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Integration of Nine Steps into One Membrane Reactor To Produce
Synthesis Gases for Ammonia and Liquid Fuel

Wenping Li, Xuefeng Zhu,* Shuguang Chen, and Weishen Yang*

Abstract: The synthesis of ammonia and liquid fuel are two
important chemical processes in which most of the energy is
consumed in the production of HyYN, and HyCO synthesis
gases from natural gas (methane). Here, we report a membrane
reactor with a mixed ionic-electronic conducting membrane, in
which the nine steps for the production of the two types of
synthesis gases are shortened to one step by using water, air,
and methane as feeds. In the membrane reactor, there is no
direct CO, emission and no CO or H,S present in the ammonia
synthesis gas. The energy consumption for the production of
the two synthesis gases can be reduced by 63 % by using this
membrane reactor. This promising membrane reactor process
has been successfully demonstrated by experiment.

F ood, energy, and environment are the foundations of
human social development. Ammonia, synthesized by the
Haber—Bosch process, is the second most produced chemical
on the planet,'l and is used to produce fertilizer to increase
food production.’™ Natural gas is usually used as a feedstock
to produce ammonia synthesis gas (ASG, H,/N, = 3:1)."! This
process is accompanied by large atmospheric emissions of
CO, (about 400 x 10° tons per annum).®! In a typical ASG
production process, six main steps are required to convert
cleaned natural gas into ASG: steam reforming, air reform-
ing, water-gas shifting at high and low temperatures, CO,
separation, and methanation (see Figure S1a in the Support-
ing Information). This long route for the production of ASG
requires huge capital investment and consumes significant
amounts of energy. In the entire process for the synthesis of
ammonia, ASG production constitutes about 84 % of the
energy consumption,”’! while the step corresponding to the
catalytic synthesis of ammonia only accounts for a small
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amount of energy consumption.”! Gradual improvements in
the performance of catalysts for the synthesis of ammonia
have resulted in the energy consumption of the catalytic step
being reduced close to the theoretical value.™! Electrochem-
ical approaches have been proposed to directly synthesize
ammonia without the production of ASG by using water and
nitrogen as the feed gases.™* 'l However, the rate of
ammonia production, Faraday efficiency, and stability of the
electrochemical process still need to be improved signifi-
cantly. Therefore, the traditional process for the synthesis of
ammonia will still prevail in the near future, but great
innovation in the ASG production technology is imperative to
reduce energy consumption for the industrial synthesis of
ammonia.l'Z

The Fischer-Tropsch process is an important and feasible
route to diversify energy resources."*'® Natural gas is
a typical feedstock to produce liquid-fuel synthesis gas
(LFSG, H,/CO =2:1) in three main steps: steam reforming,
air separation, and mixed reforming. The production of LFSG
constitutes the majority of the costs and energy consumption
in the entire gas-to-liquid process (see Figure S1b in the
Supporting Information)."”7") A large portion of energy is
consumed by the separation of air to obtain pure oxygen.
Partial oxidation of methane (POM) in mixed ionic-electronic
conducting (MIEC) membrane reactors, in which air separa-
tion and the partial oxidation reaction are coupled, was
considered to be a promising route to produce LFSG with
a suitable H,/CO ratio (2:1) and high energy efficiency.""!
However, process safety is still a great challenge if the ceramic
MIEC membranes break during the on-stream operation.
Additionally, the temperature runaway induced by the fast
exothermal reaction is difficult to avoid in a large-scale MIEC
membrane reactor. Therefore, process risks need to be
eliminated before commercialization of the MIEC membrane
syngas technology.

In recent years, coupling catalytic reactions in membrane
reactors has been regarded as an efficient way to achieve
process intensification.””*! Ammonia synthesis, conversion
of benzene into phenol, and water splitting have been
performed with high efficiency in membrane reactors.**>"
Here, we present a membrane reactor with an MIEC
membrane and catalyst to coproduce ASG and LFSG from
water, air, and methane in one step (see Figure Slc in the
Supporting Information). Figure 1a shows the concept of the
membrane reactor. Air and water with an appropriate ratio
are fed to one side (side I) of the membrane, while methane is
fed to the other side (side II). At high temperatures, oxygen
molecules from the air on side I permeate as oxygen ions
through the MIEC membrane by diffusion to side II, where
they react with methane to form LFSG, meanwhile electrons
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Figure 1. a) Concept of the one-step production of the two synthesis gases for ammonia (H,/N,=3:1) and liquid fuel (H,/CO=2:1) from water,
air, and natural gas in a membrane reactor. b) Merits of the membrane reactor for the production of ASG and LFSG compared with industrial
processes. “6” represents a six-step process for the industrial production of ASG; “3” represents a three-step process for the industrial production
of LFSG; “1” represents the one-step process for the coproduction of ASG and LFSG in the membrane reactor.

