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1.1. Context

1.1.1. Energy consumption and climate change

Climate change and global warming have been on the world agenda for several
decades, but recently, society has become more concerned about them, as there’s a
growing body of evidence about drastic weather changes in the world, and a mounting
occurrence of natural disasters and other phenomena that affect the environment,
societies and economies, especially in developing countries.

It is thought that the magnitude of these events will increase, as more greenhouse
gases are released into the atmosphere. These are mainly released during human
activities, such as the burning of fossil fuels for transport and energy purposes (i.e.
electricity production, heating and cooling, etc.), during agricultural and industrial
activities and to a lesser extent because of the decomposition of solid and liquid
organic wastes [1].

The most representative greenhouse gases are carbon dioxide, methane, nitrous
oxide and many different fluorinated gases [1]. They have different impacts on the
environment, the atmosphere chemistry and contribute differently to the greenhouse
effect. The global warming potential (GWP) is the property used to measure the impact
of any of these substances on the greenhouse effect, and it takes into account the
amount of energy that a substance can absorb compared to that of carbon dioxide,
and also how much time the substance persists in the atmosphere [2]. This property
is shown in Table 1.1 for some known greenhouse gases.

Table 1.1 Global warming potential of different greenhouse gases.

Carbon dioxide 1 1 1
Methane 56 21 6.5
Nitrous oxide 280 310 170
Hydrofluorocarbon-23 9100 11700 9800

Sources: [1], [2].

Even though CO: is shown as the reference value in the above table, this gas persists
in the atmosphere for a long time, therefore its emissions are concerning. Other gases
such as Chlorofluorocarbons, hydrofluorocarbons, hydrochlorofluorocarbons, among
other similar substances have very high GWP values, which make them very
contaminating and they can also interact with the atmosphere ozone.

The atmospheric CO2 concentration has been increasing steadily since many

decades. It has increased from a value of 212 ppm in 1958 to a value of 408 ppm in
2019, and 445 ppm in 2021 [3]-[5]. These high CO2 concentrations exceed the
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maximum level of 300 ppm of CO2 occurring on earth since millennia [6]. Therefore,
the use and recycling of CO2 can be considered as an important alternative to help
tackle the climate change [4], [7].

In 2018 the global consumption of energy increased due to economic growth and
higher heating and cooling needs, which also caused an increase in the demand for
natural gas and other sources of energy [8]. That year, the increase in electricity
demand was responsible for over half of the growth in energy needs [8]. According to
the International Energy Agency, in 2020 the total final consumption of energy in the
world was 9938 tons of oil equivalent (Mtoe) [9]. In the same year, most of the world
energy demand was met by the use of fossil fuels, namely crude oil with a share of
40.8%, natural gas with a share of 16.2%, and coal with a share of 10% [9], which sum
up to 67% of the world energy demand. The remaining percentage corresponds to
electricity with a share of 19.3%, biofuels and waste with a share of 10.2%, and a 3.5%
share corresponding to other energy sources, which include heat, solar thermal and
geothermal energy [9]. Moreover, a 64.2% of the aforementioned electricity share is
generated mostly by the use of fossil fuels too (i.e. 38.2% coal, 23.1% natural gas and
2.9% oil) while 15.8% is generated by the use of hydroelectric plants, 10.2% by nuclear
and 9.8% of non-hydro renewables and waste [9]. It is clear that the emissions of CO2
from fossil fuels are a significant contributor to climate change and global warming
[10]. These statistics also show that societies around the world are strongly dependent
on fossil fuels, which are a polluting and non-renewable source of energy. Figure 1.1
shows the share of energy sources used to satisfy the global energy demand in 2020.

Crude oil
41%

Figure 1.1 Share of energy sources used to satisfy the global energy demand in 2020 on the left and
composition of the “Other energy sources” on the right [9].

The consumption of energy is expected to increase worldwide, in part as a
consequence of the growing global population, the change in people’s consumption
habits and the improvement in the quality of life in certain countries. Higher
consumption of goods and services by the global population, will undoubtedly increase
the energy consumption of factories and businesses. Statistical data shows the world
CO2-equivalent emissions by sector [11] for the year 2020, based on a total emissions
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value of 4.84x10'% tons of CO2-equivalent emissions. This data is presented in Figure
1.2.

Land-use change and Aviation and Other fuel

forestry shipping combustion
% 2% 1%

Waste
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Buildings
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Electricity and
heat
31%
Industry
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Fugitive
emissions
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Manufacturing 15%

and construction
13%

Figure 1.2 Percentage of the tonnes of CO2-equivalent emissions of the world by sector in 2020 [11].

As can be observed, the electricity and heat sector together with the transport and the
manufacturing and construction sector contribute to more than half of the total COo-
equivalent emissions in 2020 in the world. This highlights the need of reducing the
environmental impact of these three sectors by using renewable sources of energy.

In order to delay climate change, many efforts are being made by governments and
the private sector. Among them are those focused to transitioning to more
environmentally friendly sources of energy for supplying homes, businesses and
factories. Other efforts are those focused on improving energy efficiency in the
abovementioned sectors, designing more energy efficient production processes and
transport means, among others.

Given the importance of electricity for supplying energy needs, renewable electricity
sources such as solar and wind have been gaining importance, given their potential to
decrease harmful emissions like sulfur oxides (SOx) and nitrogen oxides (NOx) as
well as CO.. Although renewable and more environmentally friendly, these sources of
energy suffer from intermittency, which causes the energy supply to be higher or lower
than the energy demand, generating excesses of electricity that cannot be stored or
deficits in the electric grids.

17



One way to avoid the loss and waste of electricity due to mismatches between the
electricity supply and demand in the electrical grids, is using the so called Power-to-X
concept. This way of managing energy consists in converting energy surpluses into
various chemicals, heating and cooling, and/or other means to store and use
electricity. This concept will be explained more deeply in the next section.

1.1.2. Power-to-X concept

The intermittent nature of renewable energies, such as solar and wind, has led to the
conception and development of technologies and strategies capable of using or
storing electricity in periods where electricity supply surpasses the demand [12]. Such
technologies or strategies could be beneficial due to a reduced waste of energy, and
also for economic reasons. The Power-to-X concept aims at converting the energy
surpluses from intermittent sources of energy, into chemicals, storing it in different
media or giving them other final uses, such as heating and cooling, etc., contributing
to reducing the dependence on fossil fuels [10], [13].

Among the chemicals that can be used as energy reservoirs, gases such as hydrogen
and methane are desirable due to their interesting properties as fuels. In the case of
hydrogen, it could be produced by water electrolysis [14], which can then be used to
produce methane via the Sabatier process (i.e. CO2 + 4H>, > 2H>O + CH4) [13].
Moreover, both methane and hydrogen could be integrated into the existing gas
distribution systems, while hydrogen to a lesser extent [13]. Hydrogen is generally not
considered a suitable medium for energy storage because of its undesirable storage
properties and difficulty to handle [15].

Methanol can also be produced by the hydrogenation of CO>. Some researchers
sustain that storing energy in the form of methanol can reduce the world’s dependence
on fossil fuels [16]. Besides its possible use as a fuel, methanol is also a very important
chemical due to its interesting properties as a chemical synthesis feedstock. It can be
used in mixtures with gasoline, it can be used in fuel cells and a wide variety of
commodities and added value chemicals with different uses can be synthesized from
it [4], [17]-[21]. Some of the most important chemicals typically produced from it
include formaldehyde, methyl tert-butyl ether, acetic acid, methyl methacrylate,
dimethyl terephthalate, and methylamines. In turn, these chemicals are used to
produce polymers, paints, plastics, resins, among other important products
[15][22][23]. More recently, the olefins production (i.e. ethylene and propylene) from
methanol has been gaining increasing importance, especially in the Chinese market
[23].

According to other researchers [12], the transportation sector is responsible for 80%
of the total energy consumption, so integrating the Power-to-X concept to the transport
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sector by integrating chemicals such as methanol could be an attractive strategy to
increase the efficiency of energy systems and also to reduce emissions of GHG.

The next section deals with the thermodynamics of the production of methanol and
discusses the conditions that are favorable for producing this compound.

1.2. Thermodynamics of methanol production

The synthesis of methanol from carbon monoxide and from carbon dioxide are both
exothermic reactions that involve a decrease in the number of moles. The other
reaction that takes place in the process is the reverse water-gas shift (RWGS) reaction
which is endothermic and doesn’t present a change in the number of moles of
reactants and products [24]. These 3 chemical reactions are shown in Equations 1.1
to 1.3.

Equation 1.1 Methanol synthesis from CO reaction.

CO(g) + 2H,(g) < CH3;0H (g) ArH,egx = —90.7 kJ /mol

Equation 1.2 Methanol synthesis from CO2 reaction.

Equation 1.3 Reverse water-gas shift reaction (RWGS).

CO, (g) + Hy(g) « CO (g9) + H,0 (g) ArHyogx = 41.2 kJ /mol

Normally, when using catalysts composed of Cu, Zn, Al, and or Zr, no other carbon
containing species such as CH4 are formed in important quantities. So, the chemistry
that occurs during the methanol synthesis process is well represented by the above
three chemical equations.

According to Le Chatelier’s principle, the equilibrium conversions of the methanol
production reactions are favored at low temperatures and high pressures, while the
equilibrium conversion of the RWGS reaction is favored at high temperatures with no
effect from the reaction pressure [22], [24], [25]. Figure 1.3 shows the effect of the
temperature on the equilibrium conversions of H, and CO2 and on the methanol
selectivity. These values were calculated by the minimization of the Gibbs free energy
of the system by using a process simulator. The results show that the H2 and CO2
equilibrium conversions decrease with increasing temperature, while the CO:
conversion attains a minimum value at approximately 280°C and then increases again.
The occurrence of this minimum can be explained by the decrease of the CO2
conversion due to the formation of methanol and by the increase of the production of
CO from CO2 via the RWGS reaction. The above also explains the behavior of the
methanol selectivity, which decreases with increasing temperatures. The appropriate

19



temperatures for the production of methanol from CO2 hydrogenation seem to lie
between 200°C and 300°C, where the methanol selectivity has values between 95%
and 24%, respectively.
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Figure 1.3 Effect of the temperature on the Hz2 and CO:2 conversions and on the methanol selectivity at
50 bar.

