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ABSTRACT

DIRECT SYNTHESIS OF DIMETHYL ETHER (DME) FROM
SYNTHESIS GAS USING NOVEL CATALYSTS

Arinan, Ayca
M.Sc., Department of Chemical Engineering
Supervisor: PDf. Timur Dasu
Co-Supervisor: BssProf. Dr. Dilek Vargli

January 2010, 156 pages

Increasing prices of crude oil derived transptatfuels ascended the
researches on seeking alternative fuels, in lasddts. Moreover, the increasing rate
of global warming, because of high greenhouse gass@ns initiated new research
for environment-friendly clean alternative fuelsuéto its low NQ emission, good
burning characteristics and high cetane number ettiyh ether (DME) attracted
major attention as a transportation fuel alterrmatiwo possible pathways have been
proposed for DME production. One of these pathwiayDME synthesis through
conventional methanol dehydration. More recentisead DME synthesis in a single
step has attracted significant attention of redeascand fuel producers. Catalysts
having two active sites are required for direct DMathesis from synthesis gas.

The aim of this work was to synthesize novel bifional direct DME
synthesis catalysts and test their activity in ghhpressure fixed bed flow reactor.
Bifunctional mesoporousatalysts were synthesized by using one-pot hydrothl

synthesis, impregnation and physical mixing methodlkese materials were



characterized by XRD, EDS, SEM; [@hysisorption and diffuse reflectance FT-IR
(DRIFTS) techniques.

Characterization results of the catalysts syn#aesby one-pot hydrothermal
synthesis procedures in basic and acidic routesethéhat pH value of the synthesis
solution was highly effective on the final physicatucture and chemical nature of
the catalysts. Increase in the pH value promotedrborporation of Cu, Zn and Al
into the mesoporous MCM-41 structure. Also, effeatsNa,CO; addition on the
catalyst structure during the hydrothermal synthgsiocedure were investigated.
The characterization results showed that metal® werorporated into the catalyst
structure successfully. However, surface area teshHowed that loaded metals
blocked the pores of MCM-41 and decreased the seideea of the catalysts. Effects
of zirconium (Zr) metal with different weight raovere also investigated. Results
showed that Zr loading increased the surface dréee@atalyst.

A high pressure fixed bed flow reactor was buid ahe catalyst testing
experiments were performed between the temperaturge of 200-400°C, at 50
bars. The activity results of the catalyst syntbediby impregnation method showed
that no DME was formed over this catalyst; howatvehowed promising results for
production of methanol and ethanol. Selectivityuesl of these alcohols were
between 0.35 and 0.2. Formation of methane angd i@dicated the occurrence of
reverse dry reforming reaction. Incorporation of idto the catalyst structure at
neutral synthesis condition caused significant vagtienhancement, giving CO
conversion values of about 40% at 400 Product distribution obtained with this
catalyst indicated the formation of DME, ethanogthanol as well as GHand CQ.
Highest DME selectivity (60%) was observed with tagalyst prepared by physical
mixing of commercial methanol reforming catalyst thwisilicotungstic acid

incorporated methanol dehydration catalyst havin§iwatio of 0.4.

Keywords: Bifunctional Catalyst, DME, Synthesis (Gagect Synthesis, Zirconium
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YENI KATAL iZORLER KULLANARAK DOGRUDAN SENTEZ
GAZINDAN DIMETIL ETER (DME) URETMI

Arinan, Ayca
Yuksek Lisaksmya Muhendisigi
Tez Yoneticisi: Prof. Dr. Timur Dgu
Ortak Tez Yoneticisi: Yrd. Dog. Dr. Dilek Vah

Ocak 2010, 156 sayfa

Islenmemj petrolden Uretilen utam yakitlarinin fiyatlarinda goriilen agti
son on yillarda alternatif yakit bulma gahalarina blyuk ivme kazandirgtir.
Bununla beraber, yiksek sera gazi salinimindanydolala artan kiresel 1sinma
problemi, argtirmalarin ¢evre dostu alternatif yakitlar bulmangride ilerlemesini
gerektirmgtir. DUsik NOy salinim dgerleri, iyi yanma 0Ozellikleri ve yiksek setan
sayisindan dolayi, dimetil eter (DME) 0Ozellikle gta yakit alternatifi olarak blyuk
dikkat cekmektedir. DME iki farkl sentez yonterte iiretilebilmektedir. Bunlardan
biri geleneksel metanol dehidrasyon reaksiyonuDME Uretimidir. GUnimuzde,
dogrudan sentez gazindan DME uretimi, saranacilarin ve yakit Ureticilerinin
buyuk ilgisini cekmektedir. Dgrudan sentez gazindan DME dretimi igin iki aktif
merkeze sahip katalizérlere gerek duyulmaktadir.

Bu calsmanin amaci, digudan sentez gazindan DME uretimi icgin iki aktif
merkezli katalizorlerin sentezlenmesi ve sentezier katalizorlerin  aktivite
testlerinin yiuksek basingl, sabit yatakli reakgisteminde yurutilmesidiriki
fonksiyonlu mezog6zenekli katalizérler, @adan hidrotermal sentez, emdirme ve

fiziksel karstirma yontemleri ile sentezlengtir. Sentezlenen bu malzemeler, XRD,

vi



EDS, SEM, azot adsorplanmasi ve DRIFTS tekniklasllakilarak karakterize
edilmistir.

Dogrudan sentez yontemi ile asidik ve bazik sltarda sentezlenen
katalizorlerin karakterizasyon sonuclari, sentezelitsinin son pH dgerinin,
katalizorin fiziksel ve kimyasal yapisi Uzerinde edri etkisi oldgunu
gostermektedir. Sentez c¢ozeltisinin  pH gelendeki artgin, bakir, c¢inko ve
aluminyumun, mezogozenekli MCM-41 yapisina tutunomu arttirdg
gozlemlenmgtir. Ayrica, d@rudan sentez yontemi sirasinda yapiya eklenen sodyu
karbonatin  (NgCO;) katalizor yapisi  Uzerindeki  etkileri  incelerytm.
Karakterizasyon sonugclari, metallerin bu yontemlgpiya baarili bir sekilde
girdiklerini ancak yizey alani @erlerindeki dgme yapiya giren metallerin MCM-
41 yapisinin gozeneklerini tikagnoldugunu gostermektedir. Zirkonyumun (Zr)
katalizor yapisina etkisi, yapiya farkl oranlaidametali eklenerek incelenstir.
Sonuglar yapiya eklenen Zr metalinin katalizor wizalanini arttirdiini
gostermektedir.

Kurulan yiksek basingl sabit yatakli reaktor esisnde, katalizér aktivite
deneyleri 200-400°C sicakliklari arasinda ve 50 lba@singta gercelg@rilmi stir.
Emdirme yontemi ile hazirlanan katalizoriin aktivgenuclarinda, DME okumu
gozlemlenmenstir. Ancak, elde edilen sonuclar metanol ve etametimi acisindan
amit vericidir. Bu alkollerin secicilik dgerleri 0.35 ile 0.2 arasindadir. Metan ve
karbondioksit olgumu, ters yonde kuru reformlama reaksiyonunun déegierdigini
gostermektedir. NOtr sentez sdlarinda yapiya eklenen Zr metali, aktivite
degerlerini dnemli birsekilde ytkseltmgtir ve karbon monoksit dégiimi 400C’de
%40 olarak bulunmgiur. Bu katalizor ile elde edilen trun glhmi, gerceklgen
reaksiyonlar sonucunda; DME, etanol, metanol vecaymetan ve karbon dioksitin
olustugunu go6stermektedir. En yuksek DME secigili(60%), ticari metanol
reformlama katalizori ile Silikotungstik asit (STAW/Si ratio=0.4) aktif merkezli
metanol dehidrasyon katalizoriinin fiziksel k@nlmasi ile hazirlanngi olan
katalizorin aktivite testleri sonucunda elde edjtmi

Keywords: ki fonksiyonlu katalizor, DME, Sentez Gazi, $adan Sentez,

Zirkonyum
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CHAPTER 1

INTRODUCTION

Researches on alternative fuels are mainly stadligel to ecological and
economical considerations. Increasing trend inpoites and fast decrease of oll
reserves have initiated new researches. Also ttreasing rate of global warming
caused new studies on the development of altem&ieis with less greenhouse gas
emissions.

Among the alternative fuels, dimethyl ether (DMBEyhich is recently
discovered as a new clean fuel, can be synthesiaeddifferent primary sources. In
Chapter 2 of this thesis, physical and fuel prapsrof DME are summarized and
also these properties are compared with the ottegnative fuels, such as methanol,
ethanol, methane, hydrogen, gasoline and dieskl fue

DME can be synthesized from natural gas, coalyyheal and also from
biomass. Up to now, two DME synthesis proceduresfsynthesis gases have been
claimed; one of them is traditional methanol sysihefollowed by methanol
dehydration and the second one is direct conversiasynthesis gas to DME in a
single step. Details of these methods are discuasétapter 3.

Methanol synthesis can be carried out over coppeed catalysts and
addition of metals such as zinc and zirconium m ¢htalyst structure increases its
activity. Methanol dehydration reaction occurs oselid acid catalysts such as
alumina, zeolites and aluminum silicates. For dissmthesis of DME from syngas,
catalysts having two active sites, one for methdowhation and one for methanol
dehydration, are needed. In Chapter 4, a literasurgey on catalytic formation of

DME is presented.



Especially in the catalytic applications of petrectical industry, silicate
structured mesoporous M41S family materials aréingetmore and more attention
because of their long range pore order and higlaseiarea. In Chapter 5, properties
and formation mechanisms and also modification®41S mesoporous molecular
sieve materials and their catalytic applicatiores@esented.

Direct DME synthesis from synthesis gas requiresalgsts having two active
sites. In this study, different preparation methedse used for the synthesis of
catalysts. The properties of these synthesis methogl described in Chapter 6, in
detail.

Thermodynamic analyses of direct DME synthesistigas are discussed in
Chapter 7. The equilibrium curves of DME formatiogactions are given as a
function of temperature at different pressure value

In Chapter 8, experimental studies performed fer shnthesis of the new
mesoporous catalytic materials are presented. thtiad to these, the material
characterization techniques used for the synthésmaterials and the instruments
used in this thesis work are explained. Finallg &xperimental set-up built in the
Chemical Reaction Engineering Laboratory for dil@ME synthesis is described.

Results of the applied characterization tests éosynthesized materials and
their comparison are given in Chapter 9. Moreotres,catalyst testing results of the
synthesized catalysts are presented in this chdpténe activity test results, effects
of temperature on carbondioxide conversion and ymbdselectivities are
investigated. Finally, conclusions and recommewdation the work performed in

this thesis are given in Chapter 10.



CHAPTER 2

DIESEL ALTERNATIVE CLEAN FUELS AND DIMETHYL
ETHER (DME)

Increasing consumption of oil reserves becauseheir texcessive use for
energy requirements is one of the major problenth@hext century. Due to limited
capacities of oil resources and other economicatofa causing unsystematic
changes in oil prices, processes for productionaltérnative motor fuels from
different available raw materials are getting manel more attention in last decades
[1-2].

Natural gas and petroleum are important raw nedgefor industry and their
consumption rate has increased more than 200 timélse last century. Among
them, petroleum is the one having the fastest tlepleate because of its excessive
usage for transportation. Its overuse for trangpior (about 57% of total oil
consumption) causes problems in the petrochemichisiry, in which petroleum is
the major raw material [3-4]. According to the poted lifetimes of precious raw
materials, it is expected that there will be sigmaift fuel shortage problems in the
future because of their fast depletion.

Excessive use of oil reserves for transportatiso ahuses drastic increase in
the concentration of carbondioxide (g§@ the atmosphere, which is reported as one
of the main reasons of the global warming. For thesson, production of
hydrocarbons, alcohols and ethers starting from, ©@er catalytic reactions is
reported as a promising solution both for globalrmiag and depletion of oil

reserves [3].



Among the alternative fuels, dimethyl ether (DME)considered as one of
the cleanest diesel fuel alternative due to itsigrerproperties, which will be

discussed in the following sections of this chagtedetail.

2.1. Properties of Dimethyl Ether (DME) and Its Fu¢ Use

2.1.1. Physical Properties of DME

Dimethyl ether is a promising alternative clean andnomical transportation
fuel of the next century. Its chemical formula iIH4CH; and it is the smallest ether
compound. At standard temperature and pressuigeaitcolorless gas and it may be
liquefied at about 6 atmospheres at 25°C, whiabwadlits storage and transportation
just like LPG, with small changes in the current@.RBtorage and distribution
technologies, such as changing the sealing matettalliquid viscosity is between
0.12-0.15 kg/ms, which is as low as that of propandutane. Flame of DME is
visible blue and it forms no peroxide in pure oaarosol form [5].

According to toxicity results of its use as prdaet, to replace fluorocarbons,
its toxicity is extremely low, as LPG, and much tavwhan methanol. In addition to
this property, DME is decomposed in tropospheresémeral ten hours, so that it has
no greenhouse effect and it does not cause ozgee tkepletion. Song et al. [4]
worked on a model that exhibited the effect of DME& global warming and the
results showed that DME lifetime in tropospherB.s days.

Volatile organic compounds are environmentallyriemidly gases and their
industrial emissions have been limited with Clean Act amendments, in 1990.
DME is also a volatile organic compound. Howevérisi non-carcinogenic, non-
teratogenic, non-mutagenic, and non-toxic [6].

High oxygen content (35 %) of DME causes no bldigsel exhaust smoke
(particulate matter) and low NQormation. Also, it does not contain sulfur in its
content so that there is no g@mission at the end of DME combustion process [5].

In addition, it is not corrosive to any metals ad harmful to human body.



Calorific value of DME is 28.9 xfQl/kg as a liquid and 59.%40° J/NnT as
a gas, which means that it is 1.37 times greatan thethanol in liquid phase and
1.65 times higher than methane in gas phase. ¥imdlen we look at the liquid
densities, DME has a liquid density 1.37 times bigthan propane which means
than 85% energy of propane can be obtained fromualesize DME storage tank
[5,7].

2.1.2. Fuel Properties of DME and Other AlternativeFuels

The high cetane number of DME, which indicatesdatbustion quality of a
diesel fuel, is higher than diesel oil and othéeralative fuels. This property makes
DME so attractive for compression ignition enginB841E easily vaporizes during
injection because of its low boiling point whicHoaVs relatively low fuel injection
pressures. The required fuel injection pressumnlg 220 atm at full loading which
is very low when compared to diesel engines thatiires injection pressure higher
than 1200 atm [5].

Existing diesel engines can be converted to DMEgesdy some
modifications that are needed to maintain stabééifyection into engine. Similar to
other alternative fuels, DME has low energy dengigr unit volume than
conventional diesel fuel and gasoline, which maaas some modifications not for
engines but also for storage tanks are neededdbr to travel same distance larger
storage tank volumes (about 1.7 times larger fwdlime) are required [5, 8]. In
Table 1, physical and fuel properties of dimethyllee and other alternative fuels are
listed.



Table 1.Comparison of Dimethyl Ether and Other Alternatiwesls’ Physical Properties (Adapted from [5])

Properties DME Methanol Methane Ethanol Hydrogen| Ggaoline | Diesel Fuel
Chemical Structure CH30OCH3 CH3OH CH, C,HsOH H, - -
Molecular Weight (g/mol) 46.07 32.04 16.04 46.07 2.02 - -
Liquid density (g/cr @20°C) 0.667 0.7866 0.415 0.7893 0.071 0.73-0.76 0.84
Liquid viscosity (cP @20°C) 0.15 0.539 0.02(191K) 1.057 - - -
Vapor pressure (MPa @25°C) 0.53 0.0129 0.0053 0.006 - - -
Explosion limit (vol %) 3.4-18.6 6.7-36 5-15 3.3-19 4-75 1.4-7.6 0.6-6.5
Cetane number 55-60 5 - 40,50 - 5-20 40-55
Liquid Molar Heat Capacity (J/molK)| 56.57 (100K)| 43.56 54.81(100K) 46.97(100K) - - -
Gas Molar Heat Capacity (J/molK) | 60.71 (298K)| 43.89 35.79(25K)| 73.60(25K 2.9014 - 41.86
Sulfur content (ppm) 0 0 7-25 0 - ~200 ~250
Specific gravity of gas (vs.Air) 1.591 1.106 0.554 1.591 0.07 - -
Ignition Temperature (K) 350 385 540 365 400 228 -
Heat of Vaporization (kJ/mol) 21.51 35.2 8.18 38.9 0.9 - -




2.2. Usage Areas of DME

Dimethyl ether (DME) can be synthesized from d#far primary energy
sources and it can be used for various importamneercial applications (Figure 1).
As it is previously mentioned, DME can be usedrasdaal diesel fuel alternate for
transportation where low NGnd SQ emissions, high engine efficiency and quieter
engines are needed.

Coal Synthesis ) A DME - ' _
Gas : v y : ‘ s _/f,yr-"

HeawOil | =

BioMass
Primary Energy Conversion Synthetic Liquid Commercial
Source Fuel Use

Figure 1. A schematic representation of Dimethyl ether asraargy carrier for a
sustainable development (Adapted from [9])

DME has similar properties with natural gas, sushita Wobe index and
thermal efficiency. Wobe index shows the ratio alodfic value to flow resistance
of gaseous fuel and this value is 52 to 54 for DMHBich is almost the same value as

the natural gas [5]. For this reason DME can bed use cooking and heating



purposes without making any modifications in thelipments designed for using
natural gas.

Actually, DME has been used as an aerosol propedfespray can in order to
replace chlorofluorocarbons (CFC’s) which have wivéel effects on ozone layer.
Moreover, DME can change its phase easily fromidigqa gas, so that it can be used
as a refrigerant [7].

DME is an excellent feedstock in the production saveral important
chemicals such as olefins. In addition to productbolefins, DME can be used as a
raw material for the chemical products which areendly produced from methanol.
Moreover, enthalpy value of DME is lower than metblaso that for the production
of same chemical, the heat of reaction will be low#en DME is used as raw

material instead of methanol [5].



CHAPTER 3

SYNTHESIS METHODS OF DIMETHYL ETHER (DME)

3.1. Routes of Dimethyl Ether (DME) Synthesis

Dimethyl ether can be synthesized from several @myrenergy resources
such as; natural gas, coal, biomass, municipadl sediste and also from agricultural
residues. Two processes have been claimed sorfarefgproduction of DME (Figure
2). The first one uses traditional two-step proaasssisting of methanol formation
from synthesis gas followed by a methanol dehydnasitep. This process is known
as dimethyl ether synthesis by dehydration of nreghevhich is ‘indirect synthesis’.
The second way is dimethyl ether synthesis direictign synthesis gases (CO, €0
and H) which is also named as ‘direct synthesis’. [Oirsgnthesis of DME is
getting more and more attention because of itsréble thermodynamical and
economical properties.

In this chapter, a brief literature survey on matilasynthesis, methanol

dehydration and direct DME synthesis reactionsvsrg

3.1.1. Methanol Synthesis

Methanol is a very versatile fuel and it can bedpied from various feed
stocks, including natural gas, coal, and variowsriaiss sources. Recently, the vast
majority of worldwide methanol production is based the steam reforming of

natural gas and coal-based methanol synthesis [11].



Conventional Tw u—Ste_p Process

Natural - Methanol
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Coal - vhe s
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O —
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Figure 2. Manufacturing processes of dimethyl ether (Adatech [10])

Commercial methanol synthesis was first carried outl923 by BASF
chemists in Leuna, Germany and developed via negrawements. However, the
‘high pressure’ process (operating pressure betwah300 bar and operating
temperature between 320-450°C) developed by BAS§E thva single process for
over 50 years until Imperical Chemical Industri¢€lY developed a new ‘low
pressure’ process (operating pressure between 3mband operating temperature
between 200-300°C) in 1960’s and now this is thé/ gmocess that is used in
methanol market [11, 12].

For a long time it was believed that methanol isdpiced by the carbon
monoxide hydrogenation. However, after detailedists; it was found out that
methanol synthesis from synthesis gas involvesdgghration of carbon oxides (CO
and CQ) according to following reactions. Water gas shefiction also occurs over

the copper-based catalyst [13]:
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CO + 2H <> CHyOH + 90.7 kJ/mol 1)
CQ + 3H, <> CHOH + H,0 + 50.1 kJ/mol )

CO + HO <> CO, + H, + 41.2 kJ/mol (3)

Conversion of synthesis gas to methanol is higffgceed by thermodynamic
factors. The thermodynamic equilibrium limits trengersion per pass of the process
-conversion favors the high pressure- and causge l&cycle of unreacted gas for
carbon monoxide hydrogenation reaction and als@vairof water by reverse water
gas shift reaction over the catalyst promotes tle¢hemol synthesis. Since the CO
and CQ hydrogenation reactions are exothermic, tempezatocreases during
methanol production. To increase conversion, iessential to remove the excess
heat from the system. For this reason, the methsyrihesis reactors are designed
according to three important aspects such as; togling around the reactors, low
pressure drop and reasonable economy. Today, 60%teofvorld’s total methanol
production from synthesis gas is achieved by useries of adiabatic reactors with
coolers placed between each reactor [12, 13].

3.1.2. Indirect Synthesis of Dimethyl Ether (DME) Methanol Dehydration)

Synthesis of DME by dehydration of methanol ovevesal solid acid
catalysts is the traditional route for DME syntlsedihis route needs two sequential
reactors; the first reactor is for methanol formatiand the second reactor is for
dehydration of methanol. Moreover synthesis of DBNEfollowing indirect route
having two reactors requires higher production dadf. The following reaction
occurs in the methanol dehydration process to me@ME.

2CH;OH «» CH3;0CH; + H,O + 23.4 kJ / DME-mol 4)

11



A bimolecular Langmuir-Hinshelwood reaction meclsamis proposed in the
literature for methanol dehydration process in Wwhooe methanol molecule adsorbs
on a Bronsted acid site and the other methanol cutdeadsorbs at adjacent Lewis
basic sites with formation of the two surface spe¢CHOH,]" and [CHO] which
give DME and water with condensation [15, 16]. Thheposed mechanism contains
the following reaction steps and the reaction &ransidering as the rate limiting
step [15].

CH3OH + H" 5 [CHaOHg] *o.vveviiecvi e (B)
CH3O-H + O > [CH3O] "+ [OH] oo e, (6)
[CH3OH,] " [CHa] "+ HpO..oveieiveieeeeee e ennn(7)
[CH3] " + [CHaO] " CH3OCHs...... . veieieeieie e, (8)

Methanol dehydration reaction occurs easily ovenost any dehydration
catalyst at relatively low temperature ranges betw250-300°C in vapor phase and
the reaction is pressure insensitive [14]. Accaydm the researches that are done in
order to analyze the kinetics of the methanol dediyoh reaction, dissociative
adsorption of the methanol by assuming surfacetijmacontrol is the most reliable
one that fits with the experimental results ance raft dimethyl ether formation is
reported to be proportional with the square rodhefmethanol concentration [17].

