. Before catalyst activity
measurements, all the samples were activated in air at 500 °C for
1 h and then cooled to the desired reaction temperature. The gas-
eous stream was analyzed on-line using a Varian 3380 GC
equipped with an FID detector and a packed Chromosorb 102 col-
umn 1/8” x 3 m. Prior to the chromatographic analysis, the reactor
outlet, containing the reaction products and non-converted reac-
tants, was bubbled in a NaOH solution with methyl orange indica-
tor in order to absorb the generated HCI. The reaction was followed
through the conversion of CCly. Two types of experiments were
performed: (i) measurement of CCl, conversion as a function of
reaction temperature and (ii) measurement of the CCl, conversion
as a function of time, under isothermal differential conditions.

3. Results and discussion
3.1. Catalyst characterization

The values of specific surface area (Sg), and cation loadings of
the samples, before and after reaction, are given in Table 1. The
number of exchanges for each catalyst were done in order to pre-
serve the zeolite structure [10]. It can be observed that after the ex-
change, the Sg values are lower than those of the base zeolite. In

Table 1

Main characterization results of the catalysts.
Sample % cation® Sy (m?/g) S, (m%/g)° S, (m?/g)° % cation®
Y - 720 - -
Y-Co 4.20 590 40.0 558 4.15
Y-Cr 2.50 620 8.0 603 2.25
Y-Mn 4.15 618 7.50 591 4.06
Y-Fe 2.60 610 6.40 562 2.35

2 Before catalytic reaction.
b After catalytic reaction without water added.
¢ After catalytic reaction with water added in the feed.
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Fig. 1. X-ray diffraction patterns of exchanged zeolite corresponding to: fresh
samples (A), after reaction, without water in the feed (B), after reaction with water
in the feed (C). (a) Y-Co, (b) Y-Cr, (c) Y-Fe (d) Y-Mn.

Fig. 1A X-ray diffraction patterns are presented. It can be seen that
the cristallinity of the samples was slightly affected by the ex-
change procedure. This diminution in the cristallinity of the sam-
ples is consistent with the decrease in the Sg values already
mentioned. Similar behavior was observed in the same type of
samples submitted to two or three exchanges [10]. It was not ob-
served diffraction lines corresponding to the Co, Cr, Mn and Fe oxi-
des due to the low loading of these cations.

3.2. Catalytic activity in absence of water in the feed

In Fig. 2 is presented the evolution of CCl4 conversion with the
reaction temperature for Y-Co and Y-Cr catalysts. In this case, the
reaction was carried out without addition of water in the feed. Y-
Mn and Y-Fe samples were not active at operating conditions em-
ployed. For both catalysts, Y-Co and Y-Cr, the CCl; conversion
reaches a maximum decreasing strongly after that point. In the
case of Y-Co the maximum conversion reached was 22% at
150 °C, and for the Y-Cr sample the maximum was 10% of conver-
sion at 250 °C, indicating that the Y-Co catalyst is more active than
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Fig. 2. Conversion-temperature curves for CCl4 oxidation without water in the feed.
(W) Y-Co, (0) Y-Cr. W/Fq, = 96 g h mol ", pccis = 0.06 atm, poy = 0.10 atm.

Y-Cr catalyst. The presence of the maximum in both cases is caused
by the strong deactivation suffered by the catalysts.

After these catalytic tests all samples were characterized by
XRD and nitrogen physisorption. As can be seen in Table 1, the val-
ues of Sg were one or two orders of magnitude lower than the fresh
samples. In addition, the XRD patterns after reaction presented in
Fig. 1B indicate that the cristallinity of the catalysts was very low
compared to the fresh samples, showing even the presence of the
amorphous halo corresponding to silica structure. These results
are indicating that the oxidation of CCl, without water in the feed
produces a total transformation in the structure of the exchanged
Y-zeolite samples with an important loss of specific surface area
and the crystalline structure of the zeolite. This phenomenon can
be explained considering that during the oxidation of CCl4 the only
products that can be formed, when no water is present in the reac-
tive mixture, are Cl, and CO,. The gaseous Cl, formed probably was
the responsible of the deactivation of the catalyst as a consequence
of the dealuminization of the zeolite matrix [5,11].

