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PRODUCTION PROCESSES

NATURAL GAS

Ethylene

The current global 
ethylene demand is 
around 150 million 

tons per year

In the next 5 years, its 
production is expected 

to have a growth rate of 
3,5 %

• Steam cracking of:
 Naphtha
 Gas oil
 Ethane
 Propane

• Steam cracking of:
 Ethane
 Propane

• Fischer-Tropsch
• Oxidative coupling 

of methane (OCM) 

RAW MATERIALS
INTERESTING DATA
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The process can be performed in portable 
units that can be used in remote areas, 
where nowadays the CH4 is burnt.

OCM
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STATE OF THE ART OF OCM (EXPERIMENTAL WORK)

2𝐶𝐻4 + 𝑂2 → 𝐶2𝐻4 + 2𝐻2𝑂

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂

2𝐶𝐻4 + 0,5𝑂2 → 𝐶2𝐻6 + 𝐻2𝑂

𝐶𝐻4 + 𝑂2 → 𝐶𝑂 + 𝐻2𝑂 + 𝐻2

𝐶𝑂 + 0,5𝑂2 → 𝐶𝑂2

𝐶2𝐻6 + 0,5𝑂2 → 𝐶2𝐻4 + 𝐻2𝑂

𝐶2𝐻4 + 2𝑂2 → 2𝐶𝑂 + 2𝐻2𝑂

𝐶2𝐻6 → 𝐶2𝐻4 + 𝐻2

𝐶2𝐻4 + 2𝐻2𝑂 → 2𝐶𝑂 + 4𝐻2

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2

𝐶𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂
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1 (Packed bed)

2 (fluidized bed reactor)

3 (Thin bed monolith)

4 (Catalytic wall reactor with reactive
cooling)
5 (Microchannel reactor)

6 (Multistage reactor)

7 (Periodic reverse flow)

8 (Molten salts reactor)

9 (Simulated counter current moving
bed chromatographic reactor)
11 (Chemical looping reactor)

14 (Electrocatalytic reactor)

15 (Solid oxide fuel cell reactor)

16 (Packed bed membrane reactor)

Series1

18 (Fluidized bed membrane reactor)

19 (Dual function catalytic packed
bed)
20 (Dual membrane packed bed)

21 (Plasma reactor)
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PACKED BED REACTOR

A hotspot problem can occur because of 
the exothermic behaviour of the reaction

Reaction conditions have to be drastically 
changed to control the temperature along the 
reactor length

Lost of C2+ selectivity and probable catalyst 
melting

This results in a very poor OCM performance

Simulation of the conventional OCM packed bed reactor:
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Runaway regime: Reactor conditions optimized to reach the maximum OCM performance

Controlled regime: Reactor conditions modified to avoid hotspots Another reactor configuration has 
to be found to solve or at least 

minimize this issue
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NOVEL PROPOSED CATALYTIC MEMBRANE REACTOR

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂

𝐶𝐻4 + 𝑂2 → 𝐶𝑂 + 𝐻2𝑂 + 𝐻2

2𝐶𝐻4 + 0.5𝑂2 → 𝐶2𝐻6 + 𝐻2𝑂

𝑟3 =
𝑘3∗𝑃𝐶𝐻4

0,57∗𝑃𝑂2
0,85

1+𝑘3,𝐶𝑂2∗𝑃𝐶𝑂2
2

[1] Z. Stansch, L. Mleczko, and M. Baerns, “Comprehensive kinetics of oxidative coupling of methane over the La2O3/CaO catalyst,” Industrial 
and Engineering Chemistry Research, vol. 36, pp. 2568–2579, 1997.

The order of the OCM reaction respect to O2 is 
lower than in the combustion reactions. Thus, the 

desired path is favoured when a low PO2 is kept 
along the axial length of the reactor. 

𝑟2 =
𝑘2∗𝑃𝐶𝐻4

0,24∗𝑃𝑂2
0,76

1+𝑘2,𝐶𝑂2∗𝑃𝐶𝑂2
2

𝑟1 =
𝑘1∗ 𝑘1,𝑂2∗𝑃𝑂2

0,4
∗𝑃𝐶𝐻4

1+ 𝑘1,𝑂2∗𝑃𝑂2
0,4
+𝑘1,𝐶𝑂2∗𝑃𝐶𝑂2

2

CH4

C2H4,C2H6, CO2, CO, H2O, H2

O2

O2

Air O2 Air separation 
unit
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NOVEL PROPOSED CATALYTIC MEMBRANE REACTOR

The process will be more competitive with the rest of technologies for C2H4 production

Easier control of the temperature during the OCM reaction

The air separation unit will not be required

The distributed oxygen feeding will be achieved by introducing oxygen membranes in 
the reactor. The advantages of the new proposed configuration will be the following:

The C2+ yield of the process will be increasedDesired reactions will be maximized
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PERMEATION TESTS
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Some permeation tests were performed (without the reactor shell) to a self-supported hollow fiber
BSCF oxygen membrane. The results are shown below:

The values are 2 times lower than what it 
can be found in literature for the same type 
of membranes. 

The membranes were very fragile, especially 
at high temperature, thus impeding 
additional tests. 
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CONDITIONS:

800  ̊C

1 bar

80 % N2 – 20 % CO2

Uncoated BSCF

THERMO-GRAVIMETRICAL (TGA) EXPERIMENTS

The CGO layer limits the formation of 
species containing CO2 in the 
membrane, that can have a 
detrimental effect in the O2

permeation, thus making these type of 
membranes suitable for the OCM 

process.

