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Methane Coupling Reaction in an Oxy-Steam Stream
through an OH Radical Pathway by using Supported Alkali

Metal Catalysts

Yin Liang,” Zhikao Li,”» Mohamed Nourdine,” Salman Shahid,’” and Kazuhiro Takanabe*®

A universal reaction mechanism involved in the oxidative cou-
pling of methane (OCM) is demonstrated under oxy-steam
conditions using alkali-metal-based catalysts. Rigorous kinetic
measurements indicated a reaction mechanism that is consis-
tent with OH radical formation from a H,0-O, reaction fol-
lowed by C—H activation in CH, with an OH radical. Thus, the
presence of water enhances both the CH, conversion rate and
the G, selectivity. This OH radical pathway that is selective for
the OCM was observed for the catalyst without Mn, which sug-

Introduction

The oxidative coupling of methane (OCM), the direct synthesis
of C, hydrocarbons from methane by using O, and oxide cata-
lysts at high temperatures, has been investigated for many
years."! The simplified reaction pathway for the OCM that is
commonly accepted in the literature is shown in Scheme 1.
The sequential pathways to grow carbon chains account for
the attainable yield of OCM processes because the products
combust more rapidly than the CH, reactant.

Scheme 1. The simplified reaction pathway for the OCM at high conversion
(dotted arrows: first order with respect to hydrocarbon concentration, solid
arrows: second order with respect to hydrocarbon concentration).
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gests clearly that Mn is not the essential component in a selec-
tive OCM catalyst. The experiments with different catalyst com-
positions revealed that the OH-mediated pathway proceeded
in the presence of catalysts with different alkali metals (Na, K)
and different oxo anions (W, Mo). This difference in catalytic ac-
tivity for OH radical generation accounts for the different OCM
selectivities. As a result, a high C, yield is achievable by using
Na,WO,/SiO,, which catalyzes the OH™-mediated pathway
selectively.

Until recently, the reaction was generally thought to be initi-
ated by the formation of methyl radicals on the catalyst surfa-
ces that then undergo gas-phase radical reactions (heteroge-
neous-homogeneous pathways).”’ The literature describes cat-
alysts based on MgO or rare earth oxides for the OCM.®! In ad-
dition, Mn alkali catalysts have been investigated.” Rigorous
kinetic studies that use the state-of-the-art Mn/Na,WO,/SiO,
catalyst for the OCM revealed that the addition of water to the
reactant mixture can improve both the rate and selectivity.”!
Rather than CH, activation by the surface oxygen species (an
O*-mediated pathway), the OCM reaction was found to largely
proceed through CH, activation by gas-phase OH radicals that
are formed catalytically from the H,0-0, reaction (a OH-medi-
ated pathway).””

This study addresses the site requirements for catalytic OH
radical generation in an oxy-steam stream at high tempera-
tures during an OCM reaction. Many OCM-active Mn-contain-
ing catalysts have been reported,”” but whether these reduci-
ble Mn-originated sites are essential for water activation re-
mains uncertain. We demonstrate that Na,WO,/SiO, (without
Mn species) yields a higher selectivity than its Mn-containing
counterparts because the catalyst is not active for the less se-
lective O*-mediated pathway, which allows the OH radical
pathway to predominate. These catalysts (without Mn) have
been investigated previously,® but the effects of H,0 were not
considered. The melting points of Na,WO, (971K) and
Na,MoO, (960 K) are lower than the typical OCM operating
temperatures (> 1000 K), which suggests that under OCM con-
ditions, the catalyst surface is covered with these molten salts
that can, for example, facilitate a phase transfer of the SiO,
support from tridymite to cristobalite.*¥ Variation of the cata-
lyst components demonstrates that a selective OH-mediated
pathway within an OCM reaction depends on the catalyst for-
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mulation. We propose that alkali metals, not the reducible
oxide, may be the active component for high selectivity. To the
best of our knowledge, the experimentally obtained C,, yields
(>27 %) are among the highest reported to date.

