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ABSTRACT: Oxidative coupling of methane (OCM) is a promising process
for converting natural gas into high-value chemicals such as ethane and
ethylene. The process, however, requires important improvements for
commercialization. The foremost is increasing the process selectivity to C,
(C,H, + C,Hy) at moderate to high levels of methane conversion. These
developments are often addressed at the catalyst level. However, optimization
of process conditions can lead to very important improvements. In this study, a
high-throughput screening (HTS) instrument was utilized for La,0;/CeO,
(3.3 mol % Ce) to generate a parametric data set within the temperature range
of 600—800 °C, CH,/O, ratio between 3 and 13, pressure between 1 and 10
bar, and catalyst loading between S and 20 mg leading to space-time between
40 and 172 s. Statistical design of experiments (DoE) was applied to gain
insights into the effect of operating parameters and to determine the optimal
operating conditions for maximum production of ethane and ethylene. Rate-of-production analysis was used to shed light on the
elementary reactions involved in different operating conditions. The data obtained from HTS experiments established quadratic
equations relating the studied process variables and output responses. The quadratic equations can be used to predict and optimize
the OCM process. The results demonstrated that the CH,/O, ratio and operating temperatures are key for controlling the process
performance. Operating at higher temperatures with high CH,/O, ratios increased the selectivity to C, and minimized CO, (CO +
CO,) at moderate conversion levels. In addition to process optimization, DoE results also allowed the flexibility of manipulating the
performance of OCM reaction products. A C, selectivity of 61% and a methane conversion of 18% were found to be optimum at 800
°C, a CH,/0, ratio of 7, and a pressure of 1 bar.

Selectivity

Conversion

1. INTRODUCTION

Because of its low cost and availability, natural gas is an
attractive feedstock in today’s energy market. At the same time,
its increasing availability escalates interest in conversion to
more valuable commodity chemicals and fuels." The concept
of methane conversion to higher-value chemicals is not novel;
researchers have investigated different processes for decades."”
Despite several attempts, the oxidative coupling of methane
(OCM) to C, hydrocarbons appears promising. Keller and
Bhasin® pioneered the process in the early 1980s by activating
methane molecules without a catalyst using oxygen at
temperatures above 800 °C. The conversion of methane
without oxygen is highly endothermic and is limited by
thermodynamic boundaries.” Catalysts were proposed later to
decrease the activation energy and shift the reaction pathways
of the OCM toward the desired products. The reaction
representing the process, 2CH, + O, < C,H, + 2H,0, occurs
via a series of homogeneous and heterogeneous reaction
steps.””” The C, yield achieved for the OCM is still below
30%, which has been a barrier against commercialization.® To
achieve commercialization, a sustainable process with a C,
single-pass yield of more than 25—30% is required.”'’ The C,
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yield, however, is restricted at elevated temperatures in the
presence of oxygen by the complete oxidation reactions to
CO,.'""* Thus, considerable effort has been dedicated to
developing an active and selective catalyst for the OCM.

A range of catalysts has been studied to overcome the
conversion—selectivity trade-off resulting from the low
reactivity of methane toward C, products.'”*™>* A Mn/
Na,WO0,/SiO, material was identified as the first OCM
catalyst by Fang et al.'"® Doping Mn/Na,WO,/SiO, with alkali
chlorides (LiCl, NaCl, KCl, CsCl) increased the ethylene
yield.'” Mn/Na,WO,/SiO, can also be operated at high
temperatures, up to 900 °C, with decent stability and
performance.'® Li/MgO catalysts are another potential ma-
terial developed by Ito et al.”> and were one of the most

Received: April 7, 2023
Accepted: May 18, 2023
Published: May 30, 2023

https://doi.org/10.1021/acsomega.3c02350
ACS Omega 2023, 8, 21223-21236


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sultan+Alturkistani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoyi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ribhu+Gautam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+Mani+Sarathy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c02350&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02350?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02350?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02350?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02350?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/23?ref=pdf
https://pubs.acs.org/toc/acsodf/8/23?ref=pdf
https://pubs.acs.org/toc/acsodf/8/23?ref=pdf
https://pubs.acs.org/toc/acsodf/8/23?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

extensively studied catalysts for the OCM. Li/MgO showed a
high catalytic activity and exhibited a moderate C, yield
(<20%), but they suffered from poor stability, originating from
continuous Li+ loss and morphology changes above 800
°C.»** Researchers have been motivated to investigate other
groups of catalysts offering chemical stability and structural
integrity under process-designed operating conditions. Apart
from experimental approaches, statistical methods were also
utilized to search for better catalysts. Zavyalova et al.**
statistically analyzed a database of 1870 data sets for OCM
catalysts to determine the optimal catalyst composition. They
found that La-based catalysts exhibited the highest C,
selectivity. Siluria Technologies has claimed to have developed
the first OCM commercial process and has patented a series of
nanowire catalysts containing two different lanthanide-group
metals, such as La—Pr, La—Zr, and La—Ce.*¢ Doping La,0,
with metals such as Sr, Mg, Ca, and Ce enhanced the catalytic
activity and promoted higher C, selectivity.”” La,0; doped
with cerium in a packed bed reactor increased the C,
selectivity and inhibited coke formation with a C, yield of
18%.”