migrate from side II to side I to maintain the electric neutral-
ity of the whole process. The LFSG has an extremely low
oxygen partial pressure (for example, 107" atm) on side II,
which drives the permeation of oxygen from side I to side II.
In this process, the amount of oxygen in the air is limited in
the feed, thus oxygen molecules can completely permeate to
side II. When the oxygen partial pressure of side I decreases
to a value that allows water splitting, hydrogen is produced.
Thermodynamic calculations (see Figure S2 in the Supporting
Information) show that the equilibrium conversion of the
water-splitting reaction can be as high as 96% at 900°C if
oxygen can be removed rapidly by the POM reaction through
the MIEC membrane. Under steady operating conditions,
oxygen from the air and water splitting continuously perme-
ates through the MIEC membrane and reacts with methane.
Therefore, the resultant gases on side I with a suitable H,/N,
ratio are ready for the synthesis of ammonia after drying;
simultaneously, the produced LFSG on side II with a suitable
H,/CO ratio is ready for the synthesis of liquid fuel.

The merits of the membrane reactor are summarized in
Figure 1b. The most important advantage of the membrane
reactor is to shorten the six-step process (steam reforming, air
reforming, water-gas shifting at high and low temperatures,
CO, separation, and methanation) for ASG production and
the three-step process (steam reforming, air separation, and
mixed reforming) for LFSG production to a one-step process.
The highly integrated membrane reactor allows much higher
energy efficiency (ca. 63 % energy saving) than the traditional
complex processes. An air separation unit is also integrated
into the membrane reactor during the production of LFSG.
Besides the strong integration and high energy efficiency, the
additional merits of this membrane reactor include high
safety, environmental friendliness, and clean product (Fig-
ure 1b). Unlike traditional MIEC membrane reactors for
POM to syngas, no safety problem exists even if the ceramic
MIEC membranes break during the operation, since the
volume fraction of oxygen in the feed (including air, steam,
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and methane) is too low (<2 %) for explosions. Temperature
runaway in POM cannot happen in this new conceptual
membrane reactor, since the exothermic reaction is coupled
with a strong endothermic water splitting reaction. The
process in the MIEC membrane reactor can be described
according to Equation (1):

+(CH4)sidc IIE’

side I

1 1
(om0 +2n.+10)

2
ME’7 (3H; + Ny)siger+(2H, + CO)gigen (1)

AHgyy,c = 190 kJ mol™!
AGyy.c = —103 kJmol .

In the membrane reactor, ASG is produced without CO,
emissions, and no CO or H,S are present (both are strong
poisons of the catalyst for the synthesis of ammonia). Thus,
CO, separation and methanation are unnecessary.

The rates of production for ASG and LFSG depend on the
oxygen permeation flux of the MIEC membranes, which can
be described by the Wagner equation [Eq.(2)] if the
electronic and ionic conductivities (o, and ¢;) of the mem-
brane materials are constant under the range of oxygen
partial pressures of the catalytic membrane reactions

[Eq. )]:

RT o,+0,, Py

_ e = ° 2
Jo. = ~16FL 6,0, " P, @

Here, R, T, F, and L are the gas constant, temperature,
Faraday constant, and membrane thickness, respectively.’
For a certain MIEC membrane, oxygen permeation occurs as
long as the oxygen partial pressure of side I is higher than that
of side II. To realize this attractive concept, the selected
MIEC membrane should be stable in a strong reducing
atmosphere and exhibit high oxygen permeability. Further-
more, the catalysts used in the membrane reactor should
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exhibit high catalytic activity and stability for the water
splitting and POM reactions, respectively.

A perovskite-type MIEC BagsCeqsFegosOs5 (BCF)
membrane was chosen as an example to demonstrate and
confirm the concept after we considered the balance between
stability and permeability. The oxygen permeation flux of
BCF is 1.3 mLcm *min~! under an air/He gradient, and it is
even stable in a H, atmosphere at 900 °C (see Figure S3 and S4
in the Supporting Information). The membranes were sealed
in the membrane reactor by silver paste between two alumina
tubes to separate the oxygen of side I from side II (see
Figure S5 in the Supporting Information). Here, a Ru-based
catalyst prepared by impregnating RuCl; into CegsSmy ;50,5
(1 wt% Ru/SDC) was used to catalyze the POM reaction for
the production of LFSG. This catalyst has a particle size of
about 100nm and a specific surface area of 19 m’g .
Fortunately, we found that the 1wt% Ru/SDC catalyst,
which is designed for the production of LFSG, also exhibits
a high catalytic activity and stability for the production of
ASG.