3.1.3. Direct Synthesis of Dimethyl Ether (DME) fran Synthesis gases

Direct DME synthesis from syngas has increased dftention of many
researchers and companies in recent years becéute tbermodynamically and
economically favorable production steps. Therenaagly two overall reactions that
occur in the direct DME production from syntheses gThese reactions, reaction (9)

and (10), are listed below.

12



3CO + 3H; &> CH30CH3 + CO, + 246.2 kI / DME-MOI ..o, (9)

2CO + 4H, «> CH30OCH;3 + HyO + 205.0 KJ / DME-MOL.......civiiiiiiiiii i e, (20)
2CO + 4H <« 2CH;OH +181.6 kJ / DME-mol (Methanol Synthesis Rxn.).............(11)
CO +HO « CO, + H; + 41.0 kJ / DME-mol (Water-gas Shift RXn.).............ccee....(3)

2CH;OH«~ CH;0CH; + H,O + 23.4 kJ / DME-mol (Methanol Dehydration Rxn.)......(4)

Reaction (9) occurs with the combination of thremactions, which are
methanol synthesis reaction (11), methanol dehyufraeaction (4) and water gas
shift reaction (3). In the case when water gad sbéction does not take place, only
reactions (11) and (4) combine and give reacti@). (Although both of the reactions
(9) and (10) give two moles of products from sixl@soof reactants, increasing the
process pressure leads higher conversion. Methapothesis reaction is the
equilibrium restricted reaction of the process [19).

In addition to these, in the direct synthesis psscethe equilibrium
limitations which occur because of methanol formatican be eliminated by
continuous removal of methanol from the reactiorion@ through its conversion to
DME and the removal of methanol from the systenvemés the reverse reaction of
the methanol equilibrium by allowing more carbonnoxide conversion [20].

Reaction (9), which has a stoichiometric ratig/GD of 1/1, has some
advantages, over reaction (10). If coal-gasified igaused as raw material, reaction
(9) requires less adjustment in the feed gas coitiqosMoreover, if natural gas or
coal based methane is used as raw material, caibgide which is given off as the
product, can be recycled to produce synthesis gagdxtion (12) given below and
this process is less energy consuming when compgarszimoval of water from the

system which occurs in reaction (10) [18].

CH+ CO « 2CO + 2H 112
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Finally reaction (9) gives higher equilibrium consien when compared to

reaction (10) according to the observed conversaoes in all different feed gas

ratios (Figure 3) [21].

100
3£0+3H,—~DME+CO,
— 80 \\ 2G0+4H,—~OME+H,0
a7 = e ]
=
(=3
= / [
w 60 T —
§ —
o %0 GO+2H,++GH;0H
3
T
= oa 4
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
H./CO [ -]

Figure 3. Equilibrium conversion of synthesis gas (260°C Ps)1[21]

Reaction (10) has a stoichiometric ratio of 2 fofGO and this reaction
requires adjustment in the feed gas compositionnwdwal-gasified gas is used as
raw material. It also gives lower equilibrium corsien (Figure 3). The increase of
H./CO ratio suppresses water gas shift reaction aadlts in the accumulation of
water in the reaction medium. Water accumulatedr rtba catalyst medium
decreases the life of the catalyst [18, 19]. Howetle reaction which is dominant in
DME synthesis mainly depends on the reactivityhw tatalyst that is used in the

reaction medium.
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In direct synthesis of DME, a wide range of feedhposition and operating
conditions can be used. Feed gas composition, sooicfeed gas and catalyst
selections are the important parameters of the esd22]. Typical reaction
conditions of direct DME synthesis are tabulated@aile 2. [18].

Table 2.Reaction conditions of direct DME synthesis [18]

Reaction Conditions

Temperature (°C) 240-280
Pressure (bar) 30-80
Feed (H/ CO) ratio 0.5-2.0

Catalyst loading ratio (W/F)
[kg-cat.*h/ kg-mol]

3.0-8.0

Both Reaction (9) and Reaction (10) are highly b&ohic so that removal of
the heat and keeping the reactor temperature aunistamportant. Also removal of
heat is necessary in order to prevent deactivati@atalyst at high temperatures. For
this purpose a liquid phase slurry reactor (Figdyewas proposed [23]. In this
reactor, the catalysts particles are suspenddukisdlvent placed in the reactor. Gas
reactant bubbles rise from bottom of the reactathotop and reaction medium is
full with solvent having high heat capacity, whiahsorbs the heat produced during
the reaction. This reactor is mainly designed If@r teaction having a stoichiometric
ratio (H/ CO) of 1 [18, 19].
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Figure 4. Conceptual diagram of a liquid phase slurry bedtte for direct DME
synthesis [23]

DME may also be synthesized directly from synthgsis composed of GO
and B Grzesik et al. [24] studied on the effects of fegad composition, operating
temperature (400-700K) and pressure (1-10 MPa) auililerium conversion of
direct DME synthesis both from synthesis gases os@g of CO and Hand

composed of C®and H. The reactions for DME synthesis from £@re listed
below:

COs + 3Hs > CHIOH + HoO .ottt e, (13)
COs+ Ha > CO + Ottt et (14)
2CH;0H <> CH3OCHs + Ha0 oot (15)
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They concluded that both pressure and temperdiadesignificant effects
over the equilibrium conversion values of reacti¢h8)-(15). Pressure had high
effects on equilibrium conversion for temperatusdues up to 550K and it showed
nearly no effect at higher temperature valuesrdéactions (13) and (14). However,
for reaction (15), effect of pressure only obseratdhe temperature values higher
than 600K. In addition to these, at constant pmessqguilibrium conversion values
decreased with increasing temperature for reac{ib8sand (14), and increased for

reaction (15).

17



CHAPTER 4

CATALYTIC FORMATION OF DIMETHYL ETHER (DME)

Direct conversion of synthesis gas to DME needalysis with two kinds of
active sites; one for methanol formation and anotbe methanol dehydration. In
this chapter, brief information about methanol bkesis catalysts and methanol
dehydration catalysts are given. After giving imi@tion about these catalysts
separately, the literature survey on bifunctiorahtysts for direct DME synthesis is

presented.

4.1. Catalytic Formation of Methanol

As it was previously mentioned in Chapter 3, methasynthesis can be
carried out via two different processes; the fose is methanol synthesis through
high temperature/pressure process, proposed by BASE&r copper-free ‘zinc-
chromite type’ (ZnO/GiOs3) catalysts. These zinc-chromite type catalystaiireq
high operating temperature and pressure rangesvéo lggh activity. Also they
produce methane and other light hydrocarbons vatécsivity up to 2-5 wt. % [11,
25].

The second way of methanol synthesis is low teatpeg/pressure process,
proposed by Imperial Chemical Industries (ICl), oveopper-based -catalysts
containing zinc oxide (ZnO) on a support such asnalum oxide [11-12, 25].
Copper is considered as the active metal for theti@n and it was reported that zinc
is used for preventing agglomeration of coppethm ¢atalyst structure. It improves

the catalyst reactivity and decreases the hightgadfl aluminum oxide support. The
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incorporation ratios of the metal oxides into ttaatyst structure are flexible and
change for each producer. However, these rangebnaited between 40-80% for
copper oxide, 10-30% for zinc oxide and 5-10% famanum oxide [1, 12].

Copper-based catalysts are active under lower texye and pressure
values. The decrease in the temperature increbeesetectivity by decreasing the
co-production of light hydrocarbons. In additionttse, economical requirements
for the reaction process decreased with decresésimperature and pressure [11, 25].

Recently, low temperature/pressure catalysts amdr tmodifications to
increase their activity with various metal oxidegts as Zr, Cr, Ce, Co, Fe or Ti,
have been widely studied by researchers workingn@thanol synthesis [25].
Among these metal oxides, researchers mainly facwse zirconium oxide. It is
reported that Zr causes higher copper dispersighdarstructure of the catalyst and
increases the activity of the catalyst [1, 12].

Yang et al. [26] reported that Zs@odified Cu-Zn oxide based catalysts are
more active for both carbon monoxide and especidly carbon dioxide
hydrogenation when compared to Cu-Zn oxide bastalysés. They also indicated
that in ZrQ modified catalysts, active metals are highly dispd and copper metal
Is in more interaction with other additive metaighe structure.

Moreover a study reported by Zhang et al. [27] gaweilar results. They
worked on methanol synthesis from £8ydrogenation over Zr modified Gu/
Al,O3 type catalysts and they concluded that there s§r@ang interaction between
CuO and Zr@ and addition of zirconium improves the catalytiafpenance by
enhancing the CuO dispersion in the catalyst siract

Sloczynski et al. [28] doped Cu/ZnO/Zr@atalysts with different oxide
additives (B, Ga, In, Gd, Y, Mg and Mn) for G@ydrogenation and they reported
that the additives showed significant changes endatalyst activity and also they
affected the activation energies and pre-exponefaciors of methanol synthesis
and water gas shift reactions. In addition to thé&sey also reported that among the
additives, GgO3 gave the highest and,D; gave the lowest methanol yield. In other
works of Sloczynski et al. [29, 30], they presentew studies again on doping
Cu/ZnO/ZrQ type catalysts with Mn and Mg additives and theywauded that
increase in the size of CuO crystallites decre#isedatalytic activity and addition of

MgO into the catalyst structure increased the copspersion and prevented
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agglomeration in the catalyst structure and algy tieported that the activity of the
catalysts increased in CuzZnZr < CuZnZrMg < CuZnZridrer [30]. Moreover
Chen et al. [31] investigated the activities of Manese loaded Cu/ZnO/R
catalysts and similarly they indicated that Mn liogdoromoted the catalytic activity.

In the study of Huang et al. [32], they worked ba effect of Cr, Zn and Co
additives on the performance of Cu-based catalgsts they found out that the
addition of ZnO significantly promoted the catatyperformance of the Cu-based
catalysts for methanol synthesis reactions. Theg &und that addition of gD3
increased the activity slightly.

Melian-Cabrera et al. [33] investigated the effe€tPd over the catalytic
performance of Cu/ZnO/AD; catalysts for methanol synthesis from carbon diexi
They reported that Pd doping into the catalystcstme increased both carbon
dioxide conversion and methanol yield.

It was indicated in the study of Kilo et al. [34at addition of chromium and
manganese oxides to Cu/ZnO catalysts increasetth¢hmal stability of the catalyst
and also addition of them prevented the sinteringppper crystallites and stabilized
the amorphous state of zirconia.

Ma et al. [35] also investigated the effects oferaarth oxides over the
CuO/ZnO/ALO; catalysts and they reported that loading ofORrand GdOs
promoted methanol selectivity, loading of ;Bg increased the carbon dioxide

conversion and G@; doped catalysts performed the best catalytic iagtiv

4.2. Catalytic Dehydration of Methanol to DimethylEther (DME)

Methanol dehydration over solid acid catalysthes conventional method for
dimethyl ether (DME) synthesis and several cata]ystich ag-alumina, zeolites,
silica aluminums, mixed metal oxides and ion-exgjganesins are tested for the
methanol dehydration reaction.

Kim et al. [36] investigated the activities of N&M-5 and H-ZSM-5 type
catalysts having different Si/Al ratios for methawehydration reaction. Methanol
was supplied into the fixed-bed reactor, filled twisolid acid catalysts, at

atmospheric pressure and at the temperature ofC250hey obtained 100% DME
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selectivity because no by-products were observethé experiments. H-ZSM-5
catalysts exhibited higher activity than Na-ZSM-atatysts and the catalytic
performance of the H-ZSM-5 catalysts increased widlcreasing Si/Al ratio. H-
ZSM-5 catalyst with Si/Al ratio 30 showed the highacidity and gave the best
activity for methanol dehydration to DME reaction.

Vishwanathan et al. [37] reported that methanol ydedtion reaction
produced high amount of water as the by-productaued they-Al,O5 type catalysts
methanol and water were captured by the samedit@simina. Lewis acid sites on
alumina had more tendencies to capture water miglecthan methanol. The
captured water decreased the activity of the csitddy blocking the acid sites. For
this reason, they also studied on the Na-modifiedSIN-5 type catalysts having
different Na contents, because water had lessfgigni effect over H-ZSM-5 type
catalysts. The catalyst were prepared by impregnatiethod and tested in a fixed-
bed micro reactor at atmospheric pressure anceitetimnperature range between 230-
340°C. According to the experiments, Na-modifie@d&M-5 (Si/Al = 20) exhibited
the highest catalytic activity and PMNeH-ZSM-5 exhibited highest methanol
conversion, 100% selectivity for DME and highestiseance against the water.

Yaripour et al. [38] investigated solid acid catabyhaving different contents
in a fixed bed reactor at 300°C under atmospheyiition. They worked withy-
Al,Os, silica—titania and modified-alumina with phosplmrtype catalysts. They
observed that phosphorus modified catalyst shoviglteh activity thany-Al,Os. y-
Al,O3 type catalysts are good for methanol dehydrati@ctren but they are easily
deactivated. In addition to these, among the phmsphmodified catalysts, the one
with an Al/P molar ratio of 2 exhibited the highesatthanol conversion without
giving any by-product.

In the study of Xu et al. [39}-Al,O3 H-ZSM-5, amorphous alumina-silica
and titanium modified zirconia type solid acid ¢gdés were tested with a plug-flow
reactor at 280°C and they concluded that H-ZSM4h i Si/Al ratio of 25, was the
best one with respect to activity but it gave lowlb selectivity. However, the
amorphous alumina-silica catalyst with 20% silicmtent showed the best catalytic
performance in terms of activity, selectivity araheersion. In addition to these, they
investigated the effect of water on the activitedsthe catalysts treated by adding

different amounts of water into reactant gas streiney indicated that increase in
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the water partial pressure had a large negativectefin the catalytic activity for
DME formation. In order to eliminate the negativiteet of water, higher reaction
temperatures were required. Negative effect of wates mostly observed on the
catalytic activity ofy-Al,O3 and it showed the least negative effect on H-ZSM-5

Kim et al. [40] studied on the boehmites partigespared by sol-gel method
having different acetic acid (AA)/aluminum iso-pogde (AIP) and water/AIP
ratios and different aging durations. Also, theypgaredy-Al,O; powders from
thermal decomposition (at 500°C for 5 h) of thetooges particles. They observed
that addition of acetic acid into the structure toolled the morphology of the
catalysts. The pore size distribution of the cataghifted to mesoporous range when
AA/AIP molar ratio increased from 0 to 0.5. The ©ba in the water/AIP molar ratio
exhibited less significant effect on the pore slgribution. Furthermore, increase in
the AA/AIP molar ratio, promoted the surface arewl asurface acidity of the
prepared materials. The preparnedl,Os type material with a AA/AIP molar ratio
0.5 showed the best catalytic activity and 100%edelity in the dehydration
reaction of methanol. Also the required reactiomgerature for 50% conversion
decreased with increasing acid sites promotediggtasurface area.

Fu et al. [41] investigated the effects of surfamadity on the methanol
dehydration reaction over H-ZSM-5, steam de-alutedhaH-Y zeolite (SDY),y-
Al, O3 and Ti(SQ), modified y-Al,O3 type catalytic materials by microcalorimetric
adsorption of ammonia and FT-IR spectra. They gsedormed conversion of
isopropanol in order to characterize the acid gttenof the materials. The
dehydration reactions were carried out in a staseel fixed-bed micro reactor at
atmospheric pressure at different temperatures. relsalts showed that at low
temperatures H-ZSM-5 and SDY gave the best catafdiivity due to their strong
Bronsted surface acidity. However, at higher terapees, they observed
hydrocarbons and coke formation over these zeolt#d,O; showed low acidity
with respect to its strong Lewis surface aciditgdnese the presence of water. Water
blocked the Lewis acid sites of the material andrefesed its activity. Among the
tested catalysts, Ti(S§ modifiedy-Al,O3 exhibited the best activity with no carbon
deposition and no deactivation at high temperature
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In another work, Raoof et al. [42] worked on thenperature and feed
composition effects on methanol dehydration to Did&ction ovely-Al,O; catalyst
obtained from BASF (Kat.D10-10 S4). They perforntleel tests in an adiabatic fixed
bed reactor at temperature ranges between 233-308°Constant atmospheric
pressure. They observed that for feed gas temperdielow 230°C, methanol
conversion was not sustainable. At 250°C, the cmnwe increased to 85% and
above this temperature, it remained constant. duiitian to these, at 250°C they
injected different feed gas compositions — pure hawedl and methanol-water
mixture - into the reactor system. They concluttedd addition of water in the feed
composition decreased the methanol conversion.erresults indicated that water
blocked the active sites of the catalyst and deeck#he catalyst activity.

Kim et al. [43] worked on Na modified-ZSM-5 catalyfavingy-Al O3 with
different weight percents. They tested the catalysta fixed-bed reactor under 10
atm and the temperature of the reactor was chabegweeen the ranges of 210°C to
380°C. In this study, an operative temperature ea(@TR) was defined and it
covered the values giving conversion higher tha%o %hd selectivity higher than
99%. According to the results obtained throughbetreactions, Na-ZSM-5 catalysts
having 70% (wt.)y-Al,O3; showed the best catalytic activity, because stracig
sites of zeolite were effectively eliminated in thteucture ofy-Al,O3; and also no
coke formation was observed in a wide OTR. It etbibhigh stability for 15 days at
270°C with 80% DME yield.

Xia et al. [44] worked on the catalytic propert@sNH,F modified alumina
particles with several concentrations (0.1, 0.2 &6 mol/l) for the methanol
dehydration to DME reaction in a fixed-bed reaabmatmospheric pressure and at
relatively lower temperature ranges (250-280°C).e Tincrease in the N
concentration in the alumina structure decreasedstinface area and acidity of the
alumina. The catalyst having 0.1 molar MHconcentrations exhibited the best
activity at all temperatures, because methanol digtipn is an acid-catalyzed
reaction. The catalyst having highest surface gcghive the highest conversion.

Xu et al. [45] studied on the dehydration of metiidao DME over 10 wt.-%
Pd/Cab-O-Sil (fumed silica) catalyst prepared bypregnation method. They
investigated the effects of hydrogen, helium anggex on the performance of the

catalyst. For pure methanol as the only reactaetnethanol conversion of 27.9%
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and 78.5% DME selectivity were obtained over thmlgat with CH, and CO as side
products at 225°C. In the presence of hydrogenhamei conversion decreased.
However, the stability of the catalyst increasedadidition to these, replacement of

hydrogen with helium increased the methanol coneenrgalue from 32% to 37%.

4.3. Catalytic Formation of DME from Synthesis Gasg

The direct synthesis of DME has been investigatechéarly ten years and it is
getting more and more attention because of itsntbdynamic and economic
advantages. It requires a highly integrated catapystem that combines the
methanol synthesis and methanol dehydration casaiysa close proximity, for
optimum efficiency. Up to now, many studies havesrbgerformed in order to
understand the mechanism of the direct syntheaioms, however there is still no
general agreement on their nature.

Generally, two different methods are used for tlmmbination of the
methanol synthesis and methanol dehydration casalyie the preparation of
composite (bifunctional) catalysts; the compondntsthe two functions of DME
synthesis are combined together in a single stép. dther approach is called as
‘hybrid (admixed) catalysts', in which the two caments are synthesized separately
and then they mixed together by grinding or millmgthods [46]. Both of these two
methods are suggested in the literature but didre is no consensus on the
superiority of method 1 or method 2.

In the literature there are several studies ingatitig different catalysts and
preparation methods for DME synthesis.

Naik et al. [46] prepared DME synthesis catalysihwnO/CuO/ALO; as
methanol synthesis component and SD,0; (Si/Al=2) as methanol dehydration
component. The aim of their work was to indicate thfference between the
composite and hybrid catalysts preparation methoblsey synthesized two
composite catalysts (DM-1 and DM-2) by mixing theshly precipitated precursors
and co-precipitation methods respectively, methasytthesis catalyst (MS-1),
methanol dehydration catalyst (AS-1) and a hybaithlyst (DM-3) composed of AS-

1 and MS-1 catalysts in a weight ratio of 1:1. Thies prepared catalysts were tested
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in a high-pressure tubular stainless steel fixedl4sactor operating at 260°C and
735 psi. According to the reaction results, thepobaded that the hybrid catalyst
prepared by physical mixing of methanol synthesil anethanol dehydration
catalysts gave the highest CO conversion of 20%hagh DME selectivity of 96%.
The catalysts prepared by composite catalyst methgyg gave poorer activity (CO
conversion of 2%) because it was stated in theystbdt the active site in the
methanol synthesis and methanol dehydration casafgacted during the synthesis
step or calcination step and reactive species oeduover the catalyst which
inhibited the catalyst activity.

Kim et al. [47] investigated the direct DME syntisedrom coal based
synthesis gas composed of CO andoMer commercial methanol synthesis catalysts
obtained from Sidd-Chemi having different coppenczand aluminum ratios and
commercialy-Al 03 (DME-C-41, surface area: 218.G/g) as methanol dehydration
catalyst. They prepared DME synthesis catalystptbysically mixing of methanol
synthesis catalyst with methanol dehydration catalyn the weight ratio of 1:1. In
addition to these, they prepared two methanol ggishcatalysts (Cu/Zn molar ratio
1:1); one of them is prepared with acetate-basedupsors (copper acetate, zinc
acetate) was named as CZ-A and the other one zam@ with nitrate-based
precursors (copper nitrate, zinc nitrate) by ccejpigation method. Then the
prepared catalysts were mixed physically with comoiaé methanol synthesis
catalysts in the weight ratio of again 1:1. Theeskpents were carried out in a fixed
bed tubular stainless-steel reactor. The reacticas wproceeded within the
temperature ranges of 240-290°C and in the pressunge of 30-70 atm. Also,
molar ratio of H/CO in the synthesis gas was changed between 0.5Re
experimental results carried out at 260°C and 50 &ir commercial catalysts
showed that the one having Cu/Zn/Al molar ratioSef:1 (CZ-C-3) exhibited the
best catalytic performance and the tests in o@antlyze the effects of temperature
and pressure were done over this catalyst. Indimpérature dependency test CZ-C-
3 catalyst showed the best activity at 260°C aadexd to decompose above 280°C.
In the pressure dependency tests, it was obsetvad dctivity increased with
pressure however the DME selectivity decreased. dffienum molar syngas ratio

(H2/CO) was found as 1:1. Finally, between the syntleescatalysts with different
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metal precursors, the one prepared with acetatdbpsecursors showed higher
reactivity than the catalyst prepared with nitraésed precursors.