3.3. Catalytic activity in presence of water in the feed

As it has been discussed above, the presence of water is critical
to maintain the catalyst activity. Therefore, a set of experiments
were carried out maintaining a partial pressure of water of
0.03 atm during the reaction. For each temperature analyzed, a
fresh sample was used. In Fig. 3 are presented the results of the
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Fig. 3. Conversion-temperature curves for CCl, oxidation in the presence of water.
(m) Y-Co, (@) Y-Cr, (O) Y-Fe, (O) Y-Mn. W/FECIA =96 ghmol™' pccs = 0.06 atm,
Doz = 0.10 atm, pyao = 0.03 atm.
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evolution of CCl, conversion vs. reaction temperature. For the Y-Co
sample the reaction started at 100 °C and the conversion increases
with temperature, attaining 100% of conversion at 250 °C. For Y-Cr
catalyst the CCl, combustion began at higher temperature, 175 °C,
than Y-Co catalyst and 100% of CCl,; conversion was reached at
350 °C. Furthermore, the values of the temperature needed to at-
tain the 50% of conversion, T°°, were 190 and 270 °C for Y-Co and
Y-Cr, respectively. Even considering that metal loading for Y-Co
sample is higher than for Y-Cr sample, the reaction rate expressed
by gram of metal remained higher for Y-Co than Y-Cr. All these re-
sults clearly indicate that Y-Co catalyst was more active than Y-Cr
catalyst in CCl,4 oxidation. The other samples studied, Y-Mn and Y-
Fe catalysts, had very low activity in the range of temperatures
studied.

After catalytic tests the samples were also analyzed by nitrogen
physisorption, atomic absorption (metal loading) and XRD. The
values of the Sg shown in Table 1 indicate that are higher than
those for the samples evaluated without water in the feed. In the
same way, the XRD results see Fig. 1C, shows that the cristallinity
of the samples was not affected. In summary, the presence of water
in the reaction atmosphere is necessary to preserve the structure of
the catalysts and consequently maintain their stability.

3.4. Kinetic study of carbon tetrachloride oxidation

Some previous experiments were carried out in transient condi-
tions and it was found that Y-Co was the most active catalyst in the
CCl, oxidation. Therefore, a kinetic study and modeling of CCl, com-
bustion at different temperatures and low conversion conditions
over Y-Co catalyst were carried out. The kinetic study was made un-
der differential conditions; conversions were always lower 10%.

3.4.1. Influence of the oxygen partial pressure

The operating temperature was kept constant at 120 °C. The
experiments were performed at CCl, partial pressure constant of
0.06 atm and water partial pressure constant of 0.03 atm and vary-
ing oxygen partial pressure between 0.05 and 0.18 atm. The pres-
ence of water in the feed is important in order to avoid the
deactivation of the catalyst; probably restoring the Bronsted acid
sites. Fig. 4 shows that the reaction rate of CCl, oxidation under
these conditions remains constant.

3.4.2. Influence of the CCly partial pressure

In order to determine the effect of the CCl, partial pressure, the
oxygen partial pressure and water partial pressure were kept con-
stant at 0.120 atm and 0.03 atm, respectively. The CCl, partial pres-
sure was varied between 0.035atm and 0.120 atm. These
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Fig. 4. Influence of O, concentration over the reaction rate. Y-Co catalyst. (O)
experimental data, (---- ) SS-LHHW model predictions, (——) potential model
predictions, (—) DS-LHHW model predictions.
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experiments were carried out at two temperatures: 120 and
130 °C. Fig. 5 shows the results of the rate of reaction as a function
of the CCl, partial pressure for Y-Co catalyst. It can be noticed that
the rate of reaction increases with the CCl4 partial pressure in a
non-linear form, this behavior is indicative of a kinetic order be-
tween 0 and 1.

3.4.3. Influence of temperature

To analyze the effect of temperature on the rate of reaction, a
series of experiments at different temperatures between 90 and
130 °C were performed. The reaction conditions were: constant
oxygen partial pressure of 0.120 atm, constant CCl, partial pres-
sure of 0.06 atm and constant water partial pressure of 0.03 atm.
Reaction rate values were obtained from the conversion experi-
ments as a function of time, taking the values of the initial conver-
sion for each temperature under study.

