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Direct conversion of alkanes into valuable chemicals has attracted significant interest in recent decades by
academia and industry alike due to the vast economic potential. One type of such conversions is non-oxidative
dehydrogenation (NODH), which is deemed advantageous over its oxidative counterpart in conversion and
selectivity. However, coking-related degradation is a major challenge to the NODH route. We here demonstrate
an efficient and selective ethane-to-ethylene conversion membrane reactor operating on NODH and a mixed

electron and proton conductor (MEPC) having a composition of BaCog 4Feg 4Zro.1Y0.103 (BCFZY). The Hy pro-
duced from NODH is instantly removed by BCFZY, thus shifting the equilibrium to maximize conversion and
selectivity. The results show that the single-pass ethane-to-ethylene conversion, ethylene selectivity and product
yield at 700 °C are 70, 90 and 63%, respectively, with a moistened ethane as the feedstock. During a 100-h
durability testing, there is virtually no degradation observed in membrane performance.

1. Introduction

Non-oxidative dehydrogenation of ethane (NODHE) to ethylene
represents an attractive alternative to steam cracking (SC), the current
benchmark technology for mass production of ethylene, because it
promises high selectivity and conversion at reduced temperature range
of 600-700 °C, thus lowering energy consumption and carbon emissions
[1-5]. In theory, the NODHE process can be combined with a
Ho-permeable membrane to shift the thermodynamic equilibrium to-
ward ethylene production by extracting Hy produced from the thermal
dehydrogenation of ethane (TDHE). Unfortunately, the conventional
Pd-based Hy permeation membrane is not suited for NODHE application
because it would not be stable in the temperature range of ethane
dehydrogenation reaction (>600 °C to be thermodynamically favor-
able). Therefore, most of membrane based NODHE reactors demon-
strated so far utilizes ceramic proton conducting membranes with
electrical field as the driving force. For example, with an electrolysis cell
using Pt as both cathode and anode, and BaCeg g5Y¢.1Ndg.9503-5 (BCYN)
as electrolyte, Fu et al. reported a ~92.6% selectivity and ~35.5%
conversion at 700 °C with a feed of pure CyHg [6]. With a fuel cell
configuration using a proton conducting electrolyte and
(PI'()_4SI'0V6)3(F60.85M00_15)207 (PSFM) infiltrated with Co-Fe alloy
nanoparticles as anode, Liu et al. also reported a co-production of

* Corresponding author.

electricity and ethylene at 45.4% conversion, 91.4% selectivity and
41.5% yields at 750 °C [7].

In these oxide proton-conductor based electrolysis cells, it is gener-
ally believed that the ethane-to- ethylene conversion follows a sequen-
tial two-step chemical and electrochemical reactions at the anode:

Thermal dehydrogenation reaction: C,Hg = CoHy + Hp 1

Electrochemical oxidation reaction: H, +20§ =20H + 2e~ 2)

where the proton species OHy, is formed in oxides by dissolving Hy and
releasing electrons [8]. The protons are then transferred under a
H,-chemical-poetntial gradient by hopping through oxygen lattices (O¥)
[9], until combining with electrons to release hydrogen at the cathode:

20H, +2¢” =203 + H, 3

A common feature of ODHE electrolysis cells is the use of an external
circuit to accept or provide electrons for the electrode reactions, which
requires additional electrical components and subsystems. This would
add cost and complexity to the overall system. To this end, use of mixed
ionic and electronic conductors as the membrane for the above con-
version offers a simplified option by eliminating external electrical cir-
cuit since electrons are provided by the membrane itself. Early studies
on using mixed oxide-ion and electron conductors (MOECs) as oxygen
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Fig. 1. Schematic of (a) proton conducting electrolysis cell and (b) MEPC membrane for dehydrogenation of ethane to ethylene.

transport membranes (OTMs) to separate oxygen from air have shown
simplified design and cost saving at commercial scale [10-12].
Following the same principle, use of MEPCs to separate Hy from a
Ho-containing stream is also possible. Fig. 1 compares the working
principle of a proton-conducting-electrolyte-based electrolysis cell and
MEPC membrane reactor using ethane-to-ethylene conversion as an
example for illustration purpose. The underlying chemical/elec-
trochemical reactions at the two surfaces are expressed by the reaction
(1)-(3), but with a distinction in the source of electrons. Due to its
non-oxidative nature, over-oxidation of the more active product (e.g.
ethylene) can be considerably mitigated, thus improving the product
selectivity.

