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CHAPTER |

INTRODUCTION

1.1 Background

In recent, the rate of emission of carbon dioxide (CO.) into atmosphere is
increasing from human activities such as transportation, the combustion of fuel in
industries. CO; is one gas which is a cause of greenhouse effect, Heat is contained in
the atmosphere leading to the increment of temperature at the earth’s atmosphere.
Therefore, the trend to mitigate with CO- is interesting by many industries. The CO-
collection and utilization are derived to 2 types. First, it is called “direct CO-
utilization”. CO2 is used directly without conversion to other chemical products such
as in Frozen food industry, Soft drink industry, etc. Another, it is called “CO:
conversion”, that CO2 is converted to useful chemical products. In this research, CO-
is converted to an important chemical product like methanol.

Methanol is a necessary chemical in chemical industry because it is a primary
feedstock for other chemical products such as formaldehyde, MTBE, Dimethyl ether,
acetic acid and other. Moreover, it can also be used as a transportation fuel or be
blended with gasoline. The world consumption of methanol is high to 45.5 million
tons per year [1]. Normally, methanol is produced from syngas (CO + H) by steam
reforming of fossil fuel, which is an exhausted resource. Therefore, the production of
methanol from CO:z is interesting. Besides reduction of CO, it is an alternative way to
produce methanol. Moreover, CO: is also a renewable resource.

The synthesis of methanol can be conducted from hydrogenation of CO or
CO- at 250-300°C and 5-10 MPa over Cu-based catalyst that has a reverse water gas
shift (RWGS) reaction as parallel reaction as in equations (1.1)-(1.3). In process, the
commercial catalyst is Cu/ZnO/AlOz [2]. Methanol production from direct CO>
conversion still has a problem that CO, hydrogenation is an exothermic reaction, but
this reaction needs to operate at high temperature, which is disfavor for the reaction
because catalyst is active at this condition and CO: is a stable gas [3],[4]. This conflict
leads to low CO- conversion. To increase methanol yield, high pressure is applied to
the process. Therefore, these reasons make this process to an energy intensive
process.

Hydrogenation of CO to methanol

CO +2H; = CH3OH, AH,g =-90.97 ki mol? (1.2)
Hydrogenation of CO2 to methanol and water

COz + 3Hz & CH3OH + H20, AH,e5=-49.43 k] mol* (1.2)
Reverse water gas shift reaction

CO2 + H, &> CO + H20,AH,qg = 41.39 ki mol? (1.3)

To solve the energy intensive problem, there are many researchers that attempt
to decrease the operating conditions [5],[6],[7],[8]. One alternative is “alcohol assisted
methanol synthesis” which is initially suggested by Tsubaki [8]. Alcohol is added as
catalytic solvent and intermediate in the reaction. It changes reaction pathway and
reduces operating conditions (150-170°C and 3-5 MPa). The alcohol assisted
methanol synthesis step is suggested as in equations (1.4)-(1.7).



Alcohol assisted methanol synthesis reaction step

CO;, + 1/2H, > Cu + HCOOCu (1.4)
HCOOCU + ROH - HCOOR + CuOH (1.5)
HCOOR + 2H, > ROH + CHsOH (1.6)
CUOH + 1/2H, > H.0 + Cu (1.7)

However, this methanol synthesis route still has a problem. Although it can
reduce the operating conditions, there are by-products from addition of alcohol. In
case ethanol, ethyl acetate will occur as by-product from dehydrogenation of ethanol
as in equation (1.8) because this reaction can also be catalyzed by Cu-based catalyst
[9],[10]. Moreover, ethyl acetate can react with methanol in transesterification
reaction to methyl acetate as in equation (1.9) [11].

Dehydrogenation of ethanol

2C;HsOH = CH3COOC;Hs + 2Hz AH,qg = 25.02 k] mol™ (1.8)

Transesterification of methanol and ethyl acetate

CH3OH + CH3COOC;Hs - CH3COOCHs; + C2Hs0H, AH,qg=-0.195 kJ mol™
(1.9)

These by-products are an azeotropic mixture with methanol. Beside more
purification units, it is hard to separate from methanol. In Khunathorncharoenwong et
al. work, the simulation of alcohol assisted methanol synthesis process was done and
compared with the conventional methanol synthesis process. Effect of separation
method is studied in the work [12]. The result shows that the profitability index of the
process is still lower than that of the conventional process mainly due to the cost
involving in purification process. Even though the cost of supplied energy in reaction
part decreases and CO> conversion per pass increases, the cost of product purification
increases due to by-product formation. The work concludes that catalyst development
and product purification can play important role. Therefore, the strategy to improve
catalyst which can increase methanol productivity or improve product purification
part in alcohol assisted methanol synthesis is needed for further development.

There is a report on enhancing the methanol productivity in alcohol assisted
low temperature methanol synthesis by adsorption of water with molecular sieve 3A
[13]. The result shows that the catalyst is most effectively utilized, when the larger
amount of molecular sieve is used. This adsorbent is popular for hydration of many
organic compounds such as alcohols, ethers, and esters [14],[15] because of the
constant size pore lead to selectively adsorb water molecules which are smaller than
its pore size. It is also reported that molecular sieve 5A selectively adsorbs methanol,
but ethyl acetate is not adsorbed [16]. This presents an opportunity to separate
methanol from the byproducts, enhancing methanol selectivity. Up to date, there is no
report on the effect of MS in low-temperature methanol synthesis from CO2/H..

With an attempt in enhance both methanol yield and selectivity in alcohol-
assisted methanol synthesis, the effect of Molecular sieve (MS) was investigated in
this study. The type of MS (3A, 5A, and 3A mixed with 5A) and the ratio of catalyst
to MS (1:1 and 2:1) were studied. The effect of operating temperature (100 °C, 130
°C, and 150 °C) was also determined.



1.2 Objective

1. To investigate the effect of molecular sieve addition with Cu/ZnO catalyst on
alcohol assisted methanol synthesis

1.3 Scope of research

1. Cu/ZnO catalyst is synthesized by coprecipitation method with controlled pH value
(8), precipitating temperature (60 °C), stirring velocity (600 rpm), and aging time (1
h). After that, precipitating product is calcined at 350 °C for 3 h. Then, calcined
precursor is reduced in Hz atmosphere at 300 °C for 3 h.

2. Cu/ZnO catalyst is characterized by techniques including XRD, SEM-EDX, N2-
physisorption, XPS, H2-TPR and NH3-TPD.

3. Molecular sieves are activated by heat treatment at 250 °C for 8 h. After that, they
are kept in desiccator.

4. Methanol is produced by alcohol assisted methanol synthesis over Cu/ZnO
enhanced by molecular sieves with CO2:H: ratio 1:3 and ethanol as catalytic solvent
at various temperature (100-150 °C) and 5 MPa for 24 h.

5. The effect of molecular sieve type including 3A, 5A and 3A+5A on alcohol
assisted methanol synthesis is investigated.

6. The effect of catalyst/adsorbent ratio (2:1, and 1:1) on alcohol assisted methanol
synthesis is investigated.

1.4 Expected benefits

1. Able to reduce the CO. emission which is a greenhouse gas.

2. Able to convert CO2 to more valuable products in chemical industry such as
methanol.

3. Able to synthesize catalyst which has high catalytic activity for alcohol assisted
methanol synthesis.



CHAPTER II

THEORY AND LITERATURE REVIEW

2.1 Theory
2.1.1 Methanol and applications

Methanol is the smallest alcohol organic compound, which has a methyl group
bonded with hydroxyl group. The molecular weight of methanol is 32.042 g mol™*
with chemical structure, CH3OH. Physical properties of methanol are listed in Table
1. Methanol is a necessary chemical product from petrochemical industries with
several applications. Methanol can be used as feedstock for other compounds, solvent,
and fuel. 35% of produced methanol is consumed for formaldehyde production.
Another percentage is produced acetic acid, methyl and vinyl acetate, methyl
methacrylate, methylamines, methyl tertiary butyl ether (MTBE), fuel additives, and
other compounds [1],[17], as present in Figure 1.

H Formaldehyde ® MTBE aceticacid HFuel HMMA Methylamine ® Other

Figure 1 Chemical products from methanol.

Table 1 Physical properties of methanol.

Properties Value

Molecular weight  32.04 g mol*
Density 0.791 gmltat 25°C
Boiling point 64.7 °C

Melting point -98 °C

Viscosity 0.544 cP at 25°C

Dielectric constant 33.0 at 20 °C




In perspective application of methanol as fuel, also fuel additive. Methanol has
several advantages for using as fuel. Even though energy density of methanol is 20.1
MJ kg? lower than gasoline for half (44.3 MJ kg?) [18], a high value of octane
number of methanol suggested it as an appropriate fuel (108 for methanol, 95 for
gasoline). The high-octane number means that the combustion is more complete
compared to the low-octane number. It leads to reduction of CO and CO2 emissions
[18],[19],[20].

2.1.2 Methanol production

In recently, methanol is produced from synthesis gas or syngas, a mixture of
carbon monoxide and hydrogen. Syngas can be produced from variety of feedstock
including natural gas, coal, biomass. But it is mainly produced from fossil fuel
(natural gas), which is an exhausted resourced. In methanol synthesis technologies, a
methanol production process can be derived into 3 sections:

(1.) Synthesis gas production process
(2.) Synthesis gas conversion to methanol
(3.) Methanol purification

As remarked before, about 85% of world methanol production come from
natural gas by steam reforming. Therefore, the methanol production process is derived
to two step equations.

Steam reforming of methane to syngas

CHs +H.0 > CO+3H: (2.1)
Hydrogenation of CO to methanol
CO +2H: -> CHs3OH (2.2)

The two reactors are required for the two main reactions to produce syngas
and methanol. This conventional production will conduct in 4 basic steps, as present
in Figure 2. First step, natural gas consists of some components such as sulfur that can
poison the catalyst. Catalyst is the key to catalyze reaction. The prevention of
deactivation of catalyst is required. Therefore, the purification process of natural gas
feed is firstly needed. Second step, treated natural gas is fed into first reactor to react
with steam in steam reforming reaction to produce syngas. The effluent of this
reaction mainly composes of carbon monoxide and hydrogen. Third step, syngas is
passed to a fixed bed reactor over a catalyst bed for methanol synthesis at high
temperature and pressure. Liquid methanol is obtained in this step. Fourth step, some
of undesirable components occur, and this reaction is not a 100% conversion reaction.
The remain reactants need to recycle to the process. Therefore, the last step is
methanol purification process to get 99.85 % methanol based on ASTM D-1152/97.

Due to endothermic behavior of steam reforming reaction, the high
temperature over 800 °C is need for syngas production process. On the contrary,
methanol production, which is an exothermic process requires 200-300 °C. Therefore,
Heat exchanger networks for effective utilization are necessary parts of the process
[21],[22],[23].
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Figure 2 Conventional methanol production.

2.1.3 Methanol production process technologies

In 1923, the German company called Badische Anilin und Soda Fabrik
(BASF) firstly developed a metal-based catalytic carbon monoxide hydrogenation to
methanol at high pressure. This technology was suggested by both DuPont and the
Commercial Solvents Corporation in the United States. It was an initial point of
production of methanol in Industrial scale and was the prominent technology for more
than 45 years. This process called BASF process is operated at temperature range
from 320 °C to 380 °C and pressure about 34 MPa [24]. ZnO-Cr.0O3 catalyst is used in
this process. The single pass conversion of this process is 12%-15%. Because of high
pressure of BASF process, research in that time tried to decrease operating condition.

In 1960s, the Imperial Chemical Industries (ICI) process overcame the BASF
process high-pressure process. This ICI process was able to produce methanol in a
lower pressure range from 3.5-5.4 MPa and temperature range from 200 °C to 300 °C.
This was achieved not only by the new more active and selective catalyst
(Cu/znO/Al>03), but also by the improvement of new syngas purification process,
which got the more pure syngas (sulfur-chlorine-free syngas) [25],[26]. In recently,
the worldwide production of methanol is still mainly based on this ICI process. The
schematic of ICI process exhibited as in Figure 3[27].

the Cu/ZnO had a high catalytic activity to produce methanol, but it could not
scale up to commercial due to its low cycle life and low thermal stability, mainly
caused by poisoning leading to deactivation [28],[29]. These obstacles were solved by
promoting of alumina, which improves the stability of Cu/ZnO catalyst and slows the
thermal formation of Cu crystallites [30],[31],[32].
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The evolution of methanol production process started from BASF high
pressure process to ICI low pressure process. The produced methanol capacity was
increased about 10° ton day as shown in Table 2 some difference feedstocks and
some difference production methods are reported.

Table 2 Methanol productivity of the main historical industrial process.