3.5. Kinetic modeling of carbon tetrachloride oxidation

The experimental results of the kinetic study have been ana-
lyzed using empirical and mechanistic approaches. The kinetic
models used are pseudo homogeneous power-law type and of
LHHW type.

3.5.1. Pseudo homogeneous power-law type
According to the empirical power-law model, the reaction rate
can be expressed as:

(—Tea,) = ke - PG, - Pl (M

where (—rcc,) is the rate of CCl4 oxidation, kp is the kinetic constant
of reaction according to this potential model, and « and g are the
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kinetic orders with respect to oxygen and CCl, respectively. The
orders o and g may take virtually all the values, integer, fractional,
positive, negative, or zero. Elementary reactions have integer
orders. However, for the case of non-elementary reactions the
kinetic orders will generally assume non-integral values that are
only valid within a narrow range of operating conditions where
the experiments has been carried out.

In order to have initial estimations of the kinetic parameters, Eq.
(1) can be linearized as follows:

log(—rca,) = log(kp) + o - log(po, ) + B - 108(Pcc,) (2)

As can be seen in Fig. 6 the order with respect to a given reac-
tant can be estimated from the slope of the line in a double-log plot
of the reaction rate vs. the reactant concentration. The values ob-
tained from the linear regression of the experimental data to Eq.
(2), have been used as initial guesses for calculation by non-linear
regression using Eq. (1). The objective function to minimized is the
sum of squared residuals (SSR), defined as:

SSR = Z ( T'cal, )cal)2 (3&)

In Table 2 are presented the values of the kinetic parameters for
the potential model, and the main statistical parameters obtained
by non-linear regression. These statistical parameters are the stan-
dard error of the reaction rate, S.E. (—rcq,), and the correlation
coefficient, R?, defined as follows respectively:

P ch14 xp (—reaty)eal)”
SE.(=rca,) = \/ =

RE—1_ D (=Teaty Dexp—(~Tecty ea )2
D ((=rectyJexp=(~Tecty Jexp

—Tcal,) exp

(3b)

In the above expressions, n and p represent the number of
experimental data, and the number of parameters of the model,
respectively.

As can be observed in Figs. 4 and 5, the potential model, fits
satisfactorily the experimental data and all the kinetic parameters
are calculated with enough statistical precision. The values in
Table 2 show that the kinetic orders, « and g are quite low, espe-
cially in the case of the order with respect oxygen (o). This value,
which do not have a direct mechanistic meaning, is consequence
of the very low influence of the oxygen concentration at the
conditions studied [12]. This fact can be explained assuming a
strong adsorption of O, molecule, leading to a high coverage of
the catalyst surface [13]. In the case of the CCly, the value of 8
is also low, indicating again a clear effect of the adsorption of this
compound over the catalyst surface. More interesting is the fact
that the value of p changes with the reaction temperature.
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Fig. 6. Double-log plot of potential model. (®) effect of CCl4 at 120 °C; (O) effect of
CCly at 130 °C; (m) effect of O, at 120 °C; Solid lines: linearized model.

Although the confidence intervals calculated for this parameter,
see Table 2, show that this change could do not have a statistical
significance, this change can be easily explained considering the
decrease of the degree of CCl, adsorption as the reaction temper-
ature increases [13]. The above facts indicate that there is a
relationship between the values of the kinetic orders and the
adsorption parameters that usually have been explained in a
qualitative manner [13].

Fig. 7A shows the influence of reaction temperature on the reac-
tion rate, in the interval from 90 to 130 °C, at constant the O, and
CCl, concentrations. The modified Arrhenius plot, Fig. 7B, shows
the good linearity in this interval of temperatures. The calculation
of the apparent activation energy (E,) has been also done by non-
linear regression, using the re-parameterized form of the kinetic
constant kp:

kp = kp, - exp (— &) = kp,, - exp <_Ea‘ (,{?—;TT))

4)
we); Tn=383K

kpm = kPo - exp (*

The apparent activation energy obtained for the Y-Co catalyst
was 98.2 + 5.1 k] mol~!. From E, and T,, values, the pre-exponential
factor determined is kp, =9.24- 10° h™'. The estimated value of
the activation energy is in the same order reported in the literature
for catalytic combustion of CCl, over metal oxide catalysts on
monolith support [4], and is the result of combined effect of the
intrinsic activation energy, and the adsorption heats of O, and
CCly [14].

