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Abstract

Carbon dioxide is one of the most prominent greenhouse gases, and the rise in its emissions is
causing an increase in the world’s temperature, which can have catastrophic effects if it is not
controlled. Governments and organizations are working hard to implement sustainable
solutions to address the issue of climate change. Among proposed solutions, the capture of CO-
and its recycling to valuable fuels and chemicals has grabbed the attention of scientists. CO>
hydrogenation to methanol is a promising technological solution as methanol is an important
component in the fuel sector and carbon utilization is an environment friendly way to reduce

the emissions.

Heterogenous catalytic systems are applied to convert CO2 to methanol, and the commercial
catalyst, Cu/ZnO/Al;03, is one of the most used catalysts because of its relatively high
performance and relatively low cost compared to other heterogenous catalyst. However,
promoters were added to this catalyst to improve its performance and make it effective for
industrial utilization of CO> hydrogenation to methanol. Cerium and lanthanum precursors
showed good performance when added to the Cu/ZnO/Al,Os3 catalyst when the catalyst is
prepared with the co-precipitation method. However, it was demonstrated that more promising
performance could be obtained when lanthanum was added to the conventional catalyst through
a sequential preparation method. In this study, two series of catalysts were prepared by the
coprecipitation method using different amounts of cerium and lanthanum as promoters. The
performance of the promoted catalysts was compared to a conventional Cu/ZnO/Al,O3 catalyst.
Furthermore, a La promoted catalyst was also prepared using a sequential preparation method
by impregnating the Cu/ZnO/Al.O3 catalyst with lanthanum. The catalysts were characterized
by XRD, TPR, TEM, N adsorption-desorption, and N>O chemisorption.

The catalytic performance of the catalysts was tested in a fixed bed reactor at 230°C, 40 bar,
and H2/CO2/Nz ratio of 3/1/1. The lanthanum promoted Cu/ZnO/Al,Os catalyst prepared by the
sequential preparation method showed the highest methanol selectivity of 49.9% and space time
yield of 1357 mmol-gcat-h™. For the catalyst prepared by co-precipitation, the catalysts
containing 2% cerium and 4% lanthanum showed the best catalytic performance. It was also
observed that the promoted catalysts showed superior performance at different reaction
conditions (temperature, pressures, and gas-hour space velocity) compared to the unpromoted
catalyst. Furthermore, long-term tests over 72 h indicate that the stability of the catalyst is

enhanced for the La and Ce promoted catalysts.
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1. Introduction
1.1 Greenhouse gases and energy transition

The dependence on renewable energy resources has increased in the past few years and is
predicted to continue to grow in the short and medium-term. However, fossil fuels remain the
main source of energy, especially in the transportation and industrial sectors, resulting in high
CO:2 emissions [1]. The emission of greenhouse gases (GHGSs) from the combustion of fossil
fuels is a huge threat to the human environment [2]. The continuous increase in carbon
emissions has led to an increase in the earth’s temperature, resulting in global warming. This
has encouraged many countries to deploy low greenhouse gas emission technologies to limit
emissions, such as solar and wind power, as well as carbon storage and sequestration [3]. The
CO- generated in different sectors can be utilized in the manufacturing of valuable chemicals
and energy carriers, which could help limit the environmental problems the global population

is experiencing due to global warming.

CO:- has been used at the industrial scale to obtain different valuable chemical products, such
as methanol, urea, and formic acids. Among them, the synthesis of urea and methanol are the
predominant consumers of CO> in the industry today [1]. Although the current estimates
indicate that the development of renewables will be more favoured in the long run, the natural
inexistence of these sources in some environments and their intermittency is a drawback for
increasing full dependency on them in the energy market. Therefore, the conversion of
renewable energy into different energy carriers (e.g., hydrogen, methanol, or ammonia) can
help the integration of renewables into various sectors. The advantage of liquid energy carriers
such as methanol and ammonia is that it is easier and cheaper to distribute and store compared
to hydrogen, which requires significant infrastructure investment [4]. Methanol has several
applications and can be an important intermediate chemical utilized in the production of highly
demanded chemicals such as formaldehyde, dimethyl ether, and acetic acid. It can also be
utilized directly as a fuel [4]. The global production of methanol was 157 million metric tons
in 2020. However, this amount is expected to double by 2030, and it may reach 311 million
metric tons. This increase is based on over 100 methanol plants that are in the planning face
and have been announced around the world, which will begin production by the end of the
decade [1].  Figure 1.1 shows the production capacity of methanol worldwide from 2018 to
2020 and the forecast for 2030.
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Figure 1.1: Methanol production capacity [5].

The expected increase in methanol production is also related to the diversity of methanol
sources in the future. Nowadays, methanol production depends mainly on fossil fuels as its
feedstock. However, it is predicted that that the production of methanol from captured CO-
combined with renewable hydrogen (e-methanol) and bio sources (bio-methanol) will increase
significantly in the upcoming years, thereby contributing to the overall methanol production in
the next decades. Figure 1.2 compares methanol production in 2020 to the production expected
in 2050 from different feedstocks.
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Figure 1.2: Methanol production by source between years 2020 and 2050 [6].

Renewable methanol synthesis could be a very important industrial catalytic reaction because
it has the potential to play a significant role in energy production and distribution for achieving
the goals related to a sustainable environment [7]. Renewable methanol could reduce GHG

emissions from many sectors since CO- is the main driver of the global challenges faced today
[8].

Syngas (CO2/CO/H2/H20) is used commercially to produce methanol [7]. Both theoretical and
experimental studies have been performed on the catalytic hydrogenation of CO>, which show
that the production of methanol in the absence of CO is more challenging. Different types of
catalytic systems have been employed, including heterogeneous, homogeneous,
electrochemical and photocatalysis. Currently, the use of heterogeneous catalysts is preferred
in the synthesis of renewable methanol at an industrial scale. The studies on heterogeneous
catalysts focus on different types of catalysts, such as Cu-based catalysts, Pd-based catalysts,
Co nanoparticles, and In-based catalysts [8]. The studies typically focus on enhancing the
activity and methanol selectivity. The higher amounts of water and production of by-products,
especially CO, are typically limiting the activity and selectivity of the catalysts. The use of
promoters to limit the effect of water and CO production is a promising approach to enhance

the performance of the catalyst for CO hydrogenation to methanol.



1.2 Scope of the Study

In this thesis, we firstly review the recent improvements in heterogeneous catalysts and the
research on enhancing the process for the direct hydrogenation of CO> to methanol. The focus
is on the enhancement of the conventional Cu/ZnO-based catalysts and the promising new
catalytic systems that have been investigated for methanol synthesis from CO; [1]. The first
part of the thesis highlights the important studies that focused on developing active and selective
catalysts based on mechanistic investigations as well as advanced synthesis and catalyst design.
Furthermore, a summary of the most promising catalytic systems to develop enhanced

heterogeneous catalysts for methanol synthesis from COy is presented.

In the second part of the thesis, we investigate different copper-zinc-alumina (CuZnAl)
catalysts synthesized by the co-precipitation method. Two series of catalysts were prepared,
using Ce and La as promoters. The content of Ce and La in the promoted catalysts was 2%, 4%,
and 6%. Additionally, another La promoted catalyst was prepared by sequential impregnation.
Activity tests were conducted to study the performance of the synthesized catalysts for CO>
hydrogenation. Stability tests were conducted to investigate the influence of the promoters on
catalyst deactivation. The effect of pressure, temperature, and gas hourly space velocity (GHSV)
was also studied. The catalyst was characterized by X-ray diffraction (XRD), N20
chemisorption, Transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET), and

temperature programmed reduction (H2-TPR) analysis.



2. COz hydrogenation to methanol
2.1 Thermodynamics

The CO2 compound is thermodynamically stable and has relatively low reactivity. Therefore,
it is essential to overcome the thermodynamic barrier if the compound is to be converted into
methanol [9]. The main reactions involved in methanol synthesis are the conversion of COzand
CO into methanol (Eg. 2.1 and Eq 2.2) and the reverse water-gas shift (RWGS) reaction (Eq
2.3.). Thermodynamically, synthesizing methanol from CO; is favored at lower temperatures
and high reaction pressures. At increased temperatures, the endothermic RWGS reaction is
more favorable (>200°C), which can lead to increased production of CO [10]. Furthermore,
other compounds are highly favorable at the typically employed reaction conditions (e.g.,
hydrocarbons and other oxygenates). Therefore, highly selective catalysts are needed to limit

the amount of by-products in methanol synthesis.

CO2 + 3H2 «» CH30H + H20 AHags=-49.5 KJ/mole (2.1)
CO +2H; «> CH30OH AH29=-90.64 KJ/mole (2.2)
CO2 +H2 «+» CO + H20 AHa08= 41.2 KJ/mole (2.3)

Suresh et al. [11] carried out a thermodynamic feasibility analysis on the reactions above using
the equilibrium reactor model on Aspen Plus software. They utilized the predictive SRK-EQOS
to support the non-ideal characteristics in the calculation of the Gibbs Energy. Since the
reactions are heavily dependent on temperature, a sensitivity analysis of the effect of this
parameter on the equilibrium constant (K) was done in the temperature ranges from 25°C to
500°C under a pressure of 1 bar. Figure 2.1 shows the effect of increasing temperature on AG.
Hydrogenation of CO2 and CO at increased temperatures led to an increase in the AG values,
which proves that the reactions are exothermic, while in the case of the so-called RWGS
reaction, the AG values followed a declining trend with increased temperature, and this is
typical of an endothermic reaction. Therefore, the synthesis of methanol from CO:
hydrogenation is thermodynamically favored at lower temperatures, but the challenge is the

inertness of CO., which typically requires higher temperatures to reach sufficient reaction rates.
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Figure 2.1: Temperature effect on AG for CO and CO2 hydrogenation reactions [11].

Stangeland et al. [12] extensively studied the effect of pressure and temperature on the CO>
conversion and methanol selectivity based on a stoichiometric H2/CO; ratio of 3/1. Their
findings agree with that of Suresh et al. [11] and show that significant conversion of CO- can
be achieved at lower temperatures and higher pressures. Figure 2.2a and b show the CO>
conversion and methanol selectivity at different reaction conditions, respectively. The CO>
conversion lines in Figure 2.2a merge at higher temperatures, and this is because the RWGS

reaction is endothermic and is not affected by the reaction pressure [12].
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Figure 2.2: Pressure and temperature effect on (a) CO2 conversion and (b) methanol selectivity
at phase and chemical equilibrium (Dashed lines depicts the chemical equilibrium predicted by

gas phase thermodynamics) [12].

2.2 Historical development of catalysts

Cu-based catalyst has been mostly used throughout history. The utilization of Cu-based
catalysts for synthesizing methanol by the CO/CO. hydrogenation route is as old as the
beginning of the process itself [13]. The foremost patent for methanol synthesis based on Cu-
catalyst was filed by Patart in 1921 [14]. However, due to the catalyst’s susceptibility to sulfur
poisoning, it did not gain attention for commercial adaptability. Later, during the late 1960s,
Imperial chemical industries developed the widely adopted Cu/ZnO catalyst which was
effective at pressures between 50-100 bar and temperatures around 200-300°C for methanol
synthesis with syngas (CO+H>) as the feedstock [15]. As a result of the development and
industrialization of the gas purification systems, which enabled the syngas from crude oil,
natural gas and coal to be free from sulfur poisoning [16], interest in Cu-based catalysts
aggrandized with the development of a ternary Cu-based catalyst that was synthesized by in
situ reductions (Copper Oxide (CuO)-Zinc Oxide (ZnO)- Chromium Oxide (CrO) [17].
Eventually, significant studies and research realized that alumina could replace CrO to increase
the catalysts longevity. The copper-zinc-alumina catalyst was prepared by co-precipitating
soluble copper and zinc salts with an alkaline carbonate solution. The mixed solution of
carbonates is subjected to heating to form a mixture composed of oxides. Finally, the resultant

product is mixed with aluminum oxide [18].

400



As far back as 1930, the concept of the possibility of methanol synthesis from CO: being the
only feedstock was known. It was also proposed that synthesizing methanol from CO and H>O
may not be direct, particularly when arriving at a steady state. The formation of CO and H>O
from the reaction of Hz and CO2 over methanol catalysts was eminent at atmospheric pressure
[19] .This reaction was confirmed in 1932 alongside the consistent methanol formation over
unsupported zinc—copper—aluminum catalyst under high temperatures and certain pressures
[20]. However, despite the catalyst not being particularly active, it paved an idea for the course
of the reaction. In 1945, Ipatieff and Monroe [21] conducted an experiment to study the actual
reaction of CO> and hydrogen over copper-zinc-alumina catalysts compared to other studies
that relatively dismissed the statement because of the prior understanding that the CO> reduces
to CO especially at high pressures and the reaction follows that which is typical of syngas (CO
+ H2) [22, 23]. They observed that catalysts with copper or alumina separately did not catalyze
the formation of methanol from CO; and hydrogen. Therefore, it is necessary to have both in a
mixture for the catalyst to be active. The catalyst with the highest activity had a Cu content
ranging between 8-28% and achieved a conversion of over 90% at 409 atm and 282°C.
Similarly, when CO was utilized as the carbon source under the same conditions as the former,
the methanol conversion was between 39-43%, where only 10-15% and 32-41% of CO
converted to methanol and DME [21].

Comprehensive research on the hydrogenation of CO> to methanol and for a more selective,
stable and active catalyst gained momentum in the 1980s [13]. It is understood that the
formation of methanol in this process takes place mainly from CO2, while CO plays the role of
scavenger for surface oxygen [15, 25, 26]. The bulk amount of CO emitted from the production
and transportation industries has made the requirement for environmental cleaning paramount
to deter global warming and meet up with the climate goals [27, 28]. Due to this challenge and
the demand for clean energy, significant research efforts have been devoted to improving the
process of synthesizing methanol with CO; as the sole feedstock [15]. However, the major

constraint is the lack of effective catalysts.

2.3 Methanol synthesis catalyst
2.3.1 Copper-based catalyst

CO:2 hydrogenation has been under extensive investigation by theoretical and experimental

methods for the past decades. To increase the viability of methanol via CO> hydrogenation, it
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is necessary to develop a catalytic system that offers high selectivity towards methanol,
improved activity and restricts the production of bi-products [29]. The most efficient catalyst
utilized at the industrial level for methanol synthesis is the ternary copper, zinc oxide, and
aluminum oxide (Cu/ZnO/Al>Oz3) catalyst. However, these catalysts are optimized for methanol
production via the syngas route. Therefore, catalyst's efficiency requires further improvements

to be more suitable in methanol synthesis from CO2 [30].

2.3.2 Metal oxide supports and promoters

Currently, the commercial synthesis of methanol is done over Cu/ZnO/Al>O3 catalysts utilizing
syngas as the feedstock at 50-100 bar pressure and temperature range of 220-350°C. The
conventional catalyst comprises 50-70 atomic% of CuO, 20-50% ZnO and 5-20% Al>O3
(promoter) [13]. High methanol selectivity and activity are the general targets for effective
catalyst development. These properties are related to the surface area of Cu, which is partly
achieved via a uniform and periodic distribution of Cu and ZnO nanoparticles. For decades the
nature of the active site has been debated. Some researchers have proposed that metallic Cu® is
the active site [31, 32], while others have suggested that Cu* dissolved in ZnO and stabilized
by promoters also contributes [33, 34]. In addition, Frost and Liao [35, 36] proposed that Cu at
the Schottky junction, which is at the interface between metallic Cu and ZnO, as the active site.
Another model by Topsoe [37, 38] suggests that the strong metal support interaction (SMSI)
plays a vital role in methanol synthesis. Under typically applied reduction conditions, the model
is based on Zn atoms migrating to the copper surface, thereby generating active sites for
methanol synthesis. Another study combining theoretical modelling and experimental
investigations reported that the Zn decorated Cu surface serves as the active site for synthesizing
methanol using CO- as feed. [39]. It has also been observed that ZnO acts as a structural
promoter, which limits the sintering of Cu, enhances the lattice oxygen vacant sites, and
supports an active electron pair towards activating key intermediates in methanol synthesis.
Furthermore, the improved dispersion of Cu by addition of the Al,Os promoter aids the
enhancement of both the activity and stability [40—42].

