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Influence of process variables and optimization of ethylene yield
in oxidative coupling of methane over Li/MgO catalyst
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Abstract

The effects of operating temperature, inlet oxygen concentration, and F/W on ethylene production by oxidative coupling of methane (OCM) were
studied over Li/MgO (Li/Mg = 0.1) catalyst. Central composite experimental design (CCD) and response surface methodology (RSM) were utilized
to determine the best operating condition for maximum ethylene production. The design led to three surface responses describing the dependence of
methane conversion, ethylene yield, and ethylene selectivity on operating temperature (737–913◦C), inlet oxygen concentration (6.2–23.8 vol.%)
and F/W (9280–35,720 ml/g h). The equation models were tested with analysis of variance with 5% level of significance. The results of the
analysis revealed that the equation models fitted well with the experimental results for methane conversion and ethylene yield. Numerical results
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ndicated the maximum ethylene yield was 8.14% at optimum operating temperature = 839.51◦C, inlet oxygen concentration = 18.89 vol.% a
/W = 20264.34 ml/g h. Additional experiments were carried out at the optimum condition for verification.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Due to the large natural gas reserves worldwide, methane
ppears to be the cheapest and most available carbon source

or the gas-based petrochemical industry. The development of a
imple and commercially advantageous process for the direct
onversion of natural gas to more easily transportable prod-
cts was desired. Keller and Bhasin[1] suggested that catalytic
eaction for the direct conversion of natural gas to ethane and
thylene offered a new route for ethylene production. Among

he numerous attempts for direct conversion, the oxidative cou-
ling of methane (OCM) to C2 hydrocarbons still remains one
f the potential routes.

Innumerable catalysts were investigated and were found to
e promising in this complex heterogeneous–homogeneous pro-
ess. It has also been reported that a part of the surface oxygen
ecomes active at high temperatures, reacting with methane even
n irreducible oxides such as MgO. The special oxygen struc-

∗ Corresponding author at: Faculty of Chemical and Natural Resources Engi-
eering, Universiti Teknologi Malaysia, 81310 UTM, Skudai, Johor, Malaysia.

ture such as O−, has been proposed as the active species.
it can be seen that the OCM reaction occurs on MgO only at
temperatures, usually in the range of 873–1073 K. If O− is the
active species, O− or the surface structure accepting O− must be
generated only at high temperature on MgO catalytic syst
Furthermore, O− (stable at high temperature) has been repo
to be produced by doping with alkali metal ions[2]. The Li+O−
center in MgO has been detected by EPR and proposed
active center of the OCM reaction[3]. The Li+O− centers ar
formed by the substitution of Li for Mg in the MgO lattice whi
is possible since the respective ionic radii of Li+ and Mg2+ are
nearly equivalent.

In another development, Lunsford et al.[4] proposed a mech
anism for the oxidative coupling of methane reaction in wh
the active sites are Li+O− species at the surface of the c
alyst. It was proposed that methane is activated by hydr
abstraction on the active sites for the simultaneous formati
methyl radicals. Ethane and ethylene are subsequently fo
by the coupling of methyl radicals in the gas phase. In a
tion to coupling, nonselective reactions are catalyzed by
surface and gas phase radicals reaction may lead to the form
el.: +60 7 553 5588; fax: +60 7 558 1463.
E-mail addresses: noraishah@fkkksa.utm.my, r-naishah@utm.my

N.A.S. Amin).

of COx.
In the OCM reaction, the selectivity to ethane is usually

higher than ethylene, but ethylene is more reactive and is also

385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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an important feed stock to the chemical industry. One possible
method to improve the ethylene yield is by adding an adsorbent
for continuous removal of olefinic products, which were subse-
quently recovered by thermal treatment. The unreacted methane
is recycled after the selective adsorptive separation. By using this
system, Machocki[5] obtained a C2 selectivity of 70% (consist-
ing of 92% ethylene) at a total CH4 conversion of 94%.

Another alternative method would be adding one more reac-
tor after the OCM process so that the dilute ethylene present in
the OCM product stream could be converted to less volatile aro-
matics or gasoline products[6,7]. However, ethane still remains
in the recycle stream along with unreacted methane and an addi-
tional step to dehydrogenate ethane is needed.