The effect of the pressure on the equilibrium conversion of a reaction occurs when
there’s a change in the number of moles on one side of the chemical equation. For
instance, in the case of the methanol production reactions presented above, the
product side presents the least number of moles, which indicates that the production
of methanol is favored at higher pressures. The RWGS reaction doesn’t present a
change in the number of moles, which indicates that this reaction is unaffected by
pressure, as mentioned above.
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Figure 1.4 Effect of the pressure on the H2 and CO2 conversions and on the methanol selectivity at
280°C.
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Figure 1.4 shows that both the Hz and CO: conversions increase with increasing
pressure, as well as the methanol selectivity. In the industry, pressures between 50
and 100 bar are typically employed.

The methanol synthesis reactions are considered thermodynamically limited [26]. CO2
presents the highest oxidation state of the carbon element which makes it a
thermodynamically stable compound with low reactivity and a formation enthalpy of -
396 kd/mol [5], [19]. Given the stability of the CO2> molecule, a large amount of energy
is necessary for its reduction or transformation [27].

Forinstance, the Gibbs free-energy changes are positive above 150°C for the reaction
in Equation 1.1 and above 180°C for the reaction in Equation 1.2 [24], so it is important
to choose the operating conditions with care, in order to obtain an acceptable
conversion. Typical operating conditions for these reactions are between 250 and
300°C, and thanks to the advances in the catalyst development, pressures around 50-
80 bar are used industrially.

1.3. Catalysts for methanol production

1.3.1. Catalysts for methanol production from syngas and from carbon dioxide

Methanol production has been traditionally based on the steam reforming of
hydrocarbons, typically methane, into synthesis gas and then by the reaction of
synthesis gas using a solid catalyst during an exothermic process [19], [28]. The
methanol production process has evolved from the use of ZnO-Cr.O3z catalysts
conceived during the 1920s, which operated at very high temperatures and pressures
[29][30], to the modern CuO-ZnO-Al,O3 catalysts that allow the methanol synthesis at
milder conditions [18], [24], [31]. Today, alumina is widely employed in the ternary Cu-
ZnO-Al203 catalysts used in the industry, which are typically prepared by
coprecipitation [32][33].

Copper is considered as an abundant and cheap metal, which favors its utilization as
a material for catalysis. This metal has been extensively used in the industry and in
research, and can be used along with many different types of support, which influence
importantly its catalytic activity [7]. Despite the importance of copper in the catalysis
for the production of methanol, using only this element as a catalyst is not possible
because copper alone does not catalyze the methanol formation reaction [30][32].
Also, copper oxide is more easily reduced under certain conditions and in a dispersed
form [30] so, having a mixed oxide system is important for the production of methanol.
It is known that zinc oxide can improve copper dispersion of Cu-based catalysts and
that it is a good hydrogenation catalyst that activates hydrogen by heterogeneous
dissociation, giving rise to ZnH and OH species [28].
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The reduction of the operating temperature and pressure in the reactor that has
occurred gradually, has resulted in lower capital and operating costs, as well as lower
CO2 emissions. Table 1.2 shows some of the main catalysts that have been developed
for methanol production since the first catalysts conceived for this process. It shows
the process conditions and some advantages and disadvantages that they presented.

Table 1.2 Evolution of catalysts for methanol synthesis from synthesis gas.

No catalyst | Until 1920’s Methanol was | - [25]
before 1920’s produced by
dry distillation
of wood
Zn0-Cr203 Developed and | 25-38MPa, Pros: Highly stable to S | [29], [32],
commercialize | 300-450°C and Cl compounds. [34]
d in the 1920s Cons: Byproducts such
decade by as dimethyl ether, higher
BASF. alcohols, carbonyl
compounds and
methane. Very high T
and P.
Cu0O-ZnO Developed in | 15MPa, Cons: This catalyst was | [25], [29]
the 1920s | 300°C not commercialized
decade. because HS and ClI
Imperial compounds deactivated
Chemical it.
Industries.
Cu0O-ZnO- Developed and | 6-7MPa, Pros: The formation of | [29], [32],
Al,O3 commercialize | 250-300°C undesirable byproducts | [35]
d in 1966 for was also reduced.
the IClI low Alumina was used as a
pressure stabilizer and its high
process. activity  allowed  the
synthesis at 220-230°C
and 5MPa, avoiding also
the sintering of copper.
Cons: Cannot be used
above 300°C and are
sensitive to sulfur
poisoning.
Cu0O-ZnO- Currently used | 230-240°C, Pros: Established | [18], [36]
Al203 for syngas | 40-100 bar, | process
Less than
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hydrogenation | 6v/v% of CO; | Cons: Low activity for the
to methanol in the syngas. | CO. hydrogenation to
methanol.

Besides the catalysts mentioned above, many variations have been developed and
can be found in the literature, patents and research articles, and they differ mostly in
the composition, the use of different stabilizers or promoters, and the synthesis
method.

The production of methanol from synthesis gas makes use of fossil fuels such as
methane and consumes large amounts of energy [15]. For such reasons, alternatives
to the classical process that don’t use methane, should be considered, in order to
improve the energy efficiency of the process and to reduce its dependence on fossil
fuels.

Instead of producing methanol from syngas, it can be produced from CO2 and H>
alone. The CO- hydrogenation to methanol has gained increased attention, as it is a
promising way of converting the CO2 into methanol while reducing GHG emissions. In
fact, the capture and use of CO2 and the use of green hydrogen such as that produced
by water electrolysis, would create a process with much less GHG emissions.
Unfortunately, these cleaner process alternatives are not extensively commercialized
mostly due to high costs reasons [37]. For the CO2 hydrogenation to methanol, the
use of supports such as zirconia instead of alumina is necessary due to the
unfavorable properties of alumina during this reaction. The classical catalyst
containing Al203 presents different disadvantages when using CO2 and H> mixtures
for the production of methanol, such as lower activity and selectivity for methanol
production, the inhibiting effect of the water byproduct and reduced catalyst stability
due to sintering favored by water [17], [38]-[40].

Despite the above, the production of methanol from CO2/H2 mixtures has been gaining
increased attention since decades ago [28] and the utilization of ZrO. containing
copper-catalysts for CO2/H2> mixtures is well known [41]. Cu-ZrO. catalysts are
interesting because ZrO:; itself has catalytic activity and also because this system
presents good adsorption properties, as well as good mechanical and thermal stability
[7]. ZrO2 presents different advantages compared to Al>O3, such as its less hydrophilic
character, its promotion of the copper dispersion and a higher surface basicity, which
can affect the CO2 adsorption properties and the methanol selectivity [42]-[44]. The
hydrogenation of CO> into methanol, has also become an increasingly important field
of research due to its possible role in the valorization and the reduction of CO;
emissions.
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1.3.2. Supports and promoters of copper based catalysts

Support materials and promoters are utilized in the synthesis of solid catalysts to
improve the stability, the surface properties and the interactions of the species in a
catalyst to produce materials with desirable catalytic performance. Many of the
promoters and modifiers used in the hydrogenation of carbon dioxide to methanol
belong to the alkali, alkaline-earth, rare-earth, transition metals, metalloids and main
group metals elements [4]. Metal oxides such as Fe2O3, Nb20Os, Ga203, ZrO2, CeOo,
In203, Cr203, Al203, Y203 have been used as promoters to obtain materials with better
properties, such as higher copper dispersion, higher Cu surface area, better CuO
reducibility, among others [45].

To further increase the activity and stability of the Cu/ZnO catalysts, different modifiers
are used as promoters and supports [46]. Many modifications to the classical CuO-
Zn0O-Al203 catalyst have been tested, such as promoting with boron, cerium,
chromium, magnesium among other elements [29], [39]. The goal of promoting the
catalysts for methanol synthesis includes improving Cu dispersion and surface area,
adjusting the adsorption properties and also improves the reduction of the CuO to
metallic Cu [4], [18].

Promoters such as B (as boric acid or borax), Si (as silicon oxides, precursors of silicon
oxides, sodium silicate and diatomaceous earth), and for instance the oxides or salts
of Mg, Zr, La, Mn, Cr, P have been used to improve the catalytic activity and
mechanical properties of methanol production catalysts [25], [47], [48]. For instance,
the use of Mn as a promoter of CuO-ZnO-ZrO- catalysts at low concentrations (2 wt%)
can increase methanol production rates [19]. In the case of Al2Os3, it acts as a structural
promoter in the industrial catalyst [49], increasing the dispersion of Cu, the total
surface area and the mechanical stability of the material [50].

Ba and K improve the CO2 adsorption capacity compared to the unpromoted catalysts
[4], while, CeO2 and CeO»-containing materials have superior chemical and physical
stability, high oxygen mobility and high oxygen vacancy concentrations [51][52]. CeO:
also favors the production of methanol, allows controlling the growth of Cu crystallites
and improves surface basicity for CO2 adsorption [4][52].

It has been shown that Cu-Zn-based catalysts are among the most useful systems for
the catalytic hydrogenation of CO2 to methanol [53]. Many other metal oxides can be
used as a support or promoters for the CO> hydrogenation into methanol [54], which
may include ZrOz2, SiOz, TiO2, CeO2, Ga203, MgO, Cr203, Nb20Os, La20s3, Y203, etc.)[3],
[50], [54]. The use of these components can increase the Cu dispersion, modify the
acid—base properties and redox properties, and enhance the catalytic performance
and stability. ZnO improves the Cu dispersion, and both ZrO, and ZnO improve the
adsorption of CO», thanks to their surface basicity [33], [50]. The works of different
researchers [19], [41], [54] suggest that ZrO> presents a weak hydrophilic character,
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which benefits the desorption of produced water, enhancing both the methanol
production rate and the selectivity and making the catalyst more resistant to water.
Also, the work of L’hospital et al [55] indicates that ZrO- has a basic character and that
allows improving the dispersion of copper, which improves its surface area. Zr can
also stabilize the Cu® species, and increase the basicity of the catalyst [46][56].
According to other articles [18][50], Cu/ZnO catalysts containing ZrO: instead of Al2O3
present a higher thermal and mechanical stability under the typical reaction conditions
of reduction and oxidation, and also high specific surface area.

