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ABSTRACT

AN EXPERIMENTAL STUDY ON OXIDATIVE COUPLING OF METH ANE
OVER Mn/Na;WO,/SiO, CATALYST

The oxidative coupling of methane (OCM) over MnfW&D,/SiO, catalyst was
investigated in this work. The 2wt%Mn/5wt%NeO,/SiO, catalysts were prepared using
various methods (such as incipient to wetness igmagon, sol-gel and hydrothermal
synthesis) and tested in a microflow quartz reafdoitOCM process. Preliminary works
were performed with 2wt.%Mn/5wt.%M&/O,/SIO; particulate catalyst wall coated on the
FeCrAl alloy plate replaced in a metal micro-chdnreactor; the results were not
satisfactory due to the weak adhesion of the sBiggport on the metal plate. Then the
catalyst was wash-coated on a cordierite monolgbjport resulting a better performance.
In addition, the other catalytic structures suchpadiculate fixed beds, whole-structural
rods (monosil) and mesoporous silica network (MCM-were also prepared and tested
under various operating conditions(such as reddlimg material, operation temperature
and feed composition). The reactor outlet strears avealyzed using gas chromatography
to determine the CHconversion and £hydrocarbon selectivity. The highest yield
(14.2%) was obtained using the particulate catapyspared by incipient to wetness
impregnation method. The decreasing inside dianwétexactor from 10 mm to 2 mm after
the catalyst bed, and filling the empty space wjtfartz chips significantly improved the
catalytic performance. The highest yeld was obtained at 65D with CHy/O, ratio of 7.
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OZET

Mn/Na,WO /SiO, KATAL iZzORU UZERINDE METANIN OKS iJEN
VARLI GINDA YUKSEK H iDROKARBONLU MOLEKULLERE DONU SUMU

Bu calsmada metanin oksijen vatinda katalitik olarak etan ve etilene
donistartlmesi (OCM) reaksiyonu Mn/N&/O,/SiO; katalizor kullanilarak incelentir.
Islak emdirme, sol-gel hazirlama ve hidrotermaltsemibi ¢gitli yontemlerle hazirlanan
2wt.%Mn/5wt.%NaWO,/SiO, katalizérinin OCM performansi mikro slkikuvars bir
reaktor kullanilarak incelenstir. Calismalar oncelikle, katalizoriin bir FeCrAl plaka
yuzeyine kaplangh metalik mikro kanal reaktorde gamis ancak silika bazli destek
malzemesinin metal yuzeyine iyi yamams olmasindan dolayl performans stk
olmustur. Sonra katalizor seramik monolitik mikro kaaa# daldirma usull ile kaplangni
daha iyi sonuc alinmgtir. Buna ilave olarak, toz katalizérlerden @n sabit yatak, tek
parca gozenekli cubuk (monosil) ve mezo gozendlitiasagl (MCM-41) gibi yapilar da
hazirlanmg, cesitli reaksiyon kgullarinda (ceitli reaktor dolgu malzemesi, reaksiyon
sicaklgl ve besleme kompozisyonu) test editini Reaktor ciky akimi bir gaz
kromatografi ile analiz edilerek GHd6ngUm ve G secimlilikleri belirlenmgtir. En
yuksek verim (14.2%) islak emdirme yontemi ile hlanan toz katalizor ile alinitir.
Reaktdor ¢capinin katalizor sonrasinda 10 mm’den 2yegiistrtilmesi ve bglugun kuvars
parcaciklari ile doldurulmasi performansi énemgudle artirmygtir. En yiksek @ verimi
650C ile CHy/O, orani 7 dgerinde elde edilnstir.
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1. INTRODUCTION

Natural gas can be utilized as an alternative teeddor the chemical industry since
a huge untapped natural gas reserves exist (maredht). The petroleum refining and
petrochemical processes can also supply remarlabteint of methane. The conversion
of natural gas to higher hydrocarbons provides @asiication (Shebdelfaet al, 2012).
Near future prediction is expected a decline inpodduction as natural gas received great
attention as a source of energy and organic cai@baudhary and Uphade, 2004). On the
other hand, its uneconomical transportation catlsssthe methane to be let out or flared
in the remote places, creating another seriouslg@mbthe methane and carbon are the
most significant greenhouse gases responsible lfmrah warming. Hence increasing
energy cost and environmental problems will makethwehile of the conversion of natural
gas to more valuable products such as ethylenehwiki@ feedstock for petrochemical
industry (Lunsford, 2000).

Oxidative coupling of methane (OCM) transform methato G hydrocarbons
(ethane and ethylene) is a promising source of mal@able chemicals for petrochemical
industries. OCM is considered as an alternativiertelogy in direct methane conversion to
overcome the lack of energy and resource wastidgeict conversion processes (Stunkel
et al, 2008). The challenge of the process delayingctiramercialization is the lowC
yield (Shebdelfaet al, 2012).

OCM generally occurs under high temperature 600@@@cause of the extremely
high stability of the C-H bonds in GHnolecule and affected the unselective gas phase
radical reactions due to the deep oxidation efp@ducts to CQ (Wolf, 1992). The
process let to produce desired products that ame meactive than methane and achieve
high selectivity at only low conversion of methafée process requires high thermal and
hydrothermal stability catalyst to avoid catalysadtivation during high-temperature
catalyst calcinations and reaction. This leads tmable to develop a commercial catalyst
for the OCM reaction (Choudhary and Uphade, 2004).



Another challenge of the OCM process is the sejparaif product steam that
involves low concentration of ethylene increasihg tost of separation (Choudhary and
Uphade, 2004).

For the development of an effective OCM proceks, tatalysts tested in the
literature are usually the metal oxides, which barseparated into three groups: the alkali
and alkali earth metal oxide, lanthanide and ad#inmetal oxide and transition metal
oxides. Some catalysts are enriched with activealmetuch as Mn and B&O, to
improve the selectivity and effectiveness of th&alyat. High specific surface area and
porosity of the catalyst are the important progsriiletermining the preparation methods

and thermal treatments for the effective catalyst.

The objective of this study was to develop and gesuitable micro-structured
reaction system using silica supported Mn angViN@, catalyst to conversion of methane
to ethane and ethylene. The reactions were perfbraseng a micro-flow quartz tube
reactor in four basic structures: particulate fixemtl, wall coated in metal microchannel,
wash coat monoliths and single monolithic strucuiiéree different methods (incipient to
wetness to impregnation method, sol-gel methoddaedt hydrothermal synthesis method
(MCM-41)) are applied to synthesize the catalyste Tatalyst contents of the active metal
remains 2wt.%Mn and 5wt.%M&O, the same all the preparation ways. The reaction
temperature and CHD, feed composition was investigated with the paldieu catalyst

synthesized by incipient to wetness impregnation.

Chapter 2 includes the literature survey on oxw@atioupling of methane process,
catalysts, influence of the operating conditionse¢f gas composition, temperature and
pressure and residence time) on the reaction peafoce, types of reactor and methods for
catalyst preparation. The experimental system atalyst preparation methods used and
all experimental works are carried out in this gtumte detailed in Chapter 3. The
experimental results are presented and discussétapter 4; whereas Chapter 5 includes
conclusion of the experimental study and recommigmaéor the future work.



2. LITERATURE SURVEY

Continuously expanding trend in the world is touegl environmental pollutions,
capital and operating costs of processes whilentoease the efficiency, all of which
involve reducing the energy consumption. To achiigwng, there is a strong incentive to
develop new processes for production of fuels drednicals, and the methane utilization
is one of the most studied for this purpose.

2.1. Methane Utilization

Natural gas, containing primaly (60-90%) methanas been widely used as a
feedstock for the production of more valuable cloaisi and energy, and it seems to
continue to be significant source of energy wetbithe 21" century. Potential reserves are
abundant (at least 200 trillion*morldwide (Alvarez-Galvart al, 2011); it is estimated

that stranded reserves makes up 30% of naturakgasves.

Methane is an excellent raw material to be comeemto more valuable chemicals
such as methanol, formaldehyde, syngas, liquidsfaeld ethylene. Methane is an ideal
fuel for home and industrial heating as well asgeneration of electrical power because it
is easy to remove sulfur compounds via purificat{elolmen et al, 2009). It has the
largest heat of combustion between the hydrocarpensinit of CQ formed. However,
the known reserve of methane, which is comparaltle hguid petroleum, is enormously

underutilized as the source for chemicals (Lunsfaéd0).

The geographical distribution of natural gas (rae#) shows in Figure 2.1; more
than 70% known resources are located in remotes aard far away from the industrial
plants, the off-shore use for production or tramsgimn with pipelines are not feasible
solutions for medium and smaller scale of gas $iel@n the other hand, expensive
liquefaction process for shipping from the ocearvegsels is another economic challenge
(environmental catalysis). In addition, approxinhatEl% of the gas was re-injected while

another 4% is vented or flared increasing the envirental challenge as in the form of



waste of energy and contribution to greenhouseegassion (Lunsford, 2000; Rahimpour
et al, 2011).

B Middle East Yy
W S. &Cent. America
North America r
B Europe & Eurasia Aedd
Africa

Asia Pacific 2011
Total 1652.6

Figure 2.1. Geographical distribution of provenunak gas reserves (adapted from BP
Statistical Review of World Energy, 2011).

2.2. Methods for Methane Utilization

The predominant component of natural gas is methahieh is very stable with the
highest C-H bondA(C-H) = 438.8 kJ mat) strength of all alkenes; this explains why it is
found such in huge resources under the earth.clisaion energy is so high that it
requires high temperature or use of oxidations @gensplit the C-H bonds. It has high
ionization potential (12.5eV), low proton affinifg.4eV) and low acidity (pKa=42) and

contains no functional group to facilitate chemiatihcks.

Catalytic conversion of methane has been studigdan(direct and indirect) routes
(Figure 2.2). The indirect routes on the productainsyngas (K and CO mixture) in
presence of water (steam reforming), Q@Carbon dioxide reforming) or oxygen (partial
oxidation). Then the Fischer Tropsch process casvitre synthesis gas to the higher
hydrocarbons (Akin and Lin, 2002). The direct mehdor the conversion of methane,
which aim to circumvent the highly energy intensstep of synthesis gas formation, are



partial oxidation to methanol and oxidative cougliof methane to hydrocarbons. The
direct methods are considered potentially more ecxocal and energy efficient because
more than 60% of the capital cost of the Fischep$ch plants is related to the steam
reforming. On the other hand, the direct processe® not yet advanced to a commercial
stage (Vasireddgt al, 2010).

Indirect route

Natural B0, 63, 66,
gas _ Syngas (CO, H,)
CH,

Direct route

With or CO,, CH, + Heat
without O,
C2H6‘ C2H4
Methanol
Formaldehyde

Aromatics
Hydrogen

Figure 2.2. Methods for methane utilization frontumal gas.

Direct or indirect processes require the use ofgery which is nearly as costly as
methane. Hence the possibility of producing aromsasuch as benzene, toluene and
naphthalene by having methane reacted with hydrogghout an oxidant is also
investigated (Jet al, 2002).

2.2.1. Indirect Methods Utilization of Methane

The synthesis gas, which contains carbon monoxidehgdrogen, is obtained from
various feedstock and processes; it can be prodhgesteam reforming or (catalytic)
partial oxidation of fossil fuels such as coal,umal gas, refinery residues. The current
technologies for the production of synthesis gasvadely used to generate syngas with a

stoichiometric ratio of hydrogen and carbon monexithe most important reactions are:

Steam reforming : GHH,0 - CO+3H, (AHgg k = 206 kJ/mol) (2.2)



CO; reforming : CH+CO, « 2CO+2H, AHCqg « = 247 kJ/mol) (2.2)
Partial oxidation : Cl+20, < CO+ 2H, (\H%gg k = -35 kJ/mol) (2.3)
Water gas shift reaction CO+H,0 < CO, +H, (AH%gg k = -41 kJ/mol) (2.4)

Methane reforming reactions are highly endotheramd only the one using steam
does not require oxygen (Onsan, 2007). Howevenrélqeirements of considerable heat
input and high catalyst loadings make them unlikelype used for hydrogen generation.
By contrast, partial oxidation is slightly exothecmbut requires oxygen or air. Partial
oxidation process converts hydrocarbons into hyeinodpy partially combusting the
hydrocarbon with oxygen. POX contains two parts thaeforming of the remaining CH
with O, and CQ which comes after total combustion of £éVer most catalysts. These
two steps (total combustion and reforming) can kbekdén down in a process officially
known as auto thermal reforming (Lunsford, 2000)}at& gas shift reaction provides a
complement to these three methods for synthesidagasation. At a fundamental level,
the WGS occurs simultaneously with SR and POX reast

2.2.2. Direct Methods for Methane Utilization

Many methods have been investigated for improvimg industrial processes to
convert methane into olefins and higher hydrocasbdo eliminate the expensive
separation steps and high temperatures above 80ith the corresponding high energy
consumption. Additionally, direct methane convemsmbviates the requirement of the
system while provides to improve the economy ofprecess (Alvareet al, 2011). Both
kinetics and unfavorable thermodynamic problems associated with the direct
conversion of methane without strong oxidant. Idifficult to activate the strong C-H
bond, which makes the possible products more rgattian methane; this means that the
challenge in methane conversion is related to seigcrather than reactivity (Holmeat
al., 2009). Otherwise direct methods of methane amnwe have distinct economic
advantage over indirect methods in order to circemivthe expensive syngas step

(Lunsford, 2000). Some of the direct approachesrfethane utilization are:



« Partial oxidation of methane to methanol and fodehyde
» Oxidative coupling of methane

* Conversion to aromatics without an oxidant

A few desired products such as @ydrocarbons, benzene (aromatics), methanol,
formaldehyde and carbon in addition to synthesis ¢gan be formed by direct routes.
Among the above approaches, oxidative coupling ethame has received significant
attention.

