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ABSTRACT

DIMETHYL ETHER FROM SYNTHESIS GAS OVER
BIFUNCTIONAL HYBRID CATALYST MIXTURES

Bayat, Aysegiil
M.Sc., Department of Chemical Engineering

Supervisor  : Prof. Dr. Timur Dogu

December 2013, 192 pages

Due to increasing prices of crude oil based transportation fuels and ascending rate of
global warming caused by high emission levels of conventional fuels with excessive
use, alternative fuels have been considered as alternates. Dimethyl ether (DME) has
received growing attention as an alternative clean fuel with low NOy formation and
particulate emission, smokeless combustion and high cetane number. DME is mainly
synthesized by two methods. In the first method, synthesis gas which is a mixture of
carbon monoxide and hydrogen is converted to methanol over a copper-based
catalyst; then, methanol dehydration takes place in the presence of a solid acid
catalyst, resulting in the production of DME. The second method is direct synthesis
of DME from synthesis gas, which is a single step process that requires catalysts
having two active sites for methanol synthesis and methanol dehydration. In this
work, direct synthesis of DME from synthesis gas was investigated using different

catalyst mixtures containing methanol synthesis and dehydration components.

Bifunctional catalyst mixtures containing copper-based methanol synthesis catalysts
and commercial y-Al,O3 methanol dehydration catalyst were tested in a high
pressure, fixed bed flow reactor system. The reaction conditions were selected as 50
bar, temperature range of 200-300°C with a feed gas composition of H,/CO=50/50
based on volume ratio. The highest CO conversion was achieved as 15.6% at 300°C

using alumina promoted catalyst mixture. Bifunctional catalyst mixtures containing



alumina and zirconia promoted catalysts yielded the best DME selectivities of 68.8%
and 66.4%, respectively, at 200°C. Zirconia promoted catalyst (CZZr) was found to
be the most stable copper-based catalyst. Catalyst mixture containing zirconia
promoted catalyst calcined at higher temperature showed high initial DME
selectivity of 73.9% at 225°C which decreased sharply at higher temperatures.

In the second part of the work, mesoporous alumina (MA) was successfully
synthesized with surface area of 322 m?/g. Commercial methanol synthesis catalyst
(MSC) and CZZr were separately mixed with MA at the same reaction conditions.
The activity test of MSC + MA showed that both CO conversion and DME
selectivity increased with temperature and reached 36.6% and 55.8%, respectively,
with a DME yield of 20.4% at 300°C. To increase the acidic strength, Silicotungstic
acid (STA) was impregnated on MA (STA@MA). The amount of STA@MA was
also increased. The highest CO conversion, DME selectivity and DME yield were
achieved as 49.4%, 60.8% and 30.1%, respectively, at 300°C by using MSC +
STA@MA.

MSC + STA@MA was tested using different volumetric flow rate ratios of H,, CO
and CO,. The overall DME selectivity obtained with 10% of CO; containing feed gas
was 90% at 275°C and decreased to 82.2% and 78.2% with increasing CO, to 25%
and 40%, respectively. The feed gas mixture containing 10% of CO;, could be

considered as the best feed gas composition.

Experimental CO conversion and CO and CO, compositions were compared with the
predicted equilibrium values. None of the experimental results exceeded their

corresponding equilibrium CO conversion, CO and CO, compositions.

Results proved that, synergetic effect of occurrence of methanol synthesis and
dehydration reactions simultaneously in the same system considerably enhanced
DME vyield.

Keywords: Dimethyl ether synthesis, Bifunctional catalyst, Direct synthesis,

Mesoporous Alumina, Silicotungstic acid, Carbon Dioxide
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IKI FONKSIYONLU HiBRIiT KATALIZOR KARISIMLARI
KULLANARAK SENTEZ GAZINDAN DIMETIL ETER URETIiMi

Bayat, Aysegiil
Yiiksek Lisans, Kimya Miihendisligi Bolimii

Tez Yoneticisi : Prof. Dr. Timur Dogu

Aralik 2013, 192 sayfa

Petrolden elde edilen yakitlarin fiyatlarinin siirekli artmas1 ve bu yakitlarin asiri
kullaniminindan dolay1 artan emisyon miktarlarinin kiiresel 1sinmanin hizlanmasina
neden olmasindan dolayi, bu yakitlara alternatif olacak yakitlar géz Oniinde
bulundurulmaya baslanmistir. Dimetil eter (DME) diisiik NOx doniisiimii ve partikiil
salinimina, dumansiz yanma ve yiiksek setan sayisina sahip olmasi sebebiyle dikkat
cekmektedir. DME iki farkli yontem ile sentezlenebilir. Birinci yontemde, karbon
monoksit ve hidrojen karistmi olan sentez gazi bakir igeren katalizor varliginda
metanole donistiiriiliir ve ardindan kat1 asit katalizor varliginda olusan metanolden
dehidrasyon ile dimetil eter sentezlenir. Ikinci yontem ise sentez gazindan dogrudan
DME sentezidir. Bu yontem tek adim igerir ve metanol sentez ve dehidrasyonu igin
iki aktif bolgeye sahip katalizor kullanimini gerektirir. Bu ¢aligmada, metanol sentez
ve dehidrasyon bilesenleri iceren farkli katalizor karigimlari kullanilarak sentez

gazindan dogrudan DME sentezi incelenmistir.

Bakir bazli metanol sentez Kkatalizorleri ve ticari y-Al,O3 metanol dehidrasyon
katalizorii igeren iki fonksiyonlu katalizor karisimlari yiiksek basingli, sabit yatakl
reaktor sisteminde test edilmistir. Reaksiyon sartlar1 olarak 50 bar basing, 200-300°C
sicaklik araligir ve hacim oranina gore Hp/CO=50/50 iceren besleme gazi bilesimi
secilmistir. En yiiksek karbon monoksit doniisimii aluminyum promotor igeren

katalizor kullanilarak 300°C’de %15,6 olarak elde edilmistir. Aluminyum ve
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zitkonyum promotdr bulunan katalizorleri iceren iki fonksiyonlu katalizor karigimlari
ile 200°C°de sirasi ile %68,8 ve %66,4 olmak iizere en iyi DME seciciliklerine
ulagilmigtir. Zirkonyum promotor igeren katalizor (CZZr) en kararli bakir bazh
metanol sentez katalizorli olarak belirlenmistir. Zirkonyum promotdr iceren ve
yiiksek sicaklikta kalsine edilmis katalizor igeren karisim 225°C°de %73,9 ile yiiksek
DME segiciligi gostermis ama yiiksek sicaklikta secicilik hizla azalmistir.

Calismanin ikinci kisminda, mezogézenekli aluminyum (MA) 322 m?/g yiizey alani
ile basari ile sentezlenmistir. Ticari methanol sentezi katalizorii (MSC) ile CZZr ayn1
reaksiyon sartlarinda ayri ayri MA ile karigtirnlmistir. MSC + MA’nin aktivite
sonucu gosterdi ki CO doniisiimii ve DME segiciligi sicaklikla artmis ve sirasi ile
%36,6 ve %55,8’e yiikselmis ve 300°C’de %20,4 DME verimi elde edilmistir. Asidik
kuvveti artirmak i¢cin MA {izerine Silicotungstik asit (STA) yiiklenmistir
(STA@MA). Ayrica, STA@MA miktar1 da artinlmistir. 300°C’de en yiiksek CO
dontisiimii, DME segiciligi ve DME verimi sirasi ile %49,4, %60,8 ve %30,1 olarak
MSC + STA@MA kullanilarak elde edilmistir.

Hy, CO ve CO; gazlarimin farkli hacimsel akis hizi oranlar1 kullanilarak MSC +
STA@MA test edilmistir. %10 CO; igeren besleme gaz1 ile 275°C’de %90 toplam
DME secicligi elde edilmis ve bu deger CO; yiizdesinin %25 ve %40’a yiikseltilmesi
ile sirast ile %82,2 and %78,2’ye diismiistiir. %10 CO; iceren besleme gazi en iyi

besleme gaz bilesimi olarak belirlenmistir.

Deneysel olarak elde edilen CO doniisiimii ile CO and CO; komposizyonlari tahmin
edilen denge degerleri ile kiyaslanmistir. Deneysel sonuglarin higbiri kendilerine

karsilik gelen denge CO doniisiimii ile CO and CO, komposizyonlarini gegmemistir.

Sonuglar kanitladi ki, methanol sentez ve dehidrasyon reaksiyonlarinin ayni sistemde
es zamanli olarak meydana gelmesi ile olusan sinerji DME verimini 6nemli 6l¢iide

artirmigtir.

Anahtar Kelimeler: Dimetil Eter sentezi, Iki fonksiyonlu katalizér, Dogrudan

sentez, Mezogozenekli aluminyum, Silikotungstik asit, Karbondioksit
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CHAPTER 1

INTRODUCTION

The excessive use of fossil fuel sources Such as coal, natural gas and petroleum oil
results in rapid depletion of the reserves and more importantly environmental
pollution and greenhouse effect due to carbon dioxide emissions [1]. Therefore, the
effort for development of new, clean, non-petroleum based alternative fuels together
with more sustainable energy technologies evolves because of diminishing trend in
fossil fuel resources followed by fast increment in the prices of oil and natural gas as
well as impact of strict environmental laws and regulations on the production and use
of these resources [2, 3]. Recently, DME has received significant attention as a
potential alternative to diesel fuel.

DME can replace the conventional fuels due to its good fuel characteristics and
environmentally friendly properties. Therefore, it can also be utilized for many
industrial and household applications. Physical and fuel properties of DME are
presented and compared with other fuels in Chapter 2. Application areas of DME are

also mentioned in addition to possible setbacks for application.

In Chapter 3, the literature survey on the synthesis methods of dimethyl ether is
given. DME is mainly synthesized by two methods. In the first method, methanol is
produced from synthesis gas then, dehydrated to DME. In the second method, DME
is directly synthesized from synthesis gas using a bifunctional catalyst with two
active sites. One type of site is for methanol synthesis function and for this function
mainly copper and zinc containing catalysts are used. The other type active site is for
methanol dehydration function and solid acid catalysts, such as y-Al,O3, aluminum

silicates and zeolites are used. In this chapter, the important aspects and development



of catalytic materials for the direct synthesis of DME, methanol synthesis and

methanol dehydration processes are also presented.

In Chapter 4, thermodynamic analyses are performed in order to determine the
operating parameters for DME synthesis. Due to the exothermic nature of methanol
synthesis reaction, thermodynamic limitations occur which reduces the carbon
monoxide conversion. The direct DME synthesis overcomes the thermodynamic
limitations of methanol synthesis reaction; however, the amount of methanol
produced is important for being converted to DME. Equilibrium conversions of
methanol synthesis reaction and direct DME synthesis reactions are plotted with

respect to different temperatures and pressures.

In Chapter 5, the mesoporous catalytic material that was used in this study is
introduced and the parameters that affect the catalytic performance of the material

are investigated. The characterization techniques applied in this study are also given.

The synthesis procedures of the mesoporous material are explained and the
characterization techniques applied to the synthesized materials are presented in
Chapter 6. The high-pressure flow system, which was used to test the prepared
bifunctional catalysts for the direct synthesis of DME from syngas, is described in
detail.

In Chapter 7, the characterization results of synthesized catalysts are given and the
results of existing methanol synthesis catalysts are summarized. In Chapter 8, the
activity results of all of the studies performed throughout the thesis work are
illustrated. The activity test results involve conversions and selectivities with respect
to changes in temperature and different conditions. In Chapter 9, thermodynamic
analyses were performed to compare the activity results with equilibrium. Finally,

conclusions are given in Chapter 10.



CHAPTER 2

IMPORTANCE OF DIMETHYL ETHER

The energy requirement of the world depends on the fossil fuel sources such as coal,
natural gas and petroleum oil. Among them, petroleum oil is heavily used as oil
based fuel for transportation. The excessive use of these sources, which are not
renewable, results in rapid depletion of the reserves and more importantly
environmental pollution and greenhouse effect due to carbon dioxide emissions [1].
Therefore, the effort for development of new, clean, non-petroleum based alternative
fuels together with more sustainable energy technologies evolves because of
diminishing trend in fossil fuel resources followed by fast increment in the prices of
oil and natural gas as well as impact of strict environmental laws and regulations on

the production and use of these resources [2, 3].

Due to the limitations of fossil fuels, green energy sources such as solar, geothermal,
wind, and tidal energies and also synthetic sources such as biomass energy, hydrogen
and fuel cells, and gas-to-liquid coal gasification have gained much interest recently.
For being environmental friendly and involving the capabilities of high energy
density and commercialization, synthetic energy sources, in particular, have become
pioneers for the consideration as an alternative, non-petroleum energy sources [2, 4].
Alcohols and ethers are gaining importance especially for transportation purposes;

among them, dimethyl ether (DME) can replace the existing transportation fuels [5].

Dimethyl ether, with a chemical formula of CH3OCHSg;, is the simplest ether
compound and an invisible gas at room temperature and pressure which can be
liquefied at 6 atm (at room temperature) or at -6°C (atmospheric pressure) having a

vapor pressure of 5 atm at 20°C. Being a volatile organic compound, DME is non-



toxic, non-teratogenic, non-carcinogenic and non-mutagenic. It burns with a visible
blue flame and possesses a sweet ether-like odor. DME is not corrosive for metal

however it is not inert for rubber and its by-products [4, 6-9].

Recently, DME has received more attention as a potential alternative to diesel fuel to
be used in compression ignition engines due to its good fuel characteristics. The
physical properties of dimethyl ether and other alternative fuels are compared in
Table 1. The combustion quality of diesel fuel during combustion ignition is
measured by the cetane number and DME has higher cetane number (55 - 60) as
compared to the conventional diesel fuel having the cetane number of 55. As
compared to the conventional fuels, DME emits less air polluting materials such as
NOx, CO, hydrocarbons, particulate matters and soot, and it also provides lower
engine noise [4, 10]. Its high cetane number, low boiling point (-24.9°C), and high
oxygen content (35 wt%) provide smokeless combustion and instant vaporization
during injection which requires lower fuel injection pressures; less than 300 atm
compared to 2000 atm as for modern diesel engines [8]. The auto-ignition
temperature (350°C) of DME is similar to that of conventional diesel fuel. Due to fast
fuel/air mixing provided by low boiling point, ignition delay is reduced, that is

especially useful for the vehicles started at cold [1].

DME may be considered as an alternative fuel for diesel engines with minor
modifications on the fuel system. However, the fuel volume, when DME is used,
needs to be larger, since the energy density per volume of DME is lower than that of
diesel and gasoline. In order to travel same distance, the necessary volume of DME
for the storage tank is about 1.7 times the volume of diesel fuel for the storage tank.
Studies show that the vehicles with the ordinary diesel engines having a modification
in the fuel injection systems showed the same performance with a significant

reduction in exhaust emission as compared to diesel fuels [8].



Table 1. Comparison of physical properties of dimethyl ether and other alternative fuels * (Adapted from [7, 11])

Properties DME Diesel Gasoline | Methanol | Ethanol Methane | Propane Butane
Chemical Structure CH30CH3 | CisH3o C/Hss CH3;0H C,HsOH CH, CsHs CsHqo
Molecular Weight, g/mol 46 - 100 32 46 16 44 58
Liquid density, g/cm?® 0.67 0 0.73-0.76 0.79 0.79 0.42 0.49 0.57
Vapor pressure, bar 5.3 - - 0.13 0.06 0.05 9.30 2.40
Explosion limit, vol % 3.4-18.6 0.6-6.5 1.4-7.6 6.7-36 3.3-19 5-15 2.1-9.4 1.9-8.4
Cetane number 55-60 40-55 5-20 5 40,50 0 5 10
Normal Boiling point, °C -24.9 125-400 38-204 64 78 -162 -42 -0.5
Net Calorific Value, kcal/kg 6900 10200 - 4800 - 12000 11100 10900
Sulfur content, ppm 0 ~250 ~200 0 0 7-25 - -
Carbon Content, wt.% 30.8 87 85.5 37.5 29.4 74 81.8 82.8
Specific gravity of gas 1.6 - - 1.1 1.6 0.6 15 2.0
Ignition Temperature, K 350 - 228 385 365 540 470 430
Heat of evaporation, kJ/mol 21.5 - - 35.2 38.9 8.2 18.7 22.3

* Values are at standard temperature and pressure




DME can replace LPG in household-use for heating and cooking due to great energy
carrier potential. Since DME has similar properties with LPG, DME can be
transported using the infrastructures for LPG both through land and ocean. DME can
also be stored in the existing equipment that is used for LPG. However, this storage
equipment requires minor modifications to the parts such as pumps, seals, and
gaskets. These kinds of modifications are also necessary for the existing LPG
refilling stations in order to be used for DME since it would cost less rather than
building a new facility [7]. This application can be considered especially for people
who live in the rural areas in developing countries, such as China, India and Brazil to
fulfill the need for portable fuel [12].

DME can be preferred as an environmentally friendly aerosol spray and refrigerant
instead of traditional chlorofluorocarbon (CFCs, Freon) and newer R-134a (HFC-
134a). Due to low toxicity and an average lifetime in the atmosphere of
approximately 5 days, DME has zero ozone depletion potential (ODP) and lower
globe warming potential (GWP). Therefore, it is not harmful to the atmosphere and
can be used in aerosol-based household products such as hair sprays and dyes,

personal care mousses, antiperspirants, and room air fresheners [13-15].

DME, which can also be used as turbine fuel for power generation, provides high
efficiency and significant reduction in NOy and CO levels as compared to methane
and liquid naptha. Having the properties of easy transportation and volatility, DME is
also a hydrogen source for fuel cells that is produced by catalytic reforming and
hydrolysis at low temperatures [7]. DME can be preferred instead of methanol as the
reactant to produce hydrocarbons such as light olefins, BT X aromatics, and valuable

chemicals such as methyl acetate, dimethyl sulphate [16].

DME can be synthesized from carbon containing materials such as natural gas, crude
oil, coal and biomass (i.e. agricultural residues). Synthesis gas (syngas) which is a
mixture of carbon monoxide and hydrogen is first produced from these carbonaceous
materials and then converted to DME by two methods. The first method is the

conventional two-step process in which methanol is produced from syngas and then



dehydrates to DME in sequential reactors. The second method is the one-step process
in which syngas is directly converted to DME in a single reactor [4, 7]. The
production of DME possesses the advantage of relieving from the dependence on
crude oil and being producible from renewable sources, since syngas and methanol
can be obtained from biomass [17].

The greenhouse effect has become an important global issue and much attention is
paid on the reduction on greenhouse gases by development of new catalytic systems
that provide efficient usage and recycling of these gases especially CO; released due
to extensive consumption of fossil fuels. Capturing and then transforming CO, into
alternative liquid fuels; methanol and DME, and important chemicals such as urea,
salicylate is an attractive subject. Production of methanol from CO, containing
syngas would provide reduction in CO, emission and significant enhancement in the

economy of the overall process [18, 19].

There are some difficulties in application of DME as fuel due to its physical
properties such as low boiling temperature, high vapor pressure, high compressibility
and lower viscosity approximately by a factor 20 as compared to diesel fuel.
Therefore, leakage problems in pumps and fuel injectors, choke of vapor in fuel lines
may be seen. Additives that are used for diesel fuel could be used to solve these
problems [6, 7].






CHAPTER 3

SYNTHESIS METHODS OF DIMETHYL ETHER

In this chapter, the literature survey on the synthesis methods of dimethyl ether is
given with important aspects and development of catalytic materials for the direct

synthesis of DME, methanol synthesis and methanol dehydration processes.

3.1. DIRECT SYNTHESIS OF DIMETHYL ETHER

DME can be synthesized via two methods and for whichever method is preferred,
first syngas may be produced from several feed stocks such as natural gas, coal, oil
or biomass via gasification or steam/dry reforming reactions. The first method is the
conventional two-step process that is known as the indirect method. In this process,
methanol is first synthesized from syngas by hydrogenation of CO and CO, over
copper-based catalyst, and then dehydrated to DME over solid-acid catalysts in
sequential reactors. The second method is the one-step process and known as the
direct method. In direct method, methanol synthesis and dehydration reactions occur
in a single reactor. The direct synthesis of DME from syngas requires bifunctional
catalyst or physically admixed catalysts which possess two kinds of active sites; one
site for the methanol synthesis provided by metallic function containing as CuO,
Zn0O, Al,O3, and Cr,03 and one site for the methanol dehydration to DME provided
by solid acid function such as y-Al,O3, HZSM-5, HY zeolites, or SAPQO’s [1, 20-24].

The reactions that take place in the direct synthesis of DME are represented in
reactions (1) - (6). There are two overall reactions; reaction (1) is the combination of
methanol synthesis reactions (3) and (4), methanol dehydration reaction (5) and
water-gas shift reaction (6). The other overall reaction (2), on the other hand,



includes all the reactions except for water-gas shift reaction. Copper-based catalyst
also catalyzes the water-gas shift reaction as well as methanol synthesis reaction [24,
25].

3CO + 3H, <> CH;OCH; + CO, AHon = - 246 k/mol 1)
2CO + 4H, <> CH;0CH; + H,0 AHxn = - 205 kJ/mol (2)
CO + 2H, « CH30H AHpxy = - 90 kJ/mol 3
CO; + 3H, <> CH30H + H,0 AHiyo = - 49 kJ/mol (4)
2CH30H <> CH;OCH3 + H,0 AHp = - 25 kJ/mol (5)
CO + H;0 < CO, + Hy AHpen = - 41 k3/mol (6)

Direct synthesis of dimethyl ether generally occurs at a temperature range of 240°C-
280°C and at a pressure range of 30 bar-70 bar. Since the reactions are exothermic,
control of temperature and removal of heat from the reactor are vital in order to reach
high conversion of syngas [26]. Generally, the standard condition is chosen as 260°C
and 50 bar, since methanol synthesis catalyst deactivates significantly when the

temperature is selected above 270°C. [27]

In the direct synthesis process, the number of independent reactions is three since the
CO, hydrogenation reaction (4) can be obtained by reactions (3) and (6). Therefore,
the main reactions in this process are considered to be CO hydrogenation (3),
methanol dehydration (5) and water-gas shift (6) reactions. The thermodynamic
equilibrium limitation exists for methanol synthesis reaction, therefore, high pressure
and low temperature is needed to achieve a suitable syngas conversion. However, the
direct synthesis of DME is thermodynamically and economically more favorable due
to in situ removal of methanol by dehydration reaction. Therefore, the system

becomes independent of thermodynamic limitation of methanol synthesis reaction.
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The direct synthesis exhibits a synergistic system in which higher syngas conversion
and productivity is obtained than the conventional process would provide. The
synthesized methanol dehydrates to DME and water through reaction (5) and shifts
the equilibrium to the right-hand side. Water is removed by water-gas shift reaction
(6) to accelerate reaction (5) and to be consumed to produce extra hydrogen to be
used in reaction (3). Due to the synergetic effect, one product of a step becomes a

reactant for another step and high syngas conversion can be achieved [27-29].

The direct synthesis of DME from syngas has certain advantages over conventional
two-step process both thermodynamically and economically. The direct synthesis
relieves the system from thermodynamic equilibrium constraint caused by methanol
synthesis reaction itself and syngas conversion highly enhances. In addition, the cost
of production of DME by single-step process could be lower than that of two-step
process. The two-step process has the disadvantage of the requirement of a secondary
reactor for dehydration. Furthermore, methanol dehydration to DME is also
expensive because methanol is a valuable chemical. Due to the synergy within the
reactions in the direct synthesis, higher productivity is achieved in a single reactor.
However, separation of the products of the direct synthesis is difficult and expensive
than the conventional method. Nevertheless, the one-step process is getting more

academic and also industrial interest due to its superiority [3, 30, 31].

In the last five decades, the concentration of CO, in the atmosphere has evolved by
20% due to excessive consumption of fossil fuels in the industrial, commercial and
commune applications. In order to control and reduce the CO, amount in the
atmosphere in the next four decades, the development of legal regulations, that
would be applied globally, is a prolonged process. Furthermore, the new
technologies needs to be developed to capture, recycle, reuse, limit and control the
excess emission of CO, and to produce valuable products such as DME, urea and
hydrocarbons [32, 33]. Although utilization of expensive hydrogen for chemical
reduction of carbon dioxide into new products may seem unreasonable, the catalytic

hydrogenation of carbon dioxide over solid catalysts is advantageous than other

11



methods such as electrochemical, photochemical, and biochemical methods since

very high and selective conversion can be achieved [34].

The direct synthesis of DME from carbon dioxide and hydrogen involves three
reactions as well; methanol synthesis (4), methanol dehydration (5) and reverse
water-gas shift reaction (7). The synergetic effect of the reactions is also present and
methanol produced by reaction (4) is in situ removed by reaction (5) and the overall
reaction (8) is shifted to the right-hand side using a bifunctional catalyst having two
active sites. For the overall reaction (8), methanol synthesis (4) and methanol

dehydration reactions (5) were considered [2].

COn + 3Hag > CHsOHg + Hx0g AHag5 = - 49.46 ki/mol (4)
2CH30Hg) <> CH30CH3( + H,0( AHagg = - 23.51 kd/mol (5)
COz(g) + Hag) <> CO(g + H20(g) AHjgg = + 41.17 kJ/mol (7)
2C0y(g + 6Hyg) <> CH3OCH3q) + 3H20(q)  AHags= - 122.43 kd/mol (8)

When the feed gas containing CO, and H, is used, the CO, hydrogenation and
reverse water-gas shift reactions are dominant and produce significant amount of
water of about 30—40%. For the feed gas containing both CO and CO; with a higher
ratio of CO, the overall CO hydrogenation becomes the main reaction [32]. However,
at low temperatures, CO, hydrogenation is the main reaction since the CO
hydrogenation is slower [35]. Adding small amount of CO, in the feed mixture
enhances methanol synthesis and reduces the required pressure for the process [36].
In addition, the studies show that the suitable ratio of CO/CO, also reduces the
apparent activation energy of methanol synthesis reaction [37, 38]. However, high
CO; content in the feed gas reduces CO conversion due to inhibition of water-gas

shift reaction followed by reduction in CO hydrogenation to methanol [24].