Production process Feedstock Productivity Reference
BASF Syngas 0.07896 ton day* [33],[34],[35]
DuPont Syngas 0.114 tonday?  [33],[34],[36]
Haldor-Topsge Syngas 2400 ton day* [37]

ICI Carbonaceous feedstock 2500 ton day™ [38]




2.1.4 Methanol synthesis reaction
2.1.4.1 Methanol from syngas

Methanol is commercially acquired from catalytic conversion of syngas. The
methanol production process composes of three main reactions: (2.3) Hydrogenation
of CO, (2.4) Hydrogenation of CO, and (2.5) Water gas shift reaction
Hydrogenation of CO to methanol
CO +2H, = CH30H, AH,qg =-90.97 kJ mol™ (2.3)

Hydrogenation of CO2 to methanol and water
CO; + 3Hz & CHsOH + H20, AH,gg= -49.43 ki mol* (2.4)

Water gas shift reaction
CO + H0 > CO2 + Ha AH,9g =-41.39 ki mol? (2.5)

The methanol production process is recommended to operate at low
temperature and high pressure due to these exothermic reactions and moles reduction
reactions.

2.1.4.2 Methanol from carbon dioxide

Carbon dioxide (CO) is a greenhouse gas, which relates to the increment of
atmosphere’s temperature. Therefore, trend to mitigate with CO2 is interesting in
many industrial fields such as chemical industry, energy industry, and others. One
alternative strategy is a CO: collection and utilization, which CO: is captured and
converted to valuable products such as methanol. Using CO; for production of
methanol is not only a mitigation way of greenhouse gas, but also it is another
feedstock, which is a renewable resource. In contrast to syngas, which is produced
from an exhausted resource such as natural gas and coal.

There are many benefits when CO: is used as a feedstock: It is cheap,
plentiful, non-flammable, and non-corrosive compound. In addition, it can be
operated in methanol production process from syngas without any adjustment [39].

After all, CO2 molecule is very stable and unreactive. Due to its high stability
(AG® = —400 k] mol™?). It needs sufficient energy to make CO, molecule reactive.
Therefore, the suitable operating conditions, and a highly active catalyst are required
for COz conversion to methanol, because 228 kJ is needed to convert one mole of CO>
to methanol due to strong carbon-oxygen bonds, and six electrons is required to
decrease C** of CO2 to C»- of methanol [30].

The catalytic CO2 hydrogenation to methanol and reverse water gas shift
reaction as a parallel reaction are presented in equation (2.6)-(2.7).

Hydrogenation of CO> to methanol and water
COz + 3H; & CH3OH + H0, AH,eg=-49.43 k] mol™ (2.6)

Reverse water gas shift reaction
C02 + H2 9 CO + HZO, AH298 = 4139 ka m0|'1 (27)



2.1.5 Catalyst for methanol synthesis

The Cu-based catalyst is generally used in industrial methanol production,
typically Cu/ZnO/Al>O3 with different composition depending on the manufacturer as
present in Table 3. Cu is normally considered as an active site, while a little amount of
ZnO is reduced to Zn. Al203 is loaded on Cu/ZnO catalyst in order to prevent the
sintering of Cu particles and expedite the adsorption and activation of CO, because it
has disorganized and imperfect surface [40]. In addition, it is reported that AI** ions
help to enlarge the specific surface area of Cu/ZnO [41].

Table 3 Composition catalyst for methanol production from different manufacturers
[42].

Manufacturer  Cu Zn Al Other

ICI 20-35% 15-50% 4-20% Mg

BASF 385% 48.8% 12.9% Rare earth oxide-5
DuPont 50% 19% 17%

Haldor Topsgpe >55%  21-25% 8-10%

Shell 71% 24% 12%

Usually, the commercial Cu/ZnO/Al;O3 catalyst is synthesized through
coprecipitation technique [43]. For past 10 years of studied about Cu-based catalyst,
coprecipitation technique was the highest proportion of methods for Cu-based catalyst
synthesis [44] as presented in Figure 4. it might because this method was an
inexpensive process compared to other leading to more practical in commercial scale
[45]. A coprecipitation process can be shortly explained following Figure 5. The
Metal nitrate solutions is used to prepare Cu and Zn precursors, while sodium
carbonate is used as precipitating agent. The precipitate precursors are aged,
separated, decomposed to get a mixture metal oxide using thermal treatment. After
that, catalyst is reduced in H atmosphere to transform CuO to Cu.

5% 1%

SYNTHESIS METHODS
OF Cu/ZnO and

CulZnO/Promoter 0
CATALYSTS 69 %

Figure 4 The percentage of several Cu/ZnO and Cu/ZnO/promoter synthesis methods
calculated based on the past 10 years publications [44].
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In industrially, the deactivation of Cu/ZnO/Al>Os catalyst is reported that by
both poisoning and thermal effects. The impurities in syngas such as sulfur, chloride
are very poison to the catalyst. They can accelerate the catalyst sintering. However,
the developed technologies in syngas production decreases impurities in order to
benefit for catalyst in methanol synthesis. The deactivation by poisoning is
eliminated, but the thermal deactivation including thermal sintering and phase
segregation remains. It was reported that the sintering of Cu particles occurred after
exposing catalyst to a syngas stream. Consequently, the activity decreased down to
60% after 25 h and lost 60% of specific surface area [46]. In addition, the sintering
rate of catalyst increase not only by temperature, but also in the present of water.

2.1.6 Molecular sieve

Molecular sieve is one type of zeolite, which is well known as crystalline
aluminosilicates compound. It is normally used as adsorbent. Due to the orderly
structure of SiO4 and AlO4 tetrahedra lattice, it can selectively adsorb molecules of
substance that have smaller diameter than the molecular sieve channel. Table 4
presents the diameters of some substance molecules.

Table 4 diameters of some substance molecules [47].

Molecule Diameter (nm)
Hydrogen (H2) 0.24
Oxygen (O2) 0.28
Nitrogen (N2) 0.30
Carbon dioxide (CO2) 0.33
Ethane (C2He) 0.44

Hexafluoroethane (C2Fs)  0.53
Hexachloroethane (C>Cls) 0.68
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The popular molecular sieves which are commercial used consist of molecular
sieve A type and molecular sieve X type. These molecular sieves have the similar
chemical structure, but they have the different crystal structure. If the tetrahedra
lattices form a truncated octahedra, the structure of molecular sieve will be A type,
while if they form a tetrahedra, structure will be X type, as shown in Figure 6 [48].
The differences of opening channel are from differences of cation inside the
molecular sieve. For A type, molecular sieve with sodium cation (NaA) has 0.4 nm
opening channel called as “molecular sieve 4A”. If sodium cations are replaced by
calcium cations (CaA), the molecular sieve will have opening channel at 0.5 nm
called “molecular sieve SA”, while replacing with potassium cations (KA) will have
0.3 nm opening channel called “molecular sieve 3A”. For X type, molecular sieve
with sodium cations (NaX) has 1 nm opening channel, while calcium cations (CaX)
has 0.9 nm opening channel. Both of molecular sieve X type are known as “molecular
sieve 13X” for NaX and “molecular sieve 10X for CaX.

Moreover, the selective adsorption property of molecular sieve base on sieve
effect, the metal ions also affect to selectivity. Due to the electric charge of these
cations, the polar substances strongly interact with cations. Therefore, the higher polar
chemicals are favorably adsorbed by molecular sieve.

Pore opening

Type A. Type X.
Figure 6 crystal structure of molecular sieve A type and X type.

Normally, molecular sieve 4A is usually used for dehydration of liquids and
gases, but molecular sieve 3A is represented for systems, which have COz and H2S in
the systems, to reduce the co-adsorption because sulfur compound, which is formed
two gases, can block pores of adsorbent. In addition, molecular sieve 3A is also used
for alcohol dehydration.

For molecular sieve 5A and 13X, they are commonly used for desulfurization
in Petrochemical industries. Molecular sieve 5A is used for light sulfur adsorption,
while 13X is used for heavy and branch sulfur adsorption.
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2.2 Literature reviews

Due to CO2 emission situation in recent, the strategy to converse CO> to other
chemicals is widely interesting. CO>2 can also be used for methanol production as
same as CO by CO: hydrogenation, but the conversion of CO; is still low. For
instance, the equilibrium conversion of CO> to methanol at 150 °C and 5 MPa is about
15% [3]. Because this reaction is an exothermic in nature, but it needs to conduct at
high temperature due to the high stability of CO, gas and reaction rate sufficiency.
The low CO; conversion leads to large amount of unreacted feed gas. The high
capacity of recycle unit is require, resulting in more capital cost [12]. Besides high
temperature, and also high pressure (5-10 MPa) is required. These conditions make
this process to be an energy intensive process. Therefore, the reduction of operating
conditions is an option to mitigate with methanol production process via conventional
route.

The new low temperature methanol synthesis called ‘“alcohol assisted
methanol synthesis” was initially presented by Tsubaki et al. [8]. ethanol is promoted
methanol synthesis leading to can conduct at lower conditions (150-170 °C and 3-5
MPa). This new route mainly composes of 3 steps: (1) CO2 hydrogenation to formic
acid; (2) esterification of formic acid and ethanol to ethyl formate; (3) ethyl formate
hydrogenation to methanol and ethanol.

Tsubaki et al. [8] tested that methanol could not be formed at temperature
lower than 210 °C without ethanol as assisting solvent. The ethanol was a necessary
factor that helped the formation of methanol at this low temperature (150 °C). It was
also showed that the increasing ethanol in solvent mixture resulted in more conversion
and methanol yield as represented in Figure 7.

0.8
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0.6 COMY.

0.5
0.4 methanol
0.3
0.2
0.1

0

ethyl formate

Conv. or yield / %

0 20 40 60 80 100
EtOH / (EtOH +C6) / %

Figure 7 Catalytic activities with varied percentage of ethanol of solvent mixture.
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Later, Tsubaki et al. [49] studied effect of alcohol used as promoted solvents,
which included primary alcohols, secondary alcohols, and alcohols with similar
carbon atom, but different structure as showed in Table 5. For primary alcohol, the
result existed conversion decreased when the alcohols were larger molecule. For
different structure alcohols, secondary alcohols existed the highest catalytic activities
comparing to alcohols with the same carbon atoms. It was believed that factors, which
affected to this behavior of alcohols were the electron density and spatial obstacle of
alcohols molecule. For instance, the large electron density of iso-butanol should
motivate the reaction, but its spatial obstacle acted as barrier for nucleophilic attack
leading to low activity. Therefore, secondary alcohols, which had balance of electron
density and spatial obstacle, showed the largest activity.

Table 5 Catalytic activities of catalyst with different alcohols on the synthesis of
methanol from CO/CO2/H..

Solvent Methanol HCOOR Total Rate of ROH
yield yield conversion to feed gas
L g (%) carbon
(%) (%) (mol/mol)
none 0 0 0 0
cyclohexane 0 0 0 0
ethanol 10.22 1.13 11.35 12.81
1-propanol 9.27 0.16 9.43 9.94
2-propanol 13.19 10.27 23.46 9.81
1-butanol 8.97 0 8.97 8.16
2-butanol 11.26 10.22 2148 8.14
iso-butanol 8.19 0 8.19 8.13
t-butanol 5.83 0 5.83 7.96
1-pentanol 7.74 0 7.74 6.91
2-pentanol 372 8.09 11.81 6.91
cyclopentanol 6.71 0 6.71 7.08
1-hexanol 7.17 0 7.17 5.96
ethylene glycol 0 0 0 13.40
benzyl alcohol 0 0 0 7.22

The effect of reactant feed composition was also investigated. The result
existed that activities increased when the composition of CO; in feed gas increased.
Pure mixture of CO2 and H> was the highest reaction rate, while reaction rate is low
for pure mixture of CO and Hz as showed in Table 6.

Table 6 Catalytic activities of catalyst with different reactants composition on the
synthesis of methanol from CO/CQO2/Ha.

expt. no. CcO H, CO, ethyl methanol  Total yield
formate ield (% %
(bar) (bar) (bar) vield (%) Y 0) )
1 10 0 0 0 0 0
2 10 20 0 0.30 0 0.30
3 9.6 18 15 0.28 0.15 0.43
4 7.5 18 4.5 0.43 0.17 0.60
5 0 225 7.5 0.55 0.40 0.95
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After the alcohol assisted methanol synthesis was purposed, there were many
researchers studying about catalyst. Cu/ZnO, which was normally synthesized by co-
precipitation method, was still used as a catalyst for this reaction. In catalyst synthesis
step, there are many parameters that could affect to properties and activities of
catalyst. For example, Jeong et al. [50] investigated effect of pH value in catalyst
synthesis step, which was varied from 6-10, and found that pH value affected to
physiochemical properties of Cu/ZnO including crystallite size of Cu, morphology of
catalyst, and surface acidity. The result showed methanol yield trend that increased
when the crystallite size of Cu decreased, and strong acidity increased. The optimal
pH value in catalyst synthesis step was equal to 8 for this experiment, which showed
the finely smallest Cu crystallite size at 11.7 nm and the largest strong acid site at 0.42
mmol NHs gea®. The catalytic activities of Cu/ZnO with various pH value were
plotted and presented in Figure 8.

