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ABSTRACT

Increasing tensions over global warming, talks about a sustainable future and a huge im-
balance in closure of the carbon cycle indicate a response for developing efficient con-
version of CO, and syngas obtained from renewable sources. Thermochemical conver-
sion of carbon oxides (CO and CO3) in combination with hydrogen to produce methanol
in the presence of catalyst provides a pathway to close this carbon cycle. Steady state
activity tests were carried out in a small integral reactor for methanol synthesis from a
mixture of either CO/Hy or CO,/H,. The temperature was varied from 200 to 300°C,
while the total pressure was held constant for CO/H; at 85 bar and CO»/H, at 60 bar
keeping stoichiometric flow of hydrogen at GHSV of 24,000 hr™*.

Four different metal oxides namely ZnO, ZrO,, MgO and CeO, were investigated for sup-
port effects on active Cu along with different combinations among them while keeping
commercial catalyst as the benchmark. Catalysts were prepared using urea hydrolysis
method. It was found that ZrO, and MgO show higher selectivity however the latter does
not exhibit comparable conversion as the commercial catalyst for CO, hydrogenation.
Detailed GHSV study for Cu-ZrO, paint a completely different picture showing higher
methanol selectivity (64%) with increasing space velocity (at GHSV of 32,000 hr™!). In
case of CO hydrogenation, commercial catalyst performs the best, albeit displaying signs
of carbon deposition at higher temperature (280°, 300°C). This situation is circumvented
by employing ZnO/MgO combination as a support.

Cu-CeO;, exhibited characteristics of an excellent water gas shift catalyst. This led to a
novel configuration of mixed bed consisting of Cu-CeO, with commercial catalyst. Re-
sults indicate that this combination improves the methanol yield by atleast 30% as com-
pared to commercial catalyst at a high GHSV of 24,000 hr~.

Keywords : Copper, CO2 hydrogenation, GHSV (Gas hourly space velocity), Methanol, Urea hydrolysis.
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INTRODUCTION

1.1. CONTEXT

Here is a growing consensus about the greenhouse potential of carbon dioxide and
T its causal link between global warming. Atmospheric CO, levels show an increasing
trend over the past few years and are currently the highest during post-industrial rev-
olution era[1]. This has led to establishment of several international institutions such
as Intergovernmental Panel on Climate Change (IPCC) and the United Nations Frame-
work Convention on Climate Change. Although CO; is the main culprit for this situation,
humanity relies heavily on technologies powered by fossil fuels further aggravating the
issue. Despite shifting our dependence from fossil fuels to renewables for energy con-
sumption, reliance of mankind on carbon as an element is huge. This is evident by the
share of petrochemical industry in everyday products. Because of the incomplete car-
bon cycle, it may run out of its most important feedstock. Increasing efforts of replacing
coal with biomass as a source of syngas, and converting CO, to methanol will help in
contributing to overall sustainable development.

1.2. BACKGROUND

ETHANOL is a versatile chemical compound. It is widely used as a raw material

to produce a wide variety of chemicals based on fossil fuels such as Ethylene or
Propylene in the Methanol to Olefin (MTO) process[2]. It has also been widely suggested
to be used as a fuel in the Methanol economy proposed by Steinberg and Olah, wherein
methanol and dimethyl ether replace conventional fossil fuels as fuel source, and raw
materials for producing synthetic hydrocarbons. Methanol can be used in Internal Com-
bustion Engines (ICEs) either in its pure liquid state or as a blend with gasoline. These
features make it a stand-out alternative which can be easily scaled up in production and
possesses less safety issues for transportation and storage when compared to hydrogen
as a fuel[3]. Another advantage of producing methanol is that its synthesis is already
done on a large scale, thereby circumventing the need of scaling up the process in terms
of maturity and technical knowledge.
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1.2.1. METHANOL FROM SYNGAS

The traditional method of producing Methanol is upgrading synthesis gas (also known as
syngas) via hydrogenation. Synthesis gas can be produced from a wide variety of sources
such as natural gas, shale gas, coal and biomass. Methanol from syngas involves the
following reactions:

CO(g) + 2H2(g) A CHgOH(g) AHzgg = —90.5k]/m0l (1.1)
COg(g) +3H2(g) - CHgOH(g) + Hzo(g) AHygg = —49.4k ]/ mol (1.2)
COg(g) + Hg(g] - CO(g) + HZO(g] AHygg =41.1kJ/ mol (1.3)

Syngas is converted to methanol in the operating range of 250-300°C, 50-100 bar with SN
(Stoichiometric number) ranging from 2-2.1 (30% of the carbon in syngas is composed
of CO,[4]) over commercial catalyst (Cu/ZnO/ Al,O3)[5].

SN = YH, — YCO,

= (1.4)
Yco+yco,

Here, y denotes partial pressure or mole fractions of the gaseous components according
to the subscript notation. The desired SN (stoichiometric number) in the feed is equal
to 2. SN > 2 indicates an excess of hydrogen while SN < 2 indicates carbon rich feed mix-
ture.

Reactions 1.1 and 1.2 are highly exothermic in nature and involve reduction in number of
gases towards the product side. Hence, according to Le Chatelier’s principle, high pres-
sure and low temperature favour higher conversion. However, due to kinetic limitation
at lower temperatures, the reaction cannot be performed at this condition due to low
single pass conversion.

1.2.2. METHANOL FROM COy

Although CCS (Carbon Capture and Storage) provides a solution for capturing CO; from
the atmosphere and storing it underground or some other facilities, it poses an inherent
risk of a possible leak in the future and treats CO, as waste instead of producing valuable
chemicals. CO, hydrogenation to methanol goes a step further than CCS. It produces
methanol which acts as feedstock for other products, not only adding value to the CO,
captured but consequently closes the carbon cycle. Moreover, production of methanol
from CO> has attracted attention recently as it provides an alternative for industrial syn-
gas hydrogenation process due to its reported high reaction rates. Besides this, the pro-
cess has potential of being highly sustainable, given the required hydrogen is produced
via electro-chemical splitting of water using electricity from renewable sources such as
wind and solar.
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Figure 1.1: Closing the carbon cycle via CO2 hydrogenation to Methanol[6]

Since 2012, CRI has been producing methanol from CO, from waste gas streams
and hydrogen from renewable power. The plant has production capacity of 50,000-
100,000 ton/year of methanol[7]. A traditional methanol production plant produces 0.7
ton CO; per ton methanol from natural gas reforming while more than 3 ton CO, per ton
methanol based on coal gasification. However, CRI’s plant in Iceland consumes 1.3 ton
CO; per ton of methanol produced from industrial point sources of CO, emissions. This
demonstrates the potential of the process to be greener and sustainable while tackling
the issue of reducing CO, concentration in the atmosphere|[8].

1.2.3. THERMODYNAMIC ANALYSIS

It should be noted that reaction eqs. (1.1) to (1.3), are linearly dependent and a combina-
tion of any two is sufficient to describe the equilibrium mixture. Reactions (1.1) and (1.2)
are reversible, exothermic in nature and have less number of gaseous products against
reactants. Hence, low temperature and high pressure are favourable to drive the equilib-
rium towards full conversion. However, low temperature results in slower kinetics of the
reactions rendering them incapable for large scale production of methanol.
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Figure 1.2: Thermodynamic data at different pressures for CO, hydrogenation to methanol '. Reaction
conditions: P = 60 and 85 bar, Temperature = 200 - 300°C, CO2:Hp = 1:3. No CH4 was considered while
performing equilibrium conditions.

From Figure 1.2, it can be seen that at low temperatures (below 200°C) and high pres-

sure, conversion of CO; is ca. 90% for 85 bar, and 60% for 60 bar. Moreover, selectivity
towards Methanol is the highest ca. 100% at temperatures below 200°C. This operating
condition suffers from being kinetically slow for a considerable conversion to be ob-
tained. It can be said that the conversion is kinetically limited in this temperature range
but not thermodynamically.
As we move higher up with temperature from 240 to 300°C, we can observe the conver-
sion of CO; staying within a range of 5-10% of each other. This is the temperature range
used in the industry for producing Methanol from syngas. Change in kinetics within
this temperature range is significant. However, a significant decrease in selectivity is ob-
served. This is because of the competitive RWGS (Reverse Water Gas Shift) Equation 1.3
occurring as a side reaction which is endothermic in nature. Increasing temperature re-
sults in more selectivity towards this side reaction consequently forming CO. It can be
concluded that at higher temperatures (greater than 240°C), even though kinetics are
favourable for greater conversion, a limitation occurs because of thermodynamics of
RWGS reaction (1.3) and exothermic nature of CO, to methanol (1.2). This push and
pull effect/interplay of kinetics and thermodynamics results in a narrow operating win-
dow of temperature for direct CO, conversion to methanol.