3.5.2. Langmuir Hinshelwood Hougen Watson (LHHW) model

On the other hand, the consideration of reactant adsorption
steps to explain the mechanism of CCl; oxidation leads to the
development of LHHW kinetic model. With this type of model
we have considered two alternative cases:

1. Single-site case (SS-LHHW): The adsorption of CCl,; and O, is
competitive over only one type of active sites, denoted by = and;

2. Double-site case (DS-LHHW): The adsorption of CCl, and O, is
non-competitive, assuming the adsorption of each molecule
over two different types of sites, denoted by S and L respec-
tively. A bifunctional mechanism, including two types of sites,
was proposed by Ramachandran et al. for the combustion of
methylene chloride and carbon tetrachloride using metal-
loaded zeolite catalysts [2].

In both cases it is also assumed that the oxygen adsorption is
non-dissociative, and the surface reaction of CCl4 oxidation is irre-
versible, attaining total combustion.

For the SS-LHHW, the main steps of the reaction mechanism are
the following:

¥ KOZ . _ [02 — *]

(i) Oy+#<20;,—% Ko, = P, (5)

(i) H0+ 20 H0 — 4 Kpyo — 120 =) .
Puyo - [#]

(i) CClyt +8CCly — 5y Keq, — S @
DPeal, - [¥]

(iv) CCly— %+ 0y =+ C0,(g) + 2Ch(8) + 2% (~Tcar,)

Supposing that the rate determining step is the surface chemi-
cal reaction, step (iv), the reaction rate can be calculated as:

(=Tcal,) = kss - [CCly — %] - [O5 — %] (8)
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Table 2
Kinetic parameters for Co catalyst. Potential Model.
Parameter Value Standard error Confidence interval (95%) Lower limit Upper limit
0; influence
k, (120 °C) 7.140E—04 1.780E—06 4.027E—-06 7.100E—04 7.180E—04
o (120 °C) 0.0090 0.0010 0.0023 0.0067 0.0113
R?=0.896 SE. (~Tca,) = 1.072E-06
CCly influence
k, (120°C) 1.970E-03 1.049E-04 2.479E-04 1.722E-03 2.218E-03
£ (120°C) 0.316 0.020 0.047 0.269 0.363
R?=0.977 S.E. (—Tcq,) = 2.357E-05
k, (130°C) 5.627E—03 3.633E-04 8.591E—04 4.768E—03 6.486E—03
B (130°C) 0.286 0.024 0.057 0.230 0.343
R?=0.960 S.E. (~rca,) = 2.363E-05
Temperature influence
Km (Tm) 3.705E-04 2.512E-05 5.941E-05 3.111E-04 4.299E-04
E, (KJ/mol) 98.2 5.1 12.2 86.1 1104
R?=0.991 SE. (~Tca,) = 5.739E-05
Tm=110 °C
For the case of experiments carried out at constant oxygen con-
2 0E-03 centration, and remembering that the water concentration also
' o was maintained constant during the reaction, Eq. (10) can be sim-
. plified to:
S 1.5E-03- /
v _ Ks - Pea, 1
3 (—Tea) = ———— (1)
2 A (1+ Keqy, - Pecr,)
3 1.0E-03- , ]
b where the lumped parameters kg, and K¢, are defined by:
£
= K — kss-Kel, Ko, [+11°-Po,
»,i"‘ 5.0E-04 - 5577 (1+Ko, o, +Knyo Pryo)* (12)
~ K. — Kecl,
A CCls ™ (1Ko, Po, Kityo Pryo )
0.0E+00 : : : : : : : .
360 365 370 375 380 385 390 395 400 405 Eq. (11) can be linearized as follows, Fig. 8, to obtain initial
Temperature (K) guess of the lumped kinetic parameters k¢ and K¢, , gives:
!
[ Pca 1 Keq
0.017 4 _ 4
] (—Tca,) J == Pcay (13)
ks /K
= On the other hand, in the case of the experiments carried out at
& 00013 constant CCl, concentration, Eq. (10) is simplified to:
~
o k//
3] ss " Po
©° (_rCCl4) = (] + K 11 2 )2 (14)
£ 0.00014 0, “Po,
3 ] .
S Now, the terms kg, and Kp, are given by:
B
0.00001 .

