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Abstract

Laj ¢St 4NiO; perovskite-type oxides were prepared by reverse microemulsion method aided by ultrasonic
homogenizer. The mixed oxide precursors and the corresponding derived fresh catalysts were characterized by
thermogravimetry and differential thermal analysis (TG/DTA), X-ray diffraction (XRD), Brunauer—-Emmett—
Teller (BET) surface area and high resolution transmission electron microscope (HRTEM). XRD results reveal
that pure phase of perovskite-type crystalline structure was obtained for all samples and the electronic unbalance
caused by the partial substitution for La>* by Sr** is compensated by oxidation of a fraction of Ni** to Ni** and/or
generation of oxygen vacancies in the perovskite lattice. There exist two kinds of oxygen species on the oxides:
surface adsorption oxygen and bulk lattice oxygen. The surface oxygen contributed to oxidize methane
completely to CO, and H,O because of its higher reactivity, while the other one prone to oxidative coupling of
methane into C,Hg and C,H, (C,,). In this study a mathematical model for the oxidative coupling of methane
(OCM) over LageSry4NiO; pervoskite is developed. From this simulation it can predict that the activity at
temperature > 925 °C and methane partial pressure =0.3 and oxygen partial pressure =0.1 will be reach ~10%
and selectivity ~50%.
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1. Introduction

In the past two decades, considerable world-wide researches have been conducted to develop various
commercially viable processes for methane conversion via direct or indirect routes. Among these researches, the
direct route that converts methane into high hydrocarbons in one step by the oxidative coupling reactions is more
economically attractive and consequentially has been thoroughly studied (Siavash et al. 2011). Investigations
made on OCM have been mostly focused on the two following areas: a) Synthesis and characterization of
catalysts, determination of active sites and the role of promoters, and

b) Kinetic studies, investigation of mechanisms and measurement of activation energies.

So far a large number of catalysts and kinetics of this reaction have been reported in the literature (Nastaran et al.
2010), it is necessary to find a catalyst that could activate the C—H bond of cyclohexane and provide moderately
active oxygen atoms so as to avoid the nonselective oxidation to CO and CO, (Jin et al. 2009). Perovskite-type
oxides, represented by the general formula ABO; were found very active and selective toward C,,
hydrocarbons.

In particular, the role of the A site ion is to stabilize the perovskite structure, while the B-site ion is relevant to
the catalytic activity. The high stability of the perovskite structure allows the partial substitution of either A or B
cations by other metals with different oxidation states, can change the electronic state, oxidation state, M—O
bond strength, and generate a higher average oxidation state of the B ion or the formation of oxygen vacancies.
The oxygen vacancies play an important favorable role in the oxidation process since they accelerate the
dissociation of oxygen molecules on the surface and increase the mobility of lattice oxygen. These situations are
usually reached by partial replacement of the A cation (La) with other metals (as Sr), which can have an
oxidation state different from 3+ (Barbero et al. 2006). Kinetic studies, reaction modeling and simulation can be
used for the interpretation and optimization of the data that obtained from the homogeneous and heterogeneous
reactions. It can predict the effects of different operating conditions which reduced the required experimental
work (Lee et al. 2012). The simulations were done by using the polymath software program to estimate the rates
of methane conversion, C,, and CO, formation; the methane conversion and selectivity to Cy,.
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2. Experimental
2.1. Catalyst preparation