According to the work of Li et al. [54], Cu, Pd, Au, Pt, Re, and Rh supported-metals
show high performance for CO2 hydrogenation into methanol. Also, the work of
Wambach et al. [7] suggests that catalysts with Cu and Ag have the highest
selectivities to methanol, while other transition metals such as Ru, Rh, Au, Pd, Pt, Re
and Ni produce methanol along with methane and carbon monoxide, making them
less selective [4].

Several works have discussed the performance of different metals supported on
zirconia for the hydrogenation of carbon dioxide into methanol [7], [38], [54]. Moreover,
[38] also pointed out that Cu/ZrO, catalysts, especially with 40% CuO, showed high
conversion and selectivity to methanol. For the above reasons, Cu-ZnO-ZrO. based
catalysts are among the most suitable catalysts for the hydrogenation of CO: to
methanol using H> and CO: rich feedstocks.

1.3.3. Catalyst synthesis methods for methanol production

Different catalyst preparation methods such as impregnation, coprecipitation, sol-gel
synthesis, ion exchange, deposition precipitation, controlled oxidation of amorphous
metal alloys for the production of metal/ZrO> catalysts, etc. have been tried and are
known to produce catalysts with different properties [7], [16], [38]. Despite the process
complexity during the synthesis of a catalyst, it is known that the synthesis methods
that encourage an intimate mixing between the metal and support, are those that
produce materials with the best catalytic performances [7], [16], [32].

Wambach et al. [7], explain the differences in the structures formed of a metal
supported on ZrO: catalyst in Figure 1.5. This figure shows the arrangement of metal
and support particles for (a) the impregnation, (b) coprecipitation and sol-gel and (c)
the oxidation of glassy metal-zirconium alloy methods. White circles represent ZrO-
particles while dark circles represent the metal particles. The (c) structure are disk
shaped particles that contain both metal and support.
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Figure 1.5 Structural features of catalysts prepared by different methods [7].
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As shown above, the catalysts prepared by coprecipitation and by controlled oxidation
of amorphous metal alloys are the ones that have a higher degree of interfacial contact
and homogeneity, whereas the material prepared by impregnation presents lower
interfacial contact [7]. According to different researchers [25][57], the materials
prepared by coprecipitation are one of the best in terms of catalytic properties.

Many variables influence the final performance of a solid catalyst. From its chemical
composition, to its preparation procedure and processing conditions, many factors
influence the final surface and bulk properties of the material, as well as its catalytic
performance. Schuth et al. [58] presented a diagram shown in Figure 1.6 that explains
how some conditions during the coprecipitation reaction affect the final properties of a
catalyst.
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Figure 1.6 Parameters that affect the properties of a catalyst produced by coprecipitation. Taken from
[58].

As seen in Figure 1.6, the aging pH, the aging time, the temperature and the mixing
conditions, have a direct effect on the catalyst properties such as the composition, the
material’s crystallinity, the phases formed and the textural properties.

In the case of Cu-Zn-Al catalysts, small and stable crystallites are desirable for a good
catalytic performance of the catalyst [59] and those characteristics are achieved
through the formation of malachite and other hydroxycarbonates during the
precipitation step [25], [26], [59]. These desirable catalyst properties also apply to
other catalysts such as the Cu-ZnO-ZrO. used for the hydrogenation of CO: to
methanol.

Other catalyst preparation methods such as a novel coprecipitation method from the
work of An et al. [39], have allowed the production of Cu-Zn-Al-Zr catalysts with fibrous
morphology and high catalytic activity, selectivity and thermal stability thanks to higher
Cu-Zn crystallites dispersion.

Despite the availability of many catalyst synthesis techniques, the coprecipitation of
metal salts is one of the preferred and most common methods for the production of
Cu-Zn0O-ZrO2 mixed oxides catalysts [55], [60]. This method allows to produce a solid
precipitate that contains the desired metallic species, usually in the form of hydroxides
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or hydroxycarbonates of the metal. One of the main advantages of the coprecipitation
technique, is that it allows to obtain materials in which all the elements are mixed at
the atomic level [32].

The catalyst synthesis steps (i.e. precipitation, aging, washing, drying, and calcination)
are known to influence the final properties of the catalyst [38]. Coprecipitation
temperatures between 60-70°C are considered favorable to obtain a material with
optimum properties [36]. In the case of pH, pHs around 6 and 7 favor the formation of
small catalyst particles, while acid and alkaline pHs favor the formation of large
particles [36], [59]. The ageing of the precipitated material before filtration and washing
was also found to be an important step to obtain catalysts of high activity and stability
[59]. A calcination step in the range of 300 to 400°C is considered beneficial for the
formation of nanostructures during the formation of the mixed metal oxides [36].
According to the work of Jadhav et al. [19], the highest activity for the CuO-ZnO-ZrO;
catalyst was obtained when the material was calcined at 400°C.

The properties of the solvent selected for the catalyst synthesis, also plays a role in
the final properties of the formed material [38]. According to Ma et al. [38], the
viscosity, surface tension, and boiling point of the solvent affect significantly the
structure of the precipitates and calcined catalysts.

For a catalyst containing copper, different copper sources can be used, such as
copper nitrate, copper sulfate, copper acetate, etc. [47]. As for the precipitating agent,
some of them include sodium carbonate, ammonium carbonate, sodium hydroxide,
aqueous ammonia and also carbon dioxide [47]. Ultimately, the choice of the reactants
will take into account technical and economic reasons.

Some of the most utilized precipitating agents are sodium and ammonium carbonates.
Ammonium carbonate is attractive for the production of catalysts because the
byproduct ammonium salt decomposes at temperatures between 200 and 260°C [61].
This temperature range is typically below the calcination temperature of the precursor
materials, therefore, ammonium residues that may deactivate or reduce the activity of
the catalysts are eliminated by thermal decomposition during the calcination step. On
the other hand, sodium carbonate, is one of the most utilized precipitating agents
because of its availability and low cost. However, the material resulting from the
precipitation reaction must be washed to ensure that no sodium remains in the solid.
Sodium is known to act as a catalyst poison and it can alter the morphology and
surface properties of the catalyst by reducing the Cu surface area and increasing Cu
crystallite size, but also inhibiting the interaction between Cu and ZnO [62], [63]. The
presence of these residual compounds is undesirable, as they can cause particle
sintering and agglomeration during the subsequent thermal treatment steps, which
causes a loss in the surface area and therefore a reduction in the catalytic activity [64].
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The synthesis route for the preparation of Cu-ZnO-ZrO- catalysts follows a multistep
procedure [49]. The coprecipitation process starts when both metal salts and
precipitating agent solutions get in contact. After the first contact, the reaction between
the species gives rise to the formation of nuclei, a process that’s called nucleation.
Then, as these nuclei continue to grow, the solid material is formed and different
phases are formed depending on the process conditions [64]. The rates of nucleation,
crystal growth and agglomeration of the particles are affected by the temperature, the
concentration, the pH, among other variables. These have an effect on the final
particle sizes and the morphology of the material [60].

After the solid is formed, it can be aged for a determined amount of time, and then it
is washed. After washing, the catalysts are dried, then calcined and finally activated
by reduction of the CuO to metallic Cu. Some of the variables that affect the
characteristics of the resulting catalyst are the reaction pH, temperature, the solvent
used, the mixing sequence, among others [22][64]. Precipitation temperatures from 20
to 90°C can be used, with temperatures from 50 to 70°C more common for this
operation [47]. Behrens et al. [65] also suggest that the optimum coprecipitation
temperature is between 60 and 70°C and pHs between 6 and 7.

The knowledge of the effect of all of these parameters is essential to produce a catalyst
that has the desired characteristics [22]. It is important that these variables are well
controlled to obtain materials with the desired composition and properties. According
to different research works [25], [32], the conditions during coprecipitation and aging
steps are of great importance to obtain the desired catalyst. There's in fact a
phenomenon called “chemical memory” which causes the final properties of the
catalyst to depend on the conditions of the coprecipitation and aging steps during the
synthesis process [25], [66].

Many other different catalytic systems, can be produced by this method. For example,
Ni supported on Al>Os3 for methane steam reforming, and the iron, copper, potassium
catalyst for Fischer—-Tropsch synthesis are produced by coprecipitation. Morales et al.
[67] studied a catalyst made up of copper and manganese oxides prepared by
coprecipitation. According to them, this method allows obtaining materials with highly
desirable properties, such as high inter-dispersion of the metallic elements, and the
formation of different morphologies such as solid solutions, mixed compounds and the
arrangement of phases over another [67]. According to other works [35], [47], the
intimate mixing of the metal salts with the precipitating agent is important to obtain
good catalytic properties.

Some of the crystalline phases identified after the coprecipitation of a metal solution

containing Cu, Zn and Zr for the production of methanol are shown in Table 1.3
[22][32][68].
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Table 1.3 Hydroxycarbonates and other phases that can form during the coprecipitation process

Aurichalcite Zn3Cuz(OH)s(CO3):2
Baddeleyite ZrO;

Malachite Cuz(OH).COs3
Georgeite Cuz(OH),COs3 - 6H20
Gerhardtite Cuz(OH)3NOs
Hydrozincite Zns5(CO3)2(OH)s
Rosasite or zincian malachite CuZn(OH), COs

The phases that are more often identified in the literature for the catalyst precursor
include malachite, georgeite, hydrozincite, rosasite and aurichalcite. Copper oxide and
zinc oxide develop after the calcination step.

Some research works suggest that the desired phases are thin needles of rosasite,
malachite and zincian malachite [49], [59], [68]. Moreover, malachite, is usually
obtained in its amorphous form which is called georgeite [65]. The incorporation of Zn
in the malachite favors the nanostructuring of aggregates formed during calcination,
which gives a material with a good distribution of metallic species [49]. A good
distribution of the metallic species will give higher metal surface areas and higher
levels of copper dispersion as well as small particle sizes. All of these characteristics
are crucial to obtain catalysts with high catalytic activity [69].