Results and Discussion
Kinetic analysis using Na,WO,/SiO, (low conversion)

We first focus on the initial steps of CH, activation. The reac-
tion pathway that dominates at low conversions for a selective
catalyst, such as Na,WO,/SiO,, is shown in Scheme 2. Zero

. k., cH,
CH, —— CH,-
O*, OH- COx co
o

Scheme 2. The reaction pathway for the CH,/O,/H,0 reaction at low
conversion.

conversion rates, determined by extrapolating the rates mea-
sured at various conversions to zero, were used to reflect the
input conditions with the given reactant pressures.

The CH, conversion rate on a Na,WO,/SiO, catalyst (in the
absence of H,0) is proportional to Pcmpé/zz (Figure 1A and 1B),
which is consistent with the mechanism that involves the dis-
sociative adsorption of O, that reacts with molecularly ad-
sorbed CH,."®*® The elementary reaction steps involved in the
surface O*-mediated pathway for Na,WO,/SiO, are consistent
with those reported for a Mn-containing catalyst, described as
R1-R6 in Table 1.

To simplify the steps, the quasi-equilibrium steps for R1 and
R2 are combined into R7. The rate for methane activation
through this mechanism can be described as Equation (1)
(Table 1), which is first order with respect to CH, and half order
with respect to O, (Figure 1).

Table 1. Plausible elementary steps and rate equations for the surface O*
pathway and gas-phase OH" pathway.

Reaction

R1 0, *20

R2 0 ¥y o

R3 CH -+ CH

R4 CH,*4+0*Xe%, CH '+ OH*+*

R5 20H* L2 0* 1 H,0%

R6 H,0*&e 3% 1 1,0

R7 0,+2*£2220%

R8 OH*<22* L OH" or H,0%4-0*22* L OH*+4+OH"
R9 0,+2H,0224 0H'

R10 CH,+OH 2, CH, +H,0

Eq. (1) r' = kox Ken, Kl‘);/ZPCH,Pg;Z

Eq. (2)® re, = ke, Pa,

Eq. 3)® reo, = Keo,Pen, P/éz

Eq. (4) r= kOHKOHPcH,, P:{:PME

Eq. (5) fen, =1 + 1" = KPey, P! + K'Pa,PEPio

[@l Py, = Vol ) oottt )1;:(1 o ko,
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Figure 1. A) CH, partial pressure dependence and B) O, partial pressure de-
pendence of the CH, conversion rates obtained by extrapolating the mea-
sured rates to zero (zero conversion rates) and C) C, selectivity (C;Hs+C,H,)
as a function of the CH, conversion (under various conditions without a H,0
co-feed with a Na,WO,/SiO, catalyst; 0.1 g cat, 1073 K, 6-48 kPa CH,, 1-

12 kPa O,, total pressure=101 kPa balanced by He).

After the kinetically relevant C—H bond activation step of
CH,, the methyl radicals can either react with another methyl
radical or with an oxygen species (Scheme 2, Egs. (2) and (3) in
Table 1). The presence of O, is essential to activate CH, (either
through O* or OH’), which leads to a nonzero selectivity for
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CO, at zero CH, conversion. A high O, pressure results in a low
G, selectivity at low CH, conversions as indicated in Figure 1C.
In a previous study,®™ the oxygen dependence S was associat-
ed with first-order CO formation (molecular O, in the gas
phase) and half-order CO, formation (dissociated O, on the
surface (O%)). We emphasize that, in any case, the catalysts
should prevent the direct formation of CO,.