In the single-reverse microemulsion technique, just one reverse microemulsion is used. The reverse
microemulsion used for this study consisted of CTAB as surfactant (s), 1-butanol as co-surfactant (cs), and
cyclohexane as oil phase (0). In all of the reverse microemulsions, the mass ratio of (cs) to (s) was 1.5. An
aqueous solution (w) of LaCl;-7H,O (Sigma, assay 99.9%), Sr(NO;), (Eastrin Fine Chemicals, Ltd, assay 95%)
and Ni(NO;),-6H,0 (Eastrin Fine Chemicals, Ltd, assay 99%) containing a total metal concentration of 1M was
added drop wise to four different ratios of the mixture (s + cs):(0) for mass ratios of 0.2 (A1), 0.4 (A2), 0.6 (A3),
and 0.8 (A4). In Figure 1, the compositions of the microemulsions used for this study are shown with the aid of a
triangle diagram. In this diagram, the initial (s + cs) :( 0) ratios (0.2, 0.4, 0.6 and 0.8) are shown on the base of
the triangle. The addition of LaCl;-7H,0, Sr(NO;), and Ni(NOs;),-6H,0 took place upwards along the dashed
lines A1-A4. During the addition of the aqueous mixture of salts, LaCl;- 7H,O + Sr(NOs), + Ni(NOs;),-6H,0,
into the (0) + (s) + (cs) mixtures, the conductivity (o) of the solution was affected. The variation in conductivity
was studied using a bench top Hanna conductivity meter kept at 25 ‘C with circulating water from a controlled
temperature stabilizer. The obtained results are shown in Figure 2 in the form ¢ = f(¢). The fraction ¢ is equal to
Vi/(Vy + V, + Vi + V), where Vy, is the volume of aqueous phase, V,, is the volume of oily phase, V; is the
volume of surfactant, and V is the volume of co-surfactant. The volume of surfactant (V) was not taken into
account since the volume of CTAB as a solid was negligibly small. In the triangular diagram shown in Fig. 1, we
have chosen one point (A) corresponding to microemulsion A4 for preparing perovskite Lag¢Srg4NiO;. The
corresponding perovskite was developed by adding an aqueous NH,OH solution (4M) to the vigorously stirred
microemulsion A4 as a precipitating agent. The hydroxide mixture was then filtered, washed alternatively three
times with deionized water and an alcohol mixture, and then dried at 100 ‘C overnight. The dried powder was
ground in an agate mortar and calcined at 750 ‘C for 4 h under atmospheric conditions. The final calcination
temperature 800 ‘C was selected after thermogravimetric investigation.

2.2. Catalyst characterization
2.2.1. Thermal measurements (DTA-TGA)

Differential thermal analysis was carried out by Q600 DST simultaneous DSC/TGA apparatus. All runs were
carried out at a heating rate of 10°C/min in the temperature range from room temperature to 1000°C under
nitrogen flow to follow the structural changes accompanying the thermal treatment.

2.2.2. XRD measurements

The crystalline structure of the prepared powder was analyzed by X-ray diffractometry (XRD) (X-Pert PRO,
PAN analytical, Netherlands) using CuK_ radiation in the angular region of 26=4"-70". For phase identification
purposes, automatic JCPDS library search and match were used.

2.2.3. BET surface area measurements

Brunauer-Emmett-Teller (BET) surface area was measured at liquid nitrogen temperature (-196°C) using
Quantachrome Nova 3200 S automates gas sorption apparatus. Prior to such measurements all samples were
perfectly degassed at 300°C for six hours and under vacuum pressure 1.3 x 10~ Pa.

2.2.4. Transmission electron microscope (TEM) measurements
Transmission electron microscopy images were recorded on a JEOL-1400 TEM at 120 kV.
2.3. Kinetic modeling and reaction rates

A gas-phase heterogeneous kinetics is studied to assess the capability of the prepared perovskite LagSr4NiO;
catalyst towards the oxidative coupling of methane that be carried out in fixed-bed reactor at different conversion
conditions.

The C,, production, carbon oxides (CO,) formation, and methane conversion rates are explained as functions of
methane and oxygen partial pressure under experimental conditions of: weight of catalyst 0.05g , 0.15 >Pcyy <
0.3 atm, Po, =0.1atm, and at reaction temperature range 800° C > T< 925° C (Taheri et al. 2009).

The reaction scheme for the OCM is considered as follows:
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The detailed elementary steps are:

2CHy+050» — C3Hg +H2O
CoHg +0.50, — C3Hy +HO
CH1+1503 — CO+2H2D

CH1+20; — COr+2H20O

The power law model is selected by (Farsi et al. 2011) to estimate the reaction rate in terms of partial pressures
of methane and oxygen:

Ry = K P&, FS, (1)

where, the rate constants were calculated by the Arrhenius equation:
K=k =
v =hoexp| 5 (2)

in which kg is the pre-exponential factor and E is the activation energy.
The parameters in the power law model are solved by applying the polymath program.

The following equations (3—5) represent the results that obtained from the kinetic power law model, including
the pre-exponential factor (kg), activation energy (E;) and power law exponents (m, n):

Rem, = 5.375443¢= e P&I98 p77761 @
Rc,, = 0.108777366e = R~ PRI PSS (9)
Reo, = 5.375443¢ = FF P58 pg 12161 _ o

2

0.217554732¢ ™ R~ PY§541 pYSi8

These kinetic equations are basically taken from the experimental data published by (Farsi et al. 2011) who used
a nano structured perovskite catalyst that is similar to the selective perovskite Lag ¢St 4NiO; catalyst towards the
oxidative reaction under the same experimental condition in our pervious work (Aman et al. 2013).