2.2.2.1. Oxidative Coupling of Methane to Higherdrycarbons. The oxidative coupling

of methane (OCM) involves the reaction of £ldnd Q over a catalyst at high

temperatures to form £ as a primary product and,ld, as a secondary product. Main
reactions;

CH, + ¥40,— ¥%C,Hg + ¥5H,0 + 87.1 kd/mol (2.5)
CH, + %0— %CoH,y + H,0 (2.6)
C,Hg + ¥%20,— C,H, + H,O + 103.9 kJ/mol (2.7)

Selective or non-selective reaction occur simulbaiséy due the gas phase reactions
taking place before CHand Q contact on the surface of catalyst. The OCM praces
happens at around 8 with the limited G products (GHe and GH,) yield of about
25%; the combustion reaction consumed,@Rid G products to produce GO

CH4+3/20,— CO +2H,0 +519.1 kJ/mol (2.8)

CH,; +20,— CO,+2H,0 +801.6 kJ/mol (2.9)
C,Hg, CH4, H,— CO+ CO+ H,0 + large amount of heat @1

C,Hg — C,Hy + 2H,0-114.6 kd/mol (2.11)

Ethylene, which is the most important basic chehfmathe petrochemical industry,
can be obtained from the OCM reaction. Many commakproducts such as plastic, resin
and fiber can be produced from ethylene; its esgchavorld demand in 2009 exceeds 140

million tons per year in the petrochemical procesth an approximately 3.5% annual



increase (Cameroet al, 2012). It is also used to produce ethanol, wisahsed to mix in

gasoline process. One of the most important usethgfene is the production of polyvinyl
chloride (PVC) which currently serves over 70% loé tonstruction market, 60% of the
wire and cable plastics market and 25% of the ngati Nowadays, ethanol could be
produced commercially from petroleum-based feeakstdby thermal cracking in the
presence of steam. In today’'s economy, a cheapecegs of creating ethylene is

investigated.

2.3. Methane Activation and Reaction Mechanisms

The reaction mechanism of OCM is very complicatBloe most important step in
this reaction is hemolytic separation of hydrogeones from methane by oxygen to
produce methyl radicals that combines in the gass@lwith another methyl radical or
hydrocarbon. The interaction of the gaseous oxygéman oxide layer forms the surface
oxygen ions that can be varied on the surface ®@hibtal oxide catalysts as a form of O
O, and 3. The form of oxygen ions involved in the reactinfluence the activity of the
catalyst for OCM reaction; due to abstraction o tiydrogen atom, the C-H bond is
broken on the surface (Somayethal, 2011).

CHy+ Oc—CHs.+OH, (2.12)

Methyl radical formation, which affects the overalethane conversion, is the slow
step of the reactions.
The oxidative coupling of methane reaction firsbgarces ethane by the oxidative
dehydrogenation reaction before producing ethyleséch is the desired product of OCM.
Methyl radical coupling to £hydrocarbons took place in the gas phase. Thaanetis

oxidized to form ethylene is shown in Figure 2.3.

2CH;. — C,Hg — CoH, (2.13)



The undesirable CO and G@ormation on the surface limits the formation of

ethylene by oxidative coupling reaction; 8ydrocarbons with oxygen gas produce CO

and CQ.
CHgs. + XOs — CO, (2.14)

A gas phase reaction between methyl radical angexyo produce C¥D, radical,
which affect the CO and GQormation. The reaction temperature is more fabieréor G
selectivity because G, concentration decreases with increasing temperatiseis one

of the reasons why OCM reaction has to be perforate@ry high temperature.

Formation of ethane
by coupling of methyl radicals

Activation of methane )
Farmation of ethylens

H, CzHJ,
Oxygen adsorption CH P-4 C H

on catalyst's surface’ Q,
\ D/ l/ 17

O Activation of ethane
|

Figure 2.3. Reaction mechanism for the oxidativgptiog of methane (Leet al, 2012).

2.4. Catalysts for Oxidative Coupling of Methane

A catalyst is a substance that accelerates a chemeiaction and effects reaction rate
without being affected. The physical (pore sizerfasie area etc.) and chemical
(composition and structure) properties are imparfaotors for a good catalysts. It is
generally advantageous to have high surface areaatomize the dispersion of catalytic
components. Especially, SIOTIO,, MgO, ZrO, ALOs; oxide supports show these
properties. A catalyst is expected to stay stahiend the catalysis process and have

thermal strength for OCM reaction.



10

Oxidative coupling of methane has received a goetl of attention since the
fundamental works of Keller and Bhasin (1982). TeM catalysts need to be active and
selective; it should lead to high yield of desi@ducts at low reaction temperatures. In
the search for a suitable catalyst, a wide rangsupported and unsupported alternatives
have been tested by this group betweenG@md 100(. It has been found that a wide
range of basic oxides, which can be separatedtimae groups, are effective catalysts:

alkali and alkaline earth metal, lanthanide anthadet metal, and transition metal oxide.

2.4.1. The Alkali and Alkali Earth Metal Oxide

Mostly elements from Group | to Il of the Periodable have been tested for their
catalytic activity and stability for OCM. Both allkae earth (Mg, Ca, Sr, and Ba) and rare
earth (La, Ce, Nd, Sm, Gd, Er and Yb) metals plagial roles in determining the surface
properties (basicity/base strength distribution aedlity/acid strength distribution) and
activity of the supported catalyst in the proceShqudharyet al, 1999). According to
Choudhary and Uphade (2004), the performance @liatfarth metal and promoted rare
earth oxide catalysts can be improved by addinglladine earth promoter. It is found that
the unsupported catalyst such as,Q4 EwOs; and LaOs; has a better activity and
selectivity with the strong basic sites of La andl &kides to develop catalytic activity. It is
indicated by Choudhary and Uphade (2004) that thep®moted LaO; showed the best
performance. Both activity and,@ield increased by doping the catalyst with Ce Hiall
and addition of 10wt.% ceria (Tiemersmizal, 2012).

Elkins et al. (2013) reported that using a typical®k support prevents the high
yield. Changing the properties of /8l; is also investigated to obtain a more feasible
support. It is observed that, due to the particgmefrom acidic sites which affects the coke
formation, it shows lower £selectivity (Elkinset al, 2013).

He et al (2004) studied the preparation of nano-g60 catalysts using a novel
combination of homogeneous precipitation, and coegpdt with the conventionally
impregnated catalyst for OCM with GQ@s the oxidant. It is found that there is no
correlation between the conversion of methane hadaverage size of the nanoparticles
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but increasing fractal dimensions of nanocatalystproves the methane conversion.
Additionally, they obtained higher methane conwarsover the Ce@ZnO nanocatalysts

than that over catalysts prepared via conventionpfegnation.

Au et al. (1998) found that BaO could enhance the activitiNd,O3, while BaX
could improve the € selectivity in the OCM reaction. When addition B&X, was
compared to the undoped )@, C, selectivity was increased from 33.3 to 50.7% and C
yield was increased more than two times at @5@Vanget al (1998) investigated the
catalytic performance of BaGM@a,O3; catalyst with 0, 2.5, 5, 10, and 15 wt.% BaCO
using urea combustion method. The work resultetitteaddition of BaCgenhances the
performance of L#D; catalyst. Also, at 55G, CH, conversion and Cselectivity were
increased from 32.8% to 35.2% and 40.0% to 48.6Meeively while contents of BaGO
increases from 0 to 15 wt.% (Aat al, 1998).

The thermal stability of Li, Na and K depositedMgO, SiG, Al,O3; and CsO3 was
investigated by Perrichon and Durupty (1988). Itswiaund that, the alkali metals
deposited on Sig) Al,O3; and CsO3; are more stable than deposited on MgO and a loss o
alkali metal was observed at calcination tempeestinigher than 500. The stability of
Li-doped MgO catalysts, the loss of Li, is oftersalissed in the literature. Arndt al.
(1998) shown that the Li-doped MgO is unstabl@sipective of the preparation procedure.
Various Li loadings (0, 0.5, 1, 2, 4, and 8 wt.%re unstable during the test time period
of 40 h.; the active Li metal element evaporatesfthe surface leading to deactivation of
the catalyst. Instability of Li limits the lifetimef catalyst and industrial applicability

(Tiemersmaet al, 2012).

2.4.2. Lanthanide and Actinide Metal Oxide

In the literature, it is found that adding lanttges or alkali metals in the OCM
catalyst as a promoter improve the selectivity aciilvity during the kinetic studies. High
thermal stability and high productivity of t@s; promoted by strontium attract some

attention and become an interesting study.
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The study by Tyeet al (2002) was carried out in fixed bed reactor dvaiOs/CaO
catalyst for isothermal, adiabatic and non-adi@bagieration modes. It was resulted that
adiabatic and non-isothermal modes produced lgwi€lds; higher yield was achieved in

non-isothermal conditions.

Choudharyet al (1997) compared the performance of Sr- promoi@®4 catalysts
with the un-promoted catalyst, which shows lower,Cbhversion and £ selectivity. It is
indicated in the study that the best results wérd% CH, conversion with 65.6% £
selectivity obtained at a temperature &With the Sr/La ratio of 0.3 and Gi; ratio 4.
The Sr/La ratio influences the performance of tngperted catalyst due to its strong basic
sites, which are increased with increasing thigorathe support of the catalyst plays
important role to determine the catalytic perforec@rwith its surface basicity, larger
surface area and lower cost. Another effect was se¢he application in industrial scale
reactors: the support causes lower pressure drogsathe catalyst bed (Tiemersetaal,
2012).

Oxidative coupling of methane using €65 an oxidant was studied by Oshietal
(2013) over several La-Zgxatalysts in an electric field. During the convenal reaction
catalyst show quite low activity at 1173 K, howeweth the application of electrical field

at 423 K the catalytic activity over the catalystreased significantly (max. yield 5.4%).

2.4.3. Transition Metal Oxides

Transition metal oxides are quite effective for OCbkpecially when they are
supported or promoted with alkali metals. Comboratf Group V metals of the Periodic
Table (vanadium, niobium and tantalum) with Groupeitals as a binary and ternary metal
oxide catalyst remarkably increase the catalytiégpmance. Swaaat al. (1993) reported
on the promoting effect of niobium in a LI/MgO dgt; under the same operation
condition at 873 K, Li/Nb/MgO with 16wt.% niobiuningws ten times higher activity then
Li/MgO catalyst for OCM. However, when reaction fgnature reaches upper than 993 K,
catalyst losses its activity because of the melpioigit of the lithium carbonate phase.
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Inert oxides such as ADs3;, SIO,, TiO, and ZrQ can be used as support to stabilize

the active phase. Gorgg al. (2011) studied the effect of the additives (Li, Mn and W)

on the catalytic performance of TiGupport; the experiments were carried out at 1043
with CHy/O,= 1.4. When Li is added as a promoter into MnALliQa/TiO, and La-
Mn/TiO,, the activity of catalysts decreased; on the otiaexd, additional of Li metal into
WITiO,, Mn-W/TiO,, La-W/ TiO, and La-Mn-W/TiQ, the activity and selectivity
increased intensely. They obtained 41.6% methangetsion and 61.7% Cselectivity
with 25.6% yield over Li-La-Mn-W/TiQcatalyst.

Design of a suitable catalyst capable of produdmgh desired products ¢(C
hydrocarbons) yield at significant level of metharoaversion at low temperatures is the
key challenge facing the commercialization of OCNumerous catalysts have been
investigated in OCM reaction; nevertheless the @ll/€;, product yield doesn’t exceed 25-
30%, which is stated to be insufficient for comnmgization of OCM.