The chemistry during the coprecipitation process can be very complex and involve
many species and compounds and it is also considered a dynamic process [36]. The
work of Tofighi et al. [36] presents different reactions that occur during the
coprecipitation process and during the aging of the precipitate, as will be shown next.

Reactions occurring during the coprecipitation process:

Equation 1.4 Malachite formation reaction.

2Cu?* + CO2™ + 20H™ - Cu,(C05)(0H),

Equation 1.5 Hydrozincite formation reaction.

5Zn2* + 2C02~ + 60H™ - Zng(CO4),(0H),

Equation 1.6 Nitrogen containing Cu hydroxide formation.

2Cu?* + NOj +30H™ - Cuy(NO3)(OH);

Reactions occurring during the aging process:
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Equation 1.7 Formation of Cu malachite from nitrogen containing precursor.

Cuy(NO3)(OH)5 + CO2~ > Cu,(CO5)(OH), + NO5 + OH-

Equation 1.8 Formation of rosasite from Cu malachite.

Cu,(CO3)(OH), + xZn?t - (Cuy_y, Zn,)(CO3)(OH), + xCu?t

Equation 1.9 Aurichalcite formation from hydrozincite.

Zns(C03),(0H) + xCu?*t — (Zng_,, Cuy,)(CO3),(0H)g + xZn?*

Where Cu,(CO5)(OH), is malachite, Zng(C03),(OH), is hydrozincite,
(Cu,Zn),(CO3)(OH), is rosasite, (Zns_y, Cu,)(C03),(0OH), is aurichalcite and
Cu,(NO3)(OH)5 a copper hydroxide compound with nitrogen.

1.4. Microfluidic synthesis of solid catalysts

1.4.1. General aspects of the synthesis of catalysts by coprecipitation using
microreactors

The coprecipitation reaction for the synthesis of Cu-ZnO-Al>,O3 and Cu-ZnO-ZrO- type
of catalysts is usually conducted with a batch process using a stirred tank (or beaker
at a laboratory scale), which has disadvantages such as the occurrence of
concentration, pH and temperature gradients as well as different residence times,
affecting the repeatability and consequently the properties of the final catalysts [60],
[70]. The use of stirred tanks can also cause spatial and temporal variations in the
concentrations of reagents and products because of the simultaneous presence of
precipitate and dissolved ions [66].

Batch synthesis doesn’t allow a precise control of the materials properties, which
results in large particle sizes, wide particle size distribution, inhomogeneous
morphologies and poor repeatability [60]. During the coprecipitation process it is very
important that fluctuations of the conditions are avoided, like for example temperature
and concentration gradients and also unfavorable mixing conditions, which can cause
undesired growth patterns, the precipitation of undesirable species, among others
[64]. A fast and homogeneous mixing of the reactants during the coprecipitation
reaction is necessary to obtain catalysts with uniform properties. This cannot be
achieved easily in stirred batch reactors, where the precipitation starts before the
components have been well mixed, causing spatial and temporal concentration
gradients [36], [66] which can have an effect on the properties of the catalysts.

For such reasons, alternatives to the traditional batch process have gained increasing

importance. One such alternative is microfluidic synthesis, which as the name implies,
deals with reactors, mixers and other devices that handle very small flowrates of
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substances in channels of millimeter or micrometer scales [71], [72]. These types of
devices offer advantages over large scale batch systems, such as higher mass and
heat transfer area to volume ratio, higher speed of mixing, and constant product quality
[60], [70], [71], [73], [74]. In this way, more reproducible conditions of nucleation and
crystals growth can be achieved during the coprecipitation reaction [66]. The
advantages of the synthesis using microreactors include their higher mass and heat
transfer areas to volume ratio, which translates into a more effective exchange of mass
and heat and also an increase in the speed of mixing due to a smaller diffusional path,
unlike large scale processes [71], [73], [74]. Higher productivity can be achieved by
connecting a common large feed stream to a number of microchannels [75].

As the name implies, microfluidic synthesis deals with reactors, mixers and other kind
of devices that handle very small flowrates of substances in channels of millimeter or
micrometer scales [71], [72]. Microreactors have found different applications in fields
such as the pharmaceutical, medical and chemical, besides academic research [60],
[72], [76]. In fact some of these applications can be found in daily life devices such as
ink jet printer heads, surgical instruments, microsensors in automobiles, etc. [73]. The
synthesis of materials using microreactors has been gaining attention since the 80’s
and 90’s, mostly in Europe and the United States, where research has focused on
applications related to biology, chemistry, analytical chemistry, the energy sector,
among others [71], [74], [75].

1.4.2. Type of microreactors and fabrication methods

Microreactors can be produced by using different kinds of materials and techniques.
The choice of material and production technique is based on the process conditions
and on the nature of the chemicals that the device will handle. Examples of materials
include polymers, silicon, stainless steel, among others [76]. According to Yao et al.
[76], there are essentially two types of microreactors, namely chip-type microreactors
and microcapillary reactors. Chip-type microreactors are adaptations from the
microelectronic industry [76], and they allow an efficient integration of several unit
operations in one single small device. Many different processes exist to produce chip-
type microreactors, and they include dry or wet etching, photolithography, lithography,
injection molding, embossing, among others [76]. The final choice of the production
method will depend on the material of the microreactor and the desired characteristics
of the structure. Moreover, microcapillary reactors consist in the adaptation of
capillaries with very small internal diameters to a mixing device of the appropriate
dimensions such as a mixing tee. For example, fused silica capillaries can be
employed for this end with internal and external diameters of 50 and 150 micrometers,
respectively.
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1.4.3. Application of microfluidic devices to the synthesis of catalysts for the
production of methanol

The application of microfluidic devices to the synthesis of catalysts for the production
of methanol has been gaining importance in the recent years as an innovative and
alternative approach for the synthesis of Cu based catalysts for methanol production
and for COz valorization and abatement.

Tofighi et al. [36] found that the Cu-ZnO-Al203 catalysts produced by the microfluidic
method presented smaller CuO crystallites, higher specific surface areas, more
uniform morphology as well as better Cu-Zn dispersion than the catalysts synthesized
by coprecipitation in a batch reactor. Similarly, the work of Zhang et al. [77] on the
synthesis of Cu-ZnO-Al203 catalysts using a microfluidic device, allowed them to
obtain catalysts with smaller crystallite sizes, better Cu-Zn dispersion, higher BET
surface area and specific Cu surface area compared to a catalyst synthesized by the
classical batch method. All of these properties had a positive effect on the catalytic
performance.

Wang et al. [78] synthesized ZnO/ZrO: catalysts by physical blending, impregnation
and by a coprecipitation method using a microreactor and found that the catalyst
synthesized with the microfluidic device developed properties such as a higher amount
of oxygen vacancies compared to the other catalysts and a solid solution which gave
a better catalytic activity.

Y. Wang et al. [79] prepared a Cu-Ce-ZrOy solid solution catalyst by a microfluidic
method coupled with ultrasounds. The catalyst synthesized by such method presented
smaller particle size, higher specific surface area and higher methanol productivity and
stability than the catalyst prepared by a classical batch method. According to the
authors, the reason why the catalyst prepared by the microfluidic method presented
an improved catalytic activity was based on a synergistic effect of smaller particle size,
higher Cu dispersion and higher amount of oxygen vacancies.

Angelo et al. [80] investigated the synthesis of a Cu-ZnO-ZrO> catalyst by the
microfluidic method and found that this method allowed the synthesis of a catalyst with
better Cu surface area and better catalytic activity.

The work of L'hospital et al. [55] addressed the optimization of the synthesis
parameters (i.e. carrier fluid nature, residence time, reagents flowrate and
coprecipitation pH) during the synthesis of Cu-ZnO-ZrO; catalysts with a microfluidic
device. They found that water as a carrier fluid gave better results than silicon oil, and
determined the optimum residence time, the optimum reagents flowrates of the metal
nitrates and the precipitating agent and the optimal coprecipitation pH.
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Based on the research works discussed above it is clear that the investigation of
process conditions during the microfluidic synthesis such as the aging time and the
catalysts composition deserve more attention to help to better understand the
microfluidic technique and to find optimal conditions for the synthesis of Cu-ZnO-ZrO-
catalysts. Also, comparing the properties of catalysts synthesized by the batch and
microfluidic methods, such as the surface properties could allow to know better the
differences between both types of catalysts. The addition of the oxides CeO2 or In203
as promoters could also be interesting given the potential benefits that these
compounds could give to the methanol production catalysts from CO2 hydrogenation.
The following sections present a brief review about the reaction mechanisms of
methanol synthesis and some of the state of the art regarding the works on the effect
of the aging time and the catalysts composition on the properties of Cu-ZnO-ZrO2
catalysts.

1.5. Reaction mechanisms of methanol synthesis on solid catalysts

Since decades ago, many studies have addressed the question of the reaction
mechanisms and the active sites for the production of methanol from syngas and more
recently from the hydrogenation of carbon dioxide. The nature of the active sites and
the reaction mechanism of the hydrogenation of carbon dioxide into methanol have
been a subject of intense research and continue to be a subject of debate [4], [28],
[81], [82].

Despite this debate, the dual-site mechanism has been proposed and demonstrated
as a good representation of what occurs during this process. Many references [83]—
[87] point out that the methanol production reaction on Cu based catalysts occurs in
two different active sites. One is the Cu where H: is adsorbed and dissociated, and
the other is the support (e.g. ZnO and ZrO2) on which CO: is adsorbed and converted
into other carbon containing species by reaction with H. After adsorption on the Cu
surface, Hz is dissociated into H on partially oxidized Cu sites and then it is transported
to the support by hydrogen spillover. Simultaneously, the adsorption of CO2 on the
partially reduced support and the production of other carbon containing species is
followed by the interaction of H and C containing species at the Cu-ZnO interface to
produce a formate species, which is subsequently hydrogenated to methoxy and then
to methanol. Some reaction mechanisms may include the formate, RWGS pathway,
or trans-COOH* pathway, as shown in Figure 1.7 [88].
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Figure 1.7 Several proposed reaction mechanisms of CO2 hydrogenation into methanol. Taken from
[88].

