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Spatial Concentration and Temperature Profiles in Dual-
Packed-Bed Catalytic Reactors: Oxidative Coupling of

Methane

Bahman Zohour, Daniel Noon, and Selim Senkan*®!

Oxidative coupling of methane (OCM) is a complex surface cat-
alysis and gas-phase reaction process to transform methane
into ethane, ethylene and higher molecular weight hydrocar-
bons (C,,). However, the C,, product yields in single-pass
fixed-bed reactors have been limited by the intrusion of gas-
phase combustion reactions. To remedy this problem, a dual-
bed OCM reactor configuration was explored in which the O,
feed was distributed between two sequential packed bed reac-
tors with interstage cooling using La,0;—CeO, nanofiber fabric
catalysts. At the overall CH,/O, feed ratio of 4.0, the dual-bed
reactor configuration with split O, introduction resulted in the
ultimate C,, product yield of 21%, which is significantly higher
than the 16% observed in the single-bed OCM reactor. In addi-
tion, spatially resolved species concentration and temperature
profiles along the entire length of the dual-bed reactor were
also acquired by using in situ microprobe sampling.

Oxidative coupling of methane (OCM) is a complex surface cat-
alysis and gas-phase reaction process to convert natural gas
into ethane and ethylene, which are valuable intermediates for
the chemical industry."? In spite of decades-long research and
many OCM catalysts reported,” no commercially viable cata-
lyst has been developed. There appears to be an upper limit of
C,. yield of approximately 25% per reactor pass, which has
been attributed to the intrusion of gas-phase combustion reac-
tions at high temperatures.”’ Therefore, catalyst design alone
may not be sufficient to result in the breakthrough needed for
the commercialization of the OCM process. Consequently,
a combined effort, both in catalyst development and in novel
reactor systems and operating schemes are needed to advance
the field.”

Early reactor simulations that used global OCM reaction ki-
netics were particularly encouraging, as they suggested the
feasibility for attaining yields for C,, products as high as
+50% if the O, feed was distributed along the reactor, that is,
by using membrane-type reactors.”” Although these predic-
tions may not be realistic, as the global reaction models used
are well recognized to be of limited predictive value, they nev-
ertheless create optimism regarding the future of the OCM
process. More realistic and accurate predictions of the attaina-
ble yields can be accomplished by using detailed chemical ki-
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netic mechanisms (DCKM). DCKM comprise a comprehensive
description of chemical transformations in terms of irreducible
chemical events or elementary reactions. DCKM, in conjunction
with transport models, are crucial not only to correlate avail-
able experimental data but also to predict performance well
outside the ranges of parameters investigated, including condi-
tions under which the acquisition of the experimental data
may be infeasible, for example, higher pressures and tempera-
tures. However, the development and validation of DCKM re-
quire experimental data of high information content because
of the presence of a large number of species participating in
an even larger number of elementary reactions.

Recently, we reported spatial temperature and species con-
centration profiles in a packed-bed OCM reactor acquired by
microprobe sampling.”® This information-rich data, in addition
to being particularly useful for DCKM work, revealed the early,
that is, prompt, formation of H, in the OCM process, even
before the formation of C,H,. This discovery suggested that
the existing DCKM for the OCM processes®'® clearly must be
revised to render them useful for predictive purposes. Our pre-
vious work® also demonstrated a significant weakness of
using traditional integral reactor data, that is, reactor exit
measurements, to develop reaction mechanisms.

Herein, we report for the first time spatially resolved species
concentration and temperature profiles in a dual fixed-bed
OCM reactor with interstage O, injection by using microprobe
sampling® and demonstrate that the yields of C,, products in
the OCM can significantly be increased by distributed O, feed,
as noted earlier®” The information-rich spatial profiles also
provide new quantitative insight into the close coupling of the
formation of C,_ products and O, levels in OCM reactors and,
as such, should be valuable for the improvement and valida-
tion of predictive models.

Experimental Section

Experiments were performed by using a dual fixed-bed tubular re-
actor system, as shown in Figure 1. The reactor was sequentially
packed with La,0;-CeO, nanofiber fabric catalysts that were pre-
pared by electrospinning a viscous solution of polyvinylpyrrolidone
(PVP, 0.60 g, 1.3 MDa), water/ethanol (~1:1 w/w, 9.5 g) into which
the metal precursor (0.35 g), as La(NO;);-6 H,0 and Ce(NO;);:6 H,0,
were dissolved having a La/Ce weight ratio of 3."" The electrospun
material was calcined at 625°C in a furnace to form metal-oxide
nanofiber fabrics. SEM images confirmed that the nanofibers had
an average diameter of approximately 90 nm. The fabric also had
a low BET area of approximately 20 m?g~", which suggested that
the nanofibers were dense and did not possess internal porosity.