To improve the efficiency of the Cu/ZnO catalysts, different types of modification can be done
by adding a variety of stabilizers and promoters. Stangeland et al. [43] investigated the effect
of indium oxide (In203), where they observed that the methanol selectivity increased when In
was added to the conventional Cu/Zn/Al,O3 catalyst, but the activity was reduced. Furthermore,

when long-term stability tests were performed over 72 hours, the CO2 conversion over the In



promoted catalyst remained relatively stable. The Cu crystallite size of the In promoted catalyst
slightly increased from 12 to 14 nm, while that of the unpromoted catalyst increased from 13
to 20 nm. This resulted in a lower deactivation and improved stability of the former catalyst as
compared to the latter. Matsumura & Ishibe [44] also confirmed that the presence of In on the
surface of Cu during methanol reforming process over a Cu/ZnO-based catalyst limited CO

formation, thereby improving the selectivity.

Several studies have also been carried out where CeO, was introduced as a support and co-
support for the catalysts for CO> hydrogenation to methanol [45-50]. It was observed to have
a stronger adsorption affinity for CO> due to its oxygen vacancies and strong basicity. When
introduced as a support, it facilitates spillover of atomic hydrogen and enhances dispersion of
Cu particles [46, 49]. Despite the positive effect of ceria, it had an adverse influence on the
surface area of the catalyst, which reduced the activity [51]. Furthermore, a study by Rodriguez
et al. showed that combining Cu metal and the oxide sites in the Cu-CeO; interface generates
active sites favorable for the reaction pathways for the methanol synthesis from CO- [49]. The
application of combining theoretical and experimental methods was used to demonstrate the
hydrogenation of CO> over an inverse CeOx/Cu(111) surface, where complementary surface
analysis by X-ray photoelectron spectroscopy (XPS) determined Ce>O3/Cu (111) as the active
phase of the catalyst. It was also realized that the inverse catalyst was much more active for
methanol synthesis than Cu(111) and ZnO/Cu(111). Additionally, a decrease in the activation
energy for the conversion process was observed, which declined from 25 kcal/mol on Cu(111)
to 16 kcal/mol on ZnO/Cu(111) and lastly, 13 kcal/mol on CeOx/Cu(111) [13]. After the surface
analysis was carried out using ambient pressure infrared reflection absorption spectroscopy and
ambient pressure XPS, it was realized that formates and carboxylates are formed during the
reaction. Thus, CeOx-Cu rich in Ce®" sites was proposed to be the active catalyst, which
enhanced the stability of the carboxylate species that is a key intermediate for methanol
production [10]. In the ternary CuZnCeOyx, CeOx promotes the spillover of atomic hydrogen
and enhances Cu particles dispersion, whereas ZnO helps to increase the dispersion of the CeOx
nanoparticles. As a result, the CuZnCeOx catalyst has been shown to be better than the catalyst
containing only CuZnOx [50]. However, it was observed that the CuZnCeOx catalyst has a
higher selectivity towards CO [52].

The effect of gallium oxide (Ga203) has also been studied, and it was observed that its small
particle size enhanced the formation of an intermediary phase of Cu between Cu®, Cu,* and Cu*
to some extent [53]. The catalysts derived from Ga modified hydrotalcite demonstrated
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improved dispersion of the Cu particles and the creation of active Cu-ZnO sites, which
significantly increased the efficiency of Ga modified Cu-based catalyst for methanol synthesis
via CO;, hydrogenation [54]. Li et al. [55] suggested that adding Ga®* to the Cu/ZnO catalyst’s
precursor sped up the reduction of ZnO to Zn° via the formation of an “electronic heterojunction
of ZnO-MGa (M= Cu or Zn)” , where the formation of CuZn is due to the interaction between
Cu nanoparticles and reduced Zn°. The hydrotalcite-derived catalysts were able to preserve their
morphology in ultrafine layers after calcination treatment, which changes the phase to
amorphous. These amorphous phases are characterized by metallic Cu crystals, which are small,

properly dispersed and have a large surface area containing sparse amounts of Zn atoms [55].

Amongst the promoters for Cu based catalysts, ZrO> is by far the most investigated after ZnO.
However, it is often combined with ZnO in ternary catalysts [56]. Rungtaweevoranit et al.
analysed Cu confined in Zr based metal organic framework (MOF) using XPS [57]. This
indicated that there is a strong interaction between Cu and ZrO- due to the existence of several
Cu oxidation states and the increased interfacial contact surface between Cu and ZrOx. The
binary catalyst promoted by ZrO, had better performance relative to the conventional
Cu/Zn/Al,O3 catalyst [57]. Asides from the high thermal stability of ZrO, when subjected to
reduction and oxidization, its surface basicity and hydrophobicity properties makes it a good
support [56]. Sloczynski et al. [58] studied the effect of ZrO, on the conventional catalyst and
reported an improvement of the Cu surface area and an alteration of the Cu*/Cu° ratio.
Additionally, uniform dispersion of CuO on the ZrO> surface can lead to the formation of a

large interface that is favorable for methanol synthesis [56].

ZrO; occurs in various crystal structural phases (polymorphs): monoclinic m-ZrO. and
amorphous, a-ZrO; and t-ZrO,. At low temperatures, ZrO, assumes the a-ZrO, and t-ZrO;
crystal structure, and it later converts to m-ZrO- at higher temperatures [13]. However, after a-
ZrO, was impregnated with a Cu solution, a significant amount of the Cu species was
impregnated into a-ZrO; after calcination [59]. Thus, facilitating the formation of a mixed oxide
of Cu-Zr mixed oxide. Systematic investigations on the effect of the different ZrO> polymorphs,
including the -a, -t and -m phases on the Cu structure, interactions between Cu-ZrO; and
adsorption-desorption of CO2 and H. were carried out alongside a study of the catalytic
performance of the catalysts that are based on the different polymorphs (Cu/a-ZrO,, Cu/t-ZrO>
and Cu/m-ZrQO) [60]. By employing various analytical techniques, the surface area of Cu was
found to increase in the trend: Cu/a-ZrO; > Cult-ZrO; > Cu/m-ZrOz. This trend is also in

correlation with the methanol yield, and the highest methanol yield was obtained on the Cu/a-
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ZrO; catalyst. Tada et al. [59] also compared the interfacial sites of the different ZrO>
polymorphs. They found that a higher amount of active interfacial sites of Cu/a-ZrO; relative
to Cu/t-ZrO, and Cu/m-ZrO> could be obtained when the prepared amorphous Cu-Zr-O oxides
were reduced without the formation of Cu crystalline particles. The adsorption of methanol on
Cu/a-ZrO2 and Cu/m-ZrO, was weaker, which might be responsible for the higher methanol
selectivity by suppressing unwanted methanol decomposition. A comparison of the effects of
the different ZrO> phases on the catalytic performance is portrayed in Figure 2.3 [56, 61, 59].
It is largely agreed that the amorphous ZrO. promotes the stabilization of small Cu particles,
and the interaction with these small particles increases the CO. conversion and methanol

selectivity of the catalyst.
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Figure 2.3: ZrO> phases effect on the catalytic performance [56, 59, 61].

However, after comparison of the methanol turnover frequency (TOFmethanol), the Cu/t-ZrO>
showed higher TOF than that of Cu/a-ZrO,. This might be related toa strong Cu-ZrO>

interaction and an increased surface concentration of atomic hydrogen [60].

Ro et al. [62] conducted methanol synthesis via CO2 hydrogenation over Cu/ZrO; catalyst
prepared by the atomic layer deposition (ALD) and controlled surface reaction (CSR) methods.
The formation of Cu-ZrO: interfacial sites enhanced the TOF. The oxidation states of the Cu
and ZrO2 species were determined by X-ray absorption near edge structure (XANES) study. It
was confirmed that Cu® and Zr** were the main oxidation state for the species. Furthermore, it
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was proposed that an interface of Cu-ZrOx is created because of the diffusion of some of the
Cu atoms into the ZrO- structure, where the valence state of Cu and Zr was Cu* and Zr®* (6 <4).
Zhu et al. [63] and Rungtaweevoranit et al. [57] conducted a study on Zr constructed metal
organic framework (MOF) structure (UiO-66). The results from their characterization showed
that molecular interactions with both metals and oxides are necessary. These interactions led to
highly improved synergistic effect on activity and selectivity. Zhu et al. [63] further showed
that materials that consisted of atomically dispersed Cu-O-Zr sites or isolated Cu particles only
favored the RWGS reaction. On the other hand, the MOF structure (UiO-66) in which the
missing linker defects are occupied by Cu particles developed a higher fraction of metallic Cu
interfaced to ZrO, nodes. This led to a high adsorption capacity for CO. and increased the
activity and selectivity during low temperature methanol synthesis. An et al. [64] also
conducted a study where MOFs were utilized, in which pre-assembled bipyridine (bpy) and
Zre(n3-0)a(uz-OH)4 sites present in UiO-bpy MOFs was used to anchor infinitesimal Cu/ZnOx
nanoparticles, thereby deterring the phase separation between Cu and ZnOx by MOF cavity
confinement of Cu/ZnOx NPs. The Cu/ZnOx@MOF catalysts outperformed the conventional
Cu/ZnO/AlLO3 catalyst with significantly higher space time yield (STY) of about 2.59
gmeon Kgeu T 't After long term tests of over 100 h, the catalyst remained relatively stable,

and it also had 100% selectivity for methanol (Figure 2.4).
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Figure 2.4: (a) STY of methanol vs reaction time over a period of 100 h (b) product selectivity

Vs reaction time [64].
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Enhancement of the activity and stability of the Cu/ZrO> catalysts can be achieved by modifying
the preparation methods and the addition of other specific additives such as gallium. Fornero et
al. [65] introduced gallium (Ga) in the form of gallium oxide (Ga-03) as a promoter to the
catalyst with ZrO- as support. The promoter resulted in a catalyst five times more active than
the unpromoted catalyst. In addition, reports from Toyir et al. [53] and An et al. [64] supported
the claims of Fornero et al. [65], where they realized that Ga,O3z seemed to enhance the activity
per unit surface area of the methanol synthesis catalyst. Catalysts derived from
hydroxycarbonate precursors can be modified by Ga®* to obtain precursors with hydrotalcite-
like structures. These catalysts showed significant improvement on Cu particles dispersion and
the creation of active Cu-ZnOx sites, thereby enhancing the effectiveness of the Cu-ZnGa
catalyst system for methanol synthesis [64]. A reason for this improvement can be linked to the
ability of the hydrotalcite derived catalysts to sustain their morphology in ultrafine layers even

after heat treatment at elevated temperatures.

Song et al. [66] studied the effect of adding some rare earth elements (Sm ,Ce and La) as
promoters to the binary (Cu/ZnO) and ternary (Cu/ZnO/Al,QO3) catalysts. The catalysts were
synthesized by co-precipitation and calcined at 500°C. After long term activity tests, all the
catalysts had a similar trend in regard to the CO> conversion, which eventually reached a steady
state period after 12h. However, the catalyst promoted by La (CuLaZnAl) had the highest CO;
conversion of about 25%, whereas the CuZnAl catalyst had a conversion of 22% which was the
lowest. The trend of the conversion for the different catalysts is depicted in Figure 2.5. In partial
contrast to Song et al. [66] findings, Kourtelesis et al. [67] reported that the addition of La;Os
to the reference catalyst led to a reduction in CO2 conversion and an increase of methanol
selectivity. The promoted catalyst exhibited higher methanol yield than the unpromoted catalyst
(over 30%). The increase in yield is attributed to the relatively large specific surface area and
high porosity of the catalyst, the formation of active sites with adequate strength, which
improved the adsorption of CO, and intermediates favoring the hydrogenation steps. The
promoted catalyst preserved significant parts of the copper in its metallic form under the
reaction conditions [67]. Furthermore, the exposure of the promoted catalyst to CO2/H2 reaction
mixture led to the formation of oxygenated surface species, particularly the methoxy and
formate species. The methoxy species that are formed by stepwise hydrogenation of formate
are regarded as key intermediates for methanol production [68]. On the other hand, the
production of CO from the formate species could also occur via the reverse water-gas shift

reaction or decomposition [67].
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Figure 2.5: CO- conversion of for three different promoted catalyst systems for hydrogenation
of CO2 over 12 h time on stream (TOS). Reaction conditions: 250°C, 40 bar and H2/CO,=3,
and GHSV = 4000 h*[69].

Magnesium oxide (MgO) as a promoter in the ternary CuZnAl based catalyst for methanol
synthesis dates back to the 1990s [70]. Reports from different studies proved that MgO had a
positive effect on the stability of the catalyst but decreased the catalytic activity [71-73]. When
the addition of Mg was investigated on a Cu/Zn/Zr catalyst for CO2 hydrogenation to methanol,
it was found that Mg improved the adsorption properties of the catalyst [74]. Sharma et al. [75]
synthesized a highly stable MgO promoted catalyst by the hydrothermal method. They showed
that there was a significant increase in methanol yield, and this is attributed to the synergistic
interaction between the small Cu particles and the MgO/ZnO support, which increased the Cu
dispersion and Cu surface area. Furthermore, an enhanced adsorption site for CO> was
developed adjacent to the Mg atoms, and this is as a result of the formation of defective ZnO
crystals with Mg atoms [73, 75].
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Table 2.1: Comparison of the activity and selectivity of different Cu-based catalyst

synthesized under different conditions.

Catalyst Preparation T P H2/CO> XCO2 Smeon  Ref
method (°C)  (Bar) molarratio (%) (%)
Cu/ZnO/AI,Oz  Oxalate gel CP* 210 20 3/1 11.6 75 [76]
Cu/ZnO/Al0s/ CP 250 30 3/1 7.3 52 [43]
In203
Cu/zZnO CP 250 30 3/1 ~11 - [77]
Cu/AlCeO CP 260 30 3/1 ~17 85 [45]
Cu/ZrO; IW* 260 80 3/1 15 86 [62]
CuZnCeOx Parallel flow CP 240 20 3/1 13 40 [52]
Cu/ZnO/Ga203 CP 240 45 2.8/1 27 50 [55]
Cuo/ZnO/zrO, CP 340 30 3/1 5.6 64 [78]
Cu/ZnO/Al0s/ CP 190 50 3/1 10.7 81.8 [79]
ZrO;
CuZnO@UiO- DSM * 250 40 3/1 3.3 100 [64]
bpy
Cu/znO/All CP 250 40 3/1 11 43.3 [66]
La,03
Cu-MgO/ZnO  HT* 200 30 3/1 8.7 99 [75]
CuO/ZnOITiO2 CP 220 30 3/1 14.8 51 [80]

*CP, co-precipitation; IW, incipient wetness; DSM, double solvent method; HT, hydrothermal.

Recently, new studies have been carried out to understand the influence of promoting the
Cu/zn/Al catalyst with Mg, particularly by the co-precipitation and fractional precipitation
synthesis methods [81-83]. The method of preparation has shown to have significant effects on
the catalysts properties as well as their performance during methanol synthesis. Brunauer-
Emmett-Teller (BET) analysis was used to characterize the catalysts, and this showed that the
catalysts synthesized by co-precipitation had higher BET surface area and Cu dispersion.
However, the catalytic activity of the catalyst was decreased. On the other hand, the catalysts
synthesized by fractional precipitation enhanced the substitution of Cu by Zn in the sub-
carbonate precursor, thereby enhancing the catalytic performance [81]. Dasireddy et al. [82]
eventually suggested that in the catalysts prepared by co-precipitation, Mg-Al hydrotalcite was

formed, which had a negative effect on methanol production.
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Titanium oxide (TiO) has also been extensively studied and the results have demonstrated that
a relatively high performance of TiO2 promoted catalyst can be achieved [50, 80, 84]. Xiao et
al. [80], while using the co-precipitation prepared various catalysts containing CuO/ZnO/TiO>
with different TiO2 loadings. Upon TiO2 promotion of the CuO/ZnO catalyst, the copper species
were into an amorphous-like structure, which improved the reduction of CuO. Furthermore,
when the TiO. loading was increased, the metallic Cu surface area (SAcu) of the promoted
catalyst increased but decreased when TiO- loading was over 10%. Therefore, a loading of 10%
TiO2 was the optimum for producing an effectively promoted catalyst. In addition, the methanol
yield increased linearly relative to the increment of the SAcy, which indicated that when TiO>
was added to the catalyst, it only enhanced the SAcy but not the intrinsic activity. Similarly, Bao
et al. [84] developed a series of Cu/TiO catalysts and demonstrated that a higher specific surface
area of Cu is very effective for CO2 hydrogenation, and the presence of sufficient amount of
Ti** enhanced the CO; adsorption/activation. Both resulted in higher TOF of methanol
formation [85]. Titanium nanotubes (TNT) support has also been incorporated into
CuO/Zn0/Ce0; catalysts. This resulted in the promotion of the CuO reducibility, improvement
of metallic Cu dispersion and increase of the specific surface area. The promoted catalysts
prepared by deposition precipitation with different TNTs content had higher CO2 conversion
and methanol selectivity compared to the unpromoted catalyst [50]. The increased CO>
conversion and improved selectivity could be attributed to the specific surface area of Cu and

the number of basic sites.