Kang et al. [48] investigated the direct synthesiDPME from biomass based
synthesis gas, which has high £&ncentration-low CO/Hratio, over composite
catalysts containing for Cu/ZnO/AD; (CZA) with weight ratios of 46:40:14 as
methanol synthesis catalyst and Zr modified prdyg@e zeolites such as ferrierite
(Si/Al = 25), ZSM-5 (Si/Al = 50) and Y (Si/Al = 2)3as methanol dehydration
catalyst which were synthesized by wet-impregnaéind co-precipitation methods.
In this study, they mainly focused on the effectsddferent zeolites over the
catalytic performance. The activity tests were iedrrout in a tubular fixed bed
reactor at 250°C and 4.0 MPa. According to the iobth results, CZA modified
ferrierite catalyst gave the highest CO convergi48.0%) and DME selectivity
(58.2%). This catalyst exhibited low copper surfacea but high acidity. It was
stated that overall activity of the direct DME dyesis catalyst mainly depends on
the surface area of active metals and acidity. Hewethe results showed that
methanol dehydration over acid sites promoted DMtiEesis more effectively than
methanol formation over metallic coppers.

In another study, Venugopal et al. [49] prepareohiaed catalysts for single
step DME production. The admixed catalysts compagedu-Zn-Al modified with
Ga, La, Y, Zr metals synthesized by conventionalpipitation method, as
methanol formation catalyst andAl,Os; as methanol dehydration catalyst. The
reaction was carried out in a fixed bed micro reaat 600 psig, 250°C with feed gas
molar ratio (H/CO) of 1.5. Results showed that Yttrium modiféd-Zn-Al catalyst
physically mixed withy-Al ;O3 gave the highest CO conversion and DME selectivity
Yttrium prevented the copper particle grain groatid increased the copper surface
area, which was reported as an important factorhigher syngas conversion and
promoted the direct DME synthesis.

Sun et al. [50] worked direct DME synthesis overfuibttional
Cu0/ZnO/ZrQ/HZSM-5 type catalysts prepared with several Zr&dntents by
coprecipitating sedimentation method. The cataly@ists carried in a fixed bed
reactor showed that addition of Zr@ad an important effect and promoted the CO
conversion and DME selectivity. Addition of Zg@&nhances both formation and

stabilization of CU, which is important for high DME selectivity andOC
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conversion. Also, in this study it was stated tteddition between Cu and Zn species
in the catalyst structure has an important effeer catalytic performance.

Kim et al. [36] worked on the admixed catalysts posed of conventional
Cu/ZnO/ALO; catalyst (ICI catalyst, KATALCO 33-5) physicallyixed with H-
ZSM-5 and Na-ZSM-5 catalysts having different Sifatio. With increasing Si/Al
ratio, the acid strength of the catalyst decreasgdificantly and for the ZSM-5
catalyst having Si/Al ratio of 100 gave no DME agraduct in the reaction. Among
the prepared catalysts, Na-ZSM-5 having Si/Al ratio 30 showed the highest
activity in the reaction tests performed in a d&sa steel tubular reactor at 4.3 MPa.

In the study of Moradi et al. [51], direct DME skesis catalyst were
prepared by using seven different catalyst prearatechniques, such as co-
precipitation by NgCO; and NaAIQ, co-precipitation impregnation, co-precipitation
sedimentation, sol-gel and a novel sol-gel imprégnaechniques. CuO/ZnO/AD3
andy-Al,O3; were used as methanol formation and methanol detigd catalysts,
respectively. Among the prepared catalyst, the $ymghesized by a novel sol-gel
impregnation method showed the best catalytic @gtiln addition to these, catalysts
containing different aluminum contents were synies by using sol-gel
impregnation method and their performances wetedds a micro slurry reactor at
240°C, 40 bar and the optimum weight ratios for CZA@/Al,O3; were determined
as 2:5:1, respectively.

Takeguchi et al. [52] also studied on the differergparation techniques and
their effects on the catalytic activity in orderdetermine the effects of water on the
acidic properties of the catalyst and on the reactirhe prepared hybrid catalysts
composed of methanol synthesis catalyst (CuO/zZngdgaand silica-alumina
catalysts, having different Si/Al contents, for heatol dehydration. They physically
mixed these catalysts by two different methodsore of them, the catalysts were
milled, tabletted and pulverized together. In tiieeo method, the catalysts tabletted
and pulverized separately and then they mixed hagetThe catalysts were tested in
a fixed-bed high-pressure flow reactor at a reéyivow temperature (230°C) at 7.0
MPa. It is suggested that the catalysts having &gihacid sites became as the
important active sites for direct DME synthesis. eTleatalysts prepared by
dehydration catalyst having high silica contentvedd the best catalytic activity,
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because it had Bronsted acid sites which weree |dfifected by water and their
activity remained high at relatively low temperasir

Qing-li et al [53] worked on the bifunctional catsis composed of
conventional methanol synthesis catalyst (JC20igjigig Catalyst Plant, China) and
CaO modified H-ZSM-5 (Si/Al=38) as methanol dehydna catalyst. They
investigated the effects of CaO on the catalysviagtin a fixed bed tubular reactor.
The bifunctional catalyst modified by 0.5% CaO dieid the best activity. The
increase in the CaO content decreased DME selgcthignificantly, especially
above 3% because for excessive amount of CaO, #asid sites were turned into
the Lewis acid sites which caused irregular acidiistribution and inhibited the
synergetic effect for DME production.

In another study, MgO modified H-ZSM-5 type dehyudna catalyst with
different MgO contents physically mixed with CuO@mI,O; methanol synthesis
catalysts were investigated for direct DME synthesaction by Mao et al. [54]. The
experiments were conducted in a fixed-bed contisuibaw reactor and effect of
MgO was investigated. The results showed that Mzgdihg up to 5% decreased the
formation of undesirable side products and remawedstrong Bronsted acid sites
and as a result increased the CO conversion and Balgttivity. In contrary, for
MgO loading higher than 5%, the CO conversion amdEDselectivity decreased
significantly because the acidity of the catalyscr@ased which is essential for
methanol dehydration.

Khandan et al. [55] investigated the catalytic \ati of hybrid catalysts
composed of Cu-ZnO-ZgOas methanol formation catalyst and Al-modified H-
Mordenite having different Al contents as methagehydration catalysts in a slurry
bed reactor. The effect of methanol synthesis ysitéa methanol dehydration ratio
was investigated and the optimum ratio was foun@:as The results showed that
conversion of the dehydration process highly depdndn the total amount of
catalyst acidity; however selectivity and stabilidy catalysts depended on the
strength of acidic sites of the catalyst. Among skiethesized catalysts, the catalyst
containing 8 wt.% aluminum oxide showed the betdlghac activity in terms of CO
conversion (64%) and DME selectivity (78.8%).

In the study of Yoo et al. [56] for direct DME s¥esis, admixed catalysts
were prepared with commercial Cu/ZnO/B4 (ICI catalyst, KATLCO 33-5) and the
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SAPO catalysts with different compositions to amalythe optimum catalyst
conditions. Catalytic reactions were carried ouaiifixed-bed high pressure reactor
with a gas mixture composed of Fnd CO in the ratio of 1.5, at the pressure of 4.2
MPa and the temperature of 260°C. Among the prepeatalysts, SAPO-34 and
SAPO-18 were easily deactivated. Also the effeanethanol formation catalyst to
methanol dehydration ratio was investigated amwaa observed that the increase of
the methanol dehydration catalyst content, rapd#igreased the CO conversion so
that the catalyst having 10% dehydration catalystsi content showed the maximum
catalytic activity in the reaction. In addition these, SAPO-5 and SAPO-11
catalysts exhibited the best catalytic performaacel stability in direct DME
synthesis and it was observed that catalytic staloif methanol dehydration catalyst
had an important effect over direct DME synthesis.

Mao et al. [57] studied the direct DME synthesissrownybrid catalysts
composed of sulfate-modified (0-15 wt.96Al,03 as methanol dehydration catalyst
synthesized by impregnation method, physically miixeith Cu/ZnO/AbO3
(Cu:Zn:Al=6:3:1 atomic ratio) as methanol synthesatalyst in a fixed bed
continuous flow reactor. Besides the effect of atelf loading, the effect of
calcination temperature was also investigated. Emmntal results showed that
sulfate modification up to 10 wt.% increased botl® Conversion and DME
selectivity. However, more increase in the sulfadatent (up to 15 wt.%) decreased
the catalytic performance, because strong acid sippeared in the structure which
promoted the by-product formation and also theyaased the carbon dioxide
formation by enhancing the water reforming readiohmethanol and DME.

Furthermore, the effect of calcination temperatues investigated and they
found out that the increase in the temperature ayb30°C promoted the CO
conversion and DME selectivity and inhibited the GGrmation. However, further
increase in the calcination temperature decredseddtalytic activity and also DME
selectivity and CO conversion. According to theaiid results, the catalyst having
10 wt.% sulfate content and calcined at 550°C sliatlve best catalytic performance
among the synthesized catalysts.

Ramos et al. [14] investigated the effect of dehyidn acid catalyst
properties with commercial methanol synthesis amthanol dehydration catalysts

(alumina, HZSM-5, tungsten-zirconia and sulfatedania) for direct DME
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synthesis. Among the prepared catalysts, the ompased of HZSM-5 as methanol
dehydration catalyst showed the best catalytiosgtand also it was found out that
the methanol dehydration reaction was stronglycééfit by the number of acid sites

and acid strength of the catalyst.
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CHAPTER 5

M41S MOLECULAR SIEVE MATERIALS

According to the patent literature, ordered mesop®rmaterial synthesis
procedure was firstly described in 1969, howevare do inadequate analysis
techniques, the remarkable properties of these rialstewere not recognized
sufficiently until 1992 [58, 59]. In 1992, Mobil Rearch and Development
Corporation researchers worked on the conventitemaplating strategy of zeolites
and by using long-chain surfactants as templates; found out a new family of
periodic mesoporous silicates named as M41S [60M4]LS family members have
long range order and high surface area values aB6@enf/g. These properties
make them attractive catalyst supports and theyvarg promising for catalytic
applications in petrochemical industry. [62].

MCM-41, MCM-48 and MCM-50 are the members of the 184family.
Although these materials are synthesized from sahwmmical substances, their
structures exhibit different properties accordiagheir synthesis conditions [63].

In this chapter, brief descriptions of the porouatenals, properties and
characterization of M41S family members and modtians of M41S molecular

sieves materials for catalytic applications aresgiin detail, respectively.
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5.1. Classification of Porous Solids

Porous solids are usually used as adsorbentsysistalnd catalyst support
materials because of their high surface areas aderexd structures [64]. Porous
solids are classified into three categories in seahtheir pore diameter (Figure 5),

according to International Union of Pure and Apglighemistry (IUPAC) definition;

% Microporous materials: The pore diameters of microporous materials are
less than 2 nm. Pillared clays, anodic aluminabaar nanotubes are
examples to microporous materials. Zeolites arentbiée-known examples of
this class. They have attractive catalytic propsriiowever, because of their

relatively small pore sizes, their application araee limited. [64, 65]

s Mesoporous materials: The pore diameters of mesoporous materials are
between the ranges of 2-50 nm. Breakthrough in pwsois materials came
in the form of materials called M41S family in 199Repending on the
synthesis conditions, different M41S family membeen be synthesized
such as; MCM-41 (hexagonal phase), MCM-48 (cubiaseh and MCM-50
(non-stable lamellar phase) [66, 67].

% Macroporous materials: The pore diameters of macroporous materials are
greater than 50 nm. Porous glasses and alumina ragware examples of
this class [64-67].
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Figure 5. Classification of porous materials according ®@irtipore diameters
(Adapted from [67])

5.2. Properties and Formation Mechanism of MCM-41

MCM-41 is synthesized by four main components [@bfource of silica, a
structure-directing surfactant, a solvent and amidbase. Researchers of Mobil
Research and Development Corporation found outthigatinal pore structure of the
materials mainly depends on the relative amountthefcomponents used in the
synthesis procedure. The variations in the sunfdcta silica molar ratio in the
synthesis procedure cause to obtain different mesnileM41S family as the final
product. These products are [68]:

1. Surfactant/ Silica < 3 Hexagonal Structure (MCM-41)

2. Surfactant / Silica between 1-15 Cubic Structure (MCM-48)
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3. Surfactant / Silica between 1.2-2 Lamellar Structure (MCM-50)

4. Surfactant / Silica > 2» Cubic Octomer

Mobil Composition of Matter No.41 which has the ghform as ‘MCM-41’
shows structure like honeycomb as a result of kigittered hexagonal array of
unidimensional pore sizes with narrow pore sizériistion [69]. Depending on the
alkyl chain length of the surfactants, the pore 912 the MCM-41 can be changed
and experimental studies exhibited that increasahan surfactant chain length
increases the pore diameter of MCM-41 [60, 61].

MCM-41 synthesis was conventionally carried outemblasic conditions in
water medium. Organic molecules and surfactantgaareing an organic-inorganic
material as templates and the surfactant is rem&reed the material by leaving the
porous silicate network behind after calcinatioagass [70].

The formation mechanism of MCM-41 was investigatedseveral studies
and some inconsistencies were observed betweeordpesed mechanisms in these
studies. Beck et al. [61] proposed a mechanism¢tlwhias called as ‘liquid-crystal
templating mechanism (LCT)’, (Figure 6) was supposecover all the previously
proposed mechanisms. In this study two possibleesofor the formation of MCM-
41 were proposed. In the first route, the surfaataolecules are acting as a template
and they are ordered into a liquid crystalline. Tfa@ound the hydrophilic parts of
the surfactants, rigid shells occurred and theai# species penetrated into these
rigid shells. For first route to be functional, Uig structure is formed when the
concentration of the surfactant molecules becameloas as critical micelle
concentration (CMC). In the second route, the aiicspecies play a more important
role in the formation of MCM-41 structure. The adzh of silicate species into the
structure results in the ordering of the sub-lag#icates which are surrounded
surfactant micelles [61, 64, 71].
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Figure 6. Liquid Crystal Templating (LCT) Mechanism propossdBeck et al. [61]
representing two possible formation routes of MCM-A) liquid-crystal- initiated

and (2) silicate-initiated.

5.2.1. MCM-48

MCM-48 is another member of M41S family. It hasanplex, cubic la3d
symmetrical structure with two independent intend channel networks, creating
two three-dimensional pore systems. The intertwicleannels line along the [111]
and [100] directions and they have no interacti¢ggure 7). MCM-48 type
materials are attractive candidates for varioualgtit applications because of their
three-dimensional pore structure [71-73].

Synthesis reagents for MCM-48 are; an inorganidcasilreagent, an
alkylammonium hydroxide and a halide containingattant in an aqueous medium.
The process can be carried out in a single stem onultiple steps (addition of
surfactant after mixing silica and alkyammonium toydde) [73, 74].

Although MCM-48 materials are attractive becaustheir three-dimensional
pore structure, they have not been widely preferd@dcause of difficulties in the

synthesizing procedure and they are not consistegproducible [73].
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Figure 7. The schematic representation of proposed model@¥MI8 [74]

5.2.2. MCM-50

MCM-50 materials are other members of M41S famitg ahey have non-
stable lamellar arrangement of surfactant andasligers (Figure 8). Since they are

non-stable, their structure deforms through theication process [63].

Figure 8. The schematic representation of proposed moddiGi-50 [66]
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5.3. Characterization Methods for MCM-41 MesoporousdMaterials

Many different characterization techniques havenhgédized to characterize
the properties of mesoporous materials. The molstalsle methods for structure
analysis are powder X-ray diffraction (XRD), transsion electron microscopy

(TEM), and nitrogen adsorption measurements.

5.3.1. X-Ray Diffraction (XRD)

X-ray diffraction is one of the most important heaues for characterizing
the structure of ordered materials and this tealigives the direct information
about the architecture of the materials. The diffomm patterns for mesoporous
materials only gives peaks at the low angle rangggning 2 value is less than 10.
At higher angles, no reflection peaks occur whitloves that pore walls of the
mesoporous materials are mainly amorphous. Howeher,surfaces of the pore
walls show crystalline-like behavior.

The XRD peaks do not result from crystal structaréhe atomic range, but
from the ordered channel walls of the mesoporougmah MCM-41 shows a X-Ray
diffraction pattern containing typically 3-5 peakstween 8=2° and 5° which can be
indexed to a hexagonal lattice as; a sharp (108hepldiffraction peak and the
diffraction peaks of higher Miller Index planes1Q), (200) and (210) [61, 65, 75].
In Figure 9, a typical X-Ray powder diffraction ddor a calcined sample of MCM-
41 is given [72].
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Figure 9. XRD pattern of calcined MCM-41 ( Adapted from [Y2]

5.3.2. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a useful timolisualize different pore
orderings of the materials. By using TEM charagtdion technique, dislocations
and other crystallographic defects character carddéiermined. The high-energy
electron beam transmits the sample grids and captam image of the structure of
MCM-41, the channels, pores and the hexagonaltsteiof the material [65].

5.3.3. Nitrogen Physisorption

Adsorption techniques are used to determine thespy and specific surface
area of materials. The MCM-41 materials have unifanesopores, between the
ranges of 1.5 to 10 nm, and have been usually cteaized by N physisorption.
According to the IUPAC definition, mesoporous miter show a Type [V
adsorption-desorption isotherm [67, 68]. In Figlie nitrogen adsorption isotherm

of pure MCM-41 synthesized by hydrothermal synth@socedure is given [72].
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Figure 10.Nitrogen Adsorption Isotherm for pure MCM-41 [72]

Depending on the pore size, a sharp increase sageelative pressures from
0.25 to 0.5 which indicates the capillary condeinsabf nitrogen in the mesopores.
It is stated that the sharpness of the inflectloows the uniformity of pore sizes and
the height of the inflection gives the pore volumkthe material. When pore
diameter is higher than 4 nm, a hysteresis loopsisally observed for nitrogen

adsorption-desorption isotherms [64, 65].

Combination of the results obtained from X-Ray rdiftion patterns and
nitrogen adsorption characterization techniques, wall thickness of the material

can be estimated by calculating the difference betwthe lattice parametex €
Zd(loo)/\/§) obtained from XRD and the pore size obtained fromrogen
adsorption [64].
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5.4. Modification of M41S Molecular Sieves Materiad for Catalytic Applications

M41S family members have large surface areas whigkes these materials
very attractive for catalytic applications. Howeverdered mesoporous materials are
not always used as catalysts themselves. Moredrety) the materials are modified
by additional catalytic functions such as; incogimn of active sites in the silica
walls or deposition of active sites on the innerfaeze of the material. Relatively
large pores of the mesoporous materials enhancemtes transfer during the
catalytic reactions and the very high surface addathe materials allows a high

concentration of active sites per mass of matgsijl

Up to now incorporation of various metals and rhetades into the MCM-
41 structure has been studied by many researchers.

Incorporation of aluminium metal into the MCM-4ttusture and effects of
the Si/Al ratios over the catalytic activity of thmaterial have been widely
investigated in many studies. MCM-41 materials shewak acidity so that
modification of MCM-41 structure with aluminium nag¢tincreases the acidity of the
structure and the synthesized AI-MCM-41 based radsevere tested in a large
numbers of petroleum refining processes [64, 7Gjrddver, in order to increase the
acidity of AI-MCM-41 type materials for alkylatiorand alcohol dehydration
reactions, heteropolyacids which obtain high Brédsacid sites, incorporated into

the mesoporous materials’ wall structure [76, 77].

Copper modified MCM-41 type catalytic material® also investigated in
different applications. Copper is a metal which wsforedox properties and
incorporation of copper ions into the mesoporolisates can be done by means of
ion exchange, impregnation and grafting methodsMQM-41 based materials are
also studied in phenol oxidation reactions [78gast reforming of ethanol for
hydrogen production [79] and they exhibit attragtigatalytic properties in 13
removal processes in petroleum refining industi@8]. In addition to these
applications, copper and zinc modified MCM-41 typaterials are studies for the

selective oxidation reactions of alcohols to alakssy[81].
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Transition metals such as; vanadium and titaniuodifired mesoporous
materials are also investigated as redox catafgstselective oxidation reactions of

paraffins, olefins and alcohols [65, 77].
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CHAPTER 6

PREPARATION METHODS OF CATALYTIC MATERIALS

Preparation of solid catalysts includes many dkifé complex processes and
preparation steps. Starting materials have an itapbeffect on the characteristics of
final product. The main aim of catalyst preparatiento synthesize reproducible,
stable, active and selective catalysts that are hving high surface area that
reactants could interact with large number of a&ctsites, good porosity and
mechanical strength.

There are too many ways to prepare catalytic nadgetn order to reduce the
numbers of alternatives, the preparation methodsgasuped according to similar
processes take place during the synthesis. Thegratged according to following

issues [82];

v' Chemical and physical changes in the structuretla@dcientific laws that
control these changes

v' The process parameters such as temperature, medssue, pH and
concentration

v" Properties of the product

v Equipments required for the process

However some preparation methods include more ¢im@nissue that is listed
above so that classification according to thesepgmees is inadequate. More

limitations are required to classify the prepamatiethods, such as [83];
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1. Bulk catalysts and their supports (Precipitatioglagon, hydrothermal
synthesis, filtration, washing, drying, calcinatiémrming operation)
2. Impregnated catalysts (Impregnation, precipitation)

3. Mixed-agglomerated catalysts (Crushing and grindmixing, activation)

In this chapter two of the described preparatiorthods will be discussed in
detail that were used for catalyst preparation his tstudy. These methods are;
hydrothermal synthesis including filtration, wadlpirdrying and calcination steps,
and impregnation. In addition to these methods, escatalysts were prepared by
using precipitating agent modified hydrothermal thgsis. For this reason, in

Section 6.3, properties and usage purposes ofgitetong agents were presented.

6.1. Hydrothermal Synthesis

The hydrothermal synthesis has been used in vaapp$ications such as
synthesis of molecular sieves, zeolites and alsglesiphase crystalline solids. By
this method, the active phase is distributed umfgr in the structure. In
hydrothermal synthesis method, the prepared gelsremipitates modifications are
carried out usually in liquid phase (mainly watender relatively low temperatures
(100-300°C). The morphological changes occur indaglyst structure, occurs in
the direction that promotes a decrease in the dresrgy of the system under the

control of thermodynamic laws, can be classifiefblews [82-83];

Small crystals turn into large crystals

Small amorphous patrticles turn into large amorphgarticles
Amorphous solids turn into crystalline

Crystalline structure of a particle turn into difat crystalline structure

AN N NN

Gels having high porosity turn into gels having Iparosity

Besides temperature; pressure, pH of the soluttoncentration and time are
also important parameters that can change the akasdics of final product in
hydrothermal synthesis. Hydrothermal synthesisarsied out in special reactors. In
this study, teflon-lined stainless steel autoclavesre used for hydrothermal

synthesis process. After hydrothermal treatmentainobd solid product undergoes
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several operations such as filtering, washing, dyyand calcination. In all these
processes, physical and chemical transformatiomsiroand these transformations
caused changes in the structure and surface cotigposft the final product. These

operations will be discussed in details in thedeihg sections.