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
1000* (Tm - T) / (R*T*Tm) (mol kJ"' K™)

Fig. 7. Influence of reaction temperature over the reaction rate (A). Modified
Arrhenius plot (B). (O) experimental data, (—) calculated data.

The term kss represents the intrinsic kinetic constant for the
single-site case. Now, the balance of the active sites is given by:

[xr] = [¥] + [O2 — #] + [CCly — *] + [H20 — ] 9)

Substituting Egs. (5), (6), (7), and (9) into Eq. (8), the reaction
rate can be expressed as follows:

kss - Kccl, - Ko, - [*T}2 *Pcal, * Po,
(1 + Ko, - Po, + Ku,0 - Pu,o + Keay, 'Pcclq)2

(=Tea,) = (10)

»n
o

=y
o
1

=y
N
h

©
N

IS
1

M/O/O/O

0 0.04 0.08 0.12 0.16 0.2
Pccia s P oz (atm)

(Pccial (- cr;m))"2 5 (Poz!(-recia) )"2

o

Fig. 8. Linearized plot of LHHW-SS model. (®): effect of CCl4 at 120 °C; (O): effect of
CCly at 130 °C, (a) effect of O, at 120 °C; Solid lines: linearized model.
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kss-Kel, Ko, [<11°Peci,
(14K, 0Pry0+Kca, Pea, )
Ko,

(1+Kcay, Peat, +Kyo Pryo)”

k/s/s =
(15)
KSZ =

In the same way, the estimation of the initial kinetic parame-
ters, kg and K, , are obtained as follows (see Fig. 8):

| Do, _ 1 +K82 Do
(=fea,) Vkss ks 2

Table 3 reports the kinetic and the statistical parameters corre-
sponding to SS-LHHW model. It can be seen that the values of K,
increase with temperature which has not physical meaning. The
fitting of the experimental data with SS-LHHW (Figs. 4 and 5)
was not satisfactory.

In the DS-LHHW model, is considered that the active sites,
named S, are responsible for oxygen and water adsorption, and that
the adsorption of CCl4 occurs over active sites denoted as L. The se-
quence of steps assumed for this mechanism are the following:

(16)

i) Oyg)+5:%0,-5 K3 =923 (17)
> Po, - IS]

. Kity0 [H,0 — S

i) H,0+S<%H,0-S5; K>, =12"""1 18

( ) 2 2 H,0 pHZO i [S} ( )

K, _

(iii) CCly+L<4CCly—L; Kk _[CCa 1] (19)

4 Dca, - L]

(iv) CCly—L+0,;— sk COz(g) +2CLh(g) +S+L; (—Tca,)
Assuming that the rate determining step is the surface chemical

reaction, the reaction rate is given by the following expression:

(=rca,) = kps - [CCly — L] - [0; — §] (20)
The term kps represents the intrinsic kinetic constant according

to the DS-LHHW mechanism. The balances of active sites S and L
are given respectively by:

[Sr]=(S]+[02 =S| +[H20 S| =[S]- (1 + K, - Po, + K0 -Pr0)  (21)

[Lr] = [L] + [CCla — L] = [L] - (1 + Kcqy, - Pec,) (22)

where Sy and Ly represent the concentration of total sites for O, and
H,O0, and for CCl,, respectively.

Finally, substituting Eqgs. (17), (18), (19), (21) and (22) in Eq.
(20), the reaction rate results:

kps - Ko, - Knyo - [Lr] - [St] - Po, - Pcal,

When the partial pressures of oxygen and water are maintained
constant during the reaction, the above expression can be simpli-
fied as follows:

Kps - Pec
(~Tea,) = o (24)
! 1+ Kécu “Pea,)
where the term ki is:
S 1S
2)5 _ kps - K02 ‘KHZO - [L1] - [S1] *Po, (25)

(1 +Kf)2 *Po, +K;20 “Pu,o0)

Now, the initial estimation of the parameters kj,; and Kécu can
be done by linearization of Eq. (24), see Fig. 9:

L
Pca, 1 K,
(—Tea,) kps  Kpg

(26)