2.3.3 Other supports

Generally, silica (SiO>) is characterized with a large surface area and porosity, a relatively high
thermal stability and adequate dispersion capacity but weak interactivity with metals [86].
However, when it is exposed to steam at high temperatures, its thermal stability is weakened
because it transforms to Si(OH).. The incorporation of varying amounts of silica in the Cu/ZnO
catalysts dramatically improved the stability of the catalyst, as it reduced the crystallization of
Zn0[53]. Kunkes et al. [87] synthesized Pd/SiO, and Cu/SiO; catalysts using incipient wetness
impregnation of silica gel with Pd and Cu nitrate solutions to obtain metal loadings around 10
wt%. The formation rates of methanol were higher for the Cu/SiO. catalyst (2.1%) when
compared to the Pd/SiO> catalyst (0.3%). It has been suggested that the silica-based catalyst
had relatively higher selectivity for methanol and higher activity when compared to the
conventional ZnO-based catalysts. This could be because of the larger surface area of the silica-
based catalysts [88]. Grandjean et al. [89] reported that the effect of SiO, on the Cu-based
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catalysts can be improved if other metal oxides are introduced and silica serves as a co-support
or promoter. Jiang et al. [90] synthesized a micro-spherical SiO2 support using the spray-drying
technique. They developed a series of SiO. promoted Cu/ZnO catalysts with different weight
percentages of Cu and ZnO by the ammonia-evaporation synthesis method. They showed that
it was possible to deposit Cu and Zn ions within the pores of SiO and high distribution, which
is affected by metal loading. The specific surface area increases with the metal loading, which
was ascribed to the porous structure of SiO,. However, when the metal loading exceeded
47.91%, the catalysts’ specific surface area began to decrease. This led to a slight reduction of
CO- conversion, which could be due to the blockage of the pores [90]. The combination of
different characterization techniques (CO-adsorption in situ Fourier-transform infrared
spectroscopy analysis, X-ray diffraction, X-ray Auger electron spectroscopy and X-ray
photoelectron spectroscopy) proved that the formation of both Cu* and Cu® species are
facilitated by SiO, [90].

Similar to SiO2, carbon materials also have very large surface area, and they are very stable at
higher temperatures. They have good mechanical strength, significant hydrogen uptake which
facilitates H> dissociation. These properties are favourable for CO, hydrogenation at lower
temperatures with improved selectivity. However, due to low CO- conversion, its application
as a catalyst is not commercially applicable [91]. Deerattrukul et al. [91] synthesized Cu/Zn
catalyst supported on reduced graphene oxide (rGO). They found that 10 wt% of the Cu/rGO
exhibited the most promising activity for CO2 hydrogenation, achieving conversion and
methanol selectivity of 26% and 51% respectively. The highest STY attained was 424+18
MQmethanot &t 250°C and 15 bar. In addition, MOFs were also studied as supports for the catalysts.
It has been reported that the MOF supported catalyst exhibited over 99% methanol selectivity
[57, 63, 64]. Despite the promising properties and activity, limited conversion rates and

instability at higher temperatures still hinders its industrial applicability [90, 91].

2.3.4 Bi-metallic Cu based catalysts

Several researchers have reported that the bimetallic Cu-based catalysts also exhibit very good
performance in CO- hydrogenation to methanol [90, 92, 93]. Noble metals such as palladium
have favorable properties that promote hydrogen activation and palladium supported on metal
oxides possess significant high activity [48, 49, [94]. Preliminary studies proved that the
supported Pd nanoparticles were indeed involved in the methanol synthesis process. Nie et al.
[92] focused on Pd-Cu catalysts and provided significant insight about the chemistry of the
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reaction. Jiang et al. [94] observed a synergistic effect when methanol production was
conducted over a Pd-Cu bimetallic catalyst supported on amorphous silica, where the
Pd/(Pd+Cu) atomic ratios were maintained within the range of 0.25 to 0.34. The methanol
formation rate over the bi-metallic catalyst (Pd-Cu/SiO2) was two times higher than that of the

monometallic Pd and Cu catalysts.

The modification of the conventional Cu/ZnO catalyst surface with Pd is an efficient way for
developing catalysts with improved activity. This is as a result of to the so-called hydrogen
spillover mechanism [95]. The effect of hydrogen spillover is the development of a catalyst
surface that has high tendency to facilitate the hydrogenation process. Kugai et al. [96] showed
that the noble metal Pd improves activity of the Cu sites. The effect of the increment of Pd
loading was noticed as the Cu dispersion and surface concentration on the catalyst surface was
enhanced up to a certain point. Furthermore, it is believed that because of the intersection of
Pd and Cu, which resulted in strong electronic perturbations and shrinkage of the Cu-Cu bond,
a well dispersed Cu species is formed. Similarly, Choi et al. [97] developed a Pd-Cu/CeO>
catalyst and reported that the interaction with Pd, which is highly dispersed on the CeO- support,
suppressed Cu particles aggregation. A XPS analysis showed that, peaks for Cu 2p electrons in
the Pd-Cu/CeO: catalysts are located at a lower binging energy compared to Cu/CeO: catalysts.
This means that the Cu sites in the former catalyst is richer in electrons and therefore, donating
electrons to Cu will enable the stabilization of Cu in a more reduced state [98]. Nie et al. [92]
after conducting first principle calculations determined that the stepped PdCu(111) surface
which had Pd atoms on the top was better than the flat Cu-rich PdCusz(111). This is because the
former is favored for CO2 and H: activation as well as CO> hydrogenation to methanol.
Furthermore, CO2 hydrogenation experiments over SiO, supported bimetallic catalysts revealed
that the composition of Pd-Cu(0.5) is dominated by PdCu alloy phase which resulted in
improved methanol selectivity relative to the PdCu3-rich Pd—Cu(0.25) [92]. The surface
reaction sequences in both the “formate and RWGS + CO-hydro” pathways on the PdCu(111)

surface is depicted in Figure 2.6.
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Figure 2.6: Surface reaction sequences for CO2 conversion to methanol in the “formate” path
and the “RWGS + CO-hydro” path on PdCu(111) [92].

Additionally, kinetic studies and in situ DRIFTS analysis were used to understand the origin of
the bimetallic promoting effect. It was revealed adsorbed species and surface site balance could
be altered by alloys. These alloys also decrease the activation barrier for the formation of
methanol, thus, improving methanol formation [99]. Liang et al. [100] synthesized Cu-Zn
bimetallic catalyst supported on Al foam by the hydrothermal method. Under 250°C, 3 Mpa
and high WHSV of 20,000 mL gear *h™%, a methanol yield of 7.81 g gcy *h™* was obtained with

9.9% CO- conversion and 82.7% methanol selectivity.

2.4 Reaction mechanism

Understanding the mechanistic details is a key component for improving the catalyst design
criterion when it comes to CO> hydrogenation catalysts [13]. The active sites in the Cu-ZnO
catalysts are linked with partial or fully reduced Cu and the synergic contact with ZnO or
moderately reduced ZnOx [1]. The formation of Cu-ZnO interface is critical for the activity.
Several options are proposed from different studies and amongst them are; (i) the ZnO enhances
the dispersion of reduced Cu, thereby increasing the number of active sites, (ii) the ZnO

promotes the Cu?* reducibility, (iii) the active sites of Cu* is stabilized on the surface of ZnO,
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or (iv) the basic sites of ZnO that are in close contact with the Cu-metal sites are essential to
catalyze hydrogenation of carbon oxides [15, 82, 101, 102]. Thus, the formation of interfaces
between Cu-ZnO can be a determining factor if highly active catalysts for methanol synthesis
from CO2 hydrogenation are to be obtained [77, 103, 104]. These important interphases are
formed during the course of reduction of the catalyst precursors, where an optimization of the
reduction variables tend to play a pivotal role in producing catalysts with optimum activity [77].
In addition to the interfaces between Cu-ZnO, the exposed faces of the ZnO that is in contact
with the Cu species also influences the catalytic behavior of the Cu/ZnO systems. It was
confirmed after the synthesis of ZnO with different nanomorphology that the (002) face of the
ZnO had the best catalytic activity for the synthesis of methanol. This is due to the fact that the
face was more polar and it presented higher concentration of oxygen vacancies [105].

Conversely, understanding the reaction mechanism that operates on Cu/ZnO catalysts will
further enable the development of improved catalysts for this process. In this regard, two widely
accepted mechanistic pathways have been suggested from previous studies for the
hydrogenation of CO> to methanol over Cu-based catalysts [7, 22, 106]. The first pathway
(Figure 2.7) features the reverse-water-gas-shift (RWGS) and CO hydrogenation mechanism,
where the COz is initially converted to CO and later proceeded by hydrogenation of CO to
methanol through formyl (HCO) and formaldehyde (HCOH) intermediates. The second
pathway is associated with the formate mechanism, in which formate intermediates (HCOO)
are produced during the hydrogenation of CO2 which eventually produces methanol via C-O
bond cleavage and *HCO or *H>CO intermediates [15]. Formaldehyde, the intermediate
product which is common in both mechanisms can be hydrogenated to form methoxy and

subsequently to methanol [82].
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Figure 2.7: The pathways CO, hydrogenation to methanol over Cu-based catalysts. [1]

Kinetic investigation has identified the hydrogenation of formate (HCOQO) and dioxomethylene
(H2COO0) species as the limiting steps for the methanol synthesis via the formate pathway [15,
105, 107]. Meanwhile, if the synthesis proceeds through the RWGS and hydrogenation of CO
pathway, the limiting steps will be the hydrogenation of CO and formyl (HCO). Potentially,
both reaction pathway may operate on a real Cu/ZnO-based catalyst. Therefore, when Cu/ZnO
catalyst is utilized, the CO, hydrogenation activity might also be affected by (i) the CO
hydrogenation barrier, (ii) the barrier of dioxomethylene hydrogenation, and (iii) the CO
binding energy. In an ideal scenario, the Cu-based catalyst used in CO. hydrogenation to
methanol is supposed to hydrogenate dioxomethylene easily without restrictions and bond CO
abstemiously. Thus, this will be strong enough to promote the required CO hydrogenation as
compared to CO desorption but less likely to deter CO poisoning. In this regard, production of

methanol from both pathways can be expedited [107].
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Density funtional theory (DFT) calculations has shown that CO2 hydrogenation is more favored
through the formate pathway via *HCOOH, *H>COOH, and *CHzO intermediates rather than
the RWGS related pathway for methanol synthesis [13]. Furthermore, the existence of CO-
enhances the reaction rate of syngas conversion to methanol, thereby indicating that methanol
is produced mainly via the formate route [108]. Consequently, the new Cu/ZnO catalysts should
be able to enhance the capacity of the methanol synthesis sites and either suppress the active
sites favoring the RWGS reaction or enhance the hydrogenation of by-product CO to methanol.

2.5 Catalyst synthesis methods

To achieve high catalytic activity, the catalyst should meet some desirable properties such as
large surface area and effective Cu-ZnO interphase. Several methods have been utilized to
prepare commercial catalysts where the preparation approaches and conditions have valuable
influence on the catalytic performance [13, 109]. Numerous synthesizing methods have been
studied by researchers, such as the solid-state combustion, solid state reaction, reduction—
precipitation, sol-gel auto-combustion, and co-precipitation. However, among all the
aforementioned catalyst synthesis methods, the coprecipitation method is preferred in the
industry [13]. A brief overview of the different methods used in catalyst synthesis for methanol

production are discussed below.

2.5.1 Solid-state combustion

Solid state combustion was used to prepare a series of Cu-ZnO catalysts using metal nitrates
and citric acid. This method requires an argon atmosphere where the novel citric acid solid state
combustion will take place, and thereby the preparation of the metallic Cu-ZnO catalyst will
happen without the need for further reduction. Consequently, the catalyst can be used directly
in methanol synthesis. This method is very advantageous due to the simple way of catalyst
preparation which does not require a lot of produced water, which is environmentally friendly.
Usually, reduction and catalyst engineering process have high costs. However, these extra costs
are reduced by this method[110].

2.5.2 Sol—-gel auto-combustion

Methanol synthesis is an extremely exothermic reaction, so its efficiency is limited by
thermodynamics. This aggrandized the researchers to develop low temperature process for

methanol synthesis [111]. One of the processes proposed was the solid-state combustion for
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catalyst preparation discussed earlier [110]. The sol-gel auto combustion was also considered
as an attractive method for the same cause of developing a low temperature process. The
following technique was based on a combination between the chemical sol-gel process and
subsequent combustion processes [111]. The preparation process began with the mixing of
metal nitrates and citric acids, and the mixture was added to distilled water. Eventually, the
solution was adjusted with ammonia to obtain a pH of 7. Stirring and refluxing ensured the
binding of the citric acid with the metal ions. Evaporating and drying take place to form porous
polymeric xerogel. Finally, the product was calcined between the temperature range of 250-
450°C under argon flow and then auto combusted to produce porous and loose pure Cu/ZnO
catalyst [111]. In comparison to the one-step synthesised Cu/ZnO catalyst discussed earlier, the
sol-gel auto combustion method has lower activity and methanol selectivity [110].

2.5.3 Reduction—precipitation

The conventional gas phase reduction process of the copper-based catalysts has some
drawbacks [112]. The disadvantage includes the intense heating effect, uncontrollable reducing
conditions, and the time consuming of the operation [112, 113]. An attractive technique was
introduced where NaBH4 was used to reduce copper-based catalysts, which proved to be fast,
economical, and easy to operate. The presence of NaBH4 showed an effect on the catalytic
performance as it produced smaller Cu particles compared to the conventional co-precipitation
method. The variation of the NaBH4 content had an influence on the activity of the catalysts as
well [112].

2.5.4 Solid state reaction

The solid-state reaction was a method introduced to reduce the cost and complexity of the
catalyst synthesis process. In this method the catalyst is prepared through a chemical reaction
between hydrated metallic salts and citric acid ligand which will obtain a complex of metal
citrate. Calcination is a very important step in the solid-state reaction for the preparation of the
copper-based catalyst. It was shown that the calcination temperature has a strong influence on
the physicochemical properties and the catalytic activity[109]. The dispersion of copper species
will decrease as the calcination temperature increases. The solid-state reaction is preferred due
to its simplicity, time efficiency, and being a solvent free method. However, this method
produced catalysts with low BET surface area , which is a major hindrance to the catalytic
activity [109].
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2.5.5 Co-precipitation

The Cu/ZnO/Al>O3 catalyst is mostly prepared by co-precipitation which is known as the
conventional method [13]. Co-precipitation is a typical preparation method for catalyst
precursors [114]. A mixture solution of copper and zinc nitrate in deionized water is prepared,
then sodium carbonate is added as a precipitating agent for the successful co-precipitation of
Cu/Zn hydroxycarbonate precursor [115]. During co-precipitation, it is decisive to keep the
synthesis parameters as required to obtain a more effective catalyst. The most significant
parameters are PH and temperature. Some studies proposed that the best temperature range is
between 60-70°C, and pH between 6-7 [114]. Other important parameters that should be

maintained are composition, concentration, and aging time [115].

The co-precipitation method includes three stages. It begins with the precipitation of the
precursors in the form of hydroxycarbonates [1]. For example, the mixed Cu/Zn/Al
hydroxycarbonate could be coprecipitated to be the precursor for the Cu/ZnO/Al>O3 catalyst.
The formation of the hydroxycarbonate is an important step in the catalyst synthesis since the
properties developed in the early stages of preparation will affect the efficiency of the catalyst
[1, 114]. The second stage will be controlled calcination of these hydroxycarbonate precursors
to obtain highly dispersed CuO-ZnO species with some residual carbonates. These residual
carbonates accounts for maintaining high porosity and surface area. The final step is to reduce
the oxidized phases to get active sites. Some properties are favoured when it comes to the final
catalyst such as high Cu surface area, good interaction between Cu and ZnO, and minimal

presence of Na that was utilized in the coprecipitation stage [1].