Research on the OCM process is generally focused on
catalysis development, although several other factors are
involved in the process improvement. Since the OCM process
is currently under research and development, experimental
conditions in previous studies were inconsistent across similar
or different reactor configurations. As La-based catalysts have
been developed at a commercial scale for the OCM process,
investigating such catalysts is worthwhile using experiments
and statistical tools. La,O;-based catalysts, for example, were
investigated in the temperature range of 350—850 °C and
CH,/0, ratio between 2 and 16.””7** Due to the wide range of
parameters examined, a number of research articles were
published between 2006 and 2021 on optimizing the OCM
process variables.”> " These research articles have mainly
focused on applying statistical methods to the experimental
data in a wide range of process conditions without discussing
the elementary reactions involved. However, using analysis of
variance (ANOVA) and high-throughput screening (HTS)
with the incorporation of elementary reactions at the same
time can develop a better understanding for optimization of
the process. This study performs a more robust optimization of
a La,0;/CeO, catalyst using experimental data obtained from
a high-throughput screening (HTS) instrument and sheds light
on the elementary reactions involved. The main reaction
pathways were investigated using a rate-of-production (ROP)
analysis at different operating conditions. The ROP and
experimental data over a wide range of operating conditions
are provided in our previous study.”” The gas-phase reactions
were taken from AramcoMech3.0," while the surface reactions
were obtained from Karakaya et al.'" Experimental results were
statistically analyzed through the DoE method using JMP,
Version 16. The derived statistical models were evaluated
based on the analysis of variance (ANOVA) at a 5% level of
significance.

2. EXPERIMENTS AND METHODOLOGY

2.1. Catalyst Preparation. The La,0;/CeQ, catalyst used
in this study was prepared through the citric acid sol—gel
method.”' ™" La(NO;);-6H,0 (99.99%) and Ce(NO,),
6H,0 (99.99%) were used as precursors to synthesize the
catalyst. The doping percent for Ce(NO;);-6H,0 was chosen
to be five mol % of La(NO;);-6H,0. The precursor materials

were dissolved in distilled water and mixed with citric acid that
has the same mol % as La(NOs;);-6H,0. The mixture was
stirred with a magnetic stir bar for 20 min to achieve a
homogeneous solution. Under continuous stirring, the solution
was dried in an oil bath at 85 °C to evaporate the excess water
and form a viscous gel. The gel obtained was dried at 110 °C
for 8 h in a ventilated oven. The dried material was calcined at
800 °C for S h, with a temperature increment of 2 °C/min.
The resulting material was crushed, pelletized, and sieved to a
particle size of 0.15—0.25 mm (60—100 mesh) to achieve the
desired particle size and prevent pressure drop in the reactor.

2.2. Catalyst Characterization. The La,0,/CeQ, catalyst
was analyzed to determine its surface area, metal composition,
and crystallinity. The specific surface area was calculated
through nitrogen adsorption and desorption isotherms using
the Brunauer—Emmett—Teller (BET) method. The isotherms
were recorded using a Micromeritics ASAP 2420 Surface Area
and Porosimetry System at 77K. To remove trapped
impurities, the catalyst was first degassed at 90 °C for 240
min and then at 350 °C for 720 min under vacuum condition.
The P/P, range for BET analysis was 0.067 < P/P, < 0.249. A
type IV adsorption isotherm was obtained for the fresh catalyst
with a BET surface area of 12 m?/g, which is comparable to
previous studies.”®

The actual doping percentage of Ce metal within the catalyst
material was determined via inductively coupled plasma (ICP)
analysis using an ICP-OES Varian 72 ES system. The catalyst
material was pretreated by dissolving in HCl and HNOj; at 120
°C for 40 min using an UltraWAVE digestion system. The
composition of Ce was found to be 3.3% in the catalyst. The
reduction in metal content from 5 to 3.3% occurred during the
calcination process. During calcination, the material oxidizes in
the presence of oxygen at high temperatures, in addition to the
removal of volatiles.

The crystallinity of the material was determined for fresh
and spent catalysts through X-ray diffraction (XRD). The
spectra were collected in the 26 range of 0—80° with a step size
of 0.02° using a Bruker D8 Advanced A2S diffractometer
equipped with Cu Ka radiation. The crystalline phases were
identified by comparison with the Inorganic Crystal Structure
Database (ICSD). The XRD patterns for the fresh and spent
catalysts are shown in Figure 1. The sharp peaks indicated that
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Figure 1. XRD patterns for fresh and spent catalysts.

the material was well crystallized. A hexagonal structure was
detected for La,0;/CeQO,, and peaks were identified for
La,03,*" La(OH),,*™* Ce(OH)," Ce,*® LaCe0,* and
La,(C0;)0,.” A change of La,0; to La,0,CO; was observed
between fresh and spent catalysts (Figure 1). Above 650 °C,
La,0; reacted with CO, produced in the process to form a
dioxymonocarbonate (La,0,CO;) structure through La,0; +
CO, = La,0,CO;. The dioxymonocarbonate is another active
OCM catalyst.” "
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2.3. Experimental Setup. This study conducted experi-
ments on a Flowrence HTS unit from Avantium equipped with
16 parallel fixed-bed reactors. The reactors were made of
quartz and had dimensions of 2 mm (i.d.) X 3 mm (o.d.) X 30
cm (length). The 16 reactors were kept in four electric
furnaces for temperature control. Due to the high operating
temperature, quartz reactors were used to maintain their
inertness at elevated temperatures. To reduce the radial
temperature gradients, silicon dioxide (SiO,) was added to the
catalyst bed with a dilution ratio of 1/10. The SiO, particles
were of the same size as the catalyst particles to ensure a
uniform gas velocity distribution. The reactants and products
were identified using an online Varian 490-Micro GC gas
chromatograph (GC) equipped with two channels comprising
different columns for the detection of different components via
thermal conductivity detectors. Methane, carbon monoxide,
oxygen, hydrogen, helium, and nitrogen were separated and
identified through the first channel, while the second channel
detects carbon dioxide and C,—C, hydrocarbons. The details
of the experimental setup can be obtained from a previous
study.”” The investigated process variables for DoE were
temperature, CH,/O, ratio, pressure, and catalyst loading. The
range of operating parameters and DoE factor codes are listed
in Table 1. The ranges were determined based on the results of

