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bstract

A dense membrane of La0.6Sr0.4Co0.8Fe0.2O3−δ (LSCF) perovskite was prepared by a new chelating agent, ethylene diamine N,N,N′,N′-tetra
-acetyl diamine (EDTNAD). As a potent ligand, EDTNAD provided a facile one-step method to form complexes of the four metal ions, simulta-
eously. The oxygen permeation flux through the pure perovskite LSCF dense membrane was measured over temperature range of 1073–1223 K,
hickness of 0.7–1.0 mm and oxygen partial pressure of 0.1–1.0 bar. Oxidative coupling of methane (OCM) reaction using LSCF disk in the

tmospheric membrane reactor and over the temperature range of 1073–1173 K showed a C2 selectivity of 100% and C2 yield of 5.01% at 1153 K.
urthermore, OCM reaction data of the membrane reactor were discussed and compared with those of the fixed bed using the same perovskite
owder as the catalyst.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, due to the existence of huge gas resources,
ethane conversion to valuable products is of paramount

mportance. Oxidative coupling of methane (OCM) to C2 hydro-
arbons (ethane and ethylene) is a well-known conversion
rocess. Although enhancing the C2 selectivity and yield was
ollowed by others until 1990 [1–6], these quantities were not
till high enough because of the nonselective gas phase reactions
nduced by the catalyst surface [7]. Several studies on OCM were
arried out in packed-bed reactors in co-feed operation mode in
hich methane and oxygen were fed to the reactor at the same
ime [8–15]. The main drawback of these studies (co-feed oper-
tion) is the low C2 selectivity as the total oxidant of the process
s gaseous molecular oxygen [16–17]. To solve this problem,

Abbreviations: OCM, oxidative coupling of methane; EDTNAD, ethylene
iamine N,N,N′,N′-tetra N-acetyl diamine; GC, gas chromatography.
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esearchers shifted to use membrane reactors, which provide the
ndirect mixing of methane and oxygen via transport of molec-
lar oxygen in the form of ionic oxygen species [18–25]. The
ajor advantage of membrane reactor is preventing the direct
ixing of oxygen and methane.
The oxygen permeable perovskites have the general for-

ula of ABO3 in which A is composed of rare and alkaline
arth metal ions and B is a transition metal ion [26]. Substi-
ution of alkaline-earth ions on the A-site affects the oxygen
onstoichiometry of the perovskite [16], while B-site can opti-
ize the catalytic properties of the perovskite-type oxides for

xidation reactions [26,27]. Dense membranes of the type of
axSr1−xCoyFe1−yO3−δ are conductors of both oxygen ion
nd electron [28–35]. High oxygen permeation fluxes through
he several LaxSr1−xCoyFe1−yO3−δ perovskite membranes are
eported, previously [36–37]. The higher Co and Sr contents in
he perovskite result in higher oxygen flux values [36], while

he presence of La is necessary for the stability of this type of

aterial [7].
Extensive studies on the OCM process in the membrane reac-

ors were performed taking into account: the catalytic properties

mailto:nazarikh@ripi.ir
dx.doi.org/10.1016/j.molcata.2008.01.043
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stepwise diagram for preparation the LSCF disk membrane. The
perovskite phase structure of the samples was characterized by
X-ray diffraction.
0 Z. Taheri et al. / Journal of Molecular

f perovskite-type [18,20], tubular membrane [38–41], packed
atalyst in the tubular membrane reactor [41], the effects of
xygen flux, temperature and feed concentration [42] and the
omparison of the membrane reactor with co-feed reactor [7,20].

Various procedures and method such as coprecipitation [43],
olid-state reaction [44–47], combustion [48], citric-EDTA com-
lexation [49–52] and sol–gel process [53] were introduced for
ynthesis of perovskite powders. The quality of produced pow-
er depends on the preparation method. Perovskite-type oxide
a0.6Sr0.4Co0.8Fe0.2O3−δ produced by EDTA method and its
pplication as a dense membrane for OCM process is previously
eported [54].

In the present work, a new facile complexation procedure
n preparation of LSCF perovskite membrane is described. The
dvantages of the method are described and the catalytic behav-
or of dense membrane (La0.6Sr0.4Co0.8Fe0.2O3−δ) is studied
n the oxygen permeation and OCM reaction. Furthermore, the
CM reaction is investigated in the fixed-bed reactor with the
acked perovskite catalyst and the comparative results were
btained and discussed for the fixed-bed and membrane reactors.