12



Bae et al. [21] investigated the effect of y-Al,O3 preparation method, weight ratio of
methanol synthesis to y-Al,O3 and aging time of the hybrid catalyst at H,-deficient
condition; CO/CO,/H, = 41/21/38 vol % at 250°C and 40 bar. y-Al,O3 catalysts
prepared by aluminum nitrate (AN) and aluminum isopropoxide (AIP) provided
similar CO conversions and DME selectivities but different CO, and MeOH
formation. The possible reason for this result was determined as that y-Al,O3 with
AN possessed stronger acidic sites than that of with AIP however, due to possibility
of micropore blockage during synthesis, y-Al,O3 catalysts with AN had smaller
surface area than with AIP. As the weight ratio of methanol synthesis to dehydration
catalyst was decreased from 5 to 1, selectivities of MeOH, DME, CO, and CO
conversion were observed to decrease from 66.1% to 25.5%, increase from 7.9% to
44.0%, increase from 25.1% to 30.2% and decreased from 29.3% to 17.8%. It was
determined that methanol dehydration catalyst amount favored DME selectivity
while methanol synthesis catalyst favored CO conversion. Best catalytic performance
was obtained with the hybrid catalyst aged for 6 h for highest CO conversion, best
MeOH and DME yields and lowest CO, formation.

Kim et al. [39] investigated the effect of Si/Al ratio on activity of Na-ZSM-5 and H-
ZSM-5 catalysts methanol and DME synthesis having a feed composition of H,/CO
= 1.5. The results indicate that Si/Al ratio was inversely related to the acidic strength
of ZSM-5 catalyst and highest methanol dehydration rate was obtained with H-ZSM-
5(30). According to the direct synthesis results, the DME yield and CO conversion
were higher for the hybrid catalyst with Na-ZSM-5(30) which were 27.8% and
45.5% at 280°C respectively. As the weight ratio of Na-ZSM-5(50) in the catalyst
mixture was selected as 40 wt% the highest CO conversion, DME vyield and
selectivity of CO to DME were obtained. However all of which decreased at higher
Na-ZSM-5(50) composition which caused methanol dehydration rate to increase,
methanol synthesis rate to decrease. Lower methanol yield was obtained with the
mixed catalyst with Na-ZSM-5(30) than with Na-ZSM-5(50), indicating that
methanol formed on the Na-ZSM-5(30) dehydrated quickly to DME.
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Yoo et al. [20] studied the catalytic performances of solid acid catalysts which were
SAPO type catalysts with different acidic strength and pore structure. The reaction
conditions were 260°C and 42 bar with a feed mixture of H»/CO = 1.5 and the results
indicated that solid acid catalysts that possessed strong acid sites such as SAPO-34
and -18 presented high initial activity however their activity decreased rapidly due to
formation of coke deposited within the pores. The catalytic stability of the solid acid
catalysts that possessed moderate acid sites and good pore structure such as SAPO-5
and -11 were much higher and hydrocarbon formation was insignificant. The CO
conversion and DME selectivity reached maximum values of 55% and 63%
respectively at the solid acid amount of 10%.

Nie et al. [40] prepared core-shell structured CuO—ZnO@H-ZSM-5 (CZ@H)
catalysts by homogeneous precipitation through urea hydrolysis. At 260°C and 20
bar using 0.5 g of catalyst, the performances of catalysts having different weight ratio
of CZ to H were compared and best results were obtained using CZ@H(7.5) that
provided CO conversion of 53.2% and DME selectivity of 69.6% which was higher
that of admixed catalyst as 65.1%. It was seen that as the gas hourly space velocity
increased, CO conversion and CO, selectivity decreased however DME selectivity
remained at similar values. This can be attributed to the high acid strength and good
cooperation of methanol synthesis and dehydration functions. The excellent core-
shell structure and high Cu dispersion over the surface were found to benefit the high
catalytic activity.

Naik et al. [33] studied the performances and stability of admixed catalyst containing
6Cu0-3Zn0O-Al,03 (MSC) and y-Al,03; and H-ZSM-5 at 260°C, 50 bar with Hy/
CO; = 3 in fixed-bed and slurry reactors. Using MSC/H-ZSM-5 catalyst, the
selectivities of DME, CO and MeOH were obtained as 65%, 33% and 2%
respectively in the fixed-bed reactor. In the slurry reactor, the values were obtained
as 53%, 42% and 5% respectively. The catalyst 6CuO-3ZnO-A1203/y-Al,O3 mostly
promoted reverse-water-gas-shift (RWGS) reaction with very low selectivity to
DME, and a low conversion of CO,. The other catalyst, 6CuO-3Zn0O-1Al,03/H-
ZSM-5, showed much higher conversion of CO, with higher selectivity to DME in
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both, fixed-bed and slurry reactors, while MSC/y-Al,O3 presented lower activity and
stability. Selectivities were obtained as 82% for CO, 15% for methanol and 3% for
DME in the fixed-bed reactor and of 58% for CO, 38% for methanol and 4% for
DME in the slurry reactor. The results indicated that H-ZSM-5 was more stable than
v-Al,O3 and did not deactivate in the presence of water. Fixed-bed reactor was better
for water removal from the surface of the catalyst since catalyst was suspended in

hydrocarbon oil, which causes resistance for water removal in the slurry reactor.

Sierra et al. [16] studied the regeneration of CuO-ZnO-Al,O3/y-Al,03 catalyst which
were used for DME synthesis at 275°C, 30 bar with H,/CO molar ratio in the feed of
3/1. The used catalyst was regenerated with O, diluted with He (5% of O,) and
selection of regeneration temperature was important for effective removal of coke
and to avoid irreversible catalyst deactivation due to Cu sintering. The study revealed
that two types of coke were deposited on the catalyst; one of them formed on the
metallic sites, the other one formed on the Al,O3 support. By, coke combustion was
not complete but initial activity of catalyst was regained. This could be due to
efficient combustion of coke on the metallic sites but incomplete of coke located on
the Al,O3 support. Regeneration at 350°C resulted in Cu sintering while regeneration

at 325°C restored the initial activity of the catalyst.

Fei et al. [41] studied the effect of modification of HY zeolite-supported Cu—Mn—Zn
catalysts. The modified HY zeolites were also compared for methanol dehydration
activity at 245°C and the results showed that the activity and stability of Zr- and Ni-
modified HY zeolite were higher than that of Fe-, Co-, and Cr-modified HY zeolite
which were deactivated because of carbon deposition since they possessed higher
amount of strong acid sites. Direct DME synthesis was performed at 245°C and 20
bar with feed gas mixture of H,/CO = 1.5. As the weight ratio of Zr-HY in Cu-Mn-
Zn/Zr—HY catalyst was increased up to 25%, both DME selectivity and CO
conversion increase and at 25% the highest DME selectivity and CO conversion
were achieved as 67.5% and 71.4%, respectively. However at higher ratios, both
DME selectivity and CO conversion decreased due to deep dehydration of methanol

and DME to hydrocarbons.
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Chen et al. [10] compared the effects of reaction temperature, pressure, CO;
concentration in the feed and ZSM-5 amount on the synthesis on DME synthesis. As
the ratio of CO,/CO in the feed was increased from 0 to 0.5, reverse WGSR was
favored and H; conversion increased at low temperatures according to
thermodynamic analysis. However, at higher temperatures, DME formation was
suppressed due to presence of high CO, concentration and high temperature and
MeOH selectivity increased. Increase of pressure 20 atm to 40 atm using the feed gas
mixture with 5 vol.% of CO, presented positive effect on CO conversion and DME
selectivity, both of which increased from 29.4% and 87% to 57.1% and 90%,
respectively. DME vyield decreased as CO, content increased from 5% to 16%. As the

amount of ZSM-5 catalyst increased, DME yield was enhanced slightly.

Sofianos et al. [42] investigated different methanol dehydration components such as
alumina, amorphous silica-alumina, Y zeolite, mordenite, or ZSM-5 zeolites at 40
bar with a temperature range of 180 to 325°C. Amorphous silica-alumina presented
higher oxygenates (MeOH and DME) yield and CO conversion due to its higher
acidic strength at low temperatures as compared to y-alumina. As the temperature
increased, CO conversion and oxygenate yield increased as well for all dehydration
catalyst up to 275°C above which conversion and yield decreased except for H-ZSM-
5 and high amounts of by-products such as CO, and hydrocarbons were obtained as
major products. It was seen that DME synthesis was thermodynamically favorable as
compared to methanol synthesis reaction. Furthermore, presence of small amount of
CO; in the feed mixture was observed to benefit stability, CO conversion and DME

selectivity.

Ramos et al. [12] studied the performances of different methanol dehydration
catalysts such as alumina, H-ZSM-5, tungsten—zirconia and sulfated-zirconia that
were physically mixed with a commercial methanol synthesis catalyst with synthesis
gas of Hy/CO = 1 at 250°C and 50 bar. Presence of a solid acid catalyst shifted
methanol synthesis that, as a consequence, increased CO conversion in the direct
synthesis of DME. It could be concluded that DME synthesis rate was dependent on

the acid strength and number of its acid sites of the acid catalyst. H-ZSM-5 possessed
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higher amount of Brensted acid sites than that of sulfated-zirconia and tungsten—
zirconia which had the lowest amount. However similar amount of Lewis acid sites
were present for the catalysts. According to the performances of the admixed
catalysts containing H-ZSM-5 and sulfated-zirconia, methanol synthesis reaction
controlled the overall reaction rate. The reason could be the similar CO conversion
values even though their acidic strengths were different. For the mixtures containing
alumina or tungsten—zirconia, CO conversion was related to the solid-acid property.
Therefore, for these mixtures, methanol dehydration rate determined the overall
DME rate. As DME selectivities were compared, highest values were obtained with
H-ZSM-5 and sulfated-zirconia approximately 62%. It could be inferred that

dehydration of methanol was not efficient on weak acid sites.

Mao et al. [43] investigated the effect of sulfate content and calcination temperature
on the catalytic performance of y-Al,Os3. Sulfate content with a range of 0-15 wt.%
was impregnated on y-Al,Os with calcination temperature range of 350-750°C. The
reaction conditions were 40 bar and 260°C with the feed mixture of H,/CO/CO; =
66/30/4. According to the results, as the sulfur content was increased from 0 to 10%,
DME selectivity and CO conversion were enhanced due to increase in the strength of
the acid sites. Further increase in sulfur content such as 15 wt.%, resulted in slight
decrease of DME selectivity and significant formation of byproducts such as CO,
and hydrocarbons which were produced due to the stronger acid sites presented in the
modified y-Al,Oj3 at this sulfur content. As the calcination temperature increased up
to 550°C, DME selectivity was favored along with reduction in CO; selectivity,
which favored WGR, followed by increment in CO conversion. Over 550°C some
content of sulfate was lost therefore catalytic activity of the catalyst was not
sufficient for methanol dehydration so; DME formation reduced and amount of

methanol increased.

Jiang et al. [44] synthesized mesoporous copper-alumina (Cu-y-Al,O3) with different
copper contents in a one-pot reaction with evaporation induced self assembly
process. The synthesized material was reported to have well distributed copper

particles on mesoporous alumina network. The material that was calcined at 400°C
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possessed a surface area of 265 m%g and amorphous wall with low hydrothermal
stability and that was calcined at 800°C possessed crystalline Cu-y-Al,O3 walls with
higher catalytic activity for methanol dehydration. One gram of the catalyst was
tested at 50 bar and temperatures from 280 to 325°C with feed gas containing 6
mL/min of CO, 12 mL/min of H, and 2 mL/min of N,. CO conversion was 63%,
which was close to the equilibrium conversion of 78%, with DME selectivity of 73%
at 295°C. Due to good cooperation of methanol synthesis and dehydration functions,
the produced methanol was immediately converted to DME. The study also showed
that the synthesized catalyst was highly active even without ZnO which was
considered to be essential for the activity of methanol synthesis catalyst.

3.2. METHANOL SYNTHESIS REACTION

Methanol has attracted much attention over a hundred years. It is an important raw
material and has been used for production of many valuable chemicals such as acetic
acid, methyl tert-butyl ether (MTBE), formaldehyde, chloromethane and several
solvents. Methanol has been considered as an environmentally friendly alternative
fuel which can be used for fuel cells in transportation and mobile devices [34, 38,
45]. Methanol has high octane number, which provides good antiknock performance,
high volatility and burning of fuel with an excess of air. The volumetric energy
density capacity of methanol is only half of the capacities of gasoline or diesel;
however, methanol can also be used as a mixture with gasoline or diesel. In addition,
by methanol-to-olefins (MTO) process, ethylene or propylene can be produced by
methanol and be converted to hydrocarbon fuels [46].

Syngas, which was used to be produced from coal, included sulfur compounds that
were poison for methanol synthesis reaction. BASF developed a new catalyst
containing zinc oxide and chromium oxide that was highly resistant to sulfur. The
process proceeded at high pressure and high temperature, which were 250-350 bar
and 320-425°C. Then, in 1960s, ICI used a new highly selective copper oxide and
zinc oxide catalyst which reduced the operating conditions to 50-100 bar and 200-
270°C [47].
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The reactions involved in methanol synthesis from synthesis gas are CO
hydrogenation (3) and CO, hydrogenation (4) reactions and water-gas shift reaction
(6) over CuO-ZnO-support catalyst [45].

CO; + 3H, <> CH;0H + H,0 AHiyo = - 49 kJ/mol (4)

Due to exothermic and thermodynamically limited nature of the overall methanol
synthesis reaction, temperature control and heat exchange are important parameters
for process and reactor design and also only 15-25% of COy conversion is achieved
[45]. Reaction heat could be removed from the reaction system and an efficient
catalyst that has good catalytic properties could be developed in order to overcome

thermodynamic limitations on the syngas conversion and methanol yield [38].

Generally, copper oxide zinc oxide based catalysts are used for methanol synthesis
and they are in the form of agglomerated nanoparticles [19, 36]. Even though
metallic copper is considered as the active site for methanol synthesis, there is no
consensus on the mechanism of the reaction. It is believed by some researches that
carbon monoxide is adsorbed on Cu while hydrogen and water are adsorbed on ZnO
sites, then reaction takes place on copper surface [19, 34, 38]. Among many
mechanisms for methanol synthesis, in the most accepted one, the adsorbed hydrogen
atoms are added continuously to adsorbed carbon monoxide atoms for CO
hydrogenation. On the other hand, for CO, hydrogenation, methanol forms through

formate species (HCO,) which is adsorbed on copper [46].

The active sites for methanol synthesis are metallic copper clusters which need to be
highly dispersed for high activity [22, 33, 38]. Therefore, addition of ZnO as support
increases copper dispersion and number of active sites for the reactants [10, 48].
Agglomeration of Cu particles is prevented and long term stability of the catalyst is
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conserved. Copper species are significantly affected by poison present in feed gas.

The poison; H,S, could be removed in the form of zinc sulfide on ZnO.

Zirconium oxide can also be used as support instead of zinc oxide since zirconia is
strong, thermally resistant and highly stable. Zirconium oxide is a better support than
others and provides uniform dispersion of CuO on ZrO, surface which could enhance
catalytic activity of the catalyst. SiO, could also be used as a catalyst support due to
its good acid-base nature, porous nature and thermal stability. However, catalysts
with silica support are almost inactive for methanol synthesis with low methanol
selectivity. Therefore, other metal oxides could also be added on the silica support as

a promoter to enhance the catalytic activity of the catalyst [38].

The catalytic activity, selectivity and stability of copper-based catalyst are affected
by reaction conditions. Therefore, modification of the catalyst with metal oxides
could be necessary. Al,O3 is generally used as a promoter and inhibits the
agglomeration of active sites by forming zinc aluminate. Moreover, surface area of
the catalyst is increased, the dispersed Cu/ZnO structure is preserved and the
sintering of Cu particles during the reaction is prevented due to presence of Al,O3
promoter [10, 38]. Zirconia can also be used as a promoter for copper-based catalysts
since ZrO, improves catalytic activity at low pressures and temperatures by
increasing surface area and dispersion of copper particles [22, 38]. Pore structure and
active surface of the copper-based catalyst could be modified by chromia addition
which benefits activity and selectivity of the catalyst [38]. CeO, might not be
selected as promoter since ceria reduces the surface area and metal surface area of
Cu—ZnO complex due to its lower chemical and thermal stability [18].

Cu/Zn hydroxy carbonates are formed during the synthesis of the copper-based
catalyst by coprecipitation method. Copper dispersion is improved due to the
presence of these precipitate phases such as aurichalcite (Cu, Zn)s(COg3)2(OH)e with
atomic dispersion of copper in zinc hydroxy carbonate and zincianmalachite (Cu,

Zn),(OH),CO3 with atomic substitution of copper in zinc in a malachite phase. CuO
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crystallites are formed due to presence of Cu/Zn hydroxy carbonates during

calcination and Cu® nanoparticles are formed during subsequent reduction [48].

Baltes et al. [48] investigated the effect of synthesis conditions such as pH,
precipitation temperature, and calcination temperature on structure, morphology and
activity of the prepared methanol synthesis catalyst. The Cu/ZnO/Al,O3 catalysts
were prepared by coprecipitation method and tested at 45 bar, 245°C with the feed
gas mixture of H,/CO/CO, = 70/24/6. As the surface areas of the synthesized
catalysts which were in the range of 2-110 m?/g were compared, the lowest surface
area was obtained at pH of 4-5 and low precipitation temperatures of 30-40°C.
Higher precipitation temperature and close to neutral pH had positive effect on
surface area and productivity, therefore, best catalyst having high surface areas of
90-110 m%/g was obtained at 70°C and pH 6-8. According to the XRD patterns of
calcined materials, catalysts prepared at pH 4.5-5 at 30-40-C possessed large CuO
crystallites and low productivity. However catalysts prepared at pH 6 at 70°C had
smaller CuO and ZnO crystals and Cu was found in the form of copper or
copper/zinc hydroxy carbonates in the phases of malachite and zincianmalachite
[rosasite, (Cu,Zn),(OH),COg3]. The presence of hydroxy carbonates could be due to
incomplete decomposition during calcination and promoted the performance of the
catalyst. Optimum calcination temperature was determined to be 300°C above which
methanol productivity decreased rapidly because of thermal sintering of CuO
particles. As the aging time increased up to 1 hour, activity of the catalyst increased
as well due to increased interaction of Cu and ZnO crystals. At longer aging times,

lower activity was observed which could be due to formation of larger crystallites.

Lim et al. [46] performed a Kinetic study to investigate the reaction rates of CO and
CO; hydrogenation using Cu/ZnO/Al,O3/ZrO, catalyst. According to the activity
test, Cu/ZnO/Al,O3/ZrO, provided higher CO conversion and methanol selectivity,
which were 35.8% and 94.1% respectively as compared to Cu/ZnO/Al,O3 at 250°C
and 50 bar. The high activity was found to be due to Zr addition providing smaller
metallic copper particles and high metallic surface area. According to Kinetic studies

using Cu/ZnO/Al,03/ZrO,, methanol formation was affected by the hydrogenation
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rates of CO and CO,. It was observed that hydrogenation rate of CO, was lower than
that of CO. Presence of CO; in the feed retarded WGS reaction followed by
inhibition of methanol dehydration to DME and as a result, methanol selectivity

increased.

Pontzen et al. [32] compared CO,-based syngas and CO-based syngas for methanol
synthesis at 250°C and 80 bar. As the CO,-based syngas was used, both CO,
hydrogenation and reverse water-gas shift reactions generated water, therefore
amount of water was higher and approximately 30-40% as compared to CO-based
syngas. The byproduct formation was about 0.2% which was relatively insignificant

compared to CO-based process and purity of methanol was higher.

Bonura et al. [18] investigated the effect of promoter on catalyst structure and
catalytic activity for CO, hydrogenation at 30 bar with a temperature range of 180-
240°C with the feed composition of CO,/H2/N, = 3/9/1. It was concluded that ZnO
promoted structural and catalytic properties of the metallic Cu. When ceria was used
instead of zirconia, metal surface area and surface are of Cu—ZnO were reduced. For
Cu-ZnO catalysts, increase in ceria content resulted in reduced CO; conversion and
methanol yield due to ineffective promotion of the surface area catalyst structure as

compared to zirconia.

Inui et al. [34] studied the effect of modification of Cu-Zn with precious metals and
gallium oxide for CO; and CO hydrogenation at 270°C, 80 atm. Two different feed
gas compositions were used; CO/CO,/H, = 3/22/75 as CO,-rich syngas and
COI/CO,/H, =30/3/67 as CO-rich syngas. Using CO,-rich syngas, Ga,O3; modified
catalyst enhanced the methanol synthesis with 25.1% conversion of CO, to methanol
and CO selectivity decreased. Pd modification caused CO, conversion to methanol
and CO to increase. With CO-rich syngas, modification with gallium oxide and Pd

promoted CO conversion as well.

Zhang et al. [36] developed the long carbon nanotubes intercrossed Cu/Zn/Al/Zr

catalyst for hydrogenation of CO/CO,. The carbon nanotubes possessed very good
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thermal conductivity as compared to conventional Cu/Zn/Al catalyst having low
thermal conductivity. Carbon nanotube arrays were prepared by coprecipitation of
Cu/zZn/Al/Zr oxides with carbon nanotubes. The catalytic activity of the array was
compared with Cu/Zn/Al/Zr and commercial Cu/Zn/Al catalyst under CO-rich
syngas with the ratio of H,/CO = 2 with 5% CO, at 230°C and under CO,-rich
syngas with the ratio of H,/CO, = 3.0 at 240°C. Results indicated that carbon
nanotubes promoted hydrogen spillover in which hydrogen molecules dissociated on
metal part of the catalyst and hydrogen atoms attached on the metal or support.
Therefore, CO and CO, conversions were enhanced to be 54.5% and 21.5%

respectively.

Sloczynski et al. [35] studied the effect of modification of Cu/ZnO/ZrO, with B, Ga,
In, Gd, Y, Mn and Mg oxides on the structure and catalytic activity. The catalysts
were prepared by coprecipitation with basic carbonates and by complexing with
citric acid. Copper dispersion and resistance to sintering were higher for the
coprecipitated catalysts than that of the citric method. Addition of Ga promoted these
properties as well. MnO and B,03 also provided high dispersion of CuO, which then
sintered during activity tests. Gd also promoted dispersion slightly however Y was
inefficient. As far as the methanol productivities were concerned, Ga,O3 addition
provided the best methanol yield, whereas, In,O3; addition presented the lower
activity, in addition, the coprecipitated catalysts showed better performance than that
of the citric method. Catalyst performance could be promoted by adding ZrO, on
Cu/ZnO/Al,03 or replacing ZrO, by Al,Os. As a result, methanol synthesis was

enhanced by inhibition of adsorption of water on the catalyst.
3.3. METHANOL DEHYDRATION REACTION

Conventionally DME is synthesized by methanol dehydration reaction (5) over solid
acid catalysts between 250-300°C and at atmospheric pressures or up to 18 bar. The

different solid acid catalysts available of methanol dehydration are y-Al,O3, zeolite
materials such as chabazite, mordenite, SAPO, H-ZSM-5, H-Y, Amberlyst 35,
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Nafion, mesoporous aluminosilicate and nanocomposite Nafion-silica. Formaldehyde

formation through reaction (9) is also observed as byproduct [49-52].

2CH30H(g) — CH30CH3(g) + HZO(g) (5)

CH3OH(g) — CH,0 + Hz(g) (9)

It is believed that the total number of acidic sites and their strength of a methanol
dehydration catalyst affect the catalytic activity for carbon monoxide conversion,
DME selectivity and stability [21, 49]. DME formation proceeds with weak and
medium acidity, while, the strong acid sites promotes dehydration of alcohols or
deep hydrogenation of DME to hydrocarbons [31, 53, 54]. The formed hydrocarbon
could possess long carbon chains which could lead to coke formation and
deactivation [1]. It is also known that Lewis acid sites could strongly adsorbs water
and carbon dioxide that could be formed via methanol reforming of water-gas shift
reaction over the strong acid sites [21]. However, the mechanism of the contribution
of Brensted or Lewis acid sites on methanol dehydration to DME is still unclear [28].
The majority of the researches reached a consensus that Brensted acid sites with
benign acid sites are responsible for methanol dehydration to DME, especially at low
temperatures, whereas, Lewis acid sites favor formation of olefins from alcohols [15,
50, 52, 55]. However, Xu et al. [53] concluded that both Brensted and Lewis acid
sites were effective in methanol dehydration to DME. Small addition of water to
methanol as feed stream, small activity decrease was observed for H-ZSM-5 catalyst.
Water is known to adsorb preferentially over Lewis acid sites. They indicated that if
only Brensted acid sites were effective, the presence of water would not disturb the
activity. Similarly, if only Lewis acid sites were effective, the presence of water
would cause significant reduction in the activity. Some studies indicate that Lewis
acid sites were responsible for methanol dehydration to DME, strong Brensted acid
sites caused formation of hydrocarbons from DME and alcohols [28, 31]. Brensted
acid sites or Lewis acid—base pair sites are believed to be important for dehydration

reactions. For the mechanism based on Bronsted acid sites, the strength of the sites
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could be controlled to prevent hydrocarbons. For the mechanism based on Lewis
acidity, an alcohol molecule and an alkoxide anion are adsorbed on an acidic site and

a basic site, respectively, over an adjacent acid—base pair sites [12].

The theoretical analysis of DME synthesis mechanism from methanol over zeolite
protons was investigated by Blaszkowski and van Santen [56]. Two possible
mechanisms were examined using density functional theory (DFT) calculations. The
first one was based on the mechanism proposed by Kubelkova et al. [57] at which the
methoxonium ion, H3COH,", was formed by transfer of surface proton to adsorbed
methanol on zeolite. A methyl group remained bonded to the surface due to
dehydration of methoxonium ion and formed dimethyl ether by interacting with
another methanol molecule. The second mechanism was based on the study of
Bandiera and Naccache [58] at which two methanol molecules were adsorbed on
Bronsted acid and adjacent Lewis basic sites. Two surface species [CH3'OH;]" and
[CH30] were formed and react to yield dimethyl ether and water. According to the
DFT results, the second mechanism was favorable due to lower activation energy of

the limiting step found as compared to the first mechanism.

v-Al,O3 is generally used due to its lower price, easy availability and capability of
less byproduct formation [54]. y-Al,O3 has good initial activity for methanol
dehydration; however, deactivation is rapid as the reaction proceeds. The
deactivation could be due to hydrophilic nature of y-Al,Os. Significant amount of
water is produced during the direct synthesis of DME and water is competitively
adsorbed more than methanol on y-Al,O3 surface, especially on Lewis acid sites. As
a result, catalyst activity decreases significantly [59, 60]. The acid strength of y-
Al,O3 is very low; therefore, degradation by coke, due to formation of light olefins
and heavy hydrocarbons from methanol and DME, is reduced [37, 23]. However,
methanol dehydration capacity of y-Al,Oj is very low at 260°C which is the optimum
reaction temperature for methanol synthesis reactions. Higher reaction temperature is
not favorable due to thermodynamic limitations and catalyst stability of the hybrid
catalyst could be reduced due deactivation caused by copper sintering at high
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temperatures. Modification of y-Al,O3 could be considered to enhance the catalytic
activity [43].

