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For more than three decades, Oxidative Coupling of
Methane (OCM) process has been comprehensively
investigated as an attractive alternative for the
commercially  available  ethylene  production
technologies such as ethane and naphtha cracking.
Developing a suitable catalyst and proper reactor
feeding policy, reviewing and deploying the efficient
methods in the separation and purification of the
undesired and desired products, possible energy
saving and process intensification in different
sections of the OCM process, each has been the
subject of many researches in the past. In this
paper, the interconnections of these aspects will be
addressed by reviewing the performance of different
alternative structures and unit operations in different
sections of the OCM process. As a systematic
approach in this analysis, a concurrent engineering
approach supported by the experimental data which
was extracted from an OCM miniplant scale facility
was applied. Using an efficient porous packed bed
membrane reactor and a proper set of operating
conditions, up to 25% C,-yield, 20% C,H,-yield, and
52% C,H,-selectivity and the highest observed
fluidized bed reactor C,-yield was achieved in this
OCM miniplant. This experimental analysis was
performed in the chair of process dynamics and
operation at Berlin Institute of Technology under the
main framework of Unifying Concepts in Catalysis
(UniCat) project. The economic analysis of the
industrial-scale  operation showed  promising
potentials and also advantages of the final proposed
OCM process-structure in this research.
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1. Introduction

Ethylene is one of the largest production volume chemicals in the world
which is also the main component for producing a variety of other chemicals
especially in polymer industry. Being in line with the general trend of substituting
oil with natural gas as the feedstock for the production of chemicals, methane
can be utilized for ethylene production via Oxidative coupling of methane (OCM)
process [1]. This process is again attracting attention after a gap of relatively
inactive research period [2]. This process is especially attractive for countries
like Iran due to the advantage of easy access to relatively cheap local natural
gas resources. However, OCM process has not been so far implemented
industrially as the previously reported catalysts have not been enough selective
towards ethylene and more importantly they have not been enough stable [3].
There are other major structural and operating obstacles which have prevented
the classic OCM process structure to be efficient and competitive [4, 5]. In order
to analyze them, the structure of the classic OCM process is reviewed here.
Three main duties in different sections of the OCM process are the selective
methane conversion, selective carbon dioxide removal and selective ethylene
separation and purification [6]. These are the tasks which can be handled by
various unit operations as generally shown in Figure 1.

CH4 COZ CH4 CO, HZ CZHG
0, (Air) ¥ £ ) 1 C,H,
=P Reaction Section CO, Removal Section CiH, Separation Section %
Individual Reactor Absorption Cryogenic distillation
> > .
Recycled Reactor Polymer membrane Adsorption
Integrated Reactor Adsorption Reactive separation

Figure 1. Conceptual block-flow representation of the OCM process structure and the alternative
unit operations.

In the reaction section, methane reacts with oxygen in order to produce
ethylene while it also produces significant amounts of carbon oxides. Securing
high selectivity and conversion in the reaction section remains to be one of the
main challenges in the OCM reactor. Controlling the operating temperature is
another major challenge.

In the carbon dioxide separation section, it is targeted to remove the CO,
and introduce the rest of the gas to a demethanizer where methane and other
light gaseous species such as hydrogen and carbon monoxide are separated
and ethylene and ethane will remain as the main desired products. Later, these
last two components are separated from each other again using a cryogenic
distillation and pure ethylene is obtained as the final product. Ethane can be
introduced into the ethane cracking section and produce further ethylene. This
is the classical structure for the OCM process which has been investigated in
several researches [6,7] and even it has been recently announced to be
implemented and tested by Siluria Company in a demonstration plant of the
OCM process [8].

The costly cryogenic distillation is a standard separation technique for
separating the unreacted methane (demethanizer), ethylene and ethane. This
technology has been commercialized and applied in various industrial plants [9].
Especially when an inert gas such as nitrogen is used in the reactor to control
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the rapidly rising temperature due to exothermic OCM reaction, the cost of the
separation and purification in downstream cryogenic distillation units will
increases rapidly [10]. There are, however, several alternative approaches and
technologies which can be utilized for this application as well as in the carbon
dioxide separation section. Some of these technologies in miniplant-scale have
been tested along with various reactor concepts in UniCat+ miniplant
constructed in Berlin Institute of Technology (TU Berlin). In a recommended
alternative approach, ethylene is targeted to be separated from the OCM
reactor outlet primarily via a selective adsorber while other components are
separated later. The performance of such alternative structure has been also
investigated in the UniCat miniplant experimental facility [10].

Typical experimental results of the performed analysis of different unit-
operations in the UniCat miniplant will be reviewed in this paper as well as the
potential interactions between the performance of the reaction section and
downstream wunits. This is known as a concurrent engineering analysis
approach which can lead to practical conclusions for improving the performance
of the whole process. In this manner, the effects of unit-operations and their
operating conditions are analyzed not only based on the performance indicators
for each process-section, but also their effects are reevaluated in the context of
the whole OCM process performance. Required energy and costs are the main
criteria for screening the process structures and unit-operations in the first
place. The possibilities for optimal heat and mass integration are also analyzed
in this context. Therefore, the types of unit-operations, their preferred sequence
and the operating conditions in each unit can be optimally designed.