. Experimental

.1. Materials

Sr(NO3)2 (with the purity of 99%), Co(NO3)2·6H2O (97%),
e(NO3)3·9H2O (98%) and La(NO3)·6H2O (99%) were pur-
hased from Merck and used without further purification. Pure
thylene diamine N,N,N′,N′-tetra N-acetyl diamine (EDTNAD)
btained from Research Institute of Petroleum Industry and was
sed as a 70% solution in water [55]. All of the salts solutions
ere prepared in CO2-free deionized water (Barnstead NANO
ure D4742 deionizer, Electrical Resistance = 18.3 M�).

.2. Instrumentations

A programmable tubular furnace (Heraeus model RO 4/50)
as used for calcinations of perovskite powders at 1223 K.
nother programmable chamber furnace (Lindberg model
9744) was also used for sintering of the perovskite catalyst
t 1473 K.

An on-line gas chromatograph (GC, model Chrompack
000), which was equipped with a 13× molecular sieve col-
mn, thermal conductivity and flame ionization detectors. An
uto-sampling valve was used to online analysis of the prod-
cts and permeated gas by GC. The flow rates of the inlet gases
ere also controlled by the digital mass flow controllers (Brooks
850), which were calibrated by a 10 ml bubble flow meter.

The crystal structure of the membrane samples was charac-
erized by X-ray diffraction (XRD) (Philips-PW model 1840,
ith CU K� radiation) with a 2θ scan from 20◦ to 70◦. The
orphology of the membrane was examined by scanning elec-

ron microscopy (SEM) technique (Cambridge model S360).

xperimental formula and stoichiometry of the metal ions for the
repared perovskite were determined and confirmed by atomic
bsorption spectroscopy (Perkin-Elmer AA 200) and Induc-
ively Coupled Plasma (ICP, Plasma 400) techniques. A Hach

S
o

Scheme 1. Structure of EDTNAD ligand.

aboratory turbidimeter model 2100N was used for measurement
f turbidity of the solutions.

.3. Preparation of LSCF membranes

EDTNAD with the structure shown in Scheme 1 is a lig-
nd consisting of four hydrazide groups and has the capability
f strong complex formation with alkaline earth and transition
etal ions and even is able to easily dissolve the oxide forms of

he metals at neutral pH [55].
The La0.6Sr0.4Co0.8Fe0.2O3−δ (LSCF) powder was prepared

y complexation method with EDTNAD solution. In this
ethod stoichiometric amount of each salt including Sr(NO3)2,
o(NO3)2·6H2O, Fe(NO3)3·9H2O and La(NO3)·6H2O were
rst dissolved in a 18% (V/V) EDTNAD aqueous solution. The
btained solution was heated at 333 K for about 3 h while stir-
ing. The obtained gel-like dark-red material by evaporating
he solution at room temperature is then self-ignited at 473 K
n a vacuum oven. Then, the obtained gray powder was cal-
ined at 1223 K for 5 h. The obtained black oxide powder was
ressed into disk pellets under 400 MPa (4000 bar) hydraulic
ressure. Disks were sintered at 1473 K for 10 h by heating and
hen cooling rate at 2 K/min. Both sides of the sintered mem-
rane were polished with 1000 mesh SiC paper to give a final
hickness of approximately 0.7–1.0 mm. Scheme 2 shows the
cheme 2. The diagram of preparation steps for LSCF disk membrane per-
vskite.
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cheme 3. The membrane reactor setup for oxygen permeation and OCM reac-
ion studies.

.4. Membrane and fixed bed reactor setup and procedures

Scheme 3 shows the overall appearance of the membrane
eactor apparatus. One side of the membrane was exposed to
mixture of O2–N2 and/or air and the other side exposed to

ither diluted methane in the OCM reaction run, or helium in the
ermeation run. The prepared perovskite membrane with about
1 mm diameter was placed between two quartz tubes (12.0 mm
uter diameter, 11.0 mm inner diameter), which were sealed by
wo Pyrex rings.