In the 1990s, the binary transition metal oxidesnpwted by alkali metal ions and
supported on SiQor TiO, catalyst has been developed as the new catalystsns for
OCM reaction by Fangt al(1993), and published in Chinese. Sofrardtoal. (1997)
studied manganese oxides based catalyst that neetioaversion is comparable high with
other transition metal oxides in redox cyclic mareoperation. Investigation shows that
between the transition metal oxides, only mangaaesktin oxides remained stable while
the overall G selectivity was more than 75% at around 1023 Kpenatture.

Wang et al. (1995) studied the oxidative coupling of methaeaction over oxide
supported NaVO4,-Mn on SIQ and MgO to compare their activities with a pulsaator.
The results indicate that GHonversion of 20% and,Gelectivity of 80% were obtained
at 800C; the feed flow included C}D, ratio of 8/1. This catalyst has a remarkable

stability under the high temperature condition.

It was also stated that the best reaction perfoceanly occurs if all 3 metals of this
trimetallic system are present for Mn/N#O./SiO, catalyst, which is one of the very few
suitable alternative for OCM reaction (et al, 2003); the presence of tungstate ions
enhances the stability of the catalyst, Na-O-Mnci®e influence the activation of

methane. Na-O-Mn and Na-O-W species behaved astiae gite on the catalyst (8t al,
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2002). Sodium is the essential active componenpjays dual roles of which one is to
increase the CHconversion and £, selectivity while necessary to reduce the CO
formation. Another role of the Na in the catalysttd prevent the complete oxidation of
methane with isolating the Mn ions in Xy NaQ and NaCQO; surface phase to obtain
high selectivity. Moreover, the Naons lead to increase surface basicity and convert
nonselective manganese oxide into a more selefdive as reported by &t al (2003). In
their other work, Jiet al (2002) studied different sodium, tungsten and gaaese
contents to observe the catalytic performance efrdaction; maximum yield of &Zas
obtained at 1.6wt% Na content. The reaction ocduttie best with catalyst content of 0.4-
2.3wt.% Na, 0.5-3wt.%Mn and 2.2-8.9wt.%W.Na contarftuenced the near-surface
composition of W and Mn at the catalyst surface;ghlectivity to GHg and CO increased
slightly with the further increase in the Na contefhthe catalyst while the conversion of
CH, and selectivity towards £, and CO decreased. When Na loading is above 213%, i
causes the enrichment of Na near the surface, vimphes that the surface concentration
of W and Mn decreased greatly. This shows thamigation of W and Mn was carried

out with the help of Naions.

The researches and debates on the active sitdseedvirt/NaWO,/SIO, catalyst are
still ongoing. Surface W species including W=0 dhtee W-O-Si bonds enriched with
manganese oxide are suggested as the active eite®@GM to provide the exchange
between gaseous and lattice oxygen. kbal. (1997) developed a model and found that
oxygen enriched amorphous phases occur from theeibdited tetrahedral W$€and
octahedral Mn@ groups on the surface of the fresh catalyst. Nmgten species was
observed on the used catalyst after a 450 h rum g€heral formula of tungstate iS\WMO,
(M=alkali metals) which consist of tetrahedral iaN©,. Firm connection for W@group
with the silica surface is not necessary.

Ko et al. (1997) also studied the structure of crystalline,®yand found that
tetrahedral transition metal sitesy{Twere necessary for the activation of methaneur€ig
2.4 shows two tentative structural models involviing possible formation of active

oxygen species for the surface ensembles.
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Figure 2.4. Two tentative models involving the plolesformation of

active oxygen species (O%).

The combination of £ and Q. center can transfer electrons and oxygen
simultaneously; as a result, the tungsten in.adnter is responsible for the activation of
methane while the manganese in ap €@nter is responsible for the transformation and
transportation of oxygen. In the event of WQroup disappear from the surface,
tetrahedral coordinated Mnspecies are formed on the surface as a resttiedbtmation

of square planer Myw/Mn,., Therefore,

Td_Mn2+ > D4h_Mn2+/Mn3+<_) Oh_Mn3+ (2.15)

Kou et al. (1997) also suggested that manganese species @deogggen releaser
that accompanied with the tetrahedral transitioramsgites (Td-) constitute an effective

catalytic ensemble for OCM.
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Phase transformation from amorphous silica-twistobalite is a significant need for
the production of an efficient catalyst. Phasedfammation occur the incorporation of W
(between NaWO, and SiQ) with calcination at 750-850 (Jianget al, 1993).

Various metal oxides attract interest in the infices of the trimetallic catalyst
system to improve the reaction performance. Somayeh (2011) investigated the nature
of the active sites on the M-Na-Mn/Si@atalyst (M=W, Cr, Nb and V) using a continuous
flow quartz reactor at 750 and the metal-metal and metal-support interpféacts were
studied on the methane conversion andYield. The results revealed that addition of W
improves the ¢ selectivity; W is followed by the other metals the order of
W>Cr>Nb>V while catalytic conversion did not changjgnificantly. On the other hand,
the addition of V, Cr or Nb causes a decrease énsilectivity to @. hydrocarbons.
Addition to these studies, &t al. (2003) modified M-W-Mn/SiQ catalyst with metal
oxides; M means a kind of distinct alkali or alka&liearth metals such as Li, Na, K, Ba, Ca,
Fe, Co, Ni and Al; the catalyst was prepared by itltgpient to wetness impregnation
method. They obtained GHonversion and £, selectivity of approximately 30% and
40% respectively. The performance of the catalysts not essentially changed after 5 h
time on stream except Li promoted W-Mn/$i€atalyst. The comparison of the alkali,
metal ions and alkaline earth ions showed thaeftfext of alkali ions was stronger than of
the alkaline earth and the other metal ions. # csitical aim to observe the relationship of
the surface morphology and the textural propedras reduction behavior of the catalysts
containing different metal oxides. That's why Malakiehet al (2007) studied the OCM
reaction over metals promoted M&O,~MO,/SIO, (M=V, Cr, Mn, Fe, Co and Zn). The
results revealed that the,Cselectivity enhances with the transition metal position of
the catalyst in the order of V~Cr<<Fe~Co~Zn<Mn whihethane conversion increases in
order of V~Cr~Zn<Fe~Co<Mn.

Another study was conducted by Chou and co-workershe influences of SnO
doped W-Mn/SiQ for oxidative coupling of methane to higher hydmdmons at elevated
pressure. A new catalyst was synthesized by thaleqlume impregnation method. The
results showed that Mn, Na and W causes migratiwough the catalyst surface with
promotion of adding Sng{) no direct correlation between the loading content

SnQandthe conversion of methane and selectivity ohdidhydrocarbons was found. A
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large amount of &€C, hydrocarbons were also observed in the final prbdtream (Chou
et al, 2003).

The Mn/NaWO,/SiO, catalyst has been prepared via various methods asiavet
impregnation and physical mixing; however, the prent to wetness impregnation method
has fewer procedure step and easy to control ares gnore reproducible results. éfi al.
(2003) reported that Mn, Na and W are found on shdace when this procedure is
implemented; this contributes to the activity af n/NaWO,/SiO, (Jianget al, 1993).

Among V, Cr, Mn, Fe, Co and Zn promoted ,;M&O,—MQO,/SIO, catalysts, the
catalyst containing manganese oxide shows the daatytic performance at the OCM
reaction conditions. The silica-tungstate and metalde-tungstate interaction which
occurs during catalyst crystallization also playsracial role to determine the catalyst
selectivity. The critical parameters for catalystisracterization in the presence of sodium
ion (structural promoter) are different metal-metati metal-supports (chemical promoter)
the interactions (Malekzadeh al, 2007).

As the alternative support material, MgO was alsalied instead of Si©with Mn
and NawWO, elements by Lunsfordt al (1998). Lunsforcet al investigated the thermal
effects during the oxidative coupling of methanerotwo different catalysts supported on
two different support materials: Mn/B&0O,/MgO and Mn/NawQ,/SiO,. Based on their
observation in this work, Lunsforet al. (1998)proposed that Mn/N&VO,/MgO catalyst
was deactivated during long times on stream whilgN&WO,/SIO, catalyst shows more
stability for longer periods (up to 97 h). The m@asof decreasing stability in MgO

catalysts was declared as the Mn is lost nearnutface region.

2.5. Influences of Operating Conditions on the Oxidtive Coupling of Methane

Reaction

The reaction network of catalytic oxidative coupgliof methane involves many
heterogeneous surface and homogenous gas phaten®dcat occur in the pores of the
catalyst and in the void between the catalyst llBuring these reactions, absorbed
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oxygen species receive H atom from methane that teamethyl radicals. Primary
products, ethane and carbon oxides are obtainadesult of methyl radicals reactions in
the gas phase; the methane anHombustion reactions also produce,COnly under
adjusted reaction conditions (temperature, pressasedence time, feed composition), the
catalytic reactions on the catalyst surface ocaifore the combustion gas phase reaction

took place.
2.5.1. The Efeect of Feed Gas Composition

Oxygen concentration determines the performanadefOCM reactions leading to
fluctuation of the @. selectivity and CQformation. Especially high methane-oxygen ratio
is required to minimize thermal effects and to kesgthane conversion high (Tiemersma
et al, 2012). Karimiet al (2007) showed that lower GKD, ratio lead to a decrease in
CH,4 conversion and £ selectivity but an increase in ¢Qelectivity. The optimum
CH4/O;, ratio was between 3-4 that increased the rate,d§ @roduction and left no extra
oxygen available for the combustion reactions whicbur at gas phase before methane
and oxygen contact on the catalyst surface. Wheg@;Hatio increases, C(Cselectivity
increases. It is also indicated that theCH ratio is related to the thermal effects of the
catalyst. The temperature run away was observéoMatCH,/O, ratios (Cameroret al,
1990; Baerngt al, 1994; Pak and Lunsford, 1998).

2.5.2. The Effect of Reaction Temperature

Thermal effects during the OCM reactions are highgynificant. Selective coupling
reactions are more sensitive to temperature chadgesto the high activation energy
(Tiemersmaet al, 2012). Cameroet al (1990) and Baernst al (1994) pointed out the
high magnitude of the temperature profiles (hottspowhich were the results of
exothermicity of reaction and are related to the/COkiratio and catalyst activity. The hot
spots of 15T over a LaO; catalyst and more than Z@0over a LaOs/CaO catalyst were
reported. Pak and Lunsford (1998) also observedhiienal effects and hot spots during
the OCM reaction over Mn/N®&/O,/Si0O, and Mn/NawO4/MgO catalysts. They reported
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that as a result of the accumulation of reactiost lieat occurs in the catalyst bed during
the OCM reaction, the temperature has risen as ksdL5(C.

2.5.3. The Effect of Reactor Pressure

The performance of OCM reactions over Mn/W&,/SiO, catalyst was also
investigated over a wide range of total presswenfL00 to 800 kPa even though most of
the studies were conducted under atmospheric peesstuwhich high selectivity and
conversion are possible. Bt. al (2002) reported that the elevated pressure is
disadvantageous for OCM reaction because of theeasing gas phase reactions. The
effect of elevated reactor pressure was also igaetd and 16.1% CjHconversion with
80.3% G. selectivity at 75€C and 0.6MPa were obtained by Chet al. (2002).
Tiemersmaet al (2012) reported that the high pressure and hegidence time lead to
decrease of £ selectivity.

2.5.4. The Effect of Residence Time

It was seen in the investigation that all paranseteere related to each other and
optimizing only one parameter is not enough to eadcthe best result for high
temperature OCM reactions. To minimize the contrdyufrom any gas phase reaction
that occur before CHand Q contact on the catalyst surface, an optimum gasiyispace
velocity (GHSV) is needed. Karineit al (2007) varied the residence time from 1300t
2200 K* to observe the changes in selectivity and coneeralVhen the residence time was
too low, combustion reactions took place on thalgat surface; as a resultz.GGelectivity
decreases. On the other hand, increasing GHSV &880 h' to 1920 H caused an
increase in & selectivity with a decline in methane conversiod &0, selectivity. The
GHSV more than 1920 hwas also undesirable with the sudden drop in €lectivity
(Tiemersmaet al, 2012).
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2.6. Types of Reactor Used for OCM

Besides the catalyst development, the suitabletoe@oncepts to make the OCM
process technically and economically feasible vedse investigated in many publications.
A balance between high methane conversion and $eggctivity played an essential role
to choose the right reactor structure. The coucuierent bed reactor, solid oxide fuel cell
reactor and catalytic dense membrane reactor aentbst studied reactor concepts for
OCM process while the fluidized bed reactor, porowmmbrane reactor and fixed bed

reactor are also widely investigated (Jasal, 2010).