Table 1. Range of Operating Parameters for DoE

factors factor code range of factors change
CH,/0, A 3—-5-7-9-11-13
temperature (°C) B 600—650—700—750—800
catalyst loading (mg) C 5—-10-20
pressure (bar) D 1-5-10

the previous studies and screening experiments.”” > The inlet
methane concentration was 0.7 mol % at 298 K with a total
flow rate of 137 mL/min. The catalyst loading reflects space-
time between 40 and 172 s. The catalyst bed lengths with SiO,

dilution for 5, 10, and 20 mg loading were 1.5, 3, and 6 cm,
respectively. In order to minimize uncontrolled effects, the
sequence of experiments was randomized. The explored
responses were methane conversion and the selectivities of
ethylene, ethane, carbon monoxide, carbon dioxide, and the
yield of ethylene and ethane. A database of over 150 data
points comprising conversion and product selectivities was
generated for the DoE optimization.

2.4. Experimental Design and Method of Analysis.
DoE is a scientific method for designing and analyzing a series
of experiments to determine the most precise relationship
between process variables and exit gas composition.”” DoE was
developed to consider all possible interactions between
variables compared to the traditional “one-variable-at-a-time”
approach. DoE manipulates each process variable individually
to identify invisible links among them, including main, two-
way, and three-way interactions. The experimental space in the
“one-variable-at-a-time” method considers only the main effect
and may not capture hidden interactions between variables, as
discussed later. From different DoE designs, the full factorial
design (FFD) was chosen based on its comparable accuracy.
FFD studies all of the possible combinations of input variables
and their respective range of values.”> FFD is a set of
mathematical and statistical algorithms built for analyzing
optimization problems. The effects of all process variables were
investigated using a stepwise linear model with a backward
direction and a minimum Bayesian information criterion
(BIC) stopping rule. The ANOVA method was applied to
identify the power factors by calculating the P-value, F ratio,
and R square (R?).

Since the DoE parameters have been explained previously,”
only a summary is provided here. The P-value represents a
probability that ranges between zero and one and is used to
evaluate the significance of each variable. Variables with a P-
value less than 0.05 (level of significance) have a high effect.>”
In optimization research using DoE and ANOVA, the level of

significance is typically set at 0.05, as per standard practice.””**
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Figure 2. Effect of (a) temperature at CH,/O, = 11 and (b) O, concentration at 800 °C. Catalyst diluted with SiO,. 20 mg of catalyst. The

experimental error is within 5%.
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The F ratio measures the variance of the data around its mean.
Consequently, the smaller the P-value and the higher the F
ratio, the more significant the variable. The mean square
represents an estimate of population variance, while the sum of
squares measures the variation of all observations from their
mean.”” R? describes the difference between the DoE-predicted
and the observed experimental values. As a practical rule of
thumb, R? should be greater than 0.75 to ensure a reasonable
prediction.52 The calculated values of the F ratio, P-value, and
R? are in the corresponding ANOVA tables and parity plots.
The results of the HTS experiments established a functional
relationship between input process variables and output
responses. Based on the experimental data, the software
chose the quadratic equation among several functional models,
such as linear, polynomial (3rd degree and beyond), etc., to
describe the relationship between input variables and
responses. As a result, optimization can be performed either
experimentally or analytically using quadratic equations. Each
quadratic equation partitions into linear, quadratic, and
interaction f coefficients as Y = f, + 1A + f,B + BC +
P1A*B + B3ARC + By BEC + f11AY + BouB? + B33 CP where Y
is the predicted response and A—C are the coded forms of
process variables. f3, is the offset term, and f,_; are the linear
coeflicients. 3}, f}5,, and f;; are the squared coeflicients, and
P1a iy and P,y are the interaction coeflicients. The cutoff
value of the f coeflicients is set at 0.05, which represents the
level of significance. Any f coefficients that have a P-value less
than 0.05 were considered significant and included in the
quadratic formulae. Not all B coefficients in the derived
quadratic formula met the level of significance criteria and thus
were eliminated from the formula, retaining only the significant
terms.

3. RESULTS AND DISCUSSION

The results of the DoE analysis demonstrated the influence of
operating parameters and the ability to control the process
performance. Prior to optimization, the input factors were
screened to determine the appropriate optimization plan for
the DoE analysis. First, the temperature was varied at a
selected CH,/O, ratio of 11 based on previous findings.”” The
results showed that temperature significantly impacted the
process (Figure 2a). Consequently, a range between a low
conversion level at 600 °C to the maxima temperature that can
be operated in the HT'S unit, 800 °C, was included in the DoE
analysis. Subsequently, at the best-observed temperature of 800
°C, the CH,/O, ratio, pressure, and catalyst loading were
varied to assess their respective effects on process performance.
The results showed that an increase in pressure had a negative
impact on methane conversion, and it promoted undesirable
total oxidation products, leading to an increase in the process
cost. Since the pressure had a negative effect and for
experimental safety, the effect of pressure was investigated
for CH,/0O, ratios of 7 and 9. An increase in the CH,/O, ratio
at 800 °C decreased conversion and increased C, selectivity
notably (Figure 2b). These results suggest that the effect of the
CH,/O, ratio should be investigated at a wide range across
other operating conditions. Catalyst loading exhibited a weaker
impact within the investigated range of operating conditions. A
detailed discussion of the results is presented in the subsequent
sections.