Two parts of the membrane reactor (upper and lower parts)
ere fixed by two steel heads outside the small tubular furnace of

he setup shown in Scheme 3. The small tubular furnace (Heraeus
ANAU) equipped with a controller was used to adjust and read

he reaction temperature (with a K-type thermocouple). In order
o seal the quartz membrane reactor around the disk, it was fixed
etween two Pyrex rings, heating at 1223 K. To check the suc-
essful sealing, helium and nitrogen streams were respectively
ntroduced through lower and upper sides of the membrane. The
omplete sealing corresponds with no detection of nitrogen in
he effluent of the helium stream by GC. Two steel heads (see
cheme 3) supplied and conducted methane–helium as well as
xygen and nitrogen mixture gases to both sides of the per-
vskite disk, separately. A thermocouple was inserted into the
uartz tube (4 cm above the disk) for measuring the temperature.
he permeate stream was cooled to room temperature for moni-

oring the composition of the product stream and then analyzed
y GC. The oxygen permeability measurements were done by
xposing one side of the membrane to a mixture of O2–N2 and/or
ir (150 ml/min), while the other side was only exposed to helium
25 ml/min). In the case of OCM reaction, oxygen (25 ml/min)
as introduced through one side, while diluted methane with
elium (80 ml/min) flowing through other side of the membrane.
n the case of co-feed reactor, OCM reaction was carried out
n a tubular fixed bed micro-reactor using a quartz tube (6 mm
nner diameter) in the said small tubular furnace and atmospheric
ressure. The mixture of methane, oxygen and helium with flow

ate of 80 ml/min was exposed as feed to the reactor. The feed
tream passed through the sieved catalyst (0.5 gr, 30–35 mesh).
he reaction temperature was controlled by a controller and
easured using a K-type thermocouple placed under the cat-

p
a
p
p

lysis A: Chemical 286 (2008) 79–86 81

lytic bed. Product stream was withdrawn from the bottom of
ubular reactor and analyzed by GC.

. Results and discussion

.1. Comparison of homogeneity of the solutions of EDTA
nd EDTNAD metal complexes

In order to indicate the higher potential of the new chelating
gent, EDTNAD, two experiments were conducted for compar-
ng the homogeneity and pH-stability of the metal complexes.
.0676 gr of H4-EDTA (ethylene diamine tetra acetic acid)
as dissolved in ammonia solution (8.0 M). The pH of this

olution was about 8. Then stoichiometric amounts of metal-
ic nitrates Sr(NO3)2, La(NO3)·6H2O, Co(NO3)2·6H2O and
e(NO3)3·9H2O were added, respectively so that the molar ratio
f EDTA to total metal cation content was 1.5:1.0. After addi-
ion of the second salt, some coagulated materials formed in
he solution. Indeed after addition of the metal salts, pH of the
olution decreases considerably (becomes acidic). By heating
nd addition of excess amount of ammonia solution coagulates
issolved. The same problem was faced with the addition of
rd and 4th salts in which small size particles were formed in
he solution. Again using heat and extra amount of ammonia
olution the problem was solved. These findings indicate that
he metal ions/EDTA complexes do not show high stability with
he changes in pH of the solution and the solution is not really
omogeneous probably because of partial formation of metal-
ic hydroxides at alkaline pHs. To check the homogeneity of the
olution at high pH values, turbidity of the solutions at pH 8.0 and
H 12.0 were measured using a Hach laboratory turbidimeter.
urbidity of the solutions was obtained 95 and 57 NTU (Neph-
lometric Turbidity Units), respectively. At pH 3.0 the solution
as containing large amounts of coagulates and precipitates.
In the second experiment, a solution of metal ions/EDTNAD

ith a molar ratio of EDTNAD to total metal cation content of
.5:1.0 was prepared. Using the EDTNAD chelating agent none
f the above problems were observed. The solution was clear
nd homogeneous at acidic and alkaline media. For example
urbidity of the complex solutions of metal ions/EDTNAD at
H 3.0, pH 8.0 and pH 12.0 were obtained 4, 2 and 1 NTU,
espectively. EDTNAD chelating agent can also use as a potent
escaler, which can even dissolve iron oxides of Fe2O3 and
e3O4 [55].