Next, the CH, conversion rates were measured by using
a Na,WO0,/SiO, catalyst at constant CH, and O, pressures with
varied H,O pressure. The rates as a function of the residence
time at various H,O pressures are presented in Figure 2A. The
CH, conversion rates improved drastically as the H,O pressure
increased. Although the reason for the slight decrease in rates
with increasing residence time in the presence of H,O remains
unclear, the beneficial effects of H,0O pressure on CH, conver-

sion rates are apparent (Figure2A). The C, selectivity
(C,Hg+C,H,) during the same experiments is presented in Fig-
ure 2B. The selectivity also improved with increasing H,O pres-
sures (at a given conversion). At these low conversion levels,
the selectivity exceeded 90% at zero conversion, and mostly
for C,H, formation with other products in smaller quantities
(Figure 2 C). This suggests that the direct combustion of CH, to
CO, is minimized on the catalyst. C,H, is likely formed by the
dehydrogenation of C,Hg as it is extrapolated to zero selectivity
at zero conversion (Figure 2C). This improvement in selectivity
can be explained by the accelerated CH;" formation, which is
followed by a second-order recombination of CH; to C,Hg
[Eq. (2)] relative to the first-order transformation of CH; to CO,
with positive O, dependence [Eqg. (3)]. This high sensitivity to
O, pressure increases the rate of CO, formation over that of

C,H,, which results in the de-

creased C, selectivity at higher

A B O, pressure (Figure 1C). This
20 100 - high initial selectivity is also con-
18 1 o ® HO00kPa sistent with the observation that
wT 16 ] o o . T o5 | ‘: :zg ?ZZ:: the catalyst lacks steam-reform-
% ] - _ o H:O 23 kPa ing activity toward CO and H,.*™
cT 1'4j o n = §_ a The rates at zero conversion
-g ,If" 1.2 1 © o ; 2 90 {e Ma ® q were obtained similarly from the
§ 2 0] 3 % o= o data acquired if various H,0
£ 2 1 0 HO23kPa H " d CH,/O, mixtures

S E o8- m H,012kPa 3 854 ° pressures and /™%
- | » were co-fed. The improved rates
5 98] o H009kPa o in the presence of H,0 were as-
e H,00kPa ° . . e S
0.4 80 - sociated with a positive kinetic
02 1 o o ° ° L order for HZO.pre.ssures. As |n.cl|—
1 7 cated in the kinetic analysis (Fig-
o.oo.oz 004 006 008 010 012 ’ o 1 2 3 4 5 ue2D) the incremental rates
between the H,O-present and
Residence time NN CH, conversion (%) ——> H,0-absent rates were propor-
(g'scm™) tional to PY*P}/3, which is consis-
c D tent with a reaction mechanism
T, in which CH, is activated by
100 -,_HHzO H,0 2.3 kPa Q:I’T 0.3 7 o quasi-equilibrated QH radicals
@y, OkPa g e - from a H,0/0, mixture. The
T g0 o 0 g g _ Ks quasi-equilibrated nature of OH
o _5 " - radical formation leads to R8 in
g £ T 02 o* Table 1.[5,71 Thus, the quasi-
> %] o cn| 2 " ['1,0' equilibrated steps R5-R8 lead
:g . Cij 8‘.‘5, ™ simply to R9. If an OH radical
§ 40 1 o co bl S fﬁ reacts with CH, in the gas phase,
3 e CO, o E o01; B ® 0,08kPa R10 occurs to generate a methyl
'g = o O 0O11kPa radical. Notably, R10 is a pure
20 1 2 K B 0,17kPa homogeneous (gas-phase) reac-

E . 0,3.3kPa 9 9asp

" ] " g . o~ tion. The rate of this reaction
0 4;:32 ‘ 55 ° ‘ O' ‘_=) 0.0 o . . i X can be described as Equation (4).
0 1 3 4 5 0 1 2 3 The rate is proportional to
o e ” PY*P}/%, which is consistent with
CH, conversion (%) —> Poz PHzo (kPa™) —> Figure 2D. The rate expression

Figure 2. Effect of water pressure on A) the CH, conversion rates as a function of the residence time, B) C, selectiv-
ity (C,Hg and C,H,) as a function of the CH, conversion, C) and D) incremental CH, conversion rate (obtained from

for CH, activation (at least at low
conversion) can be thus de-

the measured differences between the rates with and without H,0) as a function of Py*P}/2 with a Na,W0,/SiO, scribed based on two separate
catalyst (0.1 g, 1073 K, 10.0 kPa CH,, 1.7 kPa O,, 0-2.3 kPa H,0, total pressure= 101 kPa balanced by He). CH, conversion terms, the O*-
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mediated and OH™-mediated pathways as shown in Equa-
tion (5),%% in which k' = koK, Ki> and K" =koKoy.