The major problem in OCM process is the formatibmat spots in the catalytic
fixed bed reactor which causes undesired sideiogsctand catalyst deactivation; hence
the reactor concept, which doesn’'t allow effectiveat management in exothermic
reactions, is not suitable for this purpose. Thaperature homogeneity was tried to be
achieved with an alternative reactor concept likeédized bed ensuring isothermal
operation condition (Talebizadeh al, 2009). Comparison between the fixed bed reactor
and fluidized bed reactor shows that the fluidibed reactor has advanced performance
with 26% of yield. Unfortunately, it is still undeéhe industrial requirement (Jaso al,
2010).

The membrane reactors were also studied extensiaety show an improved
performance in comparison to other reactors. Tlaetien occurs with oxygen on the
catalyst lattice so the contribution of the gasgghaxygen is mentioned as a deterministic
factor to selectivity. This reactor design leads nonimize the gas phase oxygen
concentration in the reactor (Talebizadgfal, 2009). To enhance the €electivity that is
determined by gas phase oxygen, the reactor altbevdimited flow of oxygen gas to
reaction zone; it also offers the possibility te wsr as a cheap oxygen sources. On the
other hand, its thermal performance is not as gothat of fluidized bed reactor (lat
al., 2000).

The significance of the reactor configuration angerating conditions are
emphasized in various researches. The MpW,/SIO, catalyst has showed stability for

long periods of time under various reaction coodsi such as GHSV, temperature and
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CH4/O, ratio (Segeiet al, 1998). The paper written by Kariret al (2007) covers the
results obtained under various reaction conditidiey reported that £ selectivity and
CH, conversion increases with elevating temperatuoenfi786C to 840C. When the
CH4/O, ratio is changed from 3 to 5, the methane conerrsicreased with decreasing
C,H, selectivity; the increment of the GID; ratio from 5 to 6, on the other hand, reduced
C,He production due to the lack of oxygen in the fe@@ selectivity is also influenced by
residence time, as the increasing GHSV from 1320ch 1920 H decreased methane
conversion and CQselectivity. The groups of Lunsford and Lambepared 80% G.
selectivity with 20% and 33% methane conversiorpeesvely (Palermoet al, 1998,
Sergeiet al, 1998). Jet al (2002) reported that the best result (37.7% nmetlt@nversion
and 66.9% ¢. selectivity) were obtained over 1.9wt.%Mn/5wt.%MNED,/SIO, catalyst at
800C, 48 000 H methane GHSV and GHD,=3:1 in co-feeding.

2.6.1. Microstructured Reactor

Microtechnology is currently growing area; the depenent of micro structured
reactor has been increasingly observed in recarsy®licrostructured devices allow us to
miniaturize the reaction system that provides Isgace and energy compared to the
conventional chemical reactors. Small dimension8itate to develop progressive process
units of all sizes with the targeted and adequateastructured design, thereby enhancing
the reactor performance. The size reduction noy tedds to integrate multiple devices

with new additional function but also make the doster.

The microchannel reactor, which has the charatiedimensions between fGand
1 mm, usually consist of multiple parallel and itleal channels operating in laminar flow
regime. These reactors can be also used for thé/tatprocesses; a thin layer of catalyst
with high surface area can be coated on the imtef@nnel walls or packed into the
channel as a form of particles (Ko#h al, 2004). When the process requires careful heat
management, microchannel reactors seem to be suitble for highly endothermic and
exothermic reactions such as OCM process, whidersfrom the hot spot formation over

the packed bed catalysts.
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The main advantage of the microreactors is th@gh Isurface to volume ratio in the
range of 10000-50000%m? though traditional reactors do not exceed the IGO0 nf/m>
(Hesselet al, 2004). In addition, high heat transfer coefiitjewhich is inversely
proportional to the ratio of the channel diametarpids accumulation of reaction heat
within the microstructures so that critical reaatisuch as exothermic reactions occurs
safely at high temperature. Hot spot temperatutestd the exothermicity of the reaction
are reduced remarkably so that undesirable sid#ioea are hindered. Another aspect of
microreactor is that the faster heating and coolaigreaction mixtures within the
microstructures are possible (Kad al, 2004). This superior heat transfer charactesstic
help to utilize the full potential of catalyst dag highly endothermic or exothermic

reactions.

Due to the small dimension of reactor system, mamesidence time distribution
(RTD) is possible to be obtained in the reactorncleh That brings an advantage for

successive process to achieve high selectivithetiesired product (Renkehal, 2005).

Microstructured reactor gives opportunities for ngwoduction concept by
multiplying the large number of microstructured ateas units without changing the
channel geometry. This approach for developinglébescale to industrial-scale process
system is called numbering-up and it helps to m®eethe system capacity without
reducing the risk of altering the desired critit@htures of basic units such as tube or

vessel diameters (Tonkovieh al, 2005).

The microreactor can be manufactured by differgpé tof fabrication technologies
including wet chemical etching, dry etching proesssmicro-injection molding, laser
ablation, and advanced mechanical processes. Diegeapon the industrial area applied
and the availability of fabrication techniques, tti®ice of microreactor material is a key
factor. It can be produced from a variety of maiesrisuch as metal, polymer, quartz,

ceramics or glass.

Another issue in microstructured reactor is theitéatd of the catalyst into micro-
channels. In generally, a solid catalyst is neededcarry out the reactions in

microstructured reactor. It is important to obtanuniform catalyst layer to maintain
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catalytic activity with high surface area and arcedbent adhesion in coating process.
Active phase of the catalyst should be well disperor long term stability. Number of
methods can be applied to locate the catalystudiat) packed the supported catalyst in
microchannels and using a chemical vapor deposiflGWD) and physical vapor
deposition (PVD), anodic oxidation, sol-gel coatimgsh coating, and electro-deposition
have been used for catalyst coating of micro-regacithe catalyst layers deposited on thin
film such as metals on the reactor wall by PVD &\D method leads to low catalyst
surface area due to the smooth catalyst films aedrestricted to elemental catalysts
(Hwanget. al, 2007). Generally, wall coating of catalyst canapplied by two methods
dip and spin coating on plates or flat substratawvéler these methods are restricted to the

formation of submicron layers in porous structures.

The wash-coating technique is the most common wdgdate the catalysts within
the micro-channels. On the basis of the Ergun emuapacked bed reactors do not
perform efficiently because of the pressure drofhaseactor size is scaled down (Fogler,
1992) whereas wall-coated channel geometry canirelbm the pressure drop owing to
drag Simsek, 2012). The catalyst coated micro-channel haaduantage to reduce the
axial and radial temperature gradients in the Qéudn surface coating of micro-channel
minimize the heat transfer limitations herewith \pding better heat transfer through
channel walls compared to catalyst packing inside teactor. Therefore, isothermal
conditions can be achieved with a lower pressuop dnside the catalyst coated micro-

channels.

2.6.2. MonoSil Structured Reactors

The application of microstructured reactors in cloamnprocess industry in the
presence of a solid catalyst has gained greattatem recent years. Microstructured
systems can be applied with particular successimminrization, better control of reaction
parameters, safer process operation and easieugiraetovery. Especially, microreactor
system is efficient in experiments of the highlyotermic and fast reaction while
reducing the side reactions through the isothecuoatlitions. Process engineers showed a

great development to design small size reactotharrange of few micrometers to a few
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tens of millimeters such as multichannel microreecbr macro-/mesoporous monolithic
bodies with multimodal porosity (Sachseal, 2012). It follows that the main feature of
these reactors is high surface to volume ratiovaanyg effective reactant mixing within the
interconnected nature of their macro-/mesoporousvark (Sachseet al, 2012).

Therefore, there is a growing interest in mesop®rsilica materials such as MCM-41,

SBA-15 and silica monoliths.

Mesoporous silicas such as MCM-41 and SBA-16 haighlyh ordered pore
structures. These materials are synthesized wittacgant micelle templates. Surfactants
are used as structure directing agents. Surfacéaatmixed with silica precursor solution.
Pores are shaped with thermally decomposition ef ghrfactants when the precursor
solution is dried and calcined at high temperatdieese ordered pores provide using
mesoporous silicas as a catalyst support (Katabkd, 2009). Additionally, metals and
other active compounds can be included into th&wuctire by direct hydrothermal
synthesis. Metal precursor is dissolved in a sletablvent and added dissolved surfactant

in deionized water. Silica source is added inte falution (D@u et al, 2005).

The first macro-/mesoporous monoliths were madedlymers. Kirschninget al
(2001) has developed glass/polymer reactors faarocgtransformations in flow. But the
important drawback is pressure drop along the rmi@anels due to the swelling problems
of the polymeric materials. To overcome this, Sachs al (2009) improved new
structured micro reactor that is called as Mon@®imonolithic foam-structured bed that
contains silica materials structured macro/mesamorstructure. It is indicated that
MonoSils have high chemical and mechanical stgbilitis easy to compose organic and
inorganic components to form the silica monolithigiure 2.5 gives an idea about the form
and pore size distribution of the MonoSil.

The common application area of the silica mondditbolumn is the preparation of
high performance columns for liquid chromatograghyvLC). There has been a great
interest in the columns that made of porous sollgza based monoliths looks like a
promising alternative. It was reported that thdcailmonolith can be prepared by
polymerization of organic species or polymerizatairsilicon alkoxides (Ishizukat al,
2002).
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Figure 2.5. The form and pore size distributionh&f MonoSil (a) Prepared MonosSil, (b)
Monosil as a microreactor, (c) SEM images, (d) Ftbvough pores and (e) Struts (Kadib
et al, 2009).

Most popular approach to prepare silica based nktug sol-gel process, which
includes the sequential hydrolysis and polycond&msaof alkoxy silicon derivatives
(Tetramethylorthosilicate (TMOS) and tetraethyloditicate (TEOS)) in the presence of
water soluble organic polymers. Tetraethylorthoatle (TEOS) and polyethylene glycol
(PEG) are used as the template materials in pregaraf silica monoliths (Siouffi, 2003).
PEG is a porogen that plays a role to form of tbeep. Concentration of PEG in the
solution influences the mechanical properties anck izes. Focusing on that point,
Nakanishiet al (1998) and Martiret al. (2001) investigated that addition of polyethylene
glycol decreases the strength of the solid skelefbe pore size of the porous silica could
be modified by changing the concentration of PE@duis the solution. The solution is
transformed into gels by aging and drying. The majmblem to obtain a silica rod is
cracking and shrinkage during the drying. To overecthis challenge, the gel must be

dried carefully.

Nowadays, lots of investigations have been focusednproving G selectivity via
designing a feasible reactor. The monolithic mdamesoporous structure is called

attention with their specific properties such aw lpressure drop, containable external



26

porosity and excellent heat transfer capacity. Weingl (2008) prepared the monolithic
foam SiC support containing 5wt.%N80O, and 2wt.%Mn with the dimensions, 20 mm
length and 9 mm external diameter. The results sldothat the monolithic catalyst
represents the same activity at 850under the same reaction conditions. During the
catalyst bed, hot spot formation is not observeel tduts excellent heat transfer feature. Ji
and Li (2011) studied on the two-stage catalyst beeactor with the
2wt.%Mn/5wt.%NaWO,/SiO, and 5wt.%NgPOy/2wt.%Mn/SiQ, cordierite monolithic
catalysts to compare their catalytic performanae @&€M. The feed gas firstly passed
through the particulate catalyst bed then the mtimol bed. They obtained higher
performance (4.8% methane conversion and 2.5%electivity) as compared to single

particulate catalyst bed.

2.7. Methods for Catalyst Preparation

2.7.1. Imprefgantion Method

Impregnation is the conventional method to presagorted metal catalysts. This
method consists of impregnation of a support with &ctive metal precursors that is
dissolved in an aqueous solution. Incipient to wstnimpregnation method (IW) provide
to the fill pores of the support with the solutiolh.easy to control and handle the
parameters that affect the impregnation methodrégimation has fewer process steps and

gives more reproducible results (Bozorgzadeal, 2011).

The common catalyst preparation method for MRIN@,/SIO, catalyst is incipient
to wetness impregnation method. It causes theeacomponent, Mn, Na and W to be well
dispersed on the surface. Additionally, due to wkey small weight percentage of the
active components, below 5wt.% in $j@hose components need to be well impregnated
on the catalyst surface for more effecient catallyst et al, 2012). Liet al, (2006) was
compared different catalyst preparation method (@gpation, slurry mixing and wet
impregnation) over Mn/N&VO,/SIO, catalysts, it is resulted that Mn/NEO./SIO,
catalysts prepared via incipient wetness impregnatiethod showed the highest catalytic
activity in OCM.
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2.7.2. Sol-gel Method of Catalyst Preparation

In general, supported metal catalysts can be pedpdry various methods.
Homogenous mixture of the metal precursors andtipport precursors are composed the
sol-gel catalysts, which show high dispersion aigh lthermal resistance to sintering

results in the loss of exposed metal surface (@lad, 1998).