The conventional alternative approach for process synthesis and
analysis is called bottom-to-top process development approach. In this
approach, first the lab-scale experimentations are performed and after a
comprehensive optimization and analysis, pilot-plant scale investigations and
tests will be performed under the optimized operation conditions in terms of
temperature, pressure, etc. In the pilot-plant scale tests, the process will be
tested also under industrially relevant operating conditions using the actual feed
stream composition and for a long period (up to few weeks) of tests in order to
ensure long-term operation of the reactor and downstream units. Then, the
resulted information in this step will be scaled up usually to the demonstration-
plant scale which is intended to operate continually and ensure the commercial
competence in comparison to the available established technologies in the
market. Another aspect in the bottom-to-top process development approach is
that the reactor sections and its established performance is the first step, the
heart and the center of developments of the downstream units.

The concurrent engineering approach employed in this research aims to
shorten the process development time in which parallel to the lab-scale
experimentations, a miniplant-scale facility is utilized to simultaneously test the
bigger scale operation of the reactor and downstream units. This is an efficient
approach for the OCM process since the OCM process does not have any
established technological competitor. Therefore, after a successful pilot-plant
operation, it can directly go to the industrial plant and commercial phase.

*UniCat: UniCat "Unifying Concepts in Catalysis" is a research group coordinated by the Berlin Institute of Technology (Technische Universitat
Berlin) and funded by the German Research Foundation (www.unicat.tu-berlin.de)Unifying Concepts in Catalysis.
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2. Reaction Section
The main reactions and reaction rates representing the OCM reactions
are summarized in Table 1 [11].

Table 1. Main OCM reactions and their reactions rates; The values of the kinetic
parameters have been reported in [11].

Reactions Equations

CH4 + 202 — COZ + 2H20 khe'%?:m-?;-

ZCH"-l' + 0'502 - CZH6 + HZO r1= |(1+K . e'.‘.H;i::': R‘T ) \|: ]:1_ 3-6

CH, + 0, — CO + H,0 + H, T Rico:

CO + 0502 - COZ koe'ﬁ‘-f,:}(c:e'-'ﬁ;i :1:-'RTPC::]::: PCH;E:
CZH6 + 0502 — C2H4 + HzO n= :1-:-{]'{3_9-;}{;::':‘ RTPC-:)E-P-KEC_E_LHii ::.:CRTP::-]:
CzH4+202 _)260+2H20 ) - : -
CZH6 - C2H4 + H2 I'_‘:[{O'_'E'E‘-‘RTP::&

C,H, + 2H,0 — 2C0O + 4H, rg=koze T3PS B,

CO + H,0 — CO, + H, ry=koseTas RTPEARET

COZ + H2 - C0O + HzO rmzk[;lge.g‘::'RTPE‘;SRE;:

In general, the following aspects are the main design concerns in
reaction engineering of the OCM process.
1- Developing a stable and selective catalyst
2- The high exothermic reaction
3- Low ethylene yield achieved with low methane conversion and slectivity

These aspects should be addressed via a combination of catalyst and
reactor design. In the catalyst level, UniCat group has screened out most of the
catalysts suggested for the OCM process [e.g.3,12]. As a result,
Mn/Na,WO,/SiO, was found to be one of the most stable and efficient OCM
catalysts. Several different preparation methods for this catalyst have been
investigated in UniCat [13,14]. Moreover, better understanding of the
fundamental role of the material characteristics and catalytic reaction
mechanisms on the performance of the OCM catalyst have been provided by
theoretical and experimental investigations performed on the molecular level
and separated surface reactions.

The resulted information was utilized to improve the performance of the
catalyst. The accordingly prepared catalysts were continually screened out via
lab-scale experimental setups and then the best catalysts were tested in the
miniplant scale reactors. The results obtained from the big-scale catalyst
performance analysis (up to 100 g), which is performed under industrial
operation conditions, were shared with the catalyst developers and scientists
working at the molecular level to finally achieve a truly stable and selective
catalyst.

There are some pilot-plant scale catalyst preparation facilities in UniCat
with the capability for implementing different methods and scales of OCM
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catalyst preparations. The reported results in this manuscript are all based on
Mn/Na,WO./SiO, catalyst except otherwise mentioned.

Various types of reactors have been investigated for the OCM
application. Figure 2 shows the wide spectrum of the reactor concepts which
have been investigated for the OCM application.

Simple operation and construction and efficient control in industrial scale application

>

Packed-Bed Ml;mbrane Reactor

Riser-Bed Fludized-Bed || Packed-Bed”

Non-porous Catalytic Porous Reactor Reactor Reactor
IMembrane Membrane Membrane
Reactor Reactor Reactor

Selective performance (higher Cz-selectivity) and lower duty of the downstream units for COz handling

<€

Lower methane conversion and higher duty of the downstream units for separating the unreacted methane

* Packed-Bed reactor should be properly designed and possibly integrated to be able to handle the
generated reaction heat
Figure 2. Selected spectrum of the alternative OCM reactor concepts.