Use of MEPCs membrane reactors to upcycle methane [13,14],
ethane [15] and propane [16,17] has been well-documented in the
literature. However, one of the challenges for MEPCs-based membrane
reactors is the poor long-term stability caused by coking and CO attack
[18-20]. To further advance the commercial development of
MEPC-based membrane reactors, this stability issue must be overcome.

We here report the performance (conversion, selectivity and yield) of
a MEPC-based membrane based on a perovskite structured oxide
BaCog 4Fep.4Zr9.1Y0.103.5 (BCFZY) in a reactor converting ethane into
ethylene without catalyst and electricity. Note that we select a single-
phase composition such as BCFZY over other two-phase counterparts
such as BCFZY + Ni for the consideration of maximizing mixed ion/
electron transport and thus flux. On the other hand, to mitigate coking as
well as providing a favorable working condition for the BCFZY
(enhancing proton conductivity with steam) [8], we use moistened
ethane and Ar as the feed and sweep gas, respectively, for the study.

2. Experimental procedure
2.1. Synthesis and fabrication of the MEPC membrane

The composition of the MEPC used in this study is BaCog 4.
Feo.4Zr9.1Y0.103-5 (denoted as BCFZY). It was synthesized via a glycine
nitrate process (GNP). Briefly, stoichiometric amounts of precursors
including Ba(NO3), (#10180117, Alfa Aesar, 99%), Co(NO3)2-6H20
(#239267, Alfa Aesar, 99%), Fe(NO3)3-9H,0 (#216828, Alfa Aesar,
99%), ZrO(NO3)2-xH20 (#43224, Alfa Aesar, 99.9%), Y(NO3)3-6H20
(#12898, Alfa Aesar, 99.9%) were first dissolved in distilled water.
Glycine was then added to the solution with the molar ratio of 1:1
(glycine to total metal ions). The solution was then heated on a hotplate
until boiling and self-combustion. The powders were finally collected
and further calcined at 1000 °C for 2 h in air. The as-synthesized BCFZY
powder was examined by X-Ray diffraction (Rigaku 2005H302) for

phase identification.

Dense BCFZY membrane discs (¢20 mm x 0.8 mm thickness) were
made by dry pressing the above powder at 200 MPa and sintering at
1275 °C for 5 h. The microstructures of both surface and cross-section of
the sintered membranes were examined with a field emission scanning
electron microscope (Zeiss Ultra plus FESEM).

2.2. Ethane conversion test

Ethane conversion tests were carried out on the BCFZY membrane
using a homemade permeation reactor system. First, a BCFZY dense
membrane was sealed onto a supporting alumina tube using silver paste.
A second short alumina tube was then bonded onto the top of the
membrane to guide the feed gas. The assembly was first cured at 150 °C
for 2 h prior to ramping up to higher temperatures. At the testing tem-
perature, a humidified CoHg—Ar was fed to one side (denoted as feed
side) of the BCFZY membrane at a flow of 100 mL/min as the feed gas.
The compositions (CoHg, CoHg, CH4, CO, CO3, Hy) of the CoHg stream
effluent was constantly analyzed by an online gas chromatography (GC)
(Agilent 490). In the meanwhile, the other side (denoted as sweep side)
of the BCFZY membrane was swept by a 3%-humidified Ar with a flow
rate of 50 mL/min. The compositions of the effluent from the sweep (Ar)
side is simultaneously analyzed with another GC. The effect of reactor
temperature on conversion was tested from 650 to 750 °C in a step of 50
°C; at each temperature there is a 1-h hold time before GC sampling. To
make a comparison with moistened ethane conversion, a dry 2.5%
CoHg-Ar at 100 mL/min was also used as the feed gas, while a dry Ar at
50 mL/min is used as the sweep gas. The effective thickness and surface
area of the membrane is 0.8 mm and 0.95 cm?, respectively.