ChemCatChem 2014, 6, 2815-2820 2815



CAT

MFC | CH,
80 micron CH,+0O, Feed 1, 120 sccm
[ side orifice
cC O, Feed 1
O, Feed 2, 12-15 sccm
C Catalyst  Quartz - Catalyst
Readout ) S\id‘\”ng Bed 2 Wool Bed 1
N/ capiliary
’ ‘ ‘ sampling ‘ Tube fumnace 1
u probe
- 1T . [ﬂr \
F = =
v | AVATVAAVA. A Infer-
bed
Micro-tfranslator Tube furnace

Figure 1. The reactor system used to acquire spatial temperature and concentration pro-
files. The reactor is a 6 mm diameter quartz tube packed with two 20 mg La,0,-CeO,
nanofiber fabric catalyst beds (10 mm deep). Each bed is sandwiched between 20 mg
quartz-wool plugs (5 mm deep), with an interbed spacing of 15 mm. The reactants are
fed to the first reactor at a rate of 120 mLs™' STP. A second O, feed is introduced to the
middle of the interbed through a capillary tube at a rate of 12-15 mLs™' STP. Gas sam-
ples were withdrawn from within the packed bed by using an 800 um closed-end capilla-
ry tube with four approximately 80 um side sampling orifices that was centrally inserted
into the reactor bed. Gas analysis was accomplished by on-line gas chromatography.
Spatial profiles were generated by sliding the capillary within the packed bed by using

a microtranslation device. Temperature profiles were measured by a 250 um diameter K-
type thermocouple (TC) that was inserted into the capillary in separate experiments. The
tip of the thermocouple was placed at the same location of the sampling orifice. Close-
up images of the packed reactor (bottom) and the capillary sampling probe (top) are
also shown.

As shown in Figure 2, two sections each with 20 mg of this fabric
was loosely packed into a 6 mm diameter quartz tube (=10 mm
bed depth) and sandwiched between two 20 mg quartz wool

mately 15 mm long. The bulk density and void fraction
of the catalytic beds were determined to be approxi-
mately 0.3 gcm ™~ and 0.94, respectively. The dual-bed re-
actor was placed inside a cylindrical tubular furnace to
preheat the feed gases. In all experiments, the flow rate
of the reactant gases to the first bed was maintained at
120 cm’min™" at STP (mLmin™") by using electronic
mass flow controllers (MFC, MKS Billerica, MA). This flow
rate corresponds to a nominal space time of approxi-
mately 60 ms per bed. The interstage O, was introduced
at the middle of the interspace, that is, at approximately
27-28 mm by using a quartz capillary feed tube
(800 um, Friedrick and Dimock, Millville, NJ) at a rate of
12-15mLmin~' (see Figure 2). The experiments were
performed at 101.3 kPa.

Gas sampling was accomplished by centrally inserting
a conically tapered and closed end quartz capillary tube
into the packed beds followed by gas analysis by on-line
gas chromatography (Varian 4900 Mini GC, with molecu-
lar sieve 5A and Poraplot U columns). The sampling ca-
pillary had four perpendicularly oriented 80 um diameter
orifices laser drilled on its side"*' to withdraw gases
from within the bed (see inset in Figure 1). The location
of the sampling orifice and the overall length of the
probe were designed such that the capillary tip re-
mained well outside both packed beds at any sampling
position to avoid gas bypass within the beds. The sam-
pling capillary probe withdrew gases at a rate less than
5mLmin~', which thus minimally perturbed the flow
within the reactor (total flow ~120-135 mLmin~"). This
sampling rate corresponded to an average gas velocity
of 50-100 cms™' within the capillary (depending on the
temperature), which enabled the rapid removal of the
gas samples from within the reactor. The fact that the
measured concentration profiles remained flat, that is,
did not change with axial position within the quartz
wool, the interstage section, and reactor exits further

supports the notion that reactions inside the sampling capillary
were unimportant in our experiments. Temperature measurements
were performed by placing a thin (250 pm diameter) K-type ther-

plugs (~5mm bed depth). The interbed spacing was approxi-  mocouple inside the sampling capillary probe in the absence of
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Figure 2. Spatial temperature and species mole percent profiles for a feed CH,/O, ratio
of 4. Total gas flow rate was 120 cm?®min~', which corresponds to a nominal space time
of approximately 70 ms (SB1).