As seen in Figure 2, the operational and safety concerns for the industrial
application of the reactor concepts such as membrane reactor which usually
provide higher selectivity towards the desired products (ethylene and ethane:
C,) are higher than the fixed-bed and fluidized-bed reactors. For instance, in a
membrane reactor, oxygen-rich and methane-rich atmosphere can come into
contact when membrane breaks. Controlling the operating temperatures in the
membrane and fixed-bed reactor is also a major operating concern. Moreover,
there is always a tradeoff between the observed C,-selectivity and methane
conversion in an OCM reactor.

Among these reactor concepts, fixed-bed, membrane reactor, fluidized-
bed reactor and integrated reactors were investigated in the UniCat miniplant.
There are other types of reactors which have been investigated for the OCM
application, but their practical application due to their low performance or the
operating difficulties is apparently limited.

2. 1. Fluidized-bed reactor

Handling the exothermic nature of the OCM reaction is an operating
challenge. Providing an isothermal operation is the main characteristic of the
fluidized-bed reactor in OCM application [15,16].

In the UniCat miniplant, a fluidized-bed reactor made of quartz glass with
an inner diameter of 40 mm was used under the reaction temperature range of
750 °C-840 °C. An electrical tube furnace and a multipoint thermocouple in 10
points respectively control and measure the temperature profile along the
reactor. Outlet gas composition of all sections in the OCM miniplant was
analyzed by online infrared gas analyzer and time to time with a gas
chromatograph. The whole system was automatically controlled using process
Siemence-7 system as shown in Figure 3 and the value of all parameters and
indicators was recorded on-line.
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(a) (b)
Figure 3. The picture of a) reactor set-up b) the control room and recording the values
of the parameters.

The isothermal performance of the OCM fluidized-bed reactor was
observed even under the low diluted reaction atmosphere by tracking the
temperature profile which always indicates less than 20 °C temperature
variation along the bed. Using significant portion of the gas dilution in other
OCM reactor types is unavoidable in order to control the reaction temperature
profile and safe operation.

Typical performance of the fluidized-bed shows that the selectivity
towards C, production is comparable with the selectivity towards carbon oxide
production. So, in that aspect, the performance of the fluidized-bed reactor is
not among the best achievable selective OCM performances. Moreover,
depending on the catalyst type, the ethylene-to-ethane production ratio is varied
and usually significant portion of less value ethane is produced. The
performance of this reactor and in fact other OCM reactors show that maximum
selectivity and vyield can be expected by tuning the operating reaction
temperature. The best performance for instance was achieved in the range of
800 °C-820 °C.

Securing proper levels of selectivity, yield and methane conversion are
also extremely important for the performance of the downstream separation
units. Figure 4 enables one to simultaneously consider the effect of operating
temperature on different performance indicators.

Considering the performance of available catalysts, the best expected
performance of an OCM fluidized-bed reactor is in the range of 20-23% C,-yield
and C,-selectivity of 50-60%. This means that more than 50% of the methane
remains unreacted and around 50% of the reacted methane will appear in the
form of carbon oxides. Separating these components in downstream units
requires lots of energy and efforts. Therefore, parallel to cost-benefit analysis
performed based on the amount of the reactant-consumption-Ethylene-
production in the reactor section, the consequences of achieving these levels of
performance indicators on the whole process performance should be also
analyzed.
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Figure 4. Simultaneous analysis of the effect of operating temperature on the

performance of the OCM fluidized-bed reactor in terms of conversion (X), yield (Y) and
selectivity (S) for La,0O3/CaO catalyst.

2. 2. Fixed-bed and membrane reactor

Fixed-bed reactor is a standard reactor which has been often used for
OCM application in small-scale for fast catalyst screening and Kkinetic
development up to the large-scale for testing the industrial operating conditions
especially with regard to handling the significantly generated reaction heat.
However, in all scales hot-spot formation is an issue and integrating the
exothermic OCM and other endothermic reactions such as reforming seems to
be an option in this case. Using significant amount of diluent gas is also
necessary in this case. The combination of these measures allows establishing
the desired temperature profile along the catalytic bed which has been proven
to be a decisive factor for improving the performance of the OCM reactor [17].
Such a temperature profile might be established easier when the oxygen is
distributed along the catalytic bed in a controlled way as it is the case in
membrane reactor [18-20].

In a porous packed-bed membrane reactor, oxygen is distributed via an
inorganic membrane and therefore significant methane conversion and high C»-
selectivity can be secured. The quantity and profile of the gas permeation along
the ceramic membrane can be tuned [19-21]. This is achieved by implementing
a proper modification approach on the original stable ceramic membrane (for
instance a—alumina membrane) characterized by its micro pores with the
diameter of 10 micron and its significant void fraction. Such membrane
modifications are needed to reduce the pore size up to the nano-pores and
significantly reduce the pore volume as well as the reactivity of the original
membranes for instance using the silica-containing materials [19,20]. In this
manner, typical performance of the OCM membrane reactor showed 10-15
percent higher selectivity in comparison to the fluidized-bed and fixed-bed
reactor for similar operating conditions. The observed selectivity and yield also
depend on the amount of methane-to-oxygen ratio and the dilution as can be
seen in Figure 5.
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Figure 5. The observed C,-selectivity in an OCM porous packed-bed membrane reactor
for different levels of methane-to-oxygen ratios and gas dilutions.