I The above data were obtained by using ASPEN Plus v8.8 and SRK equation of state for Equilibrium reactor
configuration. This equilibrium data matches the value calculated for 250°C and 50 bar by Gallucci et al.[9]
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1.2.4. CATALYSTS
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Figure 1.3: Catalysts used for Methanol synthesis[10]

Metals such as Cu, Zn, Cr and Pd are employed to reduce the formation of byproducts
such as hydrocarbons and maximise selectivity towards methanol. Metal oxides such
as ZnO, Zr0,, and SiO, are widely used as supports. The Cu-ZnO combination of cat-
alysts remains the most widely used for industrial methanol synthesis. These catalysts
are prepared via co-precipitation method leading to high Cu loading and dispersion[11].
During this preparation method, formation of aurichalcite ((Cuy,Zn;_x)5(CO3)2(OH)g)
mineral is desired. This leads to a highly dispersed Cu® metal area when CuO is reduced
in the presence of hydrogen[12]. Many authors correlate the activity of Copper-based
catalysts to the metallic Cu surface area. Water formed along with methanol as a prod-
uct of direct CO, hydrogenation leads to crystallisation of Cu and ZnO, thereby causing
sintering and rapid catalyst deactivation[13].

In recent studies, ZrO, has been shown to exhibit good support and promoter charac-
teristics. It shows less hydrophillic character as compared to Al,Os3, thus inhibiting the
sintering effect due to presence of water on the catalyst[14]. The introduction of ZrO;
leads to formation of strongly basic sites which were shown to be favorable for Methanol
selectivity under the work done by Gao et al.[15]. Due to this, the Cu-ZnO-ZrO, (CZZ) has
received significant interest in the catalysis community. Furthermore, the doping effect
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of Manganese (Mn) on the CZZ system was investigated by Lachowska et al., wherein it
was found that the selectivity to methanol was higher than the commercial catalyst[16].

Many authors in the late 20th century have related the activity of catalyst to the surface
area of metallic Copper. However, Chinchen et al. reported in 1986, that adsorbed Oxy-
gen from CO; present in the reaction mixture was responsible for promoting adsorption
of CO2 and H, molecules. Unpromoted H, adsorption was considered to be fast enough
to sustain methanol synthesis[17]. He concluded that only metallic copper sites were re-
sponsible for conversion of syngas to methanol and ZnO as a support had no promoting
role in the reaction. Several investigations found that Cu* might be functioning as the
active sites in Methanol synthesis along with metallic Copper. Szanyi et al. found that
the activity of Cu(100) surface doubled upon oxidation with respect to clean (oxygen-
free) Cu(100) surface. The low activity for clean Cu(100) surface was attributed to ab-
sence of impurities which help in promotion of ionic Copper concentration[18]. These
theories were disputed in the last decade of 20th century, with several authors citing the
promotional effects of zinc oxide which are discussed further.

Apart from the role of metallic and ionic
Copper sites, a solid-state interaction
between Cu and ZnO results in higher
Methanol activity and selectivity. By
exposing CO/CO»/Hy mixture to both
Cu/Zn/Al and Cu-ZnO film, Chen et al.
found that CO is bound to Cu sites while
H is bound to ZnO. They concluded that
presence of ZnO increased the CO ad-
sorbing capacity of Cu and provided syn-
ergistic boost for subsequent hydrogena-
tion to Methanol[20]. Kanai et al. pro-
posed the formation of Cu*-O-Zn species
due to migration of ZnO, over to the cop-
per surface and formation of Cu-Zn al-
loy. This formation of active species was
caused by the synergistic effects of Cuand
Zn0[21]. It is a well-established phenom-
ena among the catalyst community that
the activity is due to synergistic effects between main catalyst and support or promoter.
As explained by Kanai et al.[21] and confirmed by Fujitani et al.[22], this could be due
to transfer of species among different components which could or could not be in direct
physical contact.

Figure 1.4: Cu ZnO synergy[19]

Since ZrO; is less hydrophillic in nature as compared to conventionally used Al,O3[14],
researchers have tried to take advantage of the synergistic effects of ZrO, as a promoter
along with ZnO leading to a class of catalysts known as CZZ (Cu/Zn0O/ZrO,). Recently
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in 2017, Wang et al. have demonstrated a very high methanol selectivity (86-91%) and
10% conversion by using a binary ZnO-ZrO, solid-state catalyst at operating conditions
of 5.0 MPa and 315-320°C with H,:CO ratio of 3:1 to 4:1. This catalyst demonstrated
very high stability results for operation of 500hrs onstream[23]. They concluded strong
synergistic effects between ZnO and ZrO;, because methanol productivity of 13% ZnO-
710, catalyst (molar basis) was found to be six times of that of mechanically mixed ZnO
and ZrO,. It was also shown recently in 2019 by Wang et al., that similar high conversion
and selectivity can be obtained by employing a CZZ catalyst at milder conditions of 3.0
MPa and 220°C[14].

The synergy between Cu and ZrO; is mainly attributed to the interfacial Cu-ZrO, sites
formed. Ro et al. found that the turnover frequency was an order of magnitude higher
because of these interfacial sites. Further evidence suggested the oxidation states of
these sites to be Cu® and Zr*4[24]. A physical mixture of Cu-SiO, and ZrO,-SiO, did
not show an increase in the rate of methanol formation inspired from the work done
by Kanai et al. to determine similar synergistic effects for ZnO. This suggests that in
case of ZrO,, there is no transfer of species among the catalyst components and indeed,
the activity is due to the interfacial sites present. According to Koeppel et al., efficient
Cu/ZrOy catalysts consist of micro-crystalline Copper particles stabilised through in-
teraction with amorphous ZrO, matrix. This configuration resulted in the high inter-
facial area[25]. Rhodes and Bell in 2005, found that the phases of ZrO, have an effect
on conversion and selectivity towards Methanol. It was found that Cu/m-ZrO, was 10
times more active and exhibited greater selectivity towards Methanol at 3.0 MPa and
tempertures between 200 - 250°C for feed of 3 H,/CO[26]. Samson et al. confirmed this
phenomena by performing reaction for CO, hydrogenation over Cu/ZrO; catalysts with
varying degree of tetragonal and monoclinic phases of the support. They found an in-
crease in methanol production with increasing content of t-ZrO, [27].

More recently, Magnesium oxide (MgO) has also been explored as a form of support for
Cu catalyst. The basicity of MgO enables adsorption of CO» on the catalyst and modi-
fies the reaction pathways[28]. Liu ef al. performed CO, hydrogenation over a Cu TiO,
supported catalyst promoted by MgO. They found that the yield was influenced by the
basicity of the surface of catalyst and maximum yield of methanol is obtained at 1% load-
ing of MgO[29].

We can see that focus of catalyst development with regards to CO, hydrogenation to
methanol has been mostly towards the Cu-ZnO family. In recent years, because of its
high activity and the phenomena of Metal-support interaction gaining traction, CZZ
class of catalyst is being researched quite significantly. But, there still remains other class
of metal oxides such as MgO, CeO,, TiO, which need to be investigated for such interac-
tions.

CATALYST PREPARATION
Out of the different methods for preparing catalysts such as Sol-gel, impregnation (wet
and dry), or chemical vapour deposition, co-precipitation method is widely used. Higher
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degree of mixing on atomic scale, high metal loading and dispersion can be achieved
through this method. Conventionally, metal precursors are mixed with basic precipitat-
ing agents such as CO2~, HCOj and OH™. Nitrates are used as metal precursors because
of their high solubility. This is followed by heating the mixed solution which causes pre-
cipitation of the catalysts in their hydroxide and carbonate form. In case of Cu-ZnO
based catalysts, formation of a crystalline zincian malachite and aurachalcite is deemed
desirable for highly activity[30]. Precipitation is followed by ageing, drying, calcining
and reduction (final step before reaction). Since porosity is created during synthesis in
co-precipitation method, control over morphology and texture needs precision[31].

As discussed before, co-precipitation requires a basic precipitating agent and Na,COj3
is widely used as one. Using Na,CO3 has its own drawbacks. Presence of Na* or NO3
during calcination results in Cu agglomeration. This decreases final metal dispersion
consequently decreasing the catalytic performance[32]. To prevent this, the precipitates
(residues) are extensively washed with water to remove Na* or NOj before drying. This
has led to several authors using other precipitating agents for co-precipitation method.
Hong et al. reported a Cu/Zn0O/Al, O3 catalyst exhibiting higher metallic copper surface
area and high activity prepared via gel-network coprecipitation method. They used a
gelatin polymer to form a gel of the metal nitrate solution which was dipped in an ox-
alic acid solution to obtain precipitates[33]. In another study, Smith et al. prepared a
co-precipitated Cu/ZnO catalyst using acetate precursor salts and ammonium carbon-
ate as the precipitating agent. It was found that an amorphous zincian georgeite mineral
is formed and it shows better performance to a zincian malachite derived catalyst for
methanol synthesis from syngas mixture[34].

In this work, we will focus on studying the support and promoter effects of metal oxides
such as ZnO, MgO, ZrO, and CeO; with Cu as active site. Difference between methanol
synthesis from CO and CO, hydrogenation is also studied. The catalysts will be pre-
pared via co-precipitation method. Urea is chosen as the precipitating agent in this work
against the traditionally used Na,COs. This has several advantages:

1. Produces less waste water.
2. No Na* ions in the precipitate/residue to wash.
3. More environment friendly.

4. Homogeneous composition of catalyst particles due to slow release of NHj.
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EXPERIMENT

2.1. CATALYST SYNTHESIS

For the purpose of catalytic testing, Urea hydrolysis method was used for co-precipitating
catalysts. Nitrate precursors of metals were used for this method. The main advantage
of this method is no production of waste water into the environment. Conventionally,
Sodium carbonate (Na,CO3) is used as a precipitating agent. But, using this compound
leads to production of waste water because of the washing of Na* ions from precipitate.
Urea hydrolysis method is slow and the pH is controlled by the release of NH3 from urea
molecules. During hydroysis, OH™ ions are generated from Equation 2.1.