In previous studies on MIEC membrane reactors, dilute
CH, was used to avoid coke deposition and temperature
runaway.” ¥ Here, the effects of CH, concentration on CH,
conversion, CO selectivity on side II, and ASG production
rate on side I were tested at a given CH, flow rate of
7.0 mL min ' on side II and a fixed H,/N, ratio of 3:1 on side I
to find the optimal CH, concentration at 900 °C (see Figure S6
in the Supporting Information). The CH, conversion and CO
selectivity increase gradually as the concentration of CH,
increases, whereas the ASG production rate stays almost
constant at 13.5mLcm?min~". In a practical operation,
a pure CH, feed is better than dilute CH, since no additional
separation step is required to remove the diluting gas. Thus, in
the following experiments, pure methane was used as the feed
to side II. Figure 2 shows the effects of the CH, flow rate on
its conversion, CO selectivity, as well as LFSG and ASG
production rates at 900 °C. The H,/N, ratio was fixed at 3:1 by
adjusting the flow rates of air. As the CH, flow rate increases
from 3.0 to 10.0 mLmin ', the ASG and LFSG production
rates increase from 9.1 to 13.5 mLcm ?min~' on side I and
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Figure 2. Effects of CH, flow rate on CH, conversion, CO selectivity, as
well as ASG and LFSG production rates at 900°C. H,O steam:
200 mLmin™".
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from 8.6 to 36.7 mLcm ?min~! on side II. At the same time,

the CO selectivity increases gradually from 70.4 to 99.3 % and
the CH, conversion decreases gradually from 97.8 to 88.1 %.
Simultaneously, a suitable H,/CO ratio of 2:1 was achieved
because of the highly selective POM reaction. The experi-
ments successfully demonstrate that the membrane reactor
shown in Figure 1a can simultaneously produce ASG with
a high production rate and a suitable H,/N, ratio on side I as
well as LFSG with a high production rate and suitable H,/CO
ratio on side II.

In the membrane reactor, three processes are coupled
together: water splitting, oxygen permeation across the MIEC
membrane, and POM. All the processes can be accelerated by
increasing the temperature. Thus, to maintain CO selectivity
greater than 95 % and to achieve a maximum CH, conversion
at each temperature, the optimal feed rate of CH, needed to
be adjusted as the temperature was varied (see Figure S7 in
the Supporting Information). In general, the optimal feed rate
of CH, increases with temperature. The effects of temper-
ature on CH, conversion, CO selectivity, and ASG and LFSG
production rates were thus investigated (Figure 3a). It was
found that the CH, conversion increases gradually with
temperature, and a high CH, conversion (>95%) can be
achieved above 875°C. The ASG and LFSG production rates
increase from 4.3 to 18.8 mLcm ?min ' on side I and from
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Figure 3. Effects of temperature on performance. a) CH, conversion,

CO selectivity, as well as ASG and LFSG production rates. b) Oxygen

permeation flux and the oxygen partial pressures for the two sides of

the membrane. H,/N,=3:1 on side | of the membrane, H,O steam:
200 mLmin~".
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10.2 to 45.6 mLcm *min~' on side II, respectively, as the
temperature increases from 800 to 925°C. Although both
sides have H,-containing atmospheres, a large oxygen partial
pressure gradient (10°-107) exists across the membrane
(Figure 3b). It is the oxygen partial pressure gradient that
drives oxygen on side I to permeate through the membrane to
side II. The corresponding oxygen permeation flux through
the membrane increases from 1.9 to 8.3 mLcm ?min~" as the
temperature increases from 800 to 925°C. There was no
residual oxygen detected on side I, because the concentration
of hydrogen produced from water splitting on side I reached
1.1-5.0 vol % in the temperature range 800-925°C and the
corresponding oxygen partial pressures were in the range of
107%-10 " atm. After temperature-dependent experiments
over 110 h, the membrane reactor was subjected to constant
operation conditions (Figure 4). A stable membrane reactor