The measured apparent rate constants k' and k", the rates
for r and r’, and their rate ratio r’/r' under typical oxy-steam
conditions at 10 kPa CH,, 1.7 kPa O,, and 1.7 kPa H,O are sum-
marized in Table 2. The ratio r’/r provides a clear explanation
of how the OH-mediated pathway dominates the O*-mediated
pathway. The r’/r ratio can be strongly correlated with Kg/
K'cu, which is the ratio of the H,0 and CH, adsorption coeffi-
cients. The presence of Mn in the catalyst clearly enhanced the
rate constants for the CH, conversion with O* (without H,0) to

Table 2. Rate constants for the surface O* pathway and gas-phase OH®
pathway and the rates under typical conditions (0.1 g, 10 kPa CH,, 1.7 kPa
0,, 1.7 kPa H,0).”!

Catalyst K k" r r r/r
Mn/Na,WO,/SiO, 0.040 0.21 1.16 3.64 27
Na,WO,/SiO, 0.011 0.12 0.32 2.15 58
Na,Mo0,/Si0, 0.016 0.058 0.46 1.00 19
Na,WO,/Al,0, 0.027 0.016 0.78 0.80 0.9
K,WO0,/SiO, 0.039 0.066 113 1.14 0.9
Na,C0,/Si0, n.d. 0.023 - 0.04 -

[alrew, =r +r", (surface O* pathway) r' = Kk'Pq, Py, (gas-phase OH'

yield an apparent rate constant (k) for Mn/Na,WO,/SiO, | pathway) r’ =k'Pq,PyPis. r, r' and r* in pmolg™'s”, K in
—1e—1 =32 gy i —1—1 ~7/4
(0.04 umolg~'s'kPa—*?) that exceeds that for Na,WO,/SiO, pmolg™s™'kPa™ k" in pmolg™'s™'kPa™™.
(0.01 umolg~'s "kPa—*?). Thus, Mn has been considered effec-
tive previously if a CH,/O, mixture (in the absence of H,0) was
introduced as a reactant” The
apparent rate constant for the
OH-mediated pathway (k) was
found to be A B
0.12 umolg~'s 'kPa~""* for Mn/ 12 - 100 -
Na,WO0,/Si0, compared with g ® HO0kKPa
0.21 umolg™'s'kPa~"" for o 1.0 1 g o 90 - 0 H009kPa
. o s H,0 1.2 kP.
Na,WO,/SiO,. Thus, r'/r is 5.8 for & ., N ozakre
— — 4 2 :
the catalyst without Mn, which €%, 081 SAS) ; e\: 80 =g
exceeds that for the catalyst ™Y 2 G O g
) ; ) o H,023kPa 3 70 )
with Mn (2.7) to result in pre- S=" 06- 5
. o go ™ a H012kPa 17} o
dominant CH, activation through 8 g o H,009kPa % 60 -
a OH-mediated pathway for £ 04 ® H,00kPa @
Na,W0,/SiO,. The C,, selectivity o o O 501, @
on using Na,W0,/SiO, was nota- 0.2 4 oo ©
bly higher than that with a Mn- 4071
containing catalyst for all CH, 0.0 i : . . . 0 . . ,
conversions, which is consistent 0.02 004 006 008 010 0.12 0 1 2 3
with that r.)redlct.ed by ChemKin Residence time CH, conversion (%) 5
modeling in which a pure OH™- (g s cm™3)
mediated pathway exhibits im- c D
proved C, selectivity and yield.* -
The unique properties of 100 - g 0.15 -
Na,WO,/SiO, for the generation % T .
; H,0 2.3 kPa 2 -
of OH radicals from a H,0/0, 80 s o
mixture may arise from redox HO 7 \ & w .
properties of the oxo anion (W). 3 0 kPa 0 o g 2 .10 o L
To investigate this, the CH, con- ; 60 - o z Ty g..o
. F- — 5 . K
ve.r5|on rates Were.measured by 2 Ro o o CH, S o o"
using a Na,Mo0O,/SiO, catalyst at S 404 s CH, 5 s ] S oar
constant CH, and O, pressures ° o co et g 0.05 - P ® 0,08kPa
. . »n 8 = . 0 0,1.1kPa
with varied H,0 pressure, and [ o) e CO, c .
i 20 - ] . m 0,17kPa
the results are shown in £ K] 0.33KPa
. . . ¢ o ) ] . g %9
Figure 3. As with a Na,WO,/SiO, © i 5 .
catalyst, the CH, conversion [ E— . . .- 0.00 T T 1
rates on using Na,MoO,/SiO, in- 0 1 2 3 0 1 2 3