A dual-site reaction pathway is also widely accepted over Cu/ZrO2 based catalysts for
CO2 hydrogenation [50]. As shown in Figure 1.8, the adsorption and dissociation of
hydrogen take place on the Cu sites, and the adsorption of CO2 as bicarbonate and
carbonate species occurs on the basic sites of ZnO and ZrO2 [50]. Then, the atomic
hydrogen spills over from the Cu surface to the surface of the ZnO-ZrO: support and
hydrogenates the adsorbed carbon-containing species to formate HCO2", methoxide
species CH30™ and methanol [48], [50]. The role of ZrO2 during this reaction may cause
an improved adsorption of CO2 due to its high basicity and an increased adsorption at
the Cu-ZrO: interface or on copper particles close to the ZrO, support [41].
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Figure 1.8 Catalysts surface and reaction paths for CO2 hydrogenation on Cu based ZrO2 containing
catalysts. Taken from [89].

Other two types of active sites are proposed for the CO2 hydrogenation into methanol
reaction. The first active site consists of a synergy between Cu and ZnO at the
interface [4], [82] and the second a Cu-Zn alloy on the surface of the catalyst [4], [28],
[82] in which the Cu allows the hydrogenation of C species during the methanol
synthesis. Furthermore, the roles of ZnO include the stabilization of the Cu®* species
by the ZnO moieties on the Cu surface, hydrogen reservoir, stabilization of key
intermediates such as formate, and promotion of the hydrogenation of formate species
[4]. ZnO can act as a structural and electronic promoter for Cu-based catalysts. It can
serve as a promoter and improve Cu dispersion and Cu surface area by preventing
the agglomeration of Cu particles, and it can also neutralize the acidity of the catalyst,
improving the adsorption of CO> [50], [90].

In the case of catalysts containing CeO- and/or ZrO2, one of the oxygen atoms of CO>
is attracted to the oxygen vacancies created by these compounds or by their solid
solution, while the dissociative adsorption of Hz occurs on the Cu® sites [91]. Then, the
adsorbed H reacts with C by the formate route [91].

More recently, the In2O3 containing catalysts have been investigated for the

hydrogenation of CO2 to methanol. The reaction mechanisms occurring on In203
during this reaction involve the participation of oxygen vacancies which adsorb and
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activate the CO2 mainly through the pathway CO2 > HCOO* - H,CO* - H3zCO* >
CH3O0H but can also occur through the COOH* and RWGS pathways [92].

1.6. Effect of the synthesis conditions and the composition on Cu based
catalysts for the production of methanol

A review of the effects of different catalyst synthesis parameters and compositions on
the properties of Cu based catalysts for the hydrogenation of CO- to methanol is given
next.

1.6.1. Effect of the aging time

The aging time of the precipitate formed during the coprecipitation step has important
effects on the formation of crystalline phases, on the textural properties and on the
homogeneity of the catalyst [58].

The work of Schimpf et al. [32] describes some of the phenomena that occur during
the aging step after the coprecipitation reaction for the production of Cu-ZnO-Al,O3
catalysts. According to their work, after the addition of the metal precursors solution
and the precipitating agent, the mixture experienced first a reduction in the pH
accompanied by a change of color, which indicated a change in the solid material.
After the pH drop, the mixture experienced a progressive increase in the pH due to
the incorporation of carbonate into the solid, releasing hydroxide and accompanied by
the crystallization of the material [32], [93]. Bems et al. [93] also found that immediately
after the coprecipitation, the solid material was amorphous, and that it became more
crystalline with increasing aging time, as determined by XRD. During aging, the
amorphous precipitate converts into a crystalline material, which is considered as
beneficial for the properties of the catalyst [68].

According to the work of Mota et al. [94], the aging of the precipitates is important to
obtain Cu-ZnO-Al>O3 catalysts with high catalytic activity. Their work indicates that the
thermal decomposition profiles of Cu-Zn-Al catalyst precursors vary with the aging
time [94]. Furthermore, their research also provided an explanation on the aging
process, in which the initially formed solids after coprecipitation are amorphous
hydroxycarbonates that become more crystalline during the aging time due to different
processes such as Ostwald ripening, dissolution and precipitation or agglomeration
[94].

Zhang et al. [77] found that increasing the aging time of the Cu-ZnO-Al>O3 precursors
(i.e. from O to 1 hour) resulted in a material with uniform microstructures, with higher
Cu surface area and higher catalytic performance. They also found that after 1 hour
of aging, an undesirable growth of the crystallite sizes occurred, lowering the activity
of the catalysts.
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Raudaskoski et al. [95] studied the effect of aging time in the coprecipitation of Cu-
Zn0O-ZrO catalysts and found that longer aging times are favorable for the CO2
conversion and the selectivity to methanol. Their work also indicated that longer aging
times favor the removal of sodium from the catalyst, which may act as a catalyst poison
and inhibitor in the CO2 hydrogenation to methanol reaction. Some other research
works [68], [96] point out that the formation of particular phases determines the final
properties of the catalysts, such as the case of zincian malachite, derived from
transient amorphous zincian georgeite.

Most of the research works discussed above address the effects of aging time on Cu-
Zn0O-Al203 catalysts for the production of methanol, and the synthesis method they
employed was a batch coprecipitation in a stirred flask. The above highlights the need
to investigate the effect of aging time on Cu-ZnO-ZrO. catalysts prepared by
coprecipitation using a microfluidic technique.

1.6.2. Effect of the catalyst’s composition

1.6.2.1. Effect of CuO content

The CuO content of Cu based catalysts for the hydrogenation of CO2 to methanol is
an important parameter that can affect the properties and catalytic performance of a
catalyst, given its role as an active metal during the Hz splitting step of the methanol
synthesis reaction.

Witoon et al. [97] prepared different Cu-ZnO-ZrO> catalysts by the reverse
coprecipitation method and found that the optimum catalyst composition was 38.2,
28.6 and 33.2 mole% of Cu, Zn and Zr respectively. Such catalyst gave the best CO2
conversion and space-time yield of methanol.

In their work, Chang et al. [98] synthesized different Cu-Zn-Ce-Ti catalysts by the
coprecipitation of metal nitrates with sodium hydroxide and they found that the
optimum CuO content and Zn/Cu molar ratio was 30wt% and 1.2 respectively. These
conditions allowed to obtain an optimal CO, conversion value and a maximum
methanol yield, respectively.

Huang et al. [99] studied Cu-ZnO-ZrO- catalysts of different CuO and ZnO contents
for the hydrogenation of CO2 to methanol prepared by the citrate method. They found
that the optimal composition of the catalysts they tested was 20% CuO, 70% ZnO and
10% ZrO2. This composition gave the catalyst with the best copper dispersion, textural
properties, CO2 conversion, selectivity and methanol productivity. Furthermore,
according to their research, the adsorption properties of H> and CO2 on the catalyst
surface can be influenced by the catalyst composition, which can have an important
effect on the catalytic performance of the material [99].
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Wang et al. [100] studied the effect of different Cu contents of Cu/Ce-ZrO> catalysts
prepared by oxalate coprecipitation method and found an CuO optimal loading of 35
wt%, which gave the catalyst an optimal CO2 conversion and methanol selectivity. This
catalyst also presented an optimal number of Cu species which gave a high copper
surface area and good adsorption and activation of CO2 by a Cu-Ce-Zr solid solution.

Li et al. [101] prepared a catalyst with a copper content of 60wt% by coprecipitation
and they studied the use of Al, Ce, and AICeO as supports of metallic copper for the
hydrogenation of carbon dioxide to methanol. The results of their work indicate that
the presence of Al2O3 enhances the BET surface area of the catalyst, while the
presence of Ce has the opposite effect. It is known that higher BET surface areas
favor the copper surface area as well as the copper dispersion in the catalyst. Their
results also indicate a synergy or strong interactions between the metal species when
using both supports, which translates into higher CO. conversions and higher
selectivity to methanol.

As observed in the works presented above, the study of the effect of the CuO content
in catalysts for the CO2 hydrogenation to methanol has been investigated before. This
is not the case for catalysts synthesized by a microfluidic technique. This represents
a good opportunity to study more in depth the use of this catalyst technique applied to
the synthesis of Cu-ZnO-ZrO; catalysts.

1.6.2.2. Effect of CeO2 as a component of Cu based catalysts

Cerium is an abundant and inexpensive rare earth element with excellent redox
properties and oxygen storage capacity [3]. Its oxide, CeO>, is a very important
material used in heterogeneous catalysis [102].

Some of the advantages of CeO- as a catalyst and of metals supported on CeO2 are
the physical stability of the material as well as its high oxygen mobility, oxygen
vacancies of fluorite-type oxides and the highly active Ce**/Ce** redox pair [4], [50],
[51], [102]-[104]. Also, the use of CeO2 as a support for the CO- hydrogenation to
methanol reduces the sintering of metal particles, which results in higher metal
dispersion and copper surface area, compared to other supports [3]. Different
parameters affect the catalytic properties of CeO2 when used as a catalyst or as a
promoter, such as its particle size, its morphology and the exposed facets [105].

The work of Wang et al. [52] showed that Cu/ZrO2 and Cu/CeO: catalysts presented
similar CO2 conversions for the hydrogenation of carbon dioxide into methanol, while
the Cu/CeO2 catalyst presented a higher methanol selectivity under the conditions of
their experiments. The addition of ZrO2 and CeO: as catalyst supports also improved
the reducibility of both systems separately, and the catalyst with the CeO2 support was
better at reducing the copper particle size [52]. Furthermore, the addition of ceria can
increase the surface basicity of the catalysts, which is considered beneficial for the
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CO2 hydrogenation to methanol reaction [101]. CeO2-ZrO> mixed oxides have also
been considered attractive due to properties such as redox potential and oxygen
storage capacity [91].

Bonura et al. [106] investigated the effect of the addition of CeO> on the properties
and the catalytic performance of Cu-ZnO and Cu-ZnO-ZrO: catalysts. Among the
results they obtained, they found that the addition CeO2 to the catalysts reduced the
surface area and that this effect became stronger with the further addition of CeOs.. In
their work they also found that the substitution of ZrO2 by CeO- reduced the copper
dispersion of the catalysts and in consequence the copper surface area. The wt% of
CeO: that the authors tested ranged from 9% to 54%.