100
A A A
90 =
—&— Selectivity for methanol
80 —%— Selectivity for methyl acetate
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Figure 8 Catalytic activities of Cu/ZnO with different pH values in alcohol assisted
methanol synthesis at 150 °C and 5 MPa for 20 h.

Later, Jeong et al. [51] studied another parameter, which is aging times in co-
precipitation step from 10 min to 10 h. The changing of aging time showed the
changing of catalyst surface morphology follow by the increasing of time. The
catalytic activity was different when aging time was changed. It meant that there is a
suitable aging time for Cu/ZnO catalyst. In Figure 9, the best catalytic activity
exhibited at aging for 5 h in this experiment. In addition, the preferable morphology
was reported in this journal as a plate-like structure, which was shown in Figure 10
compared to other morphology of catalyst at other aging times.
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Kim et al. [11] studied the effect of copper content of Cu/ZnO catalyst. the
copper content (Cu)/ metal content (Cu+Zn) ratios were varied from 0.3 to 0.7. the
synthesized catalysts were characterized and tested on alcohol assisted methanol
synthesis. Even though the Cu/ZnO catalyst with 0.5 copper content did not exhibit
the highest specific surface area, the lowest copper crystallite size, and the highest
total acidity as shown in Table 7, the result showed the highest methanol yield
(49.5%) when it was used. Therefore, there was other parameter that was important
for high methanol yield. the authors believed that the surface morphology of catalyst
plays as an important role for high methanol yield. Plate-like structure or aurichalcite
was mainly obtained in zinc-rich catalyst (copper content = 0.3, 0.4, and 0.5), while
rod-like structure or zincian malachite was mainly observed in copper-rich catalyst
(copper content = 0.6 and 0.7). the morphologies of catalyst with various copper
contents (0.3 to 0.7) were presented by SEM images in Figure 11. It should be noticed
that a little amount of rod-liked structure also occurred in Cu/ZnO catalyst with 0.5
copper content. The authors believed that mixture phase of plate-liked and rod-liked
structure was a reason of the highest methanol yield. the reaction pathway as in Figure
12 was also purposed in this journal. Firstly, CO2 was hydrogenated to active formate
species. These formate species rapidly reacted with ethanol to ethyl formate. The
ethyl formate was hydrogenated to convert to methanol and returned the ethanol
solvent back. It should notice that the dehydrogenation of ethanol to ethyl acetate as a
side reaction also was indicated. It was reported that Cu-based catalyst also could
catalyze this side reaction. Moreover, by-product such as ethyl acetate can react with
methanol to covert to methyl acetate via transesterification reaction.

Table 7 Physical and chemical properties of reduced Cu/ZnO catalysts.

Cuw/(Cu+Zn) ratio Copper Total acidity
Catalysts CP SEM-EDX Sger (M?/g) c.rystallite (NH;
size (nm) mmol/g..,)
Cw/ZnO 0.7 0.7 0.7 15.0 20.3 0.58
Cw7Zn0O 0.6 0.6 0.6 223 18.2 0.50
CwZnO 0.5 0.5 0.5 23.8 13.9 0.42
CwZnO 04 04 04 28.2 11.2 0.34

Cu/Zn0O 0.3 0.3 0.3 29.3 8.9 0.26
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Figure 11 SEM images of Cu/ZnO precipitated precursors.
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Likhittaphon et al. [52] investigated catalyst preparation conditions including
precipitation temperature (25-80 °C) and pH value (5-9), and enhanced catalyst
synthesis by using ultrasonic assisted precipitation. In case of effect of precipitation
temperature, the best characterizations including the smallest Cu crystallite size (5.60
nm), the largest surface area (80.02 m? gear®), low reduction temperature (351.8 °C),
and high surface acidity (0.191 mmol NHs gea) were obtained at the precipitation
temperature 60 °C. For effect of pH value, the crystallite size decreased with
increasing pH value. The higher specific surface area was provided with the smaller
crystallite size, and the highest surface area was 90.67 m? gear* at pH 8. In addition, it
also showed the highest acidity (0.224 mmol NH3 geat?) at this pH value. Therefore,
these great properties of Cu/ZnO catalyst synthesized at pH value 8 leading to the best
catalytic activity (methanol yield equal to 33%). The effect of pH value well
corresponded with Jeong et al. [50] that the best catalytic activity was obtained at pH
value 8. Another one, the ultrasonic enhanced the Cu/Zn catalyst by decreasing aging
time from 1 h to 0.5 h, increasing surface area, increasing surface acidity. Even
though the properties of Cu/ZnO catalyst were better, the methanol yield slightly
increased to 32% (precipitated at 40 °C) from 31% (precipitated at 60 °C). The
ultrasonic assistance only helped to reduce the precipitation temperature. The
activities of Cu/ZnO with different synthesis technigues (conventional and ultrasonic
assistance) at different precipitation temperature were presented in Figure 13.
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Figure 13 Yield and selectivity of methanol and CO2 conversion using the catalysts
synthesized through a conventional precipitation and ultrasonic assisted precipitation
at different temperature (25-80 °C), pH = 7 for all samples.

Some researchers studied the computer modeling of methanol productivity
improvement using in-situ water adsorption by molecular sieve 4A. Bayat et al. [53]
simulated the methanol synthesis reaction from syngas over Cu/ZnO/Al;O3 catalyst in
gas flowing solids fixed bed reactor (GFSFBR) with continuous regeneration of
molecular sieve 4A. the schematic of GFSFBR process was shown in Figure 14.
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Figure 14 GFSFBR process schematic.

The concept of GFSFBR was that the syngas as a reactant and molecular sieve
4A as an adsorbent moved pass through a shell and tube reactor, while catalyst bed
was fixed in reactor as shown in Figure 15.
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Figure 15 GFSFBR concept for methanol synthesis enhanced by in-situ water
adsorption.
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the moving of molecular sieve 4A was required, because of the recirculation
of fresh molecular sieve and regeneration of saturated molecular sieve. the effect of
solids mass flux (molecular sieve) was investigated. The simulation exhibited that
production rate of methanol increased with increasing of solids mass flux. The effect
of water adsorption in GFSFBR raised the reaction rate (higher production rate at the
same reactor length) and methanol as presented in Figure 16a. it should be noted that
reverse water gas shift reaction was stimulated toward CO by the effect of water
adsorption. the molar flow rates of CO2 and Hz decreased as can see in Figure 16c-d,
while the CO molar flow rate increased with increasing solids mass flux as in Figure
16b. Consequently, the methanol production rate significantly increased. This
computer modelling also was brought to simulate other chemical process such as
Fischer-Tropsch synthesis and direct dimethyl ether synthesis that in-situ water
adsorption enhanced these process to more productivity [54],[55].
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According to Bayat et al. computer modelling above, the result presented the
enhancement effect of water adsorption. Therefore, Nieminen et al. [13] applied this
method to the alcohol assisted methanol synthesis by in-situ continuous adsorption of
water using molecular sieve 3A. Water was known as by-product in reaction that
negatively affected the potential of Cu/zZnO catalyst by blocking active site and
accelerating the Cu particles sintering. Amounts of molecular sieve 3A were varied in
this experiment. the result showed the increment of methanol productivity. In
addition, the more adsorbent/catalyst ratio increased, the more methanol productivity
was obtained. The highest methanol productivity raised to 54.4 g kg™ h™* from 8.2 g
kgt h' (20g of Cu/ZnO) when 10g of Cu/ZnO and 40g of molecular sieve 3A were
used, as in Figure 17. The authors reported that continuous adsorption of water by
molecular sieve 3A made Cu/ZnO catalyst more effective.
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Figure 17 Effect of catalyst and molecular sieve mass on methanol and water
formation in 2-butanol. Temperature 180 °C, feed gas CO2:H» = 1:3, total pressure 60
bar.

According to alcohol assisted methanol synthesis, it was known that ethyl
acetate was a by-product which existed from dehydrogenation of ethanol. Therefore,
the separation of methanol and ethyl acetate was required. Brenner et al. [16]
demonstrated molecular sieve 5A as subtractors. To observe what substances were
adsorbed by molecular sieve 5A. The result showed that molecular sieve 5A had
potential to separate methanol and ethyl acetate by desorption of methanol, while
ethyl acetate pass thought it. A list of substances adsorbed by molecular sieve 5A was
present in Table 8. On the other hand, a list of substances passing though molecular
sieve 5A was presented in Table 9.
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Table 8 Chemicals which are perfectly adsorbed by molecular sieve 5A.

Group

Components tested

Normal paraffins (except
methane)

Normal olefins
Normal alcohols
Aldehydes

Acids

Propane, n-Butane, n-Hexane

Ethylene, Propylene, Hexene-2
Methanol, Ethanol, n-Butanol
Acetaldehyde, Propionaldehyde, Isovaleraldehyde

Formic acid, Propionic acid

Table 9 Chemicals which passed through molecular sieve 5A.

Group Components tested
Iso-paraffins i-Butane, i-Propane, 2,3-Dimethyl butane
Aromatic hydrocarbons Benzene, Toluene, m-Xylene
Cycloparaffins Cyclopentane, Cyclohexane
Iso-olefins i-Butylene, 2-Methyl butadiene-1.3
Esters Amyl fomiate, Ethyl acetate, Ethyl propionate
Ketones Acetone, Methyl ethyl ketone, Mesityl oxide

Halogenated hydrocarbons
Iso-alcohols
Ethers

Other components

Methylene chloride, Chloroform
i-Propanol, Methyl butanol
Diethyl ether, Di-isopropyl ether

Carbon monoxide, Oxygen, Nitrogen, Rare gases, Methane,
Nitromethane, Carbon disulfide, Dimethyl sulfide, Thiophene
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CHAPTER Il
EXPERIMENTAL

3.1. Materials and chemicals

Materials and chemicals are listed as follows:

Material

. 2 pieces of burette

. 2 pieces of burette clamp stand

. 2 pieces of 50 ml volumetric flask

. 1 piece of 100 ml volumetric flask

. 3 pieces of 50 ml beaker

. 2 pieces of 100 ml beaker

. 1 piece of 1000 ml beaker

. 3 pieces of spoon

. 1 piece of magnetic stirrer

. 2 pieces of stirring rod

10. hot plate with temperature control probe

11. pH measuring paper

12. 200 ml reactor with pressure gauge, temperature control probe, propeller
13. Ceramic heater: Maximum temperature 450 °C
14. Stirrer controller

15. Mass flowmeters

16. cooling water pump

OO0 ~NO OIS WN -

Chemical

. Cu(NOs3)2.3H20 precursor

. Zn(NOz3)2.6H20 precursor
. Na2COs precipitating agent
. Deionized water

. Ethanol

. Carbon dioxide

. Hydrogen

. Molecular sieve 3A

. Molecular sieve 5A

O©OoOo~NOoO ol WwWwN -

3.2. Preparation of catalyst
3.2.1. Preparation of catalyst

Each batch of catalyst synthesis, Cu/ZnO catalyst was synthesized by co-
precipitation technique. 40 ml of 1 M copper (Il) source solution prepared from
copper nitrate trihydrate (Cu(NO3)2¢3H20, Sigma-Aldrich, >98%) and 39 ml of 1 M
zinc (I1) source solution prepared from zinc nitrate hexahydrate (Zn(NO3)2+6H-0,
Sigma-Aldrich, >99%) were mixed as metal precursor solution for synthesis of 5 g
Cu/ZnO catalyst with Cu/Zn ratio 1:1, while 1.5 M sodium carbonate (Na.COs3,
Sigma-Aldrich, >99.5%) solution was used as precipitating agent. The precursor and
precipitating agent were added drop wise to 600 ml of deionized water which was
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stirred by magnetic stirrer. During synthesis, the precipitation temperature, pH-value,
and stirring velocity were constantly maintain at 60 °C, 8 , and 600 rpm, respectively.
After completing dropwise of metal precursor solution, the precipitate was aged for 1
h. The precipitate product was washed by deionized water until the electrical
conductivity of the washing liquid was lower than 50 uS cm™. The precipitate solid
was spun to separate from slurry using centrifuge (ROTOFIX 18) at 1200 rpm for 2
min. After that, precipitate solid was separated and dried at 110°C overnight. Dried
precipitate solid was calcined at 350 °C for 3 h with ramp rate 5 °C min™ using
furnace (Carbolite, CWF-1100). After that, the calcined CuO/ZnO catalyst was
activated to reduce CuO/ZnO to Cu/ZnO. The catalyst was reduced in a fixed bed
reactor by passing 60 ml min'* of 50%H. in N, through the catalyst bed at 300 °C for
3 h with the ramp rate at 10 °C min™.