3.1. Methane Conversion. The quadratic formula for
methane conversion is given in eq 1. The calculated value of R*
is 0.9. Thus, the derived equation satisfactorily predicts the

conversion. Observed deviations could be attributed to
possible GC errors that arise during experimental measure-
ments. The parity plot depicted in Figure 3 portrays the

35
30
25 ‘
[ J
;\? [ )
520+ f 4 y )
- [ ]
o (4 °
3 151 o, °
©
O °
. [ ]
10 .8
$
5- 7 3
[ ]
0 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

Experimental (%)

Figure 3. Methane conversion parity plot for the experimental and
predicted values.

variation between predicted and experimentally measured
values of methane conversion. The evenly distributed data
points along the plot diagonal signify a symmetrical pattern,
reflecting the analytical accuracy of the prediction.

methane conversion (%)
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A comprehensive summary of the ROP analysis results is
provided in Figure 4, outlining the main reaction pathways,
product distributions, and contribution of homogeneous and
heterogeneous reactions. Surface reactions contributed primar-
ily to methane activation, while gas-phase reactions determined
the distribution of end products. The effect of the CH,/O,
ratio on methane conversion was found to be the most
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Figure 4. General reaction pathways representing the OCM
chemistry. Adapted with permission from Alturkistani et al.®
Copyright 2022 Society of Petroleum Engineers (SPE). Gas-phase
reactions are shown as solid arrows, and surface reactions are shown
as dashed arrows. Reactions are presented in Table 2.
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as balance, and inlet volumetric flow rate 137 cm®/min at 25 °C. The experimental error is within 5%. The lines represent B-spline fitting to the

experimental data points.

Table 2. Important Gas-Phase and Surface Reactions for the OCM“

# reaction classification of reaction
1 0, + 2La(s) - 20(s) (1) surface phase
2 CH, + O(s) = CH; + OH(s) (2) surface phase
3 CH,+H=CH,+H, (3) gas phase

4 CH, + OH=CH, + H,0 (4) gas phase

5 2CH;(+M) = C,H (+M)  (5) gas phase

6 C,Hs+ H=CHy+ H, (6) gas phase

7 C,Hs + CH; = C,H; + CH, (7) gas phase

8 C,Hg 4+ OH = C,H; + H,0 (8) gas phase

9 CHy(+M) = C,H, + H(+M)  (9) gas phase

10 CH;+0,=CH, +HO, (10) gas phase

# reaction classification of reaction
11 C,H, + O(s) - C,H,0(s) (11) surface phase
12 CHy+HO,=CHO+OH (12) gas phase

13 CH,0(+M) = CH,0 + H(+M) (13) gas phase

14 CHO+0,=CH,0+HO, (14) gas phase

15 CH,0 + H=HCO + H, (15) gas phase

16 CH,O + CH,; = HCO + CH, (16) gas phase

17 HCO+M=H+CO+M (17) gas phase

18 HCO+0,=CO+HO, (18) gas phase

19 CO+OH=CO,+H (19) gas phase

20 CO+HO,=CO,+OH (20) gas phase

“Adapted from Karakaya et al.'' Copyright 2017 John Wiley and Sons. Adapted from Zhou et al.** Copyright Elsevier 2018.
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Figure 6. Methane conversion contour plots for (a) CH,/O, versus temperature and (b) pressure versus temperature. Plots averaged all results

based on the DoE calculation procedure.

significant, with the primary (linear) and interaction
(quadratic) effects being confirmed by a P-value of less than
0.0001, which is below the threshold level of significance
(Table 3). The oxygen availability represented by the CH,/O,
ratio served as the rate-determining step that initiated the

reaction chain. This is demonstrated in the literature as well.""
Figure S shows that the fed oxygen was fully consumed in all of
the conducted experiments at 750 and 800 °C. The oxygen
conversion reached 100% under various CH,/O, ratios
(Figure Sa) and different catalyst loadings (Figure Sb). The
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Table 3. ANOVA Table of Methane Conversion