CO(NH,), + H,O—2NH, + HCO; + OH~ (2.1)

This in turn controls the precipitation rate and ensures that no concentration gradient of
precipitants is in the solution[1, 2]. The ratio of Urea used against the nitrate precursors
was 4:1. The content of CuO to other metal oxides was maintained around 32 to 40 wt%.
All the required chemicals were weighed and dissolved in 500 mL of deionised water.
This solution was then transferred to a round bottom flask which was heated at 90°C
and stirred continuously for 24 hours.

Table 2.1: Metal precursors used during catalyst synthesis by urea hydrolysis method

Metal | Precursor used Molar mass of precursor (g/mol)
Cu Cu(NOs)2. 3H,0 241.6

Z/n Zn(N03)2. 6H20 297.5

Zr ZrO(NQO3),. xH,0O | 231.23

Mg Mg(NO3),. 6H,O | 256.4

Ce Ce(N03)2. 6H20 434.23

After this, the solution was cooled down to room temperature and vacuum filtered
and washed with 500 mL of deionised water. The precipitate was then dried for 12 hours

13
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after which, it was calcined. The calcination was done in a furnace where the dried pre-
cipitate was heated at a rate of 2°C/min upto 300°C and maintained for 1 hour at this
temperature. The furnace was allowed to cool down to room temperature naturally. Af-
ter this, the catalyst was pelletised and sieved in size of 90-300 micron.

2.2. CATALYTIC ACTIVITY TESTING

o
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Figure 2.1: Schematic of reactor setup

The experiments were carried out in a quartz glass tube lined Stainless steel reactor with
ID of 4 mm. Samples of 200 mg of catalyst (sieve fraction 90-300 microns) diluted with
SiC were packed in this reactor. Filters with mesh size of 5 microns were placed upstream
and downstream of the reactor to ensure no foreign particles contaminated the reactor.
The flow and composition of the inlet gas were controlled by 4 MFCs (Mass flow con-
trollers) with description below.
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Table 2.2: Mass flow controllers detailed description

Gas Range (mL/min)
MFC-01 N> 0-300
MFC-02 | CO,/H, mixture (30:70) 0-600
MEFC-03 CO 0-300
MFC-04 H, 0-600

The pressure at the inlet of the reactor was controlled by a needle valve PIC-01 lo-

cated at the downstream of the reactor. Composition of the outlet gas was analysed by
a Gas Chromatograph with 3 different channels for detection (Detailed description of
the GC provided in Appendix E). All process lines were heated to 120°C to prevent con-
densation of methanol and water. The gas-liquid separator module was bypassed for all
experiments performed.
The catalyst in its oxide precursor state was reduced in a pure Hy stream at 300°C for
30 minutes under atmospheric pressure. The reactor was then cooled down to room
temperature. The system was first pressurised and then heated to the required process
conditions. The catalytic activity was determined under the following conditions:

1. For CO; hydrogenation to methanol: pressure of 60 and 85 bar (considering 5%
N, in feed composition, actual total pressure of CO, and H, was 57 and 80.75 bar
respectively), temperature range of 200 - 300°C, GHSV = 24000 1/hr with a stoi-
chiometric ratio of H»:CO, = 3:1.

2. For CO hydrogenation to methanol: pressure of 85 bar (considering 5% N in feed
composition, actual total pressure of CO and H, was 80.75 bar) , temperature range
of 200 - 300°C, GHSV = 24000 1/hr with a stoichiometric ratio of H:CO = 2:1.

It should be noted that GHSV stands Gas Hourly Space Velocity which can be thought
of as the velocity of the reaction mixture. The higher the GHSV number, higher is the
reactant velocity and lower the residence time of reaction mixture in reactor. Technically,
GHSV is calculated using the following formula.

Volumetric flow of reactant gases

GHSV = (2.2)

Catalyst bed volume

The catalysts were tested for a period of 130 minutes over each temperature value at a
20°increase in step size from 200 until 300°C. It was assumed that there were no trans-
port limitations present in the reactor. A detailed analysis of the same can be found in
Appendix C.

CO; hydrogenation to methanol The conversion of CO, and selectivity to methanol
were calculated using the following equations:

FCO in _FCO ou
Xco, = Z'FTZ" %100 (2.3)
2,in

F,
SMeoH = CHOfow___ 4100 @2.4)

Fer;0Hpur + FCOput
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Fco,,

Sco= * 100 (2.5)

FCHSOHauZ + FCOout

CO hydrogenation to methanol The conversion of CO and selectivity to methanol were
calculated using the following equations:

Fco,, = Fcogu,

Xco= Feo * 100 (2.6)
F
SmeoH = CHsOHow___ 4 100 @.7)
FCHSOHout + FCOZ,out
Fcoyou
Sco, = Zout %100 (2.8)

Fch;0Hou: + FCOs,0u

Although Equation 1.1 suggests CH3OH being the only molecule formed as a product
of CO hydrogenation, formation of CO, was noted at higher operating temperatures.
Only CH30H and CO were detected as the product and by-product respectively of CO,
hydrogenation. No peaks of CH; were detected in the chromatograph in case of either
CO or CO; hydrogenation.

2.2.1. REACTOR CONFIGURATION
The mesh size of the particles was cho-
sen such that the ratio of d;/d, > 10. This
was done to ensure negligible wall effects
due to inefficiency of packing near the
walls[3].
The volume of 200 mg catalyst sample
4 was insufficient for bed height to experi-
ence negligible axial dispersion. Hence,
Loea2 20 mm dilution of the catalyst bed with SiC par-
ticles of 80 micron mesh size was done

Catalyst particles diluted which is inert to the reactions taking

with SIC place. This has several positive effects
¥ such as:
Quartz wool 1. Enhanced heat conduction in the
bed.

2. Decreased axial dispersion effects
due to a larger bed height.

3. Distribution of the heat generated
by exothermic reactions over a
larger volume of bed.

D;=4 mm

Figure 2.2: Detailed reactor configuration
8 8 Care should be taken to ensure complete

homogeneous mixing of the catalyst with
the diluent. Otherwise, it may lead to bypassing of the catalyst. As a rule of thumb, the
catalyst bed should not be diluted more than 5 to 10 times[4]. A detailed analysis of this
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problem in context of the reactor configuration is done in Appendix A on the basis of the
work done by van den Beek et al..

2.3. CHARACTERISATION
2.3.1. N, O TITRATION
The amount of active metallic Copper surface area in the reduced catalysts was deter-
mined through reactive adsorption of N,O at 90°C. The measurements were carried out
in a flow reactor made of quartz glass with a length of 20 cm and inner diameter of 6
mm. Catalyst of approximately 300 mg was reduced in the presence of 30mL/min 10%
H,/Ar mixture flow at 300°C over a period of 10 minutes at a ramp rate of 10°C/min. Af-
ter this, the catalyst was cooled down to 90°C. Then, 150uL of N»O pulses were injected
every 4 minutes until Equation 2.9 was completed. The amount of reacted N, O, released
N, were measured using a mass spectrometer (Prisma QMS200 Pfeiffer). It is assumed
that reoxidation of the reduced Copper metal sites takes place according to the following
reaction.

2Cu(5) +N20(g) — CMQO(S) +N2(g) (2.9)

The copper surface was calculated based on the assumption that copper crystallites are

spherical.
moles of N> O # SF * N4
Scu = (2.10)
SDcy, * mass of catalyst

We obtain copper surface area in m?/g. SF is Stoichiometric factor equal to 2, N, is
Avogadro’s number equal to 6.022*10% atoms/mol and SD¢,, is copper surface density
equal to 1.47*10'¥ atoms/m?.

2.3.2. XRD ANALYSIS

The structures of the samples were measured by X-ray diffraction(XRD) using a Bruker
D8 Advanced diffractometer with Co Ka source (A =0.179 nm). The operations were car-
ried out at 35 kV and 40 mA using Lynxeye position sensitive detector. The samples were
measured in the range of 15°<260<90°with step mode (A step size of 0.01°and a measuring
time of 6s per step were employed).
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RESULTS AND DISCUSSION

3.1. CO, HYDROGENATION
3.1.1. EFFECT OF METAL OXIDE PROMOTERS ON C02 HYDROGENATION FOR

CU-BASED CATALYST
Commercial catalyst (Cu/Zn0O/Al;03) is chosen as the benchmark catalyst for CO, hy-
drogenation to methanol. First, Cu-ZnO catalyst prepared by Urea hydrolysis is com-
pared against the commercial catalyst (Cu/Zn0O/Al,Os).
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Figure 3.1: Effect of temperature on 3.1a - CO2 conversion and 3.1b - Selectivity towards methanol.
Reaction conditions: P = 60 bar, GHSV = 24,000 h~! and CO2:Hp =1:3.
Catalysts used: A : Commercial catalyst (Cu/ZnO/Al»03), B : Cu-ZnO, C: Cu-ZrO2, D : Cu-MgO

As can be seen from Figure 3.1, the conversion increases linearly with temperature
upto 260°C and then begins to plateau at a conversion of ca. 22%. But, a closer look at the
selectivity trend shows a decreasing trend towards methanol suggesting preference for
the competing, endothermic RWGS (Equation 1.3) with increasing temperature. Inspite
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of higher selectivity (greater than 45%) towards methanol at temperatures below 240°C
and favourable thermodynamics, both the commercial and Cu-ZnO catalyst suffer from
low conversion, ca. 10% and 7% respectively. This shows that the low temperatures, the
reaction is under kinetic regime where the conversion of CO; is limited by the kinetics.
However, at temperatures ranging from 260-300°C, the conversion of CO; seems to be
flattened and there is no corresponding gain with increase in temperature. On the other
hand, selectivity towards methanol also seems unfavourable as it drops from ca.45% to
30% with increase in T. In this higher temperature range, thermodynamics has an upper
hand over kinetics concerning the selectivity towards formation of CO via RWGS reac-
tion. This can also deduced from the graphs in Figure 1.2a and Figure 1.2b, where the
maximum thermodynamic conversion of CO, stays relatively constant ca. 26-28% in this
higher temperature range with a steep drop in the selectivity as we increase temperature.
It can be said that there is switch over of regimes from being kinetic limited upto 240°C
favouring the selectivity of methanol, while from 260°C onwards the reaction reaches its
kinetic potential but is thermodynamically limited due to the favoured RWGS reaction.
This is evident from Figure 3.2 below which compares space time yield of methanol for
commercial catalyst and Cu-ZrO; across the temperature range.