The sol-gel process roughly represents the routéhto formation of a sol followed
by that of a gel. A gel means a liquid suspensiasobd particles ranging in size 1 nmto 1
micron. Sol-gel is formed from by the hydrolysidgpartial condensation of a precursor,
for instance, a metal alkoxide and an inorganit #abel is obtained by the condensation
of sol particles into three-dimensional networklyRwrization of the particles within the
liquid phase constitutes the structures of solrgalerials which are inherently porous. To
remove the trapped liquid in the gel, evaporativgindy or supercritical extraction is

applied (Ko, 1999). There are four key steps foigsb preparation;

* Formation of a gel,
» Aging of a gel,
« Removal of solvent (drying),

» Heat treatment (calcination/sintering)

The precursor, which is a metal salt/alkoxide,issolved in an appropriate amount
of water or a stable colloidal suspension of pmakd sols is used. Metal alkoxides
includes aluminates, titanates and zirconates anenmercially available in high purity.
They have been the most widely used because af high reactivity. The most widely
used non-metal alkoxides are alkoxysilanes, suclieamethoxysilane (TMOS) and
tetraethoxysilane (TEOS). Metal alkoxides are comiypnased in the sol-gel process either
alone or in combination with non-metal alkoxideslsas TEOS or alkoxyborates (Young,
2006). Alkoxide based sol-gel process preventddimation of undesirable salt and gives
an opportunity to control the final product. Thesohcal equation of the formation of a

silica gel from TEOS is given below;
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Sl(()C"‘zCHg)4 (”q')+2H20 - SIOz (SOlid)+4HOC|_bCH3(|iq_) (215)

(lia.)

Sol-gel process occurs through two important reasti hydrolysis and
condensation. During hydrolysis, alkoxides reacith water to form a hydroxide, then
condensation occurs to obtain oxide species. Tlaetiom process, hydrolysis and
condensation, needs an acid or base catalyst éul sgebecause of slow reaction of silicon
alkoxides with water. Farhad (2000) stated that,eiwample, the gelation of TEOS in
ethanol is reduced from 1000 hours to 92 hours vih@s M HCI was added as a catalyst.
The pH of the solution affects the reaction rateijstimpacts on the properties of the
product. Varying the concentration of catalyst (pHHd type can alter the pore
morphology. Under acidic conditions, the hydrolykeppened faster than condensation
(Ko, 1999).

Additionally, gel time is another aspect that affethe gel properties. Gel time is
defined as the time it takes for a solution to biha rapid rise in viscosity that
corresponds to the transition from viscous fluid a@o elastic gel (Ko, 1999). Aging
represents the time between the formation of aagelthe removal of solvent. When a sol
reaches the gel point, it is assumed that the Iyglsoand condensation reactions are over.
The solution needs a sufficient time that must bergfor the strengthening of the silica
network for gelation. The parameters that influeth@eaging process are temperature, time
and pH of the pore liquid. Sol must be immerseavashed with another liquid, exposing
gel to a different humidity, heated to change thEsameters (Ko, 1999).

Drying is the final process to obtain the linketicai network without the liquid
which is evaporated from the gel. A capillary pressassociated with the liquid-vapor
interface within a pore becomes an issue whilditjued is removed from the pore. Drying
process can be performed carefully to minimize diféerential pressure or capillary
pressure to maintain the integrity of a gel netw(t&, 1999).

Further heat treatment is required in order to kaffnany residual organics or to
oxidize the sample after removing the liquid in pare. Generally, heating is applied in
the presence of a reactive gas (Ko, 1999). As altre$ sintering and decrease in the
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surface area can be observed if the sample exposedigh temperature over a prolonged

time.

It was indicated by Lambert and Gonzalez (1998) tthia method has an advantage
such as superior homogeneity and purity and betterostructural control of the support.
On the other hand, many catalysts need furthemthletreatment and careful drying
process to prevent cracking to obtain desired phygrroperties. In spite of the advantages
of the sol-gel method, it has not found wide amilan in commercial catalyst production
except in case of some carriers such as alumihea silumina and hydrotalcites from
alkoxides and hydrothermal synthesis of zeolitezd@bnir, 2003).

Li et al. (2006) studied the OCM reaction over Mn,W&D,/SiO, catalysts prepared
by various methods such incipient wetness impregnanethod, mixture slurry method
and sol-gel method. Comparable experiments showet wnder the same reaction
condition, catalysts prepared by these methods atiothe same £ selectivity;
additionally, catalyst prepared by sol-gel methoerfgrmed lower @H; and CO
selectivity. On the other hand, increasing tempeeatange from 78G to 860C, CH, and
O, conversion increased while no leaping increaseokasrved for the other two catalyst

preparation method.

2.7.3. Monolithic Catalyst Preparation

The term “monolith” comes from Greek language, coration of mono, means
“single” and lithos means “stone”. In heterogeneoatalysis, it is carried out a catalyst
support that has to be chemically inert againsttesds and products. A monolithic
catalyst support can be coated with different oigam inorganic phases depending on
reaction. Monoliths are the large uniform block afsingle building material such as
ceramic (mainly cordierite) or metal (stainlessebt®r metal alloy) (Toma&iand Jow,
2006). Despite of better mechanical durability aftatlic monoliths at high temperature,
they show less thermal stability compared to tharoé& monoliths. (Pérez-Caderetsal,
2005). The cordierite monoliths that are used enékperiment are shown in Figure 2.6.
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Figure 2.6. The monolithic structure used in thpezkments.

General application of monolithic catalysts is twetomobile exhaust treatment,
natural gas engine and hydrogen generation fofudlecell. Monolithic catalyst provides
high specific area and good interphase mass tmarwiethe other hand it has a laminar
flow regime that leads to a high residence timdritigtion that is undesired for high

conversion levels (Ozdemir, 2009).

The bare cordierite monoliths have a low surfaeaggenerally 0.7 fg) (Ozdemir,
2009) that is not sufficient for the catalytic apption. The active phase is needed to be
deposited on the walls or inside the walls of imadnolith to increase the surface area. If
the monolith structure is available in the requisegport material, the catalytically active
phase can be directly deposited on the monolithwéder, if the monolith is not available
in the required support material then this suppusdterial should be coated on the
monolithic substrate first. The process is callsdvash-coating (Figure 2.7). Coating of
the monolith structure can be done by various nosthavith colloidal solution of the
appropriate support (the support is in the fornsudpended particles, with sol-gel method
(the support is in the liquid phase) and with adéglsuspensions and other procedures
(Tomasé and Jow, 2006). The well-known way to apply well-dispersaghting layer is
colloidal coating method. The colloidal solution sfica or alumina is commercially

available. The general route to follow the washtaoathods is done firstly wetting or
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filling the channels with the coating solution ahén clearing the channels by forcing the

air through them. Lastly, drying and calcinatiortted monolithic support structure.

Active sites
L % Monolith
S’ wall
4
y s': _
etaeat ey Washcoat
> =4

£
o

Figure 2.7. Schematic diagram of a monolith stmec{omasi and Jow, 2006).

The second step to obtain the active monolithialgat gets through impregnation
the active elements. The key point is the well elisppn and homogeneous distribution of
active phase on the catalyst layer. The active ehsncan be deposited over monolithic
structure during wash-coating step or using with other methods such as precipitation,

impregnation, co-impregnation and ion exchange. Tngng process is done into
microwave or at room temperature.
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3. EXPERIMENTAL WORK

3.1. Materials

3.1.1. Chemicals

All the chemicals used for catalyst preparation@esented in Table 3.1 and Table

3.2 shows the specifications of the gases usdtkistudy.

Table 3.1. Chemicals used in catalyst preparaadrspecifications: research grade).

Molecular
Chemicals Formula Source Weight
(g/mol)
SIiO, :
. Sigma
Silica Gel (60 - 100 mesh) . 60.08
Aldrich
(200 - 245 mesh)
Manganese Il nitrate
Mn(NOs3)2*4H,0 Merck 251.01
tetrahydrate
) _ Sigma
Sodium tungstate dihydrate NeO,*2H,0 _ 329.85
Aldrich
Colloidal silica _
o _ Sigma
(40 wt.% Suspension in SIO, . 60.08
Aldrich
H20)
Polyethylene Glycol 20,000 HO{B8,40)H Merck 20000
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Table 3.1. Chemicals used in catalyst preparatdrsfecifications: research grade)

(cont.).
Molecular
Chemicals Formula Source Weight
(g/mol)
Tetraethylorthosilicate _
CsH2004Si Merck 208.33
(TEOS)
Nitric Acid 65% HNG Sigma Aldrich 63.01
Acetic Acid CHCOOH Merck 60.05
Ammoniac Solution
NHs3 AksiIn 17
25%
N-Cetyl-N,N,N-
trimethylammonium
C16H33N(CH3)3Br Merck 364.45
Bromide
(CTMABY)




(i)

(ii)

3.1.2. Gases

Table 3.2. Specifications and applications of taseg used in the study.

34

Gas Specification Application
Helium 99.998% Inert, GC Carrier Gas
Methane 99.995% Reactant,GC calibration
Oxygen 99.999% Reactant,GC calibration
Carbon Dioxide 99.999% Product, GC calibration
Carbon Monoxide 99.990% Product, GC calibratipn
Ethylene 5% Product, GC calibration
Ethane 5% Product, GC calibration
5% Methane
Mixture 2% Ethane Product, GC calibration
2% Ethylene

3.2. Experimental Systems

The experimental systems used may be divided ingreops:

Catalyst Preparation Systems: The catalysts weqeaped in various methods; incipient
to-wetness impregnation of active metals, prepamadf catalysts with sol-gel method and
direct hydrothermal synthesis method (MCM-41). Thee particulate catalysts were used
directly or coated on the cordierite monolithic gpag and FeCrAl alloy plate.
Additionally, the prepared slurry and gels were ligopto load the active metals on the
supports.

Catalytic Reaction System: The catalytic activifytive catalysts was tested in a micro-
reactor flow system includes gas flow control, tenspure controlled reaction chamber,
feed and product sampling sections. This systemsed for determining the catalytic

activity and selectivity.
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3.2.1. Catalyst Preparation and Pretreatment

The following methods were employed to prepare lgsifs that are used in this

thesis.

3.2.1.1. Particulate Catalyst Preparation with kegoation Method. Mn/N&VO./SiO,

particulate catalyst containing 2wt.%Mn and 5wt.%9N@®, supported on SiDwere

prepared by sequential or co-impregnation to imcipiwetness of silica gel using the
system in Figure 3.1 with an aqueous solution of(W@y).tetrahydrate and aqueous
solutions of NaWO,dihydrate.

Commercial silica gel support was first sieved isigitable mesh size and then
calcined in a muffle furnace at 5@0for 4 h to avoid support from turning into getrfo
Silica gel was washed 3 times using boiled distileater to remove possible impurities
such as Fe and Na and then dried in furnace a€ld&rnight and calcined again in air at
500C for 4 h before used as a support as reportedtitieawritten by Moet al (2009).
After some experiments, this method was given upsupport material was used directly.
60-100 mesh (0.250-0.149 mm) and 200-400 mesh4@A037 mm) mesh size of pure
silica gel was used as a support material.

Figure 3.1 used for preparing particulate catalybis incipent to wetness
impregnation technique consists of a Retsch URfasdhic mixer, a vacuum pump, a
Bichner flask and a MasterFlex computerized-drivezispaltic pump for preparing

particulate catalysts by sequential incipent tonees impregnation technique.

For the preparation of catalysts by incipient totress sequential-impregnation
method, a definite amount of silica gel support wasin a vacuum flask and was kept
under vacuum in the first step. The support mdterithe vacuum flask was mixed under

vacuum with an ultrasonic mixer for 30 minutes befonpregnation.
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Figure 3.1. Schematic diagram of the impregnatymtesn
(a) Ultrasonic mixer, (b) Buchner flask, (c) Vacupomp, (d) Peristaltic pump,
(e) Reactant storage tank and (f) Silicone tubWagg(rtcu, 2012).