Previous studies have shown that the dehydrogenation of
ethane to ethylene can be carried out thermally without cata-
lyst [6,7]:

C2H6� C2H4 + H2 (1)

For that reason, reaction(1) can take place in the same reactor
with OCM reaction. However, one major problem with the dehy-
drogenation of ethane is that high temperature (800–900◦C) is
required[8], i.e. 50–100◦C higher than the optimal operating
temperature for C2+ hydrocarbons in the OCM reaction. Hence,
it is important to determine the optimal operating condition to
achieve maximum ethylene yield in the OCM reaction.
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solution under constant stirring. The paste formed was dried
overnight in the oven at 110◦C. The dried material was then
crushed into powder and calcined in a furnace at 750◦C for 6 h.

2.2. Catalytic performance tests

The OCM catalytic reaction was performed in a continuous
flow quartz reactor (i.d. 9 mm). The catalysts were preheated in
situ in a flow of nitrogen at the reaction temperature for an hour.
Activity testing was conducted in the following range: operat-
ing temperature = 737–913◦C, F/W = 7309–35,720 ml/g h, and
inlet O2 concentration = 6–24 vol.%. The feed was a mixture of
pure methane and oxygen. The reactions were performed for
4 h and 0.2–0.3 g of catalyst was used for each test. The reac-
tor effluent gases were analyzed by an on-line Hewlett Packard
Agilent 6890N gas chromatograph equipped with TCD and four
series columns (UCW 982, DC 200, Porapak Q and Molecular
Sieve 13A).

3. Results and discussion

3.1. Influence of process variables

The catalytic activity of Li/MgO catalyst was optimized
based on the “one-variable-at-a-time” approach. The maximum
ethylene yield is 7.86% at operating temperature = 850◦C,
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The Li/MgO catalyst is one of the most extensively stud
atalysts in literatures[2,9–16]for the OCM reaction as it show
igh catalytic activity in the low temperature range. Howe
i/MgO and many other catalysts still could not achieve a2
ield beyond 25% and a selectivity of C2 higher than 80% in
ingle-pass mode[17].

In this paper, central composite design (CCD) is used to
ict the optimum conditions for maximum ethylene produc
y applying response surface methodology (RSM) in evalu

he catalytic performances of Li/MgO catalysts for the O
eaction. RSM is a collection of mathematical and statis
echniques for empirical model building. By careful design
xperiments, the objective is to optimize a response (output
ble) which is influenced by several independent variables (
ariables). The operating temperature, inlet O2 concentration
nd F/W are the three variables pertaining to operating c

ions. The estimated mathematical model was examined wi
nalysis of variance (ANOVA) at 5% level of significance. T
esults from the optimum exercise will be useful for study
he two-step methane conversion process in our future wo

. Experimental

.1. Catalyst preparation

The lithium promoted magnesium oxide (MgO supplied
CE with purity >98%) catalyst was prepared by the

mpregnation method (Li/MgO, with Li/Mg weight ratio = 0.1
he aqueous solution was prepared by dissolving the de
mount of lithium nitrate (LiNO3, supplied by Merck with purit
9.995%) in distilled water. MgO was added slowly into
-
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t
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/W = 21,915 ml/g h and inlet O2 concentration = 14.29%
CH4/O2 = 7). The “one-variable-at-a-time” technique
ptimization has some major flaws because the experim
pace is not explored very well and the solution may be m
f there are interactions among the variables[18]. However
he experimental data provided some interesting inform
bout the influence of each process variables, as describ

he following section.

.1.1. Effect of operating temperature
Fig. 1(a) shows the variations of methane conversion

he product yields at different operating temperature, while
ther variables remained constant. Initially, the methane co
ion, ethylene yield and C3+ hydrocarbons (propane, propyle
utane and butylenes) yield increased with operating tem
ture, but the products decreased as the temperature ex
50◦C. In contrast, both the CO2 yield and CO yield increase
hilst ethane yield decreased with operating temperature.
On the other hand, Galuszka[19] reported that a substant

mount of available lithium was converted to a less active
table carbonate (LiOCO2 and/or Mg(Li)O2CO) which could
ot be decomposed easily even at 800◦C during OCM. There

ore, low OCM activity at operating temperature lower t
00◦C can be attributed to the carbonate. However, at oper

emperature higher than 800◦C, these carbonates most lik
ecomposed and the active centers of Li/MgO were recov
he increment in the methane conversion and hydroca
ield are evidence that the catalytic activity improved, but
ffect is only temporarily as the conversion and yield starte
ecline again at 900◦C. For example, methane conversion
thylene yield decreased from 14.6 and 6.3%, respective
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850◦C to 11.1 and 4.1%, respectively, at 900◦C. The decline in
the catalytic activity at a temperature higher than 900◦C imply
that the optimum operating temperature of Li/MgO catalyst for
OCM reaction should be in the range of 800–900◦C.