.2. Characterization of the membrane material

XRD technique provides an effective and direct way to char-
cterize the phase structure of the prepared perovskites. Pattern
in Fig. 1 shows the crystal phase of the prepared LSCF via

he EDTNAD synthesis method (Scheme 2), which is simi-
ar to that previously reported by Elshof and coworkers [54].
ig. 1 shows the XRD patterns of the perovskite at room tem-

erature after calcinations at 1223 K (pattern a) and sintered
t 1473 K (pattern b), respectively. Calcination at higher tem-
eratures shows the presence of an essentially pure perovskite
hase. Pattern c is the crystal structure of LSCF perovskite (sin-
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Table 1
Elemental analysis by atomic absorption and ICP for the prepared perovskite

Composition (%W/W) La1−xSrxCoyFe1−y

La 37.0
Sr 15.5
C
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ig. 1. XRD patterns of the LSCF perovskite: (a) calcined at 1223 K; (b) sintered
t 1473 K; (c) sintered sample after treating by O2 for 12 h.

ered at 1473 K) after the oxygen permeation experiments. The
RD pattern c indicated that exposing the membrane surface

o oxygen for about 12 h (at 1073–1173 K) led to lowering the
ntensity and broadening of peaks, which is corresponding to
decrease in the crystallite size of the perovskite phase. Sim-

lar results is shown for oxygen permeability and stability of
SCF perovskite membranes, in which partial transformation
f LSCF to the metal oxides associated with a decrease in the
rystallite size of the perovskite is reported [56]. The crystal-
ite sizes of the catalyst membranes were determined from the
RD data using Scherrer relation [57]. The crystallite size of

he perovskite membrane was obtained 60 and 12 nm before and
fter oxygen permeation, respectively. As the pattern c shows,
ain peaks positions remained unchanged, which means LSCF

erovskite phase is still thermally stable and did not change con-
iderably after treating by oxygen (see Fig. 1). In accordance to
he XRD patterns and crystal size determination data, clearly

o transition from the crystal to the amorphous phase can be
etected. Fig. 2a and b shows the SEM images of the LSCF
erovskite after calcinations at 1223 K and sintering at 1473 K,
espectively. When the sintering temperature is low (1223 K),

a
f
i
c

Fig. 2. SEM images indicating surface morphology of the LS
o 18.3
e 4.9

he perovskite is partially porous because of complete burning
f the ligand. Sintering at higher temperatures (1473 K) led to a
ense membrane with distinct boundaries and grown grains. The
lemental analysis of the prepared LSCF membrane is shown
n Table 1. The density of the membrane was measured by

eans of Archimedes method. The relative density was 96.5%
f theoretical.

The nonstoichiometry of La0.6Sr0.4Co0.8Fe0.2O3−δ (LSCF)
t room temperature (δRT) was determined using the oxidizing
ower method [58] which is described elsewhere [59]. First,
he LSCF powder was heated to 1000 ◦C and slowly cooled
n air (150 ◦C/day) to the room temperature. Then the powder
as dissolved in a 2 M HCl solution. Chloride anion reduces
e and Co to their 3+ and 2+ oxidation states, respectively. The
eleased Cl2 in the reduction step was conducted to a potassium
odide (KI) solution in which chlorine oxidizes I− to I2. The
mount of iodine was determined by redox titration using stan-
ard sodium thiosulfate (as the titrant solution) from which the
verage valency of the transition metal cations and the oxygen
onstoichiometry can be calculated.

Generally, it is believed that the nonstoichiometry at a given
xygen pressure and temperature decreases with iron content
f the perovskite [60]. At low δ values, the oxygen chemical
otential decreases with δ. This observation is corresponding to
he random distribution of oxygen vacancies. At high values of
, partial decomposition of the perovskite phase occurs. Hence,
e used a dense membrane perovskite with low Fe content for a
etter structural stability [61]. Iodometric titration result showed
value of δ ∼ 0.017 at ambient temperature for the used LSCF
rom which it is concluded the LSCF to be stoichiometric. Sim-
lar results were reported for a LSCF with even higher iron
ontent (La0.6Sr0.4Co0.2Fe0.8O3−δ) [59].

CF perovskite sintered at: (a) 1473 K and (b) 1223 K.
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oxygen permeation flux, which is normally expected for dilu-
tion of a gas mixture at constant pressure (here, atmospheric
pressure).
ig. 3. Oxygen flux through the LSCF disk as a function of temperature for two
hickness values of the membrane (PO2 = 0.21 bar). (�) L = 0.75 mm and (�)
= 0.85 mm.