Commercial
0.55 - —e— Cu-ZrO,

o o o

w N B

a o o
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CH,OH yield (g.g.y '-hr')

o o
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1 |
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I N I i 1 i 1 ' I ' I
200 220 240 260 280 300
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Figure 3.2: Space time yield comparison of commercial catalyst (Cu/Zn0O/Alp03) vs Cu-ZrO3.
Reaction conditions: P = 60 bar, GHSV = 24,000 hr‘l, CO2:Hy =1:3
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Another interesting trend is how closely Cu-ZnO follows the commercial catalyst in
terms of both selectivity and conversion. This suggests that there is no promotional
effect shown by Alumina (Al,O3) in CO2 hydrogenation. This has been proved in the
works of Chinchen et al. and Sigzek that alumina has no effect on catalytic activity
and presents a solid structural framework for the catalyst to resist sintering at the op-
erating conditions[1, 2]. Notably, recently in the early 2000s, Agrell et al. affirmed the
role of alumina as a structural promoter wherein they studied different Cu-ZnO cat-
alyst systems for Steam reforming of methanol (which is the reverse reaction of CO;
hydrogenation)[3].

After establishing that alumina does not play a promoting role in the Cu-ZnO catalyst
system, we take a look at the other two oxide supports i.e., ZrO, and MgO. In terms of
conversion, it seems like a tale of two cities, Cu-MgO barely shows an increase in con-
version upto 260°C while Cu-ZrO, shows a linear increase in conversion with T. Even
though the former suffers from low conversion, it shows remarkable selectivity as com-
pared to the benchmark commercial catalyst in the temperature range of 220 - 260°C.
As Cu-MgO moves out of the kinetic limited region from 260°C onwards, the selectivity
towards methanol plummets down and eventually gets worse than commercial catalyst
at 300°C. Cu-ZrO, shows an increased selectivity over the whole range of temperature
while possessing similar or increased conversion capability.

Even though Cu-ZrO, seems to have reached the equilibrium constraints at higher tem-
peratures of 280 and 300°C, 50 percent selectivity towards methanol is not efficient from
the point of view of a process engineer. This may lead to increased operating cost for sep-
aration of the products downstream. There is still a deviation of ca. 10% in maximum
achievable selectivity in the temperature range of 200 - 260°C along with deficiency in
conversion.

Table 3.1: Cu® dispersed area for various oxide supports

Sample Cu? surface area (m?/ g)
Commercial (Cu/Zn0O/Al,03) 14.4
Cu-ZnO 10.1
Cu-ZrO, 1.49
Cu-MgO -
Cu-CeO, 16.8

Although the commercial and Cu-ZnO catalyst show similar characteristic, they vastly
differ in Cu® surface area. Surprisingly, Cu-ZrO, shows similar conversion and better
selectivity towards methanol despite having very low Cu® surface area as compared to
Cu-ZnO and commercial catalyst as evident from Table 3.1. This shows that there is nei-
ther a direct or an inverse correlation between activity and copper metal surface area.
There are contradicting evidences in literature regarding this relationship. Chinchen et
al. showed that the methanol synthesis activity of Cu/Zn0O/Al,03 obeys a linear rela-
tionship with total copper surface area. Their work indicated an identical turn over for
all catalysts which included MgO and SiO, as supports[4]. However, Giinter et al. pro-
posed that structural defects in Cu resulting from ZnO in Cu or incomplete reduction of
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Zn0O modify the copper surface area, thus, influencing the catalytic activity. Based on
results obtained in this work, it can be said that the activity of a Cu-based metal oxide
catalyst is not a discrete function of the active metal and support oxide but rather, there
exists a synergy between these two functions which helps in CO, hydrogenation.

Similar work done by Larmier et al. in 2017 with ZrO, as support for Cu metal sug-
gests no relationship between methanol synthesis activity and copper surface area. It
was observed under in-situ IR analysis that neither pure Cu nor ZrO, is able to generate
methoxy species consequently converted to methanol. Isotope labelling '*C of formate
(HCOO*) confirmed its role as a reaction intermediate to produce methoxy species. This
indicates the presence of copper-zirconia interface responsible for increased activity [5].

Developing Cu-ZnO-ZrO, tertiary catalysts

Based on the results of the previous section, Cu-ZrO, is the most promising catalyst.
Recently, there has been a shift in focus towards ZrO, as a potential support because of
its basicity and less hydrophilic nature[6].
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Figure 3.3: Effect of ZrO2 doping on Cu-ZnO catalyst system.
Reaction conditions: P = 60 bar, Temperature = 260°C, CO2:Hp = 1:3

Figure 3.3 indicates general trend observed in regards to conversion and selectivity
over the temperature range of 200 - 300°C by varying ZrO, molar content. Results for
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different operating temperatures from 200 to 300°C can be found in Appendix B. Values
on X-axis of 0% indicates Cu-ZnO catalyst while 100% means Cu-ZrO catalyst. There
appears to be a minima in selectivity when doping of ZrO, is done along with ZnO. A
similar minimum in conversion is exhibited, but at an equimolar loading of ZnO:ZrO, .
However, there is a slight increase in conversion at unequimolar loading of the oxides.
Contradicting results in literature show a very strong interaction between ZnO and ZrO,
boosting both conversion and selectivity towards methanol[6, 7].

Under the work done by Wang J. et al., a ZnO-ZrO, solid solution catalyst of 13 molar %
Zinc ratio showed exceptional methanol selectivity of 86-91 % with 10% CO; conversion|[7].
Albeit, in this method Zr(NOs)4.5H,0 was used as nitrate precursor for ZrO, against
ZrO(NOs), used for urea hydrolysis. Differences in catalyst preparation exist in the work
done by Wang Y. et al., wherein colloidal crystal templating was used against coprecip-
itation method used in this work. A Cu-ZnO-ZrO; catalyst with high CO; conversion
(18.2%) and 80.2% methanol selectivity were reported at 220°C and 30 bar[6]. It can be
concluded that the catalyst preparation method plays an important role in producing
this synergistic effect between the oxides. Further evidence can be found in XRD analy-
sis of the CZZ catalyst family prepared by urea hydrolysis method.
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Figure 3.4: XRD analysis of effect of ZrO» doping on Cu-ZnO

From the XRD analysis of CZZ catalysts in Figure 3.4, it can be seen that Zirconia is
not present in its crystalline form after calcination. However, in the previous work by the
two authors, ZrO, was detected in its crystalline form (either monoclinic or tetragonal



24 3. RESULTS AND DISCUSSION

phase) after calcination. This indicates that the currently used urea hydrolysis method
might be incapable of producing a similar synergistic effect. Moreover, work done by
Rhodes and Bell in 2005 suggests that pH control during coprecipitation affects crystal
structure of the catalyst[8]. Besides the absence of crystalline ZrO,, the peaks in range of
260 from 15°to 30°are a worrisome sign. The unmarked peaks at 15°and 17.3°represent
Malachite mineral (Cup(CO3)(OH),)[9], while the one at 28°indicates presence of hy-
drozincite mineral (Zns(CO3)2(OH)g)[10, 11]. Presence of these hydroxycarbonate min-
erals ((OH),(COgz),) indicates that calcination of the dried residue is not complete. The
calcination temperature being 300°C in this work is insufficient for removing CO3 2 and
OH™ species from the residue. In Table 3.2 below, we can see the calcination tempera-
tures employed in various works published.