The best hydroxycarbonate phase to obtain the optimal catalyst for CO2 hydrogenation to
methanol is still under investigation [116]. The hydroxycarbonate phases can be aurichalcite,
zincian malachite, hydrotalcite, and the amorphous zincian georgeite phase. The zincian
georgeite is formed by co-precipitating acetate salts with ammonium carbonate. The addition
of zinc into the georgeite phase and small aging prevents crystallisation into zincian malachite
or aurichalcite [116]. However, the low temperature coprecipitation permits the synthesis of
pure zinc malachite precursor with high Zn content, which allows the maximizing of the
dispersion of Cu and oxygen defect sites on the ZnO surface [117]. The catalytic performance
was very high for catalysts derived from the zinc malachite phase, especially when huge amount
of Zn content is incorporated into the structure of malachite [1]. The performance also depends
on the morphology of the precursor particles and the degree of Zn substitution of Cu in the

zincian malachite phase [114]. Additionally, the presence of amorphous zincian georgeite can
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also be advantageous for the catalytic performance over the single-phase zinc malachite. In this
process, the hydroxycarbonate precursors will change in the preparation step where it will begin
in the georgeite phase and later evolve into malachite. The transition from the georgeite to
malachite is defined as of the meso-structuring. Nano-structuring is also possible which is the

transformation from aged precipitate to calcined product [1, 114].

Meso-structuring Nano-structuring

Initial preicpitate Aged precipitate Calcined product

Zincian georgeite Zincian malachite CuO /ZnO
Figure 2.8: Scanning electron microscope images of the materials obtained at different stages

during the preparation of Cu/ZnO/Al;Os catalysts [1].

Catalysts can also be derived from hydrotalcites [118]. The hydrotalcite precursors can be
formed by the nucleation and growth of the metal hydroxide layer because of the mixing
between an aqueous solution, where two metallic salts are used to obtain a base and an anion.
An easy method of obtaining higher dispersion between the metallic copper and the Zn or/and
Al>0z3 is using precursors containing Cu/Zn/Al with a hydrotalcite structure. The catalysts
resulting from the hydrotalcite (HT)-like hydroxycarbonate precursors - have well inter-
dispersed mixed metal oxides with high surface area, in addition to small and uniform particle

sizes. These factors can lead to high catalytic activity [118].

An alternative precursor is aurichalcite. It is usually found as a secondary mineral in copper and
zinc deposit, and its composition show Cu/Zn ratio in the range from 1:9 to 2:3. The catalysts
are synthesized by thermal decomposition of aurichalcite [119]. Usually, XRD is used to study

the crystalline components of the precursor materials in relation to other mineral phases
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(malachite, aurichalcite....). The following figure shows the difference in crystal structure

between malachite and aurichalcite [120].

¢

Figure 2.9: a) The malachite crystal structure viewed along [001] and b) aurichalcite crystal
structure viewed along [001] [120].

2.5.5.1 Aging

The composition of the precursor is an important factor to define the properties of the catalyst.
Aging is a very critical stage in the catalyst synthesis as well [120, 121]. It is considered as a
post synthesis process usually done after the completion of the precipitation phase by stirring
the precipitate in its mother liquid for a defined period in the same reaction vessel. Many
processes could occur during the aging period, such as the change in the morphology, particle
sizes, and the chemical composition of the solid precipitate [120]. It is very important to study
the effect of aging temperature for the copper-based catalyst obtained by co-precipitation [121].
XRD analysis showed that the variation in aging temperature can have an influence on the ratio
and the crystallinity of the precursor phases such as zincian malachite and aurichalcite [120,
121]. The aging temperature will become more important in the precipitation stage because of
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the rearrangement of the structures during the aging process. Aging time and pH are very
important variables in the aging process so they must be carefully monitored. The aging is
usually done for hours. However, in the first half hour of aging, three important events happen
which are; a light drop in the pH, increase in turbidity, and the colour change. These changes
are due to the crystallization from amorphous to crystalline precipitate [122]. Figure 2.8 shows

the drop in pH after the start of aging.

8.50

pH

6.25 -

Crystallization

6.00

Precipitation

575 1 1 1 1 1
0 20 40 60 80 100

Time (min)
Figure 2.8: pH profile during the ageing of Cu/Zn precipitate [117].

The precipitation process takes place in the pH range of 6-7 to have a homogenous precipitation,
and the temperature should be in the range of 60-70°C. The temperature and pH are almost the
same in the aging phase with a slight drop in pH due to crystallization [122]. The drawback of
the aging process is that the composition may differ when compared to that after precipitation
[120].

2.5.5.2 Calcination

Calcination is a thermal and chemical process applied to the prepared catalyst after the aging
process. The catalyst is heated at constant temperature in the presence of synthetic air or oxygen,
and the goal is to transform the composition from hydroxides to metal oxides. The calcination
temperature has big influence on the catalysts, and it may have different effect related to the
origin the catalysts obtained. For aurichalcite, Fujita et al. [123] discussed that the

decomposition of precursor will take a short period when calcination is applied with faster
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heating rate. However, the decomposition of the precursor will happen slowly over a longer
period when calcination is applied with slower heating rate. Therefore, a decrease in the
crystalline size of CuO can occur when calcination takes place at slower heating rate. The
results were different compared to the catalyst obtained from zincian-malachite where
decomposition took place at lower temperatures. Therefore, the size of CuO is practically
unchanged irrespective of the heating rate for the calcination [124]. It was also discovered that
calcination at mild heating rates can lead to a better dispersion of CuO and ZnO, therefore
stopping the aggregation of oxides and giving a higher dispersion of the metal particles in the
reduced catalyst [123, 124] . Therefore, sufficient temperature is required to allow the formation
of metal oxides, and at the same time the temperature should not be very high because it can

lead to sintering and decrease of the catalyst surface area [123].

2.5.5.3 Reduction

Reduction takes place after calcination in the catalyst activation process. Catalysts require a
reducing agent to be activated and for which hydrogen is commonly used. The reduction step
converts the metal oxides to active metal species. A very critical parameter in reduction is
temperature because it affects the surface area and dispersion. Hydrogen temperature
programmed reduction (H2-TPR) with a linear heating rate is used conventionally to study the
reducibility of the CuO/ZnO/Al.Oz catalyst [125]. Reducing the catalyst for longer periods and
at lower temperature will result in higher Cu dispersion and eventually higher catalytic
performance [124]. Moreover, due to the significant temperature impact, more active and
homogenous catalysts can be obtained where local heating can be avoided in the reduction
process [125]. Nevertheless, mild temperature reduction can play a role in preventing the Cu
particles from excessive sintering throughout the autocatalytic reduction in the fixed bed reactor
[125].

2.6 Catalyst Characterization
2.6.1 X-ray diffraction (XRD)

The X-ray diffraction is an analytical technique widely used to characterize the crystalline
phases of various materials, usually for analysis of minerology and determination of the
properties of unknown materials [126]. Intensities from the different peaks obtained are

evaluated and correlated to an already developed database of materials in order to identify the
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crystalline structure, defects and content of the sample or material being investigated [127]. The
process of characterization is done by irradiating a sample with incident X-rays, which then
creates a reflection of several waves depending on the structures that are present in the sample.
While crystals are seen as arrays of atoms, ions or molecules packed in a repetitive ordered
pattern, X-rays could be well-thought-out to be waves of electromagnetic radiation. The crystal
atoms scatter (diffract) incoming photons, fundamentally by interacting with the electrons of
the atoms (elastic scattering) [128]. To gain understanding of the reason the cleavage phases of
crystals reflect x-ray beams at specific angles of incidence, two English physicists in 1913, Sir
W.H Bragg and Sir W.L Bragg defined the x-rays diffraction and interference in a crystal as
probable reflections at the atomic planes of the crystal lattice. The calculation of the several
positions of the various reflections could be realized using the optical path difference 2s, where
s=d sin 0, between two rays reflected at adjacent interplanar spacings. As in visible light optics,
maxima are produced for different integer multiples of A [128]. From this definition, the Bragg’s

law described in Eq. 2.4 was developed.
nA=2xdxsind (2.4)

where;
d interplanar spacing generating the diffraction

0 Bragg angle
260: angle between incident and reflected beam
n order of interference n = 1,2,3 .. normally n =1 (called: refraction order of n=1)
A wavelength
I

dsinf v

Figure 2.9: Graphical representation of Braggs’s law [128].

Furthermore, the interplanar spacing d can be determined by employing the Scherrer equation
Eq. 2.5 [129].
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kA

= 2.
d Bcos@ (2:5)
where;
B width total at half maximum peak (r)
k numerical factor ascribed to the crystalline shape factor

The x-ray diffractometers used in this analysis consist of three main elements; the x-ray tube, a
holder for the samples and an x-ray detector [130]. X-rays are formed in a cathode ray tube,
where a filament is subjected to heat to produce electrons. The electrons are further focused on
a target by the application of a voltage, thereby bombarding the targeted material with electrons.
Eventually, when the electrons attain adequate energy to displace the inner shell electrons of
the material being targeted, the production of characteristic x-ray spectra is witnessed. In
addition, these spectra are composed of several components, the most prevalent being K, and
Kp [126]. The K, component consists of Ky: and Kq2, where the former has a relatively shorter
wavelength and doubles the intensity of the latter. These wavelengths are characteristics of

some specific target materials (Cr, Fe, Cu, Mo).

There are several x-ray diffraction (scattering) techniques: single crystal XRD, powder x-ray
diffraction (PXRD) and other special x-ray techniques such as high resolution XRD, pair
distribution function (PDF) analysis, and small angle x-ray scattering (SAXS). However,
PXRD is the most commonly used technique that utilizes a stable wavelength. The diffraction
of the lattices can be obtained because of the random placement by investigating the sample
through 26 angles. Exclusively, PXRD is the only technique that can be utilized when there is
no single-crystal specimen, which is the case in most materials [131]. Furthermore, the location
of the diffraction patterns obtained from PXRD analysis gives information on the size and shape
of the composition and the intensities on the other hand are used to determine the atoms position
in the sample [132]. In addition, the XRD peak intensity line with the recorded interplanar
spacing data saved in an already developed database, referred to as the joint committee on
powder diffraction standard (JCPDS), while making use of the strongest peak intensity line as
a function of the weight of phases in a sample can be employed for quantification of phases
[133]. Similarly, the arrangement of the atoms and crystalline size of a sample can be identified
by considering the intensities of the beams. Moreover, there are various elements which could
affect these intensities: addition of atoms, the affinity to atom’s order and the quantity of

crystals oriented in the Bragg’s angle [131].
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2.6.2 Temperature programmed reduction (TPR)

Temperature programmed reduction (TPR) is a method utilized for the characterization of metal
oxides and mixed metal oxides that are dispersed on a support. It characterizes the oxido-
reduction properties of both bulk and supported catalysts by determining how easily CO or
hydrogen reduces the oxidation state of solids, particularly catalysts [134]. In addition, the
obtained TPR profiles give qualitative details regarding the oxidation state of the reducible
species. During the analysis, a reducing gas mixture, primarily composed of hydrogen, is
flowed over the mixed oxide (MxOy) while the temperature is linearly increased. As the reaction
between the reducing gas (H2) and the MxOy occur, the formation of metal (M) and water is

realized, while the H2 concentration in the gas mixture decreases [135].
MxOy + H2 — M + HZO

The measurement of change in the composition of the reactive mixture leaving the reactor is
continuously monitored to determine the reduction rate. This check is achieved with the aid of
a thermal conductivity detector (TCD) which measures thermal conductivity of the flowing gas.
Furthermore, gases which have significant difference in terms of thermal conductivities, such
as argon and nitrogen, are mostly utilized as carrier gases to ensure that clearer signals are
recorded by the detector. However, in order to maintain optimum sensitivity of the detector, the
hydrogen concentration in the mixture should be <10%. This is because the change in thermal
conductivity is only proportional to the mole fraction at low concentration of the reactant gas
in the mixture. It is also important to note that the TPR analysis can be used to study coke
deposition on catalysts [136].

Typically, in a H>-TPR experiment, a weighed mass of the catalyst powder sample (<2.0g) is
placed on a quartz wool inside the reactor. If necessary, the sample is pre-treated with flowing
oxygen to obtain a well-defined oxidation state. The sample is then cooled back to the start
temperature and the O flow is switched to an inert gas (Ar or N2) and eventually to the reducing
gas mixture. After the stabilization of the detector system, the linear temperature increment and
measurement initializes [137]. In order to prevent excess H, concentration gradients across the
catalyst, it is paramount that the reaction is carried out under differential conditions. However,
the H> concentration difference between the inlet and outlet of the reactor has to be detected
with a level of accuracy. The parameters which determine the shape of the H> consumption
peaks and position of the maximum rate are: the initial amount of reducible species no, heating

rate S (K/s), the reducing gas mixture flow rate F (cm3 /s) and H2 concentration in the carrier
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gas Co (umol/cm?). A characteristic number K was defined to relate the parameters and to also

facilitate the selection of appropriate values.

=22 2.6
" Fco (2.6)

Here, the values of K is determined to be between the ranges of 55-140 (s) for heating rates of

0.1< #< 0.3 KI/s, in order to acquire optimum reduction profiles [138].

2.6.3 Transmission electron microscopy (TEM)

Among the different nanomaterial characterization techniques, the transmission electron
microscopy (TEM) is the most popular and widely utilized [139]. It is a high-resolution
technique employed to obtain chemical knowledge and images of nanomaterials at spatial
resolutions equivalent to the level of atomic dimensions. This analysis relies on the interaction
between an electron beam, in which incident light is transmitted, and a thin foil sample. The
electrons are transformed to elastically or inelastically dispersed electrons after interaction
between the beam and sample. The distance ratio between the objective lens, the sample and
the image plane are viewed as magnified by the lens. TEM provides precise particle size of both
bright field images and dark field images, and also other significant details regarding the
nanoparticles, since the analysis uses energetic electrons to provide data on the morphology,

composition and crystallography of the specimen [139].

TEM can be classified based on the method of sample preparation. In negative-stain TEM, the
nanoparticles are adsorbed onto an electron microscope support and a heavy metal stain is
applied. Despite the easy applicability of this TEM variation, it suffers from wide adaptability
in nanomaterials research due to limitations related to collapse of particles, aggregation and
nonuniform deposition of the samples during preparation. In addition, it is often difficult to
control the adsorption of the particles on the electron microscope [140]. Hacker et al. [141]
developed a simpler variation of the negative stain, where they premixed the nanoparticles in a
hydrophilic support medium prior to the introduction of the heavy metal stains. This method
made it feasible to control aggregation and patchy distributions as well as particle collapse when
retaining the structure of the nanoparticles. Another classification of the TEM is the freeze-
fractured TEM. Here, the sample is placed between two copper holders. Afterwards, it is
vitrified by rapid freezing and the specimen is visualized. The freeze-fractured method offers
some advantages over the negative-stain TEM in the sense that drying is not needed. However,

insufficient freezing and redeposition of the solvent molecules may present artifacts [140].
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Lastly, for cryogenic TEM, a suspension of the nanoparticle is rapidly frozen at cryogenic
temperatures and the sample is visualized at the frozen state. This method presents several
advantages when compared to the other methods. It does not require the usage of heavy-contrast

and particularly, it allows preservation of the aggregation state and hydration [140].

Figure 2.10 and Figure 2.11 depicts the classification and working principle of the TEM
analysis respectively. The principle of TEM is based on optical microscopy. Here, electrons are
replaced by photons, electromagnetic lenses are used instead of glass lenses, and the images are
visualized from a screen rather than an eyepiece. The TEM technique provides very powerful

magnification and information related to compound and element structures [142].

2.6.4 Chemisorption

The method of chemisorption is highly suited for the determination of exposed active sites,
because the adsorbate molecule forms a chemical bond on the surface of the adsorbent [143].
Unlike physical adsorption, this process results in the formation of strong chemical bonds that
are often irreversible between the molecules of the adsorbate and the metal surface with
relatively higher heats of adsorption. The heats of chemical adsorptions are equal to 20

Kcal/mol and due to intermolecular repulsive forces, this can vary significantly with coverage

[144].