It should also be noted that the conversion of O2 was not
100% all the time in this study. The increment of COx products
indicated that hydrocarbons oxidation activity over Li/MgO cat-
alyst is favored at high temperature. As a result, the hydrocarbons
selectivity reduced with temperature, as shown inFig. 1(b). The
increase in the C2H4/C2H6 ratio with temperature, suggests that
the dehydrogenation of ethane to ethylene is favored at higher
temperature. The trend may be attributed to the increase in the
rate of the thermal and gas phase oxidative dehydrogenation of
ethane to ethylene at higher temperature[13].

F
y
i

Fig. 2. Effect of F/W on (a) CH4 conversion and products yield; (b) hydrocar-
bons selectivity and C2H4/C2H6 ratio. Operating temperature = 850◦C, inlet O2
ig. 1. Effect of operating temperature on (a) methane conversion and products
ield; (b) hydrocarbons selectivity and C2H4/C2H6 ratio. F/W = 7305 ml/g h,
nlet O2 concentration = 11.1%.

concentration = 11.1%.

3.1.2. Effect of F/W
The effect of F/W on the methane conversion and product

yields at constant operating temperature and inlet oxygen con-
centration is demonstrated inFig. 2(a). As can be seen, the
effect of F/W on the catalytic activity is not very significant even
over the broad range of F/W between 7305 and 29,220 ml/g h.
At F/W = 21,915 ml/g h, the methane conversion, C2H4, C2H6
and C3+ yields improved initially, reaching maximum values of
17.2, 7.2, 4.2 and 1.2, respectively. However, the values dropped
to 15.4, 6.4, 4.1 and 0.9%, respectively. At the same time, the
COx yield was kept almost constant at lower F/W, but the CO2
yield decreased and CO yield increased when the F/W exceeded
21,915 ml/g h.
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The effect of F/W on the catalytic activity is quite complex.
Nevertheless, it can be clearly seen that a suitable F/W is desired
to create sufficient residence time for the CH3

• formation and
sweep the radicals away out of the reaction zone, allowing them
to couple in gas phase[4]. In addition, the increment of CO yield
and decrement of CO2 yield at low contact time with the catalyst
(i.e. high F/W) implied that ethane and ethylene were oxidized
to form CO first, and then further oxidized to CO2, which is
consistent with the reaction network proposed by Mallens et al.
[2].

As shown in Fig. 2(b), no effect of F/W on hydrocar-
bons selectivity was observed. However, the C2H4/C2H6 ratio
increased with a decrease of F/W. The result is in agreement
with the previous studies on supported MgO catalysts[13,20]
suggesting that ethylene is formed in a consecutive reaction:
CH4 → C2H6 → C2H4.

3.1.3. Effect of inlet O2 concentration
The CH4 conversion and C2H4/C2H6 ratio increased but the

hydrocarbons selectivity decreased with an increase in the inlet
O2 concentration, as shown inFig. 3(a) and (b). The trend
observed is similar to earlier studies on OCM over alkali metal
promoted MgO[13], rare earth promoted MgO[20] and other
catalysts[21].

The increase of C2H4 yield (up to 14.3 vol.% of O2 concentra-
tion) and CH /C H appear to be a consequence of increasing
a

O

C

C

C

C

w
nter-

m con-
c ro-
c ygen
c CO
y duc-
i

3

ach
i ent,
e and
r uacy
c per-
a

cess
v n for
e er of
e ,

Fig. 3. Effect of inlet O2 concentration on (a) methane conversion and products
yield; (b) hydrocarbons selectivity and C2H4/C2H6 ratio. F/W = 21,915 ml/g h,
operating temperature = 850◦C.

two central points and six star points. Each variable consists of
three different levels from low (−1), to medium (0) and to high
(1).Table 2shows the experimental design and the results of the
three observed responses.