creased with increasing H,O par-
tial pressure (Figure 3A). The G,
selectivity also improved drasti-
cally with increasing H,O pres-
sures (at a given conversion; Fig-
ure 3B and 3 C), but this selectiv-

CH, conversion (%) —>

P

02

1/4 PH201/2 (kPaSM) >

Figure 3. Effect of water pressure on A) the CH, conversion rates as a function of residence time, B) the C, selectiv-
ity (C,Hg and C,H,) as a function of the CH, conversion, and C) incremental CH, conversion rate (obtained from
the measured differences between the rates with and without H,0) as a function of Pgi“P,Lﬁ) with a Na,Mo0,/SiO,
catalyst (0.1 g, 1073 K, 10.0 kPa CH,, 1.7 kPa O,, 0-2.3 kPa H,O, total pressure=101 kPa balanced by He).
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ity was slightly lower than that for the Na,WO,/SiO, catalyst.
Without H,O addition (CH,/O, mixture only), CO and CO, are
formed significantly, and negligible C;H, selectivity at low con-
version indicates that C,H, is the secondary product from C,H
dehydrogenation (Figure 3C). These incremental CH, conver-
sion rates on using Na,Mo0Q,/SiO, were correlated as a function
of PY'Pl/% (Figure 3D). The linear relationship of this plot is
consistent with a mechanism that involves CH, activation
through quasi-equilibrated OH-mediated pathways. The r’/r
ratio is 1.9, which indicates that a OH-mediated pathway is
predominant under oxy-steam conditions, yet below that of
Na,WO0,/SiO..

Further investigation was aimed to identify the active com-
ponents of the OH radical pathways. The K,WO,/SiO,, Na,WO,/
Al,O;, and Na,CO,/SiO, catalysts were investigated in a similar
manner with particular attention paid to the effects of H,0.
The beneficial effects of H,O on both the CH, conversion and
G, selectivity were observed for all catalysts. The rate constants
and the r’/r ratios are compiled in Table 2. Large k' values and
the resultant small r’/r' ratios for Na,WO,/Al,O; and K,WO,/
SiO, indicate that the surface O*-mediated activation of CH, is
relatively prominent on these catalysts. For improved C, selec-
tivity, the catalyst must be inert under CH, activation on the
surface (Al,O; may not be because of its Lewis acidity), but suf-
ficiently sensitive to generate OH radicals (K may be less sensi-
tive than Na). Moreover, the absence of a W or Mo species (the
experiments performed with a Na,CO; catalyst) also demon-
strated exclusive activity for the OH-mediated pathway with
no measurable rates confirmed for the surface O*-mediated
pathway. These data indicate that W or Mo is not essential for
H,O activation with O,, but that alkali metal species (Na*t, K*)
are more likely (W or Mo stabilizes those alkali species). In the
same experiment that uses quartz, no catalysis for CH, conver-
sion was observed even in the presence of H,O (CH, is inert in
both the presence and absence of water). The site requirement
is also related to the active oxygen species involved in the acti-
vation of CH, and H,0, such as O* or O—O* etc., which are
currently difficult to discern except that the kinetic analyses in-
dicate the involvement of dissociated O,. The alkali metal spe-
cies, which are often in the molten salt state at the reaction
temperature, generally have a high affinity for H,O (to form hy-
droxides easily). These kinetic analyses demonstrate the univer-
sality and significance of the reaction mechanism involved in
the OCM reaction that uses H,0 as a co-reactant (i.e., the C—H
bond activation by OH radicals formed catalytically).