Spectroscopy
Imaging Diffraction
1. Scanning transmission 1. X-ray energy dispersive 1. Selected area electron
electron microscopy spectroscopy diffraction
2. 3D electron tomography 2. Electron energy loss 2. Nano beam electron

Spectroscayy diffraction
3. IEMJ lumi 3. Convergent beam
cathodoluminescenece election diffriction
microscopy

Figure 2.10: TEM classification [139].
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Figure 2.11: The working principle of TEM [139].

Chemisorption can determine the metal dispersion, which is equivalent to the ratio of the
surface atoms to the total number of atoms. Furthermore, as a decrease of the surface to volume
ratio of the particles is observed, increase in dispersion is equally realized. To calculate the
dispersion, experimental determination of the monolayer uptake of the adsorbate, quantity of
surface atoms covered by each chemisorbed gas molecule and the catalyst’s metal content is

required. Eq. 2.6 could be employed for the calculation of dispersion (D).

p = Ym:3M (2.6)
100«W

Where Np, is the quantity of adsorbed molecules, S is the adsorption stoichiometry (e.g S = 2
for H2 on Cu), M and W are the molecular weight and the loading of metal respectively.
Additionally, the quantity of gas adsorbed by the sample in the chemisorption process can be
used to obtain the monolayer capacity Vm. By employing Langmuir’s model (Eq. 2.7),
determination of the active sites on the surface from the isotherm can be realized, where Vm

(mL at STP) is the monolayer volume and L represents the Avogadro’s constant (6.022 x
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102 /mol). Eq. 2.8 expresses the total active area Am, where Ax represents the cross-sectional
area of metal atom. Moreover, the dispersion % can be calculated by the ratio of exposed
metal atoms to the total metal content (Nt) (Eq 2.9) [145].

Vm
Na= 22414 LS 2.7)
An= T2 (2.8)
Ng 0
=% 100% 2.9)

2.6.5 N2 adsorption desorption

Gas adsorption-desorption is the most common method utilized for the characterization of the
surface area and pore size of porous materials. Among all the gases and vapors which are readily
accessible and can be used as adsorptives, the effectiveness of nitrogen has remained unmatched.
[146]. According to the strength of interaction, the process of adsorption can be classified into
two categories of chemical (chemisorption) and physical (physisorption) adsorption. To
determine surface area, physisorption is the most efficient approach because the adsorption is
realized at lower heat, preventing violent or disruptive changes to the surface of the sample
during measurement. Unlike the former, physical adsorption could result in surface coverage
by multiple layers of the adsorbate. In addition, since no activation energy is required, the
equilibrium is rapidly achieved. Thus, the pores can be filled stepwise from micropores to
monolayer and multilayer. Analysis of the adsorption and desorption data harnessed is then

used to determine the pore size, pore volume and distribution [147].

As is well known, the Brunauer — Emmett — Teller (BET) theory is the most adopted theory
used for the determination of the surface area of porous materials. This theory is based on a
simplistic model of physisorption. As in Langmuir theory, the surface of the adsorbent is viewed
as an array of equivalent sites on which molecules adsorption occur in a random pattern [146].
It is believed that the occupation probability of a site is not dependent on the occupancy of the
neighboring sites and there are also lateral exchanges between the adsorbed molecules. The
molecules present in the first layer serve as sites for the molecules in the second layer; these are

also successively sites for molecules in the third layer and so on for molecules in the upper
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layers. Despite that no lateral interactions are allowed; it is assumed that all the layers above
the initial layer have liquid-like characteristics. After considering a multi-layer adsorption for
the BET theory, the BET equation (Eq. 2.10) was deduced.

1 _ 1 .¢ —1( P j
" (p J W.C WC|P, (2.10)
F)0

Where P and Po are the equilibrium and the saturation pressure of adsorbates at the temperature
of adsorption respectively, C represents the BET constant relating the adsorbate and adsorbent
interactions. Through measurement, Wn (weight corresponding to the BET monolayer) can be
determined from the plots of 1/[Wx(P/Po — 1)] versus P/Pg obtained from the accumulated gas
quantity adsorbed versus gas pressure at certain temperatures which are dependent on the

adsorbate (i.e., 77 K for nitrogen).

According to the classification of IUPAC, the sorption isotherms are of six different types; type
| to VI, presented in Figure 2.12 a and b [146]. From the figures, the type IV isotherm is typical
for mesoporous materials and the most characteristic feature of this isotherm is the hysteresis
loop which can be related to the presence of pore condensation. The BET theory is not only
considered as simple but also highly effective since it has the ability to account for the various

isotherm types. Thus, it is the most universally applied for surface area determination.

To measure the pore volume and pore size distribution, the Barrett-Joyner-Halenda (BJH)
method is commonly utilized. The results are obtained directly from the gas adsorption
isotherms and modified Kelvin equation. Eventually, the relationship between the volume of
capillary condensate and pressure can be determined by the correlation of vapor depression to

capillary radius [145].
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Figure 2.12: (a) Types of physisorption isotherms; (b) Types of hysteresis loops [146].

2.6.6 Gas chromatography (GC)

Gas chromatography is a widely adopted dynamic method for the separation and determination
of the composition of volatile compounds. This method is relatively fast and simple, and the
analysis is applicable to several organic and inorganic substances. This analysis is a physical
separation method, where the components of a sample is split to two phases: a stationary bed
characterized with a relatively larger surface area and a gas which travels through the stationary
bed. The sample is vaporized and transported through the column by the carrier gas (mobile gas
phase). According to the solubilities of the samples at given temperatures, they equilibrate into
the stationary liquid phase. Eventually, the sample components (analytes or solutes) split from
one another because of their different relative pressures and affinities for the stationary bed.
Similarly, the International Union of Pure and Applied Chemistry (IUPAC) defined
chromatography as a separation method where the components to be separated are split to two
phases, a stationary phase and a mobile phase that travels in a definite path. A method of
chromatography referred to as “Elution chromatography” is that where the sample is
continuously fed into the system as a finite slug due to continuous passes of the mobile phase

through the chromatographic bed [148].
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Furthermore, during the GC analysis, the detector and carrier gas are not necessarily required
for the separation itself. However, they are typically used in modern versions of the technique
[149]. The different chromatography processes are named in accordance with the physical state
of the mobile phases. Thus, in the liquid chromatography (LC), the mobile phase is a liquid,
while that of gas chromatography (GC) is a gas. Subsequently, there are also other sub-
classifications used to categorize the different types of chromatography which is related to the
state of their stationary phase [150]. The categorizations of the different chromatography types
are depicted in Figure 2.13. Consequently, the usage of gas as the mobile phase requires the
development of a system that is leak-free. This is usually achieved with a metal tube or glass
considered to be the column. As the solutes leave the column when traveling through the
detector, output signals are recorded as a chromatogram.[149]

To determine the quantity of solutes in a sample, the chromatogram data has to be analyzed,
peak heights are measured, and calculations are carried out in desired units. There are five
methods of quantitative analysis, namely area normalization, area normalization with response
factors, standard addition, internal standard and external standard [150]. However, the most

used method in analyzing gases is the external standard.

Column chromatography

Gas Liquid
| |
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Figure 2.13: Classification of the various chromatography methods [150].
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2.7 Kinetics of methanol synthesis

Methanol production from carbon dioxide is accomplished through two different reactions:
carbon dioxide hydrogenation and the water gas shift reaction. The preferred reaction is the
hydrogenation of carbon dioxide which takes place in parallel to the RWGS that produces
carbon monoxide [151]. Numerous kinetic models have been reported to describe the methanol
synthesis [151, 152]. The studies are differentiated by altering the pressure and the temperature
of the reaction, thermodynamic and kinetic parameters, feedstock composition and the catalysts
[151]. Initially, the models were exclusive for methanol production from carbon monoxide and
hydrogen, and they were not used for pure CO, feed streams. Later, more complex models have
been introduced considering that methanol can be produced from CO2 hydrogenation [152].
Diverse kinetic models were used, where they were focused on the rate determining step

concluded from the reaction’s mechanism.

2.7.1 Kinetic models

As a definition, a kinetic model is a mix between the kinetic rate equation and respective Kinetic
parameter set [153]. Kinetic modelling is an interesting subject in heterogeneous catalysis and
different kinetic models can be applied depending on the level of understanding of the reaction.
Power laws and Langmuir—Hinshelwood—Hougen—Watson models (LHHW) are mainly used

to describe the methanol synthesis reaction [154].

Van den Bussche and Froment [155] proposed a steady state kinetic model for methanol
synthesis on the Cu/ZnO/Al,O3 catalyst. The model considered CO; resulting from the water
gas shift reaction as the main source of carbon. This model contradicts the first models
developed on the same catalyst which considered CO as the only source of carbon in the

reaction. The dissociative adsorption of CO2 and H> was the rate determining step [154, 155].

Another kinetic model was developed for the same commercial catalyst Cu/ZnO/Al;Os. The
model focused on the adsorption of both CO and CO> on different types of the active sites of
copper, and it showed similar contributions of CO and CO: hydrogenation. The model
considered the two hydrogenation reactions in addition to the water gas shift reaction, and it
proposes that higher methanol production depends on temperature and CO fraction. This model

is based on the Langmuir—Hinshelwood—Hougen—Watson (LHHW) mechanism [153, 156].

LHHW and power models are commonly used as the simplest case, and power laws are usually

used when there is limited information on the mechanism of the chemical reaction [154]. The
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power law requires several assumptions, and it usually considers the CO, hydrogenation
reaction and the reverse water gas shift reaction [152]. The model includes a comparison
between the experimental data and modelled data, and assumptions are used to reduce the
differences among them. The power law model will be discussed further in the following

section.

Microkinetic models were also used for methanol synthesis. It was found that this model could
explain many of the significant kinetic dependencies of the RWGS reaction over the copper-
based catalysts. This model focuses on exploring the chemistry of a reaction more than the
reaction rate which is vital in the reactor design calculations [157]. Grabow & Mavrikakis [158]
proposed a new microkinetic model for methanol synthesis and water gas shift reaction on the
same commercial catalyst Cu/ZnO/Al>Os, The model was extensive and included 49 elementary
steps that allowed a variety of diverse reaction mechanism and took into consideration the
formation of by-products. The biggest advantage of this model is its ability to estimate reaction
rates at different conditions such as temperature, pressure, and feed composition [158]. Based
on the study by Peter et al. [154], the LHHW and the power law gave higher precise methanol

synthesis rates than that of the microkinetic model.

2.7.2 Power law model

Power law model is widely used in kinetics of methanol synthesis because it is a simple model
and does not require a lot of information or hypothesis about the reaction mechanism [152, 157].
The power law model focuses on thermodynamic equilibrium, and it is established through
sixteen elementary steps [151]. It uses a series of equations that include thermodynamics,
activation energy, and catalytic activity. As stated above, it also depends on assumptions and
considers two reactions which are CO2 hydrogenation and reverse water gas shift reaction [152].
It is not restricted to the model parameters. However, precautions should be taken when using
it to describe the data because there are many possibilities for fitting the data [154]. The basis
of the power law is the implementation of a theoretical and experimental analysis for the
chemical reaction and the goal is to decrease the gap between them. It helps in detecting
guantitative data about the chemical reaction which can be used later to advance the catalytic

process.

The model is divided into two sections: theoretical and experimental. The following equations

and formulas are extracted from the study of Kobl et al. [152].
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The reverse reactions are considered in this approach, and an additional factor is added to both
kinetic equations. The new factor, which is the thermodynamic equilibrium, £j, is calculated by
the outlet partial pressures and the thermodynamic equilibrium constant (Kj). The inclusion of

this factor is necessary since these reactions are limited by thermodynamic equilibrium.

S is the thermodynamic equilibrium where j is the reaction index. Two reactions are considered

(i) CO2 hydrogenation to methanol (j= methanol) and (ii) reverse water gas shift reaction (j=CO).

ﬂ _ I:)(methanol,out) X I:)(HZO,out)
methanol — 3 (2.11)
K(methanol) X P (methanol ,out) X I:)(CO2,out)
_ I::.(coz,out) X I:)(Hzo,out)
ﬂco - (2.12)

Keo X P(Hz,out) X P(COZ,out)

Quantitative interpretations were excluded by Graaf et al. [159]. However, some changes were
applied so that the study will focus on the H,/CO; feed instead of the H,/CO feed implemented
in the original study.

Kmethanol = (Kgomethanol X KPmethanol ) * KCO (2-13)

Keo = Kpeo X Kpeo (2.14)

The two factors Kp and K are partial pressure coefficient and fugacity coefficient respectively.

Y hanol
Where Kpmethanol = e (2.15)
Yoo ><YHZ
_ YHonco
Kpco = Y v (2.16)
co, " 'H,

Y is the mole fraction of the components.

The methanol synthesis reaction will take place at 30 bar, and it will occur in non-ideal gas
conditions. However, the partial pressures were not modified for these non-ideal conditions.

Even though the correction would have led to better results, but these non-ideal conditions will
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not cause huge effect unless the total pressure exceeds 100 bar. In addition to that, the fugacity

correlation can be neglected [159-161]. Therefore, Kymethanol = Kpco= 1.

Another important factor is temperature because the reaction rate is highly dependent on it.
Thus, some parameters were considered to account for the temperature sensitivity in the model.
The activation energy factor Ea, and pre-exponential factor k, were added to the model to

account for this constraint [152].

Additionally, it can be assumed that the partial pressures of the reactants are homogenous over
the whole catalyst bed. Two additional parameters nj and mj were introduced and defined
according to the inlet pressures of Hz and CO> respectively.

Taking all these assumptions into consideration, Eq. 2.17 and 2.18 were formulated for the

TOFmethanol and TOFco from the power law expressions:

—Ea thanol n m
TOFmethanoI = Kmethanol exp( F\r)n-i- - szetha"O' pc(::fthaﬂo' (1_'8 methanol) (2.17)

COy

TOF, =Keo eXp( Raco) pnco P (- o) (2.18)

As discussed earlier, the power law model is well-defined by the implementation of both
theoretical analysis and experimental analysis for the chemical reactions. Some parameters
must be explained to have a better understanding of the experimental approach. The index factor

(j) is common between the theoretical and experimental analysis.

First parameter 72, is the amount of the component consumed throughout the experimental
8] . . . .

period: n; = IO F,dt where Fj is the molar flow rate, and tr is the time of the experiment.

Additionally, conversion of the reactants CO2 and H2 should be taken into account. It is

calculated throughout the experiment period. The selectivity can be determined from the carbon

content present in the product. Conversion and selectivity are presented by the following

equations:
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Neron T Neco
_ 3
Xco2 - n x100 (2.19)
CO,,in
2N +n
_ “lcH;0oH H,0
H,.in
CHOH — X (2.21)
Nenon T Neo
Seo =1- SCHSOH (2.22)

TOF values are calculated from the experimental data by considering an equally active surface

area and assuming that the two reactions occur at the copper surface [162]. Parameters included

in the TOF equations are: n: number of moles of methanol; mcy: mass of the catalyst; t: reaction
time; Na: Avogadro’s number = 6.022 x 10?2 mol; Ns: number of surface copper atoms per
unite surface area = 1.46 x 10%° atoms m* supposing equal areas of exposed (100), (110), and

(111) planes.

TOF can be experimentally calculated by Eq. 2.23 and 2.24:

n x N
TOE _ CH,OH A
9% mcat x SAcu x Ns xt (2.23)

Neo X N4

mcat x SAcu x Ns x t

TOF,, = (2.24)
Finally, correlation should be done between the power law model and the experimental data.
The theoretical TOF versus experimental TOF can be plotted as shown in Figure 2.14. The
figures known as parity plots are plotted for both reactions of methanol synthesis and RWGS
over a CuZA catalyst. They represent a quantitative comparison between theoretical and
experimental data. It can be deduced from the example in the figures that most of the
experimental data points are defined by the model with an error less than 10% which shows a
good precision of the power law model [152].
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Figure 2.14: Parity Plots for (a) methanol synthesis (b) reverse water gas shift reaction [152].

In conclusion, the comparison between the theoretical and experimental analysis is critical to

recognize what is the reaction mechanism, and to test the validity of the assumptions.
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3. Experimental

3.1. Materials and equipment

The chemicals used in this experiment were utilized as received and no further purification was

performed. Table 3.1 summarizes the chemicals used for catalyst preparation. Furthermore, the

gases utilized in this thesis work are summarized in Table 3.2.