The appropriate amount of Mn(NRRtetrahydrate aqueous solution was dissolved in
deionized water on the basis of 1 g silica gelthllsolution at 8%. Then, prepared
solution fed to the vacuum flaks at a flow rateOds ml.min' by a silicone tubing using
with a Masterflex computerized-drive peristalticngu After all solution was fed, it was
ultrasonically mixed under vacuum during impregmatiprocess to obtain uniform
distribution of the aqueous solution. The resulshgry was dried at 13Q for 5h. After
cooling to 25C appropriate amount of N&VO,)- 2H,0 with deionized water based on 1 g
silica gel/1.2 ml solution is prepared. Then, therg used as a new support material and
put in a flask to mix with an ultrasonic mixer f80 minutes before impregnation. The
calculated amount of aqueous solution of\N®, dihydrate was fed to the vacuum flask at
the same condition of first impregnation. When aflution was fed, the slurry
ultrasonically mixed during impregnation. The firgllirry was dried at 130 overnight
then calcined at 800 for 8 h to obtain Mn/NAVO./SIO, particulate catalyst.
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3.2.1.2. Particulate Catalyst Preparation with @l-Method. The sol gel catalyst was

prepared by the composition of the metal precursois the support precursors from a
homogeneous solution (Cled al., 1997).

Sol gel catalysts were prepared using the systewrshin Figure 3.2. The sol-gel
preparation system consists of a heater whictsis @sed as a electronic agitator, pH meter
and thermometer. The beaker was isolated to préweaitremoval. Temperature and pH of

the solution was controlled with pH meter and themmeter during the process.

Figure 3.2. Schematic diagram of the sol-gel system
(a) pH meter, (b) Heater and (c) Thermometer.

The calculated amount of Mn(NJptetrahydrate was mixed with 24 ml of distilled
water and 1 ml HCI (36.5%). Solution was stirreditaruously and heated at 80 Then,
48 ml ethanol and 37.18 ml tetraethoxysilane welded drop by drop into the solution
and stirred totally 1 h until getting form of a gdin coated silica gels were dried afG0
for 12 h and calcined at 4%D for 4 h. The appropriate amount of M&O, was
impregnated on the Mn-silica gels by using incipinwetness impregnation procedure as
mentioned in Section 3.2.1.1.
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3.2.1.3. Preparation and Pretreament of Wall Co@ggdlysts. The synthesis of particulate

catalyst with 200-400 mesh size (0.074-0.0037 milicpsgel support was prepared by the
same procedure summarized in 3.2.1.1 for the patiparof the catalyst layer used in the
wall-coated geometry. The metallic plate coated masle of FeCrAl alloy (Good fellow)
and has dimensions of 2 mm x 5 mm x 25 mm (heighteight x depth). Before wall-
coating process, all plates were cleaned thenglaéee heat treated in air at 900during

2 hours with a heating rate ‘0dmin to obtain rough surface composition 0§@J which

was reported to improve the adhesion of the codfhagtunet al, 2004).

Wall coating process consists of mixing the appetpramount of catalyst powder as
slurry and then coating the surface with this siuiithe mixed slurry was prepared in two
different ways; without any-Al,O3; support and 20wt.%-Al O3 support. The first slurry
was prepared using 5wt.%Mn/2wt.%N&0,/SiO, catalyst, which was prepared by
incipient to wetness impregnation technique ancrdeed water. The second slurry is
prepared by the combination of 20wt.%y-Al,O; support and 80wt.%
5wt.%Mn/2wt.%NaWO,/SiO, catalyst using the same procedure. The catalystysis
carefully coated as a thin layer on one side ofrtigallic plates by using a thin blade.
Finally, the powder coated plates are dried af@ 2% h, then calcined at 5@during 2

hours.

3.2.1.4. Preparation and Pretreatment of MonolitBipport with Wash-Coating. The

commercial ceramic (2Mg0.24D3.5Si0,) cordierite monolithic support was first wash
coated with silica to obtain high surface area loa surface of the monolith structure
coated by colloidal solution. Then the active eleteeMn and NaVO, were impregnated
on the silica coated monoliths. The Mn and\WN®, percentage were held the same as the
particulate catalyst: 5wt.%Mn and 2wt.%M&O,.

The commercial monolith was cut into the dimensiohd7 mm length and 8 mm
diameter so that it can be easily placed into thenin ID quartz tube reactor. The shaped
monoliths were washed with acetone in order to rentbe possible impurities and open

the pores from residue from the cutting procedumkdried in the oven.
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One group of the cordierite monoliths was wash-@dawith silica via colloidal
solution as shown in Figure 3.3. The bare monoltlese weighed first and then it was
immerged vertically into the 40wt.% colloidal sdisolution using an ultrasonic mixer to
be interpenetrated the silica homogenously all mdothe monoliths during 40 min. In
every 10 min., the excess solution inside the cblznmas removed by flushing thoroughly
with pressurized air, then the monoliths were direchicrowave oven operated at 180 W

for 40 min. and weighed again.

& (&) ®

Compressed Air

— g
— Ej =

Figure 3.3. The monolith coating system (a) Dipdirgcedure in Ultrasonic mixer, (b)
Compressed Air Flow and (c) Microwave Oven.

Sol-gel method was applied to coat the second gobaprdierite monoliths. Sol-gel
preparation was described in Section 3.2.1.2.rAdtetreatment process, monoliths were
weighed and then dipped vertically into the solgmution for two minutes. The excess of
the gel in the channels was removed by flushingy it air flow. The monolith cylinders
were dried at 7€ for 12 h and calcined at 4&Dfor 4 h.

The loading of Mn and N8O, promoter to the silica coated monolith support was
achieved by immersing appropriate amount of promatiled solution. The monoliths
were weighed before and after coating with a cdé#bisilica solution. The difference

between two weights was taken as the,80@ted, and the amount of Mn and,W&,
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promoters was calculated on 2wt.% and 5wt.% regmtygtbased on the weight of coated
silica. Firstly, appropriate amount of Mn(N@ 4H,0 was dissolved at &5 in deionized
water and silica coated monoliths were immerseduring 40 min. while ultrasonically
mixing. Then it was dried at 1%D for 5 h. After cooling, monoliths were immersed i
appreciate amount of M&O4-2H,0 aqueous solution with ultrasonically mixing dgrin
40 min. After loading two promoters, the monolitire dried at 13C for 5 h before being

calcined in air at 80Q for 8 h.

3.2.1.5. Monolithic Catalyst Preparation with Sel-gMethod. Synthesis of macro-

/mesoporous silica monoliths is a new alternatouge to obtain enviable size of catalyst.
The silica monoliths were prepared based on thgeaomethod prepared by Sackikeal.
(2012). 46.3 ml distilled water and 3.2 ml HN®ere first mixed at €. After mixing 15
min., 4 or 4.79 gr. (both amount were tested) pblylene glycol 20.000 (PEG) was added
and continuously stirred for 1 h in ice bath. Théd.4 ml tetraethoxysilane was added and
stirred for another 1 h. After that, the resultsajution was filled into plastic syringes and
glass tube. The solution was kept atCifor 3 days in order to complete gelation. The
monoliths removed from their molds, washed in wat®l treated in an ammonia solution
(0.01 M) at 40C for 20 h. After neutralization, monoliths wereedr at 40C for 24 h in an
oven and finally calcined at 5%Dfor 8 h. The prepared silica monoliths were theed as
the support material and loaded Mn and\WW@&, elements using by incipient to wetness

impregnation method as mentioned in Section 3.2.1.1

One part of the gel was prepared with 4.9 gr. PB® iawas used as particulate
monolithic catalyst. It was not possible to obtairwhole structure with this amount of
PEG adding in the solution. The monolithic wholeisture could be obtained with adding
4 gr. PEG in the solution as shown in the Figu#e; 3hese monoliths were used as whole

structured catalysts in the experiments.
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Figure 3.4. Preparation of Monolithic catalyst (Meit) with sol-gel method (a)
Preparation step, (b) Aging in the oven, (c) andMdnolithic catalyst (Monosil).

3.2.1.6. Preparation of Mn-MCM-41 Catalyst Suppbfth incorporated MCM-41 support
catalyst was prepared by direct hydrothermal syashmethod. Amount of manganese was

based on the silica weight in silica source. Thalgat was prepared by the same weight
percentage of the particulate catalyst (2wt.%Mn &ad.%NawWO,) metal precursors.
Appropriate amount of N&O, dihydrate was added to the support material byiant to

wetness impregnation method as mentioned in Se8tiha.1.

Preparation procedure for MCM-41 used was adaptech fDgsu & al. (2005).
Cetyltrimethylammonium bromide (CTMABr) was usedsasfactant. 13.2 gr. surfactant
(CTMABI) was dissolved in 75 ml deionized water,iltthe solution was heated up to
about 30C for complete dissolution of CTMABY. As a silicaseurce, 15.7 gr. sodium
silicate was added drop by drop in the solutionhwibntinuous mixing. Appropriate
amount of metal precursor was added at this stepoitant parameter was the pH of the
solution; it must be 11. Then, 0.01M acetic acichékled after sodium silicate into the
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solution until the pH reaches 11 (the solution sumto a gel form). The gel was put in the
oven at 128 during 96 h. The formed mixture was filtered amashed with deionized
water until the pH of the filtrate was about 7. Tgrepared washed product was dried at
40C 24 h. To remove the organic compounds in thegpahe product was calcined. The
furnace temperature was increased from room terperso 55(C at a heating rate of
1°C/min and continued for 6 h at 580 Schematic diagram of synthesis of MCM-41 is
shown in Figure 3.5. To obtain desired catalysicutated amount of N&/O, dehydrate
was impregnated on the calcined product and tHewoig steps were applied in Section
3.2.1.1.

Deionized water ~ Surfactant \Mum sikeats
30°C pH"“ll 30°C
120°C96h
— @ — deying
__,—-/
MCM-41 40°C24h Filtration and
- - Washing
¢—— Heating 1°C/min ——
500°C6h
: | pH~7

Figure 3.5. Synthesis process of MCM-41.

3.2.2. Catalytic Reaction Tests for OCM Reaction

The catalytic micro reaction system shown in Figl®® was designed and
constructed in the Catalysis and Reaction EngingerLaboratory of Chemical
Engineering Department, Bazici University and involved three distinct sensdor feed

adjustment, catalytic reaction and product analysis



43

1/4", 1/8" and 1/16" OD stainless steel and coppleing, valves with stainless steel
and brass fittings for feeding gaseous species wsed in the system. The flow rates of
research grade high purity gases (oxygen, heliummin fpressurized cylinders passed
through the system were regulated with Omega MB8&B digital mass flow controllers
of which set values were adjusted by the main obuinit. Additionally, methane gas was

delivered to the system with Brooks 5850E mass flowtrollers.

Reactant gases (oxygen and methane) without dduafier being mixed, were sent
into the reaction section which consists of 10 @ddmm ID quartz, 10 mm ID quartz
becomes narrow to 2 mm ID quartz fixed bed dowowflreactor (Figure 3.7), for
conventional packed bed experiments. Quartz tubee wonnected with two custom
design fittings to the 1/4" stainless steel mame.liThe total length of the reactor was 80
cm, which was longer than the furnace tube so tti@fittings of the reactor can be kept
out of the furnace to facilitate manipulation dgricatalyst charging or recharging.
Catalytic zone contains the 100 mm long constanp&ature zone of a 30 mm ID x 600
mm tube furnace with a K-type thermocouple waschttd to the outside wall of the
reactor to monitor reaction zone temperature amdrabthe furnace. The quartz reactor
was placed into the furnace controlled to +0.1 Kayhimaden FP-21 programmable
temperature controller. The reactant mixture entgand product leaving the reactor were
passed through two ON-OFF valves to either the &@pting that was calibrated before to
analyze the gas mixture or to outside passing tiirabie soap bubble meter for measuring
the flow rate of the effluent at the ambient tenapare.

One part of the study included wall coated and edakicro-channel reactor. The
tests were done at 700, 750 and ‘80&t atmospheric pressure with different B3 ratio

in feed stream to obtain the best results.
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Figure 3.7. 10 mm and 10 to 2 mm narrower ID quiixed-bed down flow reactor.

The microchannels in the reactor were formed bygis cylindrical engineered
metal housing made of 310-grade stainless steblexiternal dimensions of 18.6 mm x 30
mm (outer diameter x length). The interior of treusing is shaped with the wire electro
discharge machining technique that leads to inbertcoated plate in the channel. The
channel has 0.75 mm x 4 mm x 25 mm (height x widttepth) (Figure 3.8). The coated
and packed tests were done with FeCrAl alloy platehis housing. The particulate
catalyst was filled into the channels between theoated plates. A ceramic wool plug
(Shimadzu) is placed into the last 5 mm gap betwkerend of the plate and the housing
to prevent the movement of the plate. The sameepge was followed for inserting the

coated plate.

