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Pt/Zr(x)-HMS/HZSM-5 catalysts with various Si/Zr ratios (as x) were used for investigation of the kinetics of n-heptane reforming

process under 350450 °C reaction temperature, 35-80 ml min™' flowing rate of hydrogen and 2-5 ml h™' flowing rate of n-heptane. In the

present work, two kinetic models, power law and Langmuir-Hinshelwood, were selected and examined to describe the kinetics of the n-

heptane reforming process over the used catalysts. The results show that the Langmuir-Hinshelwood model provides a better fit with the

experimental data and allows to determine the kinetic parameters. Among the synthesized catalysts, Pt/Zr(35)-HMS/HZSM-5 (with

Si/Zr = 35) has the best performance for this process, because this catalyst, in contrast to others, based on the apparent activation energies,

has a
hydrogenolysis products.

quick formation of aromatic and isomeric products, and low rate on the production of by-products, such as cracking and
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INTRODUCTION

The catalytic reforming of hydrocarbons is an important
process industry for
production of aromatic compounds and gasoline with a high

within the petroleum refining
octane number [1]. Generally, the heavy straight run
gasoline (HSRG), including paraffins, olefins, naphthenes
and aromatics (PONA) with 5 to 10 carbon atoms are used
as a feed for this process [2]. High-yield for converting light
straight-run naphtha into aromatics is very important for
promoting the octane number of gasoline. Accordingly, the
aromatization of n-heptane is a significant reaction of
reforming, especially on platinum supported catalysts [3].
However, the current environmental regulations control
the total amounts of aromatic compounds in gasoline,
particularly benzene, due to their toxic and carcinogenic
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properties. Some of the other desirable reactions causing the
increase in the octane number are isomerization and
cyclization, which can be suitable substitute reactions for
aromatization [4,5].

Many researchers have focused on the activity, products
distribution and selective behavior of various catalysts in
this process [4-6]. However, relatively few studies have
been published on the kinetics of hydrocarbons reforming
[7]. This might be due to a significant number of reactions
occurring during this process [3]. On this basis, a detailed
kinetic study considering all components and reactions
occurred in the reforming of hydrocarbons is too complex
and difficult.

components in the produced mixture are divided into some

To decrease these complications, the
limited groups. In this respect, the most important reactions
in this process have been classified under four groups,
namely, isomerization to isoparaffins, cracking of paraffins
to lower hydrocarbons, aromatization and hydrogenolysis
[8]. Many attempts have been made to develop the kinetics



Peyrovi et al./Phys. Chem. Res., Vol. 7, No. 1, 1-9, March 2019.

of catalytic reforming with an efficient catalyst [9]. In this
work, the kinetics of n-heptane reforming are investigated
over a series of Pt/Zr(x)-HZSM-5/HMS catalysts with
different Si/Zr ratios. The purpose of the present research is
to find a suitable kinetic model under various operating
conditions that represents the agreement between the
estimated data and experimental results obtained from the
novel bifunctional catalysts in the n-heptane reforming.

EXPERIMENTAL

A series of Zr(x)-HMS/HZSM-5 catalysts with 40 wt%
of H-ZSM-5 and various molar ratios of Si/Zr were
synthesized according to our previous work procedure [10].
Briefly, the precursors of Zr-HMS include zirconyl (IV)
nitrate hydrate, tetra ethyl ortho silicate, ethanol, dodecyl
amine, HC1 1 M, HNO; 0.01 M with the prepared H-ZSM-5
were dissolved in deionized water, step by step, and stirred
separately for a certain period of time. The as-prepared
precipitate was aged for 20 h, dried overnight at room
temperature and calcined at 600 °C for 6 h under air flow.
These denoted supports, Zr(x)-HZ, were impregnated by a
concentration of H,PtCl solution for preparing the Pt (0.6
wt%) supported catalysts. Then, the obtained material was
dried at 110 °C and calcined in air at 300 °C for 4 h. The Pt
supported Zr(x)-HMS/HZSM-5
Pt/Zr(x)-HZ that x represents the nominal Si/Zr ratios equal
to 5, 10, 20 and 35.

1 g of each catalyst was investigated for kinetic study in

catalysts were named

a continuous fixed-bed Pyrex microreactor operated under
isothermal conditions and connected to an on-line gas
chromatograph (Agilent Technologies 7890A equipped with
a flame ionization detector) by a controller. Each catalyst
was heated and reduced in 40 ml min™' H, at 450 °C for 2 h.
Then,
temperature. At this step, the reaction was started by

these samples were cooled until the reaction
switching feed from hydrogen to a mixture of n-heptane and
hydrogen.