.3. Oxygen permeability of the LSCF membrane

Temperature dependence of oxygen permeation flux through
he La0.6Sr0.4Co0.8Fe0.2O3−δ membrane was examined as
hown in Fig. 3. According to the figure, the oxygen perme-
tion flux increases with increasing of temperature. The oxygen
on diffusion rate in the bulk lattice is driven by the pressure
ifference and the tendency of increase in oxygen flux with
he elevating temperature is due to the increase of mobility and
oncentration of ionic carriers at high temperature. In order to
hange oxygen partial pressure over range of 0.1–1.0 bar, oxy-
en and nitrogen gases were mixed with different proportions
n the feed side. By applying an oxygen partial pressure gradi-
nt across the membrane, oxygen is driven from the high partial
ressure side to the low partial pressure side. Two processes can
escribe the oxygen transport: the surface exchange reactions
n the membrane surfaces and the ionic diffusion through the
ulk material.

The characteristic thickness parameter, Lc, as the ratio of
he oxygen diffusivity to the surface exchange coefficient can
e used to specify the type of permeation through perovskite
embranes [51]. When the membrane thickness is greater than

c, the oxygen flux would be mainly controlled by the bulk
iffusion rate, whereas for thickness <Lc, the oxygen flux would
e limited by the mixed effects of surface exchange kinetics and
he bulk diffusion rate. If the bulk diffusion effect controls the
xygen permeation, then the oxygen permeation flux (JO2 ) of
he membrane can be described by the following relation [61]:

O2 = RT

16F2L

(
σi × σe

σi + σe

)
ln

(
P2

P1

)
(1)

here L (cm) is the membrane thickness, P1 (bar) and P2 (bar)
re the low and high oxygen partial pressures on the two sides
f membrane, respectively. σi and σe (S cm−1) indicate the oxy-
en ion conductivity and electron conductivity of the perovskite

embrane, R and T (K) are the gas constant and temperature,

espectively.
According to Eq. (1), for bulk diffusion of oxygen permeation

linear plot of oxygen permeation flux (JO2 ) versus ln(P2/P1)

F
fl
n
a
1

ig. 4. Oxygen permeation flux through the LSCFO membrane disk as a function
f ln(P2/P1), T = 1153 K, L = 0.85 mm, P2 = 0.1–1 bar.

ould be expected as shown in Fig. 4. Furthermore, oxygen
ermeation flux decreases with increasing membrane thickness
rom 0.75 to 0.85 mm as shown in Fig. 3. Eq. (1) and Fig. 3
ndicate that oxygen permeation flux is inversely depended on
he membrane thickness [54].

Fig. 5 shows variation of oxygen flux with partial pres-
ure of permeated oxygen at helium flow rates of 5(inset) and
5 ml/min. The existence of N2 gas provides a good tool to
heck the successful sealing and/or cracking of the membrane.
xygen/nitrogen mixtures with a constant flow rate of about
50 ml/min were used and no detectable nitrogen was observed
n the permeate side of the membrane during these measure-

ents. Above 1240 K the Pyrex sealing rings melted and spread
n the disk surface leading to disrupting the sealing of membrane
eactor.

Increasing the helium sweep flow rate in the permeate side
esult in reducing the oxygen partial pressure and increasing the
ig. 5. Oxygen flux through the LSCF disk as a function of PO2 at helium
ow rate of FHe = 25 ml/min and F(O2+N2) = 150 ml/min, membrane thick-
ess (L) = 0.85 mm and T = 1153 K. Inset: Oxygen flux through the LSCF disk
s a function of PO2 at helium flow rate of FHe = 5 ml/min and F(O2+N2) =
50 ml/min, membrane thickness (L) = 0.85 mm and T = 1153 K.
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Fig. 6. C2 selectivity plot as a function of temperature for the membrane LSCF
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Fig. 7. C2 selectivity plot as a function of temperature for the fixed-bed LSCF
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atalyst, at the total flow rate of 80 ml/min. Inset: CH4 conversion plot as a
unction of temperature for the membrane LSCF catalyst, at the total flow rate
f 80 ml/min.