The effect of CoHg concentration on conversion performance was
tested with two ranges of CoHg concentrations; at low concentration
range, i.e. 1.25, 2.5 and 3.75%, the test was carried out with 3%-hu-
midified feed gas; while at elevated CoHg concentrations, i.e. 5, 10, 15,
20 and 25%, the test used a higher 12% steam to minimize coking during
test. The reactor temperature was fixed at 700 °C. On the other hand, the
effect of HyO concentration on conversion performance was also studied
at 700 °C. In this case, a dry 25%CyHg/Ar was humidified with 3, 6 and
12% of steam as the feed gas; different steam contents were generated by
passing dry 25%CyHg/Ar through a bubbler at different temperatures.
Last, long-term stability of the membrane reactor is evaluated at 700 °C
for ~100 h using a 3%-humidified 1.25%CyHe/Ar as the feed gas.
During the above tests, the total flow rate of the feed gas was fixed to
100 mL/min.

In addition, to confirm the effectiveness of MPEC membrane in
promoting ethane dehydrogenation performance, a blank experiment
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Fig. 2. (a) XRD pattern of GNP-synthesized BCFZY powder after 1000 °C for 2 h and 1275 °C for 5 h, and SEM images of (b) surface and (c) cross-section of BCFZY

membrane sintered at 1275 °C for 5 h.

with a dense Al,O3 disk was also carried out at 700 °C with a 3%-hu-
midified feed gas containing 1.25-3.75% ethane.

From the measured concentrations, flux densities of CHy, CO5, CO,
CoH4 and Hy, denoted by Jcus, Jco2, JCO, Jcons, and Jyo, respectively, on
the CyHg side (feed side), are calculated by:

Jen, = ¢ = = CC? - — . F,, @
— Ccn, — Cco, — Cco — Coong — Coony — Ch, (feed) A

Y0 = T~ Cen — Cao Ecgzc e P} ©

o TG G o - Com — Com — Con(fecd) © % ©®

Jeam = 1 — Ceny — Ceo, — Ceo ﬁczg;yﬁ — Ce,n, — Ch, (feed) . sz:r @)

et = oy = Coo — Ceo SCCHCH ~ Ceun, — Cr (feed) % ®

" ¢ B )

x
1= Cen, — Cco, = Cco — Copny — Copmy — Cpy (feed) A

where FQ, is the flow rate of the Ar in the feed gas, i.e. (1-x) x 100 mL/
min (x is the concentration of CoHg; 100 mL/min is the total flow); and A
is the effective area of the sample.

Similarly, Hs flux density produced at the sweep side is calculated by

Cp, (sweep) » F,

1 — Cy,(sweep) A (10)

Ju, (sweep) =

where Fj, is the flow rate of the sweeping Ar, i.e. 50 mL/min.
The ethane conversion (Xc,u,), C2H4 selectivity (Sc,n,), selectivity
yield (Y¢,n, ), coking rate (R¢) and Hy recovery rate are calculated by:

Fe, vy (in)—F ¢y Hg (our

Xeon, = L % 100% an
FC;H(,(in)
J A
Seun, = Catty X x 100% 12)
Fe, g (in) - F oy Hy (our)
Ye,u, =Scn, X Xeyns (13)
Re=2Fc,ny — (Jeo, +Jco +Jciy +20cymy, + 20 cing) X A]/22.4 x 107
a4
Ry — lweer) o0, as)
T g (feed) ’

2.2.1. Post conversion analysis

All membranes subject to conversion testing were characterized by
XRD for any secondary phase formation and SEM/EDS for microstruc-
tural and chemical changes.
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Fig. 3. (a) Production rate of C;H4, CHy, CO and Hj, in the effluent stream of the feed side; (b) production rate of Hy in the effluent stream of the sweep side (Ar); (c)
conversion rate of CoHg and selectivity and yield of CoHy; and (d) coking rate vs temperature.

3. Results and discussion
3.1. Phase purity and microstructure of the membrane

The XRD pattern of the synthesized BCFZY powder is shown in Fig. 2
(a), where a pure primitive cubic perovskite phase is formed at 1000 °C
for 2 h and maintained after sintering at 1275 °C for 5 h [20]. The
surface and cross-sectional microstructures of the sintered BCFZY are
shown in Fig. 2 (b) and (c), where a dense surface and bulk with a very
few of closed micro-size pores are visible after sintering the membrane
at 1275 °C for 5 h.