20

Since the OCM reaction is really fast, if the reaction temperature can be
controlled, enough methane conversion in the packed-bed membrane reactor is
usually secured under various levels of dilution. Therefore, the yield follows the
same trend as selectivity and dilution usually increases the yield and selectivity
of the desired products. As shown in Figure 5, this is clearly seen using 20-40%
dilution. Separating the diluting agent ,however, will impose a significant cost in
the downstream units. Therefore, 20-40% of proper diluent such as carbon
dioxide can be utilized which increases the reactor performance while it can be
separated relatively easy in the downstream units.

On the other hand, different levels of methane conversion are expected
by varying the methane-to-oxygen ratio. Up to ratio 5, methane conversion is
significant. For higher ratios, methane conversion might not be industrially
relevant. Figure 5 shows that the methane-to-oxygen ratio in the range of 2-3
has a significant impact on the observed C,-selectivity.

Utilizing the porous packed-bed membrane reactor enables to develop a
network and integrated reactor concepts such as the ones reported and
discussed recently by the authors [22,23].

In the view of the OCM miniplant as shown in Figure 6, the position of the
membrane and fixed-bed reactors have been shown beside the downstream
units.
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Equipment Dimensions Operating conditions

(1) Absorption column 40 mm ID, 5 m Length 20-40 °C, 10-32 bar
(2) Desorption column 100 mm ID, 4 m Length 110-130 °C, 1-3 bar
(3) Membrane Reactor 7 mm 1D, 20 cm Length* 700-880 °C, 1-6 bar
(4) Adsorption 60 mm ID, 1 m Length Ads. 40 °C, Des. 200 °C

Figure 6. A view of the UNICAT OCM miniplant including the absorption, desorption, adsorption
and membrane reactor (top); Dimensions and operating conditions of these units (bottom table)
*. dimensions of the permeable zone

3. Downstream Units in OCM Process

In the downstream units of the UniCat OCM miniplant, carbon dioxide
and ethylene separation were mainly investigated. The main motivation was to
establish a separation unit which is more efficient than the costly operations
such as cryogenic distillations. In this way, utilizing the available high pressure
potentials in different sections of the OCM process should be also given a
special attention.

3. 1. Carbon dioxide removal

Amines are the first choices to be used as the absorber for many of the
industrial gas streams containing carbon dioxide. Also, in the UniCat OCM
miniplant, monoethanolamine (MEA) and methyl-diethanolamine (MDEA) were
used which showed to have the best performance in terms of energy investment
around 10 bar operating pressure [23,24]. However, even in that range of
operation, the cost of carbon dioxide separation is significant and it is better to
utilize the absorption for lower duty of carbon dioxide separation. The deployed
absorption and regeneration column have been also shown in Figure 6.

Polymeric membrane (for instance MATRIMID® polyimide flat-sheet
membrane) was also used to separate the carbon dioxide for the OCM process
application [24-26]. Since the available membranes for this application cannot
secure a selective separation, significant portion of the hydrocarbons will be lost
for separating the whole carbon dioxide content of the gas stream leaving the
OCM reactor. Instead, such polymer-based separation technology can be
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utilized to primarily separate big portion of the carbon dioxide content (up to
40%) in a selective and energy-efficient way. The rest of the carbon dioxide can
be separated using the amine absorber as a hybrid separation system.

3. 2. Adsorption

Adsorption is not a trivial choice for an industrial scale OCM process.
However, if a proper adsorber can facilitate the energy intensive operations for
separating the carbon dioxide, unreacted methane and ethylene, adsorption
becomes an attractive alternative for OCM process. This was experimentally
investigated and confirmed in the UniCat OCM miniplant. This becomes even
more attractive if the OCM process can be put into the context of an integrated
OCM and methane reforming process for instance.

For the adsorption unit, usually fixed-cost can be an issue and finding a
cheap adsorber is strongly preferred. Fortunately, the experimental data
showed that cheap activated carbon can be a promising adsorber to be utilized
in OCM process primarily to target separating ethylene and ethane right after
the OCM reactor. However, along with more than 99% of ethylene, 70% of
ethane and around half of the carbon dioxide content will be also adsorbed.
Such performance is achieved using a combination of Pressure Swing
Adsorption (PSA) and Temperature Swing Adsorption (TSA).

Later, the adsorbed carbon dioxide will be separated from the desorbed
gas using an amine absorber where carbon dioxide separation will be secured
in a relatively selective and energy-efficient manner. Next, the stripped carbon
dioxide will be used as a carrier-desorbing gas agent as shown in Figure 7. The
rest of the unabsorbed carbon dioxide along with the un-reacted methane and
other light gases can be processed in a reformer section.

COy

CHq, €O, H;, CO;

CHy, €O, H;, CO2
———

Methane RM
— 3 « 4
Endoth. [ P e 5
(0= Refor c,td:hmwr s Adsorption CaHa
Oxygen ) ~ i CHs, H;0, CO Water
—1 {Hz, CaHy, C2He : 1
supply ESEEEEESE e Separation ‘ XX N XL, CaHe CO; €0; e
Methane re—— OCM | CUN——S — L o”"fl”b" L_ e _," Separation
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CiHe
Integrated reactor

Figure 7. Block-flow diagram of the integrated OCM-methane reforming process using the
adsorption unit and the integrated OCM-reforming-/dehydrogenation reactor.