6.1.1. Washing Process

In the washing process, the main aim is to remoweesof the surfactant and
to clean the product from the materials that ateentered into the structure and also
from impurities. Particle size of the solid produstthe main issue of washing
process. Washing is easy for crystalline precipgadifficult for flocculates and not
useful for hydrogels [82]. In the washing steplottulates, too much washing cause
problems. After each washing step, purified floatelrequires more time to settle
down and elimination of counter-ions repeatedlynsurflocculate to sol. This
transformation is known as peptization and theipegtflocculates can pass through
the filter.

The other aim of washing step is to exchange tleanted ions with the ones
that can be decomposed in the calcination proceses.this application, high
temperature (100°C) water can be used in ordendcease the ion exchange rate
[50].

During the washing step, the solid is filtered anepared for the drying step.
In the filtration step, filtration paper choice sife be done carefully according to the
particle size of the solid product.

6.1.2. Drying & Calcination Processes

Removal of solvent from the pores of the solid picids known as drying
process. This is a traditional and useful treatnientrystalline solids. However, it
can cause structural deformation for hydrogelsig®0% water in its structure.

Drying process can be proceeded under vacuumnatdmperatures for the
conservation of the amorphous or glassy structéithen solids having low melting

temperatures.
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Further heat treatment after drying process iswknoas calcination.
Calcination can be done in the flow of differensga (usually dry air) at temperature
higher than the reaction temperature that the ysttalill be used. In the calcination

step, various chemical modifications occur andehem be listed as below [85,88]:

v Elimination of chemically bonded water or carbooxiile

v' Changes in the morphology of the catalyst (smajlstals or particles
transform into bigger ones)

v' Changes in the structure of the catalyst (changledrtalcination temperature
effects the pore size distribution)

v' Generation of active phases

v’ Stabilization of mechanical properties

6.2. Impregnation

Contacting the active materials in a solution véteupport material is known
as impregnation method. In this method, firstly mevously synthesized solid
material is used as a support material and therafperiod of time catalytically
active materials in a solution interacted with upport and stabilized on it. After
that, excess liquid phase is removed and in the ehthined final solid product
activated by suitable heat treatments such asnedicnh or reduction, if necessary.
According to the amount of solution, impregnatian de done in two ways; wet
impregnation (soaking or dipping) and dry impregmat(impregnation to incipient
wetness) [82].

In the wet impregnation, the amount of the sohuti® higher than the pore
volume of the support. The previously prepared supplaced into an excess
amount of solution and after the time necessaryd@ impregnation is passed, the
solid is separated and dried to get rid of excestew The wetting time and drying
step have important effects over the catalytic attaristics of the final product.

In the dry impregnation, the amount of solutioredgial or less than the pore
volume of the support. If support-active materidgkeraction is weak in the prepared
solid; drying process can be followed after dry iegmation in order to increase the
active metal loading into the support structure clhis also limited by the active
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material solubility in the solution. However dryinrocess can cause improper
distribution of active materials and in the finabguct there would be a support
material inhomogenously covered by active matef&gs 83].

In impregnation techniques, temperature is thennaariable that controls the
active material solubility and the agqueous solutistosity. Also the mass transfer
conditions in the pores of the support strongleefthe active material distribution
in the structure of the final catalyst and its nmeethal properties. In addition to
temperature, process time has an important effedhe final characteristics of the

synthesized solid product.

6.3. Precipitating Agent

Precipitating agent in the synthesis proceduresiduin order to obtain a
precipitated solid from a homogenous liquid. Therfation of precipitated solid
phase can occur through physical or chemical toansdtions. These transformations
occur in the basis of three steps; supersaturatimgleation and growth or
agglomeration of the particles.

In the supersaturation region, the system is bfestand pH and temperature
are the main functions that affect the systemhls tegion, particles may occur by
nucleation and growth. For example, in the higlursaion region crystal growth rate
is slower than nucleation rate so large amountsnadll particles are formed in the
solution. However the characteristics of the preégipd particles mainly depend on
the Ostwald ripening (crystal growth) and Browniarotion (agglomeration of
colliding particles) processes that occur in thetsan [82-84].

The main aim of using precipitating agent in pregasupported catalysts is
to obtain mixed catalyst components with the foromatof small crystallites or

mixed crystallites containing the active materlatghe following process [82]:
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Metal Salt Solution + Support Materia————  Metal hydroxide or

oxalate powder NaOH carbonate on
nitrate { particle} KOH suppor
sulfate NH.OH

NaHCG

As it is mentioned in the process, hydroxides aartbanates are used as

precipitating agent according to following reas{8%j:

1. Due to low solubility of salts of the transition taks, small
precipitate particle sizes can be obtained.

2. By heat treatment, these precipitating agents eailyedecomposed
to oxides having high surface area by causing telyst poison.

3. Poisoning gas release from the calcination is mimimm
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CHAPTER 7

THERMODYNAMIC ANALYSIS OF DIRECT DME SYTNHESIS
REACTIONS

As mentioned in Chapter 3, direct synthesis of Dfl&n syngas, is a
reaction which requires high pressure (50 bars amlve) and high temperature
(200°C-400°C). In order to decide on the reactiamlmeters that are going to be
used during the experimental studies, thermodynamnalyses of the direct DME
synthesis reactions were done and under the lighittained results; the feed ratio of
the reactants, the pressure and temperature V@il tles experiment were decided.

Direct synthesis of DME from synthesis gases canabhieved by two

different reactions mainly related to the stoich&nt ratios of the reactants.

3CO +3H < CH;OCH; + CO, + 246.2 kJ/ DME-mol .............cccceveiin e e(9)

2C0O +4hH <> CHOCH; + H,O + 205.0 kI / DME-MOI ....coviiiiiiiii e, (10)

For reaction (9) the stoichiometric ratio of tleactants (HHCO) is one and
this ratio is two for reaction (10). In this chaptermodynamic analyses for both of
the reactions were done for the feed,/ED) ratio of one. This ratio was kept
constant throughout the experimental studies is work. By using the obtained
results conversion versus temperature graphs é&relit pressure values were

plotted.
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For the first step, heat capacity,J®@alue of each reactant and product should
be calculated. Heat capacity is a function of terajpee and it can be calculated

from equation 16.

Cp(inJ/mol.K) =a+bT +cT+ ... (16)

For the calculation of £ molar heat capacity coefficients of the spednet t
are produced or consumed during the reaction agelete These coefficients are

listed in Table 3 for each of the reactants andipcts.

Table 3.Molar Heat Capacity Coefficients [85]

Species a | bx10 cx10
CcoO 28.142 0.167 | 0.537

H, 29.088| -0.192 0.4
CHsOCH; | 17.02 | 17.91| -5.234
CO, 22.243| 5.977 | -3.499
H.O 32.218| 0.192 | 1.055

For the second step, formation enthalpy and Gilbbe Energy values at
298.15 K for each reactant and product involved rimction are needed. These

values are listed in Table 4.
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Table 4 Standard Enthalpies and Gibbs Energies of Foomaii 298.15 K for One
Mole of Each Substance [86]

Species (gas state)AH% (kJ/mol) | AG% (kJ/mol)
(6{0) -110.5 -137.2
H, 0 0
CH30OCH; -184.2 -113.0
CO -393.5 -394.4
H>O -241.8 -228.6

By using these listed values, reaction enthalpy @ibbs free energy values

were calculated with the equations listed below;

AH;xn = ZiViAH;i = ZproductsIViIAH;i _ZreactantslvilAH;i (17)

AGroxn = ZiviAG;i = ZproductsIViIAG;i - ZreactantslvilAG;i (18)

Finally, in order to calculate the reaction enplyaht any temperature values

equation 19vas used.

AHR 1= AH"05+ [ (Aa + AbT + AcT?)dT (19)

298

7.1. Equilibrium Constant Calculations for the Reation

Equilibrium constant calculations for the reactiere done by using the

following equations. While writing the equationgmideal gas behavior was taken
into the consideration.
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K 05 = XP(—AGZq

dink _ AHg,

/| RT)

]

R

K=Kf/PXKP

(20)

(21)

(22)

Kyp and Ko values of the reactions (9) and (10) were caledldby the

equations listed in Table 5.

Table 5. Equations of kpand Ke for reactions (9) and (10)

Reaction (9)

Reaction (10)

K. = (f/P)cuzocnsz X (f /P)co2
8= IPYh X (FIP)o

Ke/p

_ (f/P)cuzocuz X (f/P)uzo

B (f/P)z X (f/P)Zo

K. — YenszocusP) X (Yco2P)
P (Yu2P)? X (YcoP)?

Kp =

_ (VenzocusP) X (Yu20P)
(Vu2P)* X (YcoP)?

Finally, the f/P ratios for each species were aeiteed for each temperature

value by Peng-Robinson equation. In order to fihd fugacity coefficients, the

critical temperature and pressure values of eaeltisp are needed (Table 6). By

taking the literature survey into consideratiorg ttalculations were done between

the temperature intervals, 400K-700K by using MATA software program. The

fugacity coefficient values of each species aregivm Appendix A.

51



Table 6.Critical temperature and critical pressure vafoe®ach species [86]

Chemical species T (K) | Pc (bar)
CH3OCHs 400.05| 53.70
CO 304.40| 73.97

H> 33.15 12.97

(6{0) 133.10 34.94

H>O 647.30] 220.48

The molar flow rates of the species at equilibriconversion and their molar
compositions are determined as shown in Table 7.t® calculations, the inlet
molar compositions of the reactants are taken &s 39and 50% CO, (k/ CO = 1),

and total inlet flow rate was taken 100 kmol /hbasis.

Table 7.Flow rates and molar compositions of the spediesjailibrium

Species Reaction (9) Reaction (10)

Fi Yi Fi yi
CO | 500%) | (1005000 | 500-0ed2) | TGSV
BECSF . SETER
CROCTE | S0%dS (1(%%%36)5%&) 50544 g&ﬁg
CO: | S0%3 | (10020008 : -
Total (201(;)/%& 10 50(2-%q) 1.0
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The procedure to determine the equilibrium curvetas calculate the
equilibrium conversions () of DME synthesis reactions at different tempeamtu
(T) values in the range 400-700 K by equating the éxpressions of equilibrium
constant given in equations (21) and (22). Findlly both of the reactions
conversion-temperature graphs at different presgaitges for feed ratio (#ACO) of
one, were plotted and given in Figures 11 and 12.

It can be clearly observed from the graphs thattrens are highly pressure
dependent. In both of the reactions, conversioneases with pressure. Also when
compared the reactions, for the same feed ratigjliesgum conversion of the
reaction having stoichiometric ratio of one is Btlg higher than the reaction with

ratio of two.

3
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Figure 11.The equilibrium curve for direct DME synthesis lwited ratio (H/CO)
of 1 [considering reaction (9): 3CO + 3H> CH;0CH; + COy
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Figure 12. The equilibrium curve for direct DME synthesis lwfeed ratio (H/CO)
of 1 [considering reaction (10): 2CO + 44> CH;OCH; + H;O]

By considering all of these results and also satetyditions and economical
aspects, 50 bars was chosen as our operating premsd it was decided to keep
constant during the experiments. In addition ts,théactant feed ratio was adjusted

to one and the temperature range for the analyassaken between 200-400°C.
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CHAPTER 8

EXPERIMENTAL STUDIES

In this chapter, synthesis procedures of bifuneiddE synthesis catalysts
by using one-pot hydrothermal synthesis, impregnatind physical mixing methods
are explained in detail. Moreover, the charactéiomatechniques that were used for
the analysis of chemical and physical propertieshef synthesized catalysts are
described and finally the experimental set-up whghuilt in Chemical Reaction
Engineering Laboratory to carry out the direct DMinthesis reactions with
synthesized catalysts is described in detail.

8.1. Synthesis of Catalysts

Direct synthesis of DME from syngas requires bifior@al catalysts having
two different active sites; one for methanol forimat(Cu/ZnO) and the other for
methanol dehydration. As it was stated in Chapt&dpper (Cu) is the active metal
for methanol formation reaction. In addition to sthiZinc (Zn) prevents
agglomeration of copper and increases its stabiityother metal, Zirconium (Zr)
which was also used in catalyst preparation, calisger dispersion of copper in the
catalyst structure. On the other hand, for the amethdehydration reaction, catalysts
having Bronsted acid sites are needed.

In this work, for the preparation of bifunctionedhtalysts, weight ratios of
metal oxides (CuO/ZnO/ADs) were chosen as (50:40:10 wt %) respectively and

these ratios were kept constant for all of thelgsts Also Al/Si weight ratio was
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determined as 0.03. In addition to these catalystshe synthesis of one catalyst,
Silicatungstic acid (STA) was used instead of ahum oxide. W/Si weight ratio
was taken as 0.4.

In the following sections of this chapter syntsesf bifunctional catalysts

were described step by step.

8.1.1. Synthesis of CuO-ZnO-AlO3;-MCM-41 Type Mesoporous Catalysts by
One-pot Hydrothermal Synthesis Method (HS1 & HS5)

Cu0O-ZnO-AbOs-MCM-41 type catalytic materials were synthesizeg b
following acidic and basic one-pot hydrothermal thgsis routes. MCM-41
synthesis was proceeded according to the procetkseribed by Sener [72] with
modifications. The catalyst synthesized by basidrbthermal synthesis route was
named as HS1 and the one synthesized by acidiotmal synthesis route was

named as HS5.

8.1.1.1. Synthesis Procedure

For the synthesis of the catalysts, the follonshgmical reagents were used;

* Source of Surfactant: N-Cetyl-N,N,N-trimethylammam bromide
(CTMABYr), CigH3z3(CHg)sNBr, (99% pure powder, MW: 364.46
g/mol, Merck)

* Source of Solvent: Deionized water (Millipore UHPare Water
System, Milli-QPlus)

e Source of Silica: Tetraethylorthosilicate (TEOSJHgO4Si (Merck)
* Source of Zinc: Zinc nitrate tetrahydrate, Zn({3bH,O, Merck

» Source of Copper: Copper nitrate trihydrate, Cu{NBH,O, Merck
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e Source of Aluminium: Aluminium nitrate  nanohydrate,
Al(NO3).9H,0, Merck

* Source of base: 1M Sodium Hydroxide (NaOH), Merck

In the synthesis procedure of the HS1 & HS5 catsyBve steps were
followed; preparation of synthesis solution, hytiemal synthesis, washing and
filtration, drying and calcination. The schematepresentation of these steps was

given in Figure 13 and they were explained in detaithe following sections.

a) Preparation of Synthesis Solution

13.2 grams of surfactant was dissolved in 87 ndedbnized water. The solution
was heated up to 30°C in order to obtain a complisgolution of surfactant and the
clear solution was stirred for half an hour with gnatic stirrer keeping the
temperature between 30-35°C. Then 15.64 ml ofas#isurce was added drop-wise
to the clear solution with continuous stirring.tivis preparation step of HS1 catalyst,
the pH value of the obtained clear solution wasistéd to 11 by adding 1M NaOH.
The final pH value of MCM-41 synthesis solution #d65 was measured as 3.4.
Finally, the resulting solutions were stirred foreamore hour.

During the preparation of the MCM-41 synthesis 8oy preparation of metal
nitrate solutions was also started. Pre-determaradunts of metal nitrates were
dissolved in deionized water at different bakerd #men they mixed together and
stirred for an hour. The pH value of final metatatie solution was measured as 2.5.
After one hour mixing, the obtained metal nitrabduion was added drop-wise into
the prepared MCM-41 synthesis solution and after more hour mixing pH values

of final solutions obtained for HS1 and HS5 wereamweed 8.0 and 3.2, respectively.
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Figure 13. Synthesis procedures of HS1 and HS5 catalysts

b) Hydrothermal Synthesis

After one hour mixing, the obtained light blue hayeoous solution was
transferred to a Teflon bottle, which was placedistainless-steel autoclave. The
hydrothermal synthesis was carried out at 120°C 9%rhours under the vapor

pressure of the solution occurred in the closedlsiss-steel autoclave.

c) Washing with Deionized Water and Filtration

At the end of 96 hours, the resultant solids hawhge color (for both of the
catalysts) were taken into bakers and waited inrBDOf deionized water for three to
five days. Then obtained materials were washed dailonized water six times for
HS1 and five times for HS5 to remove the sodiunsiand excess template from the
material. After each washing step, the obtainedtsebs taken from the filtration

paper, put in a baker and stirred with 300 ml ebdzed water for half an hour. This
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washing procedure was continued until the pH valuthe residual washing liquid
remained constant. The pH value of washing liquasweasured 7.2 for HS1 and
5.9 for HS5. After washing steps were completed, dbtained catalytic materials

were dried at 40°C in an oven for 24 hours undeuum.

d) Calcination

Calcination is the final step of the one-pot hybestmal synthesis. The aim of
calcination procedure is to remove the surfactaminfthe pores of the obtained
material. After drying, obtained solid material wealcined in a quartz tubular
reactor placed in a tubular furnace by heating feombient temperature to 550°C at
a rate of 1°C/min and was kept at 550°C for 6 haara flow of dry air, having a
flow rate of about 1dfiimin. The quartz reactor has a membrane in the Imiaad
this membrane prevents solids from removing infibv of dry air. The exit of the
reactor was connected to ventilation with a pipdiseharge the gas products. At the
end of the 6 hours, heater of the tubular furnaas turned off and the flow of dry

air was continued until the reactor temperatureaised to nearly 200°C.

8.1.2. Synthesis of CuO-ZnO-(Al03/SiO;) Type Mesoporous Catalyst by
Impregnation Method (IMP1)

Cu0O-ZnO-(AbO4/SIO,) type mesoporous catalyst was synthesized by
impregnation method. The obtained catalyst was wenhas IMP1. Details of the

synthesis route were described in the followinggaf this section.

8.1.2.1. Synthesis Procedure

The chemical reagents that were used for the sgigtlprocedure were listed

below;

* Source of Solvent: Deionized water (Millipore UHPare Water
System, Milli-QPlus)

e Source of Zinc: Zinc nitrate tetrahydrate, Zn@@®BH,O, Merck
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» Source of Copper: Copper nitrate trihydrate, Cu{NBH,O, Merck

* Active mesoporous component: Alumina silicate;@d SiO,, Sigma
Aldrich

Mainly three steps were followed in the synthesmcpdure of IMP1. These
steps were preparation of synthesis solution, ewjom and drying, and finally
calcination. A schematic representation of the fsgsis procedure was given in

Figure 14.

a) Preparation of Synthesis Solution

Aluminum silicate was used as the supporting matddr the preparation of
IMP1 catalysts. It was obtained from commercial@igps and its Al/Si weight ratio
Is 3%. Before starting the synthesis procedureaihg of AbOs/ SiO, was taken and
dried at 100°C for 2 hours in order to remove thasture from the structure. Then
dried ALO3/SIO, was weighted again and amounts of metal sources decided
according to final weight. After that, obtained,@4/SiO, and 35 ml deionized water
was mixed in a baker and stirred for 2 hours witagnetic stirrer at 350 rpm.
Meanwhile, copper nitrate and zinc nitrate usedcapper and zinc sources
respectively. Pre-determined amounts of metal teitraources weighted and
dissolved in 10 ml of deionized water separatelfteiAcomplete dissolution, they
mixed together and stirred for two hours.

At the end of two hours, nitrate solution was abtidEop-wise into the
Al,O4/SiO, suspension while stirring. Then obtained mixtueswtirred for 24 hours
at room temperature in order to achieve a homogeupersion of metals inside
the pores of support material.
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Figure 14. Synthesis procedure of IMP1 type mesoporous csitaly

b) Evaporation and Drying

After 24 hours mixing, excess water in the finduson was evaporated at 55°C
and obtained solid material after evaporation ddirean oven at 100°C for 24 hours

under vacuum.

c) Calcination

In the impregnation method, the aim of calcinatisnto remove the nitrates
coming with metal sources, from the catalyst strrect Calcination procedure was
performed at 550°C through the same procedure agmst described in Section
8.1.1.1. part a.

The experimental conditions of synthesized HS1, 1488 IMP1 catalysts are

listed in Table 8.
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Table 8. Experimental conditions of the catalysts syntesiby one-pot

hydrothermal synthesis and impregnation methods

Al/Si Cu/Si Zn/Si pH of the

Notation wt. %) | (wt. %) | wt. %) Synthesis Route solution

Basic one-pot
HS1 0.027 0.21 0.18 _ 11.0
hydrothermal synthesis

Acidic one-pot
HS5 0.027 0.21 0.18 . 3.4
hydrothermal synthesis

IMP1 0.027 0.21 0.18 Impregnation -

8.1.3. Synthesis of CuO-ZnO-AlO3;-MCM-41 Type Mesoporous Catalysts by
Na,CO3; Modified One-pot Hydrothermal Synthesis Method (HS & HS4)

CuO-Zn0O-ALbOs-MCM-41 type catalytic materials were synthesizeg b
following sodium carbonate (M@Os;) modified one-pot hydrothermal synthesis
routes. In this procedure, p&0O; was used as the precipitating agent in the mixed
metal nitrate solution in order to achieve closenrection between ingredients and
to form mixed crystallites containing metal oxidesthe nitrate solution [82]. In
addition to this, hot deionized water (363 K) wa®d during the washing step in
order to minimize the effects of remaining sodilons on the activity of the catalyst

[50]. The catalysts synthesized by using this pdace named as HS3 and HS4.

8.1.3.1. Synthesis Procedure

For the synthesis of the catalysts, the follonshgmical reagents were used;

e Source of Surfactant: N-Cetyl-N,N,N-trimethylammam bromide
(CTMABY), CigH33(CHg)sNBr, (99% pure powder, MW: 364.46
g/mol, Merck)
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* Source of Solvent: Deionized water (Millipore UHPaire Water
System, Milli-QPlus)

» Source of Silica: Tetraethylorthosilicate (TEOSgHgO4Si (Merck)
e Source of Zinc: Zinc nitrate tetrahydrate, Zn@@®BH,O, Merck
» Source of Copper: Copper nitrate trinydrate, Cu{NGH,O, Merck

e Source of Aluminium: Aluminium nitrate  nanohydrate,
AI(NO3).9H,0, Merck

* Precipitating Agent. 0.5M Sodium Carbonate {8@;), Merck

(prepared in the laboratory)

In the synthesis procedure of the HS3 & HS4 catsyBve steps were
followed; preparation of synthesis solution, hytemal synthesis, washing and
filtration, drying and calcination.

a) Preparation of Synthesis Solution

13.2 grams of surfactant was dissolved in 87 ndeabnized water. The solution
was heated up to 30°C in order to obtain a complisgolution of surfactant and the
clear solution was stirred for half an hour with gnatic stirrer keeping the
temperature between 30-35°C. Then 15.64 ml ofas#iource was added drop-wise
to the prepared solution with continuous stirriitne final pH value of MCM-41
synthesis solution was measured as 3.2. Meanwpbikparation of metal nitrate
solutions was also started. Pre-determined amaifnteetal nitrates were dissolved
in deionized water at different bakers and thely there mixed together and stirred
for an hour. The pH value of final metal nitratdusion was measured as 2.6. After
one hour mixing, 0.5M N&Os; solution was added drop-wise into the nitrate
solution until the pH value of 8 was obtained. Fréms point slightly different

procedures were followed for HS3 and HS4.
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In the preparation procedure of HS3, after the tamidiof NaCOs; the obtained
precipitated nitrate solution (white color suspensiin blue liquid) was stirred for
two more hours and after one hour stirring homogersolution was obtained. Then
the obtained nitrate solution was added drop-wig® ithe prepared MCM-41
synthesis solution. The pH value of final solutiwas measured as 5.6.