.4. Oxidative coupling of methane (OCM) using the LSCF
embrane and fixed bed reactor

OCM reactions were carried out in the LSCF dense mem-
rane reactor shown in Scheme 3. A mixture of He and CH4
as fed on one side and oxygen on the other side. Experimental

esults obtained from the membrane reactor were compared with
hose of fixed bed reactor at temperature range of 1073–1223 K.
he best results including C2 selectivity, conversion and yield
ere obtained at temperature range of 1073–1153 K.
Below 1073 K the extent of oxygen permeation is low and

bove 1240 K the sealing of membrane reactor was lost, hence
he values of C2 selectivity is only reported for the above opti-

um temperature range. Figs. 6 and 7 show the plot of the C2
electivity and methane conversion versus temperature for both
f the membrane and fixed-bed reactors. Fig. 6:inset represents
maximum methane conversion of 5.01% for the membrane

eactor while the maximum conversion for the fixed-bed reactor
as obtained 22% as shown in Fig. 7: inset. It must be mentioned

hat in the OCM reaction the low conversion is not a limiting
actor, instead, the higher C2 selectivity is of paramount impor-
ance because in contrast to the fixed-bed catalyst, the membrane
atalyst showed no methane combustion (COx formation reac-
ions). The comparative data of Figs. 6 and 7 were obtained

t the similar conditions of: (a) the amount of catalyst, (b) the
emperature range and (c) the feed flow rates. Since the cat-
lytic nature of the two processes are different [54], hence the
onversion values are not in the same range meaning that it is

m
r
i
b

able 2
ffect of temperature on the OCM performance in LSCF membrane and fixed-bed re

(◦C) Membrane reactor

C2 selectivity (%) [C2H6]/[C2H4] [C2H4]/[C2]

073 100 2.00 0.66
098 100 2.00 0.66
123 100 3.55 0.78
153 100 2.28 0.69
atalyst, at the total flow rate of 80 ml/min. Inset: CH4 conversion plot as a
unction of temperature for the fixed-bed LSCF catalyst, at the total flow rate of
0 ml/min.

ot possible to compare the results of the two processes at a
imilar conversion value. As the figures show, C2 selectivity, as
he most important parameter for OCM reaction, for the LSCF
ense membrane was found to be about 100% over the used
emperature range of 1073–1153 K (Fig. 6), while the maxi-

um value of C2 selectivity for the same perovskite powder
n the fixed bed reactor (co-feed operation) was obtained about
7% (Fig. 7). In the fixed-bed reactor, upon direct mixing of
ethane and oxygen different products including COx could be

btained. This indicates that the nature of the catalyst is differ-
nt in the membrane mode and co-feed mode of operation, due
o the presence of various active oxygen species at the surface
54].

It must be mentioned that, at high temperatures (typically
> 1153 K) and in the absence of molecular oxygen, thermal
ecomposition of CH4 to carbon results in formation of SrCO3
ven in the absence of CO2 [54]. Slow formation (within about
00 h) of SrCO3 up to 80 nm depth of membrane is confirmed by
he Auger and SEM analysis, while the membrane still has been
table [54]. Furthermore, in the presence of molecular oxygen
nd at T > 1170, C2 selectivity for LSCF membrane strongly
ecreases [54]. Over the temperature optimum range of our
xperiments (1073–1153 K) no GC-detectable CO, CO2 and/or

olecular oxygen were measured while in the case of fixed-bed

eactor, considerable amounts of CO2 were detected as reflected
n Fig. 7. The above results illustrate the preferable use of mem-
rane reactor (in comparison to the fixed-bed) to achieve high

actors

Fixed-bed reactor

C2 selectivity (%) [C2H6]/[C2H4] [C2H6]/[C2]

20.7 0.77 0.44
29.2 0.51 0.35
37.5 0.30 0.21
32.3 0.16 0.13
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electivity in the OCM reaction. As it could be inferred from
ig. 6, since in the methane side of the membrane reactor the
nionic oxygen is the limiting reactant, thus it can easily activate
he methane for the OCM reaction. Practically, by controlling
he effective parameters, it is possible to minimize the concen-
ration of permeated molecular oxygen and prevent the direct
xidation of methane to COx. Hence, the permeated ionic oxy-
en on the catalyst surface can produce the C2 products. The
omparative results including compositions of C2H6 and C2H4
nd the relative concentrations of C2H6/C2H4 for both of the
embrane and fixed-bed reactors over the temperature range of

073–1153 K are shown in Table 2. As the table shows in the
xed-bed reactor, the amount of produced ethylene (in compar-

son to ethane) increases slowly with increasing temperature.
owever, in the case of membrane reactor, the amount C2H6

s more than C2H4 over the whole range of temperature and
he relative concentration of C2H6/C2H4 shows a maximum at
123 K.