Ethane can be recycled back to an integrated reactor where OCM and
ethane dehydrogenation for instance take place simultaneously. It is also
suggested to use carbon dioxide as diluent gas in the OCM reactor especially in
the integrated reactor structure such as dual membrane reactor. Therefore, one
of the main messages of the miniplant analysis of the OCM process which is to
avoid using an inert gas like nitrogen in the feed stream will be implemented.
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4. Techno-Economic Analysis

Having considered the specifications of the above mentioned unit
operations in the OCM process and the estimated utility costs [27] required in
each section, the following can be concluded with regard to the economical
aspects of the OCM process:

4. 1. Raw materials

Methane price is very different in different parts of the word. For instance,
the methane price is around 140 €/t in the gas pipeline import targeted countries
like Europe, while it can be available for up to 20-30 €/t (it counts only for
processing fee) in the main exporter countries like Iran, Russia and even USA.

It is preferred to use pure oxygen in the OCM reactor and not air since
nitrogen imposes intolerable operating cost on the whole OCM process. The
oxygen price can be also comparable with the price of methane in countries like
Iran. In fact, not only with regard to the oxygen supply, but also for other design
factors such as the types of utilities and downstream units, the specifications of
the available local infrastructures (if any) will determine the preferred source of
each utility and reactants. For instance, considering construction of an Air
Separation Unit beside the OCM plant might be preferred in some cases.

4. 2. Operating cost

With regard to the operating pressure, some level of over pressure is
needed for industrial application of the OCM process as the pressure drop and
optimal usage of the compression potential in the sequential units should be
addressed. However, most of the results reported so far for OCM reactor have
been extracted under atmospheric pressure. We have tested the OCM reactor
under pressure and found that usually the C2-yield in higher pressure is
reduced. This should be also taken into consideration by design of the OCM
reactor and process. For the carbon dioxide separation as well as the
adsorption and cryogenic distillation, wide range of operating pressure can be
applied. For choosing the right operating pressure in each case, the following
aspects should be taken into consideration:

Water is usually separated via compression

Ethylene loss in the absorption column becomes very high for the
operating pressure more than 20 bar.

Higher operating pressure means higher compression duty and cost

It is preferred to have the higher compression task for the heaviest
desired hydrocarbons and not for the gas contacting carbon dioxide and water

10 bar operating pressure in the carbon dioxide amine absorber was
experimentally tested and found to be preferred. PSA-TSA system was also
working in this range of pressure efficiently.

The best of our experimental results showed 20% ethylene-yield and
64% ethylene-selectivity. According to our analysis, such performance can be
considered as an industrially relevant viable performance with the safe-margin
of 2% ethylene-yield in the countries like Iran. The operating cost for the
production of each tone of ethylene via the proposed OCM structure would be
around 650 Euro in which around 10% is the compression cost, and around
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60% is the cost of raw materials. Such economic performance is comparable
with the available ethane cracking technologies.

5. Conclusion

An individual performance of several reactors as well as ethylene and
carbon dioxide separation units were experimentally investigated in a miniplant-
scale experimental facility for OCM process. Some of the best reported results
of the OCM reactors for membrane and fluidized bed reactors were achieved in
this study. For instance, in the UniCat miniplant membrane reactor, more than
25% Cy-yield, 20% C,Hs-yield, and simultaneously 52% C,Hy-selectivity were
achieved. The integrated performances of these units were also analyzed under
a concurrent engineering approach in which the effects of operating and design
parameters on the performance of the whole OCM or integrated OCM-reforming
process were simultaneously investigated. Reactors in which either OCM and
ethane dehydrogenation reactions or OCM and methane reforming reactions
are integrated are among the preferred reactor concepts to be utilized in
industrial scale operation.

Adsorption unit was found to be an efficient downstream unit not only for
the OCM process, but also for the integrated OCM-methane reforming process.
As using a diluting gas is necessary to control the OCM reaction temperature,
20-40% carbon dioxide was found to be the preferred choice for being utilized
since it not only has less costly impact on the whole process performance, but
also it can improve the integration of the OCM and methane reforming process,
specially dry methane reforming. This can be also used as the carrier gas in the
adsorption unit.

Techno-economic analysis of the proposed OCM process structure
showed that it has the potential to compete with the available established
technologies for ethylene production especially in countries like Iran.

Acknowledgment

The authors gratefully acknowledge the financial support within the framework
of "Unifying Concepts in Catalysis" coordinated by the Technische Universitat
Berlin and funded by the German Research Foundation - Deutsche
Forschungsgemeinschaft.

References

[1] G. Keller and M. Bhasin. "Synthesis of ethylene via oxidative coupling of
methane: |I. Determination of active catalysts”. Journal of Catalysis, vol.
73, pp. 9-19, 1982.