The work of Ouyang et al. [102] indicated that the morphology of CeO- in the Cu
catalyst affects the conversion and selectivity of the catalysts for CO2 hydrogenation
to methanol. In their work they demonstrated that the nanorods morphology presented
the best CuO-CeO: interaction, as well as better metal copper dispersion, selectivity
and catalytic activity, compared to other morphologies [4].

The different research works summarized above indicate that CeO. could possibly
give interesting properties to Cu based catalysts for the hydrogenation of CO2 to
methanol. Therefore, combining the use of CeO2 with an alternative catalyst synthesis
approach such as the coprecipitation using a microfluidic reactor seems like an
interesting alternative to study more in depth, in order to obtain catalysts with more
attractive properties and better catalytic performance.

1.6.2.3. Effect of InoO3 as a component of Cu based catalysts and as active metal

In2O3, a semiconductor material, has been used as a catalyst promoter for copper
based catalysts and also as a catalyst by itself, promoted or not with other elements
for the hydrogenation of CO2 to methanol [33], [107]. Indium based catalysts benefit
from high methanol selectivity in a wide range of temperatures, and high stability [27],
[33], [108].

Martin et al. [40] synthesized an In203 catalyst for the hydrogenation of CO: to
methanol supported on ZrO with high activity and stability under industrially relevant
conditions. They also found through extensive characterization that the reaction
mechanism consisted in the creation and annihilation of oxygen vacancies, which
serve as active sites [40].

Sharma et al. [109] investigated a Cu/CeO: catalyst promoted with 1% indium loading.
The catalyst was synthesized by the separate preparation of the CeO2 support by a
hydrothermal method and then deposition of the In and Cu on the CeO> support. After
testing, the material experienced an increase in copper dispersion and a decrease in
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Cu particle size, as well as higher activity and methanol selectivity compared to the
unpromoted material [5], [109].

Wang et al. [110] prepared a pure In203 and a Rh/In.O3 catalysts by coprecipitation
and by deposition-precipitation methods, respectively. The rhodium supported catalyst
presented a methanol selectivity of 100% for temperatures below 225°C and a
methanol selectivity of 56% at 300°C. This catalyst presented a negligible production
of methane and exhibited high dispersion of Rh as well as oxygen vacancies, which
according to the authors was responsible for the high catalytic activity of the material.
Although the Rh-In203 catalyst presented a better catalytic activity than the pure In2O3
catalyst, the latter presented a higher methanol selectivity.

Salomone et al. [108] investigated an In2O3 catalyst prepared with different ZrO2 and
CeO:2 proportions by a gel-oxalate coprecipitation and found that CeO> didn’t improve
the catalytic performance, while ZrO. stabilized the structure and had an electronic
promotion effect.

Shi et al. [107] investigated the effect of the reduction temperature (i.e. from 250 to
500°C) on a Cu-In intermetallic compound used for the hydrogenation of CO: to
methanol and prepared by coprecipitation in a stirred beaker. They found that the
detection of metallic indium by XRD occurred above a reduction temperature of 400°C
and became very evident at 500°C. Their work also reported the formation of a Cu44Ing
compound above reduction temperatures of 350°C. According to their work, a
reduction temperature of 350°C maximizes the interaction between the intermetallic
compound Cu11lng and the oxide In2O3, which means a higher amount of actives sites
for the CO2 hydrogenation to methanol, which in the end means higher conversions
and methanol productivity. The reaction mechanism proposed in their work [107]
consists in the adsorption of the H> on the surface of the Cu1lng intermetallic
compound and the adsorption of CO2 on the oxygen vacancies of In2Os. After
adsorption, the dissociated H* and the CO. migrate to the Cu11lne-In203 interface,
where CO:> reacts with H* forming HCOO*, then H.COO*, then H.CO* and H3zCO*.
Finally, H3CO* reacts with H* to form H3COH* giving H.COH upon desorption.

In the work of Sun et al. [5], [111] a catalyst made up entirely of In.O3 was prepared
by a simple calcination in air at 500°C for 5 hours. This catalyst showed activities
compared to those of Cu based catalysts.

The work of Frei et al. [112] investigated the role of monoclinic zirconia as a support
of In203 catalysts and obtained a promotion effect due to better activation of the
reactants due to the oxygen vacancies generated by both In2O3 and ZrO.. Different
works point out that the CO> activation and H: splitting during the CO2 hydrogenation
to methanol reaction on In203 catalysts involve the creation and annihilation of oxygen
vacancies surrounded by indium atoms [27], [40].
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None of the above research works involves the use of a microfluidic device for the
synthesis of In2O3 containing catalysts. Therefore, the investigation of In203 as a
promoter and as active metal prepared with a microfluidic technique becomes
interesting given the improved properties and catalytic performance that can be
achieved with this catalyst synthesis technique.

1.7. Novel catalysts for methanol production

Today there are many alternatives to the classical Cu based catalysts used for the
production of methanol, even if this metal continues to be the most used in the
industry. According to some review works [26], [87], methanol catalysts can be mainly
classified into different categories, which include: metal-based catalysts, such as
those that have supported copper and noble metals such as palladium, oxygen
deficient materials, metal oxides with semiconductor properties, such as In203
catalysts which present good activity, selectivity, and stability [4], and other materials
with novel catalytic structure, such as metal-organic frameworks and zeolitic
imidazolate frameworks [4]. Intermetallic compounds are also attractive due to the
ability to control the formation of active sites and their structural stability [4].

The review works of [5] and [50] also provide a classification of catalysts that have
been used for the hydrogenation of carbon dioxide into methanol. Such classification
is presented in Figure 1.9.

Catalysts for carbon

dioxide hydrogenation
to methanol

|
|
Noble metal based . .
Cu based catalysts catalysts Bimetallic catalysts
|
[ |
Intermetallic
“ B MnOX/m_cosol
L Pd-Ga, Pd-Zn, Pd-In,
o cataws B

Ml ZnO-ZrO, Solid
solutions

Oxides and hybrid Other catalysts

oxides catalysts
MoS, based materials

L Cu-ZnO, Cu-Zr0, (';: gag-:’z gitac'zgi
In,0,, SiC, etc.)

Cu-Zn0O-ZrO,

Figure 1.9 Classification of catalysts used for carbon dioxide hydrogenation into methanol. Information
taken from [5] and [50].

Bimetallic catalysts including metal pairs such as Pd-Cu, Pd-Ga, Pd-In, among others
have also been used successfully for the hydrogenation of CO> to methanol [27]. Solid
solutions such as the reducible ZnO-ZrO2 or Cd-ZrOx and Ga-ZrOx have also been
used for the production of methanol [27].



Metal-organic frameworks (MOFs) are crystalline, nanoporous materials that are
tailorable through large accessible surface areas, tunable pore functionalities, and
reactive open metal sites [4]. The use of MOFs can increase importantly the catalytic
activity of metallic copper in the carbon dioxide hydrogenation to methanol [21]. Also,
the electronic properties of metal catalysts can be tuned by modifying a MOF support
[21], which in the end affects the catalyst activity and selectivity. Since the CO-
hydrogenation to methanol reaction is structure sensitive, MOFs may prove good
catalysts due to their tuning capability [4].

Indium containing catalysts have been gaining increasing attention due to their high
methanol selectivity and different reaction mechanism and are viewed as an
alternative to the classical Cu based catalysts for the production of methanol. Based
on the research results presented before about the catalytic performance of Cu based
catalysts promoted with In and In containing catalysts, it is clear that the addition of
this element to catalysts for the hydrogenation of CO2 to methanol is interesting and
should be investigated to a deeper extent, for example, by employing other catalyst
synthesis techniques, such as using a microfluidic reactor.

1.8. Thesis objectives

This thesis deals mainly with the synthesis of Cu-ZnO-ZrO. catalysts for the
hydrogenation of CO: into methanol, by performing the coprecipitation reaction using
a microfluidic device. The experiments conducted during this thesis will allow to
understand better the effects of the synthesis method, the coprecipitation parameters
(i.e. aging time and coprecipitation temperature) and the catalyst composition on the
crystalline structure, morphology, reducibility and other properties of the catalysts, as
well as on the catalytic performance. These effects haven’t been studied before in the
synthesis of Cu-ZnO-ZrO; catalysts by the microfluidic method.

Chapter 2 will present the materials and methods employed during this thesis, which
includes the reagents and chemicals used in the experiments, the different catalyst
synthesis procedures used to synthesize the catalytic materials, some theory and
methodology of the characterization techniques, the reaction setup description as well
as the methodology used to calculate the performance of the catalysts. Also, the
catalysts densities and the catalyst synthesis yields are given in this chapter.

Chapter 3 will deal with the study of the properties and catalytic performance of two
Cu-Zn0O-ZrO2 catalysts synthesized by the microfluidic and by the batch methods. In
this chapter, an explanation of which synthesis method produces the catalysts with
the best catalytic performance will be given, based on the characterization results and
the catalytic tests.
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In Chapter 4, the effect of the aging time and the coprecipitation temperature on the
properties of the catalysts and their catalytic performance will be examined, in order
to explore other microfluidic synthesis conditions that may allow producing improved
Cu-Zn0O-ZrO; catalysts.

In Chapter 5, the composition of Cu based catalysts prepared by the microfluidic
method for the hydrogenation of CO> to methanol will be studied. The effect of different
CuO contents and the effect of the addition of CeO2 or In203 to Cu-ZnO-ZrO- catalysts
will be examined. An In2O3 containing catalyst without copper was also prepared and
characterized to study the use of In as an active metal.

Finally, in Chapter 6 the general conclusions are presented as well as the perspectives
for future work.
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2.1 Reagents and chemicals

Copper nitrate (lI) hemi(pentahydrate) Cu(NO3)2:2.5H20, zinc nitrate hexahydrate
Zn(NO3)2-6H20, hydrated zirconium oxynitrate (IV) ZrO(NO3)2-6.2H20, cerium nitrate
(1) hexahydrate Ce(NO3)3-6H20, and Indium (lIl) nitrate hydrate In(NO3)3-4.6H20, all
from Alfa Aesar, were used as the metal precursors of the solid catalysts without
further purification. Sodium carbonate from Sigma Aldrich with >99% purity was used
as precipitating agent. Deionized water was procured from a water purification system
available on site in the laboratory.