In the preparation procedure of HS4, after the tamidiof NaCOs; the obtained
precipitated nitrate solution aged for 12 hoursoatm temperature and washed with
hot (363K) deionized water. The pH value of washivager was measured as 7.4.
Then the remaining part over the filtration papesswadded into the MCM-41
solution and after an hour mixing, homogenous smiutvas obtained with the pH
value of 6.4. The schematic representations optkparation methods of HS3 and

HS4 catalysts were illustrated at Figures 15 andddgpectively.
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Figure 15. Synthesis procedure of HS3 type mesoporous céatalys

64




added -
% dropwise % } %
CTMABr 15.64ml MCM-41
Solution SilicaSource  SynthesisSolution
(1329 CTMABr + [TECS) Stiredfor 1h
87 mldeionizedwater] @ 30-35°C
phERS added ™ FinalSolution
dropwise [ Precipitated part
WQs0ooed
il W w | g infa
b MCM-41
= &Cj — Synthesis Solution)
InNOgl24H;0  Al[NO3la?H:0 CulNOy)z3H0 Nifrate o0 Na,CO, Pracipifated  Washing with  Precipitafed Stiradfor 1h
solution solution solution Solution Solufion Nitrate Solufion Hot({s0°C) port (Homogenaus Solufion)
Siiredforlh | orecipit afing pH=5.0 deionized water j pH= 6.4
Final phi=2.4 cgent | logedfor 12h] pH=7.4
— Died@4°C _
under vacuum i,
Calcination Washing with Hydrofhermc:l
@550 °Cforé h deionized water SY”TE‘E'E
with flow of dry air pH=7.3 =120 °C, 4 days

Figure 16. Synthesis procedure of HS4 type mesoporous catalys

b) Hydrothermal Synthesis

After one hour mixing, the obtained solutions weeasferred to a Teflon bottle

and placed in a stainless-steel autoclave. Theoliyeirmal synthesis was carried out
at 120°C for 96 hours.

c) Washing with Deionized Water and Filtration

At the end of 96 hours, the resultant solids waken out from the autoclave and
waited for 5 days in 300 ml deionized water. HS3& wwashed with hot deionized
water and final pH value of washing water measwed HS4 was washed with
deionized water at room temperature and washingrwatl value was measured as
7.3. After washing step, obtained solid parts wanied at 40°C in an oven for 24
hours under vacuum.
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d) Calcination

After drying, obtained solid materials were caldna a quartz tubular reactor
placed in a tubular furnace by heating from ambientperature to 550°C at a rate of
1°C/min and was kept at 550°C for 6 hours in a fadwdry air.

The experimental conditions of the catalysts sysigeel by NaCO; modified

one-pot hydrothermal synthesis method are presém{Eable 9.

Table 9.Experimental conditions of the catalysts synthesiay NaCO; modified

one-pot hydrothermal synthesis

Temperature of
_ Precipitating Treatment washing water
Notation _ )
Agent (nitrate solution) (after hydrothermal
synthesis)
Precipitated + stirred for
HS3 NaCOs; 90°C
2h
Precipitated + aged for 12
HS4 NaCOs hours + washed with Room temperature
hot(90°C) deionized water

8.1.4. Synthesis of Zr@ modified CuO-ZnO-Al,03-MCM-41 Type Mesoporous
Catalysts by One-pot Hydrothermal Synthesis MethodZr-1, Zr-2 & Zr-3)

ZrO, modified CuO-ZnO-AlO-MCM-41 type catalytic materials were
synthesized by following acidic and neutral one-pgtirothermal synthesis routes.
As it was previously mentioned in Chapter 3, Ziicom (Zr) causes higher

dispersion of Copper (Cu) in the catalyst structure this section effects of

66



Zirconium with different weight ratios and effedfacidic and neutral hydrothermal

synthesis routes were investigated.

8.1.4.1. Synthesis Procedure

For the synthesis of the catalysts, the follonechgmical reagents were used;

Source of Surfactant: N-Cetyl-N,N,N-trimethylammam bromide
(CTMABYr), Ci6H33(CHg)sNBr, (99% pure powder, MW: 364.46
g/mol, Merck)

Source of Solvent: Deionized water (Millipore UHPaire Water
System, Milli-QPlus)

Source of Silica: Tetraethylorthosilicate (TEOSJHgO4Si (Merck)
Source of Zinc: Zinc nitrate tetrahydrate, Zn(®¥»BH,O, Merck
Source of Copper: Copper nitrate trihydrate, Cu{NOH,O, Merck

Source of Aluminium: Aluminium nitrate  nanohydrate,
AI(NO3).9H,0, Merck

Source of Zirconium: Zirconyl nitrate monohydrate,
ZrO(NGOs),.H0O, Aldrich

Source of base: 1M Sodium Hydroxide (NaOH), Merck

Main steps followed through the synthesis procediiréhe catalysts were;

preparation of synthesis solution, hydrothermaltisgsis, washing and filtration,

drying and calcination. The schematic represemtatib these steps was given in

Figure 17 and they were explained in details infttlewing sections.
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Figure 17. Synthesis procedures of Zr-1, Zr-2 and Zr-3 mesmpocatalysts

a) Preparation of Synthesis Solution

For the preparation of synthesis solutions of th&lgsts, the same one-pot
hydrothermal synthesis procedure was followed whics described in section
8.8.1.1. The only difference is addition of Zircom source into the nitrate solution.
Due to the high acidity of Zirconium source, theali pH value of nitrate solution
was suddenly decreased to almost zero. After aaditif nitrate solution to the
MCM-41 solution, for Zr-3 1M NaOH was added dropswiinto the final solution

until pH value of 6 was obtained.
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b) Hydrothermal Synthesis

After one hour mixing, final solutions were transéel to a Teflon bottle and
placed in a stainless-steel autoclave. The hydnothlesynthesis was carried out at
120°C for 96 hours.

c) Washing with Deionized Water and Filtration

After hydrothermal synthesis, washing step was ootatl as it was described in
previous sections. The final pH values of washiregens of the catalysts Zr-1, Zr-2
and Zr-3 were measured as 5.8, 5.6 and 7.1, régplgctFinal products were dried

at 40°C in an oven for 24 hours under vacuum.

d) Calcination

After drying, obtained solid materials were caldina a quartz tubular reactor
placed in a tubular furnace by heating from ambientperature to 550°C at a rate of

1°C/min and was kept at 550°C for 6 hours in a ftdwdry air.

The experimental conditions of the catalysts sysidesl by ZrQ modified one-
pot hydrothermal synthesis procedure are giveraiold 10.

Table 10.Experimental conditions of the catalysts synthe$izy ZrQ modified
one-pot hydrothermal synthesis

Notation | ZrO ,/ (CuO-ZnO-Al,03) (Wt.%) | Synthesis Route pH of.the
solution
Zr-1 10 Acidic 0.4
Zr-2 20 Acidic 0.2
Zr-3 20 Neutral 6.0
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8.1.5. Synthesis of Methanol Dehydration Catalyst® be Physically Mixed with
Commercial Methanol Reforming Catalyst (HIFUEL-R120)

Commercial methanol reforming catalyst and preghanethanol dehydration
catalysts were physically mixed for testing in dirdME synthesis reactions.
Commercial methanol reforming catalyst was obtaifrech HIFUEL R120, Alfa
Aesar. A methanol reforming catalyst is represeriigdgeneral formula (CuQ)
(ZnOX(Al,03)yM, where M is indicating one of the oxides selectexuinf the group
of lanthanum oxide, gallium oxide, cerium oxide aokdromium oxide. Since
methanol synthesis reaction is favorable over titalgsts comprising copper, zinc
and aluminum metals, this commercial methanol meflog catalyst was decided to
use for the preparation of direct DME synthesisalgats by physical mixing.
Commercial catalysts were in the pellet form (5.2mn3.0mm) so that required
amount of catalyst was crushed into smaller pagi¢t-0.2 mm) before syntheses.

For methanol dehydration two different catalysesevused. The first one of
them is alumina modified MCM-41 having an Al/Siicabf 0.03 which was prepared
by hydrothermal synthesis route (AI-MCM-41). The®ed one, which was denoted
as TRC75(L), is silicotungstic acid(STA) modifieddW-41 having a W/Si ratio of
0.4. This catalyst was synthesized by Ciftci [94] methanol dehydration. In the
DME synthesis reaction, these dehydration catalystye mixed with the

commercial methanol reforming catalyst with a weigttio of 1:1.

8.1.5.1. Synthesis Procedures of Dehydration Catalp

For the synthesis of the catalysts, the followihgroical reagents were used,;

* Source of Surfactant: N-Cetyl-N,N,N-trimethylammam bromide
(CTMABY), CigH33(CHg)sNBr, (99% pure powder, MW: 364.46
g/mol, Merck)

* Source of Solvent: Deionized water (Millipore UHPare Water
System, Milli-QPlus)

» Source of Silica: Tetraethylorthosilicate (TEOS)HgO,4Si, Merck
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e Source of Aluminium: Aluminium nitrate  nanohydrate,
Al(NO3).9H,0, Merck

» Silicotungstic acid (STA), (Sigma-Aldrich)

e« Commercial Methanol Synthesis Catalyst (HIFUEL R128lfa

Aesar)
a) Preparation of Methanol Dehydration Catalysts

For the preparation of the catalysts, MCM-41 sysithgolution was prepared as
it was described in the previous sections. In AHMIE1, Aluminum was used as
active component and in TRC75(L), STA was used las dctive component.
Separately prepared active component solutions deilonized water were added
drop-wise into the MCM-41 synthesis solution and fimal solutions were stirred
one more hour. After that, final solutions werensf@rred to a Teflon bottle and
placed in a stainless-steel autoclave. The hydnothlesynthesis was carried out at
120°C for 96 hours. Then obtained solid materisdsanwashed, filtrated and dried at
40°C in an oven for 24 hours under vacuum. Al-MCMwas calcined at 550°C and
TRC75(L) was calcined at 350°C. Details of the TRLJ synthesis procedure were
given by Ciftci [87].

b) Preparation of Direct DME Synthesis Catalysts by Pisical Mixing

* Preparation of AI-MC-1: 2 grams of synthesized AI-MCM-41 catalyst was
suspended in deionized water and in the meantirgeags of commercial
HIFUEL-R120 catalyst was also suspended in deighiater in separate
vessel. These suspensions were stirred for andrmahafter one hour stirring
they mixed together. The mixture stirred for 24 tsoat room temperature,
excess water was evaporated at 55°C and driedC&Clid an oven for 24
hours under vacuum. In the preparation of Al-MC-dt whysical mixing was

used in order to obtain more homogenous distributio

* Preparation of TRC75(L)-C: One gram of TRC75(L) was mixed with one
gram of commercial HIFUEL-R120 catalyst by usiny ghysical mixing
method. Before mixing, their particle sizes wergusttd to ~0.2 mm by
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crushing. Then they mixed together in a baker amced until observing a
homogenous distribution.

The schematic representations of preparation ptwesdvere given in Figure 18
and the experimental conditions of the preparedlysts by physical mixing method

were summarized in Table 11.
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Figure 18. Synthesis procedures of AI-MC-1 and TRC75(L)-Gabats
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Table 11.Comparison of catalysts prepared by physical ngixirethod

Weight Acitve
ratio Active comp./ | Calc. Pre
Notation MRC* MDC** (MRC | component Silica temp. Roui)('e
/ (MDC) ratio (MDC)
MDC) (MDC)
Commercial
. Wet
MRC Al- . Al/Si = R .
Al-MC-1 HIFUEL MCM-41 1/1 Aluminum 0.03 550°C F,:;iisrl]cal
R120 9
Commercial
TRC75L | MRC WIS = Dry
C HIFUEL TRC75L 1/1 STA 04 350°C Fl:/rlg(isr:cal
R120 9

*MRC: Methanol Reforming Catalyst
*MDC: Methanol Dehydration Catalyst

8.2. Material Characterizaton Techniques

Different characterization techniques were usedotider to analyze the
physical and chemical properties of the synthesizadlysts. In this study X-ray
diffraction (XRD), energy dispersive spectroscopgDE), scanning electron
microscopy (SEM), nitrogen physisorption and Di#uReflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) of Pyridine Adsmnpt techniques were
employed for the characterization of the preparatenals.

8.2.1. X-Ray Diffraction (XRD)

X-Ray diffraction provides us information about tpere structure of the
materials [88]. In this study, XRD patterns of alnthesized materials were
performed by the Rigaku D/MAX2200 diffractometerthivee CuK radiation source

with a D scanning range between 1°- 80° at a step sizedaf 0
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8.2.2. N Physisorption

Nitrogen adsorption-desorption analyses of the h®gized catalysts were
done by the Quantachrome Autosorb-1-C/MS instrumenthe METU Central
Laboratory. Each sample was degassed at 110°C6fdrolirs before analyses and
characterization was performed at a relative pressange of 5x16to 0.99 at liquid
nitrogen temperature. The results of the charae®on gave information about
multipoint BET surface area values, BJH adsorpdod desorption pore diameters

and pore volumes of the samples.

8.2.3. Scanning Electron Microscopy (SEM)

The morphologies of the synthesized materials wietermined by using a
Scanning Electron Microscope, JSM-6400 (JEOL) goeibwith NORAN system
Six in Metallurgical and Materials Engineering. §8@s containing Zirconium were

coated with carbon and the others were coatedguilith for analysis.

8.2.4. Energy Dispersive Spectroscopy (EDS)

Energy Dispersive Spectroscopy (EDS) analyses wanéed out in METU
Metallurgical and Materials Engineering Departmédiyt a JSM-6400 (JEOL)
instrument equipped with NORAN System Six in orttedetermine the near surface
composition of the materials.

8.2.5. Diffuse Reflectance Infrared Fourier Transfom Spectroscopy (DRIFTS)
of Pyridine Adsorption

DRIFT Spectra of pyridine adsorption is used tolyeathe acid sites of the
synthesized materials. DRIFTS of pyridine adsorpamalyses were carried out by
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using a Perkin Elmer Spectrum One instrument inkimetic Laboratory in METU
Chemical Engineering Department. Before the analysamples were dried at
110°C for 16 hours and then 1 mL of pyridine wadeatidrop-wise on the samples.
After waiting for two hours, pyridine adsorbed sdespwere weighted and 0.035 g
of each sample was mixed with 0.07 g KBr. Same gutore was followed for the
preparation of fresh catalysts. A reference spatitwas recorded with KBr. And
finally, the spectra of the fresh samples were ragbed from the spectra of the
pyridine adsorbed samples in order to determinedlagive intensities of Lewis and
Bronsted acid sites of the synthesized materials.

Pyridine adsorption of FT-IR spectrum analyses oflZZr-2 and Zr-3
catalysts were carried out by using Perkin EImezcBpm One instrument in Gazi
University Chemical Engineering Department. Heliwas used as carrier gas and its
flow rate was adjusted to 100 ml/min. The same ¢uace was followed for the
preparation of pyridine adsorbed and fresh cataly§hen the prepared samples
pelletized under 1000 psia for five minutes andiraghe same procedure was

followed for determination of Lewis and Bronsteddasites of the materials.

8.3. Experimental Set-up of Direct DME Synthesis Rection System

Direct DME synthesis reaction was carried out iprassurized fixed bed
flow reactor system. The system was built in theef@ical Reaction Engineering
Laboratory. Reactants were fed into the system feopressurized tank containing
50% hydrogen and 50% carbonmonoxide. Since theseanaessurized gas flow in
the system, construction materials of all elementshe system were chosen as
stainless—steel. An on-off valve was placed betbeereactor in order to stop the
flow from tube through the system, in case of angxpected situation. A metering
valve was placed on the line to the reactor to sidjue pressure. A pressure gauge
was placed on the gas flow line just before thetmrato read the pressure of gas
entering into the reactor. Reactants are fed imostainless steel differential reactor
(%2 in.) placed in a temperature controlled tubfuanace. Synthesized catalysts were
placed to the middle of the reactor and supportiéld quartz wool from both ends. A

metering valve was placed at the exit of the rgactorder to adjust the flow rate of
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the exit stream. After that, an on-off valve wasoalplaced before the gas
chromatograph.

The products and the unreacted gases were anatyebde by a SRI 3680
Multigas #1 GC equipped with Carbosphere column anthermal conductivity
detector (TCD). Helium was used as the referensefgathe GC and its flow rate
was adjusted to 20ml/min. All the connection litefore and after the reactor were
heated up to 150°C to pre-heat the reactants bef@ereactor and to prevent
condensation of any condensable product formetarré¢actor. A soap bubble flow
meter was connected to the gas exit of GC in aimeneasure the flow rate. For all
the experiments, total flow rate of the reactants vadjusted to 50 ml/min (at
atmospheric pressure). The TCD detector was hetteP00°C. A temperature
ramped-program was designed in order to separatgabes in the exit stream of the
reactor. Details of this programme are given in |dabh2 and the schematic

representation of the experimental set-up is gimdfigure 19.

Table 12.The programme information of Gas Chromatograph

Initial Time Ramp Final
Programme . .
Temperature (°C) | (min) | (°C/min) | Temperature(°C)
Step 1 130 7 - 130
Step 2 130 3 40 250
Step 3 250 18 - 250
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Figure 19. Schematic representation of experimental set-up

Before starting catalyst testing experiments, catibn experiments were
carried out by preparing related mixtures of pdssgyoducts in order to determine
their retention times and the calibration factofbe calculations for calibration

factors are given in Appendix B.

Catalyst testing experiments were carried out betwtbe temperature range
of 200-400°C and the pressure was kept at 50 Ipagdl ithe reactivity tests. The
amount of catalyst charged to the reactor was nZafj the experiments. Space time
was calculated by dividing catalyst weight placedhe reactor by total flow rate of
the reactants. The value of the space time as a&eallat atmospheric pressure and
room temperature was 0.24 g.s/ml. However, theahsjpace time at 50 bars and at

the reaction temperature is expected to be quiterelnt.

In each catalyst testing experiment, at least fuacessive steady state data
points were taken of each temperature and the geeralue of these data was used
for the calculations of selectivity and conversigalues. Relations used for

evaluation of selectivity and conversion are présgin Appendix B.
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CHAPTER 9

RESULTS AND DISCUSSION

In this chapter characterization results of thetlsysized catalysts are
presented. In addition to these, results of dilddE synthesis reaction and effects
of operation temperature on conversion, selectiaityl yield of the products are

discussed.

9.1. Characterization Results of the Catalysts

9.1.1. Characterization Results of CuO-ZnO-AIO3-MCM-41 Type Mesoporous
Catalysts Synthesized by One-pot Hydrothermal Syntbsis and Impregnation
Methods

9.1.1.1. X-Ray Diffraction

The X-Ray diffraction patterns of synthesized HE85 and IMP1 catalyst
having Al/Si weight ratios of 0.03, were analyzestvibeen 8=1°-80° and they were
presented in Figure 20. A typical synthesized MCMrdaterial is expected to have a
major peak at@=2.20 and three reflections corresponding to 38,9042 and 5.96
[72]. In the XRD patterns of all three catalystsjon peaks corresponding to MCM-
41 type materials were observed and in the XRDepatf IMP1 catalyst in addition

to major peak, two reflections were observed aD%3#nd 4.42. These results
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indicating that mesoporous structure was preseme#1P1 catalyst substantially
however for HS1 and HS5 catalysts, absence of éflections was indicating a
distortion in the long range ordering of mesoporstuscture.

In XRD patterns of HS1 and IMP1, peaks were obskatehigher 2 values.
In Table 14, 8 and d-values of these peaks and also XRD datanebtdrom the
literature [89] were listed. When compared with literature data, results indicated
that all the peaks observed in the XRD patternd®t and IMP1 belonged to CuO
in the tenorite structure. The absence of peakesponds to aluminum and zinc or
their compounds showed that they were well-disgenrs¢he catalyst structure.

In the XRD pattern of HS5 catalyst, no peaks wavserved at higher62
values which showed that the catalyst had an amoplistructure and all metals

were well-dispersed in the catalyst structure witiforming crystallites.

s S5 e HS 1 IMP1

CuO
M

Intesity (counts)(a. u.)

10 20 30 40 50 60 70 80

o

2-Theta ( degree)

Figure 20.XRD Patterns of HS1, HS5 and IMP1 catalysts
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Thicknesses of the biggest CuO crystallites obsemeéhe XRD patterns of
HS1 and IMP1 catalysts were calculated by Scherreguation [90] given below
and the results were presented in Table 13. Thaledlons were done according to
the peaks observed af 238.68 for HS1 and 8 =35.62 for IMP1 and they were
given in Appendix C.

[ - KxA
" B X cos6

t = thickness of crystallite

K = constant dependent on crystallite shape (0.89)
A = X-ray wavelength

B = FWHM (full width at half max) or integral breddt

0 = Bragg Angle

Table 13.Crystallites Thickness of HS1 and IMP1 catalysts

Catalyst Crystallite Thickness (nm)
HS1 11
IMP1 18
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Table 14.Comparison of XRD pattern data of HS1 and IMP Alyats with

literature data [89]

Literature HS1 IMP1
Peaks d- d- d-
20 value | I/lo 20 value [ I/lo 20 value [ l/lo
(A) (A) (A)
@ 2.2 39.8 | 100 § 2.26 | 39.06/ 100 244 36.18 9
51;)_ 3.9 22.9 6.7 - - - 3.90 22.68 27
g 4.42 19.8 3.3 - - - 4.74 18.63 13
% 59 | 149 25| - : - - - -
3251 | 2.75 8 - - - 3250 2.7% 1Q
35.44| 2.53 60 - - - - - -
35.54 | 2.52 100 35.52 252 10p 35p0 2.p2 D5
38.94| 231 100} 38.7¢ 2.32 94 38.)8 2.82 300
_;4"; 48.74 1.87 25 48.68 1.8] 34 48.82 1.86 33
:).; 5347 1.71 7 - - - 53.38 1.71 14
g 58.31| 1.58 12 - - - 58.28 1.58 1%
& 61.55| 1.51 16 6152 1.5 33 61.64 1.50 6
g 65.82| 1.42 12 - - - 65.74 1.42 1]
66.28 | 1.41 14 66.16 1.4 27 66.84 1.41 33
67.93| 1.38 9 - - - - - -
68.15| 1.37 14 - - - 68.10 1.38 2%
7244 1.30 6 - - - 7250 1.30 1]
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9.1.1.2. Energy Dispersive Spectroscopy (EDS)

The results obtained from EDS analyses were giv@rable 15. As expected
EDS results of IMP1 catalyst showed that metalonparated into the catalyst
structure successfully. When compare the EDS esiithe catalysts synthesized by
one-pot hydrothermal synthesis route, metals irm@ated into the catalyst structure
in HS1 successfully which was synthesized by foitmyv basic hydrothermal
synthesis route. However, in HS5 which was syn#eekiby acidic hydrothermal
synthesis route nearly all of the zinc and onedtlof copper was lost from the
catalyst structure during the washing step. EDSllte<learly indicated that pH
value of the synthesis solution was highly effegton the final physical structure of

the catalyst.