3.2.2. Preparation of molecular sieve

3A Molecular sieve (MS 3A) and 5A Molecular sieve MS 5A (Sigma-
Aldrich, 8-12 mesh) were crushed using pestle and mortar. The molecular sieve
powders with the particle size of 5-55 um were activated by heat treatment at 250 °C
for 8 h with ramp rate 10 °C min™! using furnace (Carbolite, CWF-1100).

Cu(NOs), 3H,0 Zn(NOs), 6H,0 Nay,CO;
precursor precursor precipitating agent
A 4 h 4 A 4

Catalyst synthesis by coprecipitation method at temperature: 60 °C, aging time: 1 hr,
pH value: 8, stirring velocity: 600 rpm

h 4

Washing precipitated product by deionized water until the conductivity
lower than 50 pS/cm?

| Drying in ovenat 110 °C for 24 hr |

Pre-calcine product

| Caleining At 350°C for 3 hr |

CuO/ZnO catalyst

| Reducing in Hy atmosphere at 200 °C for 3 hr |

Cw/ZnO catalyst

Figure 18 Methodology of preparation of Cu/ZnO catalyst.
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Molecular sieve
adsorbent

b

Grinding to powder

Activating in oven at 250 °C for
8 hr

v

Activated molecular sieve

Figure 19 Methodology of preparation of molecular sieves.

3.3. Catalyst characterization

The crystallite phases of catalyst were observed by X-ray diffraction (XRD,
Bruker AXS, D8 Advance) using Cu-Ka (A = 1.5406 A). The diffraction pattern was
scanned from 20° to 80° with scanning rate 2° min™'. After that, Scherrer’s equation as
exhibited in Eq. (11) was used for calculation of the catalyst crystallite size (d).
d=—2" (3.1)

Brwmncos(0)
where, A is X-ray wavelength, B\, 18 the full width for half-maximum (FWHM)
intensity peak, and 0 is a diffraction angle.

The Brunauer-Emmett-Teller (BET) surface area was measured by nitrogen
physisorption (Micromeritics. ASAP 2020). The catalyst morphology and dispersion
were observed by scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDX, Hitachi, S3400N, and EDX, EDAX, Apollo x). X-ray photoelectron
spectroscopy (XPS) was analyzed by Kratos, Amicus with Mg ko X-ray source to
measure Cu2p using Gaussian fitting.

The reduction temperature was obtained by temperature program of reduction
(TPR, Micromeritics, Chemisorb 2750) by packing 0.02 g catalyst in a reactor.
Initially, catalyst was dried under 25 ml min™ flow of N, at 250 °C for 1 h. After
temperature was decreased to 30 °C, the temperature program was started from 30 °C
to 500 °C with ramp rate 10 °C min™' under 25 ml min™ flow of 10%H>/Ar.

The surface acidity of catalyst was measured by ammonia temperature
program of desorption (NH3-TPD, Micromeritics, Chemisorb 2750). Catalyst was
packed in quartz reactor. The He flow at 25 ml min' was passed through catalyst at
250 °C for 1 h to remove organic impurities. After that, NH3 adsorption was done at
30 °C for 1 h. Then, the temperature was increased from 30 °C to 600 °C with ramp
rate of 10 °C min™! under 25 ml min™! flow of He.
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3.4. Test of molecular sieve role

The role of MS in alcohol assisted methanol synthesis was investigated. Each
type of molecular sieve was tested. The 3g of MS and 60 ml of ethanol were added
into the 250 ml autoclave reactor without Cu/ZnO catalyst. A gas mixture of CO2 and
H> was fed into the reactor with the ratio of 1:3 until the pressure reached 3.6 MPa.
Then, temperature was increased to 150 °C while pressure raised up to 5.0 MPa at 150
°C. The reaction was proceeded under vigorous stirring at 600 rpm for 2 h. After that,
the liquid product was analyzed by SHIMADZU Nexis GC-2030 gas chromatography
with a mid-polar SH-Rtx™-624 column.

3.5 The performance test of alcohol-assisted methanol synthesis

2.6 g of Cu/ZnO catalyst with different molecular sieve type (3A, 5A, and
3A+5A) and different catalyst/adsorbent ratio (1:1-2:1) were loaded in 250 ml
autoclave reactor. the 60 ml liquid ethanol were added into reactor after loading solid.
The 360 ml min™' of CO, and H> mixture with CO»:H> ratio 1:3 was fed to reactor.
Each batch was proceeded at 150 °C, 5 MPa, except in section 3.3.4 effect of
operating conditions. There are some experimental batches, which conducted at other
conditions (150 °C, 3.5 MPa and 130 °C, 5 MPa). The reaction was proceeded under
vigorous stirring at 600 rpm for 24 h. After reaction completed, the reactor was cooled
down by 10 °C cooling supply water. Gas outlet was directly connected to
SHIMADZU Nexis GC-2030 gas chromatography with a mid-polar SH-Rtx™-624
column. Gas effluent was firstly analyzed using thermal conductivity detector (TCD),
while flame ionization detector (FID) was used for liquid effluent. Helium was used
as carrier gas with flowrate 1.88 ml min!. Product was analyzed in temperature
scanning mode from 50 °C to 230 °C. Finally, methanol yield, and selectivity were
calculated by Eq.(3.2)-(3.3).

. Mole of methanol product
Yield of methanol = -t
Mole of feeding CO2

Selectivity of methanol =Moot methanol product 4 ) (3.3)

Mole of all products

x100 (3.2)
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Figure 20 Schematics of Alcohol assisted methanol synthesis reactor.
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CHAPTER IV
RESULT AND DISCUSSION

4.1. Catalyst characterization

The X-ray diffraction was used to identify the successful synthesis of the
catalyst. both non-reduced catalyst (CuO/ZnO) and reduced catalyst (Cu/ZnO) were
analyzed. The XRD patterns of were represent in Figure 21, corresponding to the
previous study [11, 50-52]. For CuO/ZnO, the two major peaks of CuO and ZnO were
observed (for CuO (111) at 26 = 39°, JCPDS card no. 45-0937, and for ZnO (101) at
26 = 36°, JCPDS card no. 79-0206). The main peaks were used for calculation of the
catalyst crystallite size by Scherrer’s equation. The synthesized catalyst had rather
small crystallite size. It was reported that slow heating rate in calcination results in a
smaller crystallite size of a catalyst. Moreover, the dispersion of Cu in catalyst and
methanol formation rate increases when low heating rate in calcination is applied
[56]. In present study, the heating rate of 5 °C mint was used in the calcination.
Specific surface area of catalyst was carried out by N»-physisorption. These results
are presented in Table 10. Relatively lower specific surface area was obtained in
present study when compared to our previous work, likely due to a slower heating
rate.

After CuO/ZnO was reduced by passing 50% H2/N. through catalyst at 300 °C
for 3 h, the main Cu (111) peak existed at 20 = 43.2°, while CuO (111) peak
disappeared. This indicated that catalyst was completely reduced from CuO to Cu,
which corresponding to the XPS characterization result. In XPS result, the shift of Cu
2p3/2 peak was observed, but it could not absolutely confirm that the oxidation state
of reduced catalyst was Cu® because the binding energy of both Cu® and Cu'* were
rather similar at about 932 eV [57]. To clarify this doubt, the XRD pattern of Cu/ZnO
was used. The results obtained from the XRD pattern supported to the XPS spectra
that the reduction of CuO/ZnO to Cu/ZnO was complete.
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- o} —— Cw/ZnO (reduced)
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Figure 21 The XRD pattern of both calcined CuO/ZnO catalyst and reduced Cu/ZnO
catalyst.

Table 10 Catalyst crystallite size and specific surface area of calcined CuO/ZnO
catalyst.

Catalyst Catalyst crystallite size (nm)

CuO (111) Zn0O (101)
Cu0O/ZnO 1.03 1.02 66.16 this work
CuO/ZnO 5.56 6.08 90.67 [52]

Specmczsu rface Ref.
area (M?/gcat)
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The morphology of the catalyst was observed by the SEM-EDX. During the
precipitation, the color changing of mother liquor was observed, attributing to the
formation of hydroxyl carbonate crystalline such as aurichalcite
[(Cu,Zn)s(OH)6(CO3)2], zincian malachite [(Cu,Zn)2(OH).COz], and malachite
[Cu2CO3(0OH)2] [9, 58, 59], which are precursors for the catalyst synthesis. As shown
in Figure 22(a)-(b), the mixture crystallite phase of rod-liked structure, plate-liked
structure and irregular shape were observed. There is unclear about the desirable
catalyst structure. It was reported that rod-like structure or zincian malachite was a
desirable precursor [60, 61], while plate-like structure or aurichalcite was also
reported to provide high activity of Cu/ZnO catalyst [62, 63]. Kim et.al reported that a
mixture of needle-like and plate-like structure led to superior performance in Cu/ZnO
[10]. In this study, the SEM images exhibited successful synthesis of the desirable
phases which were a mixture of rods and plate structure. In addition, the Cu/Zn ratio
was confirmed by the element mapping obtained from the EDX analysis as shown in
Figure 22(c)-(d). The mapping showed that the metals dispersed well, indicating the
ratio of Cu to Zn at 1:1.

(a) Calcined CuO/ZnO catalyst

(b) Magnified scale

4 3
4 3

$3400 15.0kV 6.8mm, x15.0KSE

(c) Cu metal (50.71 %owt)

(d) Zn metal ( 49.29 %wt)

Figur 2 The SEM-EDX images of (a) calcined CuO/ZnO catalyst and (b) the
magnified scale (c) Cu element mapping (d) Zn element mapping.

The reduction of catalyst was investigated by the TPR in H> atmosphere. In
Figure 23, the reduction was derived in two steps following the two peaks, which
were indicated as o peak (179.4 °C), and  peak (197.7 °C). It was reported that the
first peak can be assigned to changing in the oxidation state of Cu?* to Cu'*, and the
second peak is changing from Cu'* to Cu® [64]. The calcined CuO/ZnO catalyst
showed rather low reducing temperature that can contribute to be good reducibility
and metal dispersion [65]. Therefore, the reduction temperature of CuO/ZnO catalyst
was lower than that of the bulk CuO (340 °C) [66-68].
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Figure 23 The Ho-TPR profile of calcined CuO/ZnO catalyst

The acidic property of catalyst was determined. It was reported that the pH-
value during catalyst precipitation significantly affects the catalyst activity [50, 52].
Therefore, the pH-value of 8 was constantly controlled during the catalyst
precipitation. Moreover, it was indicated that quantity of strong acid site on catalyst
surface significantly affects methanol yield [50]. Weak, medium and strong acid site
were classified by the NH3-TPD. The temperature ranges of 60-170 °C, 190-310 °C
and 310-575 °C were corresponded to weak, medium and strong acid site,
respectively. The quantity of the acid sites is presented in Table 11, compared to
literature. It should be noted that precipitating temperature is different between this
work (60 °C) and literature (70 °C) and it might be the cause of different acidity in
catalyst.

Table 11 Acid property of synthesized Cu/ZnO catalyst

Catalyst Acidity (mmol NHa/gcar) Ref
Weak site  Medium ssite  Strong site  Total '

Cu/ZnO 0.013 0.013 0.20 0.23 This work

Cu/zZnO 0.036 0.022 0.18 0.23 [52]

Cu/znO 0.08 0.14 0.42 0.64 [50]
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The catalyst reduction was confirmed by the oxidation state of Cu particles.
The binding energy was measured by the XPS. Both non-reduced and reduced
catalyst were tested. The oxidation state of Cu particles was measured by considering
the Cu 2ps2 peaks (Cu® = 932.2 eV and Cu?* = 933.0 eV)[57]. In this study, the
CuO/ZnO was a catalyst in a metal oxide form. The oxidation state of Cu particle
exhibited only peak of Cu?* at 935 eV as shown in Figure 24a. When this CuO/ZnO
catalyst was reduced to Cu/ZnO catalyst, the copper metal was an active site for
methanol synthesis in temperature range 200-300 °C [64]. The catalyst reduction was
conducted in a fixed bed reactor by passing 50%vol H2/N2 through catalyst at 300 °C
for 3 h. For Cu/ZnO catalyst, the weak satellite was not observed. The shift of the
peak position to 932 eV was noticed after reduction. It indicated that the catalyst was
completely reduced from Cu?* to Cu® as presented in Figure. 24b. The necessary of
reduction process was presented in section 4.3. The result from this study shows that
the reduced Cu/ZnO could provide much higher methanol yield comparing to non-
reduced CuO/ZnO.