Table 3.2: Calcination temperatures used in literature

Catalyst Calcination temperature Method used Reference
Cu-Zn0-Zr0O, 450°C Co-precipitation [6]
Cu-Zn0-Al, 03 400°C Co-precipitation [12]

Cu-ZrO, 400/600°C Co-precipitation [13]
Cu-Zn0O-Zr0, 350°C Reverse co-precipitation [14]
Cu-Zn0-Al,03 350°C Co-precipitation [15]

Cu-ZnO 350°C Urea hydrolysis [16]

Many works in literature employ a temperature greater than 300°C for calcining the
residue. However, using a high temperature for calcination has its own pitfalls. Wang et
al. in their work studied the evolution of Cu-ZrO; catalysts by varying calcination tem-
perature. They used Oxalate Gel-Coprecipitation technique for preparing the catalysts.
An increase in crystallite size of CuO while increasing temperature from 350 to 750°C
was reported. This was accompanied by a decrease in metallic copper surface area de-
termined by in-situ XRD[17]. Although a smaller Cu surface area is undesirable, Wang re-
ported a phase transformation of ZrO, taking place at the surface of the catalysts. High-
est activity was measured for the catalyst calcined at 550°C which exhibited creation of
monoclinic phase over tetragonal phase of ZrO,. Therefore, there is a trade-off between
calcination temperature and dispersed Cu metal area, but, change in crystallinity might
help in overcoming this barrier.

Hence, it can be concluded that a better control strategy over pH and tweaks in cal-
cination conditions during catalyst preparation may help in overcoming the amorphous
phase of Zirconia and obtain a crystalline structure. This may help in establishing a syn-
ergistic effect between the two oxides via urea hydrolysis method.
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Figure 3.5: Effect of pressure variation on Commercial and Cu-ZrO;.
Reaction conditions: P = 60, 85 and 360 bar, T = 260°C and CO»:H» = 1:3

Asdiscussed in subsection 1.2.3, thermodynamics dictates that increasing pressure favours
both conversion of CO, and methanol selectivity. Moreover, from section 3.1, 260°C can
be considered as the optimum temperature with respect to space time yield of methanol.
Therefore, it was decided to investigate effect of pressure on commercial catalyst and Cu-
Zr0; at 260°C. From Figure 3.5 both catalysts show an increase in conversion. However,
Cu-ZrO; surprisingly shows decrease in methanol selectivity with increasing pressure.
This increased conversion and selectivity is attributed to in-situ condensation of CH3OH
and H,O formed via Equation 1.2[18]. It is clear from Figure 3.5, that Cu-ZrO, is unable
to take advantage of this phase change. This can be attributed to the morphology of the
catalyst as discussed in Table 3.1.1. Therefore, in order to investigate effects of GHSV on
Cu-ZrO,, pressure of 60 bar seems appropriate.

From the previous discussion we know that maximum space time yield of methanol
occurs at 260°C. Hence, a detailed investigation on effects of space velocity at 260°C is
done in this work. While referring to Figure 3.1a and Figure 3.7a, it can be said that
contribution of CO, towards methanol formation upto 260°C is dominant as compared
to CO. It can inferred that CO; is directly converted to methanol without getting con-
verted to CO and then forming methanol via Equation 1.1. Several authors have regarded
CO; as the main source of methanol using techniques such as isotope labelling of C and
steady state analysis[15, 19]. Considering CO- as the main source of methanol, we try to
answer the effects of space velocity on conversion and selectivity of Cu-ZrO, and com-
mercial catalyst.
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Figure 3.6: Effect of GHSV variation on Commercial and Cu-ZrO».
Reaction conditions: P = 60 bar, T = 260°C and CO2:Hy = 1:3

GHSV was varied from 8000 to 32000 hr! (equivalent to 60 - 240 NmL.g;;t.hr‘l),

while mass of catalyst was increased to 600mg without any diluent being used. A drop
in CO; conversion at high GHSV is observed in Figure 3.6a which favours high external
mass transfer. This indicates absence of external mass transfer limitation in the reactor
setup in the current configuration. At lower GHSV (longer contact times), clearly both
catalysts are reaching thermodynamic limit in terms of conversion as indicated by the
dashed green line in Figure 3.6a. However, it is not beneficial to over-reduce GHSV as
the catalytic performance becomes worse due to decrease in methanol selectivity exhib-
ited by Cu-ZrO; in Figure 3.6b. Decrease in space time yield is observed in case of com-
mercial catalyst deterred by low volumetric and mass flow rates despite showing better
conversion and selectivity at lower GHSV.
In section 3.1, we talked about CO; hydrogenation being kinetically limited at tempera-
tures below 260°C. This is proved experimentally via conversion of CO, at lower GHSV.
In case of commercial catalyst at 240°C, the observed CO, conversion at GHSV of 24,000
hr~! and 8,000 hr™! remains unchanged at 17%. Usually, decreasing GHSV results in
increased residence time of reactants in the reactor and consequently a higher conver-
sion. Although the limit of equilibrium conversion increases from ca. 28% at 260°C to
ca. 33% at 240°C (refer to Figure 1.2a in subsection 1.2.3), observed conversion remains
unchanged. Qualitatively, this indicates that temperature below 260°C is not sufficient
to overcome the activation energy barrier and increasing reaction rate. Quantitatively,
the three-fold decrease of GHSV from 24,000 to 8,000 hr~! does not compensate with
any increased conversion of CO,. Hence, it can be deduced that the current GHSV of
24,000 hr~! is the optimum condition for temperature range of 200 to 300°C. Any de-
crease would result in lower space time yield, while going higher would result in insignif-
icant conversion observed at temperatures from 200 to 240°C.
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Table 3.3: Space time yield comparison at different GHSV for Commercial and Cu-ZrO3.
Reaction conditions: P = 60 bar, Temperature = 260°C, CO2:Hp = 1:3

CH3OH yield (g.g;,,-hr™ 1)
1
GHSV (hr 1) Catalyst Commercial | Cu-ZrO;
8000 0.233 0.183
16000 0.380 0.368
24000 0.402 0.529
32000 0.558 0.635

An interesting aspect of varying GHSV is the increase in space time yield of methanol
(g.g-),-hr 1) with GHSV as seen in Table 3.3. Although both catalysts suffer from low
conversion at higher GHSV, high volumetric/mass flow rate of the reactants ensure that
the productivity of methanol is greater at conditions far from ideal as compared to equi-
librium. Practically, high CO, conversion and selectivity may not be the determining
factors for performance of a reactor system if the unconverted stream can be recycled ef-
ficiently. A classic example is cyclohexane oxidation to cyclohexanol and cyclohexanone
with 80% selectivity and 4-8% single pass conversion[20]. An advantage of using higher
GHSV is the elimination of external mass transfer limitation and a higher convective heat
transfer rate from the catalyst particle to flowing fluid. This reduces the likelihood of hot
spots generation within the reactor and consequent deactivation of the catalyst. Several
other factors such as energy demand for recycling process should be considered while
choosing an optimal GHSV.

Cu-ZrO; shows contrasting trend of increasing selectivity towards methanol with
GHSV (Figure 3.6b). This indicates either a different reaction pathway of CO, hydrogena-
tion or different behaviour of intermediate steps as compared to commercial catalyst.

Without getting into depth with mechanistic aspects of catalytic activity, we will dis-
cuss this phenomena. Since it is well established among various authors and evident
from the experiments performed that at temperatures of 260°C and below, CO; is the
main source of methanol. At lower GHSV, there is more contact time between the cata-
lyst and the reactants. This will result in more CO; getting adsorbed on the surface and
being converted to methanol. This also gives a higher likelihood of sufficient H spillover
over the catalyst surface for hydrogenation. There is formation of CO from CO, via RWGS
because of its thermodynamic favorability at higher temperatures. This trend is followed
brilliantly by commercial catalyst.

From Table 3.1, we know that metallic copper surface area is very low in case of Cu-
Zr0,. This metallic site is responsible for Hydrogen dissociation along with CO, ad-
sorption on ZrO, support sites. The reaction then proceeds via formate pathway which
consequently is hydrogenated to methoxy [5]. The hydrogenolysis of formate species
(HCOO%) is said to be the rate limiting step[21]. Due to absence of sufficient copper
metal sites, this step has less likelihood of taking place. At low GHSYV, there will be less
spillover of H* than required for hydrogenation and reverse reaction of methanol de-
composition to CO and H; (reverse of Equation 1.1) might be taking place due to its
endothermic nature. As we move up higher in GHSV, there is less contact time for CO,
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and H» coadsorption. Moreover, because of high GHSV, the desorption of hydrogenated
formate species to methanol is quicker and formate species are adsorbed on the surface
for shorter time reducing likelihood of decomposition to CO. This might explain lower
conversion and higher selectivity at high GHSV for Cu-ZrO,.

In order to verify whether this anomaly of increasing selectivity is due to internal mass
transfer limitation or not, the reaction was performed using a particle size of 50-90 mi-
cron as compared to 90-300 micron at similar pressure and GHSV conditions. It was
found that both conversion and selectivity data match within +/- 2% error and are re-
producible. Although one might suggest using a particle size of an order of magnitude
smaller (10-20 microns), it was observed that using this particle size would result in sig-
nificant pressure drop in the reactor evident from Figure C.1 in section C.3.
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Traditionally, methanol is produced from syngas which is a mixture of CO and CO. In
this work, we focused on using a pure CO stream because there is exclusivity in pro-
duction formation (CH3OH) as against CO, hydrogenation. An advantage is the ease of
separation (namely, partial condensation) in downstream of the reactor unit.