For the determination of the response factors of the gas chromatograph and for the
determination of the methanol concentration of the liquid product collected in the trap
after the catalytic tests, methanol and 1-Propanol from Sigma Aldrich with a purity
>99.9% were used.

For the catalytic tests, two different high pressure gas bottles from Linde were
employed. One containing pure hydrogen (>99.9%) and the other one containing a
gas mixture of 63.5 mole% of Hz, 31.5 mole% of CO2 and 5 mole% N2 used as an
internal standard.

2.2 Catalysts synthesis methods and summary of all the catalysts prepared in
this work

All the catalysts were prepared by a continuous coprecipitation method using a
microfluidic device, with the exception of one catalyst prepared by the batch method.
The processing steps used to obtain the final calcined catalysts are shown in Figure
2.1.

Reactants Precursor aging A Calcination at
mixingand [l W es°candpHof7-s [l 3 W;ft"r'a“tfof‘"d [ 3 oryingat100c i W 4o0°cfors [ 2 S
coprecipitation or No aging hours
I o

Metal nitrates soluti
iMm

+
Sodium carbonate B |

solution: 1.6M

Dry catalyst precursor Calcined catalyst

Figure 2.1 Processing steps to produce the final calcined catalysts.
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Some modifications of the microfluidic synthesis process were made in order to
investigate some parameters that affect the final properties of the catalysts. All the
catalyst synthesis methods employed in this work are presented next.

2.2.1. Microfluidic continuous coprecipitation

A 1M metal precursors solution was prepared with the desired metals composition by
using the metal nitrates presented before. A 1.6M solution of sodium carbonate was
prepared separately using deionized water as a solvent. The solutions were then
mixed at ambient temperature using a capillary micromixer with flowrates of 0.030 ml
min-! for each solution. Two Gilson 307 pumps were used to dose the aforementioned
reactants’ solutions. A HNP Mikrosysteme pump was used to pump 1.20 ml min-! of
deionized water used as a carrier fluid to transport the precipitate formed at the tip of
the concentric capillaries to a stirred beaker heated to a temperature of 65°C. This
process was done continuously for approximately 7 hours, to obtain a mass of
precipitate of approximately 1.2 g, depending on the composition of the catalyst. More
details about this method can be found in the works of Angelo et al. [1] and I'hospital
et al. [2].

After 7 hours of the synthesis time, the samples were collected and washed several
times with warm deionized water, then filtered and dried in an oven at 100°C for 15
hours. After obtaining the dried precursor material, the samples were ground and
then calcined to obtain the unreduced powdered catalyst. The calcination was done
with a heating ramp of 2°C min™' from ambient temperature to 400°C. The 400°C
calcination temperature was held for 6 hours. After calcination, the samples were left
to cool down slowly to ambient temperature. Lastly, before the catalytic tests, the
calcined catalysts were reduced overnight, from ambient temperature to 280°C at a
heating rate of 1°C min-!, with a H2 volume flowrate of 14 ml min-' at a pressure of 50
bar. The only exception to this procedure was the catalysts containing In2O3, which
were reduced at a temperature of 350°C at a pressure of 5 bar, to avoid damages to
the system caused by high temperatures and high pressures. Figure 2.2 shows the
schematic of this catalyst’s synthesis technique.
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Figure 2.2 Schematic of the microfluidic continuous coprecipitation process.

2.2.2. Microfluidic synthesis with immediate filtration

This catalyst synthesis process was the same as the one above, except that the
precipitate produced at the tip of the micromixer was not sent to a beaker for aging
(Figure 2.3), but rather it was sent to a filter to collect it for the whole time of the
synthesis (i.e. approximately 7 hours). After the end of the coprecipitation process, the
collected precipitate was washed, filtered, dried and calcined with no aging, or it was
aged for 17 hours, then washed, filtered dried and calcined. The washing, filtration,
drying and calcination steps were identical for all the catalysts, as presented in the
synthesis method explained above. This method was used to be able to control the
aging time of the catalyst precursors.

Metal nitrates solution Gilson Pumps
L (
in-1
1",‘. 0.030 ml min = == oy
L/ | — _
il
o = /
Sodium carbonate solution Microfluidic device at ambient
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i - — »
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Carrier fluid: water pH 7-8 HNP Mikrosysteme pump
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Collection of the precipitate

and immediate filtration, for
- 7h. No agitation or heating
— during the precursor

synthesis.

Figure 2.3 Schematic of the microfluidic synthesis with immediate filtration process.
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2.2.3. Microfluidic synthesis with immediate filtration with heating of
precipitation zone to 65°C

This catalyst preparation procedure was the same as the one presented just above,
but in this case, the microfluidic device was immersed in a hot water bath. In this way,
the temperature of the microfluidic device and the reactants was adjusted to
approximately 65°C. Figure 2.4 shows the schematic of this synthesis approach.

Metal nitrates solution Gilson Pumps
(
" 0.030 ml min!
[, —
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0.030 ml mint

=

Carrier fluid: water pH 7-8
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mimin Collection of the precipitate

pa— and immediate filtration, for
7h. No agitation or heating
- during the precursor

[- l
synthesis.

Figure 2.4 Schematic of the microfluidic synthesis with immediate filtration + heating of the precipitation
zone to 65°C.

2.2.4. Batch method synthesis

During this process, 20 ml of a metal nitrates solution (Cu, Zn and Zr nitrates) of 1M
concentration and 20 ml of sodium carbonate of 1.6M concentration were added at a
rate of 2 ml min"' each to a stirred beaker containing 300 ml of distilled water at a
temperature of 65°C with a pH of 7. After the addition of the reactants which took 10
minutes, the precipitate was aged for 1 hour in the beaker at 65°C, and then washed
several times with warm distilled water, filtered and dried at 100°C for 15 hours. The
calcination step was performed under the same conditions used for the other catalysts.

2.2.5. Catalysts synthesized in this thesis and their composition

The names, compositions and corresponding chapters of all the catalysts synthesized
in this thesis are presented in Table 2.1. The employed ZnO/ZrO: ratio for the catalysts
containing Cu, Zn and Zr was 1.95. This value was selected from the work of L’hospital
et al. [3] who determined it was the optimum ZnO/ZrO; ratio giving a Cu-ZnO-ZrO>
catalyst with the optimum catalytic performance.
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Table 2.1 Catalysts of each chapter and their mass % composition.

Microfluidic 33% CuO, 33% ZnO0, 33% ZrO, 3
Batch 33% CuO, 33% ZnO0, 33% ZrO, 3
CuO 33-0h 33% CuO, 33% Zn0O, 33% ZrO, 4
CuO 33-17h 33% CuO, 33% Zn0O, 33% ZrO, 4
CuO 50-0h 50% CuO, 33% Zn0O, 17% ZrO, 4
CuO 50-0h-65 50% CuO, 33% ZnO, 17% ZrO, 4
40% CuO 40% CuO, 39.6% Zn0, 20.4% ZrO; 5
50% CuO 50% CuO, 33% Zn0O, 17% ZrO, 5
60% CuO 60% CuO, 26.4% Zn0O, 13.6% ZrO; 5
CuO 50 CeO2 10-0h 50% CuO, 33% Zn0O, 10.2% Ce026.8% ZrO- 5
CuO 50 CeO; 10-0h-65 50% CuO, 33% Zn0O, 10.2% Ce026.8% ZrO- 5
ZnZrin 60% ZnO, 30% ZrOzand 10% In203 5
CuZnZrin 40% CuO, 33.3% Zn0O, 16.6% ZrOzand 10% In,03 5

2.3. Catalyst characterization techniques

2.3.1. X-ray diffraction (XRD) analysis

X-Ray diffraction analysis provides important information regarding the crystalline
structure of materials, and it allows identifying the presence of different phases based
on standards of other substances available in databases. Both qualitative and
quantitative information of a sample can be obtained by the use of this technique [4].
X-Ray diffractograms can tell the user if the material is crystalline, amorphous or semi
crystalline. Also, they can give an estimate of the size of the nanocrystallites of the
material, as well as the spacing between planes and unit cell dimensions, which can
give information about the unit cell of the material [5]. In general, the presence of broad
diffractogram peaks occur due to the presence of small and defect-rich crystallites, as
well as anisotropic crystallites, whereas isotropic crystallite shapes produce narrow
XRD diffractograms [6]. Solid catalyst materials often consist of nanocrystalline and
defect-rich phases [6]. The following equations can give important information about
the crystallinity of a determined material:

Equation 2.1 Scherrer equation.

Equation 2.2 Wilson equation.

FWHM =4 ¢ tan®
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Equation 2.3 Bragg’s Law.

/1 == Zdhkl Sin@

Where FWHM is in °8, K is the crystallite shape form factor, A is the X-ray wavelength,
D is the crystallite size, 0 is the Bragg angle corresponding to the maximum of the
diffraction peak (in 8) and ¢ is the micro-strain, dnk is the distance between parallel
planes of atoms in the family (hkl) [6].

The XRD technique also allows to calculate the degree of crystallinity of a material
expressed as a percentage, by taking into account the area corresponding to
crystalline material and the area corresponding to amorphous material. The EVA XRD
software allows determining this property. An example is presented in Figure 2.5, in
which it can be seen that the gray area of the diffractogram corresponds to the
amorphous fraction of the material and the rest of the area corresponds to the fraction
of crystalline material.

Figure 2.5 Example of the determination of the crystallinity % of the 40% CuO catalyst by calculating
the areas of crystalline and amorphous material. Image taken from EVA XRD software.