Catalyst characterization

As described previously, Na,WO, and Na,MoO, are in a molten
state under the reaction conditions because their melting
points are below the reaction temperature (> 1073 K; Table 3),
which leads to a facile transfer of the crystal structure to
a more rigid structure. The cristobalite phases dominate the
samples, especially with the molten salts (Na,WO, and
Na,MoO,) and particularly after the OCM reactions (Figure 4).
With the knowledge that alkali metals enhance the phase
change, flux-assisted phase transformation is believed to occur

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 3. Salt melting points, BET surface areas, and C, selectivities
(C,Hs+C5H,) at 2% CH, conversion for the various catalysts (0.1 g, 1073 K,
10 kPa CH,, 1.7 kPa O,, total pressure =101 kPa balanced by He).

Catalyst Salt m.p. BET surface C, selectivity at 2%
[K] area [m?g™"] CH, conversion [%]
Na,WO,/SiO, 971 19 88.0
Na,Mo0,/Si0, 960 17 450
K,WO0,/Si0, 1194 0.6 66.9
Na,WO,/Al,0, 971 52 714
TC T: SiO,, tridymite
'I&Er T C: SiO,, cristobalite K,WO,/Si0,
JT T K,WO,/SiO, (AR)
= T
i e NazWO/Si0;
2
@ cc T Na,WO0,/SiO, (AR)
2
£ Tlr T Na,Mo0,/SiO,
JL cec T Na,Mo0,/SiO, (AR)
M A A
T T T T T

30 4I0 50 60 70 80
20 (Degree)

-
o
n
o

Figure 4. XRD patterns of the K,W0,/SiO,, Na,WO,/SiO,, and Na,Mo0,/SiO,
catalysts before and after the reaction (AR).

at high temperatures. We do not consider this phase transfer
to be critical to create a single active site for CH, coupling (or
OH radical generation); however, it aids in the inhibition of the
combustion activity on the surface. The reaction contains H,0
as a sintering-facilitation reagent, and the typical reaction time
per sample is longer than 2 days. The catalytic performance re-
mains unchanged during the measurements.

Dual-reactor experiments with Na,WO,/SiO, catalyst (high
conversions)

A sequential dual-reactor system (Scheme 3) was used to ach-
ieve high conversions and yields by using Na,WO,/SiO,, the
most selective catalyst investigated, with the introduction of
additional O, between the first and second reactors. The C,,
yields (all hydrocarbons except for the CH, reactant) measured
at various reaction temperatures and pressures are shown in
Figure 5. Some results of the CH, conversion, carbon selectivity,
and C, and C,, yields under various conditions are summarized
in Table 4. In a single reactor with a CH,/O, ratio of 3, the CH,
conversion reached ~37% with a C, selectivity of ~64%. The
C,, yield thus exceeds 25% already with a single reactor. Fur-
ther conversion of the CH, was attempted with the second re-
actor at various temperatures. The C,, yields improved only
slightly, as confirmed by the experiments under various O,
pressures and reaction temperatures in the second reactor. The
insensitivity of the O, pressure at high CH, conversion to the
C, selectivity implies that all hydrocarbons have the same
oxygen dependence to form CO,. Thus, the staged O, ap-
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Scheme 3. Schematic image of the sequential dual-reactor system with O, addition.
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Figure 5. C,, yield as a function of the CH, conversion using a sequential
dual reactor for the CH,/O,/H,0 reaction with a Na,WO,/SiO, catalyst (first
reactor: 0.8 g, 1153 K, 10.0 kPa CH,, 0.8-3.3 kPa O,, 0-2.3 kPa H,O; second re-
actor: 0.4 g, 1073-1153 K, 0.8-2.4 kPa O, added to the stream from the first
reactor, total pressure=101 kPa balanced by He).