3.3.1. CATALYTIC ACTIVITY AT 85 BAR
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Figure 3.7: Effect of temperature on 3.7a - CO conversion and 3.7b - Selectivity towards methanol.
Reaction conditions: P = 85 bar, GHSV = 24,000 h~1 and CO:Hy =1:2.
Catalysts used: a : Commercial catalyst (Cu/Zn0O/Al203), b : Cu-ZnO, ¢ : Cu-MgO, d : Cu-ZrO», e : Cu-CeO>

As seen from Figure 3.7a, CO conversion to methanol is similar for all metal oxide sup-
ports prepared using urea hydrolysis against commercial catalyst upto 260°C. Although
the reaction is favorable thermodynamically at lower temperatures because of its high
exothermicity (A H, =-90.5 kJ/mol), the reaction is kinetically limited. We can see a spike
in activity of both the commercial and Cu-ZnO catalyst at temperatures > 260°C. The dif-
ference in conversion of CO to methanol in case of these two catalysts can be attributed
to respective difference in Cu® surface area. However, the same cannot be said of the cat-
alyst with other metal oxide support such as CeO; which exhibits the lowest conversion
among all inspite of having the highest available Cu® surface area. Cu-CeO, has been
reported to be a very good WGS candidate and helps in oxidation of CO to CO,[22-25].
Hence, inspite of the high metallic copper surface area, it might not be able to reduce CO
to methanol.
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Table 3.4: Selectivity towards methanol at higher temperatures for CO hydrogenation.
Reaction conditions: P = 85 bar, GHSV = 24,000 hr! and CO:Hp =1:2

Temperature (°C)
280 300
Catalyst
Commercial (Cu/ZnO/Al,O3) 93.4 88.6
Cu/ZnO 81.6 80.2
Cu/ZrOy 81.7 80.2

Although both the commercial and Cu-ZnO catalyst show superior activity towards
methanol at higher temperatures of 280 and 300°C, they do produce CO; at these tem-
peratures. It should be noted that the other two catalysts, Cu-MgO and Cu-CeO do not
suffer from this limitation. At the same time, these two catalysts do not have noticeable
increase in activity while increasing temperature. As can be seen from Table 3.4, both Cu-
Zn0O and Cu-ZrO; behave identically with regards to methanol selectivity and produce
CO, at higher temperatures. Two potential reactions pop up for explaining this phe-
nomena. One being methanol steam reforming (reverse of Equation 1.2) and the other
being disproportionation of CO into CO, and C (commonly known as Boudouard reac-
tion). Since methanol is being produced from CO hydrogenation, there is no likelihood
of water being formed as a product according to Equation 1.1. Hence, the former case
is not responsible for CO; formation. This suggests that Boudouard reaction, might be
taking place at higher temperatures. Since this reaction is highly exothermic in nature,
it is favoured at low temperatures[26, 27]. This behaviour is not reported in the litera-
ture for Cu-based catalysts in methanol synthesis because of experiments using a either
pure CO» or mixture of CO and CO; and it is difficult to detect CO, being produced from
CO in a mixture of CO/CO,. But, a study done by Lee J. ef al. on hydrogenation of pure
CO mixture over a commercial catalyst dating back to 1993 corroborates this finding[15].

In his work, Lee J. ef al. showed that catalysts have carbon deposited on the surface
using X-ray photoelectron spectroscopy (XPS) with CO» selectivity upto 10%, operating
at temperatures above 290°C. This has a serious implication on operation of Cu-ZnO
based catalysts at temperatures beyond 260°C with a pure CO synthesis gas mixture as
there will be significant deactivation of the catalyst in its operating cycle. Moreover, all
of the catalysts including commercial suffer from very low single pass conversion, ca.
10% upto 260°C. There is a spike in conversion of CO beyond this temperature limit.
Therefore, one faces a dilemma when operating with a syngas feed of pure CO. Should
one operate within the limitations of temperature and suffer from lower conversion and
yield or risk deactivating the catalyst and consequently frequent maintenance of the re-
actor.

However, this limitation can be overcome by taking advantage of either MgO or CeO,
in conjunction with ZnO for supporting Cu catalyst. A similar approach was taken in this
work by preparing an equimolar support of MgO and ZnO (MgO0:ZnO = 1:1) and CO hy-
drogenation was done at identical reaction conditions. This data can be found in detail
in Figure 3.8a. There seems to be a synergistic effect between the two oxides as con-
version of CO to methanol indeed improves than using the two oxides (MgO and ZnO)
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individually. Another interesting thing to note is that though addition of ZnO helps in
improving conversion of CO, the selectivity is maintained at 100%. This indicates that
there is no CO; formation and hence, no coking or deactivation of the catalyst at higher
temperatures while using MgO as a promoter/support for CO hydrogenation.
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Figure 3.8: Synergy of ZnO and MgO for CO hydrogenation.

Reaction conditions: P = 60 bar, GHSV = 24,000 hr~! and CO:Hp =1:2




!

32 3. RESULTS AND DISCUSSION

3.4. NOVEL CONFIGURATION FOR CO, HYDROGENATION
3.4.1. CURIOUS CASE OF CU-CERIA
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Figure 3.9: Selectivity to methanol for Cu-CeO3 for CO, hydrogenation.
Reaction conditions: P = 85 bar, GHSV = 24,000 hr~! and CO2:Hp =1:3

As can be seen from Figure 3.9, methanol selectivity of Cu-CeO is very low and follows
an opposite trend as compared to other Cu based metal oxide catalysts. Although recent
works show Cu-CeO, being more selective than Cu-ZrO;[28] and formation of Cu-Ceria
interface favourable for direct CO, hydrogenation not seen on Cu-Zn alloy[29]. There
is contradicting evidence suggesting that Cu-CeO, favours water gas shift reaction than
CO2 hydrogenation[22-25], which corroborates the findings of this work.

3.4.2. NOVEL CONFIGURATION FOR INCREASING SELECTIVITY

As discussed previously, a high percentage of CO, converted by Cu-Ceria catalyst goes
to CO rather than CH3OH. Since it is well established that the main source of methanol
is CO, rather than CO, RWGS (Equation 1.3) is considered as a side reaction and CO
a by-product of the main CO, hydrogenation reaction. Treating CO» hydrogenation to
methanol as a two step reaction involving conversion of CO, to CO via RWGS and the
subsequent conversion of CO to methanol has its advantages. This indirect hydrogena-
tion has been pioneered under the alias of CAMERE (carbon dioxide hydrogenation to
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methanol via reverse water gas shift reaction) process[30]. A pilot plant based on this
process is operated by the Korean Institute of Energy and Research (KIER) and Korea
Gas Corporation (KOGAS)[31]. A part of the feedstock containing mixture of CO, and Hp
is first sent to RWGS reactor. Water from the reactor effluent stream is separated from the
stream and the syngas mixture of CO/CO,/H> is then sent to the second reactor. Mod-
elling results show an increase in methanol productivity via CAMERE process[30].

Taking inspiration from CAMERE'’s
configuration, Cu/CeO> was placed as the
first bed promoting RWGS reaction and

100 mg First bed: then Cu/ZnO/Al,O3 (Commercial cata-
Cu /CeOz lyst) promoting methanol synthesis from
syngas mixture instead of direct CO, hy-
drogenation. The difference between
100 mg Second bed: CAMERE and dual bed configuration in
Commercial catalyst  this workis:
1. Single reactor instead of two.
2. Similar operating conditions for RWGS
Figure 3.10: Dual bed configuration and methanol synthesis from syn-

gas.
3. No fresh feed of pure hydrogen to
maintain composition of syngas.
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Figure 3.11: Comparison of Commercial (200 mg) vs. dual and mixed configuration of Cu-CeO2 (100 mg) and
commercial catalyst (100 mg). Reaction conditions: P = 60 bar, GHSV = 24,000 hr~! and COy:Hy = 1:3

It can be seen from Figure 3.11, that dual bed configuration shows an improvement
in conversion and selectivity to methanol over a commercial catalyst. Although this con-
figuration is advantageous in terms of improved selectivity and methanol yield, it has its
own drawbacks. Firstly, the first bed utilises conversion of CO, to CO via RWGS reaction,
which is endothermic in nature. While the second bed converts the syngas mixture to
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methanol, this reaction is exothermic in nature. Despite the fact that dual bed config-
uration can be used in a single reactor as demonstrated in this work, these two zones
need different controlling action to maintain isothermicity on an industrial scale. This
makes designing a reactor with this configuration a little difficult. One possible way to
circumvent this problem is to employ a mixed bed configuration, wherein Cu-CeO, and

commercial catalyst are physically mixed.
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Figure 3.12: Weight time yield comparison of Commercial (200 mg) vs. dual and mixed bed configuration of
Cu-CeO2 (100 mg) and commercial catalyst (100 mg).
Reaction conditions: P = 60 bar, GHSV = 24,000 hr! and CO2:Hy =1:3

Mixed bed configuration behaves in a similar fashion to dual (sequential) bed ex-
hibiting excellent selectivity towards methanol, however with a lower CO, conversion.
However, looking at Figure 3.12, provides us with two different perspectives of using ei-
ther a sequential (dual bed) or mixed bed configuration. Both the configurations show
better methanol yield at respective temperatures. At optimum temperature of 260°C, se-
quential bed shows 58% increase while mixed bed shows 30% increase in methanol yield.
This demonstrates an efficient use of the catalyst and reactor volume. Moreover, the
mixed bed configuration has a better methanol yield even at low temperature of 200°C
as against 260°C for commercial catalyst. This can enable a shift towards low tempera-
ture methanol synthesis and has a huge impact on the energy requirement of the pro-
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cess. As we move towards low temperature synthesis, less energy is required to heat up
the incoming reactants and this reduces the energy required. Besides this, the methanol
selectivity of mixed bed configuration at 200°C is ca. 84% and this consequently can help
to reduce separation costs of the process. Hence, these two configurations open up two
different pathways to achieve a more efficient methanol production from CO,.