Particulate catalysts were inserted into the 10 quartz down flow reactor.
Quartz tube reactor design was modified, and dofvth@® reactor was made narrow to
remove the gasses quickly after the catalyst lalfest, the catalyst filled into reactor
directly, then lower and above part of the catalgger in the quartz tube was filled with
quartz chips, silica particles orquartz sand. Tevent the mixing of the particulate
catalysts and quartz chips, ceramic wool is usédréend after the catalysts part (Figure
3.9). Total feed stream was 52 ml/min and 100 nm/mithin the temperature range
between 600-80Q. The catalyst was oxidized with, @uring heating the furnace until the

desired temperature. The heating was started46@€ with 10 ml/min flow of oxygen.
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18.6 mm ID

Figure 3.8. Top (at the left) and cross-sectioastlfe right) view of the coated
microchannel configuration; (a) Engineered metaidnag, (b) Open microchannels, (c)

Coated catalyst layer, (d) FeCrAl alloy plate aapgGeramic wool plugSimsek, 2012).

Coated cordierite monoliths were filled in the 1nD quartz tube reactor. Three
coated cordierite monoliths were used as a catdhsjure 3.9). One bare monolith
catalyst support weight is around 0.810 gr. (#salyst weight was around 0.22 gr.); hence
three monoliths had catalyst approximately equath® amount of particulate catalyst
used. Bare cordierite monolith supports were coatgld two ways; one was coated via
colloidal silica solution (it was successfully ceat27wt.%), the other way was dipping the

monoliths into the sol-gel solution (5wt.% coatisgucceed).

The furnace that heats the reactor was heated thpMiC/min. After each 20C,
the temperature was held steady for 5 min. thetirmoed to heat up.
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Figure 3.9. Quartz tube reactor filled with quartups (a) Whole reactor, (b) Particulate
catalyst, (c) Particulate catalyst (crushed mohiiparticulate) and (d) Cordierite

monoliths.

3.2.3. Product Analysis System for OCM Reaction

During the experiments, the product mixture corgdirunreacted methane and
oxygen and product gases involving hydrogen, cadioride, carbon monoxide, water,
ethylene and ethane. A Shimadzu GC-14A gas chrgraib equipped with a Thermal
Conductivity Detector (TCD) was used to analysalfaed dry product streams. Analysis
conditions were given in Table 3.3. The column wasditioned first at 25C during 5 h

to ensure removal of possible impurities on packiagerials.



48

Table 3.3. Reactant and product gas analysis ¢onsit

GC A Shimadzu GC - 14A
Detector type TCD
Column temperature, °C 200
Injector temperature, °C 170
Detector temperature, °C 230
Detector Current, mA 100
Carrier gas Helium
Carrier gas flow rate, ml/mir 25

_ . Carboxen 1000, 80-60
Column Packing Material

mesh
Column Tubing Material Cupper
Column Length & ID 210 x 3 mm
Sample loop 1mL

Before proceeding with the experiments, the gasrohtograph was calibrated by
injecting known amounts of the gases to be analyreter the conditions given in Table
3.3. Using this procedure, volume versus peak ewmeaes were obtained for each gas and
the corresponding calibration factors were deteeahiby linear regression.



49

4. RESULTS AND DISCUSSIONS

4.1. Preliminary Work

Mn/NaWO4/SIO, is one of most extensively studied catalyst in litexature with
high selectivity and yield; however, the convenéibreactors that are generally used in
these studies have the problem of poor heat remdwatest the applicability of micro-
structured reactors, which are known for bettert Im@nagement, the initial experiments
were performed using the most commonly catalysp@mies and reaction conditions

reported in the literature in two micro-structuredctors.

4.1.1. Experimental Results on the Coated Catalytfyer on the FeCrAl Alloy Plate

The first experiments were done by coating a 2 mBimm x 25 mm (height x
width x depth) FeCrAl alloy plate (contains 70wt.8pR25wt.%Cr and 5wt.%Al) with
Mn/NaWO4/SIO, catalyst placed in the metal house with 0.5 mmadist between the
plate and the grooves. The plates were exposeddbtteatment to obtain rough surface
structure so that they can hold the catalyst gagtibetter. The catalyst coating process was
lead to give a total remaining coating mass of 7722mg coated catalyst layer on the plate.
Unfortunately, the results were shown that adhesfdhe catalyst to the surface was quite
poor; it was very easy to remove the catalyst layethe FeCrAl alloy plate with a small
physical exertion.

The reaction tests were performed with a 20 mm Uarg reactor the under the
CHJ/O, ratio of 7.4, the temperatures of #50and 80{C and flow rate of 100 ml/min
(23% He was used as diluents) considering theiogaconditions proposed by Lunsford
et al (1998) in their communication. Unfortunately 60#tof the catalyst was lost during
the reaction. As a solution of this problem, 20wtd8Il,0O; was mixed with catalyst
powder to obtain more adhesive catalyst layer. Hewehe adhesion stability of oxide
layer to the FeCrAl alloy substrate was not imprbsgnificantly although the conversion
and selectivity was not decreased sharply. As atdit by Figure 4.1, 780 was better for
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selectivity while 80{C resulted higher conversion although the vyieldnyession x

selectivity) is much lower than that is reportedagat 20-25%) in the literature.

39 -

a8 38.11;8.49 © 20wt.%-Al203 and catalyst
c i o Catalyst coated (750)
S 37
(2]
236 - @ 20wt.%u-Al203 and catayst
5 coated(800)
© 357 34.39;13.93 e Catalyst coated (800)
534 -

33 - 33.00;14.93\)

32 T T T T

7 9 11 13 15
C, Selectivity

Figure 4.1. Results of the experiments of compardhe coated catalyst layer with

the 20wt.%u-Al,Ozincluded catalyst coated layer.

Zhanget al. (2012) discussed the difference between the nmef@lich as FeCrAl
alloy) and conventional non-metallic supports. Mreakness of adhesion of the oxide
layer to the FeCrAl alloy substrate was attribuiedhe differences between the properties
of the metallic support and oxide layer; this cdangs a significant limitation for using a
metal as a catalyst support. Coating the silicgpstpnaterial on the FeCrAlloy plate was
a real challenge; it could not be strongly bondéth vl,O3; surface to adhere stably on the

metal alloy support.

4.1.2. Experimental Results on the Catalyst Coatedn the Cordierite Monolithic

Support

Catalyst coating on the monolithic structure isadternative way to have the active
metals on the surface of regular channel struciline. advantages of monolithic supports

are stated as low diffusion resistance, excelleadsrand heat transfer (Ji and Li, 2011). It
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has been widely used in catalytic combustion amrtigbaxidation of methane reactions.
Jing-jing et al. (2009) studied the preparation of M-W-Mn/%fi€rdierite monolithic
catalysts and their performances for oxidative tiagpf methane while Liwet al. (2008)
synthesized NAVO,-Mn/SiC monolithic foam catalyst for the same pwgo These

researches showed a promise for using monolithadyst over OCM reactions.

The monolithic supports, cut with the sizes of 8 rdiameter and 17 mm length
were coated in two ways; sol-gel coating and cgdbiy a silica colloidal solution. In both
methods, 2wt.%Mn and 5wt.%MNA&O, were added by incipient to wetness impregnation
method on the silica coated structure. The moriolithannels that were coated 5wt.%
silica by sol-gel coating method and the same amofuactive metal coated over 12wt.%
silica by colloidal silica solution coating weremspared with 0.2 gr. particulate catalyst in
Fig. 4.2. Experiments were done under the samearetdnat were used in micro-structured

metallic channels (temperature 7G@nd CH/O; ratio is 3 with 10 mm ID quartz reactor).

10 - o Colloidal coated catalyst o 9.81;29.9
9 - @ Sol-gel coated catalyst
3 o Particulate catalyst
o [
Q
= 67
5 ) 5.43;14.69
4 .
O 3.48;9.69
3 .
2 T T T T T 1
5 10 15 20 25 30 35
C, Selectivity

Figure 4.2. Effect of using cordierite monolithigoport with different coating
methods.

Although the results over the wash coated monolitkse much better than those
over the FeCrAl alloy plate, they were not as sasfié as the particulate catalyst. When

the monolithic support was coated by colloidalcsilisupport to improve the catalyst
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surface area, it was observed that more the coatasysucceed. The results also showed
that catalyst coated by the colloidal solution sbdvbetter performance than the catalyst

coated by sol-gel method.

4.2. Design of the Reactor

4.2.1. Reactor Tube Diameter

The initial microstructure reactor experiments wdome using 20 mm ID quartz
tube reactor to place metal housing or monolithipp®rt. However a new quartz tube
reactor was designed and decreased the initialedeand0 mm to 2 mm as shown in the
Figure 3.7. Although Cldconversion was the same as the value obtainedacieas0 mm
ID reactor, the gselectivity was increased from 25.78% to 37.55kh&nvthe experiment
were done with particulate catalyst. Similar reswitere observed through the years by
various investigators. For example Lunsford (19983d fused-quartz tubing reactor with
the internal diameter decreasing from 7 mm to 2 mhe catalyst was placed the bottom
of the 7 mm ID part so that the residence timerafie catalyst would be decreased to
avoid decomposition of products in gas phase m@astiThe following researches were
also done using reactors with decreasing diamdter thhe catalyst bed with significant
improvement in performance (Talebizadstal, 2008; Leeet al, 2012; Talebizadeét al.,
2009).

4.2.2. Reactor Filling Material

The investigations for the enhancing thgs€lectivity by Lunsford (1998) and &t
al. (2003) pointed out that the space above and b#tewcatalyst bed need to be filled
with some porous material to decrease the temperamadient in the catalyst bed and
minimize the contribution of gas phase reactiors ttecompose products. Hence various

filling material were also tested in this work asadissed below.

The first experiments were performed using 45-6Ghmsize particulate catalyst
(prepared by impregnation method) by filling the pgynvolume above and below the
catalyst bed with 6 cm length 45-60 mesh sizé\l,03; particles resulting some
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improvement in ¢ selectivity (Figure 4.3); then all empty space viilled with same
material (meaning that nearly 40 cm of the quasttor- more than the length of furnace-
was filled) with some minor change in the resuhieTull filling of the reactor means the
filling above and below of the catalyst bed, it vmagre than the length of the furnace. This
improvement suggested testing various types of maiétdo improve @ selectivity. Then,
the reactor was filled with pure crushed §iQuartz sand and 18-140 mesh size quartz
chips. Pure crushed Si@nd quartz sand was not suitable material fomfjllapparently
due to their small particle sizes; they stuck aluthed the gas flow in the reactor. Then
the bigger (uncrushed-3/16 inches spheties),Os; particles was tested and it reduces the
coke formation around the catalyst bed and provsledll increase in the,Gelectivity
when compared with the smaller mesh size. Henggellagizes quartz chips (obtained by
crushing quartz glass) was used as a filling matéa reduce the reactor volume. As
presented in Figure 4.3, the large size quartzschipwed the best catalytic activity and
doubled the € selectivity at around approximately the same,QCldnversion level.
Experiments were done at the temperature@%thd CH/O, ratio is 3 with 10 mm ID

quartz reactor.

Figure 4.3 shows the improvement of the catalygidgrmance due to the changes of
the filling material. The yield was minimum in tabsence of filling material; also the pure
crushed Si@showed the same performance as the non-fillingadusiAl O3 particles as a
filling material was a good solution; a better giglas obtained with the increasing particle
size. However the real significant improvementperformed was obtained with using
quartz chips. Lunsford (1998) explained that thartuchips helps to preheat the reagents
and decrease the free volume; hence the matehaldds provide excellent heat transfer

without affecting the gas flow.
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Figure 4.3. Effect of using different kinds of il material.

4.3. Effects of Catalyst Prepation and OperationaConditions

Preliminary works showed that even a small chamgthe reaction system may have
significant impacts. Although the reactor structanel filling material have provided some
improvement, they were not sufficient; the influes®f catalyst preparation and operating
conditions on the OCM that cannot be ignored. FFstance, Talebizadegt al (2009)
emphasized the importance of the space time, textyrerand CHO; ratio in any reliable
kinetic mode. Another study on the operating caoodg were conducted by Kariret al
(2007) to show that the performance of the OCMtrieags feasible and economical under

only certain reaction conditions.

4.3.1. Effects of Operational Conditions

The experiments were carried out at atmospherisspre over Mn/NAVO,/SIO,
45-60 mesh size particulate catalysts preparedinggient to wetness impregnation
method, 100ml/min feed stream without any diluefitse reaction temperature tests were
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changed in the range of 6@B800C whereas the C{D, ratios of 3, 7 and 10 were
studied. 0.2 gr. Mn/N&VO,/SIO, particulate catalysts were loaded in the catdlgst and
the rest volume of the reactor was placed with guarips. The reactor was heated up with
10ml/min flow of Q@ after 400C until the desired temperature to oxidize the lgsta
(Palermcet al, 1998; Talebizadeét al, 2008).