Cu 2p3/2 (a) CuO/ZnO
cy* —— [
2
5 v T ’ 1 r ] v 1 v ] v 1 M
2 960 955 950 945 940 935 930 925
g
‘_-.':' Cu 2p3/2 (b) Cw/ZnO
i T ) T i T T T i T T T T
960 955 950 945 940 935 930 925

Binding energy (eV)

Figure 24 XPS spectra of Cu particles in (a) non-reduced CuO/Zn0, and (b) reduced
Cu/ZnO.
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4.2. The role of molecular sieve (MS)

MS has a uniform pore size, which is controlled by the cation in the crystal
structure (3A pore size for K ions, and 5A pore size for Ca ions) [69]. The surface
morphology of MS in this study was shown in Figure 25.

(a) MS_3A (b) MS_5A

$3400'15.0kV 6.4mm x8:00k SE . .:V $3400 15.0kV 6.6mm xB 00k SE

Figure 25 SEM images of molecular sieves (@) MS_3A (b) MS 5A

To confirm the role of MS in alcohol-assisted methanol synthesis, the MS_3A
and MS_5A were tested under the reaction conditions without Cu/ZnO catalyst (150
°C, 5.0 MPa, CO2:Hz of 1:3). The results proved that both MS_3A and MS_5A could
not catalyze the reaction. As can be seen in Table 12, the methanol yield and
selectivity were 0% without catalyst. The MS only acted as adsorbent in this reaction.
Due to the pore size, MS_3A selectively adsorbs water while MS_5A can adsorb
methanol, ethanol and water.

Table 12 Alcohol-assisted methanol synthesis at 150°C and 5.0 MPa with Cu/ZnO
catalyst and MS

Adsorbent and catalyst % Methanol yield % Methanol
selectivity
MS_3A 0.0% 0.0%
MS_5A 0.0% 0.0%
CuO/zn0O 13.9% 77.7%

Cu/ZnO 35.8% 87.9%
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4.3. Alcohol assisted methanol synthesis

In this section, Cu/ZnO catalyst was mixed with MS for alcohol-assisted
methanol synthesis when ethanol was used as the catalytic solvent in all experimental.
Each experimental batch was carried out for 24 h. After that, the reactor was cooled
down using cooling water circulation system. The gas effluent and liquid effluent
were collected and analyzed by gas chromatography. The composition of product was
calculated based on internal standard method where methanol yield and selectivity
were calculated by Eq. (11)-(12).

4.3.1 The effect of MS type

The catalytic activities of Cu/ZnO catalyst with different MS types on alcohol
assisted-methanol synthesis were investigated at 150 °C, 5 MPa. The 2.6g Cu/ZnO
catalyst with 1.3g MS was used. The non-reduced catalyst (CuO/Zn0O) also was tested
in this experiment. The results showed that Cu/ZnO catalyst provided the higher
methanol yield (35.8%) than CuO/ZnO catalyst (13.9%). It was reported that the
methanol yield increased with increased Cu metallic surface area [68]. Therefore, the
reduction was significant step to activate the catalyst. Ethyl acetate was detected as
the byproduct in this experiment, but not methyl acetate. This contrasted to the work
of Kim et al. [11] who reports the detection of methyl acetate. Although, it is still
unclear the conditions of methyl acetate formation, it was reported that ZnO, which
was basicity catalyst, can catalyze transesterification of ethyl acetate with methanol to
form methyl acetate. Therefore, ZnO morphology as well as the catalyst preparation
parameters might be the cause of the different results.

As presented in Figure 26, the addition of MS enhanced methanol yield. The
highest methanol yield was obtained (42.6%) when the MS_3A was added. Due to the
pore size, MS_3A selectively adsorbs water. As described earlier, water can poison
the catalyst by blocking the active site. Removing of water during the reaction
significantly enhanced methanol yield. Consider the pore size, the MS_5A can adsorb
methanol, ethanol, and water. It also promoted methanol yield by decreasing the
concentration of methanol and water during the reaction, shifting the reaction toward
to more product. However, the methanol yield (38.5%) did not increase as much as in
the case of MS_3A. This was likely due to adsorption capacity. Methanol and ethanol
were also competing adsorbed with water. Consequently, the MS_3A was more
effective to enhance methanol yield. The combination of MS_3A and MS_5A
exhibited the performance (methanol yield = 40.2%) in the middle between in case of
MS_3A and MS_5A.

4.3.2 The effect of catalyst/MS ratio

The effect of the ratio of catalyst to MS (2:1 and 1:1) was investigated. The
amount of Cu/ZnO was fixed at 2.6g while the amount of MS was varied. The result
showed that increasing MS amount decreased the methanol yield for both cases of
MS_3A and MS_5A, as shown in Figure 26. This result was contrary to the work of
Nieminen et al. [13] who reports that the methanol productivity increases with the
larger amount of MS. The reduction of methanol yield could relate to the obstruction
of MS on the catalyst. The MS was proved not to participate as a catalysis in the
reaction (section 4.2.). Therefore, too high amount of MS could block the catalyst site
and hinder the reactant/catalyst collision. Consequently, the methanol yields were
even lower than the Cu/ZnO catalyst without MS.
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Figure 26 Catalytic activities of Cu/ZnO catalyst with different molecular sieve types
on alcohol assisted methanol synthesis at 150 °C, 5 MPa.

4.4. The desorption of MS_5A

The 5A MS was added into the reactor (both MS_5A and MS_3A+MS_5A),
aiming to adsorb the methanol product. Therefore, desorption of methanol from
MS_5A must be done in order to measure the methanol yield. The liquid effluent was
collected and analyzed by gas chromatography as the sampling 1 after cooling down
the reactor to room temperature while the sampling 2 was done after the desorption,
as presented in Figure 27. After collecting the sampling 1, the liquid product and
solids (catalyst and adsorbent) was heat to 130 °C to vaporize the liquid product and
desorb the MS. The 30 ml min of N gas flow as carrier gas was passed through the
reactor to carry the vaporized product to the condenser, which cooled by 10°C cooling
water circulation. The composition of liquid effluent at condenser was then analyzed
by gas chromatography as the sampling 2. The different methanol content of sampling
1 and sampling 2 was the net adsorbed methanol in MS. The result showed that the
MS_5A selectively adsorbed methanol while only slight amount of ethyl acetate was
adsorbed as presented in Table 13. The adsorbed methanol was 95.8%-96.8% while
the adsorbed ethyl acetate was 3.2%-4.2%. This result proved that methanol could be
separated from ethyl acetate by using 5A. Although MS_5A could provide high purity
methanol up to more than 95%, the methanol uptake was small (2.4-3.9%) and
methanol yield did not significantly increased. Moreover, the absorption of water and
ethanol by MS_5A should be further studied.
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Figure 27 Schematic drawing of the desorption of MS-5A.

Table 13 Methanol yields before and after desorption of molecular sieve 5A.

Step %Methanol %adsorbed %adsorbed
yield methanol? ethyl acetate®

Cu/ZnO_MS 5A

Sampling 1 37.0%

Sampling 2 38.5%

Net adsorbed methanol 3.9% 96.8% 3.2%

Cu/ZnO_ MS 3A + MS 5A

Sampling 1 39.3%

Sampling 2 40.2%

Net adsorbed methanol 2.4% 95.8% 4.2%

2 Percentage of methanol in the mixture of methanol/ethyl acetate, which was adsorbed by MS_5A
b Percentage of ethyl acetate in the mixture of methanol/ethyl acetate, which was adsorbed by MS_5A
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4.5. Effect of operating temperature

Alcohol-assisted methanol synthesis was conducted under different operating
conditions. According to the literatures, low-temperature methanol synthesis has been
done at a typical condition at temperature of 150 °C and pressure of 5.0 MPa [11, 50-
52]. To our knowledge, the operating temperature lower than 150 °C has not been
reported elsewhere. Therefore, the effect of temperature range between 100-150 °C is
interesting. As mentions before, the dehydrogenation of ethanol to ethyl acetate is an
endothermic reaction. Therefore, decreasing temperature resulted in lower ethyl
acetate yield. Although decreasing temperature also positively affects
thermodynamics since CO> hydrogenation to methanol is an exothermic reaction, the
lower temperature led to the lower rate of reaction. This trade-off between higher
purity methanol and lower methanol yield is of interest in term of optimum operating
condition. Therefore, the effect of temperature was investigated in this study.

As shown in Figure 28 , the activity of Cu/ZnO catalyst on alcohol-assisted
methanol synthesis was carried out at various temperatures including 100 °C, 130 °C,
and 150 °C when pressure was maintained at 5 MPa. The result corresponded to what
was described earlier. The methanol selectivity was higher when the temperature
decreased. The 100% methanol selectivity was gained at operating temperature of 100
°C, but the methanol yield decreased to only 3.6% due to insufficiency of reaction
rate. Therefore, 100 °C was not a suitable temperature for this reaction. At 130 °C,
even though the methanol yield decreased to 30.6% (130 °C) from 35.8% (150 °C),
the methanol selectivity was rather high (>98%). Therefore, operating temperature of
1300C can be an optimum operating temperature in this study.

Another concerned factor was the solubility of CO> in the catalytic solvent
which is ethanol in this study. CO, and H were still in gas phase, while main ethanol
was compressed by high pressure into liquid phase under these conditions (5 MPa,
130 °C). The Cu/zZnO was in solid phase. Gas reactants needed to contact catalyst
which was submerged under ethanol. Therefore, some factors, which could affect to
the activity of catalyst, were considered. Stirring rate was used as high as possible to
avoid effect of mass transfer limitation. It was known that the solubility of CO; in
ethanol decreased with increasing temperature was increased [70]. Therefore, if
solubility of CO- in ethanol would significantly affect the formation of methanol, the
methanol yield should decrease with increasing of temperature. The result turned out
in opposite side of the assumption above. It indicated that reaction rate was the most
influential factor affecting the reaction when compared with the CO2 solubility and
the thermodynamic equilibrium.
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Figure 28 Catalytic activities of Cu/ZnO catalyst at different operating temperature

The MS_3A and MS_5A were introduced at the reaction temperature of 130
°C comparing to typical condition (150 °C). It was found that the effect of MS on the
reaction 130 °C was less than that at 150 °C. The methanol yields slightly increased to
33.4% when MS were applied at operating temperature of 130 °C, as can be seen in
Figure 29, although the adsorption on MS was reported to increase as decreasing
temperature [71, 72]. The methanol formation rate mainly depends on the reaction
temperature. Therefore, methanol yield decreased with decreasing temperature
although the adsorption ability increased.

1
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1 1 1
130 140 150

Tempeerature (°C)

(100 °C, 130 °C, and 150 °C), pressure 5 MPa.
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Figure 29 Catalytic activities of Cu/ZnO catalyst with different molecular sieve on
alcohol assisted methanol synthesis at 130 °C and 150°C, 5 MPa.

The result showed that MS_3A could enhance methanol yield from 30.6% to
33.4% which was a good option in the experiment. However, considering a large-
scale commercial production, it might not be a suitable option. This experiment was
carried out in a batch system. The continuous system should be further investigated as
a future work. Moreover, the adsorption capacity should be considered. Therefore, the
regeneration of MS is inevitable in a real process. The specially designed reactor is
required for MS transporting from the reactor to a regeneration unit with less effect on
the reaction. For example, Bayat et al. suggested a modelling called “Gas flowing
solid fix bed reactor (GFSFBR)” at which MS is applied with methanol synthesis
reactor [53].

Another option, the development of catalyst which has better catalytic activity
under this operating condition can be an alternative choice when the complex reactor
system is not required. Complication from MS regeneration can be eliminated.

To sum up, methanol selectivity significantly increased with a few amounts of
ethyl acetate formed at 130 °C. This benefits the methanol synthesis in purification
process, leading to simpler separation unit as represent in Figure 30 when compared
with the low-methanol selectivity system [12]. However, the techno-economic
analysis under should be further carried out to realize the new process feasibility.
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CHAPTER V
CONCLUSION

5.1. Conclusion

The effect of MS on alcohol-assisted methanol synthesis was investigated. The
catalyst was Cu/ZnO, prepared by co-precipitation based on optimal temperature, pH-
value, and aging time. Ethanol was used as the catalytic solvent in the reaction
enabled methanol to be synthesized from CO. and H: at low temperature (150°C, 5.0
MPa), providing methanol yield and selectivity of 35.8% and 87.9 %, respectively.
However, ethyl acetate and water were generated as byproduct of the reaction and
formed azeotrope mixture with methanol product. In this study, it was found that
controlling temperature and using MS could help enhance the yield and selectivity of
methanol.