Table 15.EDS results of HS1, HS5 and IMP1 catalysts

Al/Si (wt %) Cu/Si (wt %) Zn/Si (wt %)

Sample : : :
Obtained Obtained Obtained

ID Prepared Prepared Prepared
(EDS) (EDS) (EDS)

HS1 0.027 0.03 0.21 0.18 0.18 0.18
HS5 0.027 0.026 0.21 0.13 0.18 trace)
IMP1 0.027 0.03 0.21 0.20 0.18 0.17

9.1.1.3. Scanning Electron Microscopy (SEM)

SEM analyses were performed in order to determihe turface
morphologies of synthesized materials. In Figure A0 times magnified SEM
image of HS1 was presented and its average pasiméewas determined as nearly
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200 um. Agglomeration on the particle surface can bdyedstected from the 3000
times magnified image of the material given in FeB2.

A hundred and five hundred times magnified SEMges of HS5 catalyst
are given in Figure 23 and Figure 24, respectiv@lyerage particle size was found
as ~15Qum from Figure 23.

Finally, in Figures 25 and Figure 26, SEM imagésIMP1 catalyst are
presented. The average particle size was deternasm@@um from a thousand times
magnified image presented in Figure 25.

m’h
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2Ky B ,,>1L4L3 METU 28KUY X3, 800

Figure 21. SEM image of HS1 Figure 22. SEM image of HS1
(magnified 100 times) (magnified 3000 times)
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Figure 23. SEM image of HS5 Figure 24. SEM image of HS5
(magnified 100 times) (magnified 500 times)
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Figure 25. SEM image of IMP1 Figure 26. SEM image of IMP1
(magnified 100 times) (magnified 5000 times)

9.1.1.4. Nitrogen Physisorption

The multipoint BET and BJH surface areas, avepage diameters and pore
volumes of the HS1, HS5 and HS1 catalysts obtafrmd nitrogen physisorption
analyses are presented in Table 16.

The pore volumes of the synthesized catalysts Veered to be between 0.73-
1.6 cni/g. Their BJH desorption average pore diametere welculated in the range
of 0 to 50 nm and found between 3.7-8.9 nm. Thetipuniht BET and BJH
desorption surface areas of the catalysts were als@ained from nitrogen
physisorption analyses. The BET surface areas Veened between 669-722 gy
and BJH surface areas were found between 771-8@2 m

The results indicated that more successive incatfpor of metals into the
structures of IMP1 and HS1 catalysts slightly dasesl their surface areas. In
addition to these, the surface area results shdhetdmetals and their compounds
penetrated into the catalysts frameworks succdgsiihout blocking the pores of

silica based mesoporous structures.
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Table 16.Physical properties of synthesized catalysts

Avg. Pore
Surface Area (nf/g) Pore Volume
Sample ID Diameter (nm) 3
. (cm/g)
BET BJH Desp. | (BJHDesp)
HS1 722 902 8.9 1.6
HS5 804 904 6.6 14
IMP1 669 771 3.7 0.73

* BJH Interpolated Cumulative Desorption average pbaeneter for pores in the
range of 0 to 50 nm in diameter

The nitrogen adsorption-desorption isotherms ef thtalysts are given in
Figure 27. According to the IUPAC physisorption tierm classification,
adsorption-desorption isotherms of HS1 and HS5 skowype IV isotherms
indicating their mesoporous structures. In additiorthis, again according to the
UIPAC hysteresis loop classification, HS1 and H®%akysts showed H3 and H2
type hysteresis loops, respectively. Hysteresispdomccur due to capillary
condensation in the mesoporous structures. H2 Hypteresis loops are also seen in
the isotherms of porous adsorbents. Since ther®misommon consensus on the
formation mechanisms of H2 type hysteresis loopgse hysteresis loops are
generally observed for mesoporous materials hawiggificant interconnection
between the pores in the material structure. H® tiygsteresis loops are usually

obtained by the aggregates of platy absorbentarong slit-shaped pores [91].

The nitrogen adsorption-desorption isotherm of IMfatalyst showed Type

IV isotherm indicating its mesoporous structure.
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Figure 27.Nitrogen adsorption-desorption isotherms of HS$5knNd IMP1
catalysts
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Figure 28.Pore size distributions of HS1, HS5 and IMP1 tgptalysts
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Pore size distributions of the synthesized catslysere obtained from BJH
desorption method and they are given in FigureT®&. results showed that catalysts

having narrow pore size distribution were synthesiguccessfully.

9.1.1.5. DRIFT Spectra of Pyridine Adsorption

Differences of diffuse reflectance FT-IR (DRIFT&sults obtained from
pyridine adsorbed catalysts and fresh catalysts given in Figure 29. IR
spectroscopy is the basic and most direct way toirgermation about acidity
characteristic of a material from the distributiminLewis and Bronsted acid sites on
the surface [92].

HS1 HS5 IMP1

Transmittance (a.u.)

N\ V ~ N

1400 1450 1500 1550 1600 1650 1700
wavenumber (cm™)

Figure 29.DRIFTS spectra of HS1, HS5 and IMP1 catalysts
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The bands observed at 1453 tm576 cni, 1597 crit and 1612 ci were
due to Lewis acid sites [93]. A band would be expe@t 1540 cih if our materials
had Bronsted acid sites. However, pyridine adsorB&IFTS analysis showed
negligibly small band at this wave number. Thisutesdicated that HS1, HS5 and
IMP1 catalysts had very low Bronsted acidity.

DRIFTS results of the catalysts showed that thensities of IR bands
observed due to Lewis acid sites were higher foP1Matalyst relative to HS1 and
HS5 catalysts. Bronsted acid sites are superiocetwis acid sites for methanol
dehydration reaction. For the synthesized catalystative intensity of IR band due
to Bronsted acid site was very low when comparedRtdands observed due to
Lewis acid sites. Results indicated that aciditythe catalysts might be inadequate
for conversion of methanol to DME and this conaunsiwas also supported by

reactivity results obtained with IMP1 catalyst meted in Section 9.2.

9.1.2. Characterization Results of CuO-ZnO-AIOs-MCM-41 Type Mesoporous
Catalysts Synthesized by N#&£O3; Modified One-pot Hydrothermal Synthesis
Method

9.1.2.1. X-Ray Diffraction

The XRD patterns of HS3 and HS4 catalysts syntkdsiby NaCOs;
modified one-pot hydrothermal synthesis method @mesented in Figure 30. The
major peak at @&2.20° corresponds to MCM-41 type catalytic materials was
observed only in the XRD pattern of HS3 catalystéeer absence of the reflection
peaks indicated that the long range ordering ofop@w®us structure was highly
destroyed. Similarly, in the XRD pattern of HS4abgst, no peaks indicating the
formation of mesoporous structure was observed.

Peaks observed at arourtl=235.54 and @ =38.94 were the major peaks of

copper oxide. The®Rand d-values of the major and reflection peaksopiper oxide
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observed in the structure of the synthesized cst&algnd their literature values were
listed in Table 18. Results obtained from XRD ama$/showed that copper oxide
was in the crystallite form in the catalyst struetiand the thicknesses of these
crystallites were calculated by Scherrer’s equafidre peaks observed dt 238.80
and at B =38.78 in the XRD patterns of HS3 and HS4 catalysts wesed in the
calculations, respectively. The results were tdledlan Table 17 and the sample
calculations were presented in Appendix C. Thektiesses of CuO crystallites
observed in HS3 and HS4 catalysts structures weraley than the crystallite
thicknesses values observed in HS1 and IMP1 c#édalykese results indicated that
better dispersion of copper in the catalyst stmectwas achieved by NGO;
modified one-pot hydrothermal synthesis.

The absence of the peaks corresponding to aluminzimg or their

derivatives indicated that they were well-dispersetthe catalyst structure.

Table 17.Crystallites Thickness of HS3 and HS4 catalysts

Catalyst Crystallite Thickness (nm)
HS3 8
HS4 12
e HS4
CuoCuo Hs3
3
s
£
>
o
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£
0 10 20 30 40 50 60 70 80
2-Theta (degree)

Figure 30.XRD Patterns of HS3 and HS4 catalysts
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Table 18.Comparison of XRD pattern data of HS3 and HS4lgstawith literature

data [89]
Literature HS3 HS4
Peaks d- d- d-
20 value | llo 20 value | llo 20 value | I/lo
A A A
g 2.2 39.8 100 2.2 40.12 100 - - -
®
| 39| 29 67 : i i ] : i
-
i 4.42 19.8 3.3 - - - - - -
=
% 5.9 14.9 2.5 - - - - - -
3251 2.75 8 - - - 3266 2.74 1]
35.44( 2.53 60 - - - - - -
3554 2.52 100§ 35.52 252 95 35p2 2.b2 95
38.94( 231 100§ 38.78 2.32 10 3880 2B2 300
g 48.74 1.87 25 48.72 1.87 29 48.84 1.86 8
®
o
o 5347 1.71 7 - - - - - .
g
'S 58.31( 1.58 12 58.28 1.5§ 29 58.86 1.58 2
c
[<B)
= 61.55| 1.51 16 | 61.58 1.5( 29 61.66 1.50 3
@)
S
@) 65.82| 1.42 12 - - - - - -
66.28| 1.41 14 66.22 1.41 28 66.86 1.41 1
67.93( 1.38 9 67.98 1.3§ 34 - - -
68.15( 1.37 14 - - - 68.06 1.38 2]
72.44 1.30 6 - - - 72.4% 1.30 13
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9.1.2.2. Energy Dispersive Spectroscopy (EDS)

The results of EDS analyses are given in TableREXults showed that all
three metals were incorporated into the catalytstetsires successfully without any

lost during the synthesis steps.

Table 19.EDS results of HS3 and HS4 catalysts

Al/Si (wt %) Cu/Si (wt %) Zn/Si (wt %)
Sample : : :
Obtained Obtained Obtained
ID Prepared Prepared Prepared
(EDS) (EDS) (EDS)
HS4 0.027 0.03 0.21 0.22 0.18 0.17
HS3 0.027 0.03 0.21 0.23 0.18 0.15

9.1.1.3. Scanning Electron Microscopy (SEM)

SEM analyses of synthesized HS3 catalyst are piex$en Figure 31 and
Figure 32. The average particle size was determfred 1000 times magnified
SEM image presented in Figure 31 and found asul5

In Figures 33 and 34, SEM images of HS4 catalyspeesented. The average

particle size for HS4 catalyst was determined yeEdlum.
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Figure 31. SEM image of HS3 Figure 32. SEM image of HS3
(magnified 1000 times) (magnified 5000 times)
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Figure 33. SEM image of HS4 Figure 34. SEM image of HS4
(magnified 100 times) (magnified 5000 times)

9.1.2.4. Nitrogen Physisorption

The multipoint BET and BJH desorption surface sresaverage pore size
diameters and pore volumes of HS3 and HS4 catalystained from nitrogen
physisorption analyses are presented in Table @ BET surface areas of the
catalysts were found as 207%m and 353 rfig for HS4 and HS3 catalysts,
respectively. In the synthesis procedures of thalysts, NaCO; was used as the
precipitating agent during the synthesis of mixeetah nitrate solutions and

formation of mixed crystallites including all metakides in the nitrate solution was
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expected. The surface area results when compartee teurface areas of HS1 and
HS5 catalysts (722 ffy and 804 fig respectively), clearly indicated that pores of
the MCM-41 structure was blocked with mixed metastallites. Due to blocking of
the pores, the surface areas of the catalysts sdesm@ased significantly and also the
mesoporous structure of MCM-41 was destroyed saanfly as previously
discussed for the XRD pattern analyses of the ysttal

The results also showed that the surface area 8fddglyst was higher than
HS4 catalyst. The addition of metal nitrates ifte MCM-41 solution after washing
with hot deionized water blocked the pores morenthddition of metal nitrates
without washing step and decreased the surfaceohtba HS4 catalyst.

Table 20.Physical properties of the synthesized catalysts

BET Surface Area (nf/g) Avg. Pore
Sample _ Pore Volume
Diameter (nm) 3
ID . (cm®/g)
BET BJH Desp. | (BJH Desp)
HS4 207 234 12 0.74
HS3 353 400 11 1.24

* BJH Interpolated Cumulative Desorption average mbaeneter for pores in the
range of 0 to 50 nm in diameter

The nitrogen adsorption-desorption isotherms ofdaelysts were given in
Figure 35. The obtained isotherms of the catalyst® between type IIl and type IV
isotherms and they showed H3 type hysteresis [dbfs type of hysteresis loop is
usually seen for the plate-like particles havingstaped pores and these materials
do not have absorption limit at high pAmlues [91]. These isotherms also indicated

the presence of macropores in the catalysts steg:tu
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The pore size distribution graphs of the synthekizatalysts obtained by
BJH desorption method data are presented in Fig@relhe results also indicated
that catalysts containing mesopores and macroparesheir structure were
synthesized by using MaOs; modified one-pot hydrothermal synthesis. The ayera
pore diameters of the catalysts were calculatedhf®mpores having diameter in the
range of 0-50 nm and given in Table 20.
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Figure 35. Nitrogen adsorption-desorption isotherms of HSB e84 catalysts
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Figure 36.Pore size distributions of HS3 and HS4 catalysts
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9.1.2.5. DRIFT Spectra of Pyridine Adsorption

The DRIFT Spectra of pyridine adsorbed HS3 and EEg4dlysts are given in
Figure 37. Similar to the DRIFTS results of theatgdts discussed in Section
9.2.1.5., the bands observed at 1453'ct$81 cnt, 1600 cn and 1613 ci were
due to Lewis acid sites. The broad and weak barskrebd at 1540 cihwas
corresponded to pyridinium ion formed by the intéien of Bronsted acid sites and
the peak observed at 1494 trindicated the contribution of both Brénsted and
Lewis acid sites. The relative intensities of tRebands observed in the DRIFTS
analyses of HS3 catalyst were higher than the ahbs®rved for HS4 catalyst.
However, low intensities of Bronsted acid sitesvebd that methanol dehydration
reaction to DME was not favorable for these catalynd these results were also

confirmed by the reactivity test results of HS4abyt.
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Figure 37.DRIFTS spectra of HS3 and HS4 catalysts
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9.1.3. Characterization Results of ZrQ modified CuO-ZnO-Al,0O3;-MCM-41
Type Mesoporous Catalysts by One-pot Hydrothermal ghthesis Method

9.1.3.1. X-Ray Diffraction

The XRD patterns of Zr-1 and Zr-2 catalysts synitexs by ZrQ modified
one-pot hydrothermal synthesis method by acidider@re presented in Figure 38.
The XRD pattern of Zr-3 synthesized by neutral poe-hydrothermal synthesis
route is presented in Figure 39. The XRD patt&inthe Zr-1 and Zr-2 catalysts
showed that catalysts had amorphous structure laadmietal oxides were well-
dispersed in the structure. The major peakdal2l4 corresponds to MCM-41 type
catalytic materials was observed without its rdftets indicated that mesoporous
structure of MCM-41 was destroyed. The broad pdssenved betweend220-30°
indicated amorphous silica.

In the XRD pattern of Zr-3 catalyst, major peak€aO and their reflections
were observed. The results showed that final pidevalf the synthesis solution had

great effects on the crystalline structure of thatlsesized material.

— 7 -]
—T -2

S

8

o

(7]

c

3

£

0 10 20 30 40 50 60 70 80
2-Theta (degree)

Figure 38.XRD Patterns of Zr-1 and Zr-2 catalysts
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Figure 39.XRD Pattern of Zr-3 catalysts

9.1.3.2. Energy Dispersive Spectroscopy (EDS)

The results of EDS analyses are given in TabldR2sults showed that in Zr-

3 catalyst all metals were incorporated into thialgat. However for the catalysts

Zr-1 and Zr-2 synthesized by acidic route, almdszimc and nearly half of the

copper metals were lost from the structure in tlashing and calcination steps. The

results indicated that increase in the pH valuerfathe incorporation of the metals
into the MCM-41 framework.

Table 21.EDS results of Zr-1, Zr-2 and Zr-3 catalysts

Al/Si (wt %) | Cu/Si (wt %) Zn/Si (wt %) Zr/Si (wt %)
Sample
ID Obt. Obt. Obt. Obt.
Prep. Prep. Prep. Prep.
EDS EDS EDS EDS
Zr-1 0.027| 0.026| 0.21 0.11 0.18| Trace 0.08 0.0y
Zr-2 0.027| 0.03 0.21 0.07 0.18 0.02 0.16 0.14
Zr-3 0.027| 0.031| 0.21 0.20 | 0.18] 0.18 0.16 0.138
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9.1.3.3. Scanning Electron Microscopy (SEM)

SEM analyses of synthesized catalysts are presemtéidure 40 and Figure
41 below.

S E Hm

METU 28KU

METU 1aKWY xisBbBa

Figure 4C0. SEM image of Zr-1 Figure 41. SEM image of Zr-3
(magnified 500 times) (magnified 1000 times)

9.1.3.4. Nitrogen Physisorption

The multipoint BET and BJH desorption surface sresverage pore size
diameters and pore volumes of the synthesized ysétabbtained from nitrogen
physisorption analyses are presented in Table B2. BET surface areas of the
catalysts were found between 858-958mThe results showed that incorporation of
zirconium into the catalysts structure preventegpeo from agglomeration and
increased the surface areas of the catalysts.
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Table 22.Physical properties of the synthesized catalysts

BET Surface Area _

’ Avg. Pore Diameter Pore
(m*/g)
Sample ID (nm) Volume
BET BJH ( BJH Desp.) (cm®g)
Desp.

Zr-1 858 986 7.9 1.7
Zr-2 958 1102 7.8 1.6
Zr-3 869 1079 7.5 1.6

* BJH Interpolated Cumulative Desorption average pmbaeneter for pores in the
range of 0 to 50 nm in diameter

The nitrogen adsorption-desorption isotherms ofdhaglysts were given in
Figure 42. Isotherms of the Zr-1 and Zr-2 catalg$iswed type IV isotherm and H2
type hysteresis loop. Isotherm of Zr-3 catalysb alsowed Type IV isotherm and H3
type hysteresis loop. The pore size distributiospbs obtained by BJH desorption
method data were presented in Figure 43. The seshibwed that all catalysts had

narrow pore size distribution in their structure.

=== Ad(Zr1) =é=De(Zr1)
== Ad(Zr2) =@=De(Zr2)

=¢=Ad(Zr-3) ={l=De(Zr-3)

Quantity Adsorbed (cc/ g STP) (a.u.)

0 0,2 0,4 0,6 0,8 1
Relative Pressure (P/Po)

Figure 42. Nitrogen adsorption-desorption isotherms of ZFt2 and Zr-3 catalysts
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Figure 43.Pore size distributions of Zr-1, Zr-2 and Zr-3atgs$ts

9.1.3.5. DRIFT Spectra of Pyridine Adsorption

The DRIFT Spectra of pyridine adsorbed Zr-1, Zritl &r-3 catalysts are
given in Figure 44. The peaks observed at 1453 d%81 crit, 1600 crit and 1613
cm* wave numbers were due to Lewis acid sites. Thé& peaerved at 1494 ¢
indicated the contribution of both Bronsted and Isewcid sites. The relative
intensities of the IR bands observed in the DRIFERElyses of Zr-3 catalyst were
higher than the ones observed for Zr-1 and Zr-alygsts.
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Figure 44.DRIFTS spectra of Zr-1, Zr-2 and Zr-3 catalysts

The properties of catalysts synthesized by onekhyorothermal synthesis

method following different synthesis routes arespraed in Table 23.

101



[40)"

Table 23.Summary of the catalysts prepared by one-pot higdrmal synthesis method

. EDS Results (wt%) BET Avg. Pore
Notation Synthesis Method Synthesis Surface Diameter XRD Results
Route _ ' . _ Area (nm)
Al/Si | Cu/Si | ZnlISi | Zr/Si (m./g) (BJH Desp.)*
Hs1 | One-pothydrothermal| .o | 503 | 018 018 i 722 gg | Formation of CuQ
synthesis Crystallites
Hes | Onewpothydrothermall  ,.gie | 0026 | 0.13] trace : 804 6.6 Amorphous
synthesis Structure
IMP1 Impregnation i 003| 020 017 i 669 37 | Formation of CuO
Crystallites
Hsg | NeeCOsmodified one-poy o o) | 003 | 022 017 . 353 12 | Formation of CuO
hydrothermal synthesis Crystallites
Hsa | N&COsmodified one-pot o o | 003 | 023 015 ; 207 11 | Formation of CuQ
hydrothermal synthesis Crystallites
zr1 | Z/Q:modified one-pot | xie | 0026 | 0.11| trace | 0.01 858 7.9 Amorphous
hydrothermal synthesis Structure
zrp | ZQ:modifiedone-pot | \uye | 903 | 007| 002 | 014 958 7.8 Amorphous
hydrothermal synthesis Structure
zr.3 | Z'O:modified one-pot | o | 0031| 020 018| 0.1 869 75 | Formation of Cuo
hydrothermal synthesis Crystallites

* BJH Interpolated Cumulative Desorption average piameter for pores in the range of 0 to 50 nmiameter



9.1.4. Characterization Results of the Catalysts Rpared by Physical Mixing
Method

9.1.4.1. X-Ray Diffraction

The X-Ray diffraction patterns of synthesized Al-M&l1, TRC75(L) and
commercial methanol reforming catalysts are presemt Figure 45 and Figure 46,
respectively. The major peak of MCM-41 structureswesaserved in the XRD pattern
of AI-MCM-41 having Al/Si ratio of 0.03. However,nithe XRD pattern of
TRC75(L) having W/Si ratio of 0.4, no peaks cop@sding to MCM-41 structure
was observed.