100 50
i\e —O— CH, conversion "
> 804 —O—CoOselectivity 0 =
£ i ;
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o
g L30 E
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3 V- Fase (H/N=3) .
g g0 ©,
g 20- g
8 V—v—v__v_v_v_v_v_v_v__v_-v__v.v [TH

e ! ) T T T 10
120 140 160 180 200
Time/h

Figure 4. Stable operation of the membrane reactor for the production
of ASG and LFSG at 900°C. H,O steam: 200 mLmin~'; CH,:

9.0 mLmin~".

operation was observed over 100 h of on-stream processing.
The carbon balance stayed in the range of 95-99%. CH,
conversion and CO selectivity were high (94-98 %), and the
ASG (H,/N, =3:1) and LFSG (H,/CO =2:1) production rates
remained at about 14 and 34 mLcm 2min!, respectively.
These results indicate that the membrane reactor can be
steadily operated to coproduce ASG and LFSG in a highly
efficient manner. After operation for a total of 210 h, both
sides of the membrane close to the surfaces remain very
similar to the as-prepared membrane (see Figure S8a in the
Supporting Information), as evident by comparing the cross-
sectional views (see Figure S8b,c in the Supporting Informa-
tion). Energy dispersive spectroscopy (EDS) analysis show
there is no apparent change in the elemental composition of
the bulk area of the membrane (see Table S1 in the Support-
ing Information). Thermodynamic calculations show that no
BaCO; forms during the 100 h on-stream experiment at
900°C, where the CO, partial pressure was in the range of 0.8
to 1.3 kPa (see Figure S9 in the Supporting Information). The
catalyst layers coated on both sides exfoliated partially from
the membrane surfaces after the membrane reactor cooled to
room temperature. A thermogravimetric/differential thermal
analysis (TG-DTA) experiment on the spent catalyst showed
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that no carbon deposition had occurred (see Figure S10 in the
Supporting Information). Beneath the catalyst layers, the
chemical composition of the membrane surface is similar to
that of the fresh surface (see Table S1 in the Supporting
Information). This finding indicates that the membrane
material is stable under such reaction conditions.

To save energy in steam heating on side I, it is economic to
reduce the flow rate of the water steam in a practical
operation. Figure 5 shows the effects of H,O/CH, molar ratio
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Figure 5. Effects of H,0/CH, molar ratios on performance. a) H,0
conversion and ASG and LFSG production rates at a H,/N, ratio of
3:1 at 900°C. b) Energy saving in the membrane reactor. The values of
the energy savings were calculated from energy consumptions in the
membrane reactor and industrial energy consumption when producing
the same amount of ASG and LFSG.

on CH, conversion, CO selectivity, H,O conversion, as well as
ASG and LFSG production rates at a H,/N, ratio of 3:1 and
900°C. At all the reaction conditions tested, the CH,
conversion and CO selectivity remained in the range of 92.0
to 99.5%. The Hy/N, ratio can be adjusted over a wide range
by changing the air flow rate, which allows the membrane
reactor to produce H,/N, synthesis gas in various ratios (see
Figure S11 in the Supporting Information). The ASG and
LFSG production rates increase with the H,O/CH, ratio,
whereas the H,O conversion decreases (Figure 5a and see
Figure S12 in the Supporting Information). As the H,O/CH,
molar ratio was decreased to 2.07:1, the water conversion
reached a high value of 35.75 %, which is approximately 8 x
10* times higher than the equilibrium conversion (0.00046 %)
of the water splitting reaction at 900 °C. The H,0O/CH, molar
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ratio is lower than that used in the industrial processes for the
production ASG and LFSG, in which a ratio of about 3.5:1 is
usually used. The energy consumption in the membrane
reactor for the production of ASG and LFSG on an industrial
scale was calculated by using SIMSCI-PRO II 5.5 and
ChemCAD 6.1.2 (see Figure S13 and Table S2 in the Sup-
porting Information). A 63.3 % saving in energy consumption
compared with traditional industrial processes can be ach-
ieved at a H,O/CH, molar ratio of 2.27:1, and the membrane
reactor process achieves an energy saving as long as the H,0O/
CH, molar ratio is lower than about 14:1 (Figure 5b and see
Table S3 in the Supporting Information). The membrane
reactor allows a highly integrated process that can shorten the
nine steps for the generation of ASG and LFSG to one step,
and thus decrease the energy consumption significantly.

In summary, we have demonstrated a new concept of
a membrane reactor for the highly efficient production of
ASG and LFSG. The success with this new concept may
trigger innovation in traditional natural gas chemical indus-
tries.
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