In this kinetic study, two sets of experimental conditions
were examined under the following conditions. 2-5 ml h™
flow rate of n-C; and 40 ml min™ flow rate of H,, and 35-80
ml min” flow rates of H, and 2 ml h”' flow rate of n-C,.
These flow rates were yielded for a residence time of 1 h at
each temperature within the range of350-450 °C. All rate

measurements at different temperatures, and reactant
pressures were also done at 1 h of reaction. The reaction
products were analyzed by gas chromatography and a flame
ionization detector.

In the present work, the main reactions of the n-C,;
reforming were considered. This process was divided into
four important reactions as isomerization (i-C;), cracking
(crack.), aromatization (arom.) and hydrogenolysis (hydro.).
On this basis, the kinetics calculations will be performed in
accordance with this division. Two kinetics models were
used to simulate the kinetics of mentioned reactions. The
partial orders of these reactions and other kinetic parameters
were calculated based on the simplest model (power law

model).

Power Law (PL) Model
Power law model was chosen for simulating the reaction
available. The

expression as a function of n-C; and H, pressures is as

kinetics as an easiest model kinetic

follows;

mol " pm 1
V(Jzkpnz £ M
gs

where r is the rate of each reaction (mol g s™); k is the rate
constant; Py, is the partial pressure of H, (P,); Pcy is the
partial pressure of n-C; (P,), and n and m are the rate
exponents for each reaction [11,12].

The rate constant (k) also was measured using the Arrhenius
equation;

o

'
_Eapp

k=Ae * ()

where EX is the apparent activation energy (kJ mol™); R,

the gas constant (kJ mol' K'); A, the pre-exponential
factor, and T, the reaction temperature (K).

The reaction rates were measured under low conversion
conditions (<10%) for producing a linear Arrhenius plot.
The adjustment method includes to solve Eqgs. (1) and (2)
using the obtained experimental data.

For calculating the rate of each reaction and catalyst, the
following equation was used for these measurements as a
formula of reaction rate.
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n—C, flowratex n — C, density x conv.(%)

mol
rl——1=
( gs J n — C, molar weight x weight of catalyst x impregnated metal

3)

Based on this model, to measure the n-C; exponent (m), the
prepared catalysts were tested at 350-450 °C for a series of
various gaseous feed with n-C; flow rates over the range of
2-5 ml h', whereas the H, flow rate at 40 ml min" was
maintained constant. After each reaction, the used catalysts
were cleaned under H, flow while heating them at 450 °C
before cooling to 350 °C and continuing the other step of
reaction. Similarly, the H, exponent (n) was measured
through this procedure. So, the flow rate of H, was varied
between 35 and 80 ml min"! while maintaining the n-C; at
2 ml h' flow rate. After each experiment, the obtained
products were analyzed using the on-line gas
chromatography at a fixed interval of time (1 h). Other
kinetic parameters in these equations were estimated by the

experimental data measured from these kinetic tests.

Langmuir Model

There are two proposed mechanisms through this model,
the Eley-Rideal (ER) and the Langmuir-Hinshelwood (LH)
mechanisms. According to the vast majority of the reported
surface catalytic reactions, it has been accepted that the
between two adsorbed
molecules (Langmuir-Hinshelwood mechanism) [13] is

occurrence of these reactions

preferred. The kinetic expression of this mechanism for the
gas phase can be expressed as follows;

_ kP., P,, “)
n + P, L + P,
kC7 c7 k,_,z H2

where k is the rate constant, and ki, and kc; are the

adsorption constants of H, and n-C5. In this equation, it was
assumed that the adsorption constants (kg and k)
correspond to a van’t Hoff type equation [13].

_AH g x

ky=A4,e & (5)

Equations (2) and Eq. (5) can expand the expression of Eq.
4.

pace
& (6)
e Ae P., P,
1 1
_AHugcr + PC7 AH 4 —H2 + Py,
RT RT
Aeq e Ay, e

Consequently, the pre-exponential factors, activation
energies and heats of adsorption can be estimated by a
numerical method. The kinetic parameters of these models
were estimated by numerical integrations to obtain the best
fit between the experimental data and the calculated rate

equation.
RESULTS AND DISCUSSIONS

To confirm the absence of external diffusion limitations
of the catalytic
performances, several experiments were conducted under an

and their effects upon the results
external diffusion regime. On this basis, five different
amounts of each catalyst were selected within the range of
0.5-1.5 g. The results show that in the weights over 1.0 g of
catalysts, the reaction is affected by an external diffusion.
To avoid this effect, a catalyst bed containing 1.0 g of
catalyst or lower amount was employed. The internal
diffusion limitations were also investigated by changing the
average particle size in three ranges of 50-150, 150-250 and
250-350 pum. The results of reaction rates at various
temperatures showed that the catalysts with the smallest
particles size (50-150 pm) have no internal diffusion
limitation. As a result, this catalytic study was carried out
with the particle size in the range of 50-150 pm.