Table 1
Independent variables and their coded and actual values used for optimization

Independent variable Symbol Coded levels

−1 0 +1

Operating temperature (◦C) X1 775 825 875
Inlet O2 concentration (vol.%) X2 10 15 20
F/W (ml/g h) X3 15000 22500 30000
2 4 2 6
vailability of O2 necessary for the following reactions[12]:

2 + 2∗ � 2O∗ (1)

H4 + O∗ � CH3
• + OH∗ (2)

H3
• + CH3

• � C2H6 (3)

2H6 + O∗ � C2H5
• + OH∗ (4)

2H5
• + O∗ � C2H4 + OH∗ (5)

here * indicates the active sites on the catalyst surface.
However, the oxidation of methane, ethylene and other i

ediate products were intensely induced at higher oxygen
entration. FromFig. 3(b), it can be clearly seen that the hyd
arbons selectivity shows a sharp diminution as the inlet ox
oncentration increased. As expected, both the CO and2
ield increased significantly at the same condition, thus, re

ng the hydrocarbon selectivity.

.2. Process variable study using central composite design

Optimization of process condition using statistical appro
nvolved three major steps: selection of design of experim
stimation of coefficient based on mathematical model
esponse prediction, and finally confirmation of model adeq
heck.Table 1presents the independent variables with the o
ting range of each variable.

Box–Wilson central composite design with three pro
ariables was chosen to obtain optimum process conditio
thylene production. According to the CCD, the total numb
xperiments conducted is 16 with 23 two-level factorial design
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Table 2
Central composite design and experimental results

Runa Manipulated variables Responses

X1 X2 X3 C2H4 yield (%) C2H4 selectivity (%) CH4 conversion (%)

Operating
temperature (◦C)

Levelb Inlet O2 concentration
(vol.%)

Levelb F/W (ml/g h) Levelb

O1 775 −1 10 −1 15000 −1 4.6 35.8 12.9
O2 775 −1 10 −1 30000 +1 3.7 33.7 10.9
O3 775 −1 20 +1 15000 −1 6.5 35.5 18.3
O4 775 −1 20 +1 30000 +1 7.0 36.4 19.1
O5 875 +1 10 −1 15000 −1 5.7 39.1 14.6
O6 875 +1 10 −1 30000 +1 6.1 41.7 14.6
O7 875 +1 20 +1 15000 −1 7.0 25.5 27.3
O8 875 +1 20 +1 30000 +1 6.9 28.0 24.7
S1 737 −α 15 0 22500 0 0.7 14.6 5.1
S2 913 +α 15 0 22500 0 6.8 31.3 21.6
S3 825 0 6 −α 22500 0 4.2 39.4 10.7
S4 825 0 24 +α 22500 0 7.6 27.9 27.1
S5 825 0 15 0 9280 −α 7.9 38.0 20.7
S6 825 0 15 0 35720 +α 6.5 38.5 16.8
C1 825 0 15 0 22500 0 7.6 37.4 20.3
C2 825 0 15 0 22500 0 7.6 37.5 20.2

a O = orthogonal design points, C = center points, S = star or axial points.
b −1 = low value, 0 = center value, +1 = high value, +/−α = star point value.

The full quadratic models were established by using the
method of least squares:

Yu = βo + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3

+ β23X2X3 + β11X
2
1 + β22X

2
2 + β33X

2
3 (6)

with Yu being the predicted response u whilstX1, X2 andX3 are
the coded forms of input variables for operating temperature,
inlet O2 concentration and F/W, respectively. The termβo is the
offset term,β1, β2 andβ3 the linear terms,β11, β22 andβ33 the
squared terms, andβ12, β13 andβ23 the interaction terms. The
equation model was tested with the ANOVA analysis with 5%
level of significance.

The analysis of variance (ANOVA) is used for checking the
significance of the second-order models. The statistical signif-
icance of the second-order model equation is determined by
F-value. In general, the calculatedF-value should be greater
than the tabulatedF-value, if the model is good predictor of
the experimental results[22]. TheF-value is a measurement of
variance of data about the mean, based on the ratio of mean
square of group variance due to error[23]. The calculatedF-
value is defined as MSregression/MSresidual, where MSregression
and MSresidual are obtained by dividing SSR/DF and SSE/DF,
respectively.F(p−1,N−p,α) is the tabulated of theF distribution
based on the value ofp − 1 andN − p which are DF for regression

nce

ente

CC1 = −583.16+ 1.4114X1 − 2.5590X2

− (8.4978× 10−4)X2
1 (7)

whereCC1 is the predicted percentage of methane conversion.
Fig. 4compares the observed experimental methane conver-

sion with the predicted methane conversion obtained from Eq.
(7). A practical rule of thumb for evaluating the determinant
coefficient,R2 is that it should be at least 0.75 or greater[18].
The value forR2 for the predicted methane conversion model
is 0.95821, indicating that the empirical model is adequate to
explain most of the variability in the assay reading.

TheF-value is a measurement of variance of data about the
mean, based on the ratio of mean square of group variance due
to error [23]. In general, if the model is a good prediction of
and for residual, respectively, at a specified level of significa
α-value.

3.2.1. Methane conversion
The quadratic model for the methane conversion is pres

in Eq.(7) as
,

d
Fig. 4. Parity plot for the observed and the predicted CH4 conversion.
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Fig. 5. Pareto chart andp-values of CH4 conversion.

the experimental results and the estimated factor effects are
real, the calculatedF-value should be several times larger than
the tabulated value. In this study, the computedF-value for
methane conversion model is larger than the tabulatedF-value
(F0.05= 3.37) atα = 0.05 in the statistic table. It can be concluded
that Eq.(7)gives good prediction of the methane conversion and
the model was significant at a high confidence level.

Fig. 5 shows the Student’st-distribution values in a Pareto
chart and the correspondingp-values of the variables in Eq.(7).
The p-value serves as a tool to check the significance of each
coefficient. The smaller thep-value or the greater the magnitude
of t-value the more significant is the corresponding coefficient.
Generally, we specify a 5% level of significance. As illustrated,
X2, the inlet O2 concentration (linear) has the largest effect on
methane conversion, having ap-value of 0.00013.X1, operating
temperature (linear) andX2

1, operating temperature (quadratic)
could also be regarded as significant factors in affecting the
methane conversion. The rest of the variables could be con-
sidered less significant to affect the methane conversion as their
p-values are greater than 0.05.

3.2.2. C2H4 yield
An empirical relationship between ethylene yield and the test

variable in coded unit is given in Eq.(8):

YC2 = −355.66+ (8.2799× 10−1)X1 + 1.9735X2

w

i e
v
f The
s
s term
o m
o
c

,
a ional
c e
o n in

Fig. 6. Parity plot for the observed and the predicted C2H4 yield.

Fig. 7. Pareto chart andp-values of the C2H4 yield.

Figs. 8–10. For that reason, one can conclude that all experiments
were conducted in the optimal region, and the optimum C2H4
yield should not lie beyond the experimental range considered
in the present studies.

Fig. 8. The response surface plot of C2H4 yield as the function of operating
temperature and inlet O2 concentration at F/W = 22,500 ml/g h.
− (4.7944× 10−4)X2
1 (8)

hereYC2 is the predicted percentage of C2H4 yield.
The parity plot for the observed and predicted C2H4 yield

s shown inFig. 6. TheR2 of 0.87842 implies that most of th
ariation is fitted to the model. TheF-value of 4.81 inTable 3
urther confirms the accuracy at 5% level of significance.
ignificance of each coefficient is shown inFig. 7. It can be
een that the variable with the largest effect was the linear
f operating temperature,X1, followed by the quadratic ter
f operating temperature,X2

1, and the linear term of inlet O2
oncentration,X2.

The effects of operating temperature, inlet O2 concentration
nd F/W on ethylene yield are depicted in the three-dimens
ontour plots inFigs. 8–10. It is interesting to note that th
ptimum points can be found within the experimental regio
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Table 3
ANOVA for CH4 conversion, C2H4 yield and C2H4 selectivity models

Sources Sum of squares (SS) Degrees of freedom (d.f.) Mean square (MS) F-value F0.05

CH4 conversion model
Regression (SSR) 521.92 3 173.97 47.42 >3.37
Error (SSE) 44.03 12 3.67

Total (SST) 565.95 15

C2H4 yield model
Regression (SSR) 42.52 3 14.17 14.94 >3.37
Error (SSE) 11.39 12 0.95

Total (SST) 53.91 15

C2H4 selectivity model
Regression (SSR) 402.51 2 201.26 8.40 >3.37
Error (SSE) 311.60 13 23.97

Total (SST) 714.11 15

3.2.3. C2H4 selectivity
The quadratic model for the C2H4 selectivity in terms of

coded factors is presented in Eq.(9):

SC2 = −1278.6 + 3.0113X1 + 12.295X2 (9)

whereSC2 is the predicted percentage of C2H4 selectivity.
The determinant of coefficientR2 = 0.8 (Fig. 11) indicates

that this model is sufficient to explain most of the variation.
From the ANOVA analysis inTable 3, the computedF-value of
8.40 for ethylene selectivity model is larger than the tabulated
F-value of 3.37, presenting that this model is significant at the
chosen level of significance. InFig. 12, only operating tempera-
ture (quadratic),X2

1, and inlet O2 concentration (linear),X2 were
indicated as significant model term for ethylene selectivity with
thep-values of 0.03001 and 0.04806, respectively.

F g
t

Fig. 10. The response surface plot of C2H4 yield as the function of inlet O2
concentration and F/W at operating temperature = 825◦C.

Fig. 11. Parity plot for the observed and the predicted C2H4 selectivity.

ig. 9. The response surface plot of C2H4 yield as the function of operatin

emperature and F/W at inlet O2 concentration = 15 vol.%.
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Fig. 12. Pareto chart andp-values of C2H4 selectivity.

3.3. Optimization of C2H4 yield using response surface
methodology

In this paper only the ethylene yield is optimized since
the value for the yield is the product of the ethylene selec-
tivity and methane conversion. The response surface analy-
sis using Statistica 6.0 software indicated that the predicted
maximum ethylene yield is 8.14% at operating tempera-
ture = 839.51◦C, inlet O2 concentration = 18.89% and F/W =
20264.34 ml/g h. Additional experiment was carried out to val-
idate the optimization result obtained by the response surfac
analysis.

The comparison between the experimental and predicte
ethylene yield at optimum condition is shown inTable 4. The
ethylene selectivity and the methane conversion at the sam
condition are also predicted and compared with the observe
value and are included in the same table. The experimental va
ues are reported as 8.32, 34.91 and 23.83% for the C2H4 yield,
selectivity, and CH4 conversion, respectively. At this condition,
no residue O2 was detected, indicating that O2 conversion was
100%. C2H4/C2H6 achieved was as high as 3.04 and the overall
C2+ yield (including≈ 1% C3 and C4 hydrocarbons yield) of
12.07% could be achieved.

Meanwhile, the differences between the predicted and
observed values are 2.21, 3.62 and 4.72% for C2H4 yield, C2H4
selectivity and CH4 conversion, respectively. The errors can
b e 5%
l the
A . In
a )
w ach

T
C onditi
o

(%)

C
C
C

(7.86%) indicating that the statistical model is useful in the accu-
rate prediction and optimization of the process.

4. Conclusion

The central composite design and the response surface
method were effective to determine the optimum C2H4 yield for
OCM over Li/MgO (Li/Mg = 0.1). The second-order polynomial
equation models were derived to estimate the values of C2H4
yield, C2H4 selectivity and CH4 conversion based on the exper-
imental data. The adequacies of these models were evaluated via
the analysis of variance (ANOVA) and the results showed that
these models gave good estimation of the methane conversion,
ethylene yield and ethylene selectivity. Operating temperature
and inlet O2 concentration affected the catalytic activities more
significantly than F/W. The optimum conditions were estimated
to be 839.51◦C for the operating temperature, 18.89 vol.% for
the inlet O2 concentration and 20264.34 ml/g h for the F/W with
maximum ethylene yield being 8.14%. The reliability of the
optimization results is confirmed by means of additional exper-
iments.
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ology and Innovation Malaysia (MOSTI). E.P. Soon is a
rateful to MOSTI for the scholarship under the National
nce Fellowship (NSF).
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