—(C2 Selectivity
50 CH4 conversion

30
° \

600 650 700 750 800
Temperature ('C)

C, Selectivity, CH, Conversion

Figure 4.4. Effect of reaction temperature on tik €onversion and £selectivity,
CH4/Ogratio is 7.

Figure 4.4 shows the results of the effect of ieactemperature; the electivity
decreased significantly with increasing in the tieactemperature from 600 to @D
while the CH conversion was slightly enhanced. Methane conwensias increased from
30.18% to 37.95% with increasing temperature fr@® ® 806C; this increase, however,
was mostly observed at 780 Talebizadehet al (2009) attributed the decline of
selectivity with the deep oxidation of ethane amaylene to CQ@ and CO. Wanget al
(2005) observed that CO was mainly produced byldep oxidation of €hydrocarbon in
OCM reaction.
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Figure 4.5. Effect of CHO, ratio on the Cliconversion at different temperature

Figure 4.5 compares the effects of ffB} ratios at various temperatures. When the
CH4/O; ratio was 3, sharp increment of the methane ceiemwas observed and (highest
45.7%) while no significant change was observedigiter CH/O, ratios. Unfortunately,
neither high temperatures nor low g8, ratios favor the gselectivity. The characteristic
behavior in OCM reaction over various catalysts ted the G selectivity was higher at
higher CH/O, ratios (Wanget al, 2005; Telebizaderet al, 2009). During the
experiments, the highest selectivity was obtainediighest CH/O, ratio as shown in
Figure 4.6. The €selectivity was maximized (55.8%) at the tempesinf 650C and

CH4/O; ratio of 10, and decreased with further incredderaperature.

The results in Figure 4.6 shows that the high yimd be obtained at 6D with
CH4/O, ratio were 7 and 10. The conversion was not maddhiat this point but the
selectivity was more important (considering tha tonversion is not also too low at this
condition). Lunsfordet. al (1998) reported the best operating conditionshasCH/O,
ratio of 7.4 and the temperature of the thermoc®upl the outside of the reactor was
800C. They observed a temperature gradient cross atayst bed and indicated that
decreasing CHO, ratio causes higher temperature gradients. Fompka when the

CH4/O; ratio was 5, the temperature difference betweercénter of catalyst bed and the
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reactor wall was as high as {60while the CH/O.ratio of 10 caused only 5D
temperature increment. This explains why the nohtieaperature of 65C (measured
outside of reactor) is more favorable since it egponds to a sufficiently higher
temperature since the higher measured temperatnmesns that the catalyst bed
temperature is too high for OCM reaction.

50 - m CH4/02=3

45 1 CH4/02=7
2 407 CH4/02=10
2 35 -
D
g 30 -
ON 25 -

20 -

5 I

10 - e

600 650 700 750
Temperature (°C)

Figure 4.6. Effect of CHO, ratio on the gselectivity at different temperature.

4.3.2. Experiments with Different Catalysts Forms

Sodium, tungsten and manganese components of MWEASIO, play essential
roles in achieving high CHconversion and high £hydrocarbon selectivity in the OCM
reactions as proven with various studies. Howeer studies suggest that further increase
of CH, conversion and L£selectivity is unlikely if the searches are linditeo the catalyst
compositions; the effects of structural changesatalysts and reactor should be also

investigated to find more effective structures.

Various methods were used to obtain various stractiorms of catalyst. For
example sol-gel method gave a chance to embedctinee anetals in the catalyst pore
while other active metal can be impregnated onctitalyst surface. It is also possible to

get distinctive catalyst pore size by changinggalparameters.
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In this work, three particulate catalysts were geesl using sol-gel method, direct
hydrothermal synthesis method (MCM-41) and mongeiiole structural rod catalyst) via
sol-gel method with adding PEG. Figure 4.7 shovescitalysts that are prepared by varied
types of method.

Mn/Na, WO, 510, catalysts

Particulate Catalyst

Particulate Catalyst Monolithic Catalyst ’
(Sol-gel Method by adding PEG)

(Incipient to wetness impregnation)

® B - P $L

#

Particulate Catalyst MCM-41 Monosil
(Sol-gel Method)

Figure 4.7. Various types of catalysts preparediifiarent methods.

A particulate catalyst was prepared by sol-gel wetlwithout adding PEG) as
mentioned in Section 3.2.1.2. The constructionhaf ¢tatalyst was weak and during the
high temperature calcinations process, they wersbed. The catalyst was tested at 650
and 700C reaction temperature at two @8, ratios (7 and 10). The comparison between
two temperatures and GHD, ratio are given in Table 4.1;,Gelectivity increased 1-2%

with increasing temperature and £, ratio while CH conversion was stayed the same.

Table 4.2 indicates the catalytic performance @f plarticulate catalysts that were
prepared by sol-gel method adding 4.79 gr. Thelysttshowed nearly the same ¢€H
conversion as the catalyst without PEG but thectielyy was much higher at 65D

temperature (it was about 42% in both /&4 ratios of 7 and 10).
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Table 4.1. Particulate catalyst* performance atpemture 650 and 70D,
CH4/O, ratio 7 and 10.

Temperature (C) | CH4/O, | C,selectivity | CH, conversion
650 7 14.24 31.74
650 10 17.27 31.84
700 7 16.5 31.63
700 10 18.00 31.71

*0.2 gr particulate catalyst was prepared by sblrgethod without addition of PEG.

Table 4.2. Particulate catalyst* performance atgterature 650 and 79D,
CH4/O, ratio 7 and 10.

Temperature (C) | CH4/O, | C,selectivity | CH, conversion
600 7 18.91 32.54
650 7 42.27 32.83
650 10 42.58 29.47

*0.2 gr particulate catalyst was prepared by sélhgethod adding PEG.

The most important parameter for the strength tdlgst prepared was the amount of
the PEG used. The experiments showed that highevaluthe PEG decrease the
mechanical resistance. This was also reported tamNshiet al (1998) and Martiret al
(2001) and attributed to the fact that the excesstity of the PEG decreases the strength
of the solid skeleton.

Table 4.3 and 4.4 show the catalytic performancihefcatalysts that were prepared
by sol-gel method adding 4 gr. PEG; the only ddfere between the catalysts used in two
tables are that only N&/O,was impregnated over the sol-gel prepared matesiaiaining

Mn and all other ingredients in Table 4.3 while &hd and NaWwO, were impregnated in
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the catalyst in Table 4.4. The, Gelectivity and CHll conversion rates did not change
significantly.

Table 4.3. Monosil catalyst* performance at tempee650 and 70C,
CH4/O, ratio 7 and 10.

Temperature (C) | CH4J/O, | C,selectivity | CHs conversion
650 7 26.06 29.59
700 7 32.36 30.03
700 10 33.23 29.89

*0.3 gr. Monosil catalyst is used, Mn is added sa&gel method, N&VO, was
impregnated.

Table 4.4. Monosil catalyst performance at tempeea650 and 706G,
CH4/O; ratio 7 and 10.

Temperature (C) | CHJ/O, | C,selectivity | CH, conversion
650 7 26.15 29.46
650 10 27.87 31.70
700 7 30.43 30.08
700 10 32.03 31.86

*0.3 gr. Monosil catalyst is used, Mn and M&, were impregnated.

Research on the highly ordered pore structure teagnthesize a mesoporous silica
support called as MCM-41. The mesoporous structeagdlyst was tested at the same
reaction conditions and results are listed belowaile 4.5. It showed nearly the same
CH, conversion when compared with the other catalyshf The change of GO, ratio

from 7 to 10 caused only some minor improvemerseiectivity.



Table 4.5. MCM-41 catalyst* performance at tempeeb50C and 70{C,
CH4/O; ratio 7 and 10.

Temperature (C) | CH4/O, | C,selectivity | CH, conversion
650 7 26.15 29.45
650 10 27.87 31.70
700 7 30.43 30.03
700 10 32.03 31.86

*0.2gr MCM-41 catalyst, NAVO, was impregnated.

Table 4.6. Comparasion of the catalysts that apgred by different methods
(Reaction temperature at 700 CH/O, ratio is10).

Catalyst C, selectivity | CH, conversion| Yield
Particulate catalyst
(prepared by incipient to 45.86 30.95 14.19
wetness impregnation)
Particulate catalyst
(prepared by sol-gel methoo 18.00 31.71 5.70
without PEG)
Particulate catalyst
(prepared by sol-gel adding 42.58 29.47 12.54
PEG)
Monosil catalyst 32.03 31.86 10.20
MCM-41 catalyst 32.03 31.86 10.21

The catalytic performances of the catalysts wemepared in various ways were
summarized in Table 4.6 and Figure 4.7. Highesecseity was achieved over the
catalysts prepared by incipient to wetness impregmafollowed by the catalyst prepared
by sol-gel method with PEG. A similar result wapaded by Wanget al (2006) that
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catalyst (that was prepared by sol-gel) showed ld@t, conversion and £, selectivity

than prepared catalyst by incipient to wetness @gpation.
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Figure 4.8. Comparasion of the catalysts that ezpgred by different methods

(reaction temperature at 70) CHy/O; ratio is 10).

The CH, conversion and £selectivity were not changed significantly over
various catalysts that were prepared using difteqmocedures. Liuet al. (2008)
reported similar results for 5wt.%MN&O,/2wt.%Mn/SiC monolithic foam catalyst. In

their work, the active metals were impregnated onaiithic foam with the diameter9

mm, length 20 mm with a pore (4.1 mm) in the middleng its axis. The catalyst

performance was compared with the particulate ysttéthat was prepared via incipient

to wetness impregnation method. Both catalysts sdomearly same catalytic activity;

highest G selectivity (52.7%) was achieved at 850°C with8¥6.CH, conversion.

Increasing temperature to 900showed negative effect on thes€lectivity; it was
reduced to 47%. It was pointed out that the catadgs only showed the same catalytic

performance but showed an excellent heat transétufe.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The aim of this study was to develop and test war@ternative catalysts and reactor
structures to improve the performance of 2wt.%Md &wt.%NaWO,catalyst for OCM

reactions. The major conclusions that can be difasvn the study are as follows;

» Coated particulate Mn/N®&/O,/SiO, catalyst on the FeCrAl alloy plate showed the
weak adhesion and mechanical resistance. The lpwigld was obtained in the
micro-structured reactor tests.

* Monosil (whole structural rod catalyst) and MCM-4thesoporous structured
catalysts showed similar GHonversion and L£selectivity at the same reaction
operating conditions.

» Highest yield (14.2%) was obtained with the paltitel catalyst that was prepared by
incipient to wetness impregnation method. This ddloived by the catalyst
synthesized via sol-gel method addition of temphaggerial (12.5% vyield).

* The quartz reactor inside diameter was decreasedrido 2 mm initial diameter
after the catalyst bed. This improved thes€lectivity significantly altough it did not
change the conversion.

* Filing the empty space in the quartz reactor va@uwith o-Al,Osimproved the
selectivity and increasing the mesh size of théiglas affects the yield positively.
The quartz chips, however, were more suitablenflimaterial. The pure crushed
SiO, and quartz sand, on the other hand, did not wedaise they blocked the gas
flow.

« The G selectivity was maximized (55.8%) at the tempemnf 656C and CH/O,

ratio of 7.
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5.2. Recommendations

According to the results of the present study,fttiewing points are thought to be
beneficial for the future studies;

« The length of the reactor can be minimized to redine contribution of gas phase
reactions.

» The filling material can be changed and providedertiomogenous contribution of
filling in the reactor to improve the catalytic pjmmance of the reactor.

* An alternative catalyst structure can be developée. structure can be more stable
than monosil and provide more sufficient heat tians

* A microstructured reactor can be developed, whartsists of the silica structure and

also includes microchannels.
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APPENDIX A: CALIBRATION CURVES OF MASS FLOW
CONTROLLERS

Calibration curves of the mass flow controllersdusethe experiments are illustrated

below.
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Figure A.1. MFC calibration curve for ethylene.
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Figure A.2. MFC calibration curve for methane.
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Figure A.3. MFC calibration curve for ethane.
140 -
120 - y =2,2116x + 0,439
= R2 =0,9998
€ 100 -
E 80-
[}
T 60 -
3 40 -
LL
20 -
0 T T T T T T
0 10 20 30 40 50 60

Aperture per cent of the valve, %

Figure A.4. MFC calibration curve for oxygen.
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Figure A.5. MFC calibration curve for helium.
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Figure A.6. MFC calibration curve for hydrogen.
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Figure A.7. MFC calibration curve for mixture (5%thane, 2% ethane, 2%
ethylene, 81% hellium).
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