predictor factor code degree of freedom sum of squares F ratio prob > F
CH,/0, A 1 1753.93 495.4 <.0001
temperature B 1 199.46 56.34 <.0001
catalyst weight C 1 11.12 3.14 0.0793
pressure D 1 24.08 6.8 0.0105
CH,/O,*temperature A*B 1 110 31.07 <.0001
temperature*catalyst weight B*C 1 3L12 8.79 0.0038
temperature*pressure B*D 1 41.37 11.69 0.0009
source degree of freedom sum of squares F ratio mean square
model 7 3094.15 124.85 442.02
error 102 361.12 prob > F 3.54
C. total 109 3455.27 <.0001
O.CM. was initia.ted on the catalyst surface through the ethane selectivity (%)
dissociative chemisorption of oxygen (reaction R1), followed A—g B — 700 D— 55
by methane adsorption onto the same surface. It can be noted = 13.92 + 847 + 7.01 - §.37 :
that the reaction numbers throughout the manuscript are .
invoked from Table 2. This adsorbed methane subsequently + 2.27—A —8B-700 7.4573 — 700D~ 55
reacted with the surface oxygen to form a methyl radical S 100 100 4.5
(CH,*) (reaction R2). The experimental results indicated that (2)
the initiation reaction was facilitated by an increase in oxygen
concentrations, which resulted in a substantial increase in ethylene selectivity (%)
methane conversion from 12% to more than 30% at 800 °C A—28 B — 700 D—55
(Figure 6a). It is worth noting that the DoE figures in this =839 + 1.37 S + 8.59 00 L7 45
paper present an average of all of the experimental results B—700D — 5.5 ’
based on the DoE calculation procedure. - 4283——

Apart from the CH,/O, ratio, temperature was also found to 100 4.5 (3)
significantly affect the methane conversion, with a P-value less _ B — 700
than 5%, as shown in Table 3. Methane is a stable molecule C, selectivity (%) = 22.31 + 9.84 + 15.6——
characterized by a regular tetrahedron structure, exhibiting a 100
perfectly symmetric zero dipole moment with a C—H bond _ 7.07D - 53
energy of around 439 kJ/mol.” To break this stable molecule, '
high temperatures (e.g., T > 700 °C) are needed, in addition to A —8B — 1700
a selective catalyst to accelerate the conversion process.” + 268—?

Hence, both the linear and quadratic effects of temperature B— 700D — 55
and catalyst loading were important for methane conversion - 1167?475‘ @

(Table 3). The increase in catalyst loading provided additional
coupling and oxygenated sites for oxygen chemisorption, while
the high temperatures facilitated the C—H bond breaking. The
homogeneous reactions R3 and R4 in Figure 4 were also found
to participate in the conversion of methane. These reactions
are endothermic in nature and necessitate the provision of
thermal energy in the form of temperature. Increasing the
temperature from 600 to 800°C increased the conversion from
11 to ~30% at a CH,/O, ratio of 3 (Figure 6a). To
summarize, it was found that the conversion rate decreased
with an increase in the CH,/O, ratio and increased with higher
temperatures within the investigated range of conditions. The
pressure effect in Figure 6b shows that the increase in pressure
from 1 to 10 bar decreased methane conversion by ~30% at
800 °C. These observations aligned with the previous
literature.”>™>”>* The maximum observed conversion was
30.2% at 800 °C, a CH,/O, ratio of 3, and a pressure of 1 bar.

3.2. Ethane and Ethylene (C,) Selectivity. The
quadratic formulae for ethane, ethylene, and C, selectivities
are shown in eqs 2—4 with corresponding R? values of 0.9,
0.92, and 0.94, respectively. The obtained R* values
demonstrate the accuracy of the equations in predicting the
C, products. The C, products parity plots are shown in Figure
7 and exhibit a symmetrical distribution of the data points
around the diagonal.

21228

Ethane was mainly controlled by the CH,/O, ratio with a P-
value less than 5%, as shown in Table 4. As previously stated,
the presence of oxygen contributed to the formation of methyl
radicals, whereas the combination of two methyl radicals
yielded ethane.'®*"** Thermodynamically, the formation of
ethane requires less activation energy than ethylene.''
According to the GC results, the obtained selectivities mainly
resulted from C, and CO,, with a minor contribution from C;
hydrocarbons, which was less than 5%, given that the end
products were primarily formed through gas-phase reactions.
Gas-phase reactions of C,—C, hydrocarbons have been
extensively studied and comprehended at the fundamental
level.'>*>°® The ROP analysis was conducted using the
AramcoMech3.0 gas-phase kinetic model,** which provides
detailed information on the combustion kinetics of Cy—C,,
thermochemical properties and transport properties of differ-
ent fuels, including methane. Figure 4 shows that methyl
radicals undergo two main homogeneous conversion pathways.
The first pathway shows the conversion of methyl radicals to
CH;0 via reaction R12, while the second shows the
conversion of methyl radicals to C,Hy via reaction RS. The
conversion of methyl radicals via reaction RS does not require
oxygen, unlike reaction R12. Thus, excess oxygen was found to
have a limited impact on C, formation from methyl radicals

https://doi.org/10.1021/acsomega.3c02350
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Figure 7. Parity plots for the experimental and DoE-predicted values
for the selectivities of (a) ethane, (b) ethylene, and (c) C,.

and instead favored the formation of undesired products.‘”’36

Increasing the CH,/O, ratio from 3 to 13 at 800 °C increased
ethane selectivity from 16 to 36%, as shown in Figure 8a.

The DoE results showed that the temperature exhibited the
second significant impact on ethane selectivity (Table 4). The
variables with the highest effect were linear, followed by the
quadratic terms, as determined by the ANOVA table. The
activation energy of reaction RS is positive, while the activation
energy of reaction R12 is negative.40 Thus, the process
increased the selectivity of C, over CO, with the increase in
temperature. Increasing the temperature from 600 to 750 °C
increased the ethane selectivity from 3 to 36% at a CH,/O,
ratio of 13 (Figure 8a). The selectivity toward ethane increased
until 750 °C, beyond which it slightly decreased at CH,/O,
ratios greater than 10. This behavior was attributed to the
increased dehydrogenation rate of ethane to ethyl radicals.”’
The highest ethane selectivity of 38.2% was achieved at a CH,/
O, ratio of 13, temperature of 750 °C, and pressure of 1 bar.
The effect of pressure on ethane selectivity is demonstrated in
Figure 8b. As previously stated, analyzing the pressure effect
through the “one-variable-at-a-time” approach may be
misleading. The ethane selectivity showed a minor dependence
on pressure at 600 °C, which decreased from ~8 to ~4.5%.
Conversely, at 800 °C, the ethane selectivity exhibited a more
pronounced pressure dependence, decreasing from around
~30 to ~7%. The DoE plots provide a more comprehensive
representation of the impact of the process variable.