As evident from previous discussion, the possibilities presented by sequential bed
and mixed bed configuration are immense. Now, we will try to simplify the idea of using
these configurations into simple components. The basis of this idea is founded on data
already available in literature. One of the hypothesis is that by ensuring RWGS takes
place on Cu/CeO-, the active sites on commercial catalyst are utilised only for direct
CO; and CO hydrogenation to methanol. Under the work done by Sahibzada et al, it
was shown that water plays a promoting effect by altering the adsorbed oxygen cover-
age on catalyst which in turn helps in increased CO, adsorption[32]. Due to presence of
Cu-CeOo, the partial pressure of H,O and CO is increased via RWGS (Equation 1.3) along
with water formed due to direct CO, hydrogenation (Equation 1.2). This increased pres-
ence of water leads to increase in adsorbed oxygen (O*). The CO generated by RWGS
reaction then has the ability to scavenge the adsorbed oxygen and form surface CO,
species to undergo hydrogenation[33]. This ability of CO can be verified through in-
crease in methanol selectivity of catalysts showing activity for both CO and CO; hydro-
genation (Appendix D). As shown by Kunkes et al, addition of CO in pure CO, stream
helps in overcoming the equilibrium yield[34].

Another plausible theory not from a molecular standpoint is that when RWGS reac-
tion takes place on Cu-CeO; catalyst, only one molecule of Hy per CO, is consumed.
This indeed leads to a slight increase in the hydrogen partial pressure leading a stoi-
chiometric imbalance with respect to CO- locally in the reactor. This local increase in
partial pressure of hydrogen can explain the increase in selectivity towards methanol
as evident from previous studies showing increasing selectivity with increase in H,:CO;
ratio[35, 36].

Although it seems counter-intuitive to let the RWGS reaction take place, which is a side
reaction of CO, hydrogenation and promote formation of by-products; experiments, lit-
erature data and validation of methanol synthesis from syngas mixture corroborate this
idea of mixed bed configuration and indicates that CO helps in boosting the conver-
sion and selectivity towards methanol. Similar to the work done by Kanai et al. in 1996,
wherein a physical mixture of Cu/SiO, and ZnO/SiO; [37] led to establishment of syn-
ergy between Cu and ZnO, we could propose a similar synergy effect between CeO, and
ZnO. Further work would be needed to confirm this. Through this novel configuration
and ability of breaking down CO, hydrogenation into two tandem (sequential) reactions
having opposite exergonic nature within the same reactor to improve selectivity may in-
deed open up new possibilities.
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CONCLUSION

Methanol synthesis from CO and CO, show similar behaviour upto 260°C at high pres-
sure. However, the former still suffers from kinetic limitation upto a certain extent, the
latter is limited by thermodynamics. ZnO and ZrO, show similar trend as supports in
case of CO hydrogenation, while the latter shows exceptional selectivity and conversion
in case of CO, hydrogenation. However, different methanol selectivity trend of ZrO; in-
dicates possibility of a different mechanism. This demands further investigation of the
support using in-situ IR spectroscopy. The anomalous behaviour of Cu-ZrO, showing
higher selectivity towards methanol at higher GHSV has a potential application in pro-
cesses requiring higher throughput with lower conversion.

Magnesium oxide (MgO) shows excellent selectivity towards methanol in case of both
CO and CO; hydrogenation, albeit showing poor conversion. Higher selectivity makes it
a potential candidate to be used in processes where efficient separation and recycling is
possible. However, when used in conjunction with ZnO, it shows excellent synergy for
CO hydrogenation overcoming the pitfalls of individual oxides.

The use of either a mixed or sequential bed configuration combining a RWGS cata-
lyst and catalyst active for CO/CO; hydrogenation indicates improved conversion and
selectivity. The sequential bed configuration exhibits ca. 50% increases in methanol
yield at temperatures greater than 260°C, while mixed bed shows methanol yield better
than commercial catalyst even at temperature as low as 200°C at identical space velocity
and pressure condition. Although there is an established theory in literature for explain-
ing the phenomena, an experimental and theoretical approach in proving it is required.
This can be done by performing either steady state or in-situ spatial resolution of the
reactor. Theoretically, one can perform phase and chemical equilibrium analysis along
the length of reactor using simulator such as ASPEN Plus. There is broad practical scope
of mixed bed configuration. One can vary the composition of the two catalysts and get
the optimum value for maximum methanol yield. Moreover, a new class of core-shell
catalysts with the outer shell promoting RWGS while the inner core comprising of cata-
lyst promoting methanol synthesis from CO/CO- can take birth. This can help imitate
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the phenomena taking place on the reactor scale (m to mm scale) on a particle scale (mi-
croscale), thereby intensifying the process.

Apart from a catalyst design point of view, process parameter such as CO,:H, ratio can
be increased greater than stoichiometry. Although researchers might argue that increas-
ing H, will result in increased operational (recycling and separation) costs. However, in
current scenario too, there is a need for separation and recycling of streams as 100% con-
version is not achieved. There is evidence in literature of increased conversion and selec-
tivity by increasing hydrogen content. Increasing operating pressure of the mixed bed or
sequential bed can help achieve higher methanol yield. High pressure methanol synthe-
sis has already been demonstrated in previous works of the research group. Methanol
selectivity and CO, conversion show an absolute deviation of ca. 10-12% at 260°C at
high pressure of 184 bar. This showcases an opportunity for improvement. Besides this,
novel configurations such as membrane reactors can help drive forward equilibrium po-
sition converting more CO selectively to methanol. Theoretical models of such reactors
do show their superiority. However, the design of catalysts on the membrane pose dif-
ficulties in their practical implementation. A series of membrane reactor wherein the
reaction mixture from the outlet of reactor is passed over a membrane separating the
products and enters the next reactor and so on, is a simplified version. This takes advan-
tage of the high pressure conditions for separation over membrane.

Although we have shown an improvement in methanol synthesis via catalyst preparation
and change in bed configuration, there still exists a multitude of options to be explored
in order to make the methanol synthesis more efficient.
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BED DILUTION

In this section, we will discuss whether the particle size being used is within the con-
straints of bed dilution based on the work done by van den Bleek et al. [1]. For an inert
bed fraction b and a 5% maximum deviation from ideality, the criteria imposed on par-
ticle size is

<0.05 (A.1)

In our case, inert bed fraction b is calculated as

b mass of inert particle (SiC) _ 300mg
B mass of total bed ~ 500mg

(A.2)

Hence, the inert bed fraction is 0.6, while the bed length L; was found to be 32mm or
0.032m. The particle diameter varied from 90 - 300 micron or 9*10~°m to 3*10~*m.
Substituting these values in the equation (A.1) for particle diameter of 90 micron, we get
bed dilution of 0.0105. Similarly, we get a value of 0.035 for particle diameter of 300 mi-
cron. Both of these values fall below 0.05 and satisfy the bed dilution criteria for 5 percent
deviation from ideality. Alternatively, one could look up the graph below as reported by
Ramirez J. et al. which is a graphical representation of the equation[2].
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Figure A.1: Bed dilution limits on particle size



ZNO-ZIRCONIA SYNERGY

Excluding the lower temperatures of 200 and 220°C wherein all Cu based catalysts are ki-
netically limited, a pattern in CO, conversion and methanol selectivity emerges. With an
equimolar ratio of ZnO:ZrO; both selectivity and conversion are at minimum. Usinf ei-
ther of the pure metal oxides as support is beneficial while using urea hydrolysis method
for preparing catalyst. As discussed in 3.1.1, varying calcination temperature and other
parameters during catalyst preparation might help. The following figures show the cat-
alytic activity at different temperatures for different ZnO:ZrO, molar ratios.
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B. ZNO-ZIRCONIA SYNERGY
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Figure B.1: Effect of Zirconia doping with ZnO for CO2 hydrogenation at different temperatures. (a) - 200°C,
(b) - 220°C, (c) - 240°C, (d) - 260°C, (e) - 280°C and (f) - 300°C.
Reaction conditions: P = 60 bar, GHSV = 24,000 hr! and CO2:Hy =1:3



TRANSPORT PROPERTIES IN
REACTOR SETUP

C.1. WALL EFFECTS

The minimum reactor diameter to neglect wall effects in gas-solid operations is

d
T (C.1)
dp

The inner diameter of the quartz tube is 4mm or 4*10~3m, while the maximum particle
diameter is 300 microns or 3.5*10~*m. This gives the ratio of ds:dp equal to 11.4 > 10.
Decreasing the catalyst size will increase this ratio. Hence, wall effects can be neglected
in the setup.

C.2. AXIAL DISPERSION
Minimum bed length of reactor to neglect axial dispersion is

L 20 1
—h>—nln( )

d, Bo 1-x

(C.2)
Ly is length of bed, d,, is particle diameter, 7 is order of reaction, Bo is Bodenstein num-
ber (also known as particle Peclet number) and x is conversion. Bodenstein number is
given by Equation C.3

ud
Bo=—"
D

Here, u is superficial gas velocity, d,, is particle diameter and D is molecular diffusion co-
efficient. Superficial gas velocity in the reactor is 7.96*10"2m/s. Diffusion coefficient of
CO> at normal conditions is 1.39*10~° m?/s[3]. Diffusion coefficient for gases obeys the

(C.3)
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following relation to temperature and pressure according to Maxwell-Boltzmann distri-
bution.