TGA experiments were performed to check the tolerance of different oxygen membranes to CO2, which is a 
requirement for the OCM application:
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DIFFERENT TYPES OF SEALING

GLASS SEALING 
TECHNIQUE [2]

REACTIVE AIR BRAZING 
(RAB) SEALING TECHNIQUE 

[3]

[2] L. Di Felice et al., Chemical Engineering and Processing: Process Intensification, http://dx.doi.org/10.1016/j.cep.2014.12.004
[3] H. Chen et al., Acta Materialia, vol. 88, pp. 74–82, 2015. 

FeCralloy
cap

FeCralloy tube

Standard 
metallic tube

Membrane 
(+ Cu-Ag rings)
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Requirements for the membranes sealing (which 
is the 1st step needed for implementing the O2

membranes into the OCM reactor).

• High temperature: The sealing has to endure 
temperatures above 900 ̊C without leakages.

• The sealing material should not have any chemical 
interaction with the membrane.

• The thermal expansion coefficient of the 
sealing material should be similar to the one of 
the membrane.

• The technique should be reproducible in order 
to achieve an easy implementation in lab scale 
and, later on, in a prototype plant.
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RAB SEALING DESCRIPTION

The RAB sealing has been successfully applied to the CGO coated MgO porous tubes. 
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A 1D plug flow reactor model has been used to simulate both reactors:

PACKED BED REACTOR PACKED BED MEMBRANE REACTOR
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PACKED BED REACTOR AND PACKED BED MEMBRANE REACTOR

Even if the energy balances have not 
been implemented, the OCM 
performance with a conventional packed 
bed reactor is not enough to compete 
with other C2H4 technologies. 

The yield is significantly improved, 
making feasible its application to an 
industrial scale 

OPERATING CONDITIONS
T=800 C
P=2 bar
CH4/O2= 3
Catalyst: La2O3/CaO
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DESCRIPTION OF THE CATALYTIC FLUIDIZED BED MEMBRANE REACTOR

Fluidized bed reactor

Bubbling regime• u/umf=3-5

• Emulsion
• Bubble
• Wake

With mass transfer 
between them

[4] D. Kunii and O. Levenspiel, “Bubbling bed model”, I&EC Fundam., vol. 7, no. 3, pp. 446-452, 1968.
[5] Z. Stansch et al. ,Industrial and Engineering Chemistry Research, vol. 36, pp. 2568–2579, 1997.
[6] V. Spallina et al., Molecules, vol. 20, no. 3, pp. 4998–5023, 2015.

• Catalyst: La2O3/CaO [5]

• BSCF membranes [6]
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FLUIDIZED BED REACTOR AND FLUIDIZED BED MEMBRANE REACTOR
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The OCM performance is poor, and the 
C2 yield is not high enough to compete 
with the available technologies for the 

C2H4 production

The OCM performance is widely 
improved with the introduction of 

membranes, reaching C2 yield values 
that can make the process attractive 

for the C2H4 industry
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OPERATING CONDITIONS
T=800 C
P=2 bar
Catalyst: La2O3/CaO
U/Umf= 4.75
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STATE OF THE ART OF OCM (EXPERIMENTAL WORK)

FLUIDIZED BED 
MEMBRANE REACTOR

SC2 = 78,5 %

XCH4 = 74,7%
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Conventional OCM technologies show a poor OCM performance, making not 
economically viable their industrial application. 

CONCLUSIONS

Packed bed reactors for OCM have a heat management issue that strongly limits 
the maximum yield that can be achieved.

The CGO layer has shown resistance to a CO2 atmosphere, although this result 
has to be confirmed with permeation experiments.

Membrane reactors can improve significantly the yield of the process, making it 
competitive with other C2H4 production technologies.  

The RAB sealing technique has been successfully applied to the supported CGO  
membranes.

CONCLUSIONS AND FUTURE WORK

INTRODUCTION EXPERIMENTAL RESULTS REACTOR MODELLING
Ethylene

CH4

O2
Air or 

enriched 
air



21

Confirm the results of the thermo-gravimetrical experiments by performing 
permeation tests under a CO2 atmosphere.

Update the kinetics in the model to have a better understanding of the 
behaviour of the different OCM catalysts, especially being focused on the C2

consecutive reactions. The consecutive reactions in a membrane reactor can 
play an important role into the final performance of the process.

FUTURE WORK

Implement the radial diffusion equations in the model of packed bed 
membrane reactors.

Perform permeation tests in a wider range of conditions to find out the suitable O2

membranes for OCM. 
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EXTRA SLIDE
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Some permeation tests were performed (without the reactor shell) to a self-supported BSCF oxygen 
membrane. The results are shown below:

The difference between the obtained values 
and the ones that are found in literature can 
be caused by:

• External mass transfer limitations (the 
air in the retentate side is not being 
renewed during the experiment).
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EXTRA SLIDE

The best OCM results found in literature are the following:

CONCLUSIONS AND FUTURE WORKINTRODUCTION EXPERIMENTAL RESULTS REACTOR MODELLING

Membrane Dilution Temperature (°C) Conversion Selectvity Yield Reference

BaCeGdCoFeO coated
with Na/W/Mn/SiO2

He 51% 850 0.52 0.67 0.348 [1]

LSCF (Coated BYS) Ar 25% 900 0.49 0.79 0.39 [2]

[2] N. H. Othman, Z. Wu, and K. Li, “An oxygen permeable membrane microreactor with an in-situ deposited
Bi1.5Y0.3Sm0.2O3−δ catalyst for oxidative coupling of methane,” Journal of Membrane Science, vol. 488, pp. 182–
193, Aug. 2015.

[1] S. Bhatia, C. Y. Thien, and A. R. Mohamed, “Oxidative coupling of methane (OCM) in a catalytic membrane 
reactor and comparison of its performance with other catalytic reactors,” Chemical Engineering Journal, vol. 148, 
no. 2–3, pp. 525–532, 2009.
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