The ethylene selectivity was primarily influenced by
temperature, with minimal impact from the CH,/O, ratio
(Table S). Ethylene was formed mainly through the
dehydrogenation of ethane to an ethyl radical (C,Hs*) via
reactions R6—R8, followed by subsequent dehydrogenation
steps via reaction R9 at 800 °C and reaction R10 at 600 °C.*”
It is noteworthy that different reaction pathways were observed
due to the higher activation energy and temperature
requirements of reaction R9 compared to reaction R8. With
the temperature increased from 650 to 800 °C, the selectivity
of ethylene increased from 2.5% to more than 25% at a CH,/
O, ratio of 11, as depicted in Figure 10a. For assessing the
effect of the CH,/O, ratio on the C,H,/C,Hj ratio at different
temperatures, C,H,/C,H; at 750 °C was divided by C,H,/
C,Hg at 650 °C. The increase in temperature resulted in a
noticeable increase in the C,H,/C,Hj ratio of around 2.9 at a
CH,/O, ratio of 13 and above 3.7 at a CH,/O, ratio of 3, as
shown in Figure 9. These observations are consistent with a
previous literature.’>*® This may be attributed to the increase
in the rate of both thermal and gas-phase oxidative
dehydrogenation reactions of ethane to ethylene as temper-
ature increases.>> The increase in the CH,/0, ratio from 3 to
13 decreased the C,H,/C,H ratio to almost half at 750 °C,
with a slight reduction observed at 600 °C (Figure 9).
Increasing pressure from 1 to 10 bar decreased the ethylene
selectivity from 25 to 9% at 800 °C (Figure 10b). The optimal
condition for achieving the highest ethylene selectivity of
28.2% was found to be a CH,/O, ratio of 9, temperature of
800 °C, and pressure of 1 bar.

The optimization results revealed that the temperature had
the greatest impact on the selectivity of C,, with a maximum
selectivity of 65% achieved at 800 °C, a CH,/O, ratio of 9, and
a pressure of 1 bar (Table 6). However, increasing the
temperature beyond this point may negatively affect catalyst
stability. As shown in Figure 11a, an increase in temperature
from 600 to 800 °C resulted in a significant increase in C,

https://doi.org/10.1021/acsomega.3c02350
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Table 4. ANOVA Table of Ethane Selectivity

predictor factor code degree of freedom sum of squares F ratio prob > F
CH,/0, A 1 3071.8 187.51 <.0001
temperature B 1 1089.16 66.49 <.0001
pressure D 1 1161.8 70.92 <.0001
CH,/O,*temperature A*B 1 109.86 6.71 0.0110
temperature*pressure B*D 1 1117.49 68.22 <.0001
source degree of freedom sum of squares F ratio mean square
model S 14059.2 171.64 2811.84
error 104 1703.71 prob > F 16.38
C. total 109 15762.9 <.0001
800 Ethane 800 Ethane
( a) selectivity (%) (b) i selectivity (%)
40.0 30
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Figure 8. Ethane selectivity contour plots for (a) CH,/O, versus temperature and (b) pressure versus temperature. Plots averaged all results based

on the DoE calculation procedure.

Table S. ANOVA Table of Ethylene Selectivity

predictor factor code degree of freedom sum of squares F ratio prob > F
CH,/O0, A 1 79.86 11.54 0.0010
temperature B 1 1633.68 236.03 <.0001
pressure D 1 116.58 16.84 <.0001
temperature*pressure B*D 1 360.37 52.07 <.0001

source degree of freedom sum of squares F ratio mean square
model 4 8094.45 292.37 2023.61
error 105 726.75 prob > F 6.92
C. total 109 8821.2 <.0001
10 selectivity from 6% to approximately 60% at a CH,/O, ratio of
—e50°C 13. The temperature dependence of methane to C, conversion
081 —e—700°C has been investigated in previous studies.”>” It was found that
——750°C the conversion of methane to C, reactions becomes more
2 061 favorable at higher temperatures. An increase in temperature
S was needed to overcome the C, activation energy. The exact
":f: value of the activation energy can vary depending on the
o 49 catalyst used. Further experiments are necessary to ascertain
the activation energy values accurately. The increase in

021 pressure from 1 to 10 bar decreased the C, selectivity from

60 to 16% at 800 °C (Figure 11b). This effect can be explained

00 T r r - - ) by the fact that reaction RS, which is the primary pathway for

CH,/O,

Figure 9. Ethylene to ethane ratio versus CH,/O, ratio experimental
results. 20 mg catalyst loading diluted with SiO,, 70.7 kPa and CH,,
101 kPa total pressure, N, as balance, and inlet volumetric flow rate
137 ecm?/min at 25 °C. The experimental error is within 5%. The lines
represent B-spline fitting to the experimental data points.