H-ZSM-5 zeolite offers very good methanol dehydration activity at optimum
reaction conditions due its very high Brensted acidity and stability. However, very
strong acidic sites tend to produce hydrocarbons which reduce selectivity of DME.
Some of the hydrocarbons results in formation of coke which blocks zeolite pores
and causes deactivation. H-ZSM-5 zeolite could be modified with proper amount of
Na, MgO or Fe in order to moderate the number and strength of Brensted sites within
the zeolite [1, 9, 61]. H-ZSM-5 zeolite is not susceptible to the presence of water
formed by methanol dehydration and water-gas shift reaction due to its hydrophobic
nature and hydrothermal stability. Therefore, catalyst deactivation due to water is not
as significant as in y-Al,O3 [19, 49, 53, 60].

SAPO zeolites could also be used for methanol dehydration. SAPO-34 and -18 have
relatively higher surface area with three-dimensional pore structure and possess
strong acid sites. Therefore, their catalytic activities are initially high and then
decrease very fast due to coke formation within the pores. The formed carbonaceous
materials could cause plugging the pores, which are very small, and followed by
diffusion limitations and blockage of the active sites. SAPO-5 and -11 possess very
low surface area with unidimentional pore structure. The catalytic activities of the
catalysts are also very low. However, these catalysts are very stable due to their

moderate acidic strengths which are unfavorable for coke formation [20].

Mesoporous silicate materials (M41S family) with ordered pore structures possess
very high surface area and very narrow pore size distribution. Due to their larger
pores as compared to microporous zeolites, the reacting molecules diffuse easily to
the active site and the materials are less sensitive to deposition of coke. Due to their
inert nature and low catalytic activity, metals, metal oxides or acids could be
incorporated into MCM-41 type materials to improve the acid strength. Utilization of
these materials is limited due to poor hydrothermal stability [1, 50, 51]. Mesoporous

materials (SBA family) with ordered pore structures such as SBA-15 have very
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narrow pore size distribution and high surface area. Its thicker pore walls promote
the hydrothermal stability of SBA-15 to be higher as compared to MCM-41 [1].

Nafion, which is a perfluorinated sulfonic acid ion-exchange resin, could be used as
solid acid catalyst due to its chemical and thermal stability provided by its
fluorocarbon backbone. Although the resin has good properties such as very high
acid strength, insolubility in polar solvents and high resistance to chemicals, the
disadvantage of utilization of nafion evolves from low surface area and nonporous
structure [52].

Heteropolyacid (HPA) catalysts are extensively employed as a solid acid catalyst for
acid-catalyzed reactions such as methanol dehydration to DME. Keggin type
heteropolyacids, as shown in Figure 1, contain an anion with a general formula of
[XM12040]" where X is the heteroatom, mostly P**, Si**, B* and M is the addenda
atom, commonly molybdenum and tungsten. Their catalytic activities are very high
due to presence of high Brensted acidity which is stronger than many acids like
H.SO, and HCI. Their acceptable redox properties with very high proton mobility
allow them to be used for selective oxidation reactions. Although heteropolyacids
have very good properties, they have some setbacks that limit their performances.
They have very low surface area that is less than 1 m%g, and are nonporous and
soluble in polar a solvent which makes them to be used in vapor phase reactions.
Therefore, heteropolyacids could be impregnated on high surface area support
catalyst and their salts which are insoluble in water could be synthesized to improve
its catalytic performance [50, 51, 62-64].

Figure 1. The primary structure of Keggin HPA’s [64]
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The most common heteropolyacids are tungstophosphoric acid (TPA), silicotungstic
acid (STA) and molybdophosphoric acid (MPA). When the acid strengths of these
heteropolyacids were compared, it was found that the acid strength of TPA was the
highest while that of MPA was the least [65]. Therefore, it can be concluded that the
better performance of STA is depends on some other factors. STA possesses four
Keggin protons which is higher than that of TPA which is three [66]. STA and TPA
also have different thermal stabilities. TPA, which has hexahydrate structure
(H3PW1,040.6H,0) at room temperature, forms anhydrous TPA by water removal at
higher temperatures and decomposes between 180 and 330°C. However, STA
(H4SiW12040), Which is at anhydrous form at room temperature, presents more
stability than TPA over 200°C [67, 68]. Incorporation of STA into catalytic support
prevents solubility in polar solvents, therefore, the activity of STA does not decrease
and it also provides high catalytic surface area [69]. Calcination temperature affects
catalytic activity of heteropolyacid incorporated catalyst. Calcination at temperatures
higher than 400°C results in decrease in activity of STA incorporated catalysts due to
significant loss of Brensted acidity. For TPA incorporated catalysts, the acidity loss

occurs at lower calcination temperatures [50, 69].

Xu et al. [53] studied the performances of several solid acid catalysts such as y-
Al,0O3, H-ZSM-5, amorphous silica-alumina and titania modified alumina and
zirconia for methanol dehydration to DME. At low temperature of 150°C, y-Al,O3
presented 6.3% of methanol conversion, which increased exponentially with
temperature and reached approximately 90% at 250°C. Different amounts of water
were added to the feed stream to investigate the effect of water on dehydration.
According to the results, presence of water resulted in decrease of methanol
conversion from 17.5% to 5.8% at 188°C. The result could be interpreted as the
excess water blocked the active sites of y-Al,O3 due to the competitive adsorption of
water and methanol on the surface. Titania modified alumina presented similar
catalytic behavior with y-Al,O3 due to their similar acidic strengths. To reduce coke
formation due to strong acid sites, Na" ions were added to titania modified alumina

and the catalytic stability was enhanced. Zirconium oxide possessed less acid sites

28



than y-Al,O3 therefore; methanol conversion of 41% was obtained at 325°C having
DME selectivity of approximately 99%. Titania modification of zirconia increased
methanol conversion to 60% at 325°C. H-ZSM-5 was not significantly affected by
presence of water as y-Al,O3 did, due to higher Brensted and Lewis acid sites. H-
ZSM-5 presented highest methanol conversion of 78% and DME selectivity of 100%
at 190°C. Amorphous silica-alumina was very stable with high selectivity of DME

even though strong acid sites presented.

Yaripour et al. [59] compared the performances of y-Al,03 and aluminosilicates with
different silica contents prepared by coprecipitation method at atmospheric pressure
and 300°C. y-Al,03 yielded DME selectivity of 63.23% but deactivated rapidly.
Silica modification increased catalytic activity up to 6 wt.% of silica loading by
enhancing surface acidity, CO conversion and DME selectivity reached 86.4% and
75.6%, respectively. 6 wt.% of silica loading prevented formation of byproducts and
severe deactivation. Higher silica loading had adverse effect due to coverage of the

acid sites.

Vishwanathan et al. [60] studied the effect on Na modification on H-ZSM-5 catalysts
for methanol dehydration. Na was impregnated on H-ZSM-5 with ratios of varying
from 0 to 80 mol% and catalysts were tested at 230-340°C with a feed rate of 0.25
ml/min. Strong acid sites of H-ZSM-5 favored hydrocarbon formation followed by
deactivation due to coking. Therefore Na was added on H-ZSM-5 in order to reduce
the acidic strength. It was seen that higher Na content enhanced DME vyield and best
Na content was determined as 80%, which yielded 100% selectivity for DME
between 230-340°C with high resistance to coke formation. On the other hand,
unmodified H-ZSM-5 showed DME selectivities of 97 and 94% at 270 and 320°C,

respectively.

Ciftci et al. [50] investigated the different synthesis procedures of tungstophosphoric
acid (TPA) impregnated silicate structured mesoporous MCM-41 type catalytic
materials which were then tested for methanol and ethanol dehydration to DME,

DEE and ethylene. Activity tests were conducted with 0.2 g of catalyst at different
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temperatures, 200-400°C. TPA impregnated MCM-41-like mesoporous catalyst
(TPA@MCM-41) was very stable and very active for both ethanol and methanol
dehydration. For the ethanol dehydration reaction, ethanol fractional conversion
reached to 1.0 at 300°C. Below 220°C, selectivity of ethylene was lower than that of
DEE, however above 220°C, ethylene selectivity increased up to 1.0 due to
decomposition of DEE which was caused by the Lewis acid sites contribution at high
temperature. In the case of the methanol dehydration reaction, as the temperature was
increased from 150-220°C, methanol conversion rapidly increased from 0.17 to 0.79
and DME vyield reached a maximum, both of which then decreased due to catalyst
deactivation caused by coke formation. Selectivity of DME was found almost 1.0 up
to 300°C, however at higher temperatures, formaldehyde and methane was formed
due to decomposition of DME. Using TRC-W40, fractional conversion of ethanol
reached 1.0 at 400°C and selectivity of DEE was almost 0.9 at 200°C and then
decreased while ethylene selectivity increased at higher temperatures. In methanol
dehydration, DME selectivities were obtained as 1.0 at 250°C and 0.97 at 180°C
along with some formaldehyde. TRC-W40 did not lose its activity due to
deactivation caused by coke formation; however, its catalytic activity was lower than
that of TPA@MCM-41 due to its lower acidic strength. The results revealed that the
dehydration capacity of the catalyst were more significant than the dehydrogenation

capacity.

Varish et al. [62] synthesized various mesoporous aluminosilicate with different
Al/Si atomic ratios between 0.03 and 0.18 using hydrothermal synthesis route and
studied the effect of silicotungstic acid impregnation on the synthesized materials.
According to the activity tests performed between 200-400°C, the catalysts with
Al/Si ratio of 0.09 and 0.18 yielded methanol conversions of 0.78 and 0.72 at 400°C,
respectively. The catalytic activity of the catalyst having higher Al/Si ratio was lower
since its surface area was lower compared to the catalyst with Al/Si ratio 0.09. In
addition, DME selectivities also decreased with increasing Al/Si ratio below 300°C
above which selectivity of DME reached 100%. Below 300°C, significant amount of

formaldehyde was produced as byproduct, however, above 300°C, formaldehyde
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selectivity became less than 1%. Silicotungstic acid impregnation to aluminosilicate
enhanced catalytic activity and surface area of the catalyst. 84% of methanol
conversion and about 97% of DME selectivity were obtained at 250°C along with
high stability.

Tokay et al. [1] synthesized alumina impregnated SBA-15 by a one-pot hydrothermal
procedure. The catalytic performance of the catalyst was compared with
aluminosilicate with Al/Si ratio of 0.1 at a temperature range of 120-450°C at
atmospheric pressure. Alumina impregnation decreased the surface area and pore
volume of SBA-15. According to the results, alumina impregnated SBA-15 had
stronger Brensted and Lewis acid sites than aluminosilicate therefore, methanol
conversion of alumina impregnated SBA-15 was higher and reached 80% at 350°C.
However, both catalysts yielded similar DME selectivity, which approached to
100%, and low formaldehyde selectivities, which reached to 0 at 350°C.

Ciftci et al. [51] synthesized a novel STA incorporated silicate structured
mesoporous catalysts with different W/Si atomic ratios by one-pot hydrothermal
synthesis route. The synthesized catalysts were calcined at 350°C since higher
temperature calcination, above 400°C caused loss of protons of STA. W/Si atomic
ratios of mesoporous silicate structured were adjusted as for 0.16, 0.33, 0.47 and 0.78
for TRC-62, TRC-75, TRC-82 and TRC-92 catalysts, respectively and activity tests
were performed at 180-350°C. The surface areas of the catalysts decreased with the
increase in W/Si ratios, however, TRC-62 presented the lowest activity since lower
content of STA resulted in weaker Breonsted acidity. TRC-75 showed the best
catalytic activity with DME selectivity of almost 100% and methanol conversion of
60% due to its better intensities of Brensted acidities and well dispersion of STA to
the catalyst. Operation at high temperatures, such as above 250°C, caused
deactivation by formation of coke. The catalysts restored its initial activity easily by

regeneration.
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CHAPTER 4

THERMODYNAMIC ANALYSIS

In order to determine the operating parameters for DME synthesis, thermodynamic
analysis of the reactions needs to be made. DME synthesis requires high pressure (30
bar and above) and moderate temperatures (200°C-300°C) to reach high conversion.
However, the carbon monoxide conversion cannot exceed the equilibrium conversion
at a specific temperature and pressure. For this purpose, in this section,
thermodynamic analyses of the direct DME synthesis reactions (Reaction 1 and 2)
and the methanol synthesis reaction (Reaction 3) were performed with feed

composition containing equimolar amount of carbon monoxide and hydrogen.

2CO + 4H, « CH3;0CHj3; + H,0O AHpyn = - 205 kJ/mol (2)
CO + 2H, «» CH;OH AHpa = - 90 kJ/mol 3)

For the thermodynamic analysis, constant pressure heat capacity values were
obtained from literature and listed in Table 2 [70]. Heat capacity of any species as a

function of temperature can be represented by Equation 4.1.

Cor=a+bXT+cxT?+dxT? []J/molK],T[K] 4.1,
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Table 2. The molar heat capacity coefficients of species involved in DME synthesis

[70]
Species a bx10° | ¢x10° | d x 10°
H, 29.088 | -0.192 0.400 -0.870
(6{0)] 28.142 0.167 0.537 -2.221

CO; 22.243 | 5977 | -3.499 | 7.464
H.0 32.218 | 0.192 1.055 | -3.593
CH3;OH 19.038 | 9.146 | -1.218 | -8.034
CH;OCH; | 17.02 1791 | -5.234 | -1.918

The constant pressure heat capacity with respect to temperature is required to
calculate the heat of reaction at a specific temperature and the expression is given in
Equation 4.2. The molar heat capacity coefficients are multiplied with the

stoichiometic coefficients and then added.

Cp=A4a+A4b x T+ Ac XT? 4+ Ad X T3 4.2.

Standard enthalpies and Gibbs free energies of formation for the species at reference
temperature of 25°C are given in Table 3 in order to determine the reaction enthalpy

and equilibrium constants.

Table 3. Standard enthalpies and Gibbs energies of formation of the species at
298.15 K in gas phase [70]

Species AH®;, kJ/mol AG®s, kJ/mol
H. 0 0
CO -110.5 -137.2
CO, -393.5 -394.4
H,O -241.8 -228.6
CH3OH -200.7 -162.0
CH30CH3 -184.2 -113.0
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Heat of reaction of a reaction as a function of temperature can be calculated

according to Equation 4.3.

T

AHP, = AHZg + f(Aa + Ab *T + Ac * T? + Ad * T3)dT 4.3.
298

Temperature dependence of thermodynamic equilibrium constant in differential form
is given by Van’t Hoff’s Equation 4.4. Then the equilibrium constant is calculated by

integrating the Van’t Hoff relation over the studied range of temperature.

dink  AH®p,
dT R T2

4.4,

When integrating the Van’t Hoff’s Equation, equilibrium constant at reference

temperature is needed and can be calculated as:
K298 = exp(—AG°/RT) 45

When the Van’t Hoff’s Equation is integrated, the following expression is obtained:

T

AH?.
K = Kjog * €xp j R *T;f; dT 4.6.

298

DME and methanol synthesis reactions are operated at high pressure; therefore, non-
idealities were taken into account using Peng-Robinson equation of state. The
derivation of fugacity coefficient of the species was given in Appendix A. Fugacity
coefficient at different pressures and temperatures were calculated and given in
Appendix A. The equilibrium constant can also be defined in terms of the
equilibrium constants based on partial pressures and fugacity coefficients as given in

Equation 4.7.
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K =Ky * Kp 4.7.

o= Joo
i=1

c
Kp = H(Pi)”ii 4.9.
i=1

K4 and K for all of the reactions are written as follows:

for Reaction 1:

K. = bcryoch; * eo, 4.10.
¢ ¢go * ¢132
K. = Pengochs * Peo, _ YcHsocH; * Yco, 4.11.
p— pP3 « P3 T w3 xy3 « p4
co * 'y, Yco * Vi,

for Reaction 2:

K. = bcrsocH; * Phyo 412.
¢ — 2 4
bco * ¢H2
K = Persochs * Pryo _ YcHz0cH; * YHy0 4.13.
p— PZ * P4- - 2 v o« P4.
co * 'y, Yco * Vu,

for Reaction 3:

Pchson 4.14.
Ky = 2
$co * ¢H2

K. = Penson YcH;0H 4.15.

p— 2 2 2
Pco * Py,  Yco * ¥i, * P
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By taking 100 mole/hour basis, the equilibrium composition calculations for each

reaction were tabulated as in Tables 4, 5, and 6.

Table 4. The equilibrium composition calculations for Reaction 1

(3CO + 3H,; «> CH30CH; + COz)

Species | Inlet Flow Rate Outlet Outlet Composition, y;
(6{0) 50 50-50*Xeq [50*(1-Xeq)] / [100-(200/3)*X¢q]
H, 50 50-50*Xeq [50*(1- Xeq)] / [100-(200/3)*Xeq]
CH30CH3 - (50/3)*Xeq [(50/3)*Xeq] / [100-(200/3)*Xeq]
CO, - (50/3)*Xeq [(50/3)*Xeq] / [100-(200/3)*Xeq]
Total 100 100-(200/3)*Xeq

Table 5. The equilibrium composition calculations for Reaction 2

(2CO + 4H; «> CH30CHj3 + H,0)

Species | Inlet Flow Rate Outlet Outlet Composition, y;
CO 50 50-(50/2)*Xeq [50*(1- Xeq/2)] / [100-50*X¢q]
H, 50 50-50*Xeq [50%*(1- Xeq)] / [100-50%*Xeq]
CH30CH3 - (50/4)*Xeq [(50/4)*Xeq] / [100-50*Xeq]
H,O - (50/4)*Xeq [(50/4)*Xeq] / [100-50*Xeq]
Total 100 100-50*Xeq

Table 6. The equilibrium composition calculations for Reaction 3

(CO + 2H; «» CH30H)

Species | Inlet Flow Rate Outlet Outlet Composition, y;
CO 50 50-(50/2)*Xeq [50- 25*Xeq)] / [100-50%*X¢q]
H, 50 50-50*X¢q [50*(1- Xeq)] / [100-50*Xeq]

CH3OH - (50/2)*Xeq [25%Xeq] / [100-50*Xeq]

Total 100 100-50*Xeq
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In order to calculate the equilibrium conversions, fugacity coefficients and outlet
compositions involving equilibrium conversions were inserted in equation 4.7. Then,
the equilibrium constant obtained from equation 4.7 was equalized to the equilibrium
constant obtained from equation 4.6. By solving these equations, equilibrium
conversions were found. Equilibrium conversions with respect to temperature and
pressure for methanol synthesis reaction with equimolar mixture of carbon monoxide

and hydrogen is presented in Figure 2.
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Figure 2. The equilibrium conversion curves with respect to temperature and
pressure for Reaction 3 (CO + 2H, «» CH3OH) with a feed ratio of H,:CO=1:1

Due to the exothermic nature of the methanol synthesis reaction, equilibrium
conversion decreases as temperature increases. At atmospheric pressure, conversion
is zero within the temperature range at which methanol synthesis catalyst is active.
As seen from the figure, increase in the pressure promotes conversion according to
the Le Chatelier’s principle. Equilibrium conversions with respect to temperature and

pressure for DME synthesis reactions are given in Figures 3 and 4.
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Figure 3. The equilibrium conversion curves with respect to temperature and
pressure for Reaction 1 (3CO + 3H; «» CH30CHj3; + CO,) with a feed ratio of
H,:CO=1:1
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Figure 4. The equilibrium conversion curves with respect to temperature and
pressure for Reaction 2 (2CO + 4H; «» CH30CHj; + H,0) with a feed ratio of
H,:CO=1:1

The equilibrium conversion curves with respect to temperature for Reactions 1, 2,
and 3 at 50 bar are given in Figure 5. As seen from the figure, the direct DME
synthesis reactions overcome the thermodynamic equilibrium limitation of the
methanol synthesis reaction since the equilibrium conversions are higher than that of

the methanol synthesis reaction at a given temperature.
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Figure 5. The equilibrium conversion curves with respect to temperature for
Reactions 1, 2 and 3 at 50 bar for a feed ratio of H,:CO=1:1

According to the thermodynamic analyses, conversion increased with pressure up to
50 bar. Further pressure increase did not affect the conversion significantly and also
could increase compression cost and feed gas consumption and be hazardous.
Therefore, the operating pressure was selected as 50 bar for the direct DME synthesis

process.
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CHAPTER 5

MESOPOROUS MATERIALS

Direct synthesis of dimethyl ether from synthesis gas requires a bifunctional catalyst
with two functional groups, one for methanol synthesis and one for methanol
dehydration function. In this study, ordered mesoporous alumina was selected for
methanol dehydration function due to high thermal stability, large surface areas and
narrow pore-size distributions [71]. The characterization methods applied in this
study are also presented. The catalysts that have been synthesized for the methanol

synthesis function in the study conducted by Celik [11] are directly used.
5.1. POROUS MATERIALS

Porous materials can be classified into three groups according to IUPAC definition;
such as microporous, mesoporous and macroporous materials [72]. The pore
diameters of microporous, mesoporous and macroporous materials are less than 2

nm, between 2-50 nm and larger than 50 nm, respectively.

Microporous materials, especially zeolites, attract much attention in industrial areas
such as oil refining, petrochemistry and chemical synthesis. They can also be applied
as adsorbents and their performances in catalytic applications depend on high surface
area and adsorption capacity, properties of controlled adsorption that vary from
hydrophobic to hydrophilic type and generation of active sites in the framework. In
addition, their channel structure can be shape selective to promote the given catalytic

reaction towards the desired product, avoiding the side reactions [73].
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However, the very small pore diameter of zeolites limits their usage in many
applications involving molecules larger than 1-1.2 nm. In addition, they are
susceptible to pore plugging due to coking, which causes deactivation. Therefore,
catalytic materials within mesoporous range have gained many interest due to high
thermal stability and large surface areas, tunable pore sizes so that the diffusion

properties and the available active sites are promoted [20, 72, 74].

The first mesoporous material, which was MCM (Mobil Composition of Matters)-
41/48, was synthesized successfully by Mobil Oil Corporation (USA) in 1992 and
opened a new pathway to develop mesoporous materials for various applications like

catalytic, energy, biomedical and environmental supports [75, 76].
5.2. MESOPOROUS ALUMINA

Mesoporous alumina is a new type of porous material and very favorable as
industrial catalyst and catalyst support due to its wide application areas such as
petroleum refinement and emission control processes due to its tunable pore
diameters from 2 to 10 nm, large surface areas reaching 700 m%g and moderate
Lewis acidity [75] and high stability. However, the synthesis conditions of
mesoporous alumina strongly affect the ordered structure and thermal stability of
material [71, 77, 78]. Many studies were reported for synthesis of mesoporous
alumina. Pinnavaia et al. [79] synthesized pseudo-lamellar mesostructured y-alumina
with crystalline walls. Zhao et al. [80] obtained a partly ordered mesoporous alumina
using aluminum tri-tert-butoxide as the main inorganic precursor material and
anhydrous aluminum chloride as the pH adjusting agent. Somorjai et al. [81]
synthesized ordered mesoporous alumina having amorphous walls with the sol-gel
synthesis procedure. Sanchez et al. [82] obtained ordered nanocrystalline y-Al,O3
films having contracted fcc mesopores using the dip-coating method. Zhang et al.
[79] synthesized an ordered crystalline mesoporous alumina using CMK-3 the hard
template which was a multistep and long procedure. Yuan et al. [71] developed an
easy and reproducible method for highly ordered mesoporous aluminas having

amorphous and/or crystalline y-phase walls using evaporation-induced self assembly
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process using triblock copolymers as the soft templates. Using this process,
mesoporous aluminas could be synthesized to possess 2D hexagonal structure with
p6mm hexagonal symmetry, high thermal stability up to 1000°C, higher surface area
up to 400 m?g, pore volumes of approximately 0.70 cm?®g, narrow pore-size
distribution and high Lewis acidity strength provided by aluminum atoms in
tetrahedral and octahedral coordination sites [71, 77]. Yuan et al. investigated the
effect of the calcination temperature on the structure and obtained that at 400°C, the
mesostructure possessed amorphous wall, which was converted to y-Al,O3 phase
with crystalline walls between 800-1000°C, and mesoporous structure was destroyed
at 1100°C. The surface area of mesoporous alumina was found as 434 m?/g at 400°C
and decreased with increasing calcination temperature. Pore diameter also decreased
however narrow pore-size distributions were preserved as the calcination temperature

increased [71].

Poly(alkyleneoxide) triblock copolymers are used widely as structure directing
agents due to low cost, biodegradability and commercial availability. Different
triblock copolymers such as P123 (EO20PO70EO,), F127 (EO106PO70EO106), and F68
(EO77POEO77) have different EO/PO ratios and different molecular weights of
5800, 12600 and 8400, respectively. Therefore, mesoporous aluminas with different
structures and pore sizes could be synthesized. The surfactant having higher
molecular weight results in larger pore sizes. P123 and F127 promote formation of
ordered mesostructure, on the other hand, F68 results in formation of a wormlike
structure [71, 77, 78]. These nonionic surfactants do not ionize in water and possess a
hydrophilic and a slight hydrophobic component due to polycondensation of ethylene

oxide and propylene oxide, respectively [76].

In evaporation induced self-assembly (EISA) method, as given in Figure 6, the
amphiphilic structure directing agent composed of hydrophobic and hydrophilic parts
and aluminum precursor are homogeneously dispersed in alcohol/water mixture.
During the evaporation, the surfactant concentration increases and above the critical
micelle concentration (cmc), the surfactant molecules arranges into micelles in which

hydrophobic parts are covered by hydrophilic parts. Further increase in the surfactant
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concentration organizes the micelles into liquid crystal mesophases to form 2D
structures. The inorganic aluminum precursor assembles on the hydrophilic part of
the surfactant to form a metal oxide network by hydrogen, covalent and van der
Waals interactions bonds via hydrolysis and polymerization. The aging process and
subsequent drying solidifies and locks the amorphous alumina phase over the
surfactant and the mesoporous alumina is obtained by the removal of the organic

surfactant by calcination or extraction [74, 76, 83].