3.2. Moistened and un-moistened ethane conversion

With 3%H30-97%(2.5%CyHe-Ar) as the feed gas, the NODHE
membrane performance was evaluated, and the results are shown in
Fig. 3. The main products from the feed side are C;H4, Hy with minor
amount of CH4, CO5 and unreacted CoHg, but no CO was found. It is also
worth mentioning that the concentrations of C;H4, CH4 and CO5 are all
less than <0.01% at the sweep side (Ar) of the membrane, suggesting a
good gas tightness of the membrane and adequate sealing. The measured
gas compositions suggest some side reactions other than main reaction
(1) concurrently take place during the conversion. These possible side

reactions are:
Coking reaction: Co;Hg = C + CHy4 + Hp e)

Coking reaction: CoHg = 2C + 3H; a7

Hydrolysis reaction: CoHg + Hy, = 2CHy (18)

Decoking reaction: C + 2H,O = CO, + 2H; 19

Since CyH4 concentration is much higher than CH4 and COj, the
major reaction is still reaction (1). However, reactions (14-16) are not
negligible, depending on how fast Hy is extracted by the membrane.
Reaction (17) is a de-coking reaction, the effectiveness of which de-
termines the degree of coking and critically the lifespan of the reactor.

The production rate of C;H,4 shown in Fig. 3(a) increases with tem-
perature, i.e. from 0.82 to 1.34 mL/cm®min from 650 to 700 °C,
respectively, but slightly decreases after 700 °C, implying that 700 °C
might be the optimal operating temperature for the membrane. On the
other hand, the production rates of CH4 and H; all increase with tem-
perature from 650 to 750 °C, while CO, production rate also increases
with temperature until reaching a plateau at 750 °C. At the same time,
Fig. 3(b) shows a pure stream of Hy at the sweep side with its flux
increasing with temperature, but at a lower magnitude compared to the
feed side. A possible reason for the low Hy flux permeated is the thick
membrane used in the study. With thin-film membrane configuration,
the Hy removal from the feed side is expected to be more effective.

Fig. 3(c) shows that the selectivity of CoH4 decreases from 81% at
650 °C to 51% at 750 °C, while the CoHg conversion rate increases
monotonously from 42% at 650 °C to 92% at 750 °C. At 700 °C, the yield
is ~52%, which is comparable to steam cracking [21]; but the latter’s
operating temperature is 900 °C. The opposite trend in selectivity and
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conversion has resulted in a peak yield at 700 °C. The net results of the
main reaction (1) competing with side reactions (14)-(15) are the
fundamental reasons for the observed conversion performance. From
the carbon balance, the coking rate was also estimated and shown in
Fig. 3(d). While there is roughly eight-fold swing in the coking rate from

650 to 750 °C, the absolute magnitude of the coking rate is generally
low.
For comparison, NODHE performance under dry condition was also
measured and the results are shown in Fig. 4. Lower flux density,
selectivity and yield of CoHy4 are clearly observed; especially at 650 °C
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there is almost no CyHy in the product. In addition, CH4 and Hj pro-
duction rates are also low and do not increase with temperature above
725 °C, while the conversion rate of CoHg does increase with tempera-
ture, but it is mainly converted to coke. These observations suggest that
a significant portion of ethane conversion in the reactor is likely through
the coking reaction (14) and (15), covering the membrane with carbon
and resulting in strange trends observed for fluxes of CoHy4, CHy4, Hy and
coking rate shown in Fig. 4.

3.3. Effect of CoHg and H20 concentrations on ethane conversion and
short-term stability

The effect of CoHg concentration on ethane conversion performance
at a relatively low range of 1.25-3.75% was examined at 700 °C and the
results are shown in Fig. 5. As the CoHg concentration increases from
1.25 to 3.75%, the selectivity and yield of C;Hy4 decrease from 87% and
61%-62% and 46%, respectively, while the CoHg conversion slightly
increases from 70% to 74%. On the other hand, the coking rate increases
from 3.7 x 10 to 7.6 x 10™ with the CyHg concentration, indicating
that higher CoHg conversion at higher CoHg concentrations is due to
coking.

The blank experiment with a dense Al;O3 disk is more revealing.
Fig. 5(b) shows a much lower conversion rate and yield (~25% and

~22%) with Al;03 dense disk than the BCFZY membrane under the
same conditions. These observations suggest that the BCFZY membrane
does promote the ethane dehydrogenation by Hp removal via the proton
conducting membrane. However, the higher selectivity observed under
these conditions suggests that the MPEC membrane may also remove Hj
resulted from side reactions such as reactions (16) and (17).