*Pcal,

When the experiments were carried out at constant partial
pressure of CCly, Eq. (23) becomes:

k//s . po
(—Tea,) = —og 22— (27)
(1+Kp, - Po,)
where the terms kjs and 1<§;; are defined by:
K — kps K, Ko, Lrl 1Sr)pec,
DS ™ (14k¢q, Pea,) (1K, 0 Pigo) (28)

K = Ky

0, — (1+Kf‘20va20)

kps and Kf)’; can be evaluated using the following linear expression,
see Fig. 9:

S

Do, 1 Ko’;

(~rec)  kps  kps

(29)

Table 4 shows the kinetic and the statistical parameters corre-
sponding to model DS-LHHW. The fittings obtained with this mod-
el are shown in Figs. 4 and 5.

Since the number of parameters is the same in all models, a di-
rect comparison of S.E. (—rcq,) values (Eq. (3a)) can be used to dis-
criminate among them and select the best model. From the S.E.
values in Tables 2-4 it can be seen that the best fitting was ob-
tained with the DS-LHHW model. According to this mechanism,
two active sites are involved on the controlling step of the reaction
mechanism. These active sites correspond to the adsorption of O,
and water, and to the adsorption of CCl, respectively. Chatterjee
et al. [16] suggest that the oxidation of CCl, involves an intermedi-
ate step producing posghene and Cl,, and this posghene, on a fur-
ther reaction with adsorbed oxygen or water, produces CO-.

(=Tca,) = A+Ky pea) - A+K o +K o -Pro) (23) Furthermore, Ramachandran et al. [2], have shown that phosgene
€cls N 02 02 Ha0 Tl is a reaction intermediate in the catalytic abatement of CCl; on
Table 3
Kinetic parameters for Co catalyst. Single Site LHHW Model.
Parameter Value Standard error Confidence interval (95%) Lower limit Upper limit
0, influence
ks (120 °C) 0.0338 0.0026 0.0058 0.0279 0.0396
K’(/)Z (120°C) 11.518 0.838 1.897 9.622 13.415
R2=0.512 SE. (~Tca,) = 3.527E-05
CCly influence
Kss (120 °C) 0.0344 0.0018 0.0042 0.0302 0.0386
Keas (120°C) 9.183 0.569 1.345 7.839 10528
R%=0.964 SE. (—Tcq,) = 2.990E—05
Kss (130 °C) 0.1090 0.0065 0.0154 0.0936 0.1245
Keaa (130°C) 9.686 0.683 1.615 8.072 11.301

R?=0.997

S.E. (~rca,) = 2477E-05
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Fig. 9. Linearized plot of LHHW-DS model. (®): effect of CCl, at 120 °C; (O): effect
of CCly at 130 °C, (a) effect of O, at 120 °C; Solid lines: linearized model.

Table 4
Kinetic parameters for Co catalyst. Dual Site LHHW Model.
Parameter Value Standard Confidence interval Lower Upper
error (95%) limit limit
0; influence
Kps (120°C) 0.926  0.061 0.138 0787  1.064
1((5)’; 1312.44 87.55 198.06 111438 1510.50
(120°C)
R?=0.960 SE.
(~Tca,) = 6.68E-07
CCly
influence
Kys (120°C) 0.049  0.001 0.003 0046  0.051
Kécm 4353 137 3.24 38.28 44.77
(120°C)
R?=0.997 S.E.
(~Tca,) = 7.917E-06
Ky (130°C) 0.153  0.005 0.013 0.141  0.166
K'Ec14 4122  2.01 4.74 38.48 47.97
(130°C)
R?=0.998 S.E.

(~Tca,) = 7.662E—06

exchanged Co-zeolite; and Sinquin et al. [17] have reported that
the formed phosgene can then readily react with water, or with
surface OH™ groups to produce HCl and CO,. These authors also
proposed that water could regenerate the catalytic active sites
which were poisoned by Cl,, in accordance with our results.