proach (the O, membrane reactor) is only useful at low CH,
conversions as discussed previously (Scheme 2). Under such
conditions, a sufficient C, concentration triggers the C, activa-
tion to form C; (and C,), which combust more rapidly
(Scheme 1). The selectivity of C; or higher hydrocarbons (pri-
marily C;He) was ~3%. At 1123 K in the second reactor, the
CH, conversion reached ~52% with a C,H, selectivity of ~40%.
Overall, the C,, yield was 27.6%, which is higher than that re-
ported over Mn/Na,W0,/SiO, (~26%),* and among the high-

Vent erties of the Na,WO,/SiO, cata-

l lyst is the high affinity of its sur-
|-| face for H,O compared with hy-
uGC drocarbons under steady-state

conditions. As discussed in detail
previously,*” the absence of
strong hydrocarbon adsorption
prevents the preferential com-
bustion of a CH, product (with
7t electrons) on the surface. Moreover, the relative rates for the
kinetically relevant C—H bond cleavage in each hydrocarbon
through an OH radical pathway reflects only a Brensted-
Evans—Polanyi relationship, the C—H bond is stronger in C,H,
(452 kJmol™) than in CH, (439 kJmol™), to yield a comparative-
ly lower rate of C—H abstraction by the OH radical for C,H,
than for CH, (1.2x10" or 1.6x10" cm®*mol~"s™', respectively,
at 1073 K), which results in an improved C, yield.””

This study demonstrates the improved rates and yields of
a methane coupling reaction under oxy-steam conditions. The
kinetic analysis of the experiments that use a Na,WO,/SiO, cat-
alyst is consistent with the quasi-equilibrated OH radical forma-
tion, which preferentially abstracts hydrogen from CH, over
C,H,. The OCM reactions at high pressures remain a challenge
because the carbon growth reactions are generally second
order with respect to the hydrocarbon or relevant radical con-
centrations (Scheme 1).°9 The formation of higher hydrocar-
bons, the concentrations of which increase with high CH, con-
version, leads to reduced C, yields because of their high rates
of oxidation to CO,.2%*"!

Conclusions

The presence of water in a CH,/O, mixture enhanced both the
CH, conversion rate and the C, selectivity for the oxidative
coupling of methane (OCM) that used alkali-metal-based cata-
lysts. The reaction mechanism is consistent with OH radical for-
mation from a H,0-0, reaction, followed by C—H activation in
hydrocarbons with an OH radical. The contribution of this OH
radical pathway that is selective for OCM over the surface O*
pathway predominantly accounts for the different OCM selec-

the first reactor, total pressure=101 kPa balanced by He).”