The key points of this study are summarized as follows:

The MS (3A and 5A) was used to adsorb the byproduct during the reaction in this
study. It was found that MS acted only as adsorbent. MS_3A adsorbed water while
MS-5A could adsorb methanol. The test of MS under the reaction condition without
Cu/ZnO showed 0% methanol yield.

Mixing MS with Cu/ZnO enhanced the methanol yield for all cases (MS_3A, MS_5A,
and MS_3A mixed MS_5A). However, the best methanol yield (42.6%) was obtained
when MS_3A was applied. The reaction was promoted by the adsorption of water.
The ratio of catalyst to MS (2:1 and 1:1) affected the methanol synthesis. The lower
methanol yields were obtained when the amount of MS increased at constant amount
of Cu/ZnO catalyst.

This result proved that methanol could be separated from ethyl acetate by using
MS_5A. The adsorbed methanol was 95.8%-96.8% selectivity while the adsorbed
ethyl acetate was 3.2%-4.2%. However, although high purity methanol could be
absorbed, the methanol uptake was low (2.4-3.9%) and methanol yield was not
significantly increased.

The operating temperatures were also varied. The lower temperature (150 °C -> 130
°C -> 100 °C) decreased methanol yield but increased methanol selectivity. The
optimum temperature of 130 °C provided rather high methanol selectivity (>98%)
although methanol yield decreased to 30.6%. When MS was applied with Cu/ZnO
under the reaction at 130°C, 5.0 MPa, methanol yield only slightly increased.
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5.2 Recommendation

1. The effect of stirring rate should be concerned. In this experiment, the used stirring
rate is 600 rpm. It should be tested that this speed is high enough to be free from mass
transfer limitation. To make confirm that there is no mass transfer limitation to the
activities of catalyst. Higher stirring rate is required. However, 600 rpm is the
maximum stirring rate of the reactor in this study. For further work, the reactor can be
modified to accommodate higher stirring speed.

2. Detailed study on molecular sieve desorption should be carried out. The size of
catalyst and molecular sieve should be different for separation purpose. The catalyst
should be smaller than molecular sieve because catalyst is a necessary part for
reaction which is highly sensitive to surface area of catalyst. However, the adsorption
capacity of a molecular sieve also drops in a larger particle size. This is a tradeoff
between catalysis activity and adsorption ability. A proper ratio of catalyst to
molecular sieve size should be determined.



REFERENCES

[1] Khadzhiev S N, Kolesnichenko N V and Ezhova N N 2016 Slurry technology in
methanol synthesis (Review) Petroleum Chemistry se 77-95
[2] Sayah A K, Hosseinabadi S and Farazar M 2010 CO, abatement by methanol

production from flue-gas in methanol plant World Academy of Science, Engineering and
Technology 70 90-3

[3] Miguel C V, Soria M A, Mendes A and Madeira L M 2015 Direct CO,

hydrogenation to methane or methanol from post-combustion exhaust streams — A
thermodynamic study Journal of Natural Gas Science and Engineering 22 1-s

[4] Basile A and Dalena F Methanol - Science and Engineering. Elsevier)

(5] Haggin J 1986 Liquid-phase methanol process promises cost saving Chemical and
Engineering News 64 21-2

[6] Zhang H, Li H, Lin G, Liu Y and Tsai K R 1996 Studies in Surface Science and
Catalysis, ed J W Hightower, et al.: Elsevier) pp 1369-78

[7] Chu W, Zhang T, He C and Wu Y 2002 Low-Temperature Methanol Synthesis
(LTMS) in Liquid Phase on Novel Copper-Based Catalysts Catalysis Letters 79 129-32

[8] Tsubaki N, Ito M and Fujimoto K 2000 A New Method of Low-Temperature
Methanol Synthesis Journal of Catalysis 197 224-7

[9] Santacesaria E, Carotenuto G, Tesser R and Di Serio M 2012 Ethanol

dehydrogenation to ethyl acetate by using copper and copper chromite catalysts
Chemical Engineering Journal 179 209-20

[10] Carotenuto G, Tesser R, Di Serio M and Santacesaria E 2013 Kinetic study of

ethanol dehydrogenation to ethyl acetate promoted by a copper/copper-chromite based
catalyst Catalysis Today 203 202-10

[11] Kim I, Lee G, Jeong H, Park J H and Jung J C 2017 Bifunctionality of Cu/ZnO

catalysts for alcohol-assisted low-temperature methanol synthesis from syngas: Effect of
copper content Journal of Energy Chemistry 26 373-9

[12] Khunathorncharoenwong N, Charoensuppanimit P, Assabumrungrat S and Kim-
Lohsoontorn P 2020 Techno-economic analysis of alternative processes for alcohol-

assisted methanol synthesis from carbon dioxide and hydrogen International Journal of
Hydrogen Energy
[13] Nieminen H, Givirovskiy G, Laari A and Koiranen T 2018 Alcohol promoted

methanol synthesis enhanced by adsorption of water and dual catalysts Journal of CO,
Utilization 24 180-9

[14] Teo W K and Ruthven D M 1986 Adsorption of water from aqueous ethanol using
3-ANG. molecular sieves Industrial & Engineering Chemistry Process Design and
Development 25 17-21

[15] Liang H, Gao H, Kong Q and Chen Z 2006 Adsorption Equilibrium and Kinetics
of Tetrahydrofuran + Water Solution Mixture on Zeolite 4A Journal of Chemical &
Engineering Data s1 119-22



44

[16] Brenner N, Cieplinski E, Ettre L S and Coates V J 1960 Molecular sieves as

subtractors in gas chromatographic analysis: Il. Selective adsorptivity with respect to
different homologous series Journal of Chromatography A 3 230-4

[17] Ali K A, Abdullah A Z and Mohamed A R 2015 Recent development in catalytic

technologies for methanol synthesis from renewable sources: A critical review
Renewable and Sustainable Energy Reviews 44 s0s-18

[18] Balki M K and Sayin C 2014 The effect of compression ratio on the performance,

emissions and combustion of an Sl (spark ignition) engine fueled with pure ethanol,
methanol and unleaded gasoline Energy 71 194-201

[19] Celik M B, Ozdalyan B and Alkan F 2011 The use of pure methanol as fuel at
high compression ratio in a single cylinder gasoline engine Fuel 90 1591-8

[20] Gong C-M, Huang K, Jia J-L, Su Y, Gao Q and Liu X-J 2011 Improvement of fuel
economy of a direct-injection spark-ignition methanol engine under light loads Fuel 9
1826-32

[21] Wu J, Fang Y, Wang Y and Zhang D-k 200s Combined Coal Gasification and

Methane Reforming for Production of Syngas in a Fluidized-Bed Reactor Energy &
Fuels 195126

[22] Cheng W H 1994 Methanol Production and Use: Taylor & Francis)

[23] 1994 Methanol production and use (New York: M. Dekker)

[24] Olah G, Goeppert A, Prakash G and Editors 2000 p 350 pp.

[25] Zhen X and Wang Y 2015 An overview of methanol as an internal combustion
engine fuel Renewable and Sustainable Energy Reviews s2 477-93

[26] van Bennekom J G, Venderbosch R H, Winkelman J G M, Wilbers E, Assink D,
Lemmens K P J and Heeres H J 2013 Methanol synthesis beyond chemical equilibrium
Chemical Engineering Science 87 204-

[27] Palma V, Meloni E, Ruocco C, Martino M and Ricca A 20138 Methanol, ed A
Basile and F Dalena: Elsevier) pp 29-51

[28] Chinchen G C, Denny P J, Jennings J R, Spencer M S and Waugh K C 1988
Synthesis of Methanol: Part 1. Catalysts and Kinetics Applied Catalysis 36 1-65

[29] Sa S, Silva H, Brandao L, Sousa J M and Mendes A 2010 Catalysts for methanol
steam reforming—A review Applied Catalysis B: Environmental 99 43-57

[30] Ganesh | 2014 Conversion of carbon dioxide into methanol — a potential liquid

fuel: Fundamental challenges and opportunities (a review) Renewable and Sustainable
Energy Reviews 31 221-57

[31] Nakamura J, Choi Y and Fujitani T 2003 On the Issue of the Active Site and the
Role of ZnO in Cu/ZnO Methanol Synthesis Catalysts Topics in Catalysis 22 277-85
[32] Yong S T, Ooi C W, Chai S P and Wu X S 2013 Review of methanol reforming-

Cu-based catalysts, surface reaction mechanisms, and reaction schemes International
Journal of Hydrogen Energy 38 9s41-52

[33] Klier K 1982 Advances in Catalysis, ed D D Eley, et al.: Academic Press) pp 243-
313



45

Kung H H 1980 Methanol Synthesis Catalysis Reviews 22 235-59

1924 Synthetic manufacture of methanol.

1971 Methanol process with recycle.

Wilhelm D J, Simbeck D R, Karp A D and Dickenson R L 2001 Syngas

production for gas-to-liquids applications: technologies, issues and outlook Fuel
Processing Technology 71 139-48

[38] Method for producing methanol and ammonia - Patent US-4367206-A - PubChem
[39] Centi G and Perathoner S 2000 Opportunities and prospects in the chemical
recycling of carbon dioxide to fuels Catalysis Today 14s 191-205

[40] Liu X-M, Lu G Q, Yan Z-F and Beltramini J 2003 Recent Advances in Catalysts
for Methanol Synthesis via Hydrogenation of CO and CO, Industrial & Engineering
Chemistry Research 42 6518-30

[41] Baltes C, Vukojevi¢ S and Schiith F 2008 Correlations between synthesis,
precursor, and catalyst structure and activity of a large set of CuO/ZnO/Al O, catalysts
for methanol synthesis Journal of Catalysis 258 334-44

[42] Bozzano G and Manenti F 2016 Efficient methanol synthesis: Perspectives,
technologies and optimization strategies Progress in Energy and Combustion Science s6
71-105

[43] Zhang Y, Sun Q, Deng J, Wu D and Chen S 1997 A high activity Cu/ZnO/Al O,

catalyst for methanol synthesis: Preparation and catalytic properties Applied Catalysis
A: General 158 10520

[44] Alvarez A, Bansode A, Urakawa A, Bavykina A V, Wezendonk T A, Makkee
M, Gascon J and Kapteijn F 2017 Challenges in the Greener Production of
Formates/Formic Acid, Methanol, and DME by Heterogeneously Catalyzed CO,
Hydrogenation Processes Chemical Reviews 117 9804-38

[45] Hong Z-s, Cao Y, Deng J-f and Fan K-n J C | 2002 CO, hydrogenation to
methanol over Cu/ZnO/Al O, catalysts prepared by a novel gel-network-coprecipitation
method s2 37-44

[46] Sun J T, Metcalfe | S and Sahibzada M 1999 Deactivation of Cu/ZnO/AlO,

Methanol Synthesis Catalyst by Sintering Industrial & Engineering Chemistry Research
38 3868-72

[47] 1991 Comprehensive Analytical Chemistry, ed E Smolkova-Keulemansové and L
Feltl: Elsevier) pp 123-221

[48] Mokhatab S, Poe W A and Mak J Y 2019 Handbook of Natural Gas Transmission
and Processing (Fourth Edition), ed S Mokhatab, et al.. Gulf Professional Publishing)

PP 307-48
[49] Zeng J, Fujimoto K and Tsubaki N 2002 A New Low-Temperature Synthesis

Route of Methanol: Catalytic Effect of the Alcoholic Solvent Energy & Fuels 16 83-6
[50] Jeong Y, Kim I, Kang J Y, Jeong H, Park J K, Park J H and Jung J C 2015

Alcohol-assisted low temperature methanol synthesis from syngas over Cu/ZnO
catalysts: Effect of pH value in the co-precipitation step Journal of Molecular Catalysis



46

A: Chemical 400 132-8
[51] Jeong Y, Kim I, Kang J Y, Yan N, Jeong H, Park J K, Park J H and Jung J C 2016

Effect of the aging time of the precipitate on the activity of Cu/ZnO catalysts for
alcohol-assisted low temperature methanol synthesis Journal of Molecular Catalysis A:
Chemical 418-419 168-74

[52] Likhittaphon S, Panyadee R, Fakyam W, Charojrochkul S, Sornchamni T,
Laosiripojana N, Assabumrungrat S and Kim-Lohsoontorn P 2019 Effect of CuO/ZnO

catalyst preparation condition on alcohol-assisted methanol synthesis from carbon
dioxide and hydrogen International Journal of Hydrogen Energy 44 20782-91