3.6. Analytic relationships between the kinetic models

According to the methodology proposed by Monzén et al. [15],
it can be deduced analytical expressions between the parameters
of the different kinetic models. These analytical expressions can
be also used to check the validity of the obtained parameters,
and to select the most appropriated model. As is pointed out by
Chorkendorff and Niemantsverdiert [14], the kinetic order of a po-
tential model can be estimated from the logarithmic derivative of
the reaction rate with respect to the variable considered. For exam-
ple, in the Potential model, Eq. (1), the effect of O, and CCl4 concen-
trations are given by the values of o« and p respectively. As is
presented in Fig. 6, these values can be calculated from the follow-
ing logarithmic derivatives:

. d(log(—rcq,)) . d(-rcq,) _Pca, . _
B= = ( ) Crea) i Do, = const. (30)

d(log(pca,)) dpce,

0.8

0.6 1

0.4 4
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Fig. 10. Effect of CCl; and O, concentration over the calculated kinetic orders.

LHHW-SS model (A); LHH-DS model (B). (®): effect of CCl4 at 120 °C; (O): effect of
CCly at 130 °C, (a) effect of O, at 120 °C.

_ ddog(~rea,)) _ (d(rCC'4)> PO pe, = const. (31)
( 7 ‘ '

d(log(po, )) dp,, —rcal,)

By calculation of the corresponding derivatives of (—rcc,), Eq.
(10), the following analytical expression between o and B, and
the adsorption parameters of the SS-LHHW model is deduced:

g (LKoo o (1=K, Pea, 52
1+Kp, - Po, 1+ Kq, - Pea,
Similarly, for the DS-LHHW model the expressions for o and f
are:

o= <+>, p= <+> (33)
1+Kp, - Po, 1+ Keq,  Pea,

Using the corresponding values of adsorption constants shown
in Tables 3 and 4, (Eqs. (32) and (33)) the variation of the kinetic
orders, « and g, with respect to the O, and CCl,; concentrations,
can be calculated for both models respectively (see Fig. 10).

The results obtained with the SS-LHHW model, Eq. (32), indi-
cate that o can take values from —1, when K¢, - po, > 1, to 1, when
ng -Po, < 1. A similar analysis can be done for g. In the interval
from —1 to 1, are included the values of o and 8 in Table 2. How-
ever, if we calculate the average values of the orders predicted
by Eq. (32), the results are the following: « (at 120 °C) = -0.077;
B (at 120 °C)=0.251 and g (at 130 °C) = 0.226. The main difference
is observed in the value of «, because Eq. (32) predicts that at high
0, concentrations this order takes negative values, see Fig. 10. At
high CCl; concentrations, slightly negative values of p can be
obtained.

However, for the case of the DS-LHHW model,  and 8 can vary
from 0 to 1. Again, this interval includes the values of « and p
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presented in Table 2. But, in this case, the average values predicted
by Eq. (33) are: « (at 120 °C) = 0.081, p (at 120 °C) 0.285 and g (at
130°C)=0.277. These are quite close to that obtained with the
Potential model, confirming the goodness of the DS-LHHW model.

In summary, from Eqs. (32) and (33) it can be seen that the
kinetic orders, determined by power-law model type, strongly
depend on the operating conditions: reaction temperature and
the feed composition. In consequence in an integral reactor, which
operate at high reactant conversions, the observable kinetic orders
vary from the entrance to the exit because the composition of the
reactant phase is changing along the reactor, even under operation
at isothermal conditions. Therefore, the applicability of these mod-
els is usually restricted to narrow intervals of operation.

4. Conclusions

From the results presented in this contribution it can be con-
cluded that Y-Co and Y-Cr catalysts are active for CCl, oxidation
at atmospheric pressure and low temperatures. The most active
of the tested catalyst was the Y-Co sample. Thus, at 150 °C the con-
version of CCl, attained with this catalyst was one order of magni-
tude higher than the conversion attained with Y-Cr catalyst. The
presence of water in the reaction atmosphere is necessary to avoid
the destruction of the zeolite matrix and maintain the catalyst
activity. The kinetic modeling developed indicates that the low
influence of the CCl4 partial pressure, and especially of the oxygen
concentration, can be explained assuming strong adsorption effect
over the surface of the catalyst. All the kinetics results obtained can
be satisfactorily explained assuming a mechanism, denoted as DS-
LHHW, involving the adsorption of O, and CCl4 on two different
types of sites. The direct relationships between the kinetic param-
eters of the different models has been deduced. These relationships
clearly explain the variations observed of the kinetic orders with
the operating conditions.
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