[2] U. Zavyalova, M. Holena, R. Schlogl, M. Baerns. "Statistical Analysis of
Past Catalytic Data on Oxidative Methane Coupling for New Insights into
the Composition of High-Performance Catalysts”. ChemCatChem, vol. 3,
pp. 1935-1947, 2011.

[3] K. Langfeld, B. Frank, V.E. Strempel, C. Berger-Karin, G. Weinberg, E.V.
Kondratenko, R. Schomé&cker. "Comparison of oxidizing agents for the
oxidative coupling of methane over state-of-the-art catalysts”. Applied
Catalysis A: General, vol. 417, pp. 145-152, 2012.

[4] P.O. Graf, L. Lefferts. "Reactive separation of ethylene from the effluent


http://www.sciencedirect.com/science/article/pii/0021951782900756
http://www.sciencedirect.com/science/article/pii/0021951782900756
http://www.sciencedirect.com/science/article/pii/0021951782900756
onlinelibrary.wiley.com/doi/10.1002/cctc.201100186/full
onlinelibrary.wiley.com/doi/10.1002/cctc.201100186/full
onlinelibrary.wiley.com/doi/10.1002/cctc.201100186/full
onlinelibrary.wiley.com/doi/10.1002/cctc.201100186/full
http://www.sciencedirect.com/science/article/pii/S0926860X11007538
http://www.sciencedirect.com/science/article/pii/S0926860X11007538
http://www.sciencedirect.com/science/article/pii/S0926860X11007538
http://www.sciencedirect.com/science/article/pii/S0926860X11007538
http://www.sciencedirect.com/science/article/pii/S0009250909001407

Journal of Oil, Gas and Petrochemical Technology Vol. 2, No. 1, pp. 57-71 H 69

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

gas of methane oxidative coupling via alkylation of benzene to
ethylbenzene on ZSM-5". Chemical Engineering Science, vol. 64, pp.
2773-2780, 2009.

H.R. Godini, S. JaSo, S. Stunkel, D. Salerno, S. Xuan Nghiem, S. Song,
G. Wozny. "Techno-Economic Analysis of Integrating the Methane
Oxidative Coupling and Methane Dry Reforming Processes". Fuel
Processing Technology, vol. 106, pp. 684—694, 2013.

D. Salerno. "Optimal Synthesis of Downstream Processes using the
Oxidative Coupling of Methane Reaction.” PhD Dissertation, Technische
Universitat Berlin, Germany, 2012.

S.N Vereshchagin., V.K. Gupalov, L.N. Ansimov, N.A. Terekhin, L.A.
Kovrigin, N.P. Kirik, E.V. Kondratenko, A.G. Anshits. "Evaluation of the
process of oxidative coupling of methane using liquefied natural gas from
deposits of Krasnoyarsk region". Catalysis Today, vol. 42, pp. 361-365,
1998.

http://siluria.com/Technology/Demonstration_Plant

H. Zimmermann, R. Walzl. "Ethylene,” in Ullmann's Encyclopedia of
Industrial Chemistry, Wiley-VCH, pp. 465-529, 2012.

S. Xuan Nghiem. "Ethylene production by oxidative coupling of Methane :
new process flow diagram based on adsorptive separation.” PhD
Dissertation, Technische Universitat Berlin, Germany, 2014.

Y. Stansch, L. Mleczko, M. Baerns. "Comprehensive Kinetics of
Oxidative Coupling of Methane over the La,O3/CaO Catalyst". Industrial
Engineering Chemistry Research, vol. 36, pp. 2568-2579, 1997.

S. Arndt, T. Otremba, U. Simon, M. Yildiz, H. Schubert, R. Schomacker.
"Mn—-Na,WO0,/SiO, as catalyst for the oxidative coupling of methane.
What is really known?" Applied Catalysis A: General, vol. 425-426, pp.
53-61, 2012.

U. Simon, O. Gdrke, A. Berthold, S. Arndt, R. Schomécker, H. Schubert.
"Fluidized bed processing of sodium tungsten manganese catalysts for
the oxidative coupling of methane". Chemical Engineering Journal, vol.
168, pp. 1352-1359, 2011.

H.R. Godini, A. Gili, O. Gorke, S. Arndt, U. Simon, A. Thomas, R.
Schomacker, G. Wozny. "Sol-gel method for synthesis of Mn-
Na;WO./SiO, catalyst for methane oxidative coupling”. Catalysis Today,
vol. 236, pp. 12-22, 2014.

U. Pannek, L. Mleczko. "Effect of scale-up on the performance of a
fluidized-bed reactor for the oxidative coupling of methane". Chemical
Engineerig Science, vol. 52, pp. 2429—- 2434, 1997.

S. Jaso, H. Arellano-Garcia, G. Wozny. "Oxidative Coupling of Methane
in Fluidized-bed Reactor: Infuence of Feeding Policy, Hydrodynamics
and Reactor Geometry". Chemical Engineering Journal, vol. 171, pp.
255-271, 2011.

A. Nouralishahi, H. Pahlavanzadeh, J. Towfighi Daryan. "Determination
of optimal temperature profile in an OCM plug flow reactor for the
maximizing of ethylene production”. Fuel Processing Technology, vol. 89,
pp. 667-677, 2008.

Y. Wei, W. Yang, J. Caro, H. Wang. "Dense ceramic oxygen permeable


http://www.sciencedirect.com/science/article/pii/S0009250909001407
http://www.sciencedirect.com/science/article/pii/S0009250909001407
http://www.sciencedirect.com/science/article/pii/S0009250909001407
http://www.sciencedirect.com/science/article/pii/S0378382012003918
http://www.sciencedirect.com/science/article/pii/S0378382012003918
http://www.sciencedirect.com/science/article/pii/S0378382012003918
http://www.sciencedirect.com/science/article/pii/S0378382012003918
https://opus4.kobv.de/opus4-tuberlin/frontdoor/index/index/docId/3622
https://opus4.kobv.de/opus4-tuberlin/frontdoor/index/index/docId/3622
https://opus4.kobv.de/opus4-tuberlin/frontdoor/index/index/docId/3622
http://www.sciencedirect.com/science/article/pii/S0920586198001163
http://www.sciencedirect.com/science/article/pii/S0920586198001163
http://www.sciencedirect.com/science/article/pii/S0920586198001163
http://www.sciencedirect.com/science/article/pii/S0920586198001163
http://www.sciencedirect.com/science/article/pii/S0920586198001163
http://siluria.com/Technology/Demonstration_Plant
https://www.opus4.kobv.de/opus4-tuberlin/files/4953/nghiem_xuan_son.pdf
https://www.opus4.kobv.de/opus4-tuberlin/files/4953/nghiem_xuan_son.pdf
https://www.opus4.kobv.de/opus4-tuberlin/files/4953/nghiem_xuan_son.pdf
http://pubs.acs.org/doi/abs/10.1021/ie960562k
http://pubs.acs.org/doi/abs/10.1021/ie960562k
http://pubs.acs.org/doi/abs/10.1021/ie960562k
http://www.sciencedirect.com/science/article/pii/S0926860X12001330
http://www.sciencedirect.com/science/article/pii/S0926860X12001330
http://www.sciencedirect.com/science/article/pii/S0926860X12001330
http://www.sciencedirect.com/science/article/pii/S0926860X12001330
http://www.sciencedirect.com/science/article/pii/S1385894711001811
http://www.sciencedirect.com/science/article/pii/S1385894711001811
http://www.sciencedirect.com/science/article/pii/S1385894711001811
http://www.sciencedirect.com/science/article/pii/S1385894711001811
http://www.sciencedirect.com/science/article/pii/S0920586114000285
http://www.sciencedirect.com/science/article/pii/S0920586114000285
http://www.sciencedirect.com/science/article/pii/S0920586114000285
http://www.sciencedirect.com/science/article/pii/S0920586114000285
http://www.sciencedirect.com/science/article/pii/S0009250997000018
http://www.sciencedirect.com/science/article/pii/S0009250997000018
http://www.sciencedirect.com/science/article/pii/S0009250997000018
http://www.sciencedirect.com/science/article/pii/S1385894711004037
http://www.sciencedirect.com/science/article/pii/S1385894711004037
http://www.sciencedirect.com/science/article/pii/S1385894711004037
http://www.sciencedirect.com/science/article/pii/S1385894711004037
http://www.sciencedirect.com/science/article/pii/S0378382007002779
http://www.sciencedirect.com/science/article/pii/S0378382007002779
http://www.sciencedirect.com/science/article/pii/S0378382007002779
http://www.sciencedirect.com/science/article/pii/S0378382007002779
http://www.sciencedirect.com/science/article/pii/S1385894713000880

70 ®

H.R. Godini et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

membranes and catalytic membrane Reactors". Chemical Engineering
Journal, vol. 220, pp. 185-203, 2013.

H.R. Godini. "Analysis of Individual and Integrated Packed-Bed
Membrane Reactors for Oxidative Coupling of Methane." Epubli publisher
ISBN: 978-3737512428, PhD Dissertation, Technische Universitat Berlin,
Germany, 2014.

H.R. Godini, A. Gili, O. Gorke, U. Simon, K. Hou, G. Wozny.
"Performance analysis of a porous packed-bed membrane reactor for
Oxidative  Coupling of Methane: Structural and operational
characteristics". Energy Fuels, vol. 28, pp. 877-890, 2014.

D. Lafarga, J. Santamaria, M. Menendez. "Methane Oxidative Coupling
using porous membrane reactors I|-Reactor development”. Chemical
Engineering Science, vol. 49, pp. 2005-2015, 1994.

H.R. Godini, S. Jaso, H. Arellano-Garcia, G. Wozny. "Methane Oxidative
Coupling: Synthesis of Membrane Reactor Networks". Industrial
Engineering Chemistry Research, vol. 51, pp. 7747-7761, 2012.

H.R. Godini, S. Xiao, M. Kim, O. Gorke, S. Song, G. Wozny. "Dual-
membrane reactor for methane oxidative coupling and dry methane
reforming: reactor integration and process intensification”. Chemical
Engineering and Processing, vol. 74, pp. 153-164, 2013.

E. Esche, D. Miller, S. Song, G. Wozny. "Optimization during the
process synthesis: enabling the oxidative coupling of methane by
minimizing the energy required for the carbon dioxide removal". Journal
of Cleaner Production, vol. 91, pp. 100-108, 2015.

S. Stinkel. "Kohlendioxid-Abtrennung in der Gasaufbereitung des
Prozesses der oxidativen Kupplung von Methan." PhD Dissertation,
Technische Universitat Berlin, Germany, 2013.

S. Song, E. Esche, S. Stunkel, T. Brinkmann, J. Wind, S. Shishatskiy, G.
Wozny. "Energy, Equipment and Cost Savings by Using a Membrane
Unit in an Amine-Based Absorption Process for CO, Removal”. Chemie
Ingenieur Technik, vol. 85, pp. 1221-1227, 2013.

G.D Ulrich., P.T. Vasudevan. "How to Estimate Utility Costs". Chemical
Engineering, pp. 66—69, 2006.


http://www.sciencedirect.com/science/article/pii/S1385894713000880
http://www.sciencedirect.com/science/article/pii/S1385894713000880
pubs.acs.org/doi/abs/10.1021/ef402041b
pubs.acs.org/doi/abs/10.1021/ef402041b
pubs.acs.org/doi/abs/10.1021/ef402041b
pubs.acs.org/doi/abs/10.1021/ef402041b
http://www.sciencedirect.com/science/article/pii/0009250994800839
http://www.sciencedirect.com/science/article/pii/0009250994800839
http://www.sciencedirect.com/science/article/pii/0009250994800839
pubs.acs.org/doi/abs/10.1021/ie202877r
pubs.acs.org/doi/abs/10.1021/ie202877r
pubs.acs.org/doi/abs/10.1021/ie202877r
http://www.sciencedirect.com/science/article/pii/S025527011300216X
http://www.sciencedirect.com/science/article/pii/S025527011300216X
http://www.sciencedirect.com/science/article/pii/S025527011300216X
http://www.sciencedirect.com/science/article/pii/S025527011300216X
http://www.sciencedirect.com/science/article/pii/S0959652614013237
http://www.sciencedirect.com/science/article/pii/S0959652614013237
http://www.sciencedirect.com/science/article/pii/S0959652614013237
http://www.sciencedirect.com/science/article/pii/S0959652614013237
https://opus4.kobv.de/opus4-tuberlin/frontdoor/index/index/docId/3704
https://opus4.kobv.de/opus4-tuberlin/frontdoor/index/index/docId/3704
https://opus4.kobv.de/opus4-tuberlin/frontdoor/index/index/docId/3704
onlinelibrary.wiley.com/doi/10.1002/cite.201200242/abstract
onlinelibrary.wiley.com/doi/10.1002/cite.201200242/abstract
onlinelibrary.wiley.com/doi/10.1002/cite.201200242/abstract
onlinelibrary.wiley.com/doi/10.1002/cite.201200242/abstract
http://eit.umd.edu/~nsw/chbe446/HowToEstimateUtilityCosts-UlrichVasudevan2006.pdf
http://eit.umd.edu/~nsw/chbe446/HowToEstimateUtilityCosts-UlrichVasudevan2006.pdf

Journal of Oil, Gas and Petrochemical Technology Vol. 2, No. 1, pp. 57-71

u7l

ol golow GlIsludl o ybiw 'S 165 yaudl o 395 cygmwe 3l gSlmmsilival ) 3395 Li yuses

Y L. e ¥ - . Y Y = o os )
399 5555 ¢ Salogl 35kl ¢ e Yol Sigm (G9SSL  JSS gl

DN g WS KWT-9 55 V1D 0,los o595 1V HULS (o sinio olKiils e [18 (Coaliss giiu] )

ol el

U5 P oyl o Spisyle UL ol et oSS wlye 555)55C 5 pale sttt Kool Slpo Sis ¥

o.&._n_.ﬁ___:

Ao wsbaiine

5SS 5 pislej] slaaxls 5l 25,5 solul b gaxly 5l oslal b
s so,9551, el be STy glgil o )Slas ( Saio e axly
Jols ) aenST oo ililas laanT s gyl (olie 5 Jlww
e Cdx w1 55y el slalie 5 el Ol glaan]
ol 08,5 )18 ctalesT (quy 9550 1Ol s 3lulz sl
38kos S50 5 48,5 el anl B lojen (pwsipe B o b )
S 5 g 3,50 58 sl o5, B ) il
Shles Ll i cou g axly cpl jo colaiul 0y90 olie ,gST) (o
22,3 VO 51 Gl Oliee 42 6,95, sboo o (i 51 (S el
3 (ol oy asls ams Tl i) ol 5 o1 s msil
A8 sdsline sl ades (6 Kbl as s OY 5l i

bl 5 ol Sl 4T3 ol e oy soladl L)
5l (oo Beh (nl ) 0ad Sty (2le wn

o asmsny U
VAY oY) cdl o
WY sl V8 e oy

tgolS lols
Oloyod (owdige
255 (owiges
il b

(Ol Llooage

2095 Lo joes
hgodini@gmail.com :4.LL],
ARAED AR A RVARANTH
+FAXOTVFYFAN0 5,90