Table 3.1: List of chemicals utilized for catalyst preparation.

No Materials Chemical formula  Manufacturer Molecular  Purity
weight
(g/mol)
Copper ((I1) Nitrate  Cu(NOz)2:3H20 ACROS 241.59 >99%
Trihydrate ORGANICS
Zinc Nitrate Zn(NQOgz)2:6H2.0 ALFA AESAR 297.49 >99%
hexahydrate
Aluminum Nitrate  AI(NO3)s-9H-O EMSURE 375.13 > 98.5%
Nanohydrate
Lanthanum(lIl) La(NO3)3-6H-0 ALFA AESAR 433.01 99.9%
Nitrate
Hexahydrate
Cerium(l11) Nitrate  Ce(NO3)3-6H-0 ALFA AESAR 434.23 99.9%
Hexahydrate
Sodium Carbonate  Na,CO3 EMSURE 105.99 >99.9%
Sodium Hydroxide  NaOH EMSURE 40.0 >99.2%
Silicon Carbide SiC ALFA AESAR 40.1 >98.8%
Nitric Acid HNO3 ANALAR 63.01 >65%
NORMAPUR
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Table 3.2: List of Gases used during this work.

No Materials Chemical formula  Manufacturer Molecular Purity
weight (g/mol)

1 Carbon dioxide CO2 Yara Praxair 44 99.999%

2 Helium He Yara Praxair 2 99.999%

3 Hydrogen H> Yara Praxair 2.008 99.999%

4 Nitrogen N2 Yara Praxair 28 99.999%

5  Synthetic air N2,02 Yara Praxair 28.9 99.999%

3.2 Catalyst preparation

The co-precipitation method was used to prepare two series of catalysts promoted by Ce and

La. The reference catalyst synthesized was CuZnAl and is denotated as CuZnAl-0. The other

catalysts containing La and Ce is denoted by CuZnAl-YCe and CuZnAl-YLa respectively,

where Y represents the weight percentage of Ce and La. In addition, a new La promoted catalyst

that was developed by the sequential preparation method is denoted by La/CuZnAl. Table 3.3

summarizes the catalysts prepared and their composition.

Table 3.3: Denotations and composition of the prepared catalysts.

Denotation Cu/Zn/Al/promoter molar ratio Catalyst Compositions (wt.%)
CuzZnAl-0 0.6/0.3/0.1 60 Cu-302Zn-10 Al
CuzZnAl-2La  0.6/0.3/0.08/0.02 60Cu-302Zn—-8Al-2La
CuZnAl-4La  0.6/0.3/0.06/0.04 60Cu-30Zn-6Al-4La
CuZnAl-6La  0.6/0.3/0.04/0.06 60Cu-30Zn—-4 Al-6La
CuZnAl-2Ce  0.6/0.3/0.08/0.02 60 Cu-302Zn -8 Al -2Ce
CuZnAl-4Ce  0.6/0.3/0.06/0.04 60Cu-30Zn-6 Al-4Ce
CuznAl-6Ce  0.6/0.3/0.04/0.06 60Cu-302Zn—-4 Al-6Ce
La/CuZnAl 0.6/0.3/0.06/0.04 60Cu-30Zn-6Al-4La
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The preparation method for the catalyst developed by the co-precipitation method was based
on a procedure described by Behrens and Shldgle [163]. For each synthesis, stoichiometric
portions of Copper (Il) Nitrate Trihydrate, Zinc Nitrate Hexahydrate, Aluminum Nitrate
Nonahydrate, and one of the promoters (Lanthanum (111) Nitrate Hexahydrate or Cerium (111)
Nitrate Hexahydrate) were dissolved in 138 ml of distilled water. This mixture is referred toas
the cationic solution and had a metal concentration of 1 M. In another beaker, 25 g of sodium
carbonate was dissolved in 196 ml of distilled water, and this mixture is referred to as the
anionic solution and has a concentration of 1.2 M. After that, 200 ml of deionized water was
added to a new beaker and the two solutions (anionic and cationic) were placed in funnels above
the beaker. The solutions were added dropwise simultaneously to the water in the beaker while
stirring at 300 rpm. During the process of mixing, the pH was held constant at 6.5 using a pH
meter, since the control of the pH during coprecipitation is a key factor in catalyst synthesis [1].
The second step after preparing the mixture was to age it overnight at 65°C under stirring at 300
rpm. the aging time is important as it can modify the interfacial contact between Cu and the
oxide components in the final catalyst [164]. The third step was washing the catalyst in which
the catalyst was placed on a filter paper and rinsed several times using vacuum filtration. After
washing, the residue on the filter paper (filter cake) was dried overnight in the oven at 80°C.
Eventually, after drying of the catalyst, it was crushed and calcined at 350°C with a temperature
ramp rate of 2°C/min for three hours.

In addition, an La promoted CuZnAl catalyst was prepared by the sequential preparation
method. Calcined CuZnAl catalyst and La precursor was dissolved in 400 mL of water and
mixed overnight. After that, the solution was dried overnight, crushed, and calcined again at
350°C with a temperature ramp rate of 2°C/min for one hour.

3.3 Catalyst characterization
3.3.1 X-Ray diffraction

The catalysts (as-prepared, calcined, and reduced) were subjected to X-ray diffraction study
using a Bruker-AXS Microdiffractometer D8 Advance with CuK,, radiation source. 20 range is
elected in 10-90° to record the patterns, with a step interval of 1°/min. The catalysts were finely
crushed to make the surface as smooth as possible before analysis. Bragg’s law equation (Eq.
2.4) and the Scherrer equation (Eq. 2.5) were used to quantify the structural properties.
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3.3.2 Nitrogen adsorption-desorption

The Micrometrics Tristar 3000 instrument utilizing liquid nitrogen at -196°C was used for the
adsorption-desoprtion experiment. Prior to the analysis, the samples were degassed using the
Micrometrics VacPrep 061 sample degas system at 180°C overnight under vacuum condition.
The specific surface area (SSA) and pore size distribution were estimated using the BET and
BJH methods discussed in section 2.5.7, respectively [145-148]. In addition, the total pore
volume (PV) was determined from the adsorbed gas quantity at P/Po of 0.99.

3.3.3 Temperature programmed reduction

H>-TPR measurements were carried out by utilizing a Micromeritics Autochem Il ASAP 2920
analyzer that is equipped with a thermal conductivity detector (TCD). The calcined samples
(~30 mg) were degassed at 200°C in helium flow for 30 minutes to remove any trace of CO>
and H2O if present. Eventually, the temperature was cooled down to 50°C and the reducing gas
mixture (10 vol% H: in argon) at 50 ml/min flowed over the samples. Finally, the temperature

was ramped up to 550°C at a rate of 10°C/min and the TPR profiles were recorded.

3.3.4 N20 chemisorption

The Cu surface area was measured by dissociative N.O adsorption utilizing the same equipment
as for the TPR (Micromeritics Autochem Il ASAP 2920). Prior to the adsorption of N.O, 100
mg of each of the samples were heated to 200°C (ramp rate 5°C/min) for 30 minutes under He
flow. Subsequently, it was reduced in 10 vol% of H in argon at 300°C for 120 minutes, and
further purged with helium until the temperature was 50°C. The adsorption of N>O was
performed in a 1% N>O/He mixture at 50°C according to a procedure by Van Der Grift et al.
[165, 166]. Afterwards, the physiosorbed N2O was removed by purging the sample with He for
60 minutes. To determine the amount of N2O consumed, the catalysts were firstly reduced with
10% H2-90% Ar from 50 to 400°C (ramp rate of 10°C/min), and H> TPR analysis was
performed. The Cu surface area (SAcu) was calculated from the amount of H, consumed by
employing Equation 3.1.

Y xSFxN,

S m2- -1 —
Ac, (M*.geat ™) C W

(3.1)
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Where Y denotes H> consumed in moles after NoO chemisorption, Nais the Avogadro’s number
(6.022 x 10%), SF represents the stochiometric factor, which is 2, Weat is the weight of catalyst
(9) and Cw is the number of surface Cu atoms per unit surface area (1.47 x 10'° atoms/ m?).

3.3.5 Transmission electron microscopy

The morphology of the reduced samples was investigated by TEM, utilizing a JOEL JEM-
2100F equipment operated at 200 kKV. For sample preparation, the catalyst powders which were
reduced and passivated were dispersed in ethanol by ultrasonication for 20 minutes on a holey
carbon-coated grid.

3.4 Catalytic activity tests

A fixed-bed tubular reactor made of a stainless-steel tube having an internal diameter of 0.5 cm
and a length of 50 cm was used in this study. The schematic of this setup is represented in
Figure 3.1. The reactor was supplied with feed gases of CO., H, and N2 which were regulated
by mass flow controllers (F-201CV, Bronkhorst). The pressure regulator for each gas feed line
was set to 50 bar and a pressure gauge and back-pressure valve (Tescom) were installed to
measure the pressures at pre-entry and post outlet lines of the reactor. To avoid condensation
of liquid products, all the post-reactor lines were heated to 120°C. Heating up of the reactor
was achieved by utilizing an electric oven, and the temperature was modulated by a temperature
regulating unit (Eurotherm 328). A thermocouple (type K) was placed close to the middle of

the reactor to measure the temperature.

The catalysts for the activity tests were crushed and sieved to 40-60 mesh. They were further
mixed with silicon carbide (SiC) at a weight ratio of 1:10. A quartz wool plug was inserted into
the tubular reactor to ensure the catalyst bed is kept in place. Prior to the activity tests, the
catalysts were reduced in 50 vol% (H2/N2) under 50 mL/min flowrate at 300°C for 3 hours with
a heating rate of 5°C/min. After reduction, the reactor was cooled down to ambient temperature
under N2 flow. Subsequently, the reactor was pressurized with the reaction mixture after cooling,
followed by a temperature ramp up to the desired reaction temperature. Typically, the mixture
consisted of 50-100 mL/min flow of H2:CO-:N; at the ratio of 3:1:1.

Analysis of the products were performed using online Agilent 7890 B gas chromatography (GC)
which has two channels that were fitted with TCD detectors. For the separation of Hz, N2 and
CO, a Mols 5A (diameter 1 mm, length 1.5 m and thickness 80/100 um) and a HayeS Q

50



(diameter 1 mm, length 0.25 m and thickness 80/100 um) was used, while a GS-carbon plot
column was used to separate the remainder products, mostly CO2, C1-C3 hydrocarbons, and
C1-C3 oxygenates. Prior to the start of the experiment, calibration of the gaseous components

was carried out using a gas mixture with predetermined composition.
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Figure 3.1: Schematic diagram of the CO> hydrogenation experimental setup.
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COz conversion (XCOz) was determined using N2 as the internal standard. The calculation of

XCO-is based on Equation 3.2

molesCO molesN., .
Xco, (%) = 1- 200 2N 14100

molesCO,;,  molesN (3.2)

2,out

The product selectivity (Si) and space-time yield for methanol (STYmethano1) Was calculated using
Equation 3.3 and 3.4 respectively.

moles product;
> moles product '

i,out

Si (%) =

mmOI |:COZ,in X XCO2 /1OOX Smethanol /100
S-I-Ymethanol = (3.4)
Jcat.h W

cat

where FCO, (mmol/h) is the molar flow rate of CO; at the reactor inlet and Weat (g) is the
weight of catalyst.

Furthermore, the TOF of methanol was calculated based on the number of Cu surface atoms
determined from N.O chemisorption analysis using Eq. 3.5.

moleculeSmethanol Rmethanol X NA
TOFmethanoI = (3 5)
sec ond - CUsite SAcu x Cwm '

where Rmetnanot (Mol.gt-s) represents the methanol production rate.
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4. Results and discussion
4.1 Characterization of Catalysts
4.1.1 XRD analysis of as-prepared catalysts

XRD patterns of the as-prepared promoted Ce and La catalyst precursors are presented in Figure
4.1a and b, respectively. The pattern for CuZnAlI-0 is included in the figures for reference. As
anticipated, the diffractograms of the catalyst display typical malachite-like structure as the
dominant phase. The peaks located at 20 of 11.99°, 14.83, 17.58°, 18.88°, 24.10°, 29.48°,
32.161° and 35.627° represent the (110), (020), (120), (200), (220), (230), (21-1) and (240)
planes characteristics of Cuz+2(CO3)(OH)2 (JCPDS 041-1390). The shift in the (21-1) peak in
the 26 range of 31-33° could be as a result of successful Zn incorporation into the malachite
structure [120]. In addition, the absence of clearly resolved peaks that correspond to Al,Oz and
Ce0o, and La,0s3 in the XRD patterns could be due to the low amount of these oxides, and this
indicates that they exist in a microcrystalline or amorphous state. Similar results have been
reported for both Ce and La modified CZA catalysts which were synthesized by the co-

precipitation under similar conditions [66, 67, 167].

CuZnAl-0 CuZnAl-0

CuZnAl-2Ce CuZnAl-2La
CuZnAl-4Ce CuZnAl-4La
CuZnAl-6Ce CuZnAl-6La

(220)

(21-1)

(240)

20 (degree)

20 (degree)

Figure 4.1: XRD of the as-prepared samples (a) Ce-promoted; (b) La-promoted.
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4.1.2 XRD of calcined catalysts

The XRD patterns of the calcined Ce and La promoted catalysts are shown in Figure 4.2a and
b, respectively. The pattern for CuZnAl-0 is included in the figures for reference. Upon
calcination at 350°C for 3.5 hours, it was evident that the malachite structure was no longer
retained [168], and a composition of mixed oxides of ZnO, CuO and CeO (Figure 4.2a) and
La2Os (Figure 4.2b) can be detected. There were no peaks of Al-containing species detected,
and this indicates that Al is present in an amorphous phase. From Figure 4.2a, the crystalline
size of Cu decreased as the Ce content increased, proving that the addition of Ce promoted Cu
dispersion. The peaks centered at 20 of 32.51°, 35.42°, 38.71°, 48.72°, and 61.53° indicated the
presence of CuO and corresponded to (110), (002), (111), (202) and (113) planes. In addition,
the diffraction peaks of both CeO, and ZnO were identified from the XRD pattern of the
calcined sample (Figure 4.2a). The peaks located at 26 of 28.68° and 56.78° corresponded to
the (111) and (311) diffraction peaks of cubic CeO, and the peak at 26 of 66.38° indicated the
presence of hexagonal ZnO, which corresponded to the (200) plane [169-171]. However, it was
observed that as the Ce loading was increased, the peak of CuO and ZnO began to shrink.

Therefore, Ce seems to decrease the crystallinity of CuO and ZnO.

Similarly, from Figure 4.2b, the most notable peaks are that of CuO and ZnO. The peak of
La2Os was also observed at 26 of 29.16°, which corresponded to the (002) plane of hexagonal
La>Oz3. The La203 peak expanded as the La content increased. Furthermore, for all the promoted
catalyst systems, the addition of the promoters led to increased dispersion of Cu nanoparticles.
This is aided by the ZnO particles which help in physically spacing the Cu nanoparticles and
promoting dispersion [172].
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Figure 4.2: XRD of the calcined samples (a) Ce-promoted; (b) La-promoted. (V) CuO (¢) ZnO
(<) CeO2 (*) La20:a.