At high CyoHg concentrations, i.e. 5 to 25%, ethane conversion was
evaluated with 12% humidification at 700 °C. Fig. 6 (a) shows that the
selectivity and yield of CyH4 decrease from ~68% and ~57%—~40%
and ~32%, respectively, while the CoHg conversion slightly decreases
from ~85 to ~79% as the CyHg concentration increases. The most sig-
nificant change with increasing CoHg is the coking rate, with a dramatic
increase from 9.8 x 10 to 5.2 x 10™*,

For the H,0 concentration effect, a slight increase in both selectivity
and yield is observed in Fig. 6(b) with increasing H2O content from 3 to
12%, while there is no significant change in conversion. Moreover,
coking rate is suppressed by increasing HpO concentration, decreasing
from 1 x 102 to 5 x 10", suggesting that high steam concentration is
needed for operating at high CoHe.

Based on above results, yield and selectivity of ethylene at 700 °C are
plotted against CoHg/H20 ratio and are shown in Fig. 7. An exponen-
tially decreasing trend for both selectivity and yield are observed with
CoHg/H20 ratio, suggesting low CyHg/HO ratio is preferred for
achieving better performance. Moreover, a plateau is reached as the
ratio increases beyond certain point (CaHe/H20 > 2, CoHe=25%,
Hy0=3-12%), which may be attributed to the severe coking effect at
25% CyHg. Under this circumstance, ethane was mainly converted to
carbon covering the membrane, making it insensitive to HoO concen-
tration change. The other reason may be the relatively small reactor area
(~0.95 cm?) used in this study that limits the dehydrogenation under
high ethane concentration conditions.

A short-term stability test of 100 h was carried out at 700 °C using a
3% humidified 1.25% CyHg/Ar as feed gas. The results shown in Fig. 8
indicate no visible degradation in performance during operation. After
cooling down to room temperature and disassembling the cell, no visible
coking was observed on the membrane. This preliminary result suggests
that membrane is chemically stable, and coking is suppressed under the
relevant operating conditions.

3.4. Post-test analyses

To understand the surprising stability, post-test analysis was per-
formed using XRD and SEM/EDS. Fig. 9 shows the XRD patterns, which
indicate only a minor secondary phase of BaCO3 among the original
perovskite phase of BCFZY. In comparison, a significant amount of
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Fig. 9. XRD patterns of BCFZY membrane after testing in 3% humidified and dry ethane.
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Fig. 10. SEM images and distributions of Co, Ba and Fe on the cross-section of BCFZY membrane after the test in 3%humidified feed gas.
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BaCOg is detected on the BCFZY membrane after testing in dry CoHg.
This observation suggests that the formation of BaCO3 can be suppressed
by steam. Similar phenomenon was also observed in similar materials
such as BSCF [18], and BZCYYb [19].

The SEM/EDS analysis results of the tested BCFZY membrane are
shown in Fig. 10. Nano-sized particles are clearly observed in the cross-
sectional view. The EDS mapping suggests that these nano-sized parti-
cles contain pure cobalt. Given the fact that Co in BCFZY is reducible
under the operating condition, this is a reasonable finding. In fact, these
nano-sized cobalt particles could possibly serve as a catalyst for ethane
dehydrogenation and may have certain contribution to the performance
by providing additional electronic conductivity [3,4,22].

4. Conclusions

In summary, a simple but effective dehydrogenation of ethane to
ethylene has been demonstrated using a MPEC membrane. With a 3%
H50-moistened 1.25%CyHg—Ar as the feedstock, ~70% ethane conver-
sion and 90% ethylene selectivity have been achieved at 700 °C with a
minimal coking. From the effect of CoHg and HyO concentrations on
conversion performance, a low CaHg/H20 ratio is preferred to achieve a
better conversion performance at 700 °C for a small lab-scale reactor.
The BCFZY membrane also shows a good chemical and structural sta-
bility under the operating condition with the presence of steam. The ex-
solved Co nanoparticles may provide additional catalytic activity to the
dehydrogenation reaction and electronic conductivity to the membrane.
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