In order to recognize the mechanism of n-C; reforming
process over the prepared catalysts, the fit of two kinetic
models with obtained experimental results was evaluated
and discussed independently.

Power Law (PL) Model
The apparent activation energies ( E;‘;}’,) for each catalyst

were calculated by the logarithmic form for the Arrhenius
equation (Eq. (2)). The plots of InK vs. 1/T calculated from
the experimental data over different prepared catalysts in
the isomerization reaction (one selected reaction of n-C;
reforming reactions) have been presented in Fig. 1.
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Fig. 1. Arrhenius plots obtained from the experimental data.

The apparent activation energies measured at 350-
450 °C for all reactions in the gas phase of n-C; reforming
are summarized in Table 1. The correlation coefficients (R?)
of these plots (Arrhenius plots) were obtained above 0.95
showing a good fit to the experimental data. From the slope
of these plots, the apparent activation energies were
approximated to be in the ranges of 64.1-107.1 (for
isomerization reaction), 157.9-271.2 (for cracking reaction),
37.6-48.3 (for hydrogenolysis reaction) and 109.4-129.5
(for aromatization reaction) kJ mol”. These results indicate
that among four main reactions occurred during this
process, the cracking reaction performs hardly because of its
higher activation energies. As a result, less cracking
products are produced from the synthesized catalysts, which
is a very desirable deficit. While the hydrogenolysis
reaction is the fastest and easiest response based on the
activation energies, the reaction such as cracking is not
desired and should be minimized. According to the
activation energies of isomerization reaction, this reaction
has also the good conditions for performing. These data are
very sparse, such as the activation energies reported in the
literature [3,8] for the gas-phase reforming of n-C; over the
supported catalysts.

The observed reaction rates as a function of the partial
pressures of each reactant in the logarithm form are shown
in Fig. 2. In this figure, the partial pressures of n-C; (or H,)
were changed while the other component pressure was kept
constant [14].

This figure shows that the reaction rate increases with

increasing the pressure of n-C;, whereas the reaction rate
decreases slightly with increasing the pressure of H,. Three
parameters of the PL model (k, m and n) based on Eq. (1)
were measured by multiple regression analysis at different
temperatures. The results of estimated i-C; selectivity versus
experimental data (just isomerization reaction is shown
here) are presented in Fig. 3. The fitness of the PL model to
the experimental data is evidenced by the slope of unity and
correlation coefficient. The calculated data with this model
present a good fitness with the experimental data (R*> =
0.99). Although the PL model is a mathematic model and
does not have a direct connection with the reaction
mechanism [15], the estimated kinetic results from this
model are similar to those reported in literature [15,16] for
this reaction. Accordingly, it seems that this model is
approximately sufficient to represent the kinetic behavior
and parameters obtained from the prepared catalysts for the
reactions of n-C; reforming.

The measured values of n and m from this model show
the negative values for hydrogen in the isomerization,
cracking and hydrogenolysis reactions. The negative rate
exponents of hydrogen in these reactions show the
inhibitory effect of this compound, and the positive
exponents show the strong adsorption on the catalysts
surfaces.

Langmuir-Hinshelwood (LH) Model
Same experiments as PL model were done in this
section. Kinetic parameters of Eq. (6) have been estimated
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Table 1. H, and n-C; Exponents and Activation Energies Estimated by the Power Law
Model for Various Reactions of n-C; Reforming

Catalysts Orders ! i-C; Crack. Hydro. Arom.
(&O)
350 0.5 12 1.1 1.1
N 400 .03 0.5 0.7 0.7
450 202 02 0.4 0.6
PY/Zr(5)-HZ 350 1.4 13 1.6 0.8
mes 400 12 10 12 0.4
450 1.0 09 1.1 02
Eg (mol) o7 157.9 37.6 129.5
350 0.7 12 0.7 1.1
- 400 .03 0.5 0.4 0.6
450 202 03 0.4 0.6
PY/Zr(10)-HZ 350 1.1 19 1.4 0.7
mes 400 0.9 12 1.1 03
450 0.9 10 1.1 02
Eg (mol) 1o, 158.0 38.5 1263
350 .03 1.0 1.0 0.8
N 400 202 0.4 0.5 0.6
450 202 03 0.4 0.5
PY/Zr(20)-HZ 350 13 18 13 0.4
mes 400 1.1 11 1.1 02
450 1.0 10 1.0 0.1
Eg (mol) 455 187.4 483 119.9
350 0.5 0.8 0.5 12
i 400 03 03 03 0.6
450 202 202 02 0.6
PUZr(35)-HZ 350 1.0 19 1.6 0.9
mes 400 0.9 11 12 03
450 0.9 10 1.1 02
Eg (Imol™) ¢4, 2712 612 109.4
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Fig. 2. Double-log plots of the reaction rates versus the partial pressures of (a) n-C; and (b) Ho.

for each reaction mentioned in the n-C; reforming process.
These data are listed in Table 2. These results show that the
activation energies calculated via the LH model vary with
the activation energies measured by the PL model. This
observation is probably because the molecular adsorption
and interaction have not been considered by this model
because of its mathematical nature. The negative values of
the adsorption heats for the n-C; (AH,g4sc7) and Hy (AH,g4s.c7)
in Table 2 show the exothermic natures of these adsorptions
in the reforming process.