T1.75

(C.4)

According to Equation C.4, the diffusion coefficient for CO, at 260°C and 60 bar is 1.0¥1076
m?/s. Maximum conversion attained during experiments for CO, was 25% or 0.25 and

the reaction is assumed to be of second order. Substituting these values in Equation C.2,

we get length of bed should be greater than 1.4*10™* m or 0.14 mm. This condition too

is satisfied.

C.3. PRESSURE DROP

The hydrodynamic pressure drop inside the reactor was calculated using Ergun equa-
tion.

—AP 150pg(1-€)*  1.75pg(1—e¢)
= +
Az ds e’ dy €’

u? (C.5)

€ is bed void fraction, ug is fluid viscosity in Pa.s, d), is the particle size in metres, pg is
density of fluid density in kg/m? and u is superficial fluid velocity in m/s.
Az can be expressed in the form of weight change of catalyst along the bed as:

Aw

ANz=——
A(l-€)pcar

(C.6)

w is weight of catalyst in kg, A is cross sectional area of the reactor in m?. Ergun equation
was transformed from reactor length dependence to variation along the catalyst weight
as follows:

—AP 150ug(1—¢) 1.75pg(1—¢)
= u
Aw drzy e3Apcar dp e3Apcar

u? (C.7)
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Figure C.1: Pressure drop for CO» hydrogenation at 60 bar and GHSV = 24,000 hr~!

C.4. EXTERNAL MASS TRANSFER

As evident from section 3.2, conversion of CO, decreases with increasing GHSV. This
indicates absence of any external mass transfer limitation. Increase in GHSV means in-
crease in superficial gas velocity. This results in increased mass transfer coefficient (kg).
However, we see a decrease in conversion meaning that inherent reaction rate decreases.
This indicates that mass transfer is not limiting and the transport of reactants is reaction
controlled.

C.5. INTERNAL MASS TRANSFER

The reactor was used in the same configuration for both CO and CO, hydrogenation.
But, the former is less complex to model and is more exothermic. Moreover, as we exceed
260°C, the rate of CO and CO; hydrogenation become similar. Hence, it was decided to
model CO hydrogenation kinetics on the basis of simplicity for both internal mass trans-
fer (Diffusion inside catalyst) and temperature gradient along the length of reactor.

Catalyst effectiveness is checked by computing Thiele modulus which is effectively the
ratio of reaction and diffusion within the catalyst particle. Thiele modulus [4] is calcu-
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lated as

(_ rN/ ) L
My As

- > (C8)
|20, [E1-riprac,

The reaction rate -1’y is based on volume of catalyst pellets. Since we have rate based on

mass of catalyst, we can transform the Thiele modulus using mass based rate expression.
This can be expressed as

(ri)L

Mr = (C.9)

1/2
2Depcar (Cas(_ .1
RT che (=ry)dPs

Pcat

In Equation C.9, -r4” is based on mass of catalyst and has units of mol CO consumed.
kgZ! . hr7l.

cat*
The reaction rate is calculated using the following equation based on work done by

Kuczynski et al.[5].

2.68 % 10° exp(—18400/ T)(Pco P2, — P/ Keg)
R 0= p COLT fo M eq3 (C.IO)
(1+0.069P¢0 +6.19 * 1078 exp(6610/ T) Ppr2)

In this equation Pco, Py2 and Pys denote partial pressure of CO, H, and methanol re-
spectively in bar. T is absolute temperature in Kelvin scale and K, is expressed as fol-
lows:

InKeq=-28.9762+11815/T (C.11)

Diffusion coefficient was calculated assuming Knudsen diffusion inside the catalyst pores.
Diffusion coefficients were found to be 2.8*10~7 and 4.9*10~7 for H, and CO respectively.
Tortuosity and porosity factors were neglected while calculating diffusion coefficient.
Since reaction involves both hydrogen and carbon monoxide, the diffusion coefficient
of H, was used because it is smaller in magnitude, meaning H, will diffuse slowly as
compared to CO. On substituting respective values in Equation C.9, we obtain Thiele
modulus = 0.03. Assuming that the catalyst particles are spherical in shape, effective-
ness factor is calculated using the following equation.

_ 1 1 1
_MT tanh3Myp 3Mry

n (C.12)
On substituting Thiele modulus, we get an effectiveness factor of 99.9% or approximately
1. Hence, the catalyst does not have any mass transfer limitation. Another method of
checking mass transfer limitation is via Weisz-Prater criterion. It is calculated using the
following equation[6]

_(r;l)obs Pc R?

(C.13)
De CAs

Cwp =
All terms in Equation C.13 are known or can be measured. -r 4’ has units ‘'mol. kg;;t.hr_l,
R is radius of catalyst particle. Cy; is surface concentration and is assumed to be equal
to bulk concentration. This assumption is valid as it is already proven that there exists no
external mass transfer resistance via experiment. The concentration of CO is obtained
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via ASPEN Plus. The density of catalyst along with bed porosity was found to be 1400
kg/m3. Assuming a bed porosity of 0.3, actual catalyst density can be approximated to
be 2000 kg/m?®. Substituting these values in Equation C.13, we get

8.75 % 107 % 2000 * (300 * 107%)2 mol.kg.},.s ' kgcar.m™3 m?

C.14
2.8%1077%0.5 m2.s" kmol.m=3 ( )

Cwp=

8.75 107 % 2000 * (300 * 107%)2 mol.kg.},.s ' kgear.m™3 m?

C.15
2.8+ 1077 % 0.5 % 1000 m2.s" ' mol.m=3 ( )

Cwp=

This gives Cyyp equal to 1.1*1073 « 1. Hence, there are no concentration gradients within
the particle according to Weisz-Prater criterion in Fogler’s Elements of Chemical reaction
engineering(6].

C.6. INTRA-PARTICLE TEMPERATURE GRADIENT

Thermal gradient within a particle is given by[4]

De (CAS - CA,centre) (—AH,)
kery

ATparticle = (C.16)

Cas and Cg censre are concentrations at the surface and centre of catalyst respectively in
mol.m™3. -AH, is heat of reaction in J.mol~! and k, 77 is effective thermal conductivity
of the pellet. The concentration of the reactant is unknown but can be calculated using
the mole balance of species A over the catalyst particle as follows

2D4 dCy dZCA
+D =rat C.17
rodr AT dre rate ( )

with boundary conditions C = Cp,;x atr = R and dC,4/dr = 0 at r = 0. Solving this, we get
a concentration profile in terms of partial pressure of CO as shown in Figure C.2. Trans-
lating the difference in mole fraction to difference in concentration over the particle, we
get AC equal to 1 mol.m~3. Effective thermal conductivity is assumed to be 4 W/(m.K)
based on the work done by Dimov for Cu based catalysts in 2007[7]. Substituting the re-
spective values in Equation C.16, we get ATpqrricre €qual to 0.01°C. Hence, the catalyst
particle can be treated to be isothermal.
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Figure C.2: Mole fraction profile of CO within the catalyst of 300 ym diameter.
Reaction conditions: P = 85 bar, T = 280°C, GHSV = 24,000 hr~! and CO:Hp =1:2



SEQUENTIAL BED CONFIGURATION
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Figure D.1: Sequential bed configuration of Cu-CeO> (100 mg) and Cu ZnO ZrO» with molar ratio of
Zn0:Zr0> = 1:3 (100 mg) vs.Cu ZnO ZrO2 with molar ratio of ZnO:ZrO3 = 1:3 (200 mg) for CO» hydrogenation.
Reaction conditions: P = 60 bar, GHSV = 24,000 hr~! and CO»:H = 1:3

The molar ratio of ZnO to ZrO; used is 1:3 while CuO content in the catalyst is ca. 35

wit%.
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D. SEQUENTIAL BED CONFIGURATION
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Figure D.2: Weight time yield of Sequential bed configuration of Cu-CeO> (100 mg) and Cu ZnO ZrO, with
molar ratio of Zn0O:ZrO = 1:3 (100 mg) vs.Cu ZnO ZrO, with molar ratio of ZnO:ZrO> = 1:3 (200 mg) for CO2

hydrogenation.

Reaction conditions: P = 60 bar, GHSV = 24,000 hr! and CO2:Hy =1:3



GAS CHROMATOGRAPH

Reactor outlet gas from the setup was injected in Gas Chromatograph (compact GC In-
terscience) at an interval of 3 minutes. The GC is equipped with three channels, two
thermal conductivity detectors (TCD) and one flame ionisation detector (FID). Details
are as follows:

Table E.1: Details of Interscience compact GC

Oven tem-

Detector | Gases detected Pre-column
perature
FID z/t[flgllinoto ‘ne | Rt-U bond (10m*0.32mm) and | || .-
» PTOPANS, | b+ Q bond (14m*0.32mm)
butane
_ *
TCD COgy, ethane, | Rt-Q bond (3m*0.32mm) and 60°C
propane, H,O Rt-Q bond (10m*0.32mm)
" *
TCD H,, O,, Ny, CO, | RT Q. bond (E4m 0.32mm) and 50°C
Methane Molsieve 5A” (8m*0.32mm)
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