4.1.3 XRD of reduced catalysts

The XRD patterns of the reduced-passivated unpromoted and promoted samples are presented
in Figure 4.3. The dominant diffraction peaks at 20 of 43.32°, 50.45°, and 74.13° are typical of
metallic copper corresponding to (111), (200), and (220) planes (PDF #85-1326). The peak at
36.4° indicates that parts of the Cu are present as Cu.O for the catalysts prepared by co-
precipitation. Furthermore, the crystallite size is significantly larger for the La promoted
catalyst prepared by sequential impregnation. [173]. In addition, the peaks at 26 of 31.77°,
36.25°, 56.60°, 62.86°, and 67.96° are characteristic of hexagonal ZnO. The diffractograms did
not reveal any characteristic peak of the other metals Ce or La: therefore, these species are
amorphous or highly dispersed. The calculated crystallite particle size using the diffraction
peak around 26 of 43°, which represents Cuz0, is 6.4 nm for both CuZnAlI-0 and CuZnAl-4Ce
catalyst and 4.5 nm for CuzZnAl-4La. On the other hand, Cu20 was not detected for the
La/CuznAl catalyst, and the Cu crystallite had a significantly larger size (12.4 nm) compared
to the Cu.0 of the other catalysts representing metallic Cu. Furthermore, it can be seen that the

crystallite size of the catalysts prepared by co-precipitation is relatively similar.
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Figure 4.3: XRD pattern of the reduced unpromoted and promoted catalysts. (¢) ZnO (e) Cu°
(m) Cu20

4.1.4 TPR analysis

The reduction characteristics of the calcined samples were determined by TPR measurements.
Figure 4.4 exhibits the TPR profiles of the calcined samples. The reduction peaks observed lie
between 160 and 250°C, and this is attributed to the reduction of the CuO species [164]. It can
be seen that the main reduction peak of the promoted catalysts shifted to lower temperatures
compared to that of CuZnAl [174]. This might be related to the higher dispersion of CuO for
the promoted catalysts as observed by XRD. Some of the catalysts were characterized with two
peaks, with one occurring at a lower temperature and the other at a higher temperature. The
low-temperature peak could have arisen from the finely-dispersed CuO crystallites, while the
higher temperature peaks might be ascribed to the reduction of larger CuO crystallites [175]. It
is also possible that the reduction of CuO occurs in a two-stage process (CuO—Cu20—Cu)
where the La and Ce oxide partially stabilize the Cu.O phase [176]. The reducibility was better
for the CuzZnAl-4Ce and CuZnAl-4La catalysts which had 4% loading as compared to those
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with 2% and 6% for both Ce and La. By peak integration, the amount of hydrogen consumed
corresponding to the reduction of CuO to Cu was calculated and is given in Table 4.1. It can be
observed that the H> consumption decreases with increasing promoter content for the catalyst
prepared by co-precipitation. On the other hand, the H, consumption is higher for the
La/CuzZnAl catalyst, which might be related to the enhanced reducibility of CuO and possibly
due to the partial reduction of surface La>Os.
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Figure 4.4: Ho-TPR profiles of calcined catalysts.

4.1.5 N2 adsorption-desorption

The N adsorption-desorption isotherms are summarized in Figure 4.5. The adsorption-
desorption isotherms of the samples are typical of type IV with a type H3 hysteresis loop (P/Po
between 0.4-1.0) according to IUPAC definitions [177]. This indicates that the pores of the
catalysts were of mesoporous structure, and this can also be ascertained from the pore size
distributions (2-50 nm) [178]. It has been reported that the residual carbonate structures

remained after the calcination process [179]. The pore size distribution and a summary of all
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the textural properties of the samples are presented in Figure 4.6 and Table 4.1. It can be seen
that the catalysts exhibit similar pore size distributions. The reference catalyst (CuZnAl-0)
exhibited a comparable BET area as the promoted catalysts; therefore, promotion with Ce and
La does not lead to a notable change in the BET surface area. There were only slight changes
when the promoters’ loadings were increased. Furthermore, the BET surface area is
accompanied by smaller variations in the pore sizes of the catalyst. The pore volume seemed to
be higher for the La promoted system (0.68-0.78 cm®/g) when compared to the Ce promoted
system (0.59-0.71 cm?/g). The pore volume decrease with the increase in pore diameter could

be explained by the potential plugging of the catalyst pores by the promoters [180].

The promoted catalyst with 2% La loading exhibited the largest surface area (139 m?/g) among
all the catalysts. Increasing the La ratio resulted in a notable decrease in the surface area to 119,
106 and 101 m?/g for this catalyst system. Similarly, for the Ce promoted catalysts, when the
Ce loading was increased, the surface area of the catalyst slightly decreased from 131 m?/g to
126 and 124 m?/g. This agrees with the findings of Ali et al. [181] and Jiang et al. [90], who
reported that the surface area of the catalysts increased with a certain promoter loading. Beyond
this optimum amount, increasing the metal loading further resulted in the reduction of surface

area, which might be related to the blockage of the pores by the metal particles.
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Figure 4.5: N, adsorption-desorption isotherms of calcined samples.
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Figure 4.6: Pore size distribution of calcined samples.

4.1.6 N2O chemisorption

The Cu surface area (SAcu) of the catalysts was estimated by dissociative N.O adsorption. A
summary of the SAcuis presented in Table 4.1. Apparently, the promotion of the catalyst with
Ce and La enhances SAcu and the copper dispersion. Impregnating 2% and 4% Ce onto the
reference catalyst increased the SAc, from 41 m?/g to 53 and 61 m?/g, respectively. However,
when 6% Ce was doped into the catalyst, the SAc, was reduced to 51 m?/g. A similar trend was
observed with La impregnation. The addition of 2% and 4% of La increased the SAc, to 48 and
51 m?/g, whereas 6% La addition yielded a reduced SAc, (48 m?/g). In addition, the La/CuZnAl
catalyst had an SAcy of 52 m?/g, which is the largest for the catalysts promoted with La. It
appears that modification of the reference catalyst with Ce and La increased the accessible
copper surface when the content of CeO; and La>Os was less than 4 wt %. Eventually,
increasing the Ce and La content might have resulted in a coverage of the Cu surface by CeO-

and La>Oz3. Thus, this led to a decrease of the copper surface area, which is also consistent with
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the XRD results. Consequently, there is an optimum promoter loading, beyond which further

increasing of promoters would no longer enhance the dispersion of Cu or the Cu surface area.

Table 4.1: Summary of the N2 adsorption-desorption data, crystallite size and particle size of
the calcined catalysts.

Catalyst BET Surface BJH Pore Pore Size Haconsump  SAcu
Area (m%g) Volume (cm®g)  (nm)? (mmol/gcat)®  (m?/gcat)®
CuZnAl-0 134 0.73 16.3 7.0 41
CuZnAl-2Ce 131 0.71 15.5 7.2 53
CuZnAl-4Ce 126 0.67 15.4 6.6 61
CuZnAl-6Ce 124 0.59 14.4 6.1 51
CuZnAl-2La 139 0.78 15.7 7.0 48
CuznAl-4La 119 0.66 16.6 6.1 51
CuZnAl-6La 106 0.68 12.6 6.1 48
La/CuznAl 101 0.58 17.8 7.5 52

a Estimated from BJH analysis
b Estimated from the amount of H, consumed during Ho-TPR
¢ Determined by dissociative N2O adsorption

417 TEM

The TEM images of the reduced-passivated La/CuzZnAl and CuZnAl-4La catalyst are displayed
in Figure 4.7 a-e. The catalysts consist of agglomerated particles of a narrow size, which is
consistent with previously reported CuZnAl-based catalysts [43]. The porosity of the catalysts
is related to the inter-particle spaces. Both catalysts exhibit comparable particle sizes, which
indicates that the preparation method had a negligible influence on the particle size distribution.
As the Cu element accounts for the largest portion in the precursor, the larger particles probably

consist mostly of Cu, whereas the smaller ones can be mainly assigned to ZnO particles.
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Figure 4.7: TEM images of the reduced-passivated La/CuZnAl catalyst (a-c) at different
magnifications and CuZnAl-4La catalyst (d and e).

4.2 Methanol synthesis activity tests
4.2.1 Activity and selectivity of different catalysts

Methanol synthesis over the catalysts was performed under the pressure of 40 bar and
temperature of 230°C. The catalyst tested were the i) unpromoted catalyst CuzZnAl-0, ii) three
promoted catalysts with cerium CuzZnAl-Ce (2%,4%,6%), and iii) three promoted catalysts with
lanthanum CuZnAl-La (2%,4%,6%). The reactions were performed using 80 mg weight of the
catalyst and 100 mL/min gas flow with a H2/CO2/Nz ratio of 3/1/1. The CO; conversion and
methanol selectivity were studied normally for 24 h. There were some fluctuations which were
observed while recording the data, and this might be due to unstable gas flow rate or small
temperature variations. The CO conversion and the methanol selectivity over the unpromoted
and Ce promoted catalysts are presented in Figure 4.8, while results over the La promoted
catalysts are shown in Figure 4.9. It was found that the La and Ce promoted catalysts did not
yield any dramatic effect on the CO. conversion and methanol selectivity. It can also be seen
that the activity and selectivity of the catalyst slightly decreased over 24 h. The higher Cu
surface area of promoted catalysts indicates that the number of active sites decreased for the
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promoted catalysts. This might be due to a decrease in the number of interfacial sites, which is

essential in the conversion of CO2 to methanol [67].

70 . B CuZnAl-0 X, ® CuZnAl-0 S(MeOH)
< B CuZnAl-2Ce X, ® CuZnAl-2Ce S(MeOH)
60 - ® CuZnAl-4CeX.,, ® CuZnAl-4Ce S(MeOH)
i m  CuZnAl-6Ce X, ® CuZnAl-6Ce S(MeOH)

h
-
L I 'l Il 1

>
£ Je
z M P O Y X E T LR T YY)
S 40
é; :ooooooooo.ooo...........j
T 30
< |
S 20
7 IR
10 ] --l-.l-fl’ll ll'l.'l.‘ lfl ;l.'l.‘.'.’.la‘i
0 U T T I L 1 L 1 U I L 1 L 1 i I N I v 1 N I ! I

0 2 4 6 8§ 10 12 14 16 18 20 22 24

Time on stream (h)

Figure 4.8: CO; conversion and CH3OH selectivity of unpromoted and Ce promoted catalysts
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Figure 4.9: COz conversion and Methanol selectivity of promoted CuzZnAl catalyst with La

Table 4.3 presents a summary of the CO2 conversion, methanol selectivity, space-time yield
(STY) and turn-over frequency (TOF) of methanol of the catalysts. It also includes the results
of the La/CuZnAl catalyst prepared by impregnating the CuzZnAl catalyst with the La precursor.
The CO2 conversion and methanol selectivity were used to calculate the STY of methanol. In
general, the conversion of CO2 was lower when the Ce promoter was added as compared to the
La promoter. It can also be seen that the promoted catalyst prepared by co-precipitation reduced
the STY and TOF of methanol. On the other hand, the La/CuZnAl catalyst exhibited an increase
in methanol selectivity from 44% to 50%. Furthermore, the STY of methanol increased from
1222 to 1357 mmol-gcat-ht. The superior performance of the La/CuZnAl catalyst is attributed
to the generation of additional surface sites for CO. conversion to methanol. This might be
related to Cu/LaOx surface sites, which have been demonstrated to have high methanol
selectivity in CO2 hydrogenation to methanol [182]. The TOF of La/CuzZnAl is slightly lower
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than that of the CuzZnAl-0 catalyst, which might be due to a decrease in the Cu-ZnO interfacial
area after the second calcination treatment.

Table 4.2: Summary of CO, conversion, CH3OH selectivity as well as space time yield of

different catalysts.

Catalysts CO Conversion Methanol STY TOF
(%) Selectivity (%) (mmol-gcat®-h?) (s
CuzZnAl-0 13.8 44 1222 0.033
CuzZnAl-2La 13.8 42 1112 0.024
CuZnAl-4La 14.3 44 1205 0.022
CuZnAl-6La 13.8 40 1053 0.023
CuznAl-2Ce 134 42 1176 0.026
CuzZnAl-4Ce 12.6 45 1108 0.023
CuznAl-6Ce 12.2 38 905 0.021
La/CuZnAl 13.8 50 1357 0.030

4.2.2 Effect of GHSV

The effect of GHSV on the CO. conversion and methanol selectivity was studied by changing
the catalyst weight while maintaining the gas flowrate. Three different weights of the catalyst
(50, 80, and 100mg) were used. Table 4.2 summarizes the effect of GHSV on the catalyst
performance over the CuZnAl-4La catalyst. In addition, a graphical representation of this effect
is depicted in Figure 4.10. The STY of methanol increased at higher GHSV. This is expected
as the reaction rate decreases gradually as the conversion increases. Furthermore, a higher

methanol selectivity is achieved when the GHSV increases.
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Table 4.3: The effect of GHSV on CO: conversion, methanol selectivity and space time yield

of the performance of the CuZnAl-4La catalyst.

GHSV CO2 Conversion  Methanol Space Time Yield
(mL/gcar-h) (%) Selectivity (%) (mmol-gcat?-h?t)
120,000 9.1 54 1537
75,000 14.3 44 1205
60,000 18.4 33 954
100 60
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Figure 4.10: Effect of GHSV on CO; conversion and Methanol selectivity over CuZnAl-4La
catalyst. Reaction conditions: 230°C, 40 bar and H2/CO2/N> ratio of 3:1:1.
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4.2.3 Effect of temperature

The effect of temperature was assessed for the CuzZnAl-0, CuZnAl-4Ce and CuZnAl-4LA
catalysts. The reaction was carried out at 40 bar, 100 mL/min, and 24 h TOS, where the
temperature was increased gradually by 20°C every 6 hours. The data was collected between
the temperatures of 230 to 290°C. The results are shown in Figure 4.11. All catalysts showed
high CO2 conversion at higher temperatures, and the methanol selectivity decreased with
temperature. This can be explained by the fact that the RWGS reaction is favoured at higher
temperatures, which will consequently decrease the selectivity for methanol [1]. The influence
of temperature was similar on all the catalysts, but the methanol selectivity decreased more

strongly for the Ce promoted catalyst when the temperature was increased.
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Figure 4.11: The effect of temperature on CO2 conversion and Methanol selectivity for the

CuzZnAl-0, CuzZnAl-4Ce and CuzZnAl-4La catalysts.

4.2.4 The effect of pressure

The pressure used in most of activity tests was 40 bar. We further performed activity tests on
the CuZnAl-4Ce catalyst using two different pressures (30 and 35 bar), while maintaining other
reaction conditions. The change in pressure had influence on CO2 conversion as well as
methanol selectivity. Figure 4.12 shows the change in CO> conversion and methanol selectivity
with respect to pressure change. It can be seen from Figure 4.12 that the conversion of CO;
decreased slightly the pressure was increased. At the same time, the increase in pressure also
led to an obvious increase in methanol selectivity. This can be explained by the Le Chatelier

principle because the methanol synthesis reaction is favoured at higher pressures but not the
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RWGS reaction [67]. The STY of methanol at 30 bar was 920 mmol-gcat-h, which increased
to 1108 mmol-gcat*-h? at 40 bar.
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Figure 4.12: Effect of pressure on CO, conversion and selectivity over CuZnAl-4Ce Reaction
conditions: 230°C, H2/CO2/N; ratio of 3/1/1.

4.2.5 Long-term activity test

Although the improvement of the catalyst activity and selectivity is essential, developing a
catalyst with long-term stability is equally as important to ensure the industrial applicability of
the catalyst. The catalysts with the most promising performance were selected from each system
for long-term stability tests over 72 h. These tests were conducted under the same reaction
conditions as described in Section 4.2.1, except for the reaction time, which was increased from
24 to 72 h. The CO. conversion and methanol selectivity for the CuzZnAl-0, CuzZnAl-4Ce,
CuZnAl4La, and La/CuZnAl catalysts are depicted in Figure 4.13a-d. For the unpromoted
catalyst, it was observed that the CO> conversion and methanol selectivity, for the most part,
decreased steadily over the 72 h TOS. Initially, the CO2 conversion was 14.6%, and after 72 h,
the CO2 conversion decreased to 13.4%. A similar trend was observed in the methanol
selectivity, which decreased from 45% to 39% at the end of the reaction. The deactivation of

the catalyst might be related to the sintering of the Cu or ZnO phase [172]. The CO2 conversion
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of the CuzZnAl-4Ce and CuZnAl-4La catalysts also slightly decreased over the 72h TOS.
However, there were small increase in the methanol selectivity of these catalysts. The methanol
selectivity of the CuzZnAl-4Ce catalyst increased from 45% to 47%, while the selectivity for the
CuZnAl-4Laincreased from 44% to 46%. For the best performing La/CuZnAl catalyst, the CO>
conversion initially decreased during the first 10 h before it stabilized. The CO2 conversion
was initially 13.8%, and it decreased to 13.3%, which was held stable for over 60 h. The

methanol selectivity increased from 47% to 50%, which was the highest for all the catalysts
synthesized.
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Figure 4.13: CO> conversion and methanol selectivity over 72 h for (a) CuZnAl-0; (b) CuzZnAl-
4Ce; (c) CuzZnAl-4La; (d) La/CuznAl.