3. Results and discussion

Fig. 2 shows that a gradual increase in @ (aqueous ratio) results in an increase in conductivity (o), because both
the number and the size of the micelles increase. The conductivity maximum can be attributed to the saturation
of the micelles and the percolation phenomenon (Ko“sak et al. 2004). When more water was added to the system,
it led to a phase separation, and conductivity was lowered. The point (P) in Fig. 2 is the saturation point. The
larger the region between the initial and maximum conductivity, the greater the W/O micelle region, and the
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Figure 1. Phase diagram of the reverse microemulsion system for Laj¢Srp4NiO3; at TMC =1. The conductivity
experiments in figure 2 were performed along the dotted lines (.....). The upper bold line (-) corresponds to the
upper limits of the experiment. The dashed dotted line (.-.-) corresponds to the maximum of do/d¢ curves in
Figure 3 and roughly divides the region of the reverse from that of bicontinuous microemulsion. The lower bold
line is the approximate limit at the percolation threshold. The point X; corresponds to the composition chosen for

the synthesis of perovskite.
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Figure 2. Variation of the conductivity ¢ of the system to prepare Laj ¢Sty 4NiO; at TMC =1 by the addition of the
aqueous solution (=).The variation of do/de= f (¢) is also shown. The dashed vertical line separates roughly the

reverse region (left) and bicontinuous region (right) of microemulsion (e).
3.1. Physicochemical properties of catalyst

The reaction process during the thermal treatment can be described as follow:

0.6LaCly+ Ni(NO;) o+ 0.4Sr(NOs), + 3.6NH,OH —
0.6La(OH)3+0.4Sr(OH),+Ni(OH),+1.8NH,NO;+ 1.8NH,Cl (1)
0.6La(OH);+Ni(OH),+0.4Sr(OH), JANER
0.3La,05+NiO+0.4Sr0+2.3H,0 A 2)
0.3La,05+Ni0+0.4Sr0+ 0.70,——p  Lay¢Sro4NiO; 3)
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For the prepared Laj¢ Sty 4NiO; sample, differential thermal profile Figure 3 exhibits a large endothermic peak
centered at 227 ‘C accompanied by a loss in weight due to the escape of adsorbed water and also to the
decomposition of the surfactant. The three endothermic peaks that appear at ~ 327, 340 and 495°C are related to
the decomposition of Ni(OH),, La(OH); and Sr(OH),, respectively into their oxides (Oliveira et al. 2010). Also
these endothermic effects are accompanied by a high loss in weight (~17 wt %).The weight loss was about 17 wt
%which is in agreement with the theoretical value of 16.2 wt% caused by the loss of 2.3 molecules of water (Eq.
(2)). Another small endothermic peak appears at 678°C assigned to the formation of LagSr4NiO; perovskite
sample according to the sequence of steps of the reaction during the thermal treatment (Eq. (3)).
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Figure 3. Differential and gravimetric thermal profiles of perovskite La, ¢St 4NiO5 sample.

The XRD patterns (figure 4) of the LaNiO; and Lag 651, 4NiO; samples. Both samples exhibited single crystalline
perovskite structure. The diffraction lines of LaNiO; could be indexed to standard LaNiO; (JCPDS file No. 33-
0711) with a rhombohedral structure, while the Sr-substituted sample (LagSro4NiO;) exhibited an almost
identical diffraction pattern to cubic LaNiO; (JCPDS file No. 33-0710). This mean the strontium substitution
could induce changes in the crystalline structure there by modifying the rhombohedral structure tending to a
nearly cubic one. This means that the substituted perovskite structures are less distorted than that of LaNiO;
(Kumar et al. 2013).

Accordingly, the high ionic radius of 12-coordinated Sr** (1.44 A) as compared to that of 12-coordinated La’ *
(1.36 A) indicates that the cell volume should be very slightly affected by the strontium substitution.
Nevertheless, as the strontium has a lower oxidation state than lanthanum, an increase of the nickel oxidation
state from Ni** to Ni** could have occurred or oxygen vacancies would be generated to maintain the structure
electroneutrality. The ionic radius of Ni** (0.48 A) is smaller than that of Ni** (0.56 A); then, this could be the
reason for the slight increase in cell volume.

Figure 4. X-ray differaction patterns of perovskite LaNiO; and Lay ¢St 4NiO; samples.

The data in table (1) indicates that the electronic debalance for the prepared La, ,Sr,NiO; sample has been
affected by the partial substitution of lanthanum (3+) with strontium (2+). The tolerance factor (t) was defined
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using Goldschmid’s equation:

i

Ta+ To

V2(rg + 7o)
where 1y, 1 and ro represent the ionic radii of A and B cations, and the O anion for ABO;-type compounds
(Barbero et al. 2006).

