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Intensified processes

• Smaller equipment

• High product purity

• High selectivity

• Safer processes

Process intensification in chemical industry

Conventional processes

• Energy intensive

• Limited by hydrodynamics

• Influence of side reactions

• High pollutants emissions



Kinetic limitations

Oxidative coupling of 

methane (OCM)
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Process constrains

Thermodynamic limitations

Steam reforming for 

hydrogen production

𝑪𝑯𝟒 + 𝟐𝑶𝟐 → 𝑪𝑶𝟐 + 𝟐𝑯𝟐𝑶

𝑪𝑯𝟒 + 𝑶𝟐 → 𝑪𝑶 +𝑯𝟐𝑶 + 𝑯𝟐

𝟐𝑪𝑯𝟒 + 𝟎. 𝟓𝑶𝟐 → 𝑪𝟐𝑯𝟔 + 𝑯𝟐𝑶

𝑪𝒙𝑯𝒚 + 𝒙𝑯𝟐𝑶 ↔ 𝒙𝑪𝑶 + 𝒙 +  
𝒚
𝟐 𝑯𝟐

𝑪𝑶 + 𝑯𝟐𝑶 ↔ 𝑪𝑶𝟐 + 𝑯𝟐



4

One of the options to intensify a certain 

chemical process is by means of a 

MEMBRANE REACTOR
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

OCM technology

Catalytic membrane reactor concept



Biogas steam reforming

Fluidized bed membrane reactor demonstration



Conclusions

Outline
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 Ethylene is a very important product for the

petrochemical industry.

 The primary raw material for the C2H4

production are Naphtha and Ethane.

 From an environmentally point of view, 

naphtha steam cracking results in 3-4 

tCO2/tolef .

Oxidative coupling of methane

𝟐 𝑪𝑯𝟒 + 𝑶𝟐 → 𝑪𝟐𝑯𝟒 + 𝟐 𝑯𝟐𝐎

Introduction
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Oxidative Coupling of Methane
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CH4 conversion

𝟐𝑪𝑯𝟒 + 𝟎. 𝟓𝑶𝟐 → 𝑪𝟐𝑯𝟔+𝑯𝟐𝐎

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2+2𝐻2O

𝐶𝐻4 + 𝑂2 → 𝐶𝑂 +𝐻2+𝐻2O

Primary reactions

𝑪𝟐𝑯𝟔 + 𝟎. 𝟓 𝑶𝟐 → 𝑪𝟐𝑯𝟒+𝑯𝟐𝐎

𝐶𝑂 + 0.5𝑂2 → 𝐶𝑂2

𝐶2𝐻4 + 2𝑂2 → 2𝐶𝑂+2𝐻2O

𝑪𝟐𝑯𝟔 → 𝑪𝟐𝑯𝟒+𝑯𝟐

𝐶2𝐻4 + 2𝐻2𝑂 → 2𝐶𝑂+4𝐻2O

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2+𝐻2

𝐶𝑂2+𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂

Secondary reactions

 Low oxygen partial pressure, which can be achieved in a 

MEMBRANE REACTOR, favors the selectivity towards C2.

 High CH4 conversion together with high C2 selectivity is 

required to make the process viable. 

 Very exothermic reactions.
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Conventional 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:

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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Catalytic OCM 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

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
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The process will be more competitive 

with the rest of the available 

technologies for C2H4 production

Easier control of the temperature during the OCM reaction

The air separation unit will not be required

Desired reactions will be maximized
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MIEC membranes

𝐽𝑂2 =
𝐷𝑣𝑘𝑟 𝑝𝑂2

′ 𝑛
− 𝑝𝑂2

′′ 𝑛

2δ𝑘𝑓 𝑝𝑂2
′ 𝑝𝑂2

′′ 𝑛
+ 𝐷𝑣 𝑝𝑂2

′ 𝑛
+ 𝑝𝑂2

′′ 𝑛

𝑚𝑜𝑙

𝑚2 ∗ 𝑠

Symmetric MgO support

Selective CGO layer

Asymmetric Al2O3 support

Selective BSCF layer
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A 1D plug flow reactor model has been used to simulate both reactors:

PACKED BED REACTOR PACKED BED MEMBRANE REACTOR

Packed bed reactor vs.

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 
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classic porous MIEC

 Multi-products from NSC (C2H4, 

C3H6, BTX) that also provide added

value to the process.

 The use of membranes improves

the performance with respect to 

classic OCM reducing the feedstock

required.

 Energy consumptions in OCM are 

represented by LT refrigeration

cycle and O2 production.

 In MIEC configuration an extra 

electricity production is obtained by

the Gas Turbine and the absence of 

ASU.

Naphtha steam cracking vs. OCM
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Apart from classic OCM, most of the carbon is

converted to C2H4 (C2 yield increases).

In case of net electricity production, the CO2

emissions decreases (becoming negative

(OTM#2).

From an environmental point of view the fuel 

switching represents already a -20% CO2

emissions reduction (worst case scenario).

Environmental performance
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Cost of NG: 5.05 €/GJLHV (corresponding to 6 $/MMbtu)

Cost of naphtha: 387€/t (435 $/t)

C3H6: 750 €/t; BTX price: 500 €/t, heavy oil price: 200 €/t

Cost of buying/selling electricity: 119/77 €/MWhel
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 Currently NG cost per thermal input 

is about 50% lower → advantages in 

fuel switching.

 The presence of multiple by-

products reduces the OPEX for

naphtha (about 50%).

 Cost of the membranes is not

included in this OPEX calculations.

Preliminary Economics (OPEX)



Source

Demand
Other

Chemical Metal working

Refining

General industry

Natural gas

Refernery 
chemical off -gas

Coal

Electrolysis

Hydrogen production

Steam Reforming
• Large number of process units

• High amount of CO2 emissions

• Only applicable at large scale  



Biogas

• produced from biomass or landfills;

• considered carbon neutral;

• composed out mainly methane and CO2.

CH₄

CO₂

N₂

Other



Fluidized bed membrane reactor



membrane

Thin film palladium based membrane

• High selectivity  Pure hydrogen

• High flux  Lower membrane area
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bed membrane reactor
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Fluidized bed membrane reactor

Advantages of a fluidized bed:

• Hydrogen can easier reach the membrane.

• No hot spots.

• lower pressure drop.



Model

Reaction kinetics

Hydrodynamics

Mass transfer

Membrane  transport

Model validation and scale-up



Lab-scale demonstration

Membrane thickness Area T ∆P XCH4 SF фH2/Area Load/surface HRF

µm cm2 °C bar % % Nm3/(m2 h) Nm3CH4 / m2 h %

Exp. (this work) 5 930 530 5 85.2 90.5 4.1 1.34 77.8
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Mass transfer limitations are more 
extensive than expected

Reactor design improvements



Fundamental understanding of the mass transfer in 

fluidized beds will improve the system design.

Mass transfer



Conclusions

• Process intensification with inorganic membranes can overcome 

kinetic and thermodynamic limitations.

• Membrane reactor processes become competitive with 

conventional process routes.

• Membrane integration remains challenging, specially at large 

scale.

• Fundamental understanding is required to improve the reactor

design

27
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