In Figure 46, XRD pattern of commercial methandbmaing catalyst was
given. The peaks observed at235.54 and ® =39.14 showed the CuO crystallites
in the catalyst structure and also the sharp péakreed at @ =26.64 showed the

silica crystallite in the structure.
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Figure 45.XRD Patterns of AI-MCM-41 and TRC75(L) catalysts
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Figure 46.XRD Pattern of commercial methanol reforming caaly

9.1.4.2. Energy Dispersive Spectroscopy (EDS)

The results of EDS analyses are given in Table RBS results of
commercial catalyst showed that the weight ratibsnetals in the structure are
almost same with the ratio of the metals takerifersynthesis of the catalysts in this
study. In the commercial catalyst the weight m#d:Cu:Zn found as 9:56:35 and
this ratio was taken as 10:50:40 in this study. weler the commercial catalyst

contains essentially no silica.
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Table 24.EDS results of the catalysts

Al w Si Cu Zn
Sample ID | (Wt%) | (wt%) | (Wt%) | (Wi%) | (wi%)
Obtained from EDS
Al- MCM -41 2.35 - 97.65 - -
TRC75(L) - 68.52 | 31.48 - -
Commercial 9.19 - 0.17 56.14| 34.5

9.1.4.3. Scanning Electron Microscopy (SEN

SEM analyses of commercial methareformingand TRC75(L) catalysiare
presented in Figuré7 and Figure 48.

— l8a8abm
®lv| .y

: Meto . Soxy

Figure 47. SEM image of Commerci:

Figure 48. SEM image of TRC75(L
[87]

MethanolReformin¢ Catalyst

9.1.4.4. Nitrogen Physisorptio

The multipoint BET and BJH desorption surface area®rage pore si:

diameters and pore volumes of the catalysts oltairem nitrogen physisorptic
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analyses were presented in Table 25. The BET sudezas of the AI-MCM-41 and
TRC75(L) were found 1189y and 252rflg, respectively .

Table 25.Physical properties of the synthesized catalysts

BET Surface Area )
) Avg. Pore Diameter Pore
(m9)

Sample ID (nm) Volume
BET BJH ( BJH Desp.) (cm®/g)

Al- MCM-41 1189 1396 3.9 1.7
TRC75(L) 252 - 7.8 0.37
Commercial 383 594 7.9 0.8

* BJH Interpolated Cumulative Desorption average mbaeneter for pores in the
range of 0 to 50 nm in diameter

The nitrogen adsorption-desorption isotherms ofdaelysts were given in
Figure 49. Isotherms of the AI-MCM-41 and TRC753talysts showed type IV
isotherm. According to the UIPAC hysteresis loopssification, they showed H2
and H1 type hysteresis loops, respectively. The pae distribution graphs obtained

by BJH desorption method data were presented ur&ig0.
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Figure 49. Nitrogen adsorption-desorption isotherms of Al-M&i, TRC75(L) and

commercial methanol reforming catalysts
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Figure 50.Pore size distributions of of AI-MCM-41, TRC75(&hd commercial
methanol reforming catalysts
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9.2. Activity Results of the Synthesized Catalysts

In this section, the activity test results of tlyathesized IMP1, HS4, Zr-1,
Zr-2, Zr-3 and TRC75(L)-C catalysts in direct syegls of DME from synthesis gas,
are given. The carbon monoxide conversion and thalgosalues of the products are

plotted as a function of temperature.

9.2.1. Activity tests of IMP1 catalyst

IMP1, which was prepared by impregnation methas, a BET surface area
669 nf/g. It has BJH adsorption pore volume and pore dtamof 0.73 crfig and
3.7 nm, respectively. The weight ratio of alumintosilica was taken as 0.03.

The catalytic activity tests of IMP1 catalyst werevestigated in direct
dimethyl ether synthesis reactions in the expertaleset-up described in Section
8.3. Feed stream composed of carbon monoxide asicbdpgn with a molar ratio of
1.1 was used. Total flow of the mixture was adjdste 50 ml/min (at atmospheric
pressure). The amount of IMP1 catalyst was 0.2 gramd it was placed in the
middle of the differential fixed bed reactor. Tleaction was carried out between the
temperature ranges of 200-400°C.

No carbon monoxide conversion was observed whartaetemperature was
200°C. The IMP1 catalyst showed activity at the gematures between 250-400°C
and carbon monoxide conversion increased with asing temperature. The
obtained results are presented in Figure 51. Thwvazsion value at 400°C was
found around 8%.
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Figure 51. The variation in carbon monoxide conversion witk @ of IMP1 catalyst

(Feed stream molar ratio $f£0O=1)

When product distribution was investigated, formatiof methane and
carbondioxide was observed together with methamol ethanol. No DME was
formed with this catalyst. This is considered tadie to low Bronsted acidity of this
catalyst. It was interesting to observe that ethaves also formed together with
methanol (Figure 52) especially at higher tempeestuSelectivities of methanol and
ethanol were about 0.17 and 0.3 at 400°C, respdygtiv

0,6

=¢—CH4 —=@—CO2 MEOH ==¢=ETOH

Selectivity, S

0,1 -

O I I
250 300

Temperature (°C )350 400

Figure 52. The variation of selectivities of products witl2 @ of IMP1 catalyst

(Feed stream molar ratio f£0O=1)
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Decrease of methanol selectivity with temperatsireonsidered to be mainly
due to thermodynamic limitations. Formation of £&hd CQ was considered to be
due to reverse dry reforming reaction (Reactiondf) some of the formed G@as

expected to be used in reverse water gas shiftioea@eaction 25).

2CO +2H < CH,; + CO, (reverse dry reforming of methane) (23)
CO + 2H < CH;OH (methanol syntlsgsi (1)
2CO + 4H < C,HsOH + H,O (ethanol synthesis) (24)
H, + CO, « CO + HO (reverse water-gas shift) (25)

Dry reforming of methane reaction is a reversibdaction and methane
reforming occurs at high temperature values ab@@8®. At low temperature values
reaction goes to right hand side and methane waduped from carbonmonoxide
and hydrogen. This catalyst is not appropriateDiIE synthesis. However, it can be
considered as a potential catalyst for the symshesiethanol and methanol from
synthesis gas. In order to increase the seleetdvidf alcohols, formation of methane
should be eliminated. This might be achieved bywngisCQ in the feed stream
(Reaction 23).

9.2.2 Activity Tests of Zr-1, Zr-2 and Zr-3 Catalyds

Zr-1, Zr-2 and Zr-3 catalysts were synthesizedzZirgonium modified one
pot hydrothermal synthesis method. Zr-1 and Zr-falgats were synthesized in
acidic synthesis conditions (pH=0.2 and pH=0.4,peetvely) and Zr-3 was
synthesized in neutral conditions (pH=6.0). 0.2wgaf each catalyst were placed in
the differential tubular reactor separately. Carlboonoxide conversion results are
given in Figure 53. No carbon monoxide conversi@s wbserved in the activity test

of Zr-1 catalyst. The characterization results skdwhat only difference between the
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Zr-1 and Zr-2 catalysts was incorporation of vemyaf amount zinc metal into the
catalyst structure. No zinc was clanged to thectire of Zr-1 catalyst however a
small amount of zinc was observed in the EDS reafitZr-2 which showed some
carbon monoxide conversion. The conversion vall®aimed with Zr-3 was much
higher than the corresponding values obtained #itR and also with IMP1. As it
was stated in the literature, presence of Bronst@d sites is very important for
methanol dehydration reaction. However, intensitieBronsted acid sites observed
in the pyridine adsorbed DRIFT spectra of Zr-3 lyatawere negligibly small. The
DME formation over this catalyst could be due tghhintensities of its Lewis acid
sites when compared with Zr-2. Due to the high iseacidity of the surface,

methanol molecule could be adsorbed on the catalygtce by the following

mechanism:
CHOH + § < CH;-0-§ + H-§ (Adsorbed huety)
CH:OH + $ <« CHOH--$ (#atbed methanol)

CHz-O-S; + CHOH--S; <> CH;O- CHs + S + OH--S,
H-S1+OH- S HO+S+S

A similar mechanism was reported in the literatioreDME [15], and diethyl
ether (DEE) production [77]. This mechanism preglittat methanol is adsorbed on
one surface in methoxy form by dissociation of dmglrogen atom and also

adsorbed on another surface surface in methanaaulel form.
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Figure 53. The variations in CO conversions with 0.2 g ofZZand Zr-3 catalysts

(Feed stream molar ratio #f£0O=1)

Zr-2 catalyst showed activity at the temperatureghdr than 300°C and
carbon monoxide conversion was obtained around Ofo.the other hand Zr-3
catalyst showed activity at all temperature valaed carbon monoxide conversion
was around 40 % at 400°C.

As it was stated before, the main difference betw2r-2 and Zr-3 catalyst
was the pH value of synthesis solution. In Zr-3, métals incorporated into the
catalyst structure and in Zr-2 nearly all zinc ame-third part of the copper was lost
during the synthesis procedure. However, when coedpidne IMP1 activity results it
can be clearly seen that besides the incorporatiaine metals into the structure,
addition of Zirconium was the main reason for hegimversion.

The product selectivity results of Zr-2 and Zr-8tatysts are presented in
Figure 54 and Figure 55, respectively. Selectigité DME were found around 13%
for Zr-2 catalyst and 8% Zr-3 catalyst. These loMBD selectivities are due to low
Bronsted acidity of these catalysts.
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Figure 54. The variation of selectivities of products witl2 @ of Zr-2 catalyst (Feed
stream molar ratio (AICO=1)
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Figure 55. The variation of selectivities of products witl2 @ of Zr-3 catalyst (Feed
stream molar ratio (ACO=1)
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Methanol and ethanol were formed with both of ¢heatalysts. However
CO, and CH selectivities were much higher than alcohol selgrs. Results
indicated that reverse dry reforming reaction wasteq significant with these
catalysts. However, COselectivity values were found to be higher thaa €H,
selectivity. This might be due to the water gadtsi@action, in which the water
formed in ethanol synthesis reaction could be wesethe reactant. Zr-3 catalyst is
quite active. However, in order to increase the D$#fectivity, its Bronsted acidity
should be increased. Also, formation of £@&nd CH should be decreased by
inhibiting reverse dry reforming of methane. Impedwesults might be obtained by
using CQ in the feed stream as the reactant.

9.2.3. Activity tests of HS4 catalyst

The HS4 catalyst was synthesized by®ia; modified one-pot hydrothermal
synthesis method. This catalyst showed activityvbeth 300-400°C and the change
in the carbon monoxide conversion is given in Feg66. The carbon monoxide

conversion values obtained in the activity test gaise low.
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Figure 56. The variation in carbon monoxide conversion with @ of HS4 catalyst

(Feed stream molar ratio f£0O=1)

114



Carbon monoxide conversion was found around 7 % it due to low
Al/Si ratio of the catalyst. The product seleciviesults were presented in Figure
57. DME and ethanol production were started &5%)°C and their selectivites were
found 8% and 18%, respectively. Methanol and ethselectivity values were found
to be around 0.15. The similar trends of the methand carbondioxide selectivity
curves showed the formation of reverse drying rafog of methane reaction.

However, in this case Cltéelectivities were higher than G€electivities.
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Figure 57.The variation of selectivities of products witl2 @ of HS4 catalyst (Feed
stream molar ratio (ACO=1)

9.2.4. Activity tests of TRC75(L)-C catalyst

TRC75(L)is a highly effective solid acid catalyst developeaur laboratory
for dehydration of alcohols [77, 87]. Recent stadi€ Ciftci [87] had shown that this
catalyst was very active in methanol dehydratioe)djng DME selectivities of
about 100% in a temperature range of 200°80@t very high methanol conversions.

In our work, this catalyst was physically mixed hvd commercial methanol
reforming catalyst (HIFUEL-R120, by Alfa Aesar) tst the catalytic performance
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in the synthesis of DME from synthesis gas. Thigedicatalyst was denoted as
TRC75(L)-C. For the comparison purposes, actiwgts of HIFUEL-R120 catalyst
alone, were also made with the same feed streamin(h@&quimolar quantities of
hydrogen and carbon monoxide) in the same temperednge of 200-46C.

As shown in Figure 58, carbon monoxide conversialues increased with
temperature using both TRC75(L)-C and HIFUEL-R12@atysts. Activity of the
mixed catalyst was considerably higher than themergial HIFUEL-R120 catalyst.
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Figure 58. The variation in carbon monoxide conversion with § of commercial
methanol reforming and TRC75(L)-C catalyst (Feedash molar ratio (HCO=1)

CO conversion values reached to about 25% at teyes 308C and
higher. Looking at the product selectivity valudserved with TRC-75(L)-C and
HIFUEL-R120 (Figures 59 and 60), it was observeat tfuite high DME selectivity
(about 60%) was obtained in a temperature rang250f275C with the mixed
catalyst. However, DME selectivity was much ledso(g 10%) with the commercial

catalyst. This is more clearly seen in Figure 61.
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Figure 59. The variation of selectivities of products witl2 @ of TRC75(L)-C
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Figure 60. The variation of selectivities of products witl2 @ of commercial
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Figure 61. DME selectivities of TRC75(L)-C and commercial hntol reforming

With the commercial methanol reforming catalyst BiiH_-R120, formation
of significant amout of formic acid was observespeially at temperatures lower

than 356C. Formation of formic acid was not observed withy aof the other

catalysts tested in this work.
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Figure 62. Formic acid selectivities of TRC75(L)-C and compiar methanol

reforming catalysts (Feed stream molar ratig @D=1)

As shown in Figure 62, formic acid mole fractionsmeery low in the case of
mixed catalyst TRC75(L)-C. This was considered msndication of conversion of
formic acid formed over the HIFUEL-R120 catalysTIME with the catalytic action
of TRC75(L).

2CHO; + 4H, <> (CHg)20 + 3H0 (26)

This overall reaction may proceed by the formatiorethanol as an

intermediate.

CH,0O, + 2H, «+ CH30H + H,0 (27)

Formation of some methanol and ethanol was als@rebd with these

catalysts at temperatures over 250
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CO + 2H < CH;OH (1)

2CO + 4H < CHs0H + H,O (23)

Formation of methane together with €®as an indication of contribution of

reverse dry reforming reaction to the product distron.

2CO+2H < CH; + CO, (24)

However, CQ concentrations were much higher than,@dpecially with the
mixed catalyst. Besides the reverse dry reformemgtion, formation of COmay
take place through the water gas shift reactiomufh DME synthesis reaction and

also through coke formation on the catalyst sutface

H,0 + COo H, + CO, (WGS) A3)
3CO +3H « (CHs),0 + CGQ (9)
2CO0— CO, + C (29)

Commercial methanol reforming reaction HIFUEL-R12@as actually

designed for hydrogen production from methanol.

CH3OH + HO < CO, + Hp (30)

Reverse of this reaction together with water gast skaction may be
responsible for the synthesis of small amount ahiangol in this system.

With the commercial catalyst, CO conversion valwese quite low at
temperatures of 258Q and lower. However, the observed high selectigftyormic
acid at such low temperatures indicated the occera the following reaction over

this catalyst.

CO, + Hy, < CH,O, (31)
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Another possibility is the reaction of CO with®l

CO + HO < CH,O, (32)

In fact, formic acid was reported to decompose eq@asily through the
reverse of these reactions. Formation of formid asier the commercial catalyst at

low temperatures may also be due to the reacti@ivith H.

2CO+H — CH,0, + C (33)

At 200°C, fractional conversion values obtained with bofhthe catalysts
was close to zero. Consequently, the selectivityesaobtained at this temperature
were not included into the figures discussed ia faction.

Results obtained with the mixed TRC75(L)-C andFWEL-R120 catalysts
indicated that the performance of the mixed catalyas quite promising for the
conversion of synthesis gas to DME. 60% DME selégtiis quite high for this
reaction. Results also indicated that the inclusib CG to the feed stream could
enhance the formation of formic acid (and methamblich may then be converted to
DME over the TRC75(L)-C solid acid catalyst.

All these results gave very important clues relatedhe required catalyst

composition and the feed stream composition fah&irstudies to produce DME.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

In this study, novel bifunctional DME synthesistadgtic materials were
synthesized by one pot hydrothermal synthesis, egnpation and physical mixing
methods. The synthesized materials were charaeterizy XRD, EDS, B
phsisorption, SEM, and DRIFTS of pyridine adsonpttechniques. A high pressure
fixed bed flow reactor was built in Reaction Engirieg Laboratory and the activity
tests of the synthesized materials were carrietbetween the temperature range of
200-400C and under 50 bars pressure.

Three different catalyst synthesis procedures weesl for the preparation of
catalytic materials and the synthesized materisdsewgrouped according to their
similarities. In the first group of catalysts, opet hydrothermal synthesis and
impregnation procedures were used. The effect ofglde of the synthesis solution
on the catalyst physical and chemical properties \weestigated by following
hydrothermal synthesis procedure in basic (HS1)amic (HS5) routes. In addition
to these catalysts, copper and zinc were imprednatealuminum silicate and this
catalyst was denoted as IMP1. The characterizaéisults of these catalysts showed
that synthesis solution pH value was highly effexton final catalyst properties.
Incorporation of copper, zinc and aluminum into tiagalyst mesoporous network
was increased with increasing pH value of synthesistion. Also, XRD results
showed that CuO crystallites were formed in thalgat structure with increasing
pH value. Pyridine adsorbed DRIFT spectra of thalgsts showed that all catalysts
had Lewis acid sites however intensities of Bromsteid sites —which are essential
for methanol dehydration reaction- are negligibljadl. The highest relative

intensities of Lewis acid sites were observed inPIMcatalyst. For this reason,
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among the catalysts synthesized in this group|ytetactivity tests were carried out
only for IMP1 catalyst in this thesis. Due to extiedy low Bronsted acidity of these
catalysts, DME formation was not observed. It wasctuded that these catalysts
were more suitable for the synthesis of methandl ethanol from synthesis gas,
rather than production of DME. Formation of £€&hd CH suggested the occurance

of reverse dry reforming reaction.

In the second group, catalysts synthesized byC®amodified one
pot hydrothermal synthesis procedure were investijaCharacterization results
showed that by addition of MaOs;, metals were penetrated into the catalyst pore
network successfully. However, the decrease irstitace area (207-353%g) and
formation of CuO crystallites in the catalyst sttue showed that formed crystallites
were blocked the mesoporous of MCM-41 structure.this group of catalyst,
because of their similar properties, the catalgtitivity tests were performed with
the synthesized catalytic material denoted as H®#dmation of DME and ethanol
were started at the temperatures higher thann@G58t 400C, DME selectivity was
found around 5%. This low DME selectivity was dweldw acid strength of this

catalyst.

In the third group of catalysts, effect of Zircom metal loading in the direct
hydrothermal synthesis procedure was investigalld. catalysts were synthesized
by following acidic and neutral hydrothermal syrdiseroutes with different ZrO
weight ratios. Characterization results showed thetease in the Zr metal content
enhanced the incorporation of zinc into the catatyisicture. The catalyst named as
Zr-3 was synthesized by following neutral hydrothal synthesis route. Results
showed that increase of pH value of the synthesisitisn promoted metal
incorporation into the catalyst structure. All dfet metals were successfully
incorporated into the mesoporous network of MCMs#dicture at pH value of 6.0.
Moreover, nitrogen physisorption analyses showedt taddition of Zr metal

increased the surface area of the catalysts (8B8¥64).

Incorporation of zinc into the catalyst structurereased the catalytic activity
of the synthesized material. On the other handhéncatalytic activity tests of Zr-3

catalyst, 40% carbon monoxide conversion was aelieand DME selectivity was
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found around 8%. It was concluded that additiorZofconsiderably increased the
activity of the catalyst.

Finally, catalysts were prepared by physical ngxmethod. In this method,
silicotungstic acid incorporated methanol dehydraticatalyst (TRC75(L)) was
physically mixed with commercial methanol reformicegfalyst with a weight ratio of
one to one. Carbon monoxide conversion was foundeoaround 25% in the
catalytic activity tests carried out with mixturé BRC75(L) and the commercial
methanol reforming catalyst between the temperatamge of 200-40C. Highest
DME selectivity (60%) was observed at about “ZZ5Different from the other
synthesized catalytic materials, in the activitgt$eof this catalyst, formic acid
formation was observed. High DME selectivity anthtigely high CO conversion
values obtained with this catalyst mixture proved significance of presence of
Bronsted acid sites on DME production.

As a result, in the future synthesis of silicotstng acid, Cu, Zn, Zr
incorporated MCM-41 type catalytic materials wezeammended to be synthesized

and tested for DME synthesis from synthesis gas.

It was also concluded that, addition of £© the reactor feed stream might
have a positive effect by reducing formation of Inagte from reverse dry reforming
and also by enhancing methanol formation which wdhén be converted to DME
over the Bronsted acid sites. In addition to thesmthesis of DME and alcohols
starting from CQis a promising solution for global warming by rethg the carbon

dioxide concentration in the atmosphere.
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APPENDIX A

THERMODYNAMIC CALCULATIONS

A.l. Fugacity Coefficients of the Species

Fugacity coefficients of each species were caledlat different temperature
values by using Peng-Robinson equation for thespresvalues of 1 bar, 10 bar, 30
bar, 50 bar and 80 bar. The calculations were dgnesing MATHCAD software
programme and sample calculations for DME, CQ,H4O and CQ at 540K and 50

bar are presented in this chapter.