Table 4. Catalytic results from experiments that used a Na,WO,/SiO, catalyst by using sequential dual reactors with O, added between the first and
second reactors (first reactor: 0.8 g, 1153 K, 10.0 kPa CH,, 3.3 kPa O,, 2.3 kPa H,O; second reactor: 0.4 g, 1073-1153 K, 2.4 kPa O, added to the stream from

Conversion [%)] Selectivity [%] Yield [%]

CH, C,H, C,Hs G Co, Cco G, G,
1* reactor (only) 1153 K 36.9 48.0 15.8 43 13.9 17.8 235 25.2
2" reactor 1153 K 53.1 37.2 9.2 2.9 23.8 26.4 24.6 26.4
2" reactor 1123 K 51.7 39.5 10.6 2.9 21.8 24.7 25.9 27.6
2" reactor 1073 K 44.7 43.2 13.5 34 18.2 21.2 253 27.0

[a] H, was detected with a selectivity below 6% for hydrogen balance.
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tivities. The OH-mediated pathway also proceeded with cata-
lysts without Mn, W, or Mo, which suggests clearly that these
components are not essential as an OH radical generator from
a H,0/0, mixture. The universal mechanism for the selective
OCM reaction is proposed to use the H,0-0O, reaction on sup-
ported alkali metal catalysts.

Experimental Section

For the catalyst preparation, SiO, (Sigma-Aldrich, Silica Gel, Davisil
Grade 646, 35-60 mesh) or Al,O; (Evonik, Fumed Aluminum oxide
Aeroxide Alu130) was used as a support to immobilize 5 wt%
Na,WO0,-2H,0 (Sigma-Aldrich, 99%), Na,MoO,2H,0 (Sigma-Al-
drich, >99.5%), K,WO, (Sigma-Aldrich, 94%), or Na,CO, (Fluka,
>99.9999%) by wet impregnation. This sample was heated under
a flow of dry air at 1173 K for 8 h at a rate of 2 Kmin™".

The rates and selectivities of the CH,/O,/H,0 reactions were mea-
sured by using flow reactors using a U-shaped quartz cell (4 mm
I.D.). The samples (0.02 g) were held on quartz wool without dilu-
tion. The temperature was maintained by using a Honeywell con-
troller coupled to a resistively heated furnace and measured with
a K-type thermocouple set outside the catalyst bed. The CH,
(99.9995 %), 20% O, in He, and He (99.999 %) were purchased from
Abdullah Hashim Industrial Gases & Equipment Co., Ltd (AHG) and
used after further purification by filtration. The flow was regulated
by mass flow controllers. A saturator with a well-controlled temper-
ature (278-293 K) was used to introduce the H,O gas.

The reactant and product concentrations were measured by using
a VARIAN gas chromatograph 450GC with a programmed system
that involved a molecular sieve 5A column and a HayeSep Q
column with a thermal conductivity detector, and a VARIAN CP-
Wax 52 CB capillary column with a flame ionization detector. This
configuration enables the differentiation of all C,-C, hydrocarbons.
For H, detection, a micro-gas chromatograph (Agilent Technologies
3000A) equipped with thermally conductive molecular and plot U
columns was used. Conversions, selectivities, and yields are report-
ed on a carbon basis as cumulative integral values as follows
[Egs. (6)-(9)1:

(total mols of carbon in products)

(total mols of CH, in) x 100

Methane conv. [%] =

(6)
(total mols of carbon in products)
1 7
(total mols out including CH,) x 100 )
Select. [9] — (mols of carbon in the specific product) « 100 (8)
(total mols of carbon in products)
Yield [%] = Methane conversion [%] x Selectivity [%]/100 (9)

For rigorous kinetic analysis, linear regression was used to extrapo-
late the rates measured at various conversions to the rates at zero
conversion. The obtained rates at zero conversion reflect the input
conditions with the given reactant pressures strictly, which also
minimizes the contribution of the heat generated by the reaction
at low conversion levels.

The XRD patterns of the products before and after the OCM reac-
tion were obtained by using a Bruker DMAX 2500 X-ray diffractom-
eter using CuK, radiation (1=0.154 nm). The N, sorption studies
were conducted by using a Micromeritics ASAP 2420 to determine
the BET surface area. The results are compiled in the Supporting In-
formation.

Keywords: alkali metals kinetics radicals oxidative

coupling - reaction mechanisms - supported catalysts
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