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

gas withdrawal. The tip of the thermocouple was posi-
tioned at the sampling orifice. The possible presence of
radial-temperature gradients was also explored by simul-
taneously placing multiple thermocouples at the same
axial position but at different radial positions during the
reaction. These measurements indicated maximum radial
temperature differences in the 10-20°C range at peak
reactor temperatures of 800-1000°C. Consequently,
treatment of the reactor as quasi 1D appears to be a rea-
sonable assumption.”! Capillary sampling lines outside
the reaction furnace as well as GC injection system were
heated to approximately 100°C to prevent water con-
densation in the transfer lines. Water subsequently was
condensed out by using an ice bath before GC analysis.
Temperature and concentration profiles were obtained
by moving the capillary (with and without the thermo-
couple) in the axial direction by using a micropositioning
device (Velmex, Bloomfield, NY). Positional accuracy asso-
ciated with the placement of the capillary probe within
the reactor was estimated to be +0.25 mm. Similar un-
certainty would also be expected to exist between the
temperature and concentration profiles.
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Results and Discussion

To demonstrate the improvements provided by the "
split introduction of O, on the yields of C, products, 12
two sets of experiments were performed. First, w2
a single-bed experiment (SB1) was performed in %’10
which methane and oxygen were fed at a CH,/O, i, 3
ratio of 4.0 at 120 mLmin~" (=60 ms space time). In 2
the first dual-bed experiment (DB1), the first reactor § 6
feed was at 120 mLmin~' having a CH,/O, ratio of ;,‘)

S

9.0, followed by 12 mLmin~" O, addition into the in-
terstage zone, which thereby maintained the overall
CH,/0, ratio of 4.0.

An additional dual-bed experiment was also per-
formed at the overall CH,/O, ratio of 4.4 (DB2 experi-
ment) to assess the impact of the CH,/O, ratio on re-
actor performance. In this case, the feed flow rate to
the first reactor feed was kept at 120 mLmin~' with
a CH,/O, ratio of 11.0, followed by the introduction
of 15mLmin~' O, to the interstage zone. Notably, in
the dual-bed experiments (DB1, DB2) both of the cat-
alyst beds were kept inside one tubular furnace
(Figure 1).

In Figure 2, the spatially resolved temperature and

-
S

-
N

species mole percent profiles are presented for the 510
single-bed reactor experiments (SB1). In Figures 3 o
and 4, the same profiles are presented for the dual- 2 8
bed reactor experiments DB1 and DB2, respectively. i 6
A total of nine species were quantified: CH,, O,, C,H, 8
0]

C,H,, CHg/CHg (Cy), Hy, H,O, CO, and CO,. With the
exception of H,0 concentration, which was calculat-
ed from oxygen atom balances, all the species were
quantified directly from GC measurements by using
multipoint GC calibration process performed before
the OCM experiments. In Figure 5, the CH, conver-
sion and C,, (C,Hs+C,H,+C;) selectivity profiles are
presented for the SB1, DB1, and DB2 experiments.
Methane conversions and C,, selectivities were de-
termined from Equations (1) and (2):

E

[(CH4)in — (CH4)out]

CH, conversion [%] = (CH)L] % 100 (1)
C,, selectivity [%] =
2 (GHs + CoHy) + 3 (C3Hs )] 160 2)

[2 (CyHs + CH,) + 3 (CG3Hg) + CO, + COJ

In all the figures, the locations of the various sections of the
reactor system are indicated by vertical dashed lines; the first
La,0,-CeO, nanofiber fabric catalyst packing starts at approxi-
mately 5 mm and ends at approximately 15 mm, which corre-
sponds to a bed depth of approximately 10 mm. The first
5mm in the graphs correspond to the quartz-wool packing.
The first bed is followed by another 5 mm of quartz packing,
followed by 15 mm of interspace (no packing). The quartz
packing for the second bed starts at approximately 35 mm fol-
lowed by approximately another 10 mm La,0;—CeO, nanofiber
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Figure 3. Spatial temperature and species mole percent profiles for the dual-bed reactor
system (DB1). Feed to first reactor was 120 cm?®s™' STP at CH,/O,=9. Interbed O, flow
rate was 12 cm®s™' STP, which rendered overall CH,/O,=4.0.
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Figure 4. Spatial temperature and species mole percent profiles for the dual-bed reactor
system (DB2). Feed to first reactor was 120 cm®s~' STP at a CH,/O,=11. Interbed O, flow
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Figure 5. Spatial profiles for CH, conversions and C, . selectivities for the
single-bed (SB1) and dual-bed (DB1, DB2) experiments.
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fabric catalyst and 5 mm of quartz-wool packing. The secon-
dary O, injection point was at approximately 25 mm, as indi-
cated by an arrow pointing down. Other than the interspace
concentration profiles, the location of the O, injection point
had no discernible effect on the performance of the second re-
actor.

The spatial concentration and temperature profiles for the
single-bed experiment (SB1) with a CH,/O, ratio of 4 were ac-
quired at a furnace temperature (T;) of 600°C, which was suffi-
cient to achieve ignition. As seen in Figure 2, the maximum
bed temperature reached approximately 1015°C at approxi-
mately 10 mm (i.e., 5 mm within the catalyst zone), concomi-
tant with the near-complete consumption of O, and approxi-
mately 30% CH, maximum conversion and 55% C, . selectivity
(see also Figure 5). These values represent a C,_ yield of ap-
proximately 16 %.

Close examination of the profiles at the upstream part of
the catalyst bed reveals significant levels of H, production
early in the catalytic zone, that is, prompt H,; a peak level is
reached at approximately 3.7 mol% within 3 mm inside the
catalyst bed (8 mm axial distance). Within this zone, the reactor
temperature is still relatively low at 650-725 °C; thus, H, forma-
tion is expected to be due to surface-catalyzed reactions. Hy-
drogen formation precedes H,O formation (peak 19%) and is
closely followed up by CO, (9.31%) and CO (/3%) and then
by C,Hg (3.6 %).

The measured concentration profiles for C;Hg and H,O are
consistent with the well-established elementary reactions lead-
ing to their formation. Surface oxygen species [O] are widely
accepted to be responsible for CH, activation leading to the
formation of CH, radicals and surface [OH]."*"® The CH, radi-
cals then diffuse away from the catalyst surface and recombine
in the gas phase to produce C,H;. Regeneration of the active
sites is also well accepted to occur through the formation and
desorption of H,0.'*™ The vacated active sites are then rapid-
ly repopulated by O, chemisorption. These events are summar-
ized by the following elementary reaction set [Eqs. (3)—(6)]

0, +2[*] — 2[0] 3)
CH, + [0] — CH, + [OH] (4)
CH; 4+ CH; — G, Hq (5)
[OH] + [OH] — [O] + [*] + H,O (6)

in which [*] represents a vacant catalytic surface site for
oxygen chemisorption. It is known that a dynamic equilibrium
exists between gaseous O, and the various forms of surface
oxygen, for example, chemisorbed and lattice oxygen. The
early formation of H,, which is also accompanied by H,0, CO,,
and CO, could be attributed to surface reactions similar to
those reported in the catalytic partial oxidation (CPO) of meth-
ane to synthesis gas on Pt and Rh surfaces,"”'® or by reactions
such as the following [Egs. (7)-(13)]:

CH; + [OH] — [CH,0] + H, (7)

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

[CH,0] — [*] + CO+H, (8)
CO +[0] — CO, +[*] (9)
CH, + [0] — [CH;0] — [CHO] + H, (10)
[CHO] + [O] — [*] + [H] + CO, (11)
[CHO] — [H] + CO (12)
H] + [H — 2[*] + H, (13)

Undesired gas-phase reactions of CH; with O,, O, and OH
can also lead to CO, and CO (CO,) formation, but at higher
temperatures. Ethylene is then produced by the oxidative or
catalytic dehydrogenation of C,H,. As a consequence, C,H, for-
mation exhibits significant lag relative to C,Hg formation,
which is clearly observed in Figure 2. Ethylene levels peaked at
3.1% at 4 mm into the catalyst bed. Once formed, both C,H,
and C,H, can also interact with [O] and result in the formation
of CO, as a result of both gas-phase and surface reactions."*'
Figure 2 also shows the early formation and rapid rise of H,O
concomitant with a decrease in the O, concentration. It is well
recognized that the steady-state rate of the OCM reaction is
controlled not by the activation of CH, and C,Hs formation,
but by the reactions that lead to the formation of H,O [e.g.,
Eq. (6)]. This is because of the requirement to close the catalyt-
ic cycle™ ™ The data presented in Figure 2 are in harmony
with this argument, for which sharp changes in species mole
fraction profiles cease only after O, is completely consumed
and H,O formation level off.

The spatial concentration and temperature profiles for the
dual-bed operation (DB1) for the OCM reaction at the overall
CH,/0, ratio of 4 as presented in Figure 3 reveal several impor-
tant features. First, the feed CH,/O, ratio of 9 used in the first
catalyst bed necessitated the use of a higher T; of approxi-
mately 750 °C for ignition. As seen in Figure 3, the bed temper-
atures rapidly increased within the catalytic zones and reached
maximum bed temperatures of 920°C in the first bed and
866 °C in the second bed, both at approximately 5 mm within
the catalyst zones, which corresponds to complete conversion
of O,. This trend of temperature profile is similar to the SB1 ex-
periment presented in Figure 2 and yet gives us additional in-
sight into the effects of temperature on C,, yields in OCM. For
example, the peak temperatures in each bed for the dual-bed
experiments are significantly lower than those in the single-
bed experiment. This was the consequence of the split intro-
duction of oxygen and heat removal realized within the inter-
stage zone, which collectively decreased the maximum tem-
perature attained in the OCM reactors, in spite of the higher
ignition temperature. As seen in Figure 5, a C,, selectivity of
70% and an ultimate C,, yield of 21% was achieved in the
DB1 experiment; the latter is a value significantly higher than
the 16% vyield observed in the single-bed experiment at the
same overall CH,/O, ratio of 4. This clearly demonstrates that
distributing the oxygen feed with interstage cooling is a good
strategy to increase CH, conversion, whereas adverse effects
on the selectivity of C,, products are minimized. These com-
parative results are also presented in Table 1.

ChemCatChem 2014, 6, 2815-2820 2818


www.chemcatchem.org

CAT

Table 1. Reaction conditions and reactor exit values for conversions, selectivities, and yields.[a]

bed. Therefore, as apparent from
the species concentration pro-

T. Overall T, Feed1 Exit1 Exit1  Exit1 Tinterved Tpeak2 EXit2 Exit2  Exit2 files in the second bed, even in
CH,/0, CH,/O, CH, Gy, sel. Gy CH, G sel. G the presence of an excess
o . 0 H . [ 0 i | 0 © © . [Y 0 i | O B
[°C] ratio [°C] ratio conv. [%] [%] yield [%] [°C] [°C] conv. [%] [%] yield [%] amount of steam produced in
SB1 600 4 1015 4 30 55 16 - - - - - the first bed, La,0,-CeO, does
DB1 750 4 920 9 17 77 13 755 866 30 70 21

not promote the steam reform-

DB2 780 4.4 930 N 19 74 14 800 910 28 67 19 P

ing of methane reaction. More-

[a] 1 and 2 refer to catalyst beds.

over, the excess amounts of

Second, although the mixing of the secondary O, feed with
the reactor gases was not instantaneous, as evidenced by the
presence of a steep axial oxygen concentration profile, a uni-
form composition was achieved within the interbed zone close
to the upstream quartz-wool packing of the second reactor.
Third, the concentrations of all the species decreased upon O,
introduction (i.e., dilution), but remained virtually unchanged
along the interbed zone and within the quartz-wool packing.
Furthermore, the temperature in the interbed zone remained
at approximately 755°C, close to the furnace temperature.
These measurements clearly indicate both the absence of any
gas-phase reactions and the inert nature of the quartz wool.
This is a surprising result, as packets of high O, concentrations
would be expected to cause gas-phase combustion at the indi-
cated interbed temperatures especially if H, is present. The
OCM reaction commenced once the gases entered the second
catalytic bed at approximately 40 mm.

As seen in Figure 3, CO exhibited peak concentrations of
1.2% at 9 mm in the first bed and of 2.2% at 43 mm in the
second bed, which ultimately leveled off at 2.0% at the reactor
exit. Hydrogen levels were 2.3 and 3.6 % at the exits of beds 1
and 2, respectively. Carbon dioxide and water levels reached
3.4 and 11.5% in bed 1, respectively, and became 7 and 25.5%
at the exit of the dual-bed reactor, respectively.

Hydrocarbon products generally increased monotonically
within the catalytic zones with increasing methane conversions
and ceased to change if O, was consumed. At the exit of the
first bed, the following levels were reached: C;Hy 3.7%, C,H,
2.23%, and C;Hg 0.25%, whereas CH, conversion was 17 %.
Under these conditions, C,, selectivities corresponded to
76.6%, which represents a yield of 13%. However, at the exit
of the second bed the species concentrations became: C,Hq
4.4%, C,H, 4.1%, and C;Hg 0.41 %, whereas CH, conversion in-
creased to approximately 30%, with a small reduction in the
C,. selectivities and, hence, a 21% yield at the end of the
dual-bed reactor.

Temperature and species concentration profiles within the
second catalytic zone were qualitatively similar to those within
the first bed, and the reactions ceased immediately after the
exhaustion of O,. This is an interesting result because unlike
the first reactor, the feed to the second catalyst bed possessed
significant levels of H,, CO, CO,, and H,O, together with C,,
products. Considering the fact that with complete consump-
tion of oxygen in the second bed, H, and H,O production
levels are consistent with our expectations from the OCM reac-
tion and there is no sign of H,O consumption in the second

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

carbon dioxide and water fed to
the second bed did not cause
any apparent deactivation of the OCM catalyst.

Analysis of the experimental data of Figures 2 and 3 also in-
dicate that the catalytic water gas shift (WGS) reaction, that is,
H,O + CO=CO,+H,, can be ruled out. For example, the mole
fraction ratios Ycox Y /(Yi,0XYco) were in the 0.4-0.6 range
within the 5mm in the catalyst beds in all the experiments.
These values are significantly lower than those of the WGS re-
action equilibrium constants that are in the 1.5-2.0 range
under the prevailing conditions in the reactor beds.

The profiles for the DB2 experiment at the overall CH,/O,
ratio of 4.4 as presented in Figure 4 are in harmony with the
DB1 experiment at CH,/O,=4.0 (Figure 3), which thereby gives
us confidence regarding the validity of our measurements. In
the DB2 experiment, the feed CH,/O, ratio of 11 used in the
first catalyst bed necessitated the use of a higher T; of approxi-
mately 780°C for ignition, and the maximum bed tempera-
tures reached 930 and 910°C in the first and second beds, re-
spectively. These values are significantly lower than the single-
bed temperature peak of 1015 °C (Figure 2). Again, the location
of the maximum temperatures corresponds to the complete
conversion of O,. Moreover, the interbed temperature re-
mained relatively constant at approximately 800 °C.

From Figure 4 it can be seen that CO exhibited a peak con-
centration of 1.0% at 5 mm within the first bed, and ultimately
reached 1.6 % at the exit of the second catalyst bed. Hydrogen
levels were 2.2 and 3.5% at the exits of beds 1 and 2, respec-
tively. Carbon dioxide and water levels reached 2.8 and 10% in
bed 1, respectively, and became 6 and 24.2% at the exit of the
second bed, respectively.

In the DB2 experiment, the hydrocarbon products also ex-
hibited similar trends, which generally increased within the cat-
alytic zones with increasing methane and oxygen conversions
and which ceased to change after the complete conversion of
O,. At the exit of the first bed, the following levels were re-
corded: C,Hg 3.52%, C,H, 2.1%, and C;Hg 0.21%, whereas CH,
conversion was 19%. Under these conditions, C,, selectivities
would be 74%, which represents a yield of 14%. At the
second bed exit, the concentration levels became CHg 4.1%,
C,H, 3.8%, and C3Hg 0.35%, with a maximum CH, conversion
of approximately 28 %. These results correspond to a C, selec-
tivity of 67% and represent a final yield of approximately 19 %.
This value is slightly lower than the 21 % yield obtained in the
DB1 experiment yet higher than the 16% yield of the single-
bed experiment (see Table 1).
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Conclusions

The microprobe sampling technique as applied to dual-
packed-bed catalytic reactors for the oxidative coupling of
methane (OCM) demonstrated that distributing the O, feed
can significantly increase the yields of the C,, products. By
using La,0;-Ce0O, nanofiber fabric catalyst beds, the C,, prod-
ucts were obtained in an ultimate yield of 21% in a double-
bed OCM reactor with split O, introduction, which is signifi-
cantly higher than the 16% yield observed in the single-bed
experiment at the same overall CH,/O, ratio of 4. The dual-bed
configuration with interstage cooling increases the yield of the
C,, products primarily by increasing CH, conversion and by
maintaining the C,, product selectivity levels.
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