Analysis procedure

The crystalline structure of the catalyst precursors and calcined catalysts was
determined by the X-Ray diffraction technique, with a Bruker D8 Advance apparatus,
equipped with a LYNXEYE detector and a nickel filter to remove the Ka emissions of
copper. The measurements were performed from a 26 value of 10° to 70° with a step
of 0.016° every 0.5 seconds. The identification of the phases was done with the aid of
Powder Diffraction Files, from data available in the literature and with the EVA XRD
software. The crystallite sizes were calculated with the Debye-Scherrer equation (eq.
2.1).
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2.3.2. Thermogravimetric analysis (TGA)

TGA is a destructive technique that allows investigating the mass changes of a
material while increasing the temperature at a controlled rate using high purity air or
an inert gas atmosphere. The mass changes that occur are due to chemical (e.g.
oxidation, decomposition) and/or physical (e.g. evaporation) transformations. These
changes are detected by a high precision scale that monitors all the mass changes of
the sample. The main results of this analysis are a mass vs. temperature graph and
also the derivative of the same curve, which allows identifying the temperatures at
which important mass changes occur. This technique can also be used to study the
composition of the sample by comparing its decomposition profile to the
decomposition profile of a known material. This technique also allows studying the
thermal stability of a material.

Analysis procedure

Thermogravimetric analysis of the catalyst precursors was performed using a TGA
Q5000 TA Instruments apparatus. A mass of non-calcined precursor of 1 to 5 mg is
placed in a small platinum basket and then the samples are heated and decomposed
from ambient temperature to 700°C, using a heating rate of 10 °C min' under an air
atmosphere supplied at a rate of 25 ml min'. After the analysis, a mass %
decomposition curve as a function of temperature was obtained as well as a derivative
curve.

2.3.3. N2-physisorption analysis

The surface area determination of porous solid materials by employing the BET theory
is still the most widely utilized method [7]. For the determination of the surface area,
first it is necessary to transform a physisorption isotherm into a “BET plot” and then
derive a value of the BET monolayer capacity nm. Then, the BET area is calculated
from the value of specific monolayer capacity nm, by taking an appropriate value of the
molecular cross-sectional area onm of the adsorbate [7]. The BET equation in the linear
form is the following:

Equation 2.4 Linearized BET equation.

Plpo 1 L C-
Tl(l - P/Po) nmC Nm

= (P/po)

Where n is the specific amount adsorbed at the relative pressure P/P°, C is the BET
C-value and nn, is the specific monolayer capacity. The BET surface area is calculated
by using equation 2.5:

61



Equation 2.5 BET surface area equation.

Where L is the Avogadro constant, om the molecular cross-sectional area of the
adsorbate (i.e. 0.162 nm? for nitrogen), V, the molar gas volume of the adsorbate at
STP and m is the sample mass. The amount of gas being adsorbed as a function of
the relative pressure is what defines the adsorption isotherms. Their shape is related
to the texture of the solid [8]. Hysteresis is observed in porous material and it is a
difference in paths between the adsorption and desorption processes caused by the
shape of the pores [8].

The shape of the adsorption-desorption isotherms and the hysteresis loops give an
indication of the adsorption and pores filling mechanisms [9]. The classification of the
isotherms and the hysteresis loops is done according to the IUPAC standards. There
are 6 different types of adsorption isotherms, which relate to six different surface
textures of material. It is important to keep in mind that the obtained results of surface
area and porosity depend on the experimental methods used, and that in the case of
highly porous materials, absolute values of these properties may not be obtained [9].

Analysis procedure

The textural properties of the calcined catalysts were analyzed by the adsorption-
desorption of nitrogen at -196°C, using the BET method in a Micromeritics ASAP 2420
device. The isotherms were built in accordance with the BET theory for surface area
calculation, and the Barrett-Joyner-Halenda (BJH) method was used to determine the
pore size distribution (PSD) of the materials. Approximately 200 mg of powdered
catalysts were degassed under vacuum to eliminate impurities and moisture adsorbed
to the surface. After degassing, the adsorption and desorption isotherms were
measured at -196°C. The surface area values were calculated by applying the BET
equation to the N2 adsorption isotherm within the relative pressures 0.05 < P/P° < 0.30.
On the other hand, desorption data were used to determine the pore size distribution
by applying the Barrett—Joyner—Halenda (BJH) method, assuming a cylindrical pore
model [10].

2.3.4. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS)

Scanning electron microscopy (SEM) is a technique employed to study the
morphology and the surface of a material [11]. In SEM, the image is produced by
scanning a focused probe beam across the surface of the sample under vacuum and
by detecting the backscattered and secondary electrons generated, with the
secondary electrons being the most used [11], [12].
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The energy dispersive X-ray spectroscopy (EDS or EDX) is used to determine the
elemental composition of the samples. A detector of the length of the characteristic X-
rays allows the identification and quantification of the elements present in the sample,
giving as a result a spectrum that is used for the quantification of the elements [11].

Analysis procedure

The morphology of the materials was studied with the use of a scanning electron
microscope ZEISS GEMINI SEM 500 with a resolution of 1.2nm at 500V and 1.1nm
at 1kV, equipped with an Inlens detector and simultaneous analysis EDS.

2.3.5. Fourier transform infrared spectroscopy (FT-IR)

FT-IR is one of the most common spectroscopic techniques used today, thanks to its
many advantages, such as its use as a qualitative and also quantitative technique, its
rapidness, sensitivity and ease of use [13]. In this analytical technique, infrared
radiation is passed through the sample. Some of this radiation is absorbed by it while
the rest passes through it or is transmitted [14]. As the name implies, infrared radiation
is used, which goes from 4000 to 400cm' wave number. After recording the emitted,
transmitted and scattered radiation, a spectrum is created, which serves as a
fingerprint of the sample, by giving information about the frequencies of vibrations
between the bonds of the atoms that make up the material analyzed [14].

For the interpretation of the resulting spectra, information of the IR absorption peaks
can be taken from the literature. For example, hydrocarbons present absorption peaks
between 600 and 3300 cm™ due to C-H stretching vibrations, benzene rings give
absorptions at about 680-900 cm™!, CN triple bonds absorption occurs between 2200-
2300 cm™', alcohols and amines present OH or NH stretching absorption at 3000-3700
cm-, ethers have a C-O stretch in the region of 1050-1260 cm-, carbonyl compounds
C=0 stretch can be found at 1640-1820 cm™', and carboxylic acids present a distinctive
OH band around 3300cm™ [14].

Analysis procedure

The FT-IR analysis was done with the use of a FT-IR Nicolet iS10 spectrometer from
Thermo Scientific. Before analyzing the catalyst samples, a calibration was done to
remove the signals corresponding to the CO: present in the environment. Afterwards,
the sample was placed in the corresponding place, and then the FT-IR spectrum was
generated and collected. Each analysis involved 16 scans with a resolution of 6.
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2.3.6. Composition determination by X-ray fluorescence (XRF)

X-ray Fluorescence is a spectroscopic technique that is used to determine the
elemental composition of materials, and it can determine almost all the elements
present in a sample [15]. The principle of functioning of this technique is based on the
emission of fluorescent or secondary X-rays from a sample that is excited by primary
X-rays. When an atom in the sample is hit with an X-ray of sufficient energy from a
controlled X-ray tube, an electron of the atom’s inner orbital shell is dislodged [16].
The atom then becomes stable by filling the vacancy left in the inner orbital shell with
an electron from one of the atom’s higher energy orbital shells. The electron then drops
to the lower energy state by releasing a fluorescent X-ray [16]. The energy of the
produced X-ray is equal to the difference in energy between the two quantum states
of the electron and this energy difference is what is measured during the XRF analysis
[16]. The execution of this analysis by Mrs. Véronique Delval and by Mr. Jeremy
Brandel from Ecole Européene d’ingénieurs de chimie, polyméres et matériaux
(ECPM) of Strasbourg, is greatly appreciated.

Analysis procedure

A Shimadzu EDX-7000 instrument was employed to analyze the catalysts by XRF.
The solid samples were deposited in capsules specific to the analysis of XRF. A first
method was created allowing the analysis of elements from sodium to uranium with a
collimator diameter set at 5 mm in order to verify the feasibility of the analysis and a
focus on the alpha lines of the elements. On the spectrum of Figure 2.6, a
superposition of the alpha line of zinc with the beta line of copper was observed.
Therefore, it was decided to follow the beta line of Zinc by creating a second method.

CuKa 1| ZnKa

T ZnKb

Figure 2.6 XRF spectrum for the quantification of Cu, Zn and Zr.

2.3.7. COz-temperature programmed desorption (CO2-TPD)

The CO2-TPD analysis is used to characterize the surface basicity of a catalyst and to
determine the presence and quantity of weak, moderate strength and strong basic
sites. The strength of the basic sites is related to the desorption temperatures during
the analysis, where weak desorption peaks occur at temperatures below than 300°C,
moderate strength desorption peaks occur at temperatures between 300 and 500°C
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and strong basic sites occur at temperatures above 500°C [17]. The technique is
based on the ability of CO2, an acid molecule, to react with the basic sites of the
catalyst, which may be attributed to surface hydroxyl groups in the case of weak basic
sites, metal-oxygen pairs to moderate strength basic sites or low coordination oxygen
atoms in the case of strong basic sites [18]. This analysis shares many similarities with
other temperature programmed techniques [19], as the procedure consists of the
following steps: catalyst reduction and pretreatment with an inert gas, gas adsorption
or saturation with a probe molecule (e.g. CO2 in this case), purge of excess gas,
temperature increase and gas desorption and quantification.

Analysis procedure

The surface basicity of the catalysts was studied with the use of a Micromeritics
Autochem Il 2920 apparatus equipped with a thermal conductivity detector (TCD) and
a mass spectrometer Pfeiffer. For the analysis, 200 mg of the powdered catalyst were
placed in a quartz U-shaped reactor between two quartz wool plugs. The catalyst was
then reduced under a flow 50 ml min-! of 10% Hz/Ar until 300°C with a heating rate of
3°C min™'. The catalyst was then cooled to 50°C under pure Ar flow 50 ml min"' and
then it was saturated using a stream of 20 ml min-! of pure CO2 during 20 minutes.
The excess and weakly adsorbed CO2 was purged [19] from the catalyst with the use
of a 50 ml min"! flow of helium until the TCD baseline became stable. Finally, the
sample was heated from 50°C to 900°C with a temperature ramp of 20 °C min-" under
a helium flow of 20 ml min-'. When achieving a temperