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Oxidative coupling of methane (OCM) is a promising route for the production
of ethylene by fully utilizing the abundance of methane feedstock. However, this
process suffers from the relatively low selectivity and yield of ethylene at a higher
methane conversion due to the complete oxidation of methane and ethylene products.
To overcome this limitation, the application of a membrane reactor in which oxygen
selective membrane is used to prevent the deep oxidation of a desirable ethylene
product is a potential alternative. In this study, a multi-stage dense tubular membrane
reactor is proposed to improve the performance of the oxidative coupling of methane.
Mathematic model of the membrane reactor based on conservative equations and
detailed OCM kinetic model is employed to analyze the effect of key operating
parameters such as temperature, methane-to-oxygen feed ratio and methane flow rate,
on the efficiency of the OCM process in terms of CH4 conversion, C, selectivity and
C, yield. Adjustment of feed distributions at each membrane stage under isothermal
and non-isothermal conditions is also studied. The performance of the multi-stage
membrane reactor is compared with a single stage membrane reactor. The result
shows that the distributed feeding policy improves the performance of the OCM
process. A surface response technique is further employed to determine the optimal

operating condition of the OCM process with the aim to maximize the C, products.
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CHAPTER 1

INTRODUCTION

This chapter introduces the problem statement and importance of the study,

objectives, scopes of research, expected benefit and research methodology.

1.1 Introduction

Ethylene is the most important base chemical in petrochemical industries for
the production of polymers and ethylene derivatives such as ethylene oxide and
ethylene glycol. Virtually, all ethylene worldwide is conventionally produced via a
steam cracking of hydrocarbon feedstock ranging from light ethane/propane mixture
to heavy naphtha and vacuum gas oils. As crude oil is limited and its demand is
continuously increased, the price of feedstock for ethylene production increases as
well. In the recent years, there is an increasing demand for ethylene all over the
world; therefore, alternative technology with high potential to exploit available

resource for ethylene production should be explored.

Methane is the main component of natural gas (NG) and biogas, and a by-
product from oil refining and chemical industries. Conversion of methane to more
useful chemicals and fuels is recognized as the next step to sustain economic growth
and maintain fuel supplies (Lunsford, 2000; Bouwmeester, 2003). In addition, it could
also reduce the severe greenhouse effect of CHs (Trevor et al., 1990). Different
methodologies have been proposed to convert methane into olefins, higher
hydrocarbons and gasoline via indirect and direct conversion processes. The indirect
approach involve the production of synthesis gas (syngas), an intermediate, from
methane and then transforms it into other chemicals via Fischer-Tropsch process,
which causes a substantial energy loss. In contrast, the direct conversion process

converts methane into higher hydrocarbons in one step. Among the various direct



process, the oxidative coupling of methane (OCM) is a promising technology to

convert methane into ethylene and ethane.

Extensive studies on OCM processes have been conducted since the pioneer
work of Keller and Bhasin in 1982. Many different reactor concepts, therefore, have
been proposed for this process. Due to its technological simplicity, a fixed-bed reactor
(FBR) is widely applied. The operation of this reactor is accident prone because of the
large amount of heat released during the course of reaction. Furthermore, a poor heat
removal from the highly exothermic reaction results in the occurrence of hot spots,
affecting the reactor operation such as temperature runaway, catalyst deactivation,
undesired side reactions and thermal decomposition of products (Follmer et al., 1988).
Applying a fluidized-bed reactor, which has high heat transfer capacity, shows better
heat management and temperature control than a fixed bed reactor system.
Talebizadeh et al. (2009) studied the OCM over Mn/Na,WO,/Si0O, catalyst in a two-
zone fluidized-bed reactor (TZFBR) and its performance was compared with a
fluidized-bed reactor. Although the TZFBR gave the C; selectivity larger than that in
fluidized-bed reactor, the C, yield was still relatively low (< 20%).

The difficulty in the operation of OCM process lies in the fact that the
intermediates and target products are higher reactive than the reactant and therefore
are prone to deeply oxidize to COy. Thus, the oxidation of methane and C,; products
seems to be unavoidable when high oxygen content is present in the feed stream. The
concept of using an oxygen distribution in a fixed-bed reactor was studied by
Zarrinpashne et al. (2004) in order to improve the OCM performance. There are five
oxygen feeding points along the reactor with precise control of oxygen flow rate at
each point. However, the proposed reactor concept cannot achieve the high yield of
ethylene due to the incomplete gas mixing at the oxygen feeding points. This causes
high oxygen concentration zones at which the C,. product is easily combusted and its
selectivity falls significantly. Omata et al. (1989) initially applied a membrane reactor
for the OCM process. The use of the membrane reactor to control oxygen
concentration offers a possibility to achieve much higher C, hydrocarbons selectivity
and yield. Mixed-conducting oxide membranes such as perovskite-type membranes,

are well known for their abilities to separate oxygen from air. Bay sSrosCog sFe 2035



(BSCFO), which was first reported by Shao et al. (2000), is a promising mixed
conducting membrane with high oxygen permeability and has proven to be a good

candidate for use as an oxygen distributor in the OCM reactor.

In this study, a dense tubular membrane reactor is investigated to improve the
performance of the oxidative coupling of methane. A single stage and multi-stage
membrane reactors are considered. A mathematic model of the membrane reactor
based on conservative equations and detailed OCM kinetic model is employed to
analyze the effect of key operating parameters such as temperature, methane to
oxygen feed ratio and methane feed flow rate, on the efficiency of the OCM process
in terms of CHjs conversion, C, selectivity and C, yield. Adjustment of feed
distributions at each membrane stage under isothermal and non-isothermal conditions
is also studied. The performance of the multi-stage membrane reactor is compared
with a single stage membrane reactor. The simulated data obtained are used for the
optimization of the process conditions by the central composite design (CCD) of

response surface methodology (RSM).

1.2 Objectives

The objectives of this study are to analyze the steady state performance of a
single and multi-stage membrane reactor for an oxidative coupling of methane (OCM)
and to determine the optimal operating condition of the OCM process with the aim to

maximize the C, products.

1.3 Scopes of research

1.3.1 The research work is divided into three parts:

(1) To investigate the performance of a conventional single-stage

membrane reactor for OCM process.

(i1) To investigate the performance of a multi-stage membrane reactor

for OCM process.



(ii1) To determine the optimum operating condition of the single-stage
and multi-stage dense tubular membrane reactor by using a response surface

methodology (RSM).

1.3.2 A mathematic model of a membrane reactor based on conservative
equations, detailed OCM kinetic model proposed by Stansch et al. (1997) and the
oxygen flux equation developed by Kim et al. (1998), is used and simulations are

performed by using MATLAB.

1.3.3 The performance of membrane reactors in terms of CH4 conversion, C,
selectivity and C, yield is considered with respect to the effect of key operating
parameters such as temperature, methane to oxygen feed ratio and methane feed flow

rate.

1.4 Expected benefits

1.4.1 To improve the performance of OCM process by using a multi-stage

membrane reactor.

1.4.2 To understand effects of key operating parameters on the performance of

OCM process.

1.4.3 To determine optimum operating conditions for OCM process.



CHAPTER 11

LITERATURE REVIEWS

The oxidative coupling of methane (OCM) was firstly studied by Keller and
Bhasin (1982). Since then, a number of studies on the OCM process has been directed
to the production of higher hydrocarbons, mainly ethylene. This process is considered
a promising route for the conversion of natural gas to ethylene. OCM is classified as a
direct methane conversion process without the formation of synthesis gas and has
been the subject of interest because of its efficient energy usage. However, due to the
complex reaction scheme, the implementation of OCM process to industrial scale is
still limited. A number of researches on OCM process have been conducted
intensively in order to improve its performance in terms of C, yield. A high yield of
C, products (> 30%) is required for industrial applications. As a result, there are many
studies concerned about the development of OCM catalyst, improvement of reactor

performance, simulation and optimization of OCM process.

2.1 Catalysts for oxidative coupling of methane (OCM)

The most study in topic of OCM is catalyst synthesis and formulations in order
to improving its performance. Several catalysts were investigated and found to be
effective in this complex heterogeneous-homogeneous reactions. Many metal oxide
catalysts have been tested for the OCM reaction. The catalysts can be grouped as: (i)
oxides of groups 4 and 5 metals; (ii) oxides of group 3 metals; (iii) oxides of group 2
metals; (iv) oxides of group 1 metals; (v) lanthanide-based oxides; and (vi) transition
metal oxides (Alvarez-Galvan et al., 2011). In the early studies, Li/MgO catalyst
attracts attention of researchers in this field as a potential catalyst for OCM process
since the first study of Driscoll in 1985. Ito et al. (1985) also studied of Li/MgO for
OCM and began a fundamental study on methyl radical formation resulted in the

discovery of a new class of catalyst for the conversion of CHy to higher hydrocarbons



in the presence of oxygen. Choudhary et al. (1998) used La,O3; and alkaline earth
promoted La,Os catalysts and the results showed that those are good catalysts for

OCM as well.

Other catalysts that had extensive studies done by many researchers on OCM
process were Na-W-Mn-based catalysts (Pak et al., 1998; Ji et al., 2002; Chua et al.,
2008). Ji et al. (2002) used Na-W-Mn/SiO, as the catalyst and found that it shows
good activity for OCM process. The catalyst combines SiO, with tungsten (W) and
manganese (Mn) from transition metals group and impregnates it with sodium (Na).
The addition of Na increases the concentration of surface active oxygen by improving
the migration of Mn to the catalyst surface, as both elements are found in high
concentration in this area. The CH, conversion and C, selectivity are closely related to
the surface Mn concentration of the catalysts. Both Na-O-Mn and Na-O-W act as the
active centers of the catalysts for OCM. There is a synergic effect of Na, W, and Mn
components, and the Na,W,0; crystalline phase is found to be active in OCM

reaction.

Huang et al. (2003) designed a six components Na-W-Mn-Zr-S-P/SiO,
catalyst. They applied a combination of genetic algorithm (GA) and artificial neural
networks (ANN) using six metal components for catalyst synthesis. Following this, a
sample was found, which was able to give 27.8% yield of C,: products per pass.
Compared to Na-W-Mn/SiO, catalyst, the six-component catalyst showed higher
activity at a low temperature in the OCM reaction without any dilute gas.
Subsequently, they investigated the effect of S and P promoters on the performance of
the Na-W-Mn-Zr/SiO, catalyst, and concluded that the addition of S and P improved
the catalytic activity by increasing the concentration of lattice oxygen in metal oxides

(MOy).

Zheng et al. (2010) also studied of six-component Na-W-Mn-Zr-S-P/SiO,
catalysts prepared by different methods for oxidative coupling of methane. The
catalysts were prepared by incipient wetness impregnation, sol-gel and mixture slurry
methods. Among all the catalyst samples tested, the catalyst prepared by mixture

slurry method showed the highest catalytic activity for OCM. Furthermore, the effects



of different addition sequences of each component on the performance of catalyst
were studied. The results showed that the absence of Na before the addition of Mn
and Zr in the catalysts preparation method decreased the formation of the active
phases of Mn,Os; and ZrO, and also decreased the activities of the catalysts

significantly.

2.2 Performance of OCM reactors

Many different reactor configurations and concepts were proposed to be
studied for the oxidative coupling of methane, such as fixed bed reactor, fluidized bed
reactor, solid oxide fuel cell reactor, catalytic dense membrane reactor, porous
membrane reactor. All of those reactor concepts are having their advantages and
drawbacks. There have been extensive research and development efforts in designed

reactors in order to obtaining a high yield and selectivity in the OCM process.

2.2.1 A fixed bed reactor

Fixed bed reactor represents a state of the art in the industry, and has to be
examined in detail (Jaso et al., 2010). So far, the fixed-bed reactor has been widely
used for OCM due to its technological simplicity and easy operation. Ji et al. (2002)
used Na-W-Mn/SiO, catalyst while Hong et al. (2001) carried out OCM with CaCl,-
promoted calcium chlorophosphate catalysts in a micro-test fixed bed reactor and
obtained promising results. Zeng (2001) also used a fixed bed reactor but operated it
in a co-feed mode using dense fluorite-structured Bi; sY(3Smy,055 (BYS) pellets
achieved C, yield of 26% with C, selectivity up to 60%. Many studies on this reactor
type were done, and the major barrier is severe hot spots, incurred as a result of poor
heat removal from the highly exothermic reactions. The hot spots are not only
weakens the catalytic performance, but also may lead to an explosion under the

temperature runaway condition.

Liu et al. (2008) presented scale up and stability test for oxidative coupling of
methane over Na, WO4-Mn/Si0; catalyst in a 200 ml fixed-bed reactor. The effects of



operating parameter in terms of temperature, CH4/O, molar ratio, steam (diluent), and
methane GHSV were studied. The results indicated that the gas-phase reaction was
increased and a large amount of methane was converted into COy with increasing
reaction temperature. The higher selectivity and yield of C, products were obtained
under suitable operating conditions, such as, high CH4/O, ratio, low GHSV, and the
presence of a large amount of steam, which decreased the released heat energy or
transferred it quickly from the catalyst bed. The C, selectivity of 61%—66% and C,
yield of 24.2%—25.4% were achieved by a single pass without any significant loss in

catalytic performance in reaction time of 100 hours.

2.2.2 A membrane reactor

The difficulty in OCM process lies in the fact that intermediates and target
products are usually more reactive than the raw materials. So, if there is too much
oxygen, it will lead to more oxidation reaction than the coupling reaction. To achieve
an economically attractive C, yield (> 30-40%), considerable interests have been
expressed in recent years in the development of various membrane reactors. By the
addition of oxygen discretely through a membrane along the length of the reactor or
membrane acts as oxygen distributor. The application of membrane reactors to control
oxygen concentration along the reactors is a possibility to achieve much higher C,

products selectivity and yield for OCM.

Kao et al.(2003) presented a simulation study of the oxidative coupling of
methane in porous membrane reactor (PMR) packed with Li/MgO catalyst by the
fixed-bed reactor (FBR) model with reliable reaction kinetic equations. PMR can
enhanced the production of ethylene by controlling the amount of oxygen feed to the
catalyst bed via handling its feed pressure. It was found that, at a fixed methane feed
rate, there was an optimal oxygen feed pressure that would be achieve the highest
yield of ethylene. With a commercial ultrafiltration membrane, theoretical analysis
showed that PMR at the same dimension used in the FBR can achieved 30% yield at

53% selectivity. The results showed that the lower membrane permeability can



improved the OCM performance. Higher oxygen feed pressure reduced the yield as

well as the selectivity.

Wang et al.(2005) studied the oxidative coupling of methane (OCM) in a
dense membrane tube made of Bag 5Sry sCog sFe 2035 (BSCFO). When the membrane
tube was used as a catalytic membrane reactor for the OCM reaction without an
additional catalyst, the C, selectivity had 20% increase compared to the packed-bed
reactor using BSCFO as catalyst. A higher oxygen concentration in the product
stream decreased the C, selectivity. The C, selectivity limitation may be due to the
higher oxygen ion recombination rate, which was not only competed with the surface
methane activation, but also led to the formation of gaseous oxygen and subsequent
C, combustion. If an active OCM catalyst (La-Sr/CaO) was packed in the membrane
tube, both C, selectivity and CH4 conversion were improved compared to the blank
run. The C,H4/C,Hg ratio in the membrane reactor with the La-Sr/CaO catalyst was

much higher than that in the packed-bed reactor.

Bhatia et al.(2009) studied the oxidative coupling of methane in a catalytic
membrane reactor (CMR), catalyst packed bed reactor (PBR) and catalyst packed bed
membrane reactor (PBMR) respectively. The CMR consists of a mixed ionic-
electronic conducting membrane (MIECM) with BagsCe4Gdy 1CoosFe2055
(BCGCF) material coating on the outer surface of ceramic tubular support using sol—
gel method. A 3-components catalyst Na-W-Mn was coated as a catalytic thin film on
the alumina tube using mixture slurry dip coating method. The CMR was designed
and fabricated by considering the three major prerequisites such as, gas-tight reactor
system, resistant to high temperature without any reaction with the gases and the
membrane tube within the reactor could be taken out easily without damaging the
membrane tube. A comparative performance study of PBR, PBMR and CMR reactor
showed that the catalyst in PBR gave highest C,: selectivity. The CMR performed
best among three reactors with C,. yield of 34.7% with methane conversion of 51.6%
and C,. selectivity of 67.4%. The PBMR did not perform well compared to PBR and
CMR due to the leakage of gas.
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Olivier et al.(2009) presented a comparative study of modifying an ionic
oxygen conducting membrane reactor for the oxidative coupling of methane with 3
different catalytic surface modifications. Dense BagsSrysCoggFey20s3.5 (BSCFO)
membrane disks were wash-coated with a MgO model catalyst and Pt was added by
impregnation, using tetraammine platinum(I) nitrate as metal precursor (Sigma-
Aldrich). The role of the catalyst was underlined by the fact that the LaSr/CaO gave
the highest yield between 900 and 1000 °C while yields decline for the Sr/La,O;
catalyst at temperatures above 900 °C. It was obvious that a suitable catalytic
modification of the membrane surface was essential for obtaining an attractive
performance. The wash-coated Pt/MgO model catalyst suffered essentially from its
low activity and had a smaller extent from the fact that the ethane to ethylene ratio
remained comparably high. Both oxide based catalysts, Sr/La;O; and LaSr/CaO,
allowed to attain better activities, but the slightly high conversions and higher

selectivity were observed.

2.3  Kinetic study of OCM

Kinetics of oxidative coupling of methane reaction to C, hydrocarbon products
has been studied extensively based on the various reaction mechanisms. Indeed,
kinetics of OCM reaction is very complicated in terms of proposed mechanism since
it involves several chemical species (Su et al., 2003; Couwenberg et al., 1996; Xin et
al., 2008). Sadeghzadeh Ahari et al. (2009) studied the application of a simple kinetic
model for the oxidative coupling of methane to the design of effective catalysts.
Firstly, they reviewed past research on the kinetics with regard to the above criteria,
and determine a method to apply to the design of practical OCM catalysts. The review
was given the following classification: (A) spectroscopic studies of O™ species and the
reaction with methane, (B) kinetic simulation of gas phase reactions, (C) kinetic
simulation of both gas phase and surface reactions, (D) kinetics integrating many
radical reactions of single or several reactions, (E) surface kinetics focusing on
methane consumption, and (F) power rate law expression of C, (ethane and ethylene)
and C; (CO and CO,) formation. Farsi et al. (2010) studied the kinetics of OCM

reaction and classifies them as the same as Sadeghzadeh Ahari et al. (2009).
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Daneshpayeh et al. (2009) modeled kinetics of oxidative coupling of methane over
Mn/Na,WO./SiO, catalyst, using experimental data of a micro catalytic fixed bed
reactor and the genetic algorithm as parameter estimation method. In order to choose
the best OCM reaction network for developing a comprehensive kinetic model over
this catalyst, they compared five OCM reaction networks such as Stansch et al. (1997)
over La,03/Ca0O, Sohrabi et al. (1996) over CaTiO;, Lacombe et al. (1995) over
La,0s, Olsbye et al. (1992) over BaCO3/La;0,(CO3)3., (n > 1.5), and Traykova et al.
(1998) over La,03/MgO. They found that almost all reaction steps considered in the
models, reaction network for the OCM proposed by Stansch et al. has the best

precision in comparison with the other models.

Sun et al. (2008) developed a detailed microkinetic model for oxidative
coupling of methane. The reaction network contains 39 elementary steps among 13
molecules and 10 radicals and describes the gas-phase reactions and 14 catalytic
reactions. The microkinetic model included the set of catalyst descriptors of Li/MgO
and Sn/Li/MgO, which had been used as an example to illustrate the model
performance. The simulations of two catalysts of OCM indicated that catalyst
descriptor provided the capability to capture the chemical information from
experiments of different catalysts. The microkinetic model including catalyst
descriptors was able to describe the large amount of data of different catalysts

produced by high-throughput technology.

2.4  Modeling and simulation of OCM

Ching et al. (2002) developed a one-dimensional model for the oxidative
coupling of methane over La,0;/CaO catalyst in a fixed bed reactor. The system was
assumed to be under steady state. The validity of the model was verified by
comparing the model predictions of differential kinetics with experimental results for
OCM that reported by Stansch et al. (1997). The model was used to simulate OCM
reaction under three operational modes including isothermal, adiabatic and non-
isothermal condition. A set of 10-step kinetic model of OCM that reported by Stansch

was used in this process simulation. The parameters studied were methane to oxygen
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(CH4/Oy) ratio, temperature, space velocity, dilution effect of N, and H,O in the feed.
High CH4/O, ratio favored the OCM reaction but it gave low yield of ethylene due to
inadequate oxygen dose under isothermal mode. CHy4 conversion, selectivity and yield
of C, increased with increasing temperature and a maximum value of yield was
obtained at 1098 K. Nouralishahi et al. (2007) also used this model in their research to
determine an optimal temperature profile in an OCM plug flow reactor for the
maximizing of ethylene production. The problem was solved by using a defined
performance index and the optimal temperature profile was found by using piecewise
linear continuous optimal control by iterative dynamic programming. The results
showed that the quantity of ethylene production by applying the optimal temperature
profile is about 42% greater than that of the best performance of the reactor at 1096.3
K under isothermal condition. The higher amount of oxygen used at the entrance of

the reactor would vanish later which in turn leads to a delayed rise of temperature.

Prodip et al. (2009) studied of modeling and simulation of simulated
countercurrent moving bed chromatographic reactor (SCMBR) for oxidative coupling
of methane. They created a mathematical model of the five SCMCR for OCM, which
is peculiarly important for understanding the operation of this SCMCR system. A
simple mathematical model that mimic the experimental conditions was developed
and solved by using numerically tuned kinetic and adsorption parameters. The effects
of the different operating variables such as switching time, flow rate in section P, feed
flow rate, raffinate flow rate, eluent flow rate, and methane to oxygen make-up fed
ratio on the concentration profiles of the five components were investigated as well as
the conversion of CHy; selectivity and yield of C,H¢ and C,Hs were explained with

respect to the trend for each of the single effect.

Ja“so et al. (2010) studied the attainable performance of the OCM process in
diverse configurations of a fixed-bed reactor, and two different feeding structures of
packed bed membrane reactors using different catalysts such as La,03;/CaO,
Mn/Na,WO,/Si0O,, and PbO/Al,Os, in a wide range of operating conditions. The
effect of several variables such as operating temperature, membrane thickness,
methane-to-oxygen ratio, feed flow rate, gas streams composition, and reactor length

were investigated. Each of the proposed reactor structures showed relevant
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performance aspects concerning the OCM process (e.g. selectivity or conversion) and
its specific feeding policy. For instance, obtaining a high CH4 conversion in the FBR
structure or earning a high products selectivity in the CPBMR structure, where
oxygen was supplied in a more controllable way, were the potential of these

structures, respectively.

2.5  Optimization of OCM

Istadi and Amin (2006) determined the optimal process parameters and
catalyst compositions of CO, oxidative coupling of methane (CO,-OCM) process
over CaO-MnO/CeO; catalyst using response surface methodology (RSM). A central
composite rotatable design (CCRD) for four factors , i.e. CO,/CHy ratio, reactor
temperature, wt.% CaO and wt.% MnO in the catalyst, was employed for
experimental design in which the variance of the predicted responses, i.e. CHy
conversion, C, hydrocarbons selectivity and yield. The RSM approach for the
empirical modeling of CO,-OCM process had several advantages: (a) the response
values at certain ranges of process parameters and catalyst compositions can be
accurately predicted by the models, (b) the optimal value of each response can be
obtained at the corresponding optimal process parameters and catalyst compositions,
(c) the operating conditions and catalyst compositions suitable for the CO,-OCM
process can be recommended. With the multi-responses optimization, the search for
the simultaneous optimal values of the C, selectivity and yield was performed using
weighted sum of squared objective functions (WSSOF) technique. The results
indicated that both individual and multi-responses optimization were useful for the
suggestion of optimal process parameters and catalyst compositions for the CO,-OCM

process.

Amin and Pheng (2006) also used central composite experimental design and
response surface methodology to determine the best operating conditions for
maximizing the ethylene production. The operating temperature, inlet O,
concentration and F/W were the three parameters pertaining to operating conditions.

The coefficients of second-order polynomial equation models were established by
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using the method of least squares. These models were used to estimate the values of
responses in terms of C,Hy4 yield, C,Hy selectivity and CHy4 conversion based on the
experimental data. The analysis of variance (ANOVA) was used for checking the
significance of the second-order models and the results showed that these models

gave good estimation of the process responses.



CHAPTER III

THEORY

3.1 Oxidative Coupling of Methane (OCM)

3.1.1 Definition

The oxidative coupling of methane (OCM) involves the reaction of CH, and
O, over a catalyst at high temperatures (around 800°C) to form ethane (C,Hg) and
ethylene (C,Hy). It is a single-step conversion of methane and highly exothermic
reaction. This process converts methane into C, hydrocarbons by coupling two methyl
radicals after the abstraction of a hydrogen atom from each methane molecule.
However, the selectivity of C, products is always reduced due to the formation of
undesired gases directly from the combustion of methane, intermediates and C,
products. In the OCM process, the following main reactions and side reaction

reactions occur simultaneously:

Main reaction : 2CH4 + 1/202 — C2H6 + H20 3.1)
CH +120 — CH +HO (3.2)

26 2 24 2
Side reaction : CH4 + 3/202 — CO+ 2H20 (3.3)
CH +20 — CO_+2HO 34

4 2 2 2

CH +720 —2CO +3HO 3.5

26 2 2 2

3.1.2 Reaction scheme of OCM process

The reaction mechanism of OCM is very complex due to the reactions
between reactants in gas phase reactions and heterogeneous reactions over bulk and

surface catalyst, respectively. A general scheme of the reactions involving reactants
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and products is shown in Figure 3.1. Oxygen is required to activate the catalyst and
interacts strongly with the surface by dissociative reversible adsorption (Lin et al.,
1987). The catalyst used in OCM not only produces radicals but also acts as an
important radical quencher. There are two types of surface oxygen, active (such as
oxygen anion radicals or adsorbed oxygen) and less active oxygen (such as lattice
oxygen). A small number of active oxygen species react with methane to form methyl
radical after the abstraction of a hydrogen atom from each methane molecule and then
formation of ethylene by coupling two methyl radicals. Moreover, methyl radicals and C,

products are prone to deeply oxidize to CO, gas.
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Figure 3.1 A general scheme of the reaction network in oxidative coupling of

methane.
3.2 Membrane

The membrane is a selective barrier that separates two phases and restricts
transport of various chemicals. Generally, it can be even classified into homogeneous
or heterogeneous, symmetric or asymmetric in structure, solid or liquid; it can possess
a positive or negative charge as well as it can be neutral or bipolar. The transport of
matter from one point to another may be caused by convection or by diffusion of
individual molecules, induced by an electric field or concentration, pressure or
temperature gradient. The membrane thickness may vary from as small as 10 microns
to few hundred micrometers. The principal types of membrane are shown

schematically in Figure 3.2 and can be classified as below:
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* [sotropic membranes
— Microporous membranes
— Nonporous, dense membranes
— Electrically charged membranes
* Anisotropic membranes

* Ceramic, metal and liquid membranes

Symmetrical membranes

lsotropic microporous Monporous densa Elactrically chargad
memb rang membrang

Supported liquid
meambrane

Ligquid-
filled
pores

Loeb-Sourirajan Thin-film composite E
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matrix

Figure 3.2 Schematic diagrams of principal types of membranes (Baker, 2004).
3.2.1 Basic concepts of membrane separation processes

The concept of membrane-based separation has been found at the early 18"
century and believed that it is more useful than most of the traditional separation
processes (distillation, adsorption, absorption, etc.) in energy savings and reduction in
the initial capital investment requirements (Hsieh, 1996). Membranes are usually
shaped as a thin film with permeable or semi-permeable or selective phase that acts
as a barrier or container wall for the separation of chemical substances. The basic

membrane separation process is illustrated in Figure 3.3; where the stream rejected by
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a membrane is called retentate, while that passing through the membrane is called as
permeate. Two of the most important characteristic property that describe the
separation performance of a membrane are its permselectivity and permeability.
Permeability denotes the flux of mass through a membrane per unit of area; whereas

the permselectivity is the ability of the membrane to separate the permeate from the

retentate.
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Figure 3.3 Basic membrane separation principle.

In the separation process, the structure and transport properties of
commercial membranes are determined by the nature of them, in which the driving
force (e.g. pressure gradient, concentration gradient, electrical potential, temperature,
etc.) across the membrane is highly dependent to the type of membrane. The
classification of membrane type and its characteristic involved the particular transport

processes were classified as in Table 3.1.
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Table 3.1 Types and properties of membranes (Baker, 2004)

Type of membrane

Description

Isotropic membranes
(Symmetric membranes)

Macroporous membranes

- Average pore diameters larger than 50nm
- Molecular, Knudsen diffusion and convective

flow as the transport mechanisms

Mesoporous membranes

- Average pore diameters in the intermediate range
between 2 and 50 nm
- Molecular, Knudsen diffusion and convective

flow as the transport mechanisms

Microporous membranes

- Pore diameters smaller than 2 nm
- Separation of solutes in molecular, pore-flow and
Knudsen diffusion depending upon the solutes in

the fluid mixture

Nonporous, Dense membranes

- Transport of solutes by driving force of a

pressure, concentration or electrical potential
gradient

- Separation of components in a mixture is
determined by their diffusivity and solubility in the

membrane material

Electrically charged

membranes

- Consist of pore walls carrying charged ions
- Separation is determined by exclusion of ions of
the same charge as the fixed ions of the membrane

structure, rather than by the pore size

Anisotropic membrane
(Asymmetric membrane)

- Consists of an extremely thin surface layer
supported on a much thicker, porous substructure
- Separation properties and permeation rates based

on the surface layer.
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The inorganic membrane has higher thermal and chemical resistance as well as
a longer lifetime than the polymer membrane, but the structural change due to
sintering and/or phase transformation occurred at elevated temperature that might

alter the micro porous structures of inorganic membranes.

3.2.2 Membrane reactor concepts

The concept of combining the two unit operations, membrane and reactor, is
being explored in various configurations, which can be classified in three groups,
regarding the role of the membrane in the process. The membrane can be used to
serve multiple functions. There are an extractor (the removal of product increases the
conversion by shifting the reaction equilibrium), a distributor (the controlled addition
of reactant along the reactor wall limits side reactions), or an active contactor (the
controlled diffusion of reactants to the catalyst can lead to an engineered catalytic
reaction zone). The distributor mode of membrane is normally well applied to restrict
the parallel deep oxidation reactions of products for partial oxidation of hydrocarbons,

oxidative dehydrogenation of hydrocarbons and oxidative coupling of methane.

Several catalytic processes of industrial necessary, however, often involve in
harsh chemical environments and under high operating temperature, two factors that
strongly favors inorganic membranes. Thus, glass, ceramic and metal membrane
materials have been a dramatic surge of interest in the field of membrane reactor or
membrane catalysis. Some promising applications using inorganic membranes include
certain dehydrogenation, hydrogenation and oxidation reactions such as formation of
butadiene from butane by dehydrogenation, styrene production from dehydrogenation
of ethyl benzene, dehydrogenation of ethane to ethylene, water-gas shift reaction and

oxidative coupling of methane, to name just a few (Hsieh, 1996).

The catalyst must be combined with the membrane system and various
arrangements are possible. Figure 3.4 summarizes some membrane-catalyst

combinations for tubular membranes (Mulder, 1996).
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The most simple and straightforward system is where the catalyst is located
inside the bore of the tube (Figure 3.4a). The advantage of this system is its simplicity
in preparation and operation and in case of catalyst poisoning a new catalyst can
easily be introduced. In the other two arrangements the catalyst is immobilized onto
the membrane, either in the top layer (Figure 3.4b) or in the membrane wall (Figure
3.4c¢). In either case one of the products, not necessarily the required product, should
permeate across the membrane which implies the necessity of permselective
membranes under these specific conditions. At certain concentrations or partial
pressures and at a certain temperature and pressure the equilibrium is completely
fixed and thermodynamically determined. However, by removing one of the end
products the reaction is shifted to the right hand side and results in an enhanced

conversion rate.
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Figure 3.4 Schematic drawing of various membrane reactor concepts for a tubular
configuration (Mulder, 1996): (a) bore of the tube filled with catalyst; (b) top layer
filled with catalyst; (c) membrane wall filled with catalyst.
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33 Design of Experiment (DOE)

In most of research and individual settings, the results are obtained from
experimental methods for any different purposes. The main targeted of scientific
research and process production are usually to show the statistical significance of the
effect that a particular factor exerts on the dependent variable of interest (e.g., yield of
products) and specify the optimum settings for different factors that affect the
production process. In research and industrial settings, the primary goal is usually to
extract the maximum amount of information regarding the factors affecting a
production process from as few observations as possible. While in the former
application analysis of variance (ANOVA) techniques are used to uncover the
interactive nature of reality, as manifested in higher-order interactions of factors, in

Indus “nuisance” (Cornell, 1990).

In general, every machine used in a production process allows its operators to
adjust various settings, affecting the resultant quality of the product manufactured by
the machine. Experimentation allows the production engineer to adjust the settings of
the machine in a systematic manner and to learn which factors have the greatest
impact on the resultant quality. Using this information, the settings can be constantly
improved until optimum quality is obtained. Therefore, when DOE is applied in this
study, combination of all factors involved with certain values will produce optimum

response.

Experimental methods are finding increasing use in manufacturing to optimize
the production process. Specifically, the goal of these methods is to identify the
optimum settings for the different factors that affect the production process. In the
discussion so far, the major classes of designs that are typically used in industrial
experimentation have been introduced: 2**(k-p) (two-level, multi-factor) designs,
screening designs for large numbers of factors, 3**(k-p) (three-level, multi-factor)
designs (mixed designs with 2 and 3 level factors are also supported), central
composite (or response surface) designs, Latin square designs, Taguchi robust design
analysis, mixture designs, and special procedures for constructing experiments in

constrained experimental regions. Interestingly, many of these experimental
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techniques have "made their way" from the production plant into management, and
successful implementations have been reported in profit planning in business, cash-

flow optimization in banking (statsoft, 1999).

3.4  Response Surface Methodology (RSM)

Response surface methodology (RSM) is a set of technique design to find the
best value of response. It discovers the best value or values of the response beyond the
available resources of the experiments. This technique consists of designing the
experiment and the subsequent analysis of the experiment data. In most cases, the
behavior of the measured response is governed by certain laws that can be
approximated by a deterministic relationship between the response and the set of
experimental factors, and thus it is possible to determine the best condition (level) of

factor to optimize a desired output.

The RSM is initiated with DOE to screen model-parameters before going to
the optimization process (Montgomery, 1995). The DOE can effectively select the
parameters of importance and indicate their interactions that significantly affect the
response variables. Therefore, via DOE, RSM easily optimize the values of model
parameters that are used in the model to produce the best fit between simulated and
observed responses. The benefits of RSM are that it can determine the effects of
parameter interactions on the response, it has a high ability to guide researchers to
select the best model of response surface to adjust the best values of parameters, it is
more systematic and accurate in guiding researcher to find the optimum, and finally
the design and analysis can be conducted using standard statistical software without

the need to write custom programs for a particular model.

The first step in experimental strategy of RSM is to decide on a model from
which the response as a function of the independent variables in the process. This
model provides the basis for new experimentation, which in turn may lead to a new
model, and the entire cycle is repeated. The experimentation can be terminated at any
time and further experimentation appears uneconomical. Finally, the sequential fitting

of the model is prelude to the determination of optimum operating condition for a
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process. By applying a mathematical equation or polynomial model the relationship
between the true values and the quantitative factors can be represented by the graph

contour plot.

35 Central Composite Design (CCD)

Central composite design (CCD) is very popular among researchers to analyze
the influence of variables. CCD allowed us to show which variables significantly
affect each response and optimize the value of variables that were found significant

(Monteagudo et al., 1992).

The design is created from either factorial or fractional factorial design. For
instance, CCD with three experimental factors employed 16 experiments. This
experiment containing eight run at two level (-1/+1), six star point (-o/a) and two
replicates at the center points (0) to allow estimation of the error and provide a check

on linearity.

3.6  Analysis of Variance

To analyze the result more critically, a more efficient method to use is analysis
of variance (ANOVA), which examines all sample and means them together.
Basically, it is a simple arithmetical method of sorting out the components of
variation in a given set of data and providing test of significance. The two principles
involved are partition of sums of the squares and estimating the variance of
population by different methods and comparing these estimates. The result of the
analysis of a set experiment data and modeling can be displayed in table known as the
ANOVA. The table will show the relationship between the observed data and
predicted data and the calculation on sum of square that gives the result for analysis of

variance.



CHAPTER 1V

MATHEMATICAL MODEL
OF MEMBRANE REACTOR FOR
OXIDATIVE COUPLING OF METHANE

This chapter presents a mathematical model of oxidative coupling of methane
(OCM) in membrane reactor. This model is used to simulate the OCM process by
MATLAB software and investigate its performance. The first Section 4.1 shows the
configuration of membrane reactor system used in this study. Section 4.2 describes
the details of model equations. Kinetic equations of OCM and the oxygen permeation
flux equation are described in Section 4.3 and Section 4.4. Section 4.5 illustrates the
equations used to evaluate the performance of OCM process. Further, the validation

of kinetic model used in this study is demonstrated in Section 4.6.

4.1 Model configuration

The membrane reactors considered in this study are a single stage dense
tubular membrane reactor and a multi-stage one. A design of multi-stage membrane

reactor is investigated to improve the process performance.

4.1.1 Single-stage membrane reactor

The configuration of a tubular membrane reactor for OCM considered in this
study is schematically represented in Figure 4.1. The membrane reactor considered
consist of two concentric tubes: the outer tube is the shell; the inner tube is the dense
Bag sSrg s5Coo sFep 2055 membrane. The methane is fed into the tube side of the
reactor, while the oxygen is fed into the shell side. The oxygen in the shell side

permeates into the tube side through the membrane, which acts as an oxygen
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distributor, and reacts with methane. The La,03/CaO catalyst is packed in the tube
side and, as a result, only the gases at the tube side are in direct contact with it and

participated in the reaction.

Membrane wall

Ogl:air} Shell side Oz 02 02 catah‘-st B Ozl:air]
L 4 y
CH; =3 Tubeside . - . 3 CH,,C2,
i i 4 Y Co,H,0
0,(air)——> shellside O, 0, 0, > 0,{air)

Figure 4.1 Membrane reactor

4.1.2 Multi-stage membrane reactor

The schematic diagram of a multi-stage membrane reactor is shown in Figure
4.2. Three arrangements of oxygen feeding distribution are considered: (i) increased
feed (e.g. 10-30-60 (mol%)), (ii) uniform feed (e.g. 33-33-33 (mol%)) and (iii)
decreased feed (e.g. 60-30-10 (mol%)). The La,O3/CaO catalyst is packed in every
stage of membrane reactors. The length of a series connection membrane reactor is
equal to a single tubular membrane reactor. The total amount of oxygen feeding and
catalyst in each stage of a multi-stage membrane reactor are equal to that in a single

stage one as well.

increasing 10% 30% 60%
uniform 33% 33% 33%
decreasing 60% 30% 10%
0, 0, 0,
CH, — Stage 1 — Stage 2 — Stage 3 — I?IZ’%H(%’COX’
2ty

Figure 4.2 A multi-stage membrane reactor
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The mathematical model of the membrane reactor is based on the following

assumptions:

e The separator is under steady-state isothermal operation.

e [sobaric conditions.

e No radial concentration distributions in the tube or on the shell side of

the reactor.

e Axial diffusion dispersion was neglected.

Ideal gas law is used

to describe the gas behavior of single component and gas

mixture with the assumptions specified above. The mass balance of component i can

be written as:

Tube side (reaction side):

dF' w n
i —A
dz y o _jz=l
Shell side:
dFy,
d—z = - ”dl‘joz

v, r+mwd,J 4.1)

(4.2)

Since the membrane reactor for OCM is assumed to be operated under non-

isothermal condition, the energy balance equation is involved for described the

variance of reactor temperature. The energy balance of a tubular membrane reactor

can be written as:
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Tube side (reaction side):

w

¢ — A Y, (-AHr)—qg+xnd,J AT
dT _ [V cle( lrl) q+ra, OZCp,O2 ] (4.3)
dz >, FC,
Shell side:
dz FOszoz

where ¢ is the heat flux between the tube side and shell side as expressed in the

Equation (4.5). Table 4.1 gives the values of heat capacity of species j, Cp;.

A K (T'-T°)
- CS m 4.5
q VL 4.5)

where A is the cross section area of the tube side, K, and M stand for the average
thermal conductivity and membrane thickness, respectively, and L represents the

effective length of the tube.

Table 4.1 Heat capacity of gas species involved in the reactions.

Species Cp; (J/mol"K)
CH4 35.618
0, 29.407
CO, 37.144
H,O 35.499
CcoO 28.517
C,H4 42.923
C,Hg 52.623

H, 28.869
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4.3 Kinetics of oxidative coupling of methane

A comprehensive kinetic model of the OCM used in this study was developed
by Stansch et al. (1997) for the La,O3/CaO catalyst. They proposed a reaction scheme
for description of the network of primary reactions for the OCM involving all relevant
chemical species. The reactions consist of three steps, which convert methane into
ethane and other by-products, and seven consecutive reaction steps taking into
account thermal gas phase dehydrogenation, heterogeneous catalytic oxidative
dehydrogenation, ethylene steam reforming, and reaction inhibition by CO, and O,.

The kinetic model considered the following set of stoichiometric equation:

Stepl: CH,+20, —» CO,+2H,0O AH®=-802.251 kJ/mol (4.6)
Step2: 2CH,+0.50, -» C,H,+H,O AH°=-175.71 kJ/mol 4.7)
Step3: CH,+O, -» CO+H,0+H, AH®=-277.449 kJ/mol (4.8)
Step4:  CO+0.50, - CO, AH°=-282.984 kJ/mol 4.9)

Step5:  C,H,+0.50, - C,H,+H,0  AH°=-105.668 kl/mol (4.10)

Step6: C,H,+20, - 2CO+2H,0 AH’=-757.156 kJ/mol (4.11)

Step7: C,H, »>C,H,+H, AH’=136.15 kJ/mol (4.12)
Step8:  C,H,+2H,0 —» 2CO+4H, AH°=210.116 kJ/mol (4.13)
Step9: CO+H,0 — CO,+H, AH°=-41.166 kJ/mol (4.14)
Step10: CO,+H, - CO+H,0 AH°=41.166 kJ/mol (4.15)

The reaction rates for each step are given below:

ko .e_E[I"f/RTijPn’f
_ yi C 0, .
ry = “AH . co, | RT 2 Jj=13-6 (4.16)
(1+ K, o€ Peo, )
—E,,/RT -AH o, /RT "
.= ko,e " (Ko,oze ’ Poz) 2PCH4 (4.17)
2 = -AH 40, /RT n —AH 44 co, /RT 2 '
[1+ (Ko,oze 2 POz) 2 4+ ijcoze 2 Pcoz]
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r, = ko,e P (4.18)
Iy = ko,se_Ea’s/RTPcrﬁL‘PHnso (4.19)
ry = kyoe " T PIS P (4.20)
o = koyge TPl P 4.21)

where P; stands for the partial pressure of component i, Ky, and E,; represent the
kinetic parameter and the activation energy in reaction j, respectively. The kinetic

parameters used for the above reaction scheme are presented in Table 4.2.



Table 4.2 Kinetic parameters of the OCM reactions (Stansch et al., 1997).

K E,; ) ) K cq2 AH 4,00 Ko AH 40
StP (ol g'sTPa ™) (kymor’y M j (Pa) (kJ ol (Pa) (k3 mol')
1 0.20x107 48 024 076  0.25x10"7 -175
2 232 182 100 040  0.83x10™ 1186 0.23x10""" 124
3 0.52x10 68 0.57 085  036x10™ 1187
4 0.11x10” 104 100 055  0.40x10" 1168
5 0.17 157 095 ~ 037  0.45x10™ 1166
6 0.06 166 100 096  0.16x10" 211
7 1.2x10"* 226
8 9.3x10’ 300 097 0
9 0.19x10” 173 .00 1.00
10 0.26x10" 220 100 1.00

*Units are mol s'm>Pa’l.

T€
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4.4 Oxygen permeation rate of BaysSr¢sCosFe 2035 tubular membrane

For the oxygen permeation through tubular BSCFO membrane, the oxygen
flux Equation (4.22), which was developed by Kim et al. (1998), can be used to
predict the permeation flux when a bulk diffusion is the controlling step for oxygen
permeation. Lu et al. (2006) deduced the ambipolar diffusion coefficients D, for the
BSCFO material based on the bulk oxygen ionic diffusion current model. Table 4.3
presents the ambipolar diffusion coefficients D, of the oxygen permeation fluxes of

the BSCFO membrane at 700-900 °C.

J, = —TECD, (ﬂJ (4.22)
P 2S8In(d,/d,) P
where d, and d, are the outer and inner diameter of the membrane tube, respectively,
L, S, Ci and D, stand for the effective length of the tube, the effective area of the
membrane tube, the density of oxygen ions and the ambipolar diffusion coefficients,
respectively, P; is the oxygen partial pressure in the shell side and P, is the oxygen

partial pressure in the tube side.

Table 4.3 The ambipolar diffusion coefficients (D,) at different temperature (700-
900 °C) (Lu et al., 20006).

T (°C) D, (cm’s™)
700 0.77 x 10°®
750 1.16 x 10°®
800 1.68x 10°
850 234x10°

900 3.31x10°
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4.5 OCM performance

The main purpose of this study is to maximize the OCM process performance.
The performance of membrane reactors in terms of CHy conversion (Xcps) , Co
selectivity (Sc2) and C, yield (Y¢z) is considered with respect to the effect of key
operating parameters such as temperature, methane to oxygen feed ratio and methane

feed flow rate. The above quantities are defined as follows:

moles of CH, converted
(moles of CH,);..,

Xey, (%) = x 100 (4.23)

2x(moles of C, hydrocarbons)

Se, (%) produets 100 (4.24)

moles of CH, converted

2%(moles of C, hydrocarbons)

products 100 (4.25)
(moles of CH, ).y

Y., (%)

4.6 Model validation

The validity of the kinetic model was tested by comparing the simulation
results with experimental data for OCM reported by Stansch et al. (1997). Their
experiments were operated in a plug flow reactor at a feed flow rate of 4 cm’s ' over
14.8 mg of La,O3/CaO catalyst. The comparison of the model prediction and
experimental data in terms of CHs conversion (Xcps) , Cy selectivity (Scz) and C,
yield (Y¢2) at different feed mole ratio and operating temperatures is shown in Table
4.4. Tt can be seen that the model prediction shows good agreement with experimental

data in the literature.
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Table 4.4 Comparison between model prediction and experimental data (Stansch et

al.,1997).

Temperature (°C)

700 750 750 830 830

Feed mole ratio

CH4 0.699 0.612 0.699 0.612 0.699

0, 0.095 0.051 0.095 0.051 0.095
Xcns (%)

Experimental 4.1 4.9 7.1 9.9 14.4

Simulated 4.5 4.8 6.5 12 13.8
Sc2 (%)

Experimental 35.6 55.6 53.7 72.5 69.6

Simulated 34.5 56.2 49.7 68.4 62
Yer (%)

Experimental 1.5 2.7 3.8 7.2 10

Simulated 1.3 2.7 2.9 7.4 9.5




CHAPTER V

PERFORMANCE ANALYSIS
OF MEMBRANE REACTOR FOR
OXIDATIVE COUPLING OF METHANE

This chapter presents the simulation results of oxidative coupling of methane
(OCM) in a single- and multi-stage membrane reactor. The effect of operating
parameters studied which consists of methane to oxygen feed ratio (CH4/O,),

operating temperature and methane feed flow rate are discussed.
5.1 A single-stage membrane reactor

In this section, the simulation results of a dense tubular membrane reactor for
OCM process are presented. As earlier mentioned, a dense Bag sSrys5CoosFep203.5
membrane tube separates the reactor into the tube side where methane is fed and
reacts with oxygen permeating through the membrane, and the shell side where
oxygen (air) is fed. The La,03/CaO catalyst is packed in the tube side. The value of

simulated reactor dimensions and operational parameters is listed in Table 5.1.
5.1.1 Concentration profiles

The operating characteristics of membrane reactor for OCM process can be
understood by examining its concentration profiles. The concentration profiles of
CHy, C;, O,, COy, H; and H,O on the tube (reaction) side are shown in Figure 5.1.
Pure methane is fed to the tube side at the rate of 1.6x10~ mol/s. Methane and oxygen
feeds are kept at a mole ratio of 2 and the operating temperature is constant at 800°C.
It can be seen that methane concentration decreases along the reactor and the other

gases start at zero and then increase due to the reactions occurred by permeated
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oxygen from the shell side. In the early stage of the reactions, the formation rate of C,

products by the OCM reactions is higher than the rate of methane undergoes deep

oxidation (side reactions) as shown by the greater increase in the C, products

concentration than that of the H,, H,O and COy gas.

1
...... CH4
09 1 Tl — . H24H20
o -- C2
0.8 o
''''' -+« COx
07 4 Tl
e R L
e
E 064 O P, e
2 .......
o 05 1 e N e Tt
2 .......
S Y 77/ BN L
> 04 - '
0.3 _
— aﬁ—éji -
0.1 ‘___yt/’
’ -------
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Reactor length (cm)

Figure 5.1 Concentration profiles at the reaction side of the membrane reactor.
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Table 5.1 Operating conditions and reactor parameters.

Process Conditions

Operating temperature (°C) 700-900 (800)

Methane/Oxygen feed ratio 0.5-3 (2)

Methane feed flow rate (10-3 mol/s) 1.2-2.8 (1.6)
Parameters

Length (cm) 10

Inner diameter of membrane tube (mm) 5

External diameter of membrane tube (mm) 8

Mass of catalyst (g) 0.45
Pressure for both tube and shell sides (atm) 1
Bulk bed porosity 0.36

5.1.2 Effect of methane to oxygen feed ratio

In this section, the effect of methane to oxygen feed ratio on the performance
of a single stage membrane reactor is analyzed. A number of simulations were carried
out with varying CH4/O; ratio from 0.5 to 3, the operating temperature is constant at
800°C and methane feed flow rate is fixed at 1.6x10” mol/s. This simulation results
are shown in Figure 5.2. It can be seen that CH4 conversion and C, yield were highest
at CH4/O; ratio of 0.5 and then decreased with increasing the CH4/O; ratio due to the
lower oxygen concentration in the reaction side. However, the undesired oxidation
reaction of methane, C, products and other intermediate products were intensely
induced at higher oxygen concentration, as a result, C, selectivity decreased at higher
CHy conversion as well. Figure 5.3 shows the CH4/O; ratio effect on the C,H4/C;Hg
ratio in the C, products. Because the reaction of ethane to ethylene requires oxygen to

react with ethane, higher C,H4/C,Hg ratio is obtained at lower CH4/O, ratio. Since
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C,Hy is more valuable than C,Hg, operation with low CH4/O, ratio is more suitable in

terms of C, yield and C,H4/C,Hg ratio.

80 ‘

——— CH, Conwersion g C, Selectivity - w — C, Yield

Conversion , Selectivity , Yield (%)

20 \ !
0.5 1 1.5 2 25 3

CH 4/O2 ratio

Figure 5.2 Effect of CH4/O, ratio on the conversion of methane and the selectivity

and yield of C, product.
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Figure 5.3 Effect of CH4/O; ratio on the C;H4/C,;H¢ product ratio.

5.1.3 Effect of operating temperature

The effect of operating temperature on the performance of a single stage
membrane reactor in OCM reaction is presented in Figure 5.4. Methane and oxygen
are fed with a molar ratio of 2 and methane feed flow rate is fixed at 1.6x10~ mol/s.
The temperatures are considered in a range of 700-900 °C. Initially, the CHy4
conversion and C, product yield are increased with increasing operating temperature
due to the higher reaction rate and oxygen flux through the membrane at higher
temperature. At the temperature above 850 °C, however, the amount of methane in
the tube side decreases, while the permeation of oxygen into the tube side increases.
This leads to more undesired side reaction and causes a decrease in C, selectivity and
C, yield. The increasing of Hp, H;O and COy products indicated that hydrocarbons
oxidation activity over La;O3/CaO catalyst is favored at high temperature. As a result,
the C, selectivity is reduced with higher operating temperature. The increasing of
C,H4/C,Hg ratio with an increase in temperature as shown in Figure 5.5 suggests that
the dehydrogenation (thermal cracking) of ethane to ethylene is favored at higher

temperature.
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Figure 5.4 Effect of operating temperatures on the conversion of methane and the

selectivity and yield of C, product.
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Figure 5.5 Effect of operating temperature on the C,H4/C,H¢ product ratio.
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5.1.4 Effect of methane feed flow rate

Figure 5.6 shows the variations of methane conversion, C, selectivity and
yield of C, at different methane feed flow rate, while the operating temperature is
constant at 800°C and methane to oxygen feed ratio of 2. The methane conversion, C,
selectivity and C, yield improved initially and reaching maximum values at the
methane feed flow rate of 2x10~ mol/s. At methane feed flow rate below 2x107
mol/s, the performance of OCM process increases due to the rising chance of methane
to react with oxygen. However, when the flow rate of methane over 2x10~ mol/s, the
oxygen concentration in the tube side is too little compared with methane
concentration. As a result, the efficiency of OCM process decreases at higher methane
feed flow rate. The trend is similar to the effect of methane feed flow rate on

C,H4/C,Hg ratio as shown in Figure 5.7.

90 ‘ ‘
I CH4 Conwersion — ¢ C2 Selectivity — m — 02 Yield

Conversion , Selectivity , Yield (%)

1 0 | |

l
1.2 1.6 2 2.4 2.8

CH, feed flow rate (10”° mol/s)

Figure 5.6 Effect of methane feed flow rate on the conversion of methane and the

selectivity and yield of C, product.
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Figure 5.7 Effect of methane feed flow rate on the C,H4/C,;Hg product ratio.

5.1.5 Adiabatic operation

Most of the simulation studies published in the literature on the OCM process
in membrane reactors were based on mathematical models assuming isothermal
condition. The assumption explained that the hot spot problem, that may be observed
particularly with FBR, is less severe for the membrane reactors with the distributed
oxygen supply along the reactors. Therefore, the reactors can be maintained at a
nearly isothermal condition. However, due to the highly exothermic nature of OCM,
isothermal assumption might lead to unrealistic prediction of the reactor performance.

In this work, the effect of adiabatic operation is studied as well.

For OCM reaction, the increasing of operating temperature increases the
reaction rates. Thus, the conversion of CHy and yield of C, are increased with an
increase of temperature as shown in Section 5.1.3. In an adiabatic operation, heat
released during oxidation coupling process increases the temperature as well as the
rate of reactions. Figure 5.8 shows the temperature profile along the reactor under
adiabatic operation with the inlet temperature of 700°C. It can be seen that the

temperature increased along the reactor and reach to the highest temperature of
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945.85°C. The effect of inlet temperature on the highest temperature and C, yield in
each operation are presented in Figure 5.9. Both isothermal and adiabatic operation
operate at the same process conditions as methane and oxygen are fed with a molar
ratio of 2 and methane feed flow rate is fixed at 1.6x10~ mol/s. It can be seen that C,
yield with an adiabatic operation is higher than that in an isothermal operation at the
inlet temperature range of 700-800 °C. The results are consistent with the results from
earlier studies of the effect of operating temperature. Because of the low C, selectivity
at high temperature, C, yield with an adiabatic operation is lower than that in an

isothermal operation at the inlet temperature range of 850-900 °C.
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Figure 5.8 Temperature profile along the reactor.
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Figure 5.9 Effect of inlet temperatures on the highest temperature and C, yield of the

membrane reactor operated under non-isothermal condition.

5.2 A multi-stage membrane reactor

In this section, the simulation results of a multi-stage membrane reactor for
OCM process are presented. As earlier mentioned, three arrangements of oxygen
feeding distribution are considered, i.e., increased feed (10-30-60 mol%), uniform
feed (33-33-33 mol%) and decreased feed (60-30-10 mol%). The obtained results are

shown in the subsequent section.

5.2.1 Oxygen concentration profile

Figure 5.10 shows the profiles of oxygen concentration at the tube side, which
increases as more oxygen permeates from the shell side. Under the increased oxygen
feeding policy, low oxygen content in the first stage of the multi-stage reactor can

cause relatively low CHy4 conversion and C, yield. Higher permeated oxygen of the
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decreased oxygen feeding policy affects to more CH4 conversion than the other

oxygen feeding distributions.

e 33-33-33 === 60-30-10 10-30-60
2.5

0, in the tube side (molx10-%)

Stage

Figure 5.10 Concentration profile of oxygen at the tube side of membrane reactors.

5.2.2 Comparison of single- and multi-stage membrane reactors

5.2.2.1 Effect of methane to oxygen feed ratio

Figure 5.11 shows the effect of CH4/O; ratio on the performance of single- and
multi-stage membrane reactors. A number of simulations were carried out with
varying CH4/O; ratio from 0.5 to 3, the operating temperature is constant at 800°C
and methane feed flow rate is fixed at 1.6x10° mol/s. It can be seen that the
performance trend of the multi-stage membrane reactor with a decreased distribution
of oxygen is quite similar to the single-stage membrane reactor and the performance
of a decreased feed one is higher than that the single stage one in all terms. Therefore,

this oxygen feeding pattern gives the appropriate amount of oxygen during the
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reactions. The conversion of CH4 and the yield of C, decrease with increasing the
CH4/O; ratio due to the lower oxygen concentration in the reaction side. The C,
selectivity can be improved by using the multi-stage membrane reactor in all cases of
oxygen feeding distribution, especially at high CH4/O, ratio. In case of the multi-stage
membrane reactor with increased feed of oxygen, due to the very low CHg

conversion, the C, yield is therefore low even the highest C, selectivity is obtained.
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Figure 5.11 Effect of CH4/O; ratio on single- and multi-stage membrane reactors.
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5.2.2.2 Effect of operating temperature

The effect of operating temperatures on the performance of single- and multi-
stage membrane reactors for the OCM reaction is presented in Figure 5.12. Methane
and oxygen are fed with a molar ratio of 2 and methane feed flow rate is fixed at
1.6x10” mol/s. The temperatures are considered in a range of 700-900 °C. The
conversion of methane in the single-stage membrane reactor is higher than that in the
multi-stage reactor with uniform feed of oxygen, especially at the temperature higher
than 750 °C, because of higher oxygen permeability. Methane conversion of a single-
stage membrane reactor is lower than that of a multi-stage membrane reactor with
decreased feed of oxygen because the permeated oxygen of a sigle stage one, which is
higher than that of a multi-stage one, is used more in the side reactions than the main
reactions. However, the C, selectivity of a single stage reactor is lower than a multi-
stage reactor because a decrease in the methane partial pressure in the tube side
leading to low methane and oxygen ratio (high oxygen content in the reaction side). It
is found that the multi-stage membrane reactor operated under the uniform and
decreased feeding policy of oxygen shows higher yield of C, than the single stage
one. This is because a fine oxygen concentration in the reaction side leads to more C,

selectivity than a single-stage membrane reactor.
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Figure 5.12 Effect of operating temperature on single- and multi-stage membrane

reactors.

5.2.2.3 Effect of methane feed flow rate

Figure 5.13 shows the effect of methane feed flow rate on single- and multi-
stage membrane reactors. The operating temperature is constant at 800°C and
methane to oxygen feed ratio is equal to 2. Initially, the CH4 conversion, C,
selectivity and C, yield of the uniform and decreased feeding policy of oxygen
increase with increasing methane feed flow rate, but those efficiency decreased as the
methane feed flow rate over 2.4x10~ mol/s. It is found that the multi-stage membrane
reactor operated under the uniform and decreased feeding policy of oxygen shows
higher yield of C, than the single stage one. CH4 conversion and C, yield in case of
the multi-stage membrane reactor with increased feed of oxygen are lowest compared
with the others for all varying of operating parameters as shown in this section and the

previous sections.
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Figure 5.13 Effect of methane feed flow rate on single- and multi-stage membrane

reactors.
5.2.3 Effect of decreased oxygen feed with different proportions

From the previous section, it can be seen that a multi-stage membrane reactor
with decreased feed of oxygen give the highest C, yield. Thus, this section is focused
on the decreased feed of oxygen with different proportions. Figure 5.14 shows the C,
yield in case of decreased feed of oxygen with different proportions, i.e., 80-10-10,
70-20-10, 60-30-10 and 50-30-20 (mol%). Methane and oxygen are fed with a molar
ratio of 2 and methane feed flow rate is fixed at 1.6x10” mol/s. The operating
temperatures are considered in a range of 700-900 °C. It can be seen that the
proportion of oxygen at each stage as 50-30-20 show a higher C, yield than the others.
The result may be used as a guideline for the determination of appropriate amount of
oxygen entering in each stage of the reactors. Half of the total amount of oxygen is
fed in the first stage and then entering the next stage with half of the amount of

oxygen in previous stage, and so on.
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Figure 5.14 C, yield of the multi-stage membrane reactor with decreased feed of

oxygen.

5.2.4 Adiabatic operation

This section presents the study of multi-stage membrane reactor in an
adiabatic operation. The temperature profile of single- and multi-stage membrane
reactor are shown in Figure 5.15. It can be seen that the rate of increase in temperature
of a multi-stage membrane reactor is less than that of a single-stage one due to the
lower occurrence of side reactions, which are highly exothermic reactions. In case of
a multi-stage membrane reactor with increased feed of oxygen has the lowest

temperature because of the higher C, selectivity or minimal side reactions.

When comparing the yield of C, products of isothermal and adiabatic
conditions, the results are the same as the case of a single stage membrane reactor.
The C, yield with an adiabatic operation is higher than that in an isothermal operation
at the inlet temperature range of 700-800 °C, while C, yield with an adiabatic
operation is lower than that in an isothermal operation at the inlet temperature range

of 850-900 °C as shown in Figure 5.16.
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Figure 5.15 Temperature profile along single- and multi-stage membrane reactor.
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Figure 5.16 Effect of inlet temperature on the C, yield of a multi-stage membrane

reactor operated under isothermal and adiabatic conditions.



CHAPTER VI

OPTIMIZATION OF MEMBRANE REACTOR
FOR OXIDATIVE COUPLING OF METHANE

This chapter presents a study on determination of the optimal operating
conditions for OCM process using the response surface methodology (RSM). RSM is
a method that mainly involves three major steps: design of experiment using statistical
approach, estimation of coefficient based on mathematical model and response

prediction, and finally confirmation of model respectability.

6.1  Design of experiment

In this study, a statistical analysis of the OCM process performance in term of
C, yield was performed using Design Expert software version 8.0.6.1 (STAT-EASE
Inc., Minneapolis, USA). The central composite design (CCD) was used to study the
interaction of process variables and to predict the optimum process conditions for
maximize the C, products yield. The independent variables with the operating range

of each variable are given in Table 6.1.

Table 6.1 Experimental range and levels of independent process variables for OCM.

Independent variable Symbol Coded levels

-1 0 1
CH4/O, feed ratio X 1 2 3
Operating temperature (°C) Xs 700 800 900

CH, feed flow rate (10° mol/s) X 1.2 2.0 2.8
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The low (-1), middle (0) and high (1) levels for all independent variables were
based on the previous chapter study and prior screening from the literature. The
values shown in Table 6.1 are for CH4/O, feed ratio, operating temperature and CHy4
feed flow rate. CH4/O, feed ratio of 1, 2 and 3 were chosen for variable X;; operating
temperature at 700, 800 and 900°C for X, and 1.2, 2.0 and 2.8 (10” mol/s) for Xs. All
variables at zero level constitute to the center points while combination of variables at
star points, which consist of its lowest (-a) level or highest (+a) level, with other

variables at zero level constitutes the axial points.

According to CCD, the total experiment combinations can be calculated using

the following equation:
The total number of experiments = 2" + 2n +n, (6.1)

where n is the number of independent variables and ng is the number of replications at
center point. In this study, ny is performed one because the result does not change in
simulation method. Thus, a set of 15 experiments including the 8 factorial
experiments, 6 star points and 1 center point were carried out. The distance of the star
points from the center point is given by a = 2" and equal to £1.682 in this study. The
complete design matrix of CCD and the simulation results are given in Table 6.2. The

percentage of C, yield was taken as the response of the design experiment.

The response (Y) of the OCM process was used to develop a quadratic
polynomial equation that correlates the C, production as a function of the independent

variables and their interactions as shown in the Equation (6.2).

Y=ﬂo+z3ﬂiXi+z3ﬂiiXi2+Zz 23 ﬂzj/Xin (6.2)

i=1 j=i+1

where Y is the predicted response (dependent variables), B is the offset term, i, Bii
and P are coefficients for the linear, squared and interaction effects, respectively

while X; and X; are factors (independent variables).



Table 6.2 Full factorial central composite design matrix of three independent variables in coded and unit along with the simulated response

value
Run Manipulated variables Responses
Xy X X3 C, yield
(%)
CH4/O; ratio Level Temperature Level CHy4 feed flow rate Level

1 1 -1 700 -1 2 -1 18.84

2 1 -1 700 -1 2.8 1 22.55

3 1 -1 900 +1 1.2 -1 32.55

4 1 -1 900 +1 2.8 1 32.56

5 3 1 700 -1 1.2 -1 11.59

6 3 1 700 -1 2.8 1 17.23

7 3 1 900 +1 1.2 -1 15.34

8 3 1 900 +1 2.8 1 21.23

9 0.32 -0 800 0 2.0 0 34.12

10 3.68 +a 800 0 2.0 0 13.78

11 2 0 631.82 -0 2.0 0 13.12

12 2 0 968.18 +a 2.0 0 27.32

13 2 0 800 0 0.65 -0 21.33

14 2 0 800 0 3.35 +a 29.12

15 2 0 800 0 2.0 0 31.41

LS
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6.2 Optimization of single-stage membrane reactor

6.2.1 Regression model equation for C, yield

Simulations of a single-stage membrane reactor for OCM process are
performed based on the operating conditions as listed in Table 6.2. The results show
that the C, yield is obtained varied from 11.59% to 34.12%, depending on the
operating conditions. These results can be fitted by a second order quadratic model as

given in Equation (6.3):

Y = —330.594 + 19.779.X, + 0.773X, + 20.031X,
—-0.020X, X, +1.220X, X, — (5.391x107) X, X, (6.3)
—-2.941X] —(4.260x107)X; —3.891.X;

From the equation, the yield of C; has linear and quadratic effects by the three process
variables. This validation of the model obtained is shown by the R? error of 0.9888 or
98.88% of the response variability could be explained by this regression model. The
value of R? is unity which means a complete agreement between predicted and actual
responses. Figure 6.1 summarizes correlation between simulated values versus

predicted values by using the developed model.

Statistical analysis based on ANOVA for the quadratic model developed by
the software is shown in Table 6.3. The model F-value of 49.00 implies the model is
significant. There is only a 0.02% chance that a “Model F-value” this large could
occur due to noise. P-value less than 0.0500 indicate model terms are significant. In
this case X;, X, Xz, XXy, le, Xzz, X23 are significant model terms.
P-values greater than 0.1000 indicate the model terms are not significant. If there are
many insignificant model terms (not counting those required to support hierarchy),

model reduction may improve this model.
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Figure 6.1 Predicted and actual values of C, yield for single-stage membrane reactor.

Table 6.3 ANOVA of the response surface quadratic model for single-stage

membrane reactor.

Source SS* DF’ MS* F-value P-value
Model 851.09 9 94.57 49.00 0.0002
X1 415.38 1 415.38 215.24 <0.0001
X> 224.34 1 224.34 116.25 0.0001
X3 58.86 1 58.86 30.50 0.0027
XX 31.88 1 31.88 16.52 0.0097
X1X3 7.62 1 7.62 3.95 0.1036
X5X3 1.49 1 1.49 0.77 0.4201
X% 52.36 1 52.36 27.13 0.0034
X% 109.83 1 109.83 56.91 0.0006
X% 37.54 1 37.54 19.45 0.0070
Residual 9.65 5 1.93

Total 860.74 14

%8S = Sum of squares, ° DF = Degree of freedom, ¢ MS = Mean square
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Std. Dev. 1.39 R-Squared 0.9888
Mean 22.81 Adj R-Squared 0.9686
C.V. % 6.09 Pred R-Squared 0.4989
PRESS 431.34 Adeq Precision 20.531

The "Pred R-Squared" of 0.4989 is not as close to the "Adj R-Squared" of
0.9686 as one might normally expect. This may indicate a large block effect or a
possible problem with this model and/or data. Things to consider are model
reduction, response transformation, outliers, etc. "Adeq Precision" measures the
signal to noise ratio. A ratio greater than 4 is desirable. This ratio of 20.531 indicates

an adequate signal. This model can be used to navigate the design space.

6.2.2 Results

The regression model (Equation (6.3)) can be used to map empirically the
response function over the experimental region. The contour plot helps to evaluate the
effect of any two independent variables combined on the response. Each contour
curve represents an infinite number of responses of two process variables. The
maximum predicted response is indicated by the surface confined in the smallest

ellipse in the contour diagram.

In general, several 2-dimensional plots can provide some information on the
effect of main process variables in chemical reactions. Unfortunately, most of
chemical reactions, the reactor can be operated differently at different levels of
process variables. Thus, it is often difficult to make any conclusions on the overall
behavior of the system in the ranges of process variables as a number of 2-
dimensional plots should be plotted and compared. In this particular respect, a 3-
dimensional plots can present the overall behavior in a better way. Therefore, instead
of individual 2-dimensional plots, it is believed that any possible interactions between
the process variables should be more visible if a 3-dimensional plots are established

from the experimental data.
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6.2.2.1 Effect of one factor

The effect of CH4/O; ratio, temperature and CH,4 feed flow rate on C, yield in
case of a single-stage membrane reactor as shown in Figure 6.2. The trend of the
results from the regression model predictions are consistent with the results of the
simulation studies in previous chapter. When considering the variable that can affect

C, yield the most by comparing its p-value, CH4/O, ratio is that variable due to the
lowest p-value of <0.0001.
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Figure 6.2 Effect of CH4/O; ratio, temperature and CH4 feed flow rate on C; yield in

case of a single-stage membrane reactor.

6.2.2.2 Effect of an interaction between two variables

Figures 6.3 and 6.4 demonstrate the contour surface plot and the response
surface 3D plot indicating the effect of interaction between CH4/O, ratio and
operating temperature on C, yield, respectively. It is noticed that for a decreasing of
CH4/O; ratio, the C, yield increased with increasing operating temperature. The
observed phenomenon occurred as increasing the operating temperature enhanced the
reaction rate of OCM reaction, as a result, high CH4 conversion received and
eventually the yield of C, products. On the other hand, the same trend was not
applicable for CH4/O; ratio because the too little oxygen concentration in the reaction

side led to low CH4 conversion and C; yield.
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Figures 6.5 and 6.6 illustrate the contour surface plot and the response surface
3D plot indicating the effect of interaction between CH4/O; ratio and CH,4 feed flow
rate on C; yield, respectively. The optimum response value can be clearly observed
from the contour plot. By analyzing the plots, the optimal conditions obtained for C,

yield were 1-2 of CH4/O; ratio and 1.6-2.7 (10'3 mol/s) of CH4 feed flow rate.

Figures 6.7 and 6.8 present the contour surface plot and the response surface
3D plot indicating the effect of interaction between operating temperature and CHy4
feed flow rate on C, yield, respectively. By analyzing the plots, the optimal conditions
obtained for C, yield were the operating temperature of 800-900°C and 1.8-2.8 (10
mol/s) of CH4 feed flow rate.

When considering the interaction between two variables that can affect C,
yield the most by comparing its p-value, the interaction between CH4/O; ratio and
operating temperature shows the most affect to C, yield due to the lowest p-value of

0.0097.
C, yield (%)

CH, feed flow rate

1 1.5 2
CH,/O, ratio

Figure 6.5 Contour surface plot of C, yield as a function of CH4/O, ratio and CH4

feed flow rate.
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Figure 6.6 3-D graphic surface optimization of C, yield versus CH4/O; ratio and CHy4

feed flow rate.
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Figure 6.7 Contour surface plot of C, yield as a function of operating temperature and

CHy4 feed flow rate.
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Figure 6.8 3-D graphic surface optimization of C, yield versus operating temperature

and CH4 feed flow rate.

6.2.3 Optimal operating parameters

In order to optimize the C, yield, the numerical feature of the DOE software
was applied to find the optimum combination conditions that result in the maximum
yield. It founds 9 solutions for the optimum conditions were generated and the
solution with the highest desirability was selected to be verified by simulation
method. Table 6.4 coupled with the predicted and simulated yield of C,. From the
table, the simulated optimum yield of 35.21% is well in agreement with the predicted
value of 36.49%, with a relatively insignificant error of 3.64%. It can be concluded
that the statistical model is useful in the accurate prediction and optimization of the

OCM process.
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Table 6.4 Comparison between simulation result and model prediction of the single-

stage membrane for OCM process operated at the optimum conditions

Conditions Optimum value  Predicted Simulated Error
yield (%) yield (%) (%)

CH4/Oj ratio 0.83

Temperature (°C) 847.44 36.49 35.21 3.64

CH,4 feed flow rate 2.10

(10'3 mol/s)

6.3 Optimization of multi-stage membrane reactor

According to Section 5.2.3, it can be seen that the proportion of oxygen at
each stage as 50-30-20 (mol%) show a higher C, yield than the others. Thus, this
section presents a study on determination of the optimal operating conditions for that

oxygen feeding distribution case.

6.3.1 Regression model equation for C, yield

Simulations of a multi-stage membrane reactor for OCM process are
performed based on the operating conditions as listed in Table 6.5. The results show
that the C, yield is obtained varied from 15.28% to 38.91%, depending on the
operating conditions. These results can be fitted by a second order quadratic model as

given in Equation (6.4):

Y = —321.286 + 20.344.X, + 0.754X, + 17.785X,
—0.021X,X, + 1.080X,X, — (3.609x107") X, X, (6.4)
—2.784X7 —(4.094x107H)X; —3.593X;
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From the equation, the yield of C; has linear and quadratic effects by the three
process variables. This validation of the model obtained is shown by the R* error of
0.9866 or 98.66% of the response variability could be explained by this regression
model. The value of R? is unity which means a complete agreement between predicted
and actual responses. Figure 6.9 summarizes correlation between simulated values

versus predicted values by using the developed model.
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Figure 6.9 Predicted and actual values of C; yield for multi-stage membrane reactor.



Table 6.5 Full factorial central composite design matrix of three independent variables in coded and unit along with the simulated response

value for a multi-stage membrane reactor (50-30-20).

Run Manipulated variables Responses

Xy X X3 C, yield
(%)

CH4/O; ratio Level Temperature Level CHy4 feed flow rate Level

1 1 -1 700 -1 2 -1 22.15

2 1 -1 700 -1 2.8 1 25.90

3 1 -1 900 +1 1.2 -1 37.55

4 1 -1 900 +1 2.8 1 38.52

5 3 1 700 -1 1.2 -1 15.28

6 3 1 700 -1 2.8 1 20.86

7 3 1 900 +1 1.2 -1 20.64

8 3 1 900 +1 2.8 1 26.69

9 0.32 -0 800 0 2.0 0 3891

10 3.68 +a 800 0 2.0 0 18.72

11 2 0 631.82 -0 2.0 0 16.48

12 2 0 968.18 +a 2.0 0 33.74

13 2 0 800 0 0.65 -0 26.33

14 2 0 800 0 3.35 +a 34.04

15 2 0 800 0 2.0 0 35.46

89
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Statistical analysis based on ANOVA for the quadratic model developed by

the software is shown in Table 6.6. The model F-value of 40.91 implies the model is

significant. There is only a 0.04% chance that a “Model F-value” this large could

occur due to noise. P-value less than 0.0500 indicate model terms are significant. In

this case X;, X, Xs, XXy, le, Xzz, X23 are significant model terms.

P-value greater than 0.1000 indicate the model terms are not significant.

Table 6.6 ANOVA of the response surface quadratic model for multi-stage membrane

reactor.

Source Ss* DF® MS* F-value Prof>F
Model 956.82 9 106.31 40.91 0.0004
X, 407.56 1 407.56 156.82 <0.0001
X, 340.96 1 340.96 131.19 <0.0001
X 62.93 1 62.93 2421 0.0044
XX, 35.41 1 35.41 13.62 0.0141
X, X3 5.97 1 5.97 2.30 0.1901
XX 0.67 1 0.67 0.26 0.6340
X% 46.92 1 46.92 18.05 0.0081
X% 101.45 1 101.45 39.04 0.0015
X% 32.01 1 32.01 12.32 0.0171
Residual 12.99 5 2.60

Total 969.81 14

% §S = Sum of squares, ° DF = Degree of freedom, ¢ MS = Mean square

Std. Dev.
Mean
C.V. %
PRESS

1.61
27.42
5.88
828.92

R-Squared

Adj R-Squared

Pred R-Squared
Adeq Precision

0.9866
0.9625
0.1453
19.154
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The "Pred R-Squared" of 0.1453 is not as close to the "Adj R-Squared" of
0.9625 as one might normally expect. This may indicate a large block effect or a
possible problem with this model and/or data. "Adeq Precision" measures the signal
to noise ratio. A ratio greater than 4 is desirable. This ratio of 19.154 indicates an

adequate signal. This model can be used to navigate the design space.

6.3.2 Results
6.3.2.1 Effect of one factor

The effect of CH4/O; ratio, temperature and CHy4 feed flow rate on C; yield in
case of a multi-stage membrane reactor as shown in Figure 6.10. The trend of the
results from the regression model predictions are consistent with the results of the
simulation studies in previous chapter. When considering the variable that can affect

C, yield the most by comparing its p-value, CH4/O; ratio and operating temperature

are that variables due to the lowest p-value of <0.0001.
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Figure 6.10 Effect of CH4/O, ratio, temperature and CHy4 feed flow rate on C; yield in

case of a multi-stage membrane reactor.
6.3.2.2 Effect of an interaction between two variables
Figures 6.11 and 6.12 demonstrate the contour surface plot and the response

surface 3D plot indicating the effect of interaction between CH4/O, ratio and

operating temperature on C, yield, respectively. By analyzing the plots, the optimal
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conditions obtained for C, yield were 1-2 of CH4/O, ratio and the operating
temperature of 800-900°C.
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Figure 6.11 Contour surface plot of C, yield as a function of CH4/O, ratio and

operating temperature.
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Figure 6.12 3-D graphic surface optimization of C, yield versus CH4/O; ratio and

operating temperature.
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Figures 6.13 and 6.14 illustrate the contour surface plot and the response
surface 3D plot indicating the effect of interaction between CH4/O; ratio and CHy4
feed flow rate on C, yield, respectively. The optimum response value can be clearly
observed from the contour plot. By analyzing the plots, the optimal conditions
obtained for C, yield were 1-2 of CH4/O, ratio and 1.5-2.8 (10'3 mol/s) of CH4 feed

flow rate.

Figures 6.15 and 6.16 present the contour surface plot and the response surface
3D plot indicating the effect of interaction between operating temperature and CHy4
feed flow rate on C, yield, respectively. By analyzing the plots, the optimal conditions
obtained for C, yield were the operating temperature of 800-900°C and 1.5-2.8 (10~
mol/s) of CH4 feed flow rate.

When considering the interaction between two variables that can affect C,
yield the most by comparing its p-value, the interaction between CH4/O, ratio and
operating temperature shows the most affect to C, yield due to the lowest p-value of

0.0141.

C, yield (%)

CH, feed flow rate

CH,/O, ratio

Figure 6.13 Contour surface plot of C, yield as a function of CH4/O, ratio and CH4

feed flow rate.
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Figure 6.14 3-D graphic surface optimization of C, yield versus CH4/O; ratio and
CH4 feed flow rate.
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Figure 6.15 Contour surface plot of C, yield as a function of operating temperature

and CH4 feed flow rate.
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Figure 6.16 3-D graphic surface optimization of C, yield versus operating

temperature and CH,4 feed flow rate.

6.3.3 Optimal operating parameters

In order to optimize the C, yield, the numerical feature of the DOE software
was applied to find the optimum combination conditions that result in the maximum
yield. It founds 11 solutions for the optimum conditions were generated and the
solution with the highest desirability was selected to be verified by simulation
method. Table 6.7 coupled with the predicted and simulated yield of C,. From the
table, the simulated optimum yield of 40.69% is well in agreement with the predicted
value of 41.88%, with a relatively insignificant error of 2.92%. It can be concluded
that the statistical model is useful in the accurate prediction and optimization of the

OCM process.
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Table 6.7 Comparison between simulation result and model prediction of the multi-

stage membrane for OCM process operated at the optimum conditions.

Conditions Optimum value  Predicted Simulated Error
yield (%) yield (%) (%)

CH4/Oj ratio 0.69

Temperature (°C) 849.21 41.88 40.69 2.92

CH,4 feed flow rate 2.13

(107 mol/s)




CHAPTER VII

CONCLUSION AND RECOMMENDATION

8.1 Conclusions

In this work, the performance of a dense tubular membrane reactor for
oxidative coupling of methane (OCM) is investigated via simulation studies. The
performance of reactor in terms of CHj conversion, C, selectivity and C, yield is
considered with respect to the effect of key operating parameters, i.e., temperature,
methane to oxygen feed ratio and methane feed flow rate. The first objective of this
study is to analyze the performance of a single- and multi-stage membrane reactor for
the OCM process. The results have shown that those operating parameters are

sensitive parameters to the OCM reaction.

In a single stage membrane reactor, the membrane reactor considered consist
of two concentric tubes: the outer tube is the shell; the inner tube is the dense
Bag 5Srp 5Co¢ sFep 2055 membrane. The methane is fed into the tube side of the
reactor, while the oxygen is fed into the shell side. The La;03/CaO catalyst is packed
in the tube side. When the simulations are carried out with varying CH4/O; ratio from
0.5 to 3, the operating temperature is constant at 800°C and methane feed flow rate is
fixed at 1.6x10° mol/s, CH4 conversion and C, yield decrease with increasing the
CH4/O, ratio and are highest at CH4/O, ratio of 0.5 due to the higher oxygen
concentration in the reaction side. C, selectivity decreases at higher CH4 conversion

and low CH4/O; ratio is more suitable in terms of C, yield and C,H4/C,Hg ratio.

Initially, the CH4 conversion and C, product yield increase with increasing
operating temperature, but the C, product decreases as the temperature above 850 °C.
The C, selectivity reduces with an increasing in temperature. The increasing of
C,H4/C,Hg ratio with temperature suggests that the dehydrogenation of ethane to
ethylene is favored at higher temperature. When varying CHy4 feed flow rate, the
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methane conversion, C, selectivity and C, yield improve initially and reaching

maximum values at the methane feed flow rate of 2x107> mol/s.

In a multi-stage membrane reactor, three arrangements of oxygen feeding
distribution are considered, i.e., increased feed (10-30-60), uniform feed (33-33-33)
and decreased feed (60-30-10). The total length of a three-stage membrane reactor is
equal to a single stage one. The La,O3/CaO catalyst is packed in every stage of
membrane reactors. The results have shown that the use of a multi-stage membrane
reactor can improve the C, selectivity of the OCM process due to the controllable
oxygen concentration in the reaction side. In addition, the multi-stage membrane
reactor with a decreased oxygen feeding policy shows a better performance, in terms
of C, selectivity and yield, compared with a conventional single-stage membrane
reactor. This is because the adjustment of oxygen feed distributions at each membrane

stage avoid the formation of high oxygen concentration zones.

The central composite design and the response surface method are effective to
determine the optimum C, yield. It is found that the optimum conditions to maximize
the C, production are estimated to be 847.44°C for the operating temperature, 2.10 x
10 mol/s for the CH4 feed flow rate and the CH4/O; ratio of 0.83 with the maximum
C, yield of 36.49% and a relatively insignificant error of 3.64% for a single-stage
membrane reactor. For a multi-stage membrane reactor with the proportion of oxygen
at each stage as 50-30-20 (mol%), the optimum conditions to maximize the C,
production are estimated to be 849.21°C for the operating temperature, 2.13 x 107
mol/s for the CH4 feed flow rate and the CH4/O, ratio of 0.69 with the maximum C,

yield of 41.88% and a relatively insignificant error of 2.92%.

8.2 Recommendation

For a membrane reactor, since oxygen is permeated through a selective
membrane, the effect of mass and heat transfer in a radial direction of this reactor
should be investigated in more detail. The total pressure for both tube side and shell

side in this study are constant at 1 atm. In order to know the performance of the OCM
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process at different operating pressure, the effect of this parameter should be study as

well.
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