Metal » @ »
precursor

Absolute ethanol Evaporation

0 solution

P123/F127
Calcination S o
P —
Mesoporous oxide Mesostructured Self- assembly
templeate/metal

Figure 6. Schematic model for EISA method [76]

Mesophase formation is affected by complex-forming capability of structure
directing agents, ions and acids. As the surfactant is dissolved in solvent and metal
source, alumina in this case, is added; crown-ether type complexes, as shown in
Figure 7, are formed after hydrolysis and condensation due to connection of the
metal ions alkylene oxide structures by coordination bonds. Alumina ions are bonded
to the hydrophilic poly(ethyleneoxide) functional groups promoted by the presence
of an acid such as HNOj3, HCI with hydrogen-bonding, covalent and van der Waals

interactions [71, 84].
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Figure 7. Crown-ether-type complexes [84]

The EISA process is performed in alcohol solution containing a concentrated acid; a
non-aqueous media, to slow down the hydrolysis and condensation rate of the
aluminum precursor and also redox reaction, phase transformation [76]. The low
amount of water present in the concentrated acid and ethanol is sufficient for the
slow and controlled hydrolysis of the aluminum precursor since large water content
destroys the structure due to the tendency of alumina precursor for precipitation and

crystallization to bulk oxide phase [74, 84].

NO3 has weak complex-forming capability therefore; the self-assembly process is
not significantly affected by the presence of NOj3 ions. When hydrochloric acid is
used instead of nitric acid, the balance of the organic-inorganic interface is destroyed
and the assembly process is disturbed due to the strong coordination of chloride ions
with aluminum ions. This might result in formation of long-range disordered

mesostructures [71].

Volatility of the acid is important for hydrolysis and condensation, which have to be
slow to form a robust mesostructure rather than a hard structure. The acid, which is
removed by evaporation, controls the inorganic polymerization since dilute solutions
are used. The volatility of HNOg is lower than that of HCI; therefore, the acidity of
the solution reduces more slowly as HNO3 evaporates and the hydrolysis of alumina
and the self-assembly process are not significantly disturbed [71]. The solvent is also
required to be evaporated slowly to prevent phase separation between the inorganic

and organic species and to provide high cross-linking between the components [81].
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5.3. CHARACTERIZATION TECHNIQUES
5.3.1. X-Ray Diffraction (XRD)

X-ray diffraction method is applied to determine the pore structure and crystalline
phases of the synthesized material. In the short range of the XRD pattern of
mesoporous alumina, a strong (100) diffraction peak around and a weaker (110) peak
are observed and are a proof of ordered mesostructure with p6mm hexagonal
symmetry [77]. X-ray diffraction method is also used for fresh and used catalyst in
order to determine particle size of agglomerated copper crystals that could cause

catalyst deactivation.
5.3.2. Nitrogen Physisorption (BET)

The surface area and pore size distribution of a porous material are determined by
nitrogen physisorption (adsorption) method. Surface areas are calculated by the
Brunauer-Emmet-Teller (BET) equation using nitrogen adsorption-desorption
isotherms at -196°C (77K) and the mesopore sizes are estimated by the Barrett—
Joyner—Halenda method [78]. In a typical nitrogen adsorption isotherm of
mesoporous alumina, a sharp step in the mesoporous range with relative pressure
(P/P,) between 0.5 and 0.8 indicates the liquid condensation of N, at 77 K and

uniform mesopores [77].
5.3.3. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a useful method for visualization of pore
orderings of the materials. The presence of dislocations and other defects in crystal
structure can be determined. The image of the structure, channels, pores and the
hexagonal structure of the material is captured as the high-energy electron beam

transmits through the sample [72].
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5.3.4. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of pyridine
adsorbed samples can be used to determine the characteristics of the acid sites of the
synthesized materials. This method provides the information about the relative
strengths of the Bronsted and Lewis acid sites. A spectrum is obtained with
analyzing the reflected infrared (IR) beam from the catalyst surface. The difference
between the spectra of the pyridine-adsorbed catalyst and not-adsorbed catalyst
identifies the Bronsted and Lewis acidities. The presence of Brensted acid sites
indicated with bands observed at 1490, 1540 and 1640 cm™, which are due to
contribution of pyridinium ions that means pyridine chemisorbed on Brensted acid
sites. For Lewis acid sites, the bands present at 1445, 1490 and 1595 cm™ which are
coordinatively bound pyridine that means pyridine interacting with Lewis acid sites
[31, 52, 62]. Mesoporous alumina mostly includes large amount of Lewis acid sites
[71].
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CHAPTER 6

EXPERIMENTAL

In this study, mesoporous alumina and silicotungstic acid impregnated mesoporous
alumina were synthesized as methanol dehydration catalysts. Bifunctional catalysts
were prepared by physical mixture of previously prepared methanol synthesis
catalysts [11] and synthesized mesoporous materials. In this chapter, the synthesis
procedures are explained and the characterization techniques of the synthesized
materials are presented. The high-pressure flow system, which was used to test the
prepared bifunctional catalysts for the direct synthesis of DME from syngas, is

described in detail.
6.1. SYNTHESIS OF CATALYSTS
6.1.1. Synthesis of Mesoporous Alumina

Mesoporous alumina was synthesized by evaporation-induced self assembly process

reported by Yuan et al. [71]. The following chemicals were used for the synthesis:

e Surfactant: Pluronic P123, Poly(ethylene glycol) - block - poly(propylene glycol)
- block - poly(ethylene glycol), EO20PO7EO2, MW =5800 — Sigma-Aldrich

e Alumina source: Aluminum isopropoxide, CoH2103Al — MERCK

e Acid source: Nitric acid, HNO; — MERCK

e Solvent: Ethanol, C,HsOH — Sigma-Aldrich

There are four main steps for mesoporous alumina synthesis, which are preparation

of the synthesis solution, hydrolysis, evaporation and calcination.
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For the synthesis, 4 g of Pluronic P123 was dissolved in 30 mL of ethanol. Solution
was stirred continuously at 375 rpm at room temperature until clear solution was
obtained. In a separate vessel, 6.4 mL of 65 wt. % nitric acid and 20 mL of ethanol
were added on 8 g of aluminum isopropoxide and stirred continuously at 200 rpm at
room temperature until no solid particle remained. Then, aluminum isopropoxide
solution was added dropwise on P123 solution and the resultant mixture was stirred
for about 18 hours at room temperature and put into oven at 60 °C for solvent
evaporation for 2 days of aging. The solution formed a light-yellow solid that was
placed into a quartz tube having a membrane filter for calcination for removal of the
surfactant from the structure. Calcination was performed in a tubular furnace from
ambient temperature to 700°C with heating rate of 1°C/min and kept at 6 hours in dry
air. At the end of the calcination, solid material inside the quartz tube was cooled to
room temperature under the flow of dry air and finally white, powder material was

obtained. The steps in synthesis procedure are presented in Figure 8.

6.4 mL HNOs3

20 mL FtOH
/ % /
V -
—> > o,
= % e

t

8 g Alimimim 4 ¢ P123 60°C
isopropoxide 30 mL EtOH

Calcined at
700°C for6 h

Figure 8. The synthesis procedure for mesoporous alumina

6.1.2. Synthesis of Silicotungstic Acid Impregnated Mesoporous Alumina

Silicotungstic acid (STA) was impregnated on mesoporous alumina (MA) according
to procedure presented in study of Varish et al. [55]. STA amount was chosen to be
10 wt% of the amount of MA. Therefore, STA to MA weight ratio was determined as

0.1. The chemicals used for impregnation are presented below:
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e Heteropolyacid: Silicotungstic acid hydrate 99.9%, HsSiW1,040 — Sigma-Aldrich
¢ Solvent: Deionized water Millipore Ultra - Pure Water System, Milli-QPlus

1 g of mesoporous alumina was stirred continuously in 15 mL of deionized water and
in a separate vessel; 0.1 g of STA was dissolved in 10 mL of deionized water. Then
STA solution was added on MA solution and the resultant mixture was stirred at
30°C for 47 hours. Then, the mixture was dried at 70°C without mixing. The solid
material was calcined from ambient temperature to 350°C with heating rate of
1°C/min and kept at 6 hours in dry air. The obtained catalyst was named as

STA@MA. The impregnation procedure is presented in Figure 9.

0.1gSTA
bb ybol /

el e

47 h at
30°C

T 1 )
1 gMA w w w Calcined at
Heat up 30°C Heat up to 350°C for 6 h

to 30°C 70°C for drying

Figure 9. The synthesis procedure for STA impregnated mesoporous alumina

53



6.2. CHARACTERIZATION METHODS APPLIED FOR THE CATALYSTS

X-ray diffraction (XRD), nitrogen physisorption (BET), Transmission Electron
Microscopy (TEM) and Diffusion Reflectance Infrared Fourier Transform
Spectroscopy of pyridine adsorption (DRIFTS) were used to characterize the

synthesized catalysts.
6.2.1. X-Ray Diffraction (XRD)

The XRD patterns of the synthesized catalysts were obtained by XRD Rigaku
Ultima-1V X-Ray diffractometer in the METU-Central laboratory. The radiation
source is CuK with a 20 scanning ranges of small angle between 0.5° and 10°. The
wide angle patterns of the synthesized materials and the used catalyst to detect the
formation of the agglomerated copper particles were obtained by Philips PW 1840
X-Ray diffractometer in Chemical Engineering Department in METU. The radiation

source is CuK with a 20 scanning ranges of wide angle between 10° and 80°.
6.2.2. Nitrogen Physisorption

Nitrogen adsorption-desorption analyses were performed by Quantachrome
Corporation, Autosorb-6 device in Central Laboratory in METU. The samples were
degassed 120°C for 6 hours and the degassed samples were analyzed at a relative
pressure range of 5x107 to 0.99 at liquid nitrogen temperature, 77 K nitrogen
adsorption and desorption isotherms, the surface areas and the pore size distributions

were determined.
6.2.3. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) analyses with EDX mapping were done in
the Middle East Technical University (METU) Central Laboratory by a Jeol 2100F
HRTEM TEM high resolution instrument with Orius SC1000 Model 832 11
Megapixel CCCD camera. Before the analyses, samples were suspended in alcohol
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by an ultrasonic stirrer for 15 minutes. Then, a drop of each sample was placed over
HC300-Cu Holey Carbon film grid and dried overnight.

6.2.4. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
of Pyridine Adsorption

Diffuse Reflectance Infrared Fourier Transform Spectroscopy of pyridine adsorption
analyses were performed by Perkin Elmer Spectrum One instrument at Kinetic
Laboratory in Middle East Technical University. The samples were dried in oven at
110°C for 12 hours. 0.035 gr of each sample was adsorbed with 1 mL of pyridine and
dried in oven for 2 hours at 40°C. A background spectrum was recorded with KBr.
Then, the spectrum of pyridine-adsorbed sample was subtracted from the spectrum of
non-adsorbed sample. The present acid sites were determined by the difference

spectrum.
6.3. REACTION SET-UP

The activity tests are performed by a high pressure continuous flow system for the
direct synthesis of dimethyl ether. The schematic representation of the reaction set-
up is given in Figure 10. The bifunctional catalyst mixture of methanol synthesis and
methanol dehydration catalysts is placed into stainless steel tubular reactor and
supported with glass wool at both ends. The stainless steel tubular reactor has the
length of 60 cm and the diameter of 4 mm. The reactor is placed into a tubular
furnace and the reaction temperature is adjusted by the temperature controller of the
furnace. The reactant gases of CO and H, are fed from the pressurized cylinders and
their pressures are controlled with regulators and pressure gauges. The pressures of
the regulators are adjusted to 60 bar. Flow rates of the feed gases are controlled by
the Omega FMA-800A series mass flow controllers. A venting system is placed
before the mass flow controllers for evacuation of the lines after the operation.
Another pressure gauge is placed after the mass flow controllers to measure the
operating system pressure. The line is then connected to the reactor that is placed into

the furnace. After the furnace, a metering valve is placed to adjust the flow rate of
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the stream. The operating system pressure is selected as 50 bar. The metering valve
was closed and the system was filled with feed gases to pressurize the system to 50
bar. At 50 bar, the metering valve was opened and the flow rate was adjusted. The
lines before and after the furnace are heated to 150°C and insulated to provide pre-
heating and to prevent condensation of the products. An online gas chromatography
is used to analyze the outlet stream. A soap bubble flow meter is placed at the end of

the line to measure the exit flow rate.

A secondary study was performed by adding various amount of CO, to the feed
stream with small modifications to the existing system. The flow rate of is measured
by metering valve and soap bubble flow meter. The lines starting from the exit of
CO, the cylinder to the entrance of the reactor are heated and insulated to avoid CO,
to form ice that occurs at high pressure. The schematic representation of the modified

reaction set-up is displayed in Figure 11.
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The SRI 3680 multigas #1 gas chromatography (GC) is equipped with a Carbosphere
column and a thermal conductivity detector (TCD). Helium is used as the carrier for
the GC with the flow rate of 20 cc/min and the pressure of 4 bar. The parameters for
the temperature ramped program that is used in the GC are given in Table 7. The
calibration factors and the retention times for the gases present in the stream are

given in Table 8.

Table 7. Temperature program of gas chromatograph

Initial Temp., °C Time, min Ramp, °C/min Final Temp., °C
130 7 - 130
130 3 40 250
250 18 - 250

Table 8. Calibration factors and retention times of gas chromatograph

Component Retention Time, min. | Calibration Factor
Carbon Monoxide 1.3-14 1.00
Methane 24-2.6 1.36
Carbon Dioxide 42-43 0.83
Formic Acid 11.8-11.9 1.80
Methanol 13.9-14.2 1.40
Dimethyl Ether 23.3-235 0.49
Ethanol 25.8 - 26.0 1.44

The connection and construction materials that were used in the reaction set-up have
been selected as stainless steel to withstand high pressure. The bifunctional catalyst
mixtures of 0.2 or 0.3g that was packed in the middle of the reactor contained mostly
equal amounts of methanol synthesis and dehydration catalysts. In some
experiments, methanol synthesis catalyst to dehydration catalyst weight ratio was
chosen as 1:2. The total flow rate of the feed gas was adjusted as 25 cc/min
(measured at room temperature at 1 bar) with a space time of 0.48 g.s/mL or 0.72
g.s/mL. When CO and H, were used as feed gases, equal volumetric flow rates of the
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gases were selected. When CO, was introduced to the system, varying volume ratios
of H,, CO and CO; were selected.

Catalytic activity tests were performed generally in the temperature range of 200 to
300°C with intervals of 25°C. Steady state was reached in 60 minutes and afterwards
three successive analyses were taken for each temperature and the averages of the

results of these analyses were used for conversion and selectivity calculations.

CO conversion was defined as the ratio of amount of CO reacted to the amount of
CO fed to reactor and product selectivities were defined as the ratio of moles of CO
converted to a specific component to total moles of CO converted to the products.
According to these definitions, conversion and DME, methanol, and CO; selectivities

were expressed as;

X = (Moles of CO fed to system - Moles of CO emerged from system)/ Moles of CO

fed to system 6.1.
Some = 2(Moles of DME formed)/ (Moles of CO converted to products) 6.2.
Smeon = (Moles of MEOH formed)/ (Moles of CO converted to products) 6.3.
Sco, = (Moles of CO, formed)/ (Moles of CO converted to products) 6.4.

CO, was observed as the major product together with DME when the feed stream
was composed of 50% CO and 50% H,. In the experiments performed with addition
of CO;, to the feed stream, it was seen that carbon dioxide behaved as the reactant at
low temperatures. Therefore, CO and CO, conversions were calculated and the
product selectivities were calculated by involving the contribution of CO,. Product
selectivities, in this case, were calculated as the ratio of moles CO and CO;
converted to specific component to total moles of CO and CO, converted to
products. Accordingly, CO and CO, conversions and DME and methanol

selectivities were defined as;

Xco = (Moles of CO fed to system — Moles of CO emerged from system)/ Moles of
CO fed to system 6.5.
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Xco, = (Moles of CO, fed to system — Moles of CO, emerged from system)/ Moles

of CO, fed to system 6.6.
Spme = 2(Moles of DME formed)/ (Moles of CO&CO; converted to products)  6.7.
Swveon= (Moles of MEOH formed)/ (Moles of CO&CO, converted to products) 6.8.

DME yields were also calculated for comparison. Yield was expressed as the ratio of
moles of desired product formed to moles of reactant fed to the system.

Ymeon= (Moles of MEOH formed)/ (Moles of CO fed to system) 6.9.

Sample calculations for conversion, selectivity, and yield are presented in the
Appendix B.

6.4. OBJECTIVE OF THE STUDY

In the first part of the study, the bifunctional catalysts composed of physical mixtures
of the previously synthesized copper-based methanol synthesis catalysts and
commercial y-Al,O3 methanol dehydration catalyst were tested with the feed mixture
containing 50% CO and 50% H,. Their performances were compared and the

methanol synthesis catalyst that exhibited the best performance was selected.

In the second part of the study, the best catalyst or commercial methanol synthesis
catalyst were mixed with MA or STA@MA to compare their performances. This

time, methanol synthesis to dehydration catalyst weight ratio was also investigated.

In the third part of the study, best catalyst combination was used for investigating the
effect of adding carbon dioxide to the feed gas stream with varying volume ratios of
H,/CO/CO:..
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CHAPTER 7

CHARACTERIZATION RESULTS

In this chapter, characterization results of the synthesized materials are presented. X-
Ray diffraction (XRD), nitrogen physisorption, Transmission Electron Microscopy
(TEM), and Diffuse Reflectance Infrared Fourier Transform Spectroscopy of

pyridine adsorption techniques were used for the characterization of these materials.

7.1. CHARACTERIZATION RESULTS OF METHANOL SYNTHESIS
CATALYSTS

The methanol synthesis catalysts that have been used in this study were synthesized
by Celik, G., with mole ratios of Cu/Zn/Promoter = 6/3/1 [11]. The nomenclature of
the synthesized catalysts is presented in Table 9. The summary of the
characterization results of the catalysts is given in Table 10. Commercial y -Al,O3
from TOYO is used as methanol dehydration catalyst in the first phase of the study

and the characterization results of y-Al,O3 is presented in Table 11.
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Table 9. The methanol synthesis catalysts (Adapted from [11])

Nomenclature Content Aging Washing | Calcination | Reduction
Time Water Temp.,°C | Temp., °C
Ccz Cu-Zn 3hr Cold 350 -
CZCe Cu-Zn-Ce 3hr Cold 350 -
CZzZr Cu-Zn-Zr 3hr Cold 350 -
CZA-1hr Cu-Zn-Al 1hr Cold 350 -
CZA or CZA-3hr | Cu-Zn-Al 3hr Cold 350 -
CZA-6hr Cu-Zn-Al 6 hr Cold 350 -
CZA-Hot Cu-Zn-Al 3hr Hot 350 -
CZA-C550 Cu-Zn-Al 3hr Cold 550 -
CZZr-C550 Cu-Zn-Zr 3hr Cold 550 -
CZA-R225 Cu-Zn-Al 3hr Cold 350 225
CZA-R250 Cu-Zn-Al 3hr Cold 350 250
MSC Cu-Zn-Al - - - -
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Table 10. Characterization results of the methanol synthesis catalysts (Adapted from [11])

Multipoint BJH Method BJH Method
Catalyst dcwo, NM | deyo, NM | dew, PM | dz,0, nm | BET Surface | Desorption Pore | Desorption Pore
area, m2/g Volume, cc/g Diameter, nm
Ccz 4.3 - - 4.9 62 0.62 9.6
CZCe 2.8 - - - 97 0.77 3.8
CZzZr 5.0 - - 2.5 107 0.51 9.7
CZA-1hr 9.4 - - 4.0 69 0.49 17.5
CZA-3hr 8.1 - - 4.1 57 0.45 7.9
CZA-6hr 7.6 - - 4.7 50 0.37 7.85
CZA-Hot 8.4 - - 4.3 77 0.51 17.7
CZA-C550 13.0 - - 8.1 41 0.62 2.1
CZZr-C550 6.9 - - 5.4 48 0.42 32.0
CZA-R225 - 18.5 - 10.3 22 0.11 2.1
CZA-R250 - - 26.8 10.6 53 0.27 17.7
MSC 4.6 - - 3.4 99 0.24 6.5




Table 11. Characterization results of commercial y-Al,O3 (Adapted from [11])

Multipoint BJH Method BJH Method
Catalyst daros, Nm | BET Surface | Desorption Pore | Desorption Pore
area, m%/g Volume, cc/g Diameter, nm
v-Al,O; TOYO 4.8 148 0.57 95

7.2. CHARACTERIZATION RESULTS OF MA AND STA@MA

7.2.1. X-Ray Diffraction (XRD) Results

XRD provides information about the pore structure of the synthesized material. In

the case of mesoporous materials, the diffraction patterns provide information about

mesostructure of the material in the small angle range (26 less than 10). The XRD

pattern of mesoporous alumina is shown in Figure 12 and has a major peak at 20 = 1°

that correspond to (100) peak and a minor (110) peak close to 26 = 2°.
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Figure 12. The small angle XRD pattern of MA
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The small angle XRD pattern of STA impregnated MA (STA@MA) is shown in
Figure 13. Similarly, XRD pattern of STA@MA has a major (100) peak at 1°.
However, the minor (110) peak is not visible which means that STA impregnation

has disturbed the mesoporous structure of MA.
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Figure 13. The small angle XRD pattern of STA@MA

The wide angle XRD patterns of MA and STA@MA are presented in Figure 14.
Mesoporous alumina possesses amorphous wall when calcined at 400°C, whereas
crystalline y-Al,O3 phase forms at higher calcination temperatures [71]. According to
the XRD pattern of MA, crystalline y-Al,O3 phase was present with a characteristic
peak at a 20 value of 66. Silicotungstic acid impregnation MA evolved crystalline y-

Al,O3 phases with 20 values of 34, 46 and 66 due to further catalytic treatment.
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Figure 14. The wide angle XRD patterns of MA and STA@MA

7.2.2. N, Physisorption (BET) Results

The surface area, average pore diameter and pore volume and also pore size
distributions and nitrogen adsorption desorption isotherms were obtained by nitrogen
physisorption results. According to the adsorption-desorption isotherm of MA, which
is presented in Figure 15, the synthesized mesoporous alumina had a typical Type IV
isotherm in the mesoporous range with relative pressure (P/P,) between 0.5 and 0.8.
Hysteresis loops are formed by capillary condensation of nitrogen in the pores and
the adsorption and desorption branches of the hysteresis loop are steep and parallel
with Type H1 according to IUPAC classification. This result informs that the
synthesized mesoporous alumina possesses uniform, cylindrical, open ended,

unconnected pores with a long range order.
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Figure 15. Nitrogen physisorption isotherm of MA

The adsorption-desorption isotherm of STA@MA is presented in Figure 16 and the
isotherm is Type IV. However, the hysteresis loop is between Type 1 and 3, since the
adsorption and desorption branches are broad and but not very steep. This indicates
the disturbance of ordered mesoporosity of mesoporous alumina due to silicotungstic

acid impregnation.
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Figure 16. Nitrogen physisorption isotherm of STA@MA

BET and BJH surface area, pore volume, pore size and micropore area data of MA
and STA@MA are listed in Table 12. According to Table 12, the surface area of the
synthesized mesoporous alumina (323 m?/g) is obtained as expected in the literature
[71]. The synthesized MA is in the mesoporous range with pore diameter of 5.7 nm
and mesopore volume of 0.77 cc/g. Silicotungstic acid impregnation on mesoporous
alumina caused in decrease of BET and BJH surface area, mesopore volume and
pore diameter. The reason of this result could be explained as STA impregnation
covered the surface area and plugged the pores of mesoporous alumina. Though, the
surface area and pore size reductions were not severe since the amount of STA
impregnated on mesoporous alumina was not very high. The pore size distributions
of MA and STA@MA are presented in Figure 17 and it is seen that mesoporous
alumina has very narrow and uniform pore size distribution. However, STA

impregnation on MA disturbed the uniformity of the pore size distribution.
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Table 12. BET and BJH surface area, pore volume and size and micropore area data
of MA and STA@MA

MA STA@MA
BET Surface Area, m*/g 323 289
BJH Surface Area, m?/g 489 309
BJH Mesopore Volume, cc/g 0.77 0.47
BJH Pore Diameter, nm 5.7 49
DR Micropore Volume, cc/g 0.16 0.14
DR Micropore Area, m?/g 451 405
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Figure 17. Pore size distribution curves of MA and STA@MA

7.2.3. Transmission Electron Microscopy (TEM) Results

TEM images of mesoporous alumina are displayed in Figures 18 and 19. In the
images, pore openings of the material are visibly seen with ordered cylindrical

channels as presented in the inset of Figure 18.

71



Figure 19. TEM image of MA
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TEM images of STA impregnated mesoporous alumina are displayed in Figures 20
and 21. According to the images, the ordered pore openings of the material are
visibly seen without significant disturbance due to STA impregnation. Ordered

cylindrical channels are also visible as presented in the inset of Figure 20.

Figure 20. TEM image of STA@QMA
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Figure 21. TEM image of STA@MA

The EDX mapping of STA impregnated mesoporous alumina is displayed in Figure
22. In the image, silica (Si) and tungsten (W) are homogeneously dispersed over the

surface of mesoporous alumina.