The perovskite structure exists in oxides within the t range 0.75-<1. The value 1 is for cubic perovskite and it
decreases when the structure is distorted. Then, the increase in the value t with the increase in the strontium
substitution level indicates a tendency of the structure towards a nearly cubic one, which was confirmed from the
XRD results.

Table (1): Structural parameters of LaNiO; and Lag ¢Sty 4NiO3

% (A o
Sample Crystalline phase a*(4) V**(A3) | Aok
LaNiO; Rhombohedral 3.861 57.55 0.83
Lay ¢510.4NiO5 Cubic 3.876 5821 | 0.84

The adsorption isotherms of all samples are Type II according to Brunauer classification. As shown in Figure 5,
there is no hysteresis loop thus Lag¢Sr4NiO; has no internal porosity owing to the lack of a pronounced
hysteresis loop in each. Therefore the calculated specific surface areas (Sggr = 20.8 mz/g) are mainly related to
the external surface formed between the small particles (Giannakas et al. 2004).

:
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Figure 5. Adsorption-desorption isotherms for perovskite Laj ¢Sty 4NiO; sample.

TEM image Figure 38 show that the shape of the particles is mostly square and their particle sizes are almost
uniform. The discrepancy in the crystallite diameter data (14.1 nm) confirmed by the x-ray diffraction analysis
with that by TEM (10.8-33.1) is due to the agglomeration among the primary particles (Biswas 2009). One the
other hand this solid is non-rigid aggregates of plate-like particles (in agreement with N, adsorption-desorption
data).

Figure 6. TEM image a0,6$r0,4N103 perovskite sample.
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3.2. Kinetic modeling and reaction rates
The conversions of methane are calculated according to the following equation [16]:

Xcus= Reng- W/ Finput,CH4 (6)
where Xcus, Reps, W and Figpycns , are the methane conversion value , overall conversion rate of methane,
catalyst mass and methane input molar flow rate, respectively.
Figure 7 shows the calculated methane conversion rates as a function of methane partial pressures at the reaction
temperature range 800-925° C. Data in figure clarifies that the rate of methane exhibits high values at higher
reaction temperatures. On the other hand the rate of methane conversion increases continuously by increasing the

partial pressure of methane. Therefore, high temperature conditions are necessary to activate the strong primary
C—-H bonds in the reactants; more methane is consumed and the conversion increases.
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Figure.7. Calculated methane conversion rates at different reaction temperatures as a function of methane partial
pressure.

Figures 8 and 9 show the calculated rates of C,, and CO, formation as a function of methane partial pressure at
different reaction temperatures. As expected, more C,, is formed at higher temperatures because more CHy is
consumed as previously represented in Figure. 7.
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Figure .8. Calculated C,, formation rates at different reaction temperatures as a function of methane partial
pressure.
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Figure .9. Calculated CO, formation rates at different reaction temperatures as a function of methane partial

pressure.
From the relation between the CH,4 conversion and the reaction temperatures at different partial pressure of
methane FigurelO, it's clear that the conversion of methane increases with the reaction temperature as well as the
increase in methane partial pressure. On the other hand, the selectivity of the prepared nano Laj ¢St 4NiO;
perovskite catalyst towards the converted C,, increases by increasing the reaction temperature and follows
almost the same trend, regardless of different methane partial pressure (histogram-Figure. 11).
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Figure 10. Calculated methane conversion at different reaction temperatures for different methane partial

pressures.
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Figurell. Calculated C,, selectivity at different reaction temperatures for different methane partial pressures.
From figure 11, this simulation can predict that activity at temperature > 925 °C and methane partial pressure

=0.3 and oxygen partial pressure =0.1 will be reach ~10% and selectivity ~50%.
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4. Conclusion

Kinetic simulation of OCM reaction was developed over La, ¢St 4NiO3; nanocatalyst which was synthesized by
reverse microemulsion method. It is suggested that a simple power law kinetic model may assist the researchers
in computer aided program (polymath). It can be useful for estimating the methane conversion and C2+
selectivity under the considered conditions. In order to propose a simple kinetic model over this nanocatalyst,
many available mechanisms were surveyed and four reaction steps were chosen which, are the most important
reactions leading to OCM products and common among all the available mechanisms. The accuracy of the
kinetic model was evaluated by comparing with the experimental data. The results showed that the power law
model can be used for kinetic modeling of OCM with its own limitations. This simulation can predict that
activity at temperature > 925 °C and methane partial pressure =0.3 and oxygen partial pressure =0.1 will be reach
~10% and selectivity ~50%.
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