21230

C, generation, is a pressure-dependent reaction, as reported in
the AramcoMech3.0 mechanism.”® Furthermore, ANOVA
statistical results showed that the quadratic and linear terms
of the temperature had significant effects on C, selectivity,
followed by the CH,/O, ratio (Table 6). Increasing the CH,/
O, ratio from 3 to 13 increased the C, selectivity from 40% to
more than 60% at 800 °C (Figure 11a). At CH,/O, ratios
below 7, part of the produced C, and other hydrocarbons
could be further oxidized to CO,, via reaction R11 (Figure 4).

https://doi.org/10.1021/acsomega.3c02350
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Figure 10. Ethylene selectivity contour plots for (a) CH,/O, versus temperature and (b) pressure versus temperature. Plots averaged all results

based on the DoE calculation procedure.

Table 6. ANOVA Table of Ethane and Ethylene (C,) Selectivity

predictor factor code degree of freedom sum of squares F ratio prob > F
CH,/0, A 1 4142.26 163.03 <.0001
temperature B 1 5390.67 212.17 <.0001
pressure D 1 2014.42 79.28 <.0001
CH,/O,*temperature A*B 1 153.7 6.05 0.0156
temperature*pressure B*D 1 2747.04 108.12 <.0001
source degree of freedom sum of squares F ratio mean square
model 5 4129431 325.06 8258.86
error 104 2642.37 prob > F 25.41
C. total 109 43936.68 <.0001
800 c, 800 c,
(a) selectivity (%) selectivity (%)
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Figure 11. Ethane and ethylene (C,) selectivity contour plots for (a) CH,/O, versus temperature and (b) pressure versus temperature. Plots

averaged all results based on the DoE calculation procedure.

Generally, high CH,/O, ratios increase C, selectivity
combined with a decrease in conversion. This decrease in
conversion is a drawback and is attributed to the poor

economics of the OCM.
3.3. Carbon Monoxide and Carbon Dioxide (CO,)

Selectivity. The quadratic formula for carbon monoxide and
carbon dioxide (CO,) selectivity is provided in eq S. The
obtained R* value of 0.94 confirms that the formula adequately
describes the CO, selectivity. The parity plot for the CO,
selectivity is shown in Figure 12. The symmetric distribution of
data points along the diagonal of the plot shows high analytical

accuracy in the prediction.

21231

CO, selectivity (%)

= 7595 — 10462 =8 _ 16883 = 7%
100
— 5. A— -
49D =85 8 B — 700
45 5 100
B—700D — 5.
+ 125422 700D = 55
100 45 ()

The selectivity of carbon monoxide and carbon dioxide was
primarily influenced by the temperature, with linear and
quadratic terms being significant (refer to Table 7). CO,
selectivity declined from 94% to less than 40% as the
temperature increased from 600 to 800 °C at a CH,/O,
ratio of 13 (Figure 13a). The CO,, species were mostly formed
through gas-phase reactions R12—R20 (Figure 4), wherein

https://doi.org/10.1021/acsomega.3c02350
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Figure 12. CO, selectivity parity plot for the experimental and
predicted values.

methyl radicals were converted into methoxy species, followed
by hydrogen removal steps.”” Below 700 °C, the reactions were
mainly driven thermodynamically to produce CO, through
partial and complete oxidation reactions.'’ As stated, the CO,
formation has a lower activation energy than ethane and thus
requires less energy.”” Upon increasing the pressure from 1 to
10 bar, the CO, formation was promoted, and its selectivity
was increased from 40 to 80% at 800 °C (Figure 13b). The
conversion of CH;0* to CH,O via reaction R13 is highly
pressure-dependent and plays a key role in controlling the
formation of CO, via the methoxy species pathway.

Similar to previous responses, the CH,/O, ratio was also a
significant factor affecting the CO, selectivity, with a P-value of
less than 5% (Table 7). Oxygen availability was a critical factor
for converting methane to CO,, via the complete oxidation of
hydrocarbons. Reactions R1, R14, and R18, which, respec-
tively, convert CH, to CH;, CH;0 to CH,0, and HCO to
CO, necessitate the presence of oxygen for their occurrence.
Additionally, an alternative pathway that was observed involves
the surface oxidation of ethylene, which can decrease the
selectivity of C, through reaction R11.>’ As oxygen
consumption reaches 100% conversion at temperatures above
750 °C, the first part of the reactor operates in an oxidative
condition, while the remaining operates in a nonoxidative
condition. To reduce the expenses of CO, separation and
catalyst fouling caused by carbon deposition, it is recom-
mended to operate at higher CH,/O, ratios.”*®’ As the oxygen

concentration decreased from a CH,/O, ratio of 3 to 13, CO,,
formation decreased from 55% to less than 40% at 800 °C
(Figure 13a). CO, formation generally decreased by increasing
both the CH,/O, ratio and temperature. This observation was
in-line with the literature.****® The minimum CO, selectivity
obtained was 30.4% at 800 °C, a CH,/O, ratio of 9, and a
pressure of 1 bar.

3.4. Ethane and Ethylene (C,) Yield. The empirical
mathematical model for ethane and ethylene yield is provided
in eq 6. The obtained R* value of 0.94 implies that the model
can reproduce most of the variations in the response. The
parity plot for the C, yield is shown in Figure 14,
demonstrating a high degree of precision in the predictive
analysis.