Figure 22. EDX mapping of STA@MA (Si = Red, W = Green)
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7.2.4. Diffuse Reflectance Infrared Fourier Transform Spectroscopy of Pyridine

Adsorption

DRIFTS analyses were performed for mesoporous alumina, STA impregnated
mesoporous alumina and commercial y-Al,O3 to identify the relative strengths of the
Bronsted and Lewis acid sites. According to the DRIFTS spectrum, presented in
Figure 23, for MA, the Lewis bands at 1445 and 1595 cm™ are very small. In the
case of STA@MA, Lewis acid sites at the band positions of 1445 and 1595 cm™ are
visibly seen. This means that impregnation of silicotungstic acid enhanced the acidic
strength of mesoporous alumina. The commercial y-Al,O3 exhibited stronger Lewis
acid sites than that of STA@MA. Brensted acid sites are present at the band
positions of 1540 and 1640 cm™. However, Brensted acid sites are not visible for
MA, STA@MA and y-Al;0s. The intensity of the bands for Brensted acid sites could
be very low. The band at 1490 cm™ is due to the simultaneous contribution of
Brensted and Lewis acid sites. However, for MA, STA@MA and y-Al,O3, the band
at 1490 cm™ was only due to Lewis acid sites since the intensities of the bands for
Brensted acid sites were not very strong. DRIFTS spectra of MA and STA@MA are
separately presented in Appendix C.
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Figure 23. DRIFTS spectra of MA, STA@MA and commercial y-Al,O3
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CHAPTER 8

ACTIVITY RESULTS

In this chapter, activity results of the direct synthesis of dimethyl ether using various
catalyst mixtures and operation conditions are presented. The performed study was
composed of three parts. In the first part, bifunctional catalysts were tested for the
direct DME synthesis at 50 bar and within a temperature range of 200-300°C with a
feed composition of H,/CO = 50/50 based on volume ratio. For this purpose,
different methanol synthesis catalysts were used as methanol synthesis function
while commercial y-Al,O3 was used as methanol dehydration function. Methanol
synthesis catalysts were prepared by Celik [11] at different synthesis conditions such
as different promoters, aging time, washing water, calcination and reduction
temperatures. After the activity tests, the best methanol synthesis catalyst was
selected which was zirconia promoted copper-based catalyst and used in the second

part.

In the second part, mesoporous alumina was synthesized to be used as the solid acid
catalyst. Zirconia promoted copper-based catalyst was compared with commercial
methanol synthesis catalyst. These catalysts were mixed with mesoporous alumina
and tested at the same reactions. Silicotungstic acid (STA) was impregnated on
mesoporous alumina to enhance the acidic strength. STA impregnated mesoporous
alumina was also mixed with zirconia promoted and commercial methanol synthesis
catalyst. In addition, weight of STA impregnated mesoporous alumina was increased
to twice of methanol synthesis catalyst. The best catalyst mixture was also selected
which was the mixture of commercial methanol synthesis catalyst and STA

impregnated mesoporous alumina and used in the third part.
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In the third part, the effect of presence of carbon dioxide in the feed stream was
investigated. The volumetric flow rate ratio of CO, CO, and H, was selected as
H,/CO/ CO, = 50/40/10, 50/25/25 and 50/10/40. Carbon monoxide and carbon
dioxide conversion and product distributions are presented with respect to reaction

temperature.

8.1. ACTIVITY RESULTS OF THE BIFUNCTIONAL CATALYSTS WITH
METHANOL SYNTHESIS CATALYSTS AND y-Al,O3

Methanol synthesis catalysts that were used in this part were listed in Table 9. All of
the methanol synthesis catalysts, except for commercial methanol synthesis catalysts
(MSC), were physically mixed with commercial y-Al,O3 purchased from TOYO
with a weight ratio of 1:1. In total, 0.2 g of catalyst mixtures (0.1 g MeOH synthesis
catalyst and 0.1 g y-Al,O3) was loaded in the middle of the stainless steel reactor
tube. The feed gas mixture was composed of 50% CO and 50% H, in volume basis
and the total flow rate was 25 mL/min. Reaction experiments were performed at the
operating conditions of 50 bar and within a temperature range of 200-300°C, with
intervals of 25°C. For consistency, the bifunctional mixtures were abbreviated as

“methanol synthesis catalyst + TOYO”.
8.1.1. Promoter Effect

In this section, the effect of addition of promoters was investigated on carbon
monoxide conversion and product distribution for the direct synthesis of DME. The
promoters added on copper-zinc catalyst were Al, Zr and Ce.

The carbon monoxide conversion results obtained with the mixture of copper-zinc
catalyst with no promoter (CZ) and y-Al,O3; (TOYO) are given in Figure 24.
According to this figure, carbon monoxide conversion was around 1% at 200°C.
Then, the conversion increased with an increase in temperature and reached to 13.4%
at 300°C.
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Figure 24. Carbon monoxide conversion obtained with CZ + TOYO (Space time:
0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

The product distribution obtained with CZ + TOYO catalyst mixture is given in
Figure 25. As it is seen in that figure, the highest DME selectivity was achieved at
200°C as 64.8%. DME selectivity remained at about 65% up to 250°C and decreased
at higher temperatures. Since the process itself is an exothermic reaction, reverse
reactions become more significant at higher temperatures. Besides, formation of side
products also gains importance at high temperatures. Significant amount of carbon
dioxide formation was observed at all temperatures. Small amount of unconverted
methanol also remained in the product stream. At temperatures above 250°C,

byproducts, such as methane, ethanol and formic acid were also formed.

Water-gas shift reaction, in which the formed water reacts with CO, could also be
responsible for the formation of CO,. In addition to that, production of CO, could be
due to reverse dry reforming reaction (Reaction 10), since small amount of CH,4 was
also observed at higher temperatures. CH; could also be produced by CO
hydrogenation (Reaction 11). Both of these reactions are thermodynamically

favorable at the operating conditions of this study [85].
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2CO + 2H, <> CH, + CO; (10)
CO + 3H; <> CHy + H,0 (11)

The presence of CO, could be also due to Boudouard reaction (Reaction 12),
especially at low temperatures, since the Boudouard reaction is thermodynamically

favorable at reaction conditions [11].
2CO — COz + Cyy) (12)

Formations of CO,, and the side products of methane, ethanol and formic acid
through reactions 10, 11, 13, 14 and 15, were responsible for the sharp increase in
CO conversion after 250°C [11, 85].

2CO + 4H; < C,Hs0OH + H,O (13)
3CO + 3H;, «» CoH50H + COy (14)
CO;, + Hy « CH-0, (15)
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Figure 25. Product distribution obtained with CZ + TOYO (Space time: 0.48 s.gr/cc,
catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

Comparison of carbon monoxide conversion due to promoter effect is given in
Figure 26. The promoters added to copper-zinc catalyst were alumina, zirconia and
ceria with molar ratio on Cu/Zn/Promoter = 6/3/1. According to this figure, the
promoter effect is not visibly seen since there are small differences between the
carbon monoxide conversion which is due to both direct synthesis and side reactions.
However, the contribution of a promoter on the catalyst performance is observed

better in the product distribution.
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Figure 26. Comparison of carbon monoxide conversions obtained by the promoter
effect with the mixtures of CZ, CZA, CZZr and CZCe with y-Al,O3 (TOYO) (Space
time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

When alumina was used as promoter, a better product distribution was obtained as
compared to the catalyst without promoter. According to the product distribution of
the CZA + TOYO catalyst mixture shown in Figure 27, 68.8% of DME selectivity
was obtained at 200°C, which was then decreased only after 250°C due to formation
of significant amount of CO, and byproducts such as methane, ethanol and formic
acid. Methanol was not observed up to 275°C which indicates that CZA + TOYO
was sufficient to convert the produced methanol to DME. The presence of methanol
at higher temperatures could be due to inhibition of methanol dehydration with
byproduct formations. Addition of alumina on copper-zinc increased the catalytic
activity and stability. The amount of unconverted methanol was seen at temperatures
above 250°C. Therefore, the catalyst mixture containing alumina promoted catalyst
exhibited better product distribution as compared to the catalyst mixture containing

copper-zinc catalyst.
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Figure 27. Product distribution obtained with CZA + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

The catalyst mixture with zirconia promoter presented similar product distribution
with the catalyst mixture with alumina promoter. The product distribution of CZZr +
TOYO mixture is given in Figure 28. The highest DME selectivity was 66.4% at
200°C which decreased much slower as the temperature increased as compared to
CZA + TOYO mixture. Less amount of CO, formed at higher temperatures with
complete dehydration of methanol except for 300°C at which insignificant amount of
methanol present. It can be deduced that zirconia promoter enhanced the catalytic
activity of the bifunctional catalyst by providing smaller copper particles of 5.0 nm
and larger surface area of 107 m?/g. On the other hand, alumina promoted catalyst

possessed the copper particles of 8.1 nm and surface area of 57 m?/g.
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Figure 28. Product distribution obtained with CZZr + y-Al,Os (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

The product distribution of the catalyst mixture with ceria promoter is presented in
Figure 29. DME formation was not seen until 250°C at which only 10% of DME
selectivity was achieved. At higher temperatures, DME selectivity decreased and at
300°C small amount of unconverted methanol was present. Carbon monoxide and
hydrogen was converted mostly to carbon dioxide. Carbon dioxide was the only
product at 200 and 225°C with 100% selectivity and was produced via water-gas
shift and Boudouard reaction since no other side products were formed. The
selectivity of carbon dioxide then decreased due to formation of the byproducts. At
250°C, significant amount of ethanol was produced with a selectivity value of 34.5%
due to Reactions 13 and 14. Methane and formic acid were produced in small
amounts at temperatures higher than 225°C and 250°C, respectively. This result
indicates that ceria promoter was not active for methanol synthesis and the overall

direct synthesis of DME processes. However, it gave high ethanol yields.
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Figure 29. Product distribution obtained with CZCe + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

The DME selectivities of the catalyst mixtures with different promoters were
compared in Figure 30. At temperatures lower than 250°C, the performances of
alumina and zirconia promoted catalyst mixtures were similar and better than the
others. At higher temperatures, zirconia promoted and non-promoted catalyst
mixtures were better than the rest. Better performance of zirconia promoted catalyst
mixture could be attributed to smaller CuO particle size of 5.0 nm. Significant drop

in alumina promoted catalyst mixture could be due to larger CuO particles of 8.1 nm.
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Figure 30. Comparison of DME selectivities of the catalyst mixtures with different
promoters; CZ + TOYO, CZA + TOYO, CZZr + TOYO and CZCe + TOYO (Space
time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

8.1.2. Effects of Synthesis Conditions of Cu/zZn/Al Catalyst on Catalytic

Performance

The standard aging condition was 3 hours for the copper-zinc based, co-precipitated
methanol synthesis catalysts described in the previous section. The alumina
promoted methanol synthesis catalysts were synthesized at two different aging times,
namely 1 hour and 6 hours. The carbon monoxide conversions of the catalyst
mixtures containing CZA catalysts aged for 1, 3 and 6 hours are compared and the
results are presented in Figure 31. CZA-3hr is used instead of CZA in this part, for
nomenclature consistency. Alumina promoted catalyst mixtures aged for 1 hour, 3
hours and 6 hours exhibited similar carbon monoxide conversion trends. However,
the performance of the catalyst aged for 6 hours was the best, giving a CO

conversion value of about 21.5% at 300°C. As given in Table 10, as the aging time
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increases, CuO particle size decreases. Better performance of 6 hours-aged catalyst

mixture could be attributed to smaller particle size.
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Figure 31. Comparison of carbon monoxide conversions obtained by aging effect on
CZA with y-Al,0O3 (TOYO) (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed
stream: 50% CO + 50% H,)

Product distribution of 1 hour-aged aluminum promoted catalyst mixture is given in
Figure 32. According to the results, the highest DME selectivity was obtained as
52.8% at 200°C and the selectivity decreased sharply to 3% at 300°C. This catalyst
mixture favored formation of carbon dioxide with steep increase via conversion of
carbon monoxide and hydrogen by Boudouard reaction and water-gas shift reaction
at low temperature. Ethanol and methane formation reactions also contributed at
higher temperatures. 60% of carbon dioxide selectivity was obtained at 300°C.
Significant amount of byproducts were produced; methane was formed after 200°C,
ethanol and formic acid were produced after 225°C. Small amounts of methanol,

which did not dehydrate to DME, were also present at each temperature.
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Figure 32. Product distribution obtained with CZA-1hr + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

According to the product distribution of 6 hours-aged aluminum promoted catalyst
mixture which is given in Figure 33, the highest DME selectivity was achieved as
57.7% at 200°C and decreased to 10.3% at 300°C. This catalyst mixture also favored
formation of carbon dioxide with steady increase up to 56.4% at 300°C with
temperature rather than DME synthesis. The presence of carbon dioxide was again
due to water-gas shift reaction and Boudouard reaction initially and byproduct
formation reactions of ethanol and methane above 225°C.
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Figure 33. Product distribution obtained with CZA-6hr + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

DME selectivities of catalyst mixtures having alumina promoted catalyst with
different aging times were compared and given in Figure 34. As seen from this
figure, DME selectivity of CZA-3hr + TOYO catalyst mixture was always higher
than that of CZA-6hr + TOYO and CZA-1hr + TOYO catalyst mixtures.
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Figure 34. Comparison of DME selectivities of the catalyst mixtures with different
aging times; CZA-1hr + TOYO, CZA-3hr + TOYO and CZA-6hr + TOYO (Space
time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

The carbon monoxide conversion of CZA-3hr + TOYO was lower; however, the
DME selectivity of this mixture was higher than the rest. This could depend on the
particle size and surface area of CZA-3hr. The particle size of CZA-3hr, which was
8.1 nm, was slightly larger than that of CZA-6hr, which was 7.6 nm. However, the
surface area of CZA-3hr, which was 57 m?/g, was larger than that of CZA-6hr, which
was 50 m?/g. The deficiency in particle size of CZA-3hr could be compensated by

the surface area.

CZA catalyst was washed with water that at room temperature to remove the
undesired and useless ions after the coprecipitation step. It was also investigated that
washing with hot water would increase ion exchange efficiency. Therefore, CZA
catalyst was washed with hot water [11]. This catalyst was also used and CZA-Hot +

TOYO, for consistency CZA is referred as CZA-Cold + TOYO.
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The carbon monoxide conversions of the CZA-Cold + TOYO and CZA-Hot +
TOYO are presented in Figure 35. The conversion trends were similar for both
mixtures. However, the conversion values of CZA-Cold + TOYO were slightly

better at higher temperatures.
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Figure 35. Comparison of carbon monoxide conversions obtained by the washing
temperature effect with the mixtures of CZA-Cold and CZA-Hot with y-Al,03
(TOYO) (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO +
50% Hy)

Product distribution of the catalyst mixture containing alumina promoter catalyst
washed with hot deionized water is given in Figure 36. As it can be seen from the
figure, the DME selectivity was 55.4% at 200°C and decreased slowly after 250°C.
Carbon dioxide was secondary major product with highest selectivity of 48.1% at
275°C. Methanol and methane were observed after 200°C and small amounts of

ethanol and formic acid were produced above 250°C.
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Figure 36. Product distribution obtained with CZA-Hot + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

DME selectivities of CZA-Cold + TOYO and CZA-Hot + TOYO were compared
and presented in Figure 37. The DME selectivity of CZA-Cold + TOYO mixture was
greater than that of CZA-Hot + TOYO mixture up to 250°C, due to smaller CuO
particle size. At higher temperatures, the DME selectivity of CZA-Hot + TOYO was

higher due to larger surface area and less amount of byproducts.

92



=

. =—CZA-Cold + TOYO =#—-CZA-Hot + TOYO

R e e
Ul oo N o ©

DME Selectivity
o
~

©c o ©
N W

0 T T T 1
200 225 250 275 300

Temperature, °C

Figure 37. Comparison of DME selectivities of the catalyst mixtures with different
washing temperatures; CZA-Cold + TOYO and CZA-Hot + TOYO (Space time:
0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

8.1.3. Calcination Temperature and Reduction Effect

Effect of calcination temperature and reduction on catalyst performance was also
investigated. Calcination temperature is very important for activity of the catalysts.
Therefore, calcination was performed at two different temperatures, which were
350°C and 550°C for alumina and zirconia promoted catalysts. The calcination
temperature of 350°C was the standard for all catalysts and CZA and CZZr are
denoted as “CZA-C350” and “CZZr-C350”, respectively. The CZA and CZZr that
were calcined at 550°C are denoted as “CZA-C550” and “CZZr-C550”, respectively.
Reduction effect in which CuO particles were reduced to metallic copper was also
investigated for CZA catalyst at different reduction temperatures of 225°C and
250°C. The reduced catalysts are denoted as “CZA-R225” and “CZA-R250”

respectively.
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Carbon monoxide conversions of CZA-C350 + TOYO and CZA-C550 + TOYO are
compared and presented in Figure 38. According to the results, CZA-C350 + TOYO
exhibited much better carbon monoxide conversion performance. The reason for
poor carbon monoxide conversion of the catalyst calcined at 550°C could be due to
larger CuO particle size of 13.0 nm caused by agglomeration of the particles at high
calcination temperature. CZA-C550 + TOYO presented a slight increase in carbon

monoxide conversion which could be due to smaller surface area as well.
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Figure 38. Comparison of carbon monoxide conversions obtained by the calcination
temperature effect with the mixtures of CZA-C350 and CZA-C550 with y-Al,03
(TOYO) (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO +
50% H,)
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According to the product distribution of CZA-C550 + TOYO given in Figure 39,
DME selectivity was quite similar up to 250°C, reached to a maximum value of
59.2%, then decreased to 17.1% at 300°C. Carbon dioxide formation was similar
through all temperatures and formed due to water-gas shift and Boudouard reactions
up to 250°C. Above 250°C, formation of side products also contributed formation of

carbon dioxide. Presence of methanol was not detected for all temperatures.
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Figure 39. Product distribution obtained with CZA-C550 + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

Comparison of the DME selectivities of CZA-C350 + TOYO and CZA-C550 +
TOYO is presented in Figure 40. The selectivity of CZA-C550 + TOYO was slightly
lower than that of CZA-C350 + TOYO. This could be attributed to larger particle
size and lower surface area of CZA-C550 + TOYO, which was caused by the

agglomeration of the particles due to calcination at higher temperature.
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Figure 40. Comparison of DME selectivities of the catalyst mixtures with different
calcination temperatures; CZA-C350 + TOYO and CZA-C550 + TOYO (Space time:
0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

Carbon monoxide conversions of CZZr-C350 + TOYO and CZZr-C550 + TOYO are
presented in Figure 41. According to the results, the conversion values of CZZr-
C350 + TOYO and CZZr-C550 + TOYO exhibited similar patterns with 9.1% and
10.4% at 300°C, respectively.
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Figure 41. Comparison of carbon monoxide conversions obtained by the calcination
temperature effect with the mixtures of CZZr-C350 and CZZr-C550 with y-Al,O3
(TOYO) (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO +

50% H,)

The product distribution of CZZr-C550 + TOYO given in Figure 42 and the
maximum DME selectivity of 73.9% was achieved at 225°C and decreased sharply.
Carbon dioxide was the major secondary product above 200 °C due to in situ
formation of byproducts of methane after 225°C and ethanol after 250°C.

Insignificant amount of unconverted methanol was detected at 300°C.
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Figure 42. Product distribution obtained with CZZr-C550 + TOYO (Space time:
0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

DME selectivities of CZZr-C350 + TOYO and are compared and presented in Figure
43. According to the results, CZZr-C550 + TOYO presented higher initial activity
between 200 and 250°C than that of CZZr-C350 + TOYO. The DME selectivity of
CZZr-C550 + TOYO dropped below that of CZZr-C350 + TOYO above 250 °C.
High initial activity could cause coke formation between 200 and 250°C and coking
could cause deactivation and followed by the decrease in the activity of CZZr-C550
+ TOYO.
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Figure 43. Comparison of DME selectivities of the catalyst mixtures with different
calcination temperatures; CZZr-C350 + TOYO and CZZr-C550 + TOYO (Space
time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

Copper, zinc and alumina containing co-precipitated catalyst was reduced with
hydrogen at two different temperatures. It was reported that all CuO particles within
the catalyst were reduced to metallic copper, completely [11]. The comparison of
carbon monoxide conversions for reduced and unreduced catalyst mixtures is given
in Figure 44. According to this figure, reduction caused significant decrease in
catalyst activity. The lower catalyst activities for the reduced catalyst mixtures could
be due to severe decrease in surface areas and increase in particle sizes. For the
catalyst reduced at 225°C, copper particle size increased to 18.5 nm and surface area
decreased to 22 m?g. For the catalyst reduced at 250°C, copper particle size
increased to 26.8 nm and surface area decreased to 53 m%g. However, the non-
reduced catalyst had much smaller copper particle size of 8.1 nm and larger surface
area of 57 m?/g. The maximum conversion achieved for the reduced catalysts
mixtures was only 6.8% at 300°C whereas it was 15.6% for the non-reduced

catalysts mixtures.
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Figure 44. Comparison of carbon monoxide conversions obtained by the reduction
effect with the mixtures of CZA, CZA-R225 and CZA-R250 with y-Al,O3 (TOYO)
(Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

According to the product distribution of CZA-R225 + TOYO given in Figure 45,
DME selectivity was maximum as 75% at 200°C and decreased rapidly at higher
temperatures, due to significant amount of ethanol formation between 225 and 250°C
with the selectivities of 50% and 46.1%, respectively. Carbon dioxide selectivity also
increased above 250 °C and reached 50.5% at 300°C due to in situ formation of
byproducts of methane and ethanol. Very low amount of unconverted methanol was
detected at 300°C.
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Figure 45. Product distribution obtained with CZA-R225 + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% Hy)

The product distribution of CZA-R250 + TOYO, given in Figure 46, was very
similar to CZA-R225 + TOYO. DME selectivity was maximum as 61.5% at 200°C
and a sharp decrease was observed at higher temperatures. Significant amount of
ethanol formation was observed at 225°C with the selectivities of 57.3%. Carbon
dioxide selectivity also increased above 225 °C and reached 49.6% at 300°C due to in
situ formation of byproducts of methane and ethanol. Very low amount of methanol

was present at 300°C.
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Figure 46. Product distribution obtained with CZA-R250 + TOYO (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

DME selectivities of CZA + TOYO, CZA-R225 + TOYO and CZA-R250 + TOYO
are compared and presented in Figure 47. According to the results, both CZA-R225 +
TOYO and CZA-R250 + TOYO exhibited similar DME selectivity patterns and both
of them were extremely lower than CZA + TOYO. This result could be due to
significant decrease in surface areas and increase in particle sizes. The particle size
and the surface area of CZA-R225 were 18.5 nm and 22 m?/g, respectively, while,
the particle size and the surface area of CZA-R225 were 26.8 nm and 53 m?/g,
respectively. The particle size and the surface area of CZA were, on the other hand,

8.1 nm and 57 m%/g, respectively.
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Figure 47. Comparison of DME selectivities of the catalyst mixtures with different
reduction temperatures CZA + TOYO, CZA-R225 + TOYO and CZA-R250 +
TOYO (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO +
50% Hy)

In this part, effects of different parameters, such as type of promoter, synthesis
conditions, calcination and reduction temperatures, on the activities coprecipitated
methanol synthesis catalyst were investigated, when they are mixed with y-Al,0O3 as
the solid acid catalyst. It was observed that promoter type enhanced the catalytic
activity and among them zirconia was better as compared to alumina and ceria.
Aging time of the coprecipitated catalyst was also effective, such that 3 hours of
aging was the best as far as the DME production was concerned. Washing with hot
water decreased the catalytic activity. Calcination at high temperature resulted in
activity decrease for alumina promoted catalyst and initial higher activity for zirconia
promoted catalyst. Pre-reduction of the CuO had adverse effect on catalyst
performance. According to these results; it was decided to select copper-zinc-

zirconia catalyst for the following studies.
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8.2. ACTIVITY RESULTS OBTAINED WITH THE BIFUNCTIONAL
CATALYST MIXTURES COMPOSED OF METHANOL SYNTHESIS
CATALYSTS AND MESOPOROUS ALUMINA

In this part, commercial methanol synthesis catalyst (MSC) and copper-zinc-zirconia
coprecipitation catalyst (CZZr) were used for the methanol synthesis function of the
bifunctional catalyst mixture. For the methanol dehydration function, mesoporous
alumina (MA) and silicotungstic acid impregnated mesoporous alumina (STA@MA)
were used as solid acid catalysts. The bifunctional catalysts were prepared by
physical mixture of 0.1 g of methanol synthesis and 0.1 g of solid catalyst. The
bifunctional catalysts with catalyst weight ratio of 1:1 were abbreviated as follows:
“MSC + MA”, “CZZr + MA”, “MSC + STA@MA” and “CZZr + STA@MA”.
Additional experiments were also performed with a bifunctional catalyst mixture
having a catalyst weight ratio of 1:2, that contained 0.1 g of methanol synthesis
catalyst and 0.2 g of STA@MA. These bifunctional catalyst mixtures were
abbreviated as “MSC + STA@MA (1:2)” and “CZZr + STA@MA (1:2)". The
operation conditions were also valid in this part of the study, with a pressure of 50
bar and a temperature range of 200 to 300°C. The feed flow rate was 25 cc/min with
50% CO and 50 % H,. In Table 13, the studies performed with mesoporous alumina

were summarized.

Table 13. The summary of the studies performed with mesoporous alumina

Catalyst Mixture Methanol Sypthesis Methanol Deh)_/dration
Catalyst Weight, g Catalyst Weight, g

MSC 0.1 -

CZzr 0.1 -

MSC + MA 0.1 0.1

CZZr + MA 0.1 0.1

MSC + STA@MA 0.1 0.1

CZZr + STA@QMA 0.1 0.1

MSC + STA@MA (1:2) 0.1 0.2

CZZr + STA@MA (1:2) 0.1 0.2
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8.2.1. Activity Results of Bifunctional Catalysts with Mesoporous Alumina;
MSC + MA and CZZr + MA

The comparison of the carbon monoxide conversion obtained with the bifunctional
catalysts involving methanol synthesis catalysts; MSC and CZZr, which were
physically mixed with mesoporous alumina is given in Figure 48. As seen in this
figure, carbon monoxide conversion values obtained with MSC + MA and CZZr +
MA increased with temperature and reached to 36.6% and 27.2% at 300°C,

respectively.
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Figure 48. Comparison of carbon monoxide conversions obtained with the mixtures
of MSC and CZZr with MA (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed
stream: 50% CO + 50% H,)
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Product distribution obtained with MSC + MA is presented in Figure 49. According
to the results, dehydration of methanol to DME was very low at 200°C with methanol
selectivity of 80.1% and DME selectivity of 7.8%. The poor methanol dehydration
activity of mesoporous alumina could be attributed to very low Lewis and Brensted
acidic strengths of this material, which were not sufficient enough for dehydration
reaction. Brensted acidic strengths are mostly effective at low temperatures. Since
Brensted acidity of this material is very low, the produced methanol could not be
dehydrated to DME effectively at low temperatures. Therefore, the amount of
unconverted methanol was very high. However, as the temperature increased,
methanol selectivity decreased followed by increase in DME selectivity, which
means that at higher temperatures the synthesized methanol was dehydrated more to
DME. At 300°C, methanol and DME selectivities were 13.3% and 55.8%,
respectively. The increase in DME selectivity could be due to enhanced rate of
methanol synthesis reaction and increased catalytic activity of mesoporous alumina
for methanol dehydration reaction at higher temperatures [44]. In addition, Lewis
acid-base pairs were responsible for dehydration of methanol to DME at higher
temperatures. The formation of carbon dioxide was mostly due to water-gas shift
reaction, since total byproduct formation was only 2.2% at 300°C.
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Figure 49. Product distribution obtained with MSC + MA (Space time: 0.48 s.gr/cc,
catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

According to the product distribution obtained with CZZr + MA, which is given in
Figure 50, a similar behavior was observed. Initial performance of this catalyst
mixture was better than that of MSC + MA, since the selectivities of methanol and
DME were 57.3% and 20.5%, respectively at 200°C and reached 16.9% and 52.4%,
respectively at 300°C. DME formation was enhanced at higher temperatures due to
increased catalytic dehydration activity of mesoporous alumina. Carbon dioxide was
considered to be produced mainly via water-gas shift reaction, since very low

amounts of byproducts were observed.
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Figure 50. Product distribution obtained with CZZr + MA (Space time: 0.48 s.gr/cc,
catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

In Figure 51, the DME selectivities of MSC + MA and CZZr + MA were compared.
The activity of CZZr + MA was higher initially which could be due to higher surface
area and then decreased possibly due to coke formation caused by initial high activity
and formation of larger copper particles. Copper and copper oxide particle sizes of
the used catalysts were calculated by Scherrer’s equation by using their wide angle
XRD spectra and the results are presented in Table 15 in Section 8.4. Copper and
copper oxide particle sizes of the used MSC + MA increased to 4.9 nm and 9.4 nm,
respectively, while copper and copper oxide particle sizes of the used CZZr + MA

increased to 6.9 nm and 16.9 nm, respectively.
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Figure 51. Comparison of DME selectivities of the catalyst mixtures with MSC +
MA and CZZr + MA (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr, feed stream:
50% CO + 50% Hy)

A comparative study was performed by using only 0.1 g of methanol synthesis
catalyst, MSC or CZZr (without the dehydration catalyst) to observe the effect of
addition of the solid acid catalyst to the catalyst bed on carbon monoxide conversion.
As seen in Figure 52, the carbon monoxide conversions of MSC and CZZr reached
13.1% and 10.9% at 300°C, respectively. On the other hand, introduction of solid
acid catalyst, mesoporous alumina in this case, enhanced the carbon monoxide
conversions significantly due to the synergetic effect obtained by the cooperation of
methanol synthesis, dehydration and water-gas shift reactions. Therefore, the carbon
monoxide conversions of MSC + MA and CZZr + MA reached 36.6% and 27.2% at
300°C, respectively.
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Figure 52. Comparison of carbon monoxide conversions obtained with MSC, CZZr,
MSC + MA and CZZr + MA (Feed stream: 50% CO + 50% H)

8.2.2. Activity Results of Bifunctional Catalysts with STA Impregnated
Mesoporous Alumina; MSC + STA@MA and CZZr + STA@QMA

In the previous part, it was observed that the acid strength of Brensted and Lewis
acid sites of mesoporous alumina was not sufficient for methanol dehydration
activity. Some literature studies indicated that silicotungstic acid impregnation on
such catalyst supports enhanced the dehydration performance of the catalysts [51, 55,
62]. Therefore, STA was impregnated on MA to enhance the acidities correspond to
Lewis acidity, as supported by DRIFTS spectrum. Similar to the results with MA, the
carbon monoxide conversion of MSC + STA@MA was again higher than that of
CZzZr + STA@MA as seen in Figure 53. The carbon monoxide conversions were
49.4% and 31.0% for MSC + STA@MA and CZZr + STA@MA, respectively at
300°C.
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Figure 53. Comparison of carbon monoxide conversions obtained with the mixtures
of MSC and CZZr with STA@MA (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr,
feed stream: 50% CO + 50% Hy,)

In Figure 54, product distribution obtained with MSC + STA@MA is given. It is
seen that STA impregnation enhanced the activity of mesoporous alumina, since the
methanol selectivity was lower with 52.9% and DME selectivity was higher with
31.3% at 200°C as compared to MSC + MA. Higher activity of STA@MA could be
due to increase in the strength of Lewis acid sites. DME selectivity increased to
60.8% at 300°C due to increased catalytic activity of mesoporous alumina. At higher
temperatures, Lewis acid-base pair would also contribute to methanol dehydration

reaction.
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Figure 54. Product distribution obtained with MSC + STA@MA (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% Hy)

According to the product distribution obtained with CZZr + STA@MA given in
Figure 55, due to enhancing effect of STA on dehydration activity, methanol
selectivity dropped to 15.0% and DME selectivity increased to 52.8% at 200°C as
compared to CZZr + MA. The selectivities for methanol and DME were 5.1% and
56.6%, respectively at 300°C. The DME formation did not change significantly over
the temperature range due to increase in carbon dioxide selectivity. Carbon dioxide
was the major secondary product with 33.0% of selectivity at 300°C.
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Figure 55. Product distribution obtained with CZZr + STA@MA (Space time: 0.48
s.gr/cc, catalyst amount: 0.2 gr, feed stream: 50% CO + 50% H,)

In Figure 56, the DME selectivities of MSC + STA@MA and CZZr + STA@MA
were compared. A similar behavior was also observed as obtained with MSC + MA
and CZZr + MA. The initial activity of CZZr + STA@MA was higher than that of
MSC + STA@MA and then decreased at higher temperatures. This could be due to
the high initial activity of CZZr + STA@MA at low temperatures. The high initial
activity could cause coke formation. Presence of coke could prevent further increase

of the activity at higher temperatures.
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Figure 56. Comparison of DME selectivities of the catalyst mixtures with MSC +
STA@MA and CZZr + STA@MA (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr,
feed stream: 50% CO + 50% Hy,)

8.2.3. Activity Results of Bifunctional Catalysts with STA@MA with Different
Catalyst Weight Ratio; MSC + STA@MA (1:2) and CZZr + STA@MA (1:2)

In literature, it is stated that when the solid acid catalysts are very active for
dehydration of methanol to DME, carbon monoxide conversion becomes
independent of acidic strength of the solid acid catalyst which only affects the
selectivity of DME. In this case, the methanol synthesis rate is lower and methanol
synthesis step becomes the rate limiting step [20, 31, 39, 43]. However, when the
acidic strength of the solid acid catalyst is not strong enough for dehydration of the
formed methanol to DME, then, methanol dehydration reaction becomes the rate
limiting step. The acidic strength of the solid acid catalyst, in this case, has influence
on CO conversion and the DME selectivity which could be improved by increasing

either the acidic strength or the concentration of the solid acid catalyst [21, 31, 43].
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It was seen in the previous parts that the acidic strength of mesoporous alumina was
not high enough for efficient dehydration process which became the rate limiting
step. Therefore, firstly the acidic strength of the catalyst was enhanced by STA
impregnation, now in this part, the content of STA@MA increased to twice of that of

methanol synthesis catalyst.

In Figure 57, the carbon monoxide conversions of MSC + STA@MA (1:2), and
CZZr + STA@MA (1:2) are compared. The catalytic activity of MSC + STA@MA
(1:2) was better as compared to CZZr + STA@MA (1:2) due to smaller CuO
particles of the fresh catalyst. CuO particles were 4.6 nm and 5.0 nm for MSC and
CZZr, respectively. For both catalysts, carbon monoxide conversions increased with
temperature due to enhanced catalytic activity at higher temperatures and reached to
47.1% and 32.6%, respectively at 300°C.
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Figure 57. Comparison of carbon monoxide conversions obtained with the mixtures
of MSC and CZZr with STA@MA with weight ratio of (1:2) (Space time: 0.72
s.gr/cc, catalyst amount: 0.3 gr, feed stream: 50% CO + 50% Hy)
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In Figure 58, the product distribution of MSC + STA@MA (1:2) is given. Since the
amount of the methanol dehydration catalyst that is STA@MA, was increased,
methanol selectivity dropped to 34.2% and DME selectivity increased to 42.0% at
200°C. Very smooth increase in DME selectivity was observed with a maximum
value of 61.1% at 275°C which slightly decreased due to slight increase in carbon
dioxide and byproduct formation. Carbon dioxide was produced mostly due to water-
gas shift reaction. As seen from the results, carbon dioxide formation was also
enhanced parallel with DME formation [12, 21]. Very low amounts of byproducts
were produced, methane was observed after 250°C, ethanol and formic acid were

formed after 275°C.
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Figure 58. Product distribution obtained with MSC + STA@MA (1:2) (Space time:
0.72 s.gr/cc, catalyst amount: 0.3 gr, feed stream: 50% CO + 50% H,)
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According the product distribution of CZZr + STA@MA (1:2) given in Figure 59,
this bifunctional catalyst was almost capable of dehydration of methanol to DME.
CO conversion of CZZr was presented previously in Figure 52 and it was lower than
that of MSC. This means that lower amount of methanol was produced by CZZr as
compared to MSC itself. Therefore, as 0.1 g of CZZr was mixed with 0.2 g of
STA@MA, the almost all of the produced methanol was converted to DME.
Therefore, methanol was not present at 200°C and observed in very low amounts
above 200°C since the activity increased with temperature. DME selectivity
increased in slight amounts with temperature with a maximum value of 64.9% at
275°C.
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Figure 59. Product distribution obtained with CZZr + STA@MA (1:2) (Space time:
0.72 s.gr/cc, catalyst amount: 0.3 gr, feed stream: 50% CO + 50% H,)

DME selectivities of MSC + STA@MA (1:2) and CZZr + STA@MA (1:2) were
compared in Figure 60. The DME selectivities of MSC + MA (1:2) were slightly
lower than that of CZZr + STA@MA (1:2). The particle sizes of Cu® clusters after
reaction of MSC + STA@MA (1:2) and CZZr + STA@MA (1:2) were found as 11.3

nm and 13.0 nm, respectively, as given in Table 15 in Section 8.4. However, lower
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activity of MSC + STA@MA (1:2) could be due to catalyst deactivation caused by

coke formation.
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Figure 60. Comparison of DME selectivities of the catalyst mixtures with MSC +
STA@MA (1:2) and CZZr + STA@MA (1:2) (Space time: 0.72 s.gr/cc, catalyst
amount: 0.3 gr, feed stream: 50% CO + 50% H,)

The carbon monoxide conversions of all of the studies performed in this part is
presented in Figure 61. MSC containing bifunctional catalyst mixtures were better as
compared to CZZr containing bifunctional catalyst mixtures. In Figures 62 and 63,
the carbon monoxide conversions of the bifunctional catalyst mixtures containing
MSC and CZZr are separately presented. As far as the MSC containing bifunctional
catalyst mixtures were concerned, the improvement of the catalytic activity by
enhancing the acid sites by silicotungstic acid impregnation on mesoporous alumina
could be visibly seen for MSC containing bifunctional catalysts. STA impregnation
on MA increased CO conversion as compared to MA, as given in Figure 63.
However, as the amount of STA@MA was increased to 0.2 g, CO conversion of
MSC + STA@MA (1:2) was obtained to be similar to MSC + STA@MA until
250°C. At higher temperatures, CO conversion of MSC + STA@MA (1:2)
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decreased. The particle sizes of Cu® clusters obtained after using MSC + STA@MA
(1:2) and MSC + STA@MA was found as 11.3 nm and 14.1 nm, respectively as
given in Table 15 in Section 8.4. The copper clusters of MSC + STA@MA (1:2)
were smaller. The lower activity of this catalyst mixture could not be due to
agglomeration of copper clusters. Coking could be a possible cause for deactivation
of this catalyst mixture. The impact of the modifications was not obvious for CZZr
containing bifunctional catalysts as presented in Figure 63. The methanol synthesis
activity of CZZr was already low and the formed methanol was converted to DME
by the dehydration catalysts. Modifications like STA impregnation on MA and
increasing the amount of STA@MA to 0.2 g did not improve the synergy within the

reactions. However, they only improved the amount of methanol converted to DME.
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Figure 61. Comparison of carbon monoxide conversions obtained with all of the
bifunctional catalyst mixtures (feed stream: 50% CO + 50% Hy)
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Figure 62. Comparison of carbon monoxide conversions obtained with the

bifunctional catalyst mixtures containing MSC (feed stream: 50% CO + 50% H)
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Figure 63. Comparison of carbon monoxide conversions obtained with the

bifunctional catalyst mixtures containing CZZr (feed stream: 50% CO + 50% H,)
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The DME selectivities of all the studies performed in this part is presented in Figure
64. According to the results, the improving effects of modifications were positively
seen for both MSC and CZZr containing bifunctional catalysts. In Figures 65 and 66,
the DME selectivities obtained by the bifunctional catalyst mixtures containing MSC
and CZZr are separately presented. The improvement of the catalytic activity by
enhancing the acid sites by silicotungstic acid impregnation on mesoporous alumina
and increasing the solid acid catalyst amount could be visibly seen for MSC and
CZZr containing bifunctional catalysts since the DME selectivities increased with the
modifications. As discussed above the modifications on the dehydration catalyst
were not effective on CO conversion. However, as seen in Figures 65 and 66, DME
selectivities increased with STA impregnation on MA and increasing the amount of
STA@MA to 0.2 g. These modifications improved methanol conversion to DME and

decreased the amount of unconverted methanol.
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Figure 64. Comparison of DME selectivities obtained with all of the bifunctional
catalyst mixtures (feed stream: 50% CO + 50% H,)
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Figure 65. Comparison of DME selectivities obtained with the bifunctional catalyst
mixtures containing MSC (feed stream: 50% CO + 50% H,)
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Figure 66. Comparison of DME selectivities obtained with the bifunctional catalyst
mixtures containing CZZr (feed stream: 50% CO + 50% Hy)
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In Figure 67, DME yield obtained with the bifunctional catalyst mixtures containing
MSC is presented. DME yields increased with temperature for all of the bifunctional
catalyst mixtures. STA impregnation on MA improved DME vyield. Increasing the
amount of STA@MA to 0.2 g increased the yield up to 250°C. However, the yield of
MSC + STA@MA (1:2) decreased at higher temperatures since both CO conversion
and DME selectivity decreased. Also, slightly lower amount of methanol was
converted to DME and slightly higher amount of byproducts were formed as
compared to MSC + STA@MA. The highest yields achieved using MSC + MA,
MSC + STA@MA and MSC + STA@MA (1:2) were as 20.4%, 30.1% and 27.5%,
respectively at 300°C.
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Figure 67. Comparison of DME vyields obtained with the bifunctional catalyst
mixtures containing MSC (feed stream: 50% CO + 50% H,)

In Figure 68, DME vyield obtained with the bifunctional catalyst mixtures containing
CZZr is presented. DME vyields increased with temperature for all of the bifunctional
catalyst mixtures. STA impregnation on MA and increasing the amount of
STA@MA to 0.2 g improved DME vyield. The highest yields achieved using CZZr +
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MA, CZZr + STA@MA and CZZr + STA@MA (1:2) were as 14.3%, 17.5% and
21.0%, respectively at 300°C.
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Figure 68. Comparison of DME vyields obtained with the bifunctional catalyst
mixtures containing CZZr (feed stream: 50% CO + 50% Hy)

8.3. ACTIVITY RESULTS OF THE BIFUNCTIONAL CATALYST
MIXTURES COMPOSED OF MSC + STA@MA WITH A FEED STREAM
CONTAINING CO,

In this part, different amounts of CO, were added to the feed gas in order to
investigate the presence of CO; in the feed for the direct synthesis of DME with
keeping the flow rate of the feed gas as 25 cc/min. The activity tests were performed
at 50 bar within the temperature range of 180 to 300°C. It was reported that CO;
addition to feed gas promoted methanol synthesis reaction [36]. As the feed
contained CO and CO, mixture, CO, hydrogenation was mainly responsible for
methanol synthesis rather than CO hydrogenation since CO, hydrogenation rate was
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faster than that of CO [2, 86, 87]. It was recently suggested that CO, was adsorbed
on ZnO sites while the Cu species (either Cu® or Cu'*) were the active sites that

promoted the reaction [33].

As discussed in the literature, with the feed containing mostly CO; and H, the main
reactions became hydrogenation of CO, to methanol and reverse water-gas shift
reaction, while, with the feed containing higher amount of CO than CO,,
hydrogenation of CO to methanol was the main reaction. Significant amount of water
was formed due to hydrogenation of CO, to methanol and reverse water-gas shift
reaction [32, 33].

In Table 14, the studies performed in this study with the different feed compositions
containing carbon dioxide and using MSC + STA@MA mixture are listed.

Table 14. The feed compositions containing CO, with MSC + STA@MA

% H; % CO % CO,
50 40 10
50 25 25
50 10 40

The feed gas mixtures contained volumetric ratios of H,/CO/CO, = 50/40/10,
50/25/25 and 50/10/40 in these experiments. For that reason, CO and CO,
conversions were separately calculated and given in Figures 69 and 70, respectively,
to see whether CO, was also effective in DME formation or not. According to Figure
69, carbon monoxide conversions were negative below 225°C, 250°C and 250°C for
the feed gases with CO, of 10%, 25% and 40%, respectively. This behavior indicated
that carbon dioxide acted as a reactant while carbon monoxide was as a product
rather than being a reactant at these temperatures and some amount of CO, was
converted to CO via reverse water-gas shift reaction. The CO conversions increased

with temperature and the highest conversions were obtained as 53.4% at 300°C and
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39.4% at 275°C, 43.2% at 275°C for the feed gases containing 10%, 25% and 40%
CO,, respectively. According to Figure 70, it was clearly seen that CO, was also
involved for DME synthesis and the degree of contribution increased with CO,
content. For the feed gas with 10% CO,, CO, conversion was negative above 250°C.
This indicated that CO, behaved as a product; formed more than it was consumed; as

a consequence, DME began to be produced via CO route.
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Figure 69. Comparison of carbon monoxide conversions with different feed mixtures
using MSC + STA@MA (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr)
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Figure 70. Comparison of carbon dioxide conversions with different feed mixtures
using MSC + STA@MA (Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr)

In Figure 71, the product distribution of MSC + STA@MA with the feed mixture of
H./CO/CO, = 50/40/10 is presented. In that figure, the selectivities of the
components were calculated with respect to moles of converted carbon monoxide.
Therefore, some inconsistencies occurred such as CO; selectivities were first higher
than one and then decreased below zero, methanol and DME selectivities were
negative at low temperatures. The reason for this behavior was that CO was not a
reactant at low temperatures. In addition, at higher temperatures CO, selectivities
were lower than that of DME indicating two conclusions. First, the presence of CO,
inhibited water-gas shift reaction and CO, was not produced through this reaction.
Therefore, the amount of CO, that was present in the product mixture was less as
compared to the feed mixture in the absence of CO,. Second, the overall DME

formation reaction proceeded through the pathway of Reaction 2.

2CO + 4H;, < CH3;0CHj3; + H,O (2)
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Figure 71. Product distribution obtained with the feed mixture of H,/CO/CO, =
50/40/10 based on carbon monoxide with MSC + STA@MA (Space time: 0.48

s.gr/cc, catalyst amount: 0.2 gr)

Due to these inconsistencies which were caused due to the selectivity definition used
in Figure 71, selectivities were redefined with respect to total moles of converted CO
and CO,. Sample conversion and selectivity calculations are given in Appendix B.
The product distributions with respect to total moles of converted CO and CO, for a
feed mixture of H,/CO/CO, = 50/40/10 is given in Figure 72. According to this
figure, methanol and DME selectivities did not change significantly between 180 and
200°C. In addition, between 180 and 200°C, almost all of carbon dioxide was
consumed as presented before in Figure 70. Therefore, at 180°C, the presence of
CO; in the feed gas mixture could promote reverse water-gas shift reaction to
produce carbon monoxide. Carbon monoxide conversion was -14.0% at 180°C as
presented before in Figure 69, and this means that carbon monoxide was produced
much more rather than it was consumed. Above 200°C as presented in Figure 72, a
very sharp increase in DME selectivity and a corresponding decrease in methanol
selectivity were observed. The highest DME selectivity reached to 90% at 275°C
then, slightly decreased to 88.6% at 300°C, due to byproduct formation and possible
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aggregation of copper clusters. Smaller amounts of byproducts were observed than
obtained with the feed mixture of CO and H,. Because, the presence of small amount
of CO; in the feed mixture inhibited water-gas shift reaction and reverse dry

reforming reaction (Reaction 10).

2C0O + 2H; «> CH4 + CO» (10)
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Figure 72. Product distribution obtained with the feed mixture of H,/CO/CO, =
50/40/10 based on total moles of converted CO and CO, with MSC + STA@QMA
(Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr)

Product distributions with respect to total moles of converted CO and CO, for feed
mixture of H,/CO/CO, = 50/25/25 is given in Figure 73. As the temperature
increased, methanol selectivity decreased while DME selectivity increased since they
follow opposite trends. The maximum DME selectivity was achieved as 82.2% at
275°C which was somewhat less than that of for the feed mixture of H,/CO/CO, =
50/40/10.
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Figure 73. Product distribution obtained with the feed mixture of H,/CO/CO, =
50/25/25 based on total moles of converted CO and CO, with MSC + STA@MA
(Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr)

Product distributions with respect to total moles of converted CO and CO, for feed
mixture of H,/CO/CO, = 50/10/40 are given in Figure 74. According to this figure,
DME selectivity was very low at 180°C. This indicated that methanol dehydration
was not favored with high CO; presence in the feed stream at low temperatures. Even
though DME selectivity increased with temperature, it could merely reached 78.2%
at 275°C, which was lower than that of obtained with the feed stream containing less

CO,. The byproduct formation was here insignificant.
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Figure 74. Product distribution obtained with the feed mixture of H,/CO/CO, =
50/10/40 based on total moles of converted CO and CO, with MSC + STA@MA
(Space time: 0.48 s.gr/cc, catalyst amount: 0.2 gr)

It was concluded in literature that the amount of CO, in feed gas was beneficial for
methanol synthesis up to a certain point. At low concentrations of CO,, rate of water-
gas shift reaction increased and consumed water, which accelerated the methanol
dehydration reaction. Also it is stated that, after a threshold value of CO,, reverse
water-gas shift reaction was favored and unconsumed water inhibited the
dehydration reaction followed by increase in methanol [46]. The effect of presence
and absence of CO; in the feed stream on CO conversion and DME selectivity was
presented in Figures 75 and 76, respectively. At low temperatures, the CO,
hydrogenation is the main reaction since the CO hydrogenation is slower. Therefore,
with the feed mixture of H,/CO/CO, = 50/40/10, carbon monoxide conversion was
negative below 225°C while, with the feed mixtures of H,/CO/CO, = 50/25/25 and
H,/CO/CO, = 50/10/40, carbon monoxide conversions were negative below 250°C as
seen in Figure 75. This indicated that reverse water-gas shift reaction was accelerated
more and produced higher amount of carbon monoxide at lower temperatures as the

CO, content in feed mixture increased. However, the low amount of CO, in the feed,
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that was 10%, enhanced CO conversion as compared to feed without CO, at higher
temperatures. Carbon dioxide conversions never dropped below zero for these
mixtures, which indicated that it was effective in product formation and mostly
promoted reverse water-gas shift reaction. This result could also be inferred from the
overall DME selectivities, which was given in Figure 76. For the feed streams with
10% and 25% of CO,, DME selectivities were lower than that of obtained with the
feed stream without CO, up to 200°C, while for the feed stream with 40% of CO»,
DME selectivity was lower up to 225°C. At higher temperatures, DME selectivities
were over than that of obtained without CO,. As the CO, content increased, DME
selectivity decreased such that the feed streams with 10% of CO; yielded higher
DME as compared to feed streams with 25% and 40% of CO; even though, the latter
compositions resulted in higher CO, conversions. These findings suggested that with
a feed containing higher amount of CO,, the synergetic effect decreased and the
reverse water-gas shift reaction was favored. Formation of large amount of water
inhibited the dehydration reaction and amount of unconverted methanol to DME
increased. When the feed contained higher amount of CO, the synergetic effect over
bifunctional catalyst increased due to conversion of methanol to DME with high
efficiency [88]. The effect of CO, on reduction of byproduct formation was also

apparent since even lower amounts of byproducts were formed.
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Figure 75. Comparison of carbon monoxide conversions with the effect of carbon
dioxide addition to feed stream using MSC + STA@MA (Space time: 0.48 s.gr/cc,
catalyst amount: 0.2 gr)
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Figure 76. Comparison of DME selectivities with the effect of carbon dioxide
addition to feed stream using MSC + STA@MA (Space time: 0.48 s.gr/cc, catalyst

amount: 0.2 gr)

8.4. DEACTIVATION ANALYSIS

One of the possible causes for deactivation of Cu/ZnO type catalysts is aggregation
of copper crystals that could occur at temperatures above 300°C. The XRD patterns
of some of the used catalyst of this work were obtained to investigate the changes in
the crystal structure of the catalysts. The wide angle XRD patterns of the used
catalysts of CZZr-based, MSC-based and MSC-based with carbon dioxide in the feed
stream are given in Figures 77, 78 and 79, respectively. The common trend for all the
used catalysts could be seen from the XRD patterns such that the intensities of the
main CuO peaks of the fresh catalysts at 20 value of about 35.6° decreased after
reaction that lasted approximately 12 hours. The majority of the CuO crystals of the
fresh catalysts were reduced to Cu® with a very sharp XRD peak at around 43° after

reaction. 26 degrees of the peaks of CuO and ZnO were given in Appendix D.
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Figure 77. The wide angle XRD patterns of the used and fresh CZZr-based catalysts
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Figure 78. The wide angle XRD patterns of the used and fresh MSC-based catalysts
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Figure 79. The wide angle XRD patterns of the used and fresh MSC-based catalysts

with carbon dioxide in the feed stream

The crystal sizes of CuO and Cu® were calculated using the Scherrer’s equation and
given in Table 15 and a sample calculation was presented in Appendix E. The
particle sizes of CuO clusters in MSC and CZZr fresh catalysts were 4.6 and 5.0 nm,
respectively, whereas at the end of the reaction, the particle sizes of Cu clusters
increased to 9.4 and 16.9 nm, respectively. These results indicated that CuO clusters

were agglomerated and reduced to larger Cu clusters at the end of the reaction.
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Table 15. Particle sizes for metals and metal oxides calculated from Scherrer’s

equation
Catalyst Peak | Particle Size, nm
MSC - fresh CuO 4.6
CZZr - fresh CuO 5.0
CuO 55
CZZr + TOYO
Cu 13.0
CuO 49
MSC + MA
Cu 9.4
CuO 6.9
+
CZZr + MA cu 169
CuO 4.6
+
MSC + STA@MA cu 41
CuO 8.3
+
CZZr + STA@QMA cu 41
CuO 4.1
M + STA@QMA (1:2
SC+STA@ ( ) Cu 11.3
CuO 6.9
+ )
CZZr + STA@MA (1:2) cu 130
MSC + STA@MA - 10% CO, | =UC 39
Cu 14.1
CuO 2.8
MSC + STA@MA - 25%
SC + STA@ 5% CO, cu 106
CuO 3.0
+ - 0,
MSC + STA@MA - 40% CO, cu 99

TEM image of the used MSC + STA@MA catalyst at a feed composition of
H./CO/CO, = 50/40/10 is given in Figure 80. Presence of carbon nanotubes over the
surface of the used catalyst indicates coke formation. The EDX mapping of the used
MSC + STA@MA catalyst is given in Figure 81. Homogeneous distribution of silica
and tungsten suggests that there was no major disturbance on the distribution of
active sites during reaction that lasted approximately 12-14 hours as the catalyst was

exposed to high pressure and temperature up to 300°C.
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Figure 80. TEM image of the used MSC + STA@MA catalyst at feed composition
of H,/CO/CO, = 50/40/10

Figure 81. EDX mapping of used MSC + STA@MA catalyst at feed composition of
H,/CO/CO, = 50/40/10 (Si = Red, W = Green)
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CHAPTER 9

THERMODYNAMIC ANALYSES FOR THE CONDUCTED STUDIES

The thermodynamic analyses were performed for the studies conducted throughout
this work. The intention for these analyses was to observe the behavior of the results
obtained during activity analyses and to investigate whether or not the experimental
results ever exceeded the thermodynamic equilibrium. In this respect,
thermodynamic equilibrium conversions and also compositions were evaluated
considering occurance of all possible reactions, using a special Chemical Equilibrium
Program; Gaseq, considering the operation conditions of the activity analyses and the

results were given in Appendix F.

The molar compositions of each feed gas mixture were used as the inlet stream at the
pressure of 50 bar and for the product stream, the considered species were CO, CO,,
H,, methanol, DME and water. The reason for neglecting the side products of
methane, ethanol and formic acid was that they were formed in trace amounts during
the reaction processes. Therefore, the program considered the only possible reactions
that could proceed through the available species. These reactions could be
hydrogenation of carbon monoxide and carbon dioxide, methanol dehydration,
water-gas shift and reverse water-gas shift reactions. In addition, the equilibrium
conversion of carbon dioxide and hydrogen to formic acid was separately evaluated
using Gaseq. The amount of formic acid formed was found to be zero at the

operating conditions which meant that formation of formic acid was not favorable.

The equilibrium carbon monoxide conversions of different feed gas compositions
with respect to temperature were displayed in Figure 82. As seen in this figure, the
addition of carbon dioxide to the feed stream enhanced the equilibrium carbon
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monoxide conversions at low temperatures by providing extra carbon monoxide via
reverse water-gas shift reaction. However, as the temperature increased, equilibrium
conversions for all feed mixtures decreased with temperature due to exothermic
nature of the reactions. The equilibrium carbon monoxide conversions also decreased
with CO, content at higher temperatures possibly due to inhibition of methanol

dehydration via excess build up of water.

! =H2/CO=50/50 - eqm
0.9 - =—=H2/CO/CO2=50/40/10 - egm
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£ 05
C
8 0.4 -
Sos-
0.2 -
0.1 -
0 T T T T T T T T
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Temperature, K

Figure 82. The equilibrium carbon monoxide conversions of different feed gas

compositions with respect to temperature

In Figure 83, the equilibrium carbon monoxide conversions and the experimental
values obtained over different catalyst pairs were compared for the feed mixture of
H./CO = 50/50 with respect to temperature, at 50 bar. As seen from the figure, the
carbon monoxide conversions obtained using catalyst mixtures containing MA and
STA@MA were below the equilibrium conversions. CO conversions achieved by the
catalytic reactions could not approach to the equilibrium as seen from the figure.
However, CO conversions achieved by the catalytic reactions did not to exceed the
equilibrium either. This suggested that the CO conversion calculations were

presumed to be valid from both experimental and thermodynamic point of view.
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Figure 83. CO conversions of the equilibrium and reactions over different catalysts

for feed mixture of H,/CO = 50/50 with respect to temperature

In Figure 84, equilibrium conversions of carbon monoxide are compared with the
experimental conversions obtained over MSC + STA@MA for different CO;
contents in the feed mixture. According to this figure, the carbon monoxide
conversions obtained at each feed mixture were below their corresponding

equilibrium conversions.
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Figure 84. CO conversions of the equilibrium and reactions over MSC + STA@MA

for different CO, content in feed mixture

However, the setback here was simultaneous consumption and production of carbon
monoxide and carbon dioxide due to synergy among the reactions. The calculation of
CO conversion was based on the moles of carbon monoxide in the inlet and outlet
streams. Carbon monoxide could be consumed by CO hydrogenation and can be
produced by reverse water-gas shift reaction from carbon dioxide and hydrogen as
well. In addition, equilibrium CO, conversions were found as negative within the
temperature range. Therefore, the evaluation of the thermodynamic analyses based
on carbon monoxide conversion was meaningless and futile for the feed mixtures
containing carbon dioxide. In order to overcome this difficulty, another approach was
considered in which equilibrium compositions of carbon monoxide and carbon
dioxide and experimental product composition values were compared for different
feed gas compositions and catalyst mixtures. Equilibrium compositions involved

only carbon containing species.
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The equilibrium carbon monoxide compositions of different feed streams are given
in Figure 85. According to this figure, at equilibrium, carbon monoxide compositions
in the product stream were expected to be very small at low temperatures for each
gas mixture. This indicated that almost all of carbon monoxide should be converted
to products, from thermodynamic point of view. As the temperature increased, the
carbon monoxide compositions at equilibrium increased as well, suggesting that
carbon monoxide was produced more than it was consumed. The equilibrium carbon

monoxide compositions for all feed gas mixtures followed similar patterns.
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Figure 85. Equilibrium CO compositions based on carbon containing species at

different feed compositions

The equilibrium carbon dioxide compositions of different feed gas compositions with
respect to temperature are given in Figure 86. At equilibrium, carbon dioxide
compositions in the product stream were higher at low temperatures for each gas
mixtures and decreased as the temperature increased. From the thermodynamic point
of view, consumption of CO, becomes more significant and contributes to the

formation of CO at higher temperatures.
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Figure 86. Equilibrium CO, compositions based on carbon containing species at

different feed compositions

In Figure 87, equilibrium carbon monoxide compositions and the experimentally
found results obtained over different catalysts were presented for the feed mixture of
H./CO = 50/50 with respect to temperature, at 50 bar. As seen from this figure,
carbon monoxide conversions obtained using catalyst mixtures containing MA and
STA@MA were above the equilibrium compositions. This was an expected result.
Since the CO conversions were small at low temperatures due to nature of the
catalyst mixtures, more unconverted CO were present in the outlet stream. As
reaction temperature was increased, more CO was consumed and its composition in

the outlet stream decreased and approached to equilibrium as expected.
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Figure 87. CO compositions of the equilibrium and reactions based on carbon

containing species over different catalysts for feed mixture of H,/CO = 50/50

In Figure 88, equilibrium carbon dioxide compositions and the experimental values
obtained over different catalysts were presented for the feed mixture of H,/CO =
50/50, with respect to temperature, at 50 bar. According to this figure, carbon dioxide
conversions obtained using catalyst mixtures containing MA and STA@MA were all
below the equilibrium conversions, which was also an expected result. Even though
CO, was found to be secondary major product, the compositions were very small at
low temperatures due to presence of significant amount of unconverted CO at the
outlet. As the reaction temperature increased, more CO, was produced and CO
conversion increased, therefore, CO, composition in the outlet stream increased
towards equilibrium. Compositions of both CO and CO; obtained from experimental
studies did not pass across their corresponding equilibrium values which indicated

that the deduction were viable.
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Figure 88. CO, compositions of the equilibrium and reactions based on carbon
containing species over different catalysts for feed mixture of H,/CO = 50/50

In Figure 89, equilibrium carbon monoxide compositions and the experimental
values obtained over MSC + STA@MA catalyst mixtures were compared for
different CO, content in feed mixture with respect to temperature, at 50 bar.
According to this figure, carbon monoxide compositions obtained at each feed
mixture composition were above their corresponding equilibrium values since carbon
monoxide behaved as a product rather than a reactant at low temperatures. As the
temperature increased, carbon monoxide conversion was increased and the

composition in the outlet stream decreased and approached towards equilibrium

compositions.
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Figure 89. CO compositions of the equilibrium and reactions based on carbon

containing species over MSC + STA@MA for different CO, content in feed mixture

In Figure 90, equilibrium carbon dioxide compositions and experimental values
obtained over MSC + STA@MA catalyst mixtures were compared for different CO,
content in feed mixture with respect to temperature, at 50 bar. Carbon dioxide
compositions obtained at each feed mixture were below their corresponding
equilibrium conversions. At lower temperatures, carbon dioxide conversions were
almost complete and their compositions at the outlet were smaller. As the
temperature increased, carbon dioxide conversion decreased and also its production
decreased due to contribution of carbon monoxide hydrogenation. For the studies
with varying CO, composition content in the feed, the compositions of both CO and

CO, did not exceed their corresponding equilibrium values.
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Figure 90. CO, compositions of the equilibrium and reactions based on carbon
containing species over MSC + STA@MA for different CO, content in feed mixture
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CHAPTER 10

CONCLUSIONS

In the first part of this study, different methanol synthesis catalysts were used as
methanol synthesis function of the bifunctional catalyst mixture, while commercial y-
Al,O3 (TOYO) was used as methanol dehydration function. The promoters added on
copper-zinc based methanol synthesis catalysts were Al (CZA), Zr (CZZr) and Ce
(CZCe) and were aged for 3 hours, washed with cold water and calcined at 350°C.
These catalysts were mixed with commercial y-Al,O3 for direct synthesis of DME
from synthesis gas. The highest CO conversion was 15.6% at 300°C and was
achieved by using CZA + TOYO. As DME selectivities were compared, CZA +
TOYO and CZZr + TOYO provided the highest selectivities of 68.8% and 66.4%,
respectively at 200°C. DME selectivities decreased with increase in temperature,
however CZZr + TOYO was observed to be more stable. Ceria promoter was not
active for methanol synthesis and the overall direct synthesis of DME processes.
Carbon monoxide and hydrogen was converted mostly to carbon dioxide and gave
high ethanol yields. Basing on these results, it was concluded that zirconia promoted
copper-zinc catalyst (CZZr) mixed with y-Al,03 (TOYO) was the best in direct DME

synthesis from syngas.

6 hours-aged alumina promoted catalyst mixture provided the highest CO
conversion, which was 21.5% at 300°C as compared to 1 hour and 3 hours-aged
catalysts. However, the highest DME selectivity was 57.7% for this catalyst at
200°C, which was lower than that of 3 hours-aged alumina promoted catalyst
mixture. Bifunctional catalyst mixtures containing alumina promoter washed with

hot water resulted in lower DME selectivity of 55.4% at 200°C as compared to cold
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water-washed catalyst. Calcination of CZA at 550°C was not beneficial for CO
conversion and DME selectivity. Calcination at high temperatures caused partial
sintering of copper and formation of larger clusters. The highest values for CO
conversion and DME selectivity were smaller than that of obtained using CZA
calcined at 350°C. Reduction of CZA caused significant decrease in DME selectivity
and promoted formation of byproducts, especially ethanol. Therefore, it was decided
to select copper-zinc-zirconia catalyst calcined at 350°C for the following studies,

since it was more stable and presented good activity.

In the second part of the study, ordered mesoporous alumina (MA) was synthesized
by EISA method. The characterization results indicated that mesoporous alumina
was successfully synthesized by preserving the ordered mesoporous structure with
very narrow and uniform pore size distribution. The synthesized mesoporous alumina
calcined at 700°C had the surface area of 323 m%g, with pore diameter of 5.7 nm and
mesopore volume of 0.77 cc/g. Silicotungstic acid was impregnated on mesoporous
alumina to improve acidic strength which resulted in decrease of surface area to 289
m?/g, mesopore volume to 0.47 cc/g and pore diameter to 4.9 nm.

The synthesized mesoporous alumina was physically mixed with commercial
methanol synthesis catalyst (MSC) and copper-zinc-zirconia catalyst (CZZr). Carbon
monoxide conversion values obtained with MSC + MA and CZZr + MA increased
with temperature and reached to 36.6% and 27.2% at 300°C, respectively. Better
performance of MSC + MA could be attributed to better dispersion of smaller CuO
particle. Methanol and DME selectivities were obtained using MSC + MA as 80.1%
and 7.8%, respectively at 200°C. Using CZZr + MA, methanol and DME selectivities
were 57.3% and 20.5%, respectively. The poor methanol dehydration activity of
mesoporous alumina could be attributed to its low Lewis and Brensted acidic
strengths. However, as the temperature increased, methanol selectivity decreased,
followed by increase in DME selectivity. This means that Lewis acid-base pairs
could promote methanol dehydration to DME at high temperatures. Highest DME
selectivities were obtained using MSC + MA and CZZr + MA as 55.8% and 52.4%,
respectively at 300°C. STA impregnation on MA (STA@MA) improved the activity
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of MA. The highest carbon monoxide conversions were 49.4% and 31.0% for MSC
+ STA@MA and CZZr + STA@MA, respectively at 300°C. Highest DME
selectivities were 63.5% and 60.5% for MSC + STA@MA and CZZr + STA@MA,
respectively at 275°C. The catalyst weight ratio of methanol synthesis catalyst to
STA@MA was increased from (1:1) to (1:2). The highest carbon monoxide
conversions were obtained as 47.1% and 32.6% for MSC + STA@MA (1:2) and
CZZr + STA@MA (1:2), respectively at 300°C. Highest DME selectivities were
61.1% and 64.9% for MSC + STA@MA (1:2) and CZZr + STA@MA (1:2),
respectively at 275°C. The best bifunctional catalyst mixture was selected to be MSC
+ STA@MA with highest DME yield of 30.1% at 300°C.

Mixing of MA with MSC or CZZr enhanced the carbon monoxide conversions
significantly due to the synergetic effect obtained by the cooperation of methanol
synthesis, dehydration and water-gas shift reactions. Therefore, the carbon monoxide
conversions of MSC + MA and CZZr + MA reached to 36.6% and 27.2% at 300°C,
respectively while CO conversions for MSC and CZZr were only 13.1% and 10.9%
at 300°C, respectively.

In the third part of the study, different amounts of CO, were added to the feed gas in
order to investigate the presence of CO; in the feed for direct synthesis of DME. The
feed gas mixtures contained the volumetric ratios of H,/CO/CO, = 50/40/10,
50/25/25 and 50/10/40 in these experiments. It was found that the presence of carbon
dioxide mostly promoted reverse water-gas shift reaction at low temperatures, such
as 180°C and 200°C. Carbon monoxide was produced more than it was consumed
since carbon monoxide conversions were negative below 250°C. CO conversions
increased with temperature. The highest conversions were obtained as 53.4% at
300°C and 39.4% at 275°C, 43% at 275°C for the feed gases containing 10%, 25%
and 40% CO,, respectively. For the feed gases containing 10% CO,, methanol and
DME selectivities were 74.9% and 25.1%, respectively at 180°C. At low
temperatures, DME was mostly produced via CO, hydrogenation. As the temperature
increased, methanol selectivity decreased sharply and DME selectivity increased

rapidly. Highest DME selectivity was achieved to 90% at 275°C. The maximum
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DME selectivities using the feed gases with CO; of 25% and 40% were achieved as
82.2% and 78.2%, respectively at 275°C. These results indicated that feed gas
mixture containing 10% of CO, was favorable for DME selectivity and could be
considered as the best feed gas composition. Higher CO, content resulted in decrease
in DME selectivity since reverse water-gas shift reaction was favored and
unconsumed water inhibited the dehydration reaction followed by increase in
methanol. In addition, presence of CO, in the feed gas inhibited formation of

byproducts.

Thermodynamic analyses were performed for the studies conducted throughout this
work. CO conversion values and experimental CO and CO, mol fractions were
compared with the equilibrium values. None of the experimental values were found
to exceed their corresponding equilibrium CO conversion, CO and CO,

compositions, while equilibrium was approached at higher temperatures.

According to the data obtained throughout this work, MSC + STA@MA was
recommended as the best bifunctional catalyst mixture for the direct synthesis of

DME from syngas.
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APPENDIX A

FUGACITY COEFFICIENTS OF THE SPECIES INVOLVED IN
METHANOL AND DME SYNTHESES

Fugacity coefficients of the species involved in methanol and DME syntheses were

calculated by Peng Robinson equation of state given in Equation Al.

p=ntl . [A1]
" V—b V(W+b)+b(lV->b)
where
a = ac *« [AZ]
0.0778 xR x T
b= [A3]
Pc
0.457235 * R% % T,.2
ac = ¢ [A4]
Pc
0.077796 * R * T,
bc = [A5]
Pc
o= (141 (1—Tro5))" [A6]
Kk = 0.37464 + 1.54226w — 0.26992w?2 [AT7]
T
Tr = — A8
= [A8]
__axP [A9]
RZ * TZ
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bxP

B =
RxT

Then, Peng Robinson equation of state can be written as in Equation A11.

73—(1-B)*xZ*+(A—-2xB—-3+«B*)*xZ—(AxB—B*—B3) =0

[A10]

[A11]

Equation A11 was derived from Peng Robinson equation of state as follows:

P_R*T a
" V—b VWV +b)+b(V-D>b)

P_R*T a _ RT a
" V—b V24Vb+bV—b2 V—-—b V2+2Vb—b?

_ RT(V?+2Vb—b?) —a(V —b)
T V342V2b—Vb2 —bV2—2Vb2 + b3

_ RTV? 4+ 2VBRT — b*RT — aV + ab v ZRT
B V3 +V2h—3Vh2 + b3 P

p[FRTS | BZPRPT? 3ZRTH®
P3 P? P

_pr(ERT +2<ZRT>bRT perr 2280 o
- p2 P p ¢

Z3R3T3® bZ?R?T?

_ 2 3
r T 3ZRTb? + Pb
Z?R3T® 2ZR*T*b aZRT
=—pz t—p — ~D*RT———+ab /
bZ?P 3Zb?P?> P3p3 2ZPb  b*P* aZP abP?
Z3 - + =7%+ - - +
RT  R2T2?2 ~ R3T3 RT  R?T? R2?T? R3T3

734+ 7°B—-3ZB*+B3=7°4+27B—B*—-ZA + AB
734+ 7°B—-3ZB*+B3—-7?—-27Z7B+B*+ZA—-AB=0
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73+ (B-1)Z°+(A—-2B—-3B*)Z+ (B*+B*—AB) =0
Finally,
73 —-(1-B)*xZ*+(A—-2+xB—-3+«xB)*xZ—(A+*B—-B*-B3 =0 [All]

Fugacity coefficient is given in Equation A12.

b A 2% XYk * e by
lnq,')i—E*(Z—l)—ln(Z—B)+2\/§*B*< @ b

<Z+B*(1—2x/§>
* |n
Z+Bx(1+2V2

[A12]

am = z Z Yiy;aQij [A13]
i J

bn = ) yiby [AL4]
i

Because all the components are taken as pure, so bi/by, term in Equation A12 is equal

to 1. And also Equation Al13, a,,, = a,, and X, Vi * a;x = ap,. Therefore,

Z*Zkyk*aik_z
am
<2*Zkyk*aik_ﬂ>:2_1:
am bm

Then, fugacity coefficient is simplified as in Equation A14.

b; A ln<Z+B*(1—2\/7> [A15]

Inpg; =—=*(Z—-1)—In(Z—-B) + *
i bm( )~ In( ) 2V2+B Z+Bx(1+2V2
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Fugacity coefficients of the species were calculated by Peng Robinson equation of
state in the temperature range of 100-400°C and in the pressure range of 1-70 bar.

Fugacity coefficients are presented in Tables 16-20.

Table 16. Fugacity coefficients of the species involved in methanol and DME

syntheses calculated by Peng Robinson equation of state at 1 bar

T,°C dco dcoz OH2 OpoveE | OH20 | PcHsoH
100 1.000 0.997 1.000 0.991 0.991 0.988
125 1.000 0.998 1.000 0.993 0.993 0.990
150 1.000 0.998 1.000 0.994 0.994 0.992
175 1.000 0.999 1.000 0.995 0.995 0.993
200 1.000 0.999 1.000 0.996 0.996 0.994
225 1.000 0.999 1.000 0.996 0.996 0.995
250 1.000 0.999 1.000 0.997 0.997 0.996
275 1.000 0.999 1.000 0.997 0.997 0.997
300 1.000 1.000 1.000 0.998 0.997 0.997
325 1.000 1.000 1.000 0.998 0.998 0.998
350 1.000 1.000 1.000 0.998 0.998 0.998
375 1.000 1.000 1.000 0.999 0.998 0.998
400 1.000 1.000 1.000 0.999 0.998 0.999
425 1.000 1.000 1.000 0.999 0.999 0.999
450 1.000 1.000 1.000 0.999 0.999 0.999
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Table 17. Fugacity coefficients of the species involved in methanol and DME

syntheses calculated by Peng Robinson equation of state at 10 bar

T,°C ¢co dcoz PH2 PomE ¢r20 | dcHzoH
100 1.000 0.974 1.003 1.001 0.914 0.883
125 1.001 0.979 1.003 1.001 0.928 0.904
150 1.002 0.983 1.003 1.001 0.939 0.921
175 1.002 0.987 1.003 1.001 0.948 0.934
200 1.003 0.989 1.003 1.001 0.955 0.945
225 1.003 0.992 1.003 1.001 0.962 0.954
250 1.003 0.994 1.003 1.001 0.967 0.962
275 1.003 0.995 1.003 1.001 0.971 0.968
300 1.003 0.996 1.003 1.001 0.975 0.973
325 1.003 0.997 1.002 1.000 0.978 0.977
350 1.003 0.998 1.002 1.000 0.981 0.981
375 1.003 0.999 1.002 1.000 0.983 0.984
400 1.003 0.999 1.002 1.000 0.985 0.987
425 1.003 1.000 1.002 1.000 0.987 0.989
450 1.003 1.000 1.002 1.000 0.988 0.991
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Table 18. Fugacity coefficients of the species involved in methanol and DME

syntheses calculated by Peng Robinson equation of state at 30 bar

T,°C ¢co dcoz OH2 PomE ¢r20 | PcHzoH
100 1.000 0.923 1.009 1.003 0.736 0.134
125 1.003 0.939 1.009 1.003 0.782 0.268
150 1.005 0.951 1.009 1.003 0.817 0.764
175 1.007 0.961 1.009 1.002 0.845 0.806
200 1.008 0.969 1.008 1.002 0.867 0.839
225 1.009 0.976 1.008 1.002 0.886 0.866
250 1.009 0.981 1.008 1.002 0.901 0.887
275 1.010 0.985 1.008 1.002 0.914 0.905
300 1.010 0.989 1.008 1.002 0.925 0.920
325 1.010 0.992 1.007 1.001 0.934 0.933
350 1.010 0.995 1.007 1.001 0.942 0.944
375 1.010 0.997 1.007 1.001 0.949 0.953
400 1.010 0.998 1.007 1.001 0.955 0.960
425 1.010 1.000 1.007 1.001 0.960 0.967
450 1.010 1.001 1.007 1.001 0.965 0.973
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Table 19. Fugacity coefficients of the species involved in methanol and DME

syntheses calculated by Peng Robinson equation of state at 50 bar

T,°C ¢co dcoz OH2 PomE ¢r20 | PcHzoH
100 1.002 0.875 1.015 0.508 0.018 0.083
125 1.006 0.901 1.015 0.663 0.043 0.166
150 1.009 0.921 1.015 0.725 0.676 0.294
175 1.012 0.937 1.014 0.772 0.737 0.474
200 1.014 0.950 1.014 0.809 0.778 0.733
225 1.015 0.961 1.014 0.839 0.810 0.779
250 1.016 0.969 1.013 0.864 0.836 0.816
275 1.017 0.977 1.013 0.885 0.858 0.845
300 1.017 0.982 1.013 0.903 0.876 0.870
325 1.017 0.987 1.012 0.918 0.891 0.891
350 1.017 0.991 1.012 0.931 0.905 0.908
375 1.018 0.995 1.012 0.941 0.916 0.923
400 1.017 0.998 1.012 0.951 0.926 0.936
425 1.017 1.000 1.011 0.959 0.935 0.946
450 1.017 1.002 1.011 0.966 0.942 0.956
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Table 20. Fugacity coefficients of the species involved in methanol and DME

syntheses calculated by Peng Robinson equation of state at 70 bar

T,°C ¢co dcoz OH2 PomE ¢r20 | PcHzoH
100 1.004 0.830 1.022 0.385 0.013 0.061
125 1.010 0.865 1.021 0.514 0.031 0.122
150 1.014 0.893 1.021 0.624 0.064 0.217
175 1.017 0.915 1.020 0.691 0.120 0.349
200 1.020 0.932 1.020 0.742 0.673 0.515
225 1.021 0.947 1.019 0.783 0.731 0.692
250 1.023 0.958 1.019 0.817 0.770 0.746
275 1.024 0.968 1.018 0.845 0.801 0.788
300 1.024 0.976 1.018 0.869 0.827 0.822
325 1.025 0.983 1.018 0.889 0.849 0.851
350 1.025 0.989 1.017 0.906 0.868 0.875
375 1.025 0.993 1.017 0.921 0.884 0.895
400 1.025 0.997 1.016 0.934 0.897 0.912
425 1.025 1.000 1.016 0.945 0.909 0.927
450 1.024 1.003 1.015 0.955 0.920 0.940
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APPENDIX B

CONVERSION AND SELECTIVITY CALCULATIONS

In the activity tests, the gaseous species in the outlet stream of the reactor were
analyzed with an online GC connected to experimental set-up. From GC analyses,
the species detected in terms of peaks at different retention times, which were found
by calibration. The related retention times and calibration factors which were
obtained with respect to the reference calibration component; CO, are given in
Tables 7 and 8. In this part, sample calculations for conversion and selectivity are

presented for two different feed gas compositions.
B1. ACTIVITY RESULTS OF MSC + STA@MA WITH 50% H,, 50% CO

Catalytic activity tests were performed in the temperature range of 200 to 300°C with
intervals of 25°C. Steady state was reached in 60 minutes and afterwards three
successive analyses were taken for each temperature and the averages of the results
of these analyses were used for conversion and selectivity calculations and the results

are given in Table 21.

Table 21. Average of the peak areas for each species obtained from GC analyses

T,°C Aco AcHa Aco Ara Ameon | Apme | AetoH
200 368.70 0 3.84 0 7.60 6.42 0
225 361.91 0 14.25 0 18.48 25.92 0
250 339.26 0 39.66 0 18.43 73.15 0
275 295.13 0.32 76.92 0 10.51 140.04 0
300 270.61 1.74 100.27 1.11 8.66 164.13 1.36
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The peak areas obtained from GC analyses were converted to the mole numbers by

multiplying the peak areas with the calibration factors using equation B1.

n; = Aj *p; [B1]

Sample calculations for 300°C are given below and the calculated mole numbers at
all temperatures were tabulated in Table 22.

Nco = Aco * Poo = 270.61 x 1.00 = 270.61
Nery = Ack,X Bor, = 1.74 % 1.36 =237

Nco, = Aco,* B oo, = 100.27 x 0.83 = 83.22
Nea = Ara X Bra=1.11 x 1.80 = 1.99

Nivieon = AneoH X Pueon = 8.66 x 1.40 = 12.12
Nowe = Apme X Bome = 164.13 x 0.49= 80.42
Netor = Aeton X Peron = 1.36 x 1.44 = 1.96

Table 22. Mole numbers for each species obtained from GC analyses

T,°C Nco NcHa Nco2 NFA NMeOH NbmE NEtoH
200 368.70 0 3.19 0 10.64 3.15 0
225 361.91 0 11.83 0 25.87 12.70 0
250 339.26 0 32.92 0 25.80 35.84 0
275 295.13 0.43 63.84 0 14.71 68.62 0
300 270.61 2.37 83.22 1.99 12.12 80.42 1.96

The amount of CO that was fed to reactor (ncop) is found from Equation B2 by
performing a total carbon balance. The species CO, CH,4, CO,, FA and methanol
contain one carbon atom while DME and ethanol contain two carbon atoms.

Therefore, mole numbers of DME and ethanol were multiplied by 2.

Ncoo = Ngo + Ny, + Neo, + Npa + Nveon + 2 * Npmg + 2 * Ngon [B2]
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CO conversion was defined as the ratio of the amount of CO reacted to the amount of
CO fed to the system and expressed as in 6.1 and the equation for CO conversion is

given with B3.

X = (Moles of CO fed to system — Moles of CO emerged from system) / Moles of

CO fed to system [6.1]
X = Nco,0 — Nco [B3]
Nco,0

Sample calculations for total numbers of CO fed to system and CO conversions at
300°C are given below and the results for all temperatures were tabulated in Table
23.

Ncoo = Ngo + Ny, + Nco, + Npa + Nveon + 2 * Npumg + 2 * Ngon
=270.61+4+2.37+83.22+199+12.12+ 2% 80.42 + 2 x 1.96
= 535.07

_ 535.07 —270.61

535.07 = 0494

Table 23. Total numbers of CO fed to system and CO conversions

T,°C Nco o X
200 388.82 0.052
225 424.99 0.148
250 469.67 0.278
275 511.35 0.423
300 535.07 0.494
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Product selectivities were defined as the ratio of moles of CO converted to a specific
component to total moles of CO converted to the products. The selectivities of DME

methanol and CO, were expressed as;

Some = 2(Moles of DME formed)/ (Moles of CO converted to products) 6.2.
Smeon= (Moles of MEOH formed)/ (Moles of CO converted to products) 6.3.
Sco, = (Moles of CO, formed)/ (Moles of CO converted to products) 6.4.

The equations for selectivities of DME methanol and CO, were expressed as;

2 * NpmE
SpME = ——————— [B4]
Nco,0 — Nco
NMEOH
SMEOH = ——— —— [BS]
Nco,0 — Nco
Nco,
Sco, = —02 [B6]
Nco,0 — Nco

Sample calculations for product selectivities at 300°C are given below and the results

for all temperatures were tabulated in Table 24.

PME ™ heoo —Nco  535.07 —270.61
NMEOH 12.12
S - = = 0.046
MEOH ™ 00 —Nco  535.07 — 270.61
nco2 83.22
Sco. = = =0.315
€92 " neoo —Neo  535.07 — 270.61
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Table 24. Product selectivities defined with respect to moles of CO converted to

products
T,°C Scha Sco2 Ska SmeoH SomE SEtoH
200 0 0.158 0 0.529 0.313 0
225 0 0.187 0 0.410 0.403 0
250 0 0.252 0 0.198 0.550 0
275 0.002 0.295 0 0.068 0.635 0
300 0.009 0.315 0.008 0.046 0.608 0.015

Yields were calculated by multiplying the selectivity of any component with its
conversion and can be expressed as the ratio of moles of desired product formed to
moles of reactant fed to the system. The results for selectivity, conversion and yields
of DME are given in Table 25.

Y=SxX [B7]

Table 25. The results for selectivity, conversion and yields of DME

T,°C | Some X Yield
200 0.313 0.052 0.016
225 0.403 0.148 0.060
250 0.550 0.278 0.153
275 0.635 0.423 0.268
300 0.608 0.494 0.301
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B2. ACTIVITY RESULTS OF MSC + STA@MA WITH 50% H,, 40% CO,
10%CO,

Catalytic activity tests were performed in the temperature range of 180 to 300°C with
feed mixture of H,/CO/CO, = 50/40/10. Steady state was reached in 60 minutes and
afterwards three successive analyses were taken for each temperature and the
averages of the results of these analyses were used for conversion and selectivity

calculations and the results are given in Table 26.

Table 26. Average of the peak areas for each species obtained from GC analyses

T,°C Aco AcHa Aco Ara Ameon | Apme | AetoH
180 337.09 0 2.14 0 2.69 1.29 0
200 332.62 0 4,76 0 14.18 7.45 0
225 316.15 0 21.41 0 20.11 37.99 0
250 249.43 0 80.00 0 20.72 141.47 0
275 218.94 0.55 94.89 0 12.98 172.81 0
300 200.32 2.23 111.91 1.17 10.49 186.77 1.26

The peak areas obtained from GC analyses were converted to the mole numbers by
multiplying the peak areas with the calibration factors using equation B1.

n; = Ai * Bi [Bl]

Sample calculations for 300°C are given below and the calculated mole numbers at
all temperatures were tabulated in Table 27.

Nco = Aco X Bco =200.32x 1.00 =200.32
Ner, = Ack,X Bon, =223 X 1.36 =3.03

nCOZ = /A\coz>< BCOZZ 111.91 x 0.83 =92.89
Nea = Afpa X BFA: 1.17x 1.80=2.11
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NMeoH = AMEOH X BMEOH =10.49 x 1.40 = 14.69

Nome = ApmE X BDME = 186.77 x 0.49=91.52
NetoH = AEToH X BETOH =126x144=1.81

Table 27. Mole numbers for each species obtained from GC analyses

T,°C Nco NcH4 Nco2 NFA NMeoH NpbmE NEtoH
180 337.09 0 1.78 0 3.77 0.63 0
200 332.62 0 3.95 0 19.86 3.65 0
225 316.15 0 17.77 0 28.16 18.62 0
250 249.43 0 66.40 0 29.01 69.32 0
275 218.94 0.75 78.75 0 18.17 84.68 0
300 200.32 3.03 92.89 2.11 14.69 91.52 1.81

The inlet amount of carbon that was fed to reactor (nc) is found from Equation B8

by performing a total carbon balance. The species CO, CH,4, CO,, FA and methanol

contain one carbon atom while DME and ethanol contain two carbon atoms.

Therefore, mole numbers of DME and ethanol were multiplied by 2.

Ngo = Ngo + Ny, + Nco, + Npa + Nmeon + 2 * Npug + 2 * Ngon

[B8]

The feed composition was adjusted on volume basis; therefore the feed composition

is converted to mole basis as follows:

1

Neo = * * —
co = Qco * Pco MWeo

1
Nco, = Qco, * Pco, * —MWco
2

Nco

Yeo=T——FT—
Nco + Nco,
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_ Mo, [B12]

yeo, = Nco + Nco,
Nco,0 = Nco * Yco [B13]
Nco,,0 = Nco * Yco, [B14]

CO conversion was defined as the ratio of the amount of CO reacted to the amount of
CO fed to the system and expressed as in Equation 6.1 and the equation for CO

conversion is given with B3.

X = (Moles of CO fed to system — Moles of CO emerged from system) / Moles of

CO fed to system [6.1]
Nco,o — Nco
Xeo = —2—— (B3]
Nco,0

Similarly, CO, conversion was defined as the ratio of the amount of CO, reacted to
the amount of CO, fed to system and expressed as in Equation 6.6 and the equation

for CO; conversion is given with B15.

Xco, = (Moles of CO, fed to system — Moles of CO, emerged from system)/ Moles

of CO, fed to system [6.6]

Nco,,0 — Nco, B15

Xeo, =————— [B13]
Nco,,0

Sample calculations for inlet amount of carbon that was fed to reactor and CO and
CO, conversions at 300°C are given below and the results for all temperatures were
tabulated in Table 28.
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Nco = Nco + Ny, + Nco, + Npa + Nueon + 2 * Npmg + 2 * Ngion
=200.32+3.03+92.89+ 2.11 + 14.69+ 2% 91.52 + 2 x 1.81
= 499,71

Total flow rate = 25cc/min
Feed composition: H,/CO/CO, = 50/40/10
Qco = 25 cc/min * 0.4 = 10 cc/min

Qco, = 25 cc/min = 0.1 = 2.5 cc/min

) 1
Nco = Qco * Pco * MWeo
cc kg 1 1000g 1m3 1L
= 10— * 67.79 — x . .
min m3 28g/mol kg  1000L 1000mL
mol
=0.024 —
min

Nco, = Qco, * Pco, * —MWco
2

cc kg 1 1000g 1m3 1L
=25—*69.07 — * * * *
min m3 44g/mol kg  1000L 1000mL
mol
min
n 0.024
Yoo = +——= = 0.86

fgo +Ngo,  0.024 + 0.004

_ fgo,  0.004
YC02 T oo+ neo,  0.024 + 0.004

=0.014

nCO’O = nC’O *Yco = 499,71 % 0.86 = 4‘2975

nCOZ,O = nC’O * yCO2 = 499,71 % 0.14 = 69.96

179



nCO'O — N¢o _ 429.75 — 200.32

= 0.534
nCO’O 429.75

Nco,,0 — Nco, 69.96 — 92.89
Xco2 = =

= —0.33
nCOZ'O 69.96

Table 28. The total amount of carbon, CO and CO, fed to reactor and CO and CO,

conversions

T,°C Nco Nco,0 Nco,,0 Nco Nco, Xco Xco,
180 343.91 | 295.76 48.15 337.09 1.78 -0.14 0.96
200 363.72 | 312.80 50.92 332.62 3.95 -0.06 0.92
225 399.30 | 343.40 55.90 316.15 17.77 0.08 0.68
250 483.48 | 415.79 67.69 249.43 66.40 0.40 0.02
275 485.97 | 417.93 68.04 218.94 78.75 0.48 -0.16
300 499.71 | 429.75 69.96 200.32 92.89 0.53 -0.33

Product selectivities were defined as the ratio of moles of CO converted to a specific
component to total moles of CO converted to the products. The selectivities of DME

and CO, were expressed as;

Some = 2(Moles of DME formed)/ (Moles of CO converted to products) 6.2.
Sco, = (Moles of CO, formed)/ (Moles of CO converted to products) 6.4.

The equations for selectivities of DME methanol and CO, were expressed as;

2 * NpmE
SpME = T————— [B4]
Nco,0 — Nco
__ Ncoz — Nco,0
SCOZ - [B6]
Nco,0 — Nco
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Sample calculations for product selectivities at 300°C are given below and the results

for all temperatures were tabulated in Table 29.

SpME = 2+ Do = 2+9152 = 0.798
nCO‘O — N¢o 429.75 — 200.32

SCOZ _ Nco2 — Nco,,0 _ 92.89 — 69.96 — 0.100
nCO'O — N¢o 429.75 — 200.32

Table 29. Product selectivities defined with respect to moles of CO converted to

products
T,°C Spme Sco, SmeoH Sch, Ska SetoH
180 -0.031 1.122 -0.091 0 0 0
200 -0.368 2.370 -1.002 0 0 0
225 1.366 -1.399 1.033 0 0 0
250 0.833 -0.008 0.174 0 0 0
275 0.851 0.054 0.091 0.004 0 0
300 0.798 0.100 0.064 0.013 0.009 0.016

According to the results of CO conversion given in Table 28, carbon monoxide

conversions were negative below 225°C which indicated that carbon dioxide acted as

a reactant while carbon monoxide acted as a product rather than being a reactant at

these temperatures and some amount of CO, was converted to CO via reverse water-

gas shift reaction. In addition, CO, conversion was negative above 250°C, which

indicated that CO, behaved as a product; formed more than it was consumed. The

selectivities of the components were calculated with respect to moles of converted

carbon monoxide. Therefore, some inconsistencies occurred such as CO, selectivities

were first higher than one and then decreased below zero, methanol and DME

selectivities were negative at low temperatures. Therefore, selectivities were defined

with respect to and expressed as;
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Spme = 2(Moles of DME formed) / (Moles of CO&CO, converted to products) 6.7.
Swveon= (Moles of MEOH formed) / (Moles of CO&CO, converted to products) 6.8.

The equations for selectivities of DME and methanol with respect to total moles of

converted CO and CO; were expressed as;

2 * npME
S = B16
PME T ngo — (neo + Nco,) [B16]
NMEOH
SMEOH = [B17]

nco — (Nco + Neo,)

Sample calculations for product selectivities which were defined with respect to total
moles of converted CO and CO; at 300°C are given below and the results for all

temperatures were tabulated in Table 30.

S _ 2 * NpMmEe _ 2 * 9152 — 0.886
PME ™ neo — (nco +nco,)  499.71 — (200.32 +92.89)
NMEOH 14.69 — 0.071

S = =
MEOH ™ hio — (Nco + nco,) ~ 499.71 — (200.32 + 92.89)

Table 30. Product selectivities defined with respect to total moles of CO&CO,

converted to products

T,°C Spome Sco, SmeoH ScH, SFa SEtoH
180 0.251 -9.210 0.749 0 0 0
200 0.269 -1.730 0.731 0 0 0
225 0.569 -0.583 0.431 0 0 0
250 0.827 -0.008 0.173 0 0 0
275 0.900 0.057 0.096 0.004 0 0
300 0.886 0.111 0.071 0.015 0.010 0.018
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DRIFTS SPECTRA OF MA AND STA@MA

APPENDIX C
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Figure 91. DRIFTS spectrum of MA
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Figure 92. DRIFTS spectrum of STA@QMA
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APPENDIX D

XRD PEAKS OF CuO AND ZnO

Table 31. 26 degree of CuO on XRD Pattern [89]

20, degree Peak
33 110
36 002
39 200
49 202
54 020
58 202
62 113
66 311
68 220

Table 32. 26 degree of CuO on XRD Pattern [90]

20, degree Peak
32 100
35 002
36 101
48 102
57 110
63 103
67 200
68 112
69 201
73 004
77 202
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APPENDIX E

PARTICLE SIZE CALCULATIONS

For the used catalysts, particle sizes of the copper and copper oxide were calculated

using Scherrer’s equation [23].

L KX [E1]
' B xcos (0)

where, d; = particle size of i,
K = shape factor
A = X-Ray wavelength
B = Full width at half max (FWHM)
0 = Bragg’s angle

Particle sizes of CuO and Cu calculated from the peaks of 20 at around 35° for CuO,
and 43° Cu for Scherrer’s equation. X-Ray wavelength and shape factor were taken

as 0.154 nm and 0.89, respectively.

For CZZr + TOYO used catalyst, CuO particle size was calculated for 20 angle of
36.2°. FWHM was 1.5° according to the XRD results. FWHM and 260 values were

converted to radians.

FWHM(®) xmt 15 X™
180 180

200) xm 362 XT
180 180

= 0.026

FWHM (radians) =

20(radians) = = 0.632
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0.89 x 0.154

= =55
' 0.026 x cos (0.632/2) i

The related particle sizes for copper and copper oxide were calculated from Equation

E1 similarly and the results were compiled in Table 33.

Table 33. Particle sizes for metals and metal oxides calculated from Scherrer’s

equation
Catalyst Peak | 20,° | FWHM,° Partlrilrz e
CuO | 362 1.50 5.51
ZZr + TOY
C oYoO Cu | 433 0.65 13.00
CuO | 36.8 1.70 4.87
+
MSC + MA Cu | 435 0.90 9.39
o7t MA CuO | 36.4 1.20 6.89
Cu | 435 0.50 16.91
CuO | 362 1.80 4.59
MSC + STA@QMA
SC +STA@ Cu | 432 | 060 14.08
36.5 1.00 8.27
CZZr + STA@MA cuo
Cu | 436 0.60 14.10
CuO | 362 2.00 4.13
+ :
CuO | 364 1.20 6.89
N :
CZZr + STA@MA (1:2) Cu | 435 0.65 13.01
36.1 2.10 3.93
MSC + STA@MA - 10% CO, cwo
Cu | 434 0.60 14.08
CuO | 36.6 3.00 276
MSC + STA@MA - 25%
SC +STA@ S CO: I~ T35 0.80 10.57
CuO | 365 2.75 3.01
MSC + STA@MA - 40% CO,
Cu | 436 0.85 9.95
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APPENDIX F

THERMODYNAMIC EQUILIBRIUM RESULTS

Table 34. Thermodynamic equilibrium results for feed mixture of H,/CO = 50/50

T,K | Nco | Nco, | NomE | NveoH | Yco | Yco, | XCOeq
373 | 0.002 | 0.332 | 0.333 | 0.000 | 0.003 | 0.498 | 0.998
398 | 0.005 | 0.331 | 0.332 | 0.001 | 0.007 | 0.496 | 0.995
423 1 0.010 | 0.329 | 0.330 | 0.002 | 0.015 | 0.491 | 0.990
448 | 0.020 | 0.326 | 0.326 | 0.002 | 0.029 | 0.483 | 0.980
473 1 0.036 | 0.319 | 0.321 | 0.004 | 0.053 | 0.470 | 0.964
498 | 0.062 | 0.310 | 0.311 | 0.006 | 0.090 | 0.449 | 0.938
523 | 0.104 | 0.294 | 0.297 | 0.008 | 0.148 | 0.419 | 0.896
548 | 0.168 | 0.271 | 0.276 | 0.010 | 0.231 | 0.375 | 0.832
573 | 0.262 | 0.238 | 0.244 | 0.012 | 0.347 | 0.315 | 0.738
598 | 0.394 | 0.194 | 0.200 | 0.013 | 0.493 | 0.242 | 0.606
623 | 0.557 | 0.139 | 0.146 | 0.012 | 0.653 | 0.163 | 0.443
648 | 0.721 | 0.086 | 0.092 | 0.009 | 0.794 | 0.095 | 0.279
673 | 0.846 | 0.047 | 0.050 | 0.006 | 0.891 | 0.049 | 0.154
698 | 0.922 | 0.023 | 0.026 | 0.004 | 0.946 | 0.024 | 0.078
723 | 0.961 | 0.011 | 0.013 | 0.002 | 0.973 | 0.011 | 0.039
748 | 0.980 | 0.006 | 0.006 | 0.001 | 0.987 | 0.006 | 0.020
773 | 0.990 | 0.003 | 0.003 | 0.001 | 0.993 | 0.003 | 0.010
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Table 35. Thermodynamic equilibrium results for feed mixture of H,/CO/CO, =
50/40/10

T,K| Nco | Nco, | Nome | NMeoH | Yco | Yco, | XCOeq
373 | 0.000 | 0.178 | 0.147 | 0.007 | 0.000 | 0.535 | 1.000
398 | 0.000 | 0.182 | 0.145 | 0.008 | 0.000 | 0.543 | 1.000
423 | 0.000 | 0.186 | 0.143 | 0.009 | 0.001 | 0.550 | 0.999
448 | 0.002 | 0.189 | 0.140 | 0.009 | 0.005 | 0.557 | 0.996
473 |1 0.005|0.191 | 0.138 | 0.009 | 0.013 | 0.559 | 0.989
498 | 0.012 | 0.191 | 0.134 | 0.009 | 0.034 | 0.552 | 0.971
523 | 0.028 | 0.187 | 0.128 | 0.009 | 0.078 | 0.532 | 0.933
548 | 0.057 | 0.178 | 0.118 | 0.009 | 0.157 | 0.492 | 0.863
573 | 0.104 | 0.162 | 0.102 | 0.009 | 0.277 | 0.429 | 0.747
598 | 0.174 | 0.139 | 0.079 | 0.008 | 0.434 | 0.347 | 0.579
623 | 0.260 | 0.111 | 0.051 | 0.007 | 0.605 | 0.259 | 0.371
648 | 0.341 | 0.085 | 0.024 | 0.005 | 0.749 | 0.186 | 0.174
673 | 0.392 | 0.068 | 0.008 | 0.003 | 0.832 | 0.144 | 0.050
698 | 0.413 | 0.061 | 0.002 | 0.002 | 0.864 | 0.128 | 0.001
723 | 0.420 | 0.058 | 0.000 | 0.001 | 0.876 | 0.121 | 0.000
748 | 0.423 | 0.056 | 0.000 | 0.001 | 0.881 | 0.117 | 0.000
773 | 0.425 | 0.054 | 0.000 | 0.000 | 0.886 | 0.113 | 0.000
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Table 36. Thermodynamic equilibrium results for feed mixture of H,/CO/CO, =
50/25/25

T,K | Nco | Nco, | Nome | NmeoH | Yco | Yco, | Xcoe,
373 |0.000 | 0.193 | 0.123 | 0.011 | 0.000 | 0.589 | 1.000
398 | 0.000 | 0.200 | 0.118 | 0.013 | 0.000 | 0.604 | 1.000
423 | 0.000 | 0.209 | 0.113 | 0.010 | 0.001 | 0.628 | 0.999
448 | 0.001 | 0.219 | 0.108 | 0.015 | 0.003 | 0.639 | 0.996
473 | 0.003 | 0.227 | 0.103 | 0.015 | 0.008 | 0.654 | 0.989
498 | 0.008 | 0.234 | 0.097 | 0.014 | 0.022 | 0.662 | 0.972
523 |0.019| 0.237 | 0.090 | 0.014 | 0.052 | 0.658 | 0.931
548 | 0.041|0.234 | 0.081 | 0.013 | 0.112 | 0.633 | 0.848
573 10.082 | 0.223 | 0.066 | 0.012 | 0.215 | 0.581 | 0.698
598 | 0.144 | 0.204 | 0.046 | 0.010 | 0.356 | 0.505 | 0.472
623 | 0.215|0.182 | 0.023 | 0.008 | 0.504 | 0.425 | 0.212
648 | 0.267 | 0.165 | 0.007 | 0.005 | 0.602 | 0.372 | 0.024
673 |0.289 | 0.156 | 0.002 | 0.003 | 0.644 | 0.347 | 0.000
698 | 0.298 | 0.150 | 0.000 | 0.001 | 0.662 | 0.334 | 0.000
723 | 0.304 | 0.145 | 0.000 | 0.001 | 0.676 | 0.322 | 0.000
748 | 0.310 | 0.140 | 0.000 | 0.000 | 0.688 | 0.311 | 0.000
773 |0.315| 0.135| 0.000 | 0.000 | 0.700 | 0.299 | 0.000
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Table 37. Thermodynamic equilibrium results for feed mixture of H,/CO/CO, =
50/10/40

T,K | Nco | Nco, | Nome | NmeoH | Yco | Yco, | Xcoe,
373 | 0.000 | 0.207 | 0.098 | 0.013 | 0.000 | 0.651 | 1.000
398 | 0.000 | 0.218 | 0.091 | 0.015 | 0.000 | 0.672 | 0.999
423 | 0.000 | 0.232 | 0.084 | 0.016 | 0.001 | 0.697 | 0.998
448 | 0.001 | 0.246 | 0.076 | 0.017 | 0.003 | 0.723 | 0.993
473 | 0.002 | 0.261 | 0.068 | 0.017 | 0.007 | 0.748 | 0.979
498 | 0.006 | 0.273 | 0.060 | 0.017 | 0.018 | 0.767 | 0.946
523 |0.015|0.283 | 0.052 | 0.016 | 0.041 | 0.775 | 0.872
548 | 0.032|0.287 | 0.042 | 0.014 | 0.086 | 0.765 | 0.721
573 ]0.063 | 0.283 | 0.029 | 0.012 | 0.163 | 0.731 | 0.457
598 | 0.104 | 0.273 | 0.015 | 0.009 | 0.260 | 0.680 | 0.098
623 | 0.141 | 0.260 | 0.005 | 0.006 | 0.342 | 0.633 | 0.010
648 | 0.161 | 0.250 | 0.001 | 0.003 | 0.387 | 0.603 | 0.000
673 |0.173 | 0.241 | 0.000 | 0.002 | 0.416 | 0.580 | 0.000
698 | 0.183 | 0.232 | 0.000 | 0.001 | 0.440 | 0.558 | 0.000
723 |0.192 | 0.224 | 0.000 | 0.000 | 0.462 | 0.537 | 0.000
748 | 0.201 | 0.215| 0.000 | 0.000 | 0.483 | 0.516 | 0.000
773 | 0.210 | 0.206 | 0.000 | 0.000 | 0.504 | 0.496 | 0.000
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