Table 2 summarizes the pre-exponential factors of H,
(App) and n-C; (Acy) adsorptions. This factor for n-C; is
almost the same for all catalysts, and for hydrogen is small

in most cases. The smaller pre-exponential factor probably
implies a slower and weaker adsorption for respective
component over the surfaces of catalysts. These results are
in full compliance with the activity and selectivity of
catalysts.

The parameters obtained were used to simulate the
selectivity of catalysts to various products. The results of
simulated i-C; selectivity by LH models to experimental
data are presented in Fig. 4.

The results show that the calculated data concerning the
LH model present a same trend to the experimental results,
and the accuracy of these data (R* ~ 1.00) is better than the
simulated results with PL model.
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Fig. 3. Estimated data by power law model. These plots are presented only for one of the selected
reactions (isomerization) in the n-C; reforming.
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Fig. 4. Estimated data by Langmuir-Hinshelwood model. These plots are presented only for one of the
selected reactions (isomerization) in the n-C; reforming.

CONCLUSIONS

The kinetics of n-C; reforming over a series of Pt
based catalysts has been examined as a function of n-C;
and H, partial pressures at various temperatures. The
reaction orders of hydrogen are negative with respect
to isomerization, cracking and hydrogenolysis reactions,

suggesting the inhibiting effect of H, and positive with
respect to n-C;, indicating the strong coverage of catalysts
by n-C;. The kinetic tests show that these catalysts
(especially Pt/Zr(35)-HZ) perform the n-C; reforming
process with a proper rate.
calculated in this work confirm that these catalysts are

The activation energies

attractive supports for this process. Furthermore, two kinetic
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Table 2. Kinetic Parameters and Activation Energies Estimated by Langmuir-Hinshelwood Model for Various
Reactions of n1-C; Reforming

Catalysts Parameters i-C; Crack. Hydro. Arom.
act -1
E,;, (Jmol’) 121.6 70.8 9.6 182.8
K
A (mol g's™) 12x107  14x10"™  1.7x107° 14x10*
-AH,g,-c7 (kT mol™) 56 56 56 56
PY/Zr(5)-HZ K
Ac(atm™) 202 20.2 202 20.2
~AH, 112 (kJ mol™) 98.6 112.6 639 46.9
KH2
Ap, (atm™) 20x10°  19x10%7  1.6x107% 93 x 10
act -1
E,, (kImol™) 119.4 103.4 415 166.4
K
A (mol g's™) 26x10%  9.0x10"  14x10™ 1.6 x10™
-AH,ga.c7 (kT mol™) 5.6 56 5.6 56
PY/Zr(10)-HZ K
Acs (atm™) 20.2 20.2 20.2 20.2
~AH 112 (kJ mol™) 725 94.8 93.0 102.8
KH2
Ay (atm™) 13x10"  60x10%*  85x107° 13 x107%
act -1
E;y, (kImol™) 117.1 1342 58.8 138.8
K
A (mol g s™) 86x10° 43x10* 1.5x10™" 79 x10*
-AH,ga.c7 (kT mol™) 5.6 56 5.6 56
Pt/Zr(20)-HZ K
Acs(atm™) 202 202 202 202
~AH, o112 (kJ mol™) 68.8 37.9 354 99.8
KH2 1 12 19 20 10
A (atm™) 47x10"%  55x%10° 1.4 x 10 9.3 x 10°
act -1
E,;, (Jmol’) 116.4 149.2 1043 97.8
K
A (mol g's™) 52x10°  13x10°  96x10"° 50x10"
-AH,g,-c7 (kT mol™) 56 6.3 56 5.8
PY/Zr(35)-HZ K
Acs(atm™) 202 23.0 202 213
~AH, 112 (kJ mol™) 98.0 196.3 140.8 112.0
KH2 1 10 33 7 5
A (atm™) 47 x 10° 1.4 x 10° 42 %10 11.8 x 10

models (power law and Langmuir-Hinshelwood) were data to validate the model. This modeling study indicates
tested by first estimating kinetic parameters, and then that the reactions of this process are good described by
estimated selectivity data were compared to experimental the Langmuir-Hinshelwood model, suggesting the reaction
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mechanism.
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