Fig. 8 depicts the performance of LSCF dense membrane
eactor toward OCM reaction at the suitable temperature range
f 1073–1153 K. The C2 yield increases up to about 5.01%
t 1153 K. To our knowledge the maximum values previously
eported for C2 selectivity and CH4 conversion for this disk
embrane perovskite (La0.6 Sr0.4Co0.8Fe0.2O3−δ) over temper-

ture range of 1073–1173 K were 70% and 3%, respectively
54]. Our experiences proved that a very good sealing around
wo sides of the membrane and the new synthesis procedure for
he perovskite were the main important parameters to achieve
ery high C2 selectivity in the OCM reaction.

Fig. 9 shows the oxygen permeation fluxes through LSCF
embrane under OCM conditions and permeation experiment.
xygen permeation in OCM was obtained by calculating the

mount of oxygen consumed in the oxidation reactions, since no
C-detectable oxygen was found in the downstream [43]. Based
n the results of Fig. 9, consumption of permeated oxygen in the
resence of methane in the downstream gas enhances the oxygen

ux 6–9 times as compared to the He case (in the absence of
H4). Similar results were reported for the OCM reaction using

he La0.8Sr0.2Co0.6Fe0.4 membrane perovskite [43].

ig. 8. C2 yield in the OCM reaction as a function of temperature in the mem-
rane reactor, total flow rate = 80 ml/min.
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ig. 9. Comparison of oxygen permeation fluxes through LSCF membrane. (©)
e and (�) OCM reaction (He/CH4).

. Conclusion

The new complexation agent ethylene diamine N,N,N′,N′-
etra N-acetyl diamine (EDTNAD) was successfully used for
acile single-step preparation of homogeneous and stable com-
lexes of the four metal ions including La3+, Sr2+, Co2+, Fe3+.
he advantages of the method are:

. Single step complex formation.

. Homogeneity of the materials in both the aqueous solution
and solid phase (see Section 3.1).

. Stability of the formed complex at highly alkaline solutions
and no need to control the pH of the solution with ammonia
and/or citric acid in the synthesis method (see Section 3.1).

. Simultaneous and strong complexation of the all metallic
ions.

The subsequent prepared catalyst with a pure perovskite
La0.6Sr0.4Co0.8Fe0.2O3−δ) structure showed good oxygen per-
eability based on the bulk diffusion mechanism. Results

howed that oxygen flux increases with decreasing thickness
f the membrane and using a suitable flow of He in the permeate
ide, can facilitate the oxygen permeation through the membrane
ia sweeping and removing the permeated oxygen and regener-
tion of free surface to achieve a one-way oxygen permeation
rocess. Using the LSCF disk for OCM reaction in the atmo-
pheric membrane reactor conducted the process towards 100%
2 selectivity and high yield (5.01%) at 1153 K.

Surface modification of the membrane by suitable promoters
nd thin porous layers of methane coupling catalysts such as

i/MgO may expect substantial improvements of the methane
onversion. Also nanosized catalyst preparation, sandwiched
erovskite between thermally stable porous supports and appli-
ation of tubular membranes can be used to increase the total



8 Cata

s
s
o
O
r

A

I

R

[
[

[

[

[
[
[

[
[
[
[

[
[
[
[
[

[

[

[
[

[

[

[
[
[
[
[

[
[
[

[
[
[

[
[
[

[

[

[

[
[
[

[

[

[

[

[

[

[

6 Z. Taheri et al. / Journal of Molecular

upply of oxygen to the methane stream via enlargement of the
urface area of the membrane. In addition to the mentioned
bjectives, kinetics and reaction mechanism of the catalyzed
CM reaction by the LSCF perovskite are in-progress and future

esearch plans in this laboratory.
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