A.1.1. Fugacity Coefficient of DME by Peng-Robinsofquation of State

T = 40005 T =540 K

Pc = 53.7 P =30 bar

—
F = 8314-10 ~

T
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A.1.2. Fugacity Coefficient of HO by Peng-Robinson Equation of State

T = 6473 T = 540 K
Pc = 22048 P =50 bar
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A.1.3. Fugacity Coefficient of CO by Peng-Robinsokquation of State
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]11§£§=Z—1—BH{Z—B}— A Z+{__1 "ﬁi}B solve, | — |
WP 2J2B | Z+11-.2}B P/

#P=1.0164405674303443473

— 1.0164403674393445473

A.1.4. Fugacity Coefficient of CQ by Peng-Robinson Equation of State

Tc = 32823 T=350 K
Pc = 7307 P =50 bar
-3
E = 8314-10

T
T =—

Te
Tr=164
o = 0343

o= 037464 + 1.54226-0 — 026002-

 EE TR |, B \.fﬁ‘[l1

ok B
| P17 |
a= 045724 =
voPe )
“Te
b= n.ﬂ??sﬂf Ble ]
Pe )
A= a-F-P1
(R-T)°

-
£
E1

.

b=2879%10 "

A = 0066
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E=— E = 0032
BT
a=—-1+B o = —0.068
2 =
fp=A-3B -2E f=-1666% 10
2 3 =3
+=-AB+B +B vo=—1041 % 10

r—i.-iiﬂl]’.-'SSSE-tSQS §43967-107 — 3.2711257094283702071- li}_&-iw"

2
T BZ = ; =
Z4oZ + FZ+y=0solve.Z — | i 100788334805843067-10™ + 32711257094283702071-10™i
1

;x_ DT073354438551843546 J
£ = DT073354438331843546

faa ( i

£ A Z+ |1+ 2}B a8

Inl—{=Z-1-1In(Z-B)- : (1+2) solve,l — | — 96910363674701281192
\B/ 2.2B | Z+(1-+2}B \B/

fP= 26910363674701281192

A.1.5. Fugacity Coefficient of B by Peng-Robinson Equation of State

Te =333 = 540 K
Pe= 1207 = 30 bar
5
R = §314-107 °
T
Tri= —
Te
Tr = 16216
& = 0213
i = 037464 + 1342260 — 0269926~ = 0031
2
F=[1+x{1-Tr)] F =082
.fRJ,T 27
a=ods7a] =—= | a=2702% 10
v Poo )
o =
R-T i
b = 0.07780-| ';1, b= 166110 °
i Pc |}
A= E'F'Pﬁ A=552% 107"
(R-T)"
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] 5
7 +o-F + B-E+y=10sclveF —

E = 0018

o = —0082

B = —0.032

= 2463 % 10

;‘i

Ir" o
| —3.8193687258036193491-10 ~ |

6.3641736544306341828-10°

1.01333426618630538428

£ = 1.0133342651863035428

5
Eat)

|
%,

=Z-1-m(Z-B)-
J

A

Z+(1+.72)B

P=1.0132440736063203383

238 'm[z. +(1—+2)}B

|
4

£
:| solve, | % { — 1L0132440736065203383
I“- Jnl

The calculated fugacity coefficients at differenégsure values were listed in

the tables below.

Table 26.Fugacity coefficients of the species at 1 bar

T(K) | /P (DME) | /P (H;0) | f/P (CO) fIP () | f/P (COy)
400 | 0.9929447660.992930089 1.000095354 1.0002907@097394232
420 | 0.9939156080.993809442 1.000153342 1.0002874QD97837587
440 | 0.9947341980.994555088 1.000199062 1.0002834%899820572
460 | 0.9954289230.995191587 1.000235082 1.00027906998513242
480 | 0.9960220250.995738226] 1.000263381 1.0002743@499877152
500 | 0.996531107 0.996210309] 1.000285494 1.0002695@398989483
520 | 0.99697022B 0.99662009| 1.000302625 1.00026450899174215
540 | 0.997350717 0.996977467 1.00031572/4 1.00025962 0.999331379
560 | 0.9976817710.997290498 1.000325547 1.0002546609946554]
580 | 0.9979709130.997565788  1.0003327] 1.000249786999580409
600 | 0.9982243380.997808793 1.00033767]L 1.00024488899967901
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Table 27.Fugacity coefficients of the species at 10 bar

T(K) | f/IP (DME) | f/P (H20) flP (CO) fIP (Hy) fIP (COy)
400 | 0.93059864 0.929606561 1.001020%93 1.002921¥824245658
420 | 0.9401400430.938372278  1.00159031 1.00289220M878627856
440 | 0.9481849080.945799392 1.002039292 1.00285076282267882
460 | 0.955013666 0.952136248 1.002392799 1.00280510D85309672
480 | 0.960845211 0.957576885 1.002670275 1.00275690987865207
500 | 0.96585239 0.962274698 1.00288683 1.00270//28680022507
520 | 0.970173095 0.966352217| 1.003054311 1.002656Y29®91851397
540 | 0.97391833B30.969908227| 1.003182078 1.00260600B93407747
560 | 0.97717821[r 0.973023042] 1.003277578 1.00255552%94736609
580 | 0.9800264460.975762462] 1.003346778 1.0025056QB95874574
600 | 0.9825237160.978180774 1.00339448‘5 1.00245648996851558

Table 28.Fugacity coefficients of the species at 30 bar

T(K) | f/P (DME) | f/P (H,0) fIP (CO) fIP (Hy) fIP (COy)
400 |0.798259936 0.079768589 1.003499758 1.00903918823786151
420 |0.826385653 0.141952096/ 1.005142725 1.00891538436764106
440 |0.849878531 0.236563931] 1.0065278% 1.00877580P47547869
460 |0.869724307 0.372427105] 1.007557412 1.00862590856564358
480 |0.886631316 0.557852472] 1.00836382 1.00846960D64144379
500 |0.901133073 0.799686702] 1.008991342 1.00831002197054743
520 |0.91364332% 0.899889369] 1.009474715 1.0081491@:P75979231
540 |0.924489429 0.910498824| 1.009709506 1.00798858380604374
560 |0.933934258 0.919778858 1.009978203 1.00782956384555641
580 |0.94219137% 0.927932756| 1.010170605 1.00767280987940952
600 |0.94943594% 0.934278043 1.010300675 1.00751916%90848614
620 | 0.95581281P20.941496418 1.010379733 1.0072715@%93431289
640 | 0.96144259P0.947156344| 1.010416998 1.00712686895561934
660 | 0.96642635P0.952201126/ 1.010420011 1.00698595 0.997401725
680 | 0.9708492920.956710706] 1.010394969 1.00684892 0.998992087
700 | 0.9747835430.960752772| 1.010346977 1.00671580:000367841
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Table 29.Fugacity coefficients of the species at 50 bar

T(K) | /P (DME) | f/P (H,O) fiP (CO) fIP () | f/P(COy)

400 | 0.66872125 0.048530719 1.006652689 1.01529A28%6388019
420 | 0.7187638380.086331067| 1.009315695 1.015060388B9746795¢
440 | 0.7579965250.724279441] 1.011410119 1.01480610914978512
460 | 0.7904288250.760307422] 1.013054103 1.01453789D29623666
480 | 0.8177949640.789170157| 1.014338881 1.0142617004194266¢
500 | 0.84116291110.813342653 1.015335552 1.01398198895235602
520 | 0.8612818200.833968604] 1.016099983 1.0137019096119610¢
540 | 0.87871289 0.851769926 1.016449567 1.0132449989103656
560 | 0.8938927950.867258717 1.017100072 1.01314988D7516771¢
580 | 0.90716981F 0.880820945 1.017399269 1.0128807a480687751
600 | 0.9188264780.892758306] 1.017596812 1.01261738M8543136¢
620 | 0.929094884 0.90331238| 1.017473862 1.01219620D8963414]
640 | 0.9381676060.912679964] 1.017520094 1.0119495099311380¢
660 | 0.946205718 0.92102346| 1.017511258 1.0117097@49611950¢
680 | 0.95334484110.928478268 1.017457356 1.0114769099871820¢
700 | 0.959699888 0.93515822 | 1.017366658 1.0112509950096656¢
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Table 30.Fugacity coefficients of the species at 80 bar

T(K) | /P (DME) | f/P (H,O) fiP (CO) fIP () | f/P(COy)
400 | 0.4745501150.030969895 1.012111933 1.02500118810436944
420 | 0.563379594 0.055061668] 1.01607782 1.02457067 0.842849536
440 | 0.6315117950.091692871] 1.01919207 1.02411360M69738019
460 | 0.6829606080.144273764) 1.021630596 1.0236415Q892233446
480 | 0.7249594000.216026899 1.02352963 1.02316278011174902
500 | 0.7603791450.309630317 1.024995593 1.02268328D27206695%
520 | 0.79073208D0.426851114| 1.026112272 1.02220749940834552
540 | 0.8169969080.568176121] 1.026946113 1.02173848795246157
560 | 0.83987818R0.732405857| 1.027550158 1.02127848962412791
580 | 0.859914381.0.810956498] 1.027967004 1.02082886M70952765
600 | 0.87753218 0.827971964 1.028231048 1.02039(¥298298485
620 | 0.89307767 0.847043915| 1.028370208 1.01969716D84782462
640 | 0.9068361877 0.861957715 1.028407245 1.01928938090181344
660 | 0.91904570P0.875203688| 1.028360795 1.018893090D94847122
680 | 0.9299065440.887016507| 1.02824617]L 1.0185107a®98882923
700 | 0.9395885480.897588177| 1.028076002 1.01813967002375676

A.2. Equilibrium Conversions

Equilibrium conversions at different temperaturduea in the range 400-

700K were calculated by using MATHCAD software piamgme for reactions (9)
and (10). The feed ratio ¢HCO) of the reactants was taken one for both of the

reactions. Sample calculations for equilibrium cension at 540K and 50 bar, for

both of the reactions are presented.
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[474"

A.2.1. Equilibrium conversion calculation for feedratio (Ho/CO) of 1 [considering reaction (9): 3CO+3H —-CH3;OCH3 + CO,]

P = 50 bar
T=540 K
( 10 2| 3 [ w0 ) (s 3)
. —246200 + (—132.427)-(T — 268) + | 23.952- A2 - 208%) o | cisae B LT — 208’ ||
(K ) \ 2 ) \ 5l 2 (1 _ (1)) = - -4
in = i solve, K —> 2.7942579357271718234-10
L6210 ) 8314 LT &
4
K = 2.7942579357271718234-10 +
(f"l P) = A = 087871289
g CHIOCHI —
{:f"l P} - B B = 00968728582
g i
(FiP) = C = 1.016576404
L oe =
{:f .-P} -D D = 1013424030
8 i
- 5 72
2. ]
3 { B3328548530611788933 3
o T 93726767708051695318 — 14596971529425651944-i
| 100 - =]
[ AE - T 93726767708051695518 + _14596971529425651944-1
| & B
K=l —— 1 Lt T I, 553 — .10760551835762760857-4
o) (50— 50%) 3T 0 som E 1.0&3??2?.-:01941ﬂf =TT
(o0 290 ) (00 2| 1.0833572573019410533 + .10760351835762769937-1
| = X f { =i i et !
L 3 ) L 3 ) " 1.1254646453389660936 J

If

B3328548539611788833
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A.2.2. Equilibrium conversion calculation for feedratio (Ho/CO) of 1 [considering reaction (10): 2CO+4H—CH30OCH3 + H,0]

P = jD bar
T=3540 K
i -2 i — 57
B —203000 + (—123.398)-(T — 298) + | 18.336- L2 = 208%) 4 | 6853 28— L{r* — 208%)
% Al L \ 2 ) \ J _
™ 8314 il

\ 60210 )

K =3.72506053737779347112- 10-6

(! P)egapess =4

A = 08787128%

(f! P)gro =R B = 0.851762025
(fl P =C C = 1016676404
(f/P)y, =D D = 1013424039
s T
4|

CAB N V55 &
K= | -~_. : I- Nl solve . x —

\e=n”) A

4|[{1- 3]
[azol | U2
(2—x=) (2 —==3)

x = TJ1880603591747033083

(1.~ 30646747648660274701-1)
1. + 30646747648660274701-4
71880695591747033085

L 12811930440825296601

X 3
—— || solve, K. — 3.7230693737770347112- 10
g8/
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The equilibrium conversion values calculated #iedent temperature values

were listed below in Tables 31 and 32.

Table 31.Equilibrium conversion values for reaction (9dferent temperature

and pressure values [feed ratiop/EO) = 1]

T (K) | Xeq (1 atm)| Xeq (10atm) | Xeq (30 atm) | Xeq (50 atm)| Xeq (80 atm)
400 |0.931953012 0.986256964 0.9936895470.995691019

420 |0.866707168 0.973999589 0.98807811/20.991840773 0.994400545
440 | 0.74766238% 0.95294658| 0.9785446900.985281404 0.989794695
460 | 0.548984664 0.917801488 0.9629365470.974582214 0.98229253
480 | 0.299220836 0.860362964 0.938088220.957669957 0.970473223
500 |0.116414741 0.768675825 0.8993557570.931579399 0.952353077
520 0.629643733 0.840051316.892080303 0.925162088
540 0.444732442 0.751365558).833285485 0.885051272
560 0.256204221 0.625081843.747770986 0.826835539
580 0.122525752 0.463800953).628982939 0.744242877
600 0.295466452 0.479122296 0.632035272
620 0.162061183 0.31997951| 0.49187695
640 0.08077451| 0.187073764 0.341789448
660 0.038881834 0.09950425| 0.21092215
680 0.018804975 0.050737503 0.118878461
700 0.009318764 0.025772404 0.063923314
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Table 32.Equilibrium conversion values for reaction (10yldferent temperature

and pressure values [feed ratiop/EO) = 1]

T (K) | Xeq (1 atm) | Xeq (10atm)| Xeq (30 atm) | Xeq (50 atm)| Xeq (80 atm)
400 | 0.8168467830.982027279 0.996901769 0.998441439 0.9992106[19
420 | 0.6191645180.96012457] 0.992029495 0.995954542  0.997900699
440 | 0.35016884R20.91715369| 0.981089882  0.98553543  0.994913D36
460 | 0.14083895 0.83839932 0.958218146 0.97097828388604578
480 0.7065364350.913449828  0.94485468  0.976098553
500 0.51763667830.831671132] 0.900242924 0.9526933B86
520 0.3114282890.709447644) 0.827998282 0.911190543
540 0.1549989740.547538778| 0.718806956 0.8416353p4
560 0.365726653 0.570508115 0.733150918
580 0.210159612 0.400538845 0.5922235%02
600 0.108574148 0.246118834 0.433837087
620 0.05371913% 0.136152757 0.282148212
640 0.026505316¢ 0.071336725 0.166178126
660 0.01322413% 0.036896458 0.092819522
680 0.006820778 0.019386779 0.049993674
700 0.003628432 0.010416189 0.027226891

145



APPENDIX B

CALIBRATION OF GAS CHROMATOGRAPH

Calibration experiments were done in order to mheitge the retention times
and calibration factors of the reactants and prtsd@alibration factors and retention
times of carbondioxide (C{ methane (Ck), methanol (CHOH), ethanol
(C;HsOH) and DME (CHOCH;) were determined by using the equations given in
the following parts of this section. The calibratitactor of carbon monoxide was
taken 1.0. Gas mixtures of these substances wireht feed ratios were fed to the
GC and results were obtained by using Peak327 aodtprogramme.

B.1. Calibration Factors for Carbondioxide, Methaneand DME

In the calibration experiments of GACH, and DME, same amounts of gases
were used and the same procedure was followethidrséction, sample calculations

for carbondioxide were presented.

For the calibration experiments of gOgas mixture containing carbon
monoxide, carbondioxide and hydrogen was fed toGRe By using the following
relations, calibration factor of GQvas calculated.

Flow rate of CO = 25 ml/min
Flow rate of H = 25 ml/min Total flow ratg,dg = 60 ml/ min

Flow rate of CQ= 10 ml/min
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The mole fraction of each gas was calculated dgvol

Fco 25 ml/min

= = = 0.417
. Frotal 60 ml/min
Fyo 25 ml/min

= = = 0.417
Yaz Frotal 60 ml/min
Fcoo 10 ml/min
Yeoz Frotal 60 ml/min

Calibration factor of C@was calculated by using the following equations;

Yeo = Aco X Beo
¢o (Aco X Bco) + (Acoz X Bcoz) + (Auz X Buz)
_ Acoz X Bcoz
Ycoz =

(Aco X Bco) + (Acoz X Bcoz) + (Anz X Bu2)

By dividing these equations side by side, theofeihg relation was obtained.
Peak areas of CO and ¢@ere calculated by using software programme of GC.
Since the calibration factor of CO was known, frtme relation below calibration

factor of CQ was calculated as 0.83.

Yeo _ Aco X Beo
Yeoz  Acoz X Bcoz

By following the same procedure, the calibratiactérs of CH and DME
were calculated and found 1.36 and 0.49, respégtive

B.2. Calibration Factors for Methanol and Ethanol

Methanol and ethanol were in the liquid phase s they were fed to the
line connected to GC by syringe pump. All the cario: lines from syringe pump
to GC was heated up to 150°C to vaporize methambkethanol before entering GC.
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In addition to methanol and ethanol, mixture ofbo@r monoxide and

hydrogen was fed in the GC from the same connetihen

By using the following relations, calibration factoof methanol and ethanol

were calculated.

Firstly, gas phase densities of methanol and ethamrre calculated by

following relation;

o
<

Pgas

o
ﬂ

T = 298 K (room temperature)

P =1 atm (atmospheric pressure)
R = 8.205746 X 10> m3.atm/mol. K
Mcyzon = 32.04 g/mol

Mcopson = 46.07 g/mol

By using the given information, gas phase derssitiethe substances were

found as;

Pcuzon(gas phase) = 1.2578 x 1073 g/ml
pcanson(gas phase) = 1.808 x 1073 g/ml

The flow rate of the syringe pump was adjuste@.foml/ h and by using this
information gas volumetric flow rates of methanoidaethanol were calculated.

Alcohol mixture was prepared with equal volumesnathanol and ethanol.

0.4ml 1h
Viiquid (total) = n X 60 min

= 6.67 X 1073ml/min

6.67 X 10~3ml/min s )
Viiquid (CH30H) = Viiquid (C2ZH50H) = 5 = 3.335 X 107 ml/min

Viiquid X Pliquid = Vgas X Pgas
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Vgas(CH30H) = 2.10 ml/mln
Vgas(czuson) = 1.45ml/min Veotal = 53.55 ml/min

Veo = 25 ml/min

Vo = 25 ml/min

The mole fraction of each gas was calculated dsvol

Vco 25 ml/min
Yeo = o = 5355 miymin 0707
YH2 = Vt::u - SP?SS?rlrl/lr;lannm = 0.467
pewron = “p = i = 07

Calibration factors of methanol and ethanol werkwated by using the

following relations;

Yeo = Aco X Bco
“O7 (Aco X Beo) + (Acuzon X Beuson) + (Acanson X Beznson) + (Auz X Buz)
y _ Acuzon X Beuzon
CH3OH ™ (Ao X Beo) + (Acuson X Benson) + (Aczuson X Beanson) + (Auz X Bu2)
_ Acauson X Bezuson
Yc2H50H =

(Aco X 'Bco) + (ACHSOH X 'BCH30H) + (ACZHSOH X 'BCZHSOH) + (Apz ¥ 'BHZ)
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B.3. Calibration Factor for Formic Acid

In the calibration factor analyses experiments,igture was prepared with
different volumes of formic acid and ethanol. A gaseam composed of carbon
monoxide and hydrogen was fed to the system arideasame time il of formic
acid and ethanol mixture was injected directlyite column of GC. The calibration
factor of formic acid (FA) was evaluated by usihg following relations.

Mcy202 = 46.03 g/mol

Mcapson = 46.07 g/mol

Pcuzo2(liquid phase) = 1.22 g/ml

Pcznson(liquid phase) = 0.788 g/ml

Merz0z2 = Vernzoz X p = (5ml) X (1.22g/ml) = 6.1 g
Meanson = Veanson X p = (10ml) X (0.788 g/ml) = 7.88 g

__ NcH202 __ Nc2H50H
YcH202 = Yc2Hs50H =
Nrotal Nrotal
y _ Acn202 X Berzo2
CH202 =
(Achz202 X Bcuzoz) + (Aczuson X Beauson)
_ Acanson X Beznson
Yc2Hs0H =

(Acrz02 X 'BCHZOZ) + (ACZHSOH X ﬁCZHSOH)
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Results of the calibration experiments were liste@lable 33.

Table 33.Calibration Results

Component| Retention time (min) | Calibration factor, p
(6{0) 1.27-1.28 1.00
CO; 4.2-4.3 0.83
CH, 2.4-2.6 1.36
CH;OH 11.8-11.9 1.40
DME 23.3-23.5 0.49
C,HsOH 25.8-26.0 1.44
FA 11.8-12.0 1.80

B.4. Conversion of Carbon Monoxide and Selectiviteof Products

Conversion of carbon monoxide and selectivitieproducts were calculated
by using following relations.

— *
Neotat,o = Nco + Neoz + Nera + Nenson + 2Neusocns + 2Neznson + Nenzoz

"Formic acid (CHO,) was added to mole balance equation only for gieutation of

CO conversion and selectivities of products, fanotercial methanol reforming and
TRC75(L)-C catalysts.

Conversion of carbon monoxide was calculated Hgwong equation.

o = Ntotal,0 — Nco
co=——
Ntotal,0
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Selectivities of products were calculated by ugoipwing relations.

S = Nco2 . = NcHa
co2=_— CH s = —
Ntotal,0 — Nco Ntotal,0 — Nco
S _ NcH30H S _ NcH30CH3
CH30H =~ _ CH30CH3 =
Ntotal,0 — Nco Ntotal,0 — Nco
S _ Nc2us0H _ NchHz02
C2HS0H =~ _ ScH202 =T —
Ntotal,0 — Nco Ntotal,0 — Nco
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APPENDIX C

CRYSTALLITE THICKNESS CALCULATIONS

Thicknesses of CuO crystallites observed in the XRilern of synthesized
catalysts were calculated by using Scherrer’s féamu

(= kXA
~ B x cos(8)

t = thickness of crystallite

K = constant dependent on crystallite shape (0.89)
A = X-ray wavelength

B = FWHM (full width at half max) or integral breddt
0 = Bragg Angle

The values ok, B and6 were calculated with the data obtained from X-Ray
diffraction pattern analyses of the catalysts. Aesoatic representation of the XRD

pattern for HS1 catalyst is presented in Figure 63.
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C.1. Crystalline thickness calculations of HS1 catgst

A =0.154nm

1/2 =491.667/2 = 245.83

B = (26 high) — (20 low) — B = 39.11° — 38.34° = 0.77°
K =0.89

26 = 38.68° — cos(6) = 0.94

0.89 x0.154

t= m =11.2nm = 11nm

0.013 radians

HS1
e Peak (20 =38.68)

38 385 39 39,5
2-Theta [degree)

40

Figure 63.XRD Pattern of HS1 catalystq2 38-40)
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C.2. Crystalline thickness calculations of IMP1 catlyst

A=0.154nm

1/2 =933.33/2 = 466.665

B = 35.83° — 35.37° = 0.46° = 0.00803 radians
K =0.89

26 = 35.62° — cos(6) = 0.952

0.89 x 0.154

£ = 0952 x 0.00803 _ L/-onm = 18nm

C.3. Crystalline thickness calculations of HS3 catgst

A=0.154nm

1/2 =396.667/2 = 198.33

B = 39.27° —38.16° = 1.11° = 0.0191 radians
K =0.89

26 = 38.80° — cos(6) = 0.943

e 0.89 x 0.154
"~ 0.943 x 0.0191

=7.61nm = 8 nm
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C.4. Crystalline thickness calculations of HS4 catgst

A=0.154nm

1/2 =413.333/2 = 206.7

B = 39.20° — 38.50° = 0.7° = 0.012 radians
K =0.89

26 = 38.78° — cos(6) = 0.943

0.89 x 0.154

t= 0,012 X 0.943 =12.1nm = 12nm
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