A-—-38 B — 700
C, yield (%) =322 — 046 + 273?
_ 1.28D - S.5 _ 1.23A — 8B — 700
100

_,4,B=700D—55
7 100 45

(6)

The efficiency of the OCM process is typically evaluated by
measuring the yield of C,, which is a critical metric for
scalability. Our investigation revealed that the temperature has
the most significant influence on the C, yield, followed by
pressure, with a P-value lower than 5% (Table 8). As the
temperature increased from 650 to 800 °C at a CH,/O, ratio
of 3, the C, yield increased from 1 to 12.2% (Figure 15a).
However, the C, yield was restricted due to complete oxidation
reactions that occur in both the gas phase and the catalyst
surface. The maximum C, yield obtained in this study was
12.2% at 800 °C, a CH,/O, ratio of 3, and a pressure of 1 bar.
The obtained C, yield is comparable with a previous literature
using a La,0;/CeO, catalyst."' The C, yield decreased from
12 to 2.5% when the pressure was increased from 1 to 10 bar at
800 °C (Figure 15b). Due to the exothermic nature of the
OCM reaction, variations in the CH,/O, ratio led to changes
in the reaction temperature, which in turn affected the
conversion and selectivity properties. Thus, the CH,/O,
ratio was found to be a sensitive variable for the C, yield
(Table 8). The increase in oxygen concentration enhanced the
formation rate of methyl radicals, followed by C, gener-
ation.>>®! However, it should be noted that high oxygen
concentrations inevitably lead to the production of CO,.

4. CONCLUSIONS

One of the approaches to improve the OCM process involves
investigating the effects of process variables and identifying the

Table 7. ANOVA Table of Carbon Monoxide and Carbon Dioxide (CO,) Selectivity

predictor factor code degree of freedom sum of squares F ratio prob > F
CH,/0, A 1 4685.93 151.44 <.0001
temperature B 1 6308.01 203.86 <.0001
pressure D 1 2128.05 68.77 <.0001
CH,/O,*temperature A*B 1 193.28 6.25 0.0140
temperature*pressure B*D 1 3172.19 102.52 <.0001

source degree of freedom sum of squares F ratio mean square
model N 47725.16 308.47 9545.03
error 104 3218.12 prob > F 30.94
C. total 109 5094328 <0001
21232 https://doi.org/10.1021/acsomega.3c02350
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Figure 14. C, yield parity plot for the experimental and predicted
values.

optimum process parameters to maximize the C, yield. Four
process variables, temperature, CH,/O, ratio, pressure, and
catalyst loading, were examined at a wide range of operating
conditions to comprehend the complex homogeneous—
heterogeneous chemistry involved in OCM. The DoE method
was implemented with ANOVA to achieve the maximum
methane conversion toward C, and minimize CO, using a
La,O;-based catalyst. The design of experiments with system-
atic optimization presented an efficient practical method for
analyzing the process performance. The derived quadratic

equations with R’ greater than 0.9 provided satisfactory
analytical predictions of the conversion and selectivity
properties. This finding is important as it suggests that the
quadratic equations have practical applicability and can guide
future research to optimize different catalyst systems. The
process performance was found to be primarily influenced by
the CH,/O, ratio and temperature. The linear variable had the
greatest impact, followed by the quadratic terms. The increase
in oxygen concentration was observed to increase methane
conversion and CO, selectivity while decreasing the selectivity
of C,, which is a drawback from an economic perspective.
Conversely, the temperature increased methane conversion, C,
selectivity, and decreased CO, selectivity. The increase in
pressure decreased the selectivity and yield of C, while
promoting undesired total oxidation reactions to form CO,.
The optimum conversion of 18% and C, selectivity of 61%
were achieved at 800 °C and a CH,/O, ratio of 7. The
maximum C, yield obtained was 12.2% at 800 °C, a CH,/O,
ratio of 3, and a pressure of 1 bar. Owing to the large
experimental data set collected, this study provides a better
prediction of the products, which can contribute directly to the
development of the OCM reactor size and downstream
processes, further including their economic evaluation. The
ROP analysis was employed to elucidate the responses
observed in the light of reaction pathways and to provide
insights for the development of future catalysts. The results
indicated that oxygen was rapidly consumed, reaching 100%
conversion leading to the saturation of conversion and product
selectivities. Therefore, a multi-oxygen injector concept, like a
membrane reactor, would be attractive.”' "> A fixed-bed
reactor with an oxygen-permeable membrane, such as an ion
transport membrane, which allows oxygen to permeate along

Table 8. ANOVA Table of Ethane and Ethylene (C,) Yield

predictor factor code degree of freedom sum of squares F ratio prob > F
CH,/0, A 1 9.07 11.83 0.0008
temperature B 1 165.54 215.98 <.0001
pressure D 1 66.05 86.18 <.0001
CH,/O,*temperature A*B 1 32.57 42.49 <.0001
temperature®pressure B*D 1 110.27 143.87 <.0001

source degree of freedom sum of squares F ratio mean square
model 5 1311.38 342.19 262.28
error 104 79.71 prob > F 0.77
C. total 109 1391.09 <.0001
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Figure 15. Ethane and ethylene (C,) yield contour plots for (a) CH,/O, versus temperature and (b) pressure versus temperature. Plots averaged

all results based on the DoE calculation procedure.

the length of the catalyst bed is desirable to maximize the
methane conversion and selectivity of C,. The oxygen and
methane are not premixed before entering the reaction zone.
Oxygen concentration level within the reaction zone is
important to promote methane activation and decrease carbon
formation and deposition.
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