[53] Bayat M, Dehghani Z, Hamidi M and Rahimpour M R 2014 Methanol synthesis

via sorption-enhanced reaction process: Modeling and multi-objective optimization
Journal of the Taiwan Institute of Chemical Engineers 4s 481-94

[54] Bayat M, Hamidi M, Dehghani Z and Rahimpour M R 2014 Sorption-enhanced

Fischer—Tropsch synthesis with continuous adsorbent regeneration in GTL technology:
Modeling and optimization Journal of Industrial and Engineering Chemistry 20 8ss-69

[55] Bayat M and Asil A G 2020 Efficient in-situ water adsorption for direct DME

synthesis: Robust computational modeling and multi-objective optimization Journal of
Natural Gas Science and Engineering s3 103587

[56] Fujita S-i, Moribe S, Kanamori Y, Kakudate M and Takezawa N 2001 Preparation
of a coprecipitated Cu/ZnO catalyst for the methanol synthesis from CO, — effects of the

calcination and reduction conditions on the catalytic performance Applied Catalysis A:
General 207 121-8

[57] Schoén G 1973 ESCA studies of Cu, Cu,0 and CuO Surface Science 35 96-108

[58] Meshkini F, Taghizadeh M and Bahmani M 2010 Investigating the effect of metal
oxide additives on the properties of Cu/ZnO/Al O, catalysts in methanol synthesis from
syngas using factorial experimental design Fuel 9 170-5

[59] Farahani B V, Rajabi F H, Bahmani M, Ghelichkhani M and Sahebdelfar S 2014

Influence of precipitation conditions on precursor particle size distribution and activity
of Cu/ZnO methanol synthesis catalyst Applied Catalysis A: General 4s2 237-44

[60] Waller D, Stirling D, Stone F S and Spencer M S 19389 Copper—zinc oxide

catalysts. Activity in relation to precursor structure and morphology Faraday
Discussions of the Chemical Society 87 107-20

[61] Kondrat S A, Smith P J, Wells P P, Chater P A, Carter J H, Morgan D J,

Fiordaliso E M, Wagner J B, Davies T E, Lu L, Bartley J K, Taylor S H, Spencer M S,
Kiely C J, Kelly G J, Park C W, Rosseinsky M J and Hutchings G J 2016 Stable

amorphous georgeite as a precursor to a high-activity catalyst Nature s3i 83-7
[62] Herman R G, Bogdan C E, Kumler P L and Nuszkowski D M 1993 Preparation

and characterization of hydroxycarbonate precursors that yield successful alcohol
synthesis catalysts Materials Chemistry and Physics 35233-9

[63] Fujitani T and Nakamura J 1998 The effect of ZnO in methanol synthesis catalysts
on Cu dispersion and the specific activity Catalysis Letters s6 119-24
[64] Diez-Ramirez J, Dorado F, de la Osa A R, Valverde J L and Sanchez P 2017



47

Hydrogenation of CO, to Methanol at Atmospheric Pressure over Cu/ZnO Catalysts:

Influence of the Calcination, Reduction, and Metal Loading Industrial & Engineering
Chemistry Research se 1979-87

[65] Lei H, Nie R, Wu G and Hou Z 2015 Hydrogenation of CO, to CH.OH over
Cu/ZnO catalysts with different ZnO morphology Fuel 154 161-6

[66] Wang L-C, Liu Y-M, Chen M, Cao Y, He H-Y, Wu G-S, Dai W-L and Fan K-N
2007 Production of hydrogen by steam reforming of methanol over Cu/ZnO catalysts

prepared via a practical soft reactive grinding route based on dry oxalate-precursor
synthesis Journal of Catalysis 246 193-204

[67] Nie R, Lei H, Pan S, Wang L, Fei J and Hou Z 2012 Core—shell structured CuO—
ZnO@H-ZSM-s catalysts for CO hydrogenation to dimethyl ether Fuel o6 419-25

[68] Dasireddy V D B C and Likozar B 2019 The role of copper oxidation state in
Cu/ZnO/ALQO, catalysts in CO, hydrogenation and methanol productivity Renewable
Energy 140 452-60

[69] Julbe A and Drobek M 2016 Encyclopedia of Membranes, ed E Drioli and L
Giorno (Berlin, Heidelberg: Springer Berlin Heidelberg) pp 2055-6

[70] Décultot M, Ledoux A, Fournier-Salaiin M-C and Estel L 2019 Solubility of CO,
in methanol, ethanol, 1,2-propanediol and glycerol from 283.1s K to 37315 K and up to
6.0 MPa The Journal of Chemical Thermodynamics 13s 67-77

[71] Carmo M J and Gubulin J C 1997 Ethanol-water adsorption on commercial 3A
zeolites: Kinetic and Thermodynamic data Braz. J. Chem. Eng. 14

[72] Aittoméki A and Harkonen M 1986 Zeolite heat pump — adsorption of methanol
in synthetic zeolites 13X, 4A and sA International Journal of Refrigeration 9 240-4



AWIAINTAUNNIINY 1A D
CHuLALONGKORN UNIVERSITY

48



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



50

APPENDIX

A.l. Preparation of solutions

The solutions, which were used in catalyst synthesis, included Copper nitrate
solution, Zinc nitrate solution and Sodium carbonate solution. The precursors and
precipitating agent were provided from Sigma-Aldrich. The specification of solutions
was represented in Table 14.

Table 14 Specification of precursors and precipitating agent solutions.
Molecular weight Concentration

Chemical @) Purity(%wt) (Molar)
Cu(NOs3)2¢3H20 241.6 98.0% 1M
Zn(NO3)226H20 297.4 99.0% 1M
Na2,CO3 106.0 99.5% 15M
g(%purity) CV
M,, 1000
Where:
g = Weight of chemical (g)
Y%purity = Percentage purity of chemical (%wt)
Mw = Molecular weight of chemical (g)
C = Concentration of solution (Molar)
\Y = Volume of solution (ml)

In coprecipitation of Cu/ZnO catalyst, the solid precursor was prepared by the
reaction between precursor solutions and precipitating agent solution as in equation
(a)-(b).

Cu(NO3)2 (ag) + Na2COs (aq) = CuCOs (s) + 2NaNOs (aqg)(a)
Zn(NO3)2 (aq) + Na2.COs (aq) = ZnCOs (s) + 2NaNOs (aq) (b)

Each catalyst synthesis batch, 5g of Cu/ZnO catalyst was desired with Cu:Zn
ratio = 1:1. Amount of each metal was 2.5 g. Therefore, amount of each required
chemical was calculate as following:

25gx2415¢g

=90.7¢
63.55 g x 0.98%wt
2.5gx2974

—_— =116¢
65.38 g x 0.99%wt

To determine used volume of each solution, weights of each metal source
were converted to mole. After that the required volumes were calculated from the
concentration of solution as mentioned above.

Amount of required copper nitrate

Amount of required zinc nitrate

Mole of required copper nitrate = 23‘1752 = 0.0401 mole

Mole of required zinc nitrate = % =0.0386 mole
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_ 0.0401 mole x 1000 ml

Volume of required copper nitrate =40.1 ml

=38.6 ml

1 mole
_0.0386 mole x 1000 ml

1 mole

Volume of required zinc nitrate

From equation (a)-(b):
mole of required sodium carbonate =0.0401 + 0.0386  =0.0787 mole
,but purity was 99.5%wt. the actual required mole =0.0791 mole

: : 0.0791 mole x 1000 ml
Volume of required sodium carbonate = == T =5273ml

1.5 mole

As mentions above, the required information for synthesis of 5g Cu/ZnO
catalyst was summarized in Table 15.

Table 15 information about quantities of chemicals for synthesis of 5 Cu/ZnO
catalyst.

Chemical Required ~ weight Concentration Required
(9) (Molar) volume (ml)

Cu(NOz3)2#3H20 9.7 1M 40.1

Zn(NO3)*6H20  11.6 1M 38.6

Na2COs 8.4 15M 52.73
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A.2. Crystallite size calculation from Scherer’s equation

0.9
d= Brwinicos(0)
Where:
d = Crystallite size (nm)
A = Wavelength of X-ray (Cu-Ka, A = 1.5406 A)
Bewimy = The full width for the half-maximum (FWHM) intensity peak
0 = The diffraction angle

The crystallite size of each element could be calculated from the main peak of
metal in XRD pattern of CuO/ZnO catalyst. In case of the main peak of CuO (111)
was located at 26 = 390 (JCPDS card no. 45-0937), while main peak of ZnO (101)
was at 20 = 360 (JCPDS card no. 79-0206) as indicated in Figure 31. After that,
parameters of each peak were obtained. The calculated crystallite size of CuO and
ZnO were 1.03 nm and 1.02 nm, respectively.

° —— Cu/ZnO (reduced)
—— CuO/ZnO (calcined)

o Cu
® CuO
= Zu

o

Intensity

\\J\«MM"’/\"\W
20
Figure 31 The XRD pattern of calcined CuO/ZnO catalyst (blue line).

i
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A.3. Calibration curve information

A.3.1.Liquid effluents
a). MeOH calibration at 0.05%-1%
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Figure 32 Calibration curve of methanol depended on concentration range

a). 0.05%-1%, b). 1%-40%, and c). 40%-100%.
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EtAc calibration at 0.1%-1%
1.20%

é 1.00% y =0.0130990961x + 0.0000401987 -
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Figure 33 Calibration curve of ethyl acetate at concentration range 0.1%-1%.

Calibration curve equation for amount of products calculation.

Methanol:

Fory = 0.05%-1%,

y [concentration, %vol] = 0.0185045852x [Y%area of methanol] - 0.0002833284
Fory = 1%-40%

y [concentration, %vol] = 0.0142433516x [Yarea of methanol] + 0.0047380065
For y = 40%-100%

y [concentration, %vol] = 0.0082666837x [Yarea of methanol] + 0.1767423460

Ethyl acetate:
For x =0.1%-1%
y [concentration, %vol] = 0.0130990961x [%area of ethyl acetate] + 0.0000401987



Table 16 Raw data of standards methanol for calibration curve establishing.
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Methanol raw data for calibration curve establishing

AVG
Concentration Ql;egl?'f Area of EtOH (G?éeHa of Z‘,’(gﬁa of %Area
MeOH
6045 14899348 0.041 99.959
5614 14038965 0.04 99.96
4461 11056111 0.04 99.96
MeOH 0.05% 2370 6102784 0.04 99.96 0.04
5395 13654741 0.04 99.96
4560 11555390 0.04 99.96
8276 19174693 0.043 99.957
4338 11221190 0.04 99.96
13280 16002763 0.083 99.917
13425 15947221 0.084 99.916
2401 2832659 0.084 99.916
4498 5465986 0.082 99.918
MeOH 0.1% 12270 14977597 0.082 99.918 0.08
9113 11171773 0.082 99.918
11576 14236642 0.081 99.919
7804 9623448 0.081 99.919
11276 14000280 0.08 99.92
23672 15726756 0.15 99.85
20543 15076088 0.14 99.86
MeOH 0.25% 0.14
19995 14412396 0.14 99.86
20520 15044190 0.14 99.86




Table 17 Raw data of standards methanol for calibration curve establishing (cont.).
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Methanol raw data for calibration curve establishing

AVG
Concentration Ql;egl?'f Area of EtOH (G?éeHa of Z‘,’(gﬁa of %Area
MeOH
43726 15502904 0.281 99.719
MeOH 0.5% 39007 13847444 0.281 99.719 0.8
42118 15028388 0.279 99.721
46397 16487738 0.281 99.719
60140 14288121 0.419 99.581
39274 9299072 0.421 99.579
MeOH 0.75% 65231 15619555 0.416 99.584 0.42
57920 13776238 0.419 99.581
61123 14754435 0.413 99.587
88130 15140673 0.579 99.421
60690 10825283 0.558 99.442
87085 15532389 0.558 99.442
MeOH 1% 96289 16546114 0.579 99.421 056
57300 10286434 0.554 99.446
59732 10704616 0.555 99.445
60846 10919443 0.554 99.446
80993 14666236 0.549 99.451
202938 16848572 1.190 98.810
111590 9342608 1.18 98.82
MeOH 2.5% 185157 15632180 1.171 98.829 1.17
201503 17058455 1.167 98.833
152391 12977543 1.161 98.839
430343 16151429 2.595 97.405
422553 16263473 2.532 97.468
298537 11491702 2.532 97.468
207454 7976539 2.535 97.465
MeOH 5% 347317 13477818 2.512 97.488 2.53
376325 14615460 2.51 97.49
189318 7355621 2.509 97.491
232729 9041647 2.509 97.491
437509 16964343 2.514 97.486
933722 12649415 6.874 93.126
873344 11930583 6.821 93.179
MeOH 10% 6.85
833412 11321234 6.857 93.143
967932 13202479 6.831 93.169
2063961 11620393 15.083 84.917 14.86
MeOH 20% 1987983 11459852 14.783 85.217
1838445 10646953 14.725 85.275
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Table 18 Raw data of standards methanol for calibration curve establishing (cont.).