The CO2 conversion, methanol selectivity, and STY of methanol at the start and after 72 h is
given in Table 4.4. It can be seen that the STY of methanol decreases for the CuZnAl-0 catalyst.
The STY of methanol remained stable for the CuZnAl-4Ce catalyst. Interestingly, the STY of
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methanol increased for the CuZnAl-4La and La/CuZnAl catalysts. Thus, the incorporation of

both Ce and La seems to improve the catalyst stability. The highest methanol selectivity after

72 h of 1335 mmol-gcat-1-h-1 was obtained over the La/CuZnAl catalyst. Thus, the sequential

impregnation of CuZnAl catalyst with La seems a promising approach to enhance the activity,

methanol selectivity, and stability of CuznAl catalysts.

Table 4.4: Methanol selectivity and STY of reaction at 24 h and after 72 h TOS.

Beginning After 72 h
Catalyst Xcoo Selectivity STY Xcoz Selectivity STY
(%) (%) (mmol-gcat™-h?)  (94) (%) (mmol-gcat™-h?)
CuzZnAl-0 146 45 1219 134 39 1072
CuZnAl-4Ce 126 45 1113 12.3 47 1135
CuZnAl-4La 143 44 1210 14 46 1292
La/CuznAl 138 47 1237 13.3 50 1335
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5. Conclusions and future work
5.1 Conclusions

In this study, we focused on the performance of enhancing the performance of CuZnAl-based
catalysts for the hydrogenation of CO> to methanol. The goal of this study was to examine the
impact of adding cerium and lanthanum promoters to the CuZnAl catalysts to assess their effect
on the CO2 conversion, methanol selectivity, the overall space time yield, and stability.
Different catalysts with various loadings of cerium and lanthanum were prepared (2%, 4%, 6%).
Thereafter, a sequential impregnation method was used to prepare a lanthanum-promoted

catalyst to compare the two preparation methods.

In order to study the structural and physicochemical properties of the catalysts, several
characterization methods were conducted, such as N2 adsorption-desorption, XRD, TPR, TEM,

and N2O chemisorption. Those characterizations demonstrated the following:

e The developed catalyst precursors exhibited a typical Zincian malachite structure.

e The crystallite size of CuO decreased when the Ce and La promoters were incorporated
into the catalyst.

e Promotion with Ce and La enhanced the reducibility and led to the reduction of CuO at
lower temperatures.

e The surface area, pore volume and pore size generally first increased then decreased
with increased promoter content.

e The addition of promoters increased the Cu surface area

Activity, methanol selectivity, and space time yield of the catalysts were studied at 230°C and
40 bars over a period of 24 hours. It was found that the La and Ce promoted catalysts prepared
by co-precipitation had a lower CO2 conversion and STY of methanol compared to the

unpromoted catalyst.

The effects of temperature, pressure and GHSV were also investigated to understand the effect

of the reaction conditions.

e The temperature was increased from 230°C to 290°C over 24 hours (+20°C every 6
hours). It showed that the CO, conversion increased with temperature, whereas the

methanol selectivity significantly decreased with temperature.
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e The pressure effect was examined by performing the reaction at three different pressures
(30,35,40) bars. The conversion of CO; increased slightly, and there was an obvious
increase in methanol selectivity with increased pressure.

e The CO. conversion increased with the decrease of GHSV, whereas the methanol
selectivity and STY of methanol increased with the increasing GHSV.

The impregnation of the CuzZnAl-0 catalyst with La was also investigated. This led to a notable
improvement in catalytic performance. The methanol selectivity increased from 44 to 50%, and
the STY of methanol increased from 1112 to 1357 mmol-gcat-h™. Furthermore, the stability
of the impregnated La/CuZnAl catalyst was superior, and the STY of methanol increased over
the 72 h TOS. The higher activity could partly be ascribed to a higher Cu surface area, but the
generation of Cu-LaOx interfacial sites might also have contributed to the higher methanol
production. Long-term tests were performed on selected Ce and La promoted catalysts prepared
by co-precipitation. It was observed that all the promoted catalysts also exhibited improved
stability when compared to the reference catalyst (CuzZnAl-0). Furthermore, it seems that the
sequential impregnation of the CuzZnAl catalyst is the most promising approach for enhancing the

catalytic performance for CO> hydrogenation to methanol.

5.2 Recommendations for future work

Both lanthanum and cerium are promising promoters and therefore different loadings can be
tested to optimize the promoter content to achieve the best methanol selectivity and space time
yield. A special focus should be put on the sequential preparation method used during synthesis
as it showed the best catalytic performance, and further optimization of the preparation

conditions might lead to a significant increase in activity and methanol selectivity.

The effect of lanthanum and cerium on the reaction mechanism can be investigated through a
detailed kinetic study in combination with in-situ analysis under reaction conditions as well as
using DFT calculations. DRIFTS analysis can be applied to directly study the surface species
formed during CO2 hydrogenation to methanol. In addition, it can be used to investigate the
influence of the Cu-LaOx interface in methanol synthesis from CO,. Furthermore, attention
should be put on analysing the spent catalyst after the reaction to gain further insight into the
stabilizing effect observed for the La impregnated catalyst.
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Appendices
Appendix A: Calculations of catalysts synthesis

The unpromoted catalyst should contain Cu/ZnO/Al,Oz after reduction and calcination. For the
catalysts from the promoted systems, they should contain Cu/ZnO/AlOs — Ce2O3 and
Cu/ZnO/Al03— La20a.

Molecular weights of Precursors used (g/mol):

Precursor MW

Cu(NOs3).3H20 241.6

Zn(NOs).6H20 297.49
Al(NO3)3.9H20 375.13
Na2,CO3 105.99
La(NO3z)3.H.0 433.01
Ce(NO3)3.6H.0 434.23

Concentrations of solutions used (mol/L)

NaCO3 1.2
Metal Nitrate 1
_ n(NaCO03) _
V (NaCOs) usea = C(NaC03) _

Where V: Volume of solution used
n: number of moles
C: concentration of solution
M: molecular weight

m: mass
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Table A-1. Stochiometric coefficients of the prepared catalysts

Composition

Sample Cu Zn Al LaorCe  Cu/Znratio
CuznAl-0 0.6 0.3 0.1 0 2
CuzZnAl-2% La/Ce 0.6 0.3 0.08 0.02 2
CuZnAl-4% La/Ce 0.6 0.3 0.06 0.04 2
CuzZnAl-6% La/Ce 0.6 0.3 0.04 0.06 2

Use 0.1 mol of Cu in metal solution and base the mols of metals on the selected Cu mol

Mol of metal based
on mol of total Cu

Sample Cu® Zn?* Al La®*/Ce
CuzZnAl-0 0.1 0.05 0.0167 0
CuZnAl-2% La/Ce 0.1 0.05 0.0133 0.0033
CuZnAl-4% La/Ce 0.1 0.05 0.01 0.0067
CuZnAl-6% La/Ce 0.1 0.05 0.0067 0.01

Finally, to calculate the mass of each precursor used: m=n.M

Grams of metal precursor
based on mol of total Cu

Sample Cu nitrate  Zn nitrate Al nitrate La3/Ce3 nitrate
CuznAl-0 24.16 14.8745 6.25216667 0

CuZnAl-2% La/Ce 24.16 14.8745 5.00173333 1.44743333
CuzZnAl-4% La/Ce 24.16 14.8745 3.7513 2.89486667
CuzZnAl-6% La/Ce 24.16 14.8745 2.50086667 4.3423
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Appendix B: Description of reaction and data collection procedure

1. Cleaning, reassembling and reduction

1) Set Eurotherm to local, take out and clean reactor, discard old catalyst in disposal bottle, use

air to remove quartz wool plug and remaining catalyst.

2) Place the reactor, put in quartz wool plug.

3) weigh 0.050 catalyst and 0.5000 SiC, mix, and put into the reactor.

4) Close the reactor with small amount of force.

5) Start the N> flow at 50 mL/min and increase the flow stepwise to 200 mL/min, then close the

exit valve.

6) Check for leaks until 40 bar is reached with snoop in relief holes.

7) Open exit valve, change the flow to 50/50 H2/N at 50 mL/min total flow.

Set total flow (mIn/min)

Gas mixing for cage # 3

Total flow (min/min) Total flow (scem)

. 49.9 50.0
L)
w0 200- P
b GAS GAS 180~ 180°
. min/min H2 min/min N2 min/min = T
160° TEMP. (°C) B TEMP. (°C) e —_—
- 20.795 219048 = -
140- 120~ 120-
D - SETPOINT SETPOINT -
= 100 100-
- 25 25 -
100- : :
z min/min 0- el . 80-
8- -
e
MIX % ACTIVE MIX % ACTIVE &t

T

HEX)

= 8 & 2
Tooalonolonaln
= B

ToooTaoaT

STOP! Set & read Bronkharst:

8) Set eurotherm to remote, increase temperature to 300°C at 5°C per min, total = 3 hours and
cover reactor with insulation.
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&2 COM1.IDD01-3208 - Watch/Recipe Editor

DS W9 X moe o] M)

[ List | Parameter | Description | Value |

5P SP1 Setpoint 1 230000
oF  CWworkinooE Cwdorking aefpont o7 o

5P Rate Setpoint Fate Limit RO0 -
F Bampldr elpoFil B amp OAlcE GLENLY
CTRL OutputHighLimit Dutput High Limit 10.00
5P SPHighLimit Setpoint High Limit 500,00
CTRL OutputHighLimit| Dutput High Lirnit 10.00
CTHRL Activelut whorking Output 324

93




2. Cooling down the reactor and starting reaction

1) Switch to N2 flow at 100% (50 mL/min), then set ramp rate to O followed by temperature to

20°C.

Set total flow (mIn/min) Gas mlx"‘g for cage # 3

9 50
zoo—: e GAS GAS
130{ co2 min/min H2 min/min N2 min/min
160- TEMP. (°C )
o 26,5177

: SETPOINT
120~

- 50
100=

= min/min
20+
60-

B MIX %
40

Jdemory B Device Panel [Jl] Terminal Wiring  fih Watch/Recipe | 8 OPC Scope =@

Total flow (mIn/min)

50.0
200-

-

Q COM1.1D001-3208 - Watch/Recipe Editor

Rate
Harmpl itz

Setpaoint Rate Limnit %
efpoin

]

Hamp Uitz ¥

5P FF [0] ~
- Lt

CTRL QutputHighLirmit) Output High Lirsit 10.00
5P SPHighLimit Setpoint High Limnit R0O0.00
CTRL QutputHighLimit) Dutput High Lirnit 10.00
CTRL Activelut Workinig Dutput Q.00
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Total flow (scen

50.0



2) Remove isolation from the top of the reactor when it is about 200°C.
3) Wait for below 60°C, about 30 min.

4) Start reactant mixture flow: 27.2% CO-, 54.2 H,, 18.6% N2 (to get close to 1:3:1 ratio
(depending on the flow calibration) at total 66 mL/min.

5) Wait for 15 min, then close the pressure relief valve and cover the reactor.
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3. GC procedure

1. Go to instrument wizard -> create sequence

0MnOx GH5V half and quater.seq

[ 7890B GC  Method: standby.met  Data: (None)  Sequenc

Instrurment Wizard

Instrument Wizard - 78308 GC (Offline) e

Create & new method
Help

Modify the current method

2 S5 € @

Modity a method on disk

Create & sequence

Intelligent Report with ‘wizard

Process a Fequence

I¥ Show at instrument startup

2. Select gas original method -> click next.

Sequence Wizard - Method X

Data File Type
¥ For acquisition
" From existing data files

Amount values

Sample amount : ]

Intemal standard amount : 1

Multiplication factors : 1 1 1 1 1
1 1

Method : |3'-.Pr0jects'-gassanahse'-.Meth';\d'-gass original.meti = I |

E! 3 Dilution factors: ’1_ ’1_ '1_
F~ "-_i ..-/.-\
g Yaas
2._* == I _'71_10
@ Cancel | Mext > |
— T —

3. Write the same name in sample ID and data file, add increment number (<001>), set
number of unknown runs in sequence to 100 (more if long term test) and click finish. NB.

Every run takes at least 14 minutes.

96



| 1
Sequence Wizard - Unknowns

Sample 1D |SAMPLENAME <001 b |

Data file SAMPLENAME=001= I

Mumber of unknown rung in sequence :

-
]
=

Repetitions per mun :

[” Create a separate row in the segquence for each repetition

@ — < Back Next >

L T LT

Finish

| o =] PO

4. Go to sequence run -> Click Yes to save sequence -> write name of sample -> click save

EB?B‘)OB GC  Method: standby.met  Data: (Mone)

Sequence 20MnOx GHSV half and quater seq

Se

5. Write name of the sample in result name -> Change begin immediately to 90 min after
closing the relief valve -> click start.
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T T T

=
7] Sequence Run »
=  Sequence infarmation .
kart

|| Seguence name: ||::"-.E nterprise\Projectshgassanalyse\Sequence’SAMPLEN:  [53

C I
- Result path: |Enterprise"-.F'ru:uieu:ts'xgassanalyse"uHesuItHM aster Thesis work. (C3 anee
n||  Resul name: SMPLENAME » Help
n
| - Fun range Mode
n| | T ower: |N.-".-’-‘-. J
n .
H{[ P de:
0 racessing mode |Nu:urma| J
n| " Range | Bracketing: |N|:|ne j
n
A R epart [
n: Save az POF i
n [ Method [ Sequence ~
n_
n_
n [ [
ml =l
n_
n Begin run
| |.-'-‘-.fter 90,00 rinutes @
n
n T OTF7 S (08 Lot )] (a8 (=Tu T ITSEMFCEMAMEDET T

7. Turn on the heating of the wires (white box) and check it is stable at 120°C.
8) Start heating 1 hour after GC starts, 5°C/min and desired reaction temperature
Result extraction
Go to C:\Users\IPT-lab\Desktop\Excel file from GC -> open

Data can also be extracted using the 7890B GC (offline) application.

1. First, click stop run — select stop sequence after current run completes -> click OK
2. Open the 7890B GC (offline) — File — Open —Result Set.

3. Go to result set, select process and start.

4. Results will be found at C:\Users\IPT-lab\Desktop\Excel file from GC.
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: Result Review Mode|

e
% Method
Instrument Setup ——
Resu nce ===
4 Integration Events
0 e = Stats Flun Type | Level | ConcOvemide | Custom Paiameters | Fieps [ Saniple D Methad [ Filename | ample Ar <
5 Calibration Er\:mwn o] 0n/a D] Unconfigured O] 1| CuZnilLa230C40bar10 gass orginalmet ] 0ilaw; 2hours001 dail o] 1
- nknawin —
Advanced Unknown = (==
& Unknown Time: 0.011213 Minutes - Amplitude: 0.0104187 25 uV
Unknawn T
" Unknawn e CuZni 40bar100flow72hours00 b3 [0
Manual Integratio 7 Unknown Retentioh Time S
Tiled Display ] Unknawn L o
Event . U process Sequence | Lass
roups Table 1?7 %
|29 Manual Integration . Un Sequence infomation I —
e i Seuence name [ELZrAML 823054 bar Q0fon? Zhows.rst faon
4 U | Result path nterprise! ] el |
16 8]
e 0| Result names [ LML a230C40bar1 00Aow7 2hours. st Help 4 [z00
ne | U~ Run range Mode
1; E_ @ Al Tomwer. [ 1 f200
20| i Processing Reintegrate - H
21 E- C Range  [142 Bracheling Mone B ] Ero
Ul - Fieport I Review 2
I e as PO e S Lieo
ol [ Methad 7 Sequence =
Un g 3
Un - £ feo
Un = = N -
Unl & 5
b
u — — .
Urknown : i : L
Unknown o o
LInkrnur - = a|
o
1 2 3 4 5 L] T 8 ] 10 "
Minutes.

Result Sequence

rr. Reports
[Ef contra -

4. After reaction
1. Click stop run -> select stop sequence after current run completes -> click OK.

2. Switch to N2 flow, set eurotherm to local, turn off the white box, open relief valve, wait 15
minutes.

3. Turn off the flow.
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D@ &S EE Ry R®E -5 @R

inalysis  Control  Reports  Window  Help
= ==
10.ET45 Minutes - Amplitede: 1.9028 25 pV | SampleID Methad
[ 10000 CuZre|50mg2 30C40bar0 gaszs origil
CuZnt 5 0mg2 30C40ba gass onigil
F3000
L8000
}vabn
FE000
Stop Run *

" Stop current min only

(" Stop current run and sequence run
{* Stop sequence after current run completes

e

K | Cancel | Help |

0 [T [T .
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