Methanol raw data for calibration curve establishing

AVG
Concentration Ql;egl?'f Area of EtOH (G?éeHa of Z‘,’(gﬁa of %Area
MeOH
1985092 5113654 27.964 72.036
2833073 7653993 27.015 72.985
MeOH 40% 27.15
3647874 9932538 26.861 73.139
3352771 9183901 26.744 73.256
5983664 5463462 52.272 47.728
MeOH 60% 4994925 4793294 51.03 48.97 51.37
3562056 3450871 50.793 49.207
8363319 2214404 79.065 20.935
MeOH 80% 5707688 2130582 72.818 27.182 74.68
2135818 1112839 72.15 27.85
9070067 0 100 0
MeOH 100% 11417304 0 100 0 100.00
9609159 0 100 0

Table 19 Raw data of standards ethyl acetate for calibration curve establishing.

Ethyl acetate raw data for calibration curve establishing

AVG
Concentration  Area of EtAc  Area of EtOH g(;ﬁgaa of Zégﬁa of %Area
EtAc
10765 14944308 0.072 99.928
9198 12179827 0.075 99.925
EtAc 0.1% 7380 9855397 0.075 99.925 0.07
7501 9931648 0.075 99.925
7457 9854768 0.076 99.924
27794 18733573 0.15 99.85
17020 10946611 0.16 99.84
38591 27507508 0.14 99.86
EtAc 0.2% 15965 10681889 0.15 99.85 0.15
13922 8852035 0.16 99.84
17021 11582221 0.15 99.85
15805 10771944 0.15 99.85
38162 9343192 0.41 99.59
40355 9949443 0.4 99.6
EtAc 0.5% 0.40
34659 8839269 0.39 99.61
39863 10164775 0.39 99.61
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Table 20 Raw data of standards ethyl acetate for calibration curve establishing
(cont.).

Ethyl acetate raw data for calibration curve establishing

AVG
o) [0)
Concentration Area of EtAc  Area of EtOH YoArea of YoArea of %Area
EtAC EtOH
EtAc
74981 14689342 0.5 99.5
90967 18349799 0.49 99.51
68552 13523813 0.5 99.5
8871 1699734 0.52 99.48
EtAc 0.7% 0.50
55714 11128596 0.5 99.5
77116 15458601 0.5 99.5
62291 11675792 0.53 99.47
70864 15105787 0.47 99.53
89005 10685556 0.83 99.17
EtAC 1% 103263 13468569 0.76 99.24 0.77
0 102869 13666984 0.75 99.25 '
103710 13978861 0.74 99.26
A.3.2. Gas effluents
CO, calibration curve
@ 250000
=) y = 6698.3x + 27815 O
> 200000 R2=009856 = .t
= ' ®. "
'g 150000 P
s ¢
© 100000 X A
8 .........
« 50000 o
o
§ 0
< 0 5 10 15 20 25 30 35

Concentration

Figure 34 Calibration curve of carbon dioxide at concentration range 5%-30% (old
calibration curve).
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CO, calibration curve

140000
S
" 120000 y =546473x + 5432.4 .
o
=5 100000 R2=0.9982
S 80000 =9
o
S 60000 o
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5 40000 e
S 20000
| —
< 0
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Concentration

Figure 35 Calibration curve of carbon dioxide at concentration range 5%-20% (new
calibration curve).

COg calibration curve equation
For experiment that was tested before 1st January 2021,
y [Area of carbon dioxide] = 6698.3x [Concentration] + 27815

For experiment that was tested after 1st January 2021,
y [Area of carbon dioxide] = 546473x [Concentration] + 5432.4
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Table 21 Raw data of standards carbon dioxide for calibration curve establishing (old
calibration curve data).
Carbon dioxide raw data for calibration curve establishing
Concentration Area of CO2 AVG Area CO2
50091
65330
5% 57396 55463.8
53507
50995
90505
10% 99876 94459.7
92998
124266
15% 128306 126286
153164
17.5% 151524 152344
167655
20% 164911 170933
180234

30% 220486 220486
Note: the old Co2 calibration curve was used for experiment that was tested before 1st January 2021

Table 22 Raw data of standards carbon dioxide for calibration curve establishing
(new calibration curve data).
Carbon dioxide raw data for calibration curve establishing
Concentration Area of CO2 AVG Area CO2
34473
5% 33535 33828
33476
59502
10% 59616 59362
58968
84442
15% 86524 85623
85903
116462
116400
20% 116246 116153.3
115505

Note: the new CO; calibration curve was used for experiment that was tested after 1st January 2021
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A.4. Activity calculation

The activity parameters including yield of methanol, and selectivity of methanol were
calculated following equations below, respectively.

_ Mole of methanol product

x100
Mole of feeding CO2
_ Mole of methanol product

Yield of methanol

Selectivity of methanol x100

Mole of all products

Example: yield of methanol calculation

Experiment: 2.6g Cu/ZnO at 150 °C, 5 MPa

The liquid effluent was collected for analysis by gas chromatography technique. A
few amounts of liquid effluent (about 0.2 ul) were injected into GC 3-4 times. The
area of chemicals was represented below.

Chemicals Areal Area 2 Area 3 Area 4 Average
MeOH 151712 148133 153085 148377 150326.75
EtOH 16147759 15894917 16362592 15977076 16095586
EtAc 73041 74122 73995 72458 73404

The area of each chemical was averaged. After that, the percentage of each chemical
in solution was calculated.

Chemicals Average %Area
MeOH 150326.75 0.921158357
EtOH 16095586 98.6290434
EtAc 73404 0.449798243

The percentage of methanol area was 0.92%. Therefore, the calibration curve equation
for concentration range (1%-40%) was chosen for calculation

y [concentration, %vol] = (0.0142433516x [%area of methanol]+ 0.0047380065)x100
y [concentration, %vol] = (0.0142433516 x (0.921158357) + 0.0047380065)x100

y [concentration, %vol] = 1.786 %vol

1.786 % The final liquid effluent volume was 55 ml.
Total methanol volume =55ml x 1.786 %vol =0.98 ml

After the total methanol volume was carried out, the mole of methanol was calculated
(density of methanol = 0.792 g ml*, molecular weight of methanol = 32 g mol™?)

_ 0792g

cm3
0.78 g

32gmol 1

Weight of total methanol x098ml =0.78¢

Mole of total methanol = =0.0243 mole
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The mole of CO; feeding was calculated using ideal gas law.
PV =nRT

Where: P = Pressure (Pa)
\Y/ = Volume of gases (m?)
n = Mole of gases (mole)
R = The gas constant = 8.314 Pam® molt K1
T = Temperature (K)

System: pressure = 5 x 10° Pa, reactor volume = 250 x 10° m?3, liquid volume = 60 x
10% m3, temperature = 150 °C, and CO2:H, molar ratio = 1:3
Therefore,

Mole of CO; feeding

_ (5x10° Pa) x ((250—60) x 10~5m3) _

0.0675 mole

4 x (8314 ’::orl";) x (273+150 K)
. 0.0243 mol
Therefore, yield of methanol = ————x 100 = 36%
0.0675 mol

Example: selectivity of methanol calculation

Experiment: 2.6g Cu/ZnO at 150 °C, 5 MPa

According to example: yield of methanol calculation, the mole of methanol was
0.0243 mole. For mole of ethyl acetate, the calculation was similar to how to find
mole of methanol except the calibration curve. Finally, the percentage of ethyl acetate
area (0.59 %vol) was obtained.

Total ethyl acetate volume = 55 ml x 0.59 %vol = 0.32 ml

After the total methanol volume was carried out, the mole of methanol was calculated
(density of methanol = 0.902 g mI*, molecular weight of methanol = 88 g mol™)

Weight of total methanol = O'j::;g x0.32ml =0.293¢

Mole of total methanol &g_l =0.00334 mole
88 g mol

Therefore,
0.0243 mol

x100 = 87.9%

Selectivity of methanol =
0.0243 mol + 0.00334 mol

The summary of methanol yield and selectivity of all experiment was represented in
Table 23 below.
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Table 23 Summary of methanol yield and selectivity of all experiment.
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A.5. Carbon balance calculation

% Carbon balance =

Mass Ciplet - Mass Coutlet

Mass Ciplet

x 100

64

From the reaction, source of inlet carbon was carbon dioxide only. Ethanol was not
considered because it was not used as reactant in this reaction.

Therefore, TAT

Mass Ciniet = C in CO> feeding

Methanol was a product from CO>

Therefore,

Mass Coutlet = C in methanol + C from CO; remaining

In section A.4., mole of CO, feeding and methanol of all experiment were reported in
Table 23. The mass of carbon was calculated (molecular weight of carbon = 12). The

mass of carbon from CO> feeding and methanol was represented in Table 24

Table 24 Mass of carbon from CO> feeding and methanol

mole C mass C

Temp. feeding feeding mole - mass C
o Exp. Batch MeOH [MeOH]
(°C) [CO2] [COg] (mol) @

(mol) (9)
Cu0O/zZn0O 0.068 0.815 0.0094 0.113
Cu/ZnO 0.068  0.815 0.0243  0.292
Cu/ZnO+3A(2:1) 0.068  0.815 0.0289  0.347
150 Cu/ZnO+5A(2:1) 0.068 0.815 0.0261 0.314
Cu/ZnO+3A5A 0.068 0.815 0.0273  0.328
Cu/ZnO+3A(1:1) 0.068 0.815 0.0238 0.286
Cu/ZnO+5A(1:1) 0.068 0.815 0.0196 0.236
Cu/ZnO 0.071  0.851 0.0217 0.260
130 Cu/ZnO+3A 0.071  0.851 0.0237 0.284
Cu/ZnO+5A 0.071 0.851 0.0220  0.265
Cu/ZnO+3A5A 0.071  0.851 0.0226  0.272
100 Cu/zZnO 0.077  0.919 0.0028 0.034




Example: mole of unreacted CO; calculation (old calibration curve)
Experiment: 2.6g Cu/ZnO at 150 °C, 5 MPa

Mole of CO, remaining was calculated by using CO> calibration curve. Gas effluent
was analyzed by GC

EXp. Chemical Area

Cu/ZnO 150°C CO2 116511
114596
107625
103468
94273
90059

AVG area 104422

Percentage of CO; in gas effluent was determined by using CO; calibration curve

y [Area of carbon dioxide] = 6698.3x [Concentration] + 27815
(104422) = 6698.3 x[Concentration] + 27815
X[Concentration] = (104422-27815)/6698.3*100

x[Concentration] = 11.4%

After that, the ideal gas equation was used to find mole of CO..
Conditions after running reaction
Remaining liquid volume =55 ml

Final pressure = 4.23 MPa at 150 °C

114 (4.23x10°P 250—55) x 107%m3
=14, Q23x10 PO X (250739 X 19 ) = 0.027 mole

mol K

Mole of CO2 remaining

100 (8.314 ) x (273+150 K)

Therefore,

0.027 + 0.024
% Carbon balance = —————

068

x 100 =75.3%

65
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Example: mole of unreacted CO> calculation (new calibration curve)
Experiment: 2.6g Cu/ZnO at 130 °C, 5 MPa
Mole of CO> remaining was calculated by using CO> calibration curve. Gas effluent

was analyzed by GC

EXp. Chemical Area

Cu/ZnO 130°C CO2 64079
64370
64737
65163

AVG area 64587.25

Percentage of CO: in gas effluent was determined by using CO> calibration curve

y [Area of carbon dioxide] = 546473x [Concentration] + 5432.4
(64587.25) = 546473 x[Concentration] + 5432.4
X[Concentration] = (64587.25-5432.4)/546473*100
x[Concentration] = 10.8%

After that, the ideal gas equation was used to find mole of CO..
Conditions after running reaction

Remaining liquid volume =55 ml

Final pressure = 2.73 MPa at 24 °C

_10.8  (2.73x10% Pa) x ((250-55) x 107%m3) _

Mole of CO2 remaining =0.023 mole

- 100 Pam3
(8.314 mol K

) x (273424 K)
Therefore,

0.023 + 0.022
% Carbon balance = —————

0.071

x 100 = 63.5%

It should be note that % carbon balance was not precise because some CO: also
converted to CO through reverse water gas shift reaction. the CO calibration curve
should be established further to determine mole of formed CO. if mole of CO was
considered in calculation, the precise % carbon balance would be achieved.

% Carbon balance for all case was reported in Table 25.
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Table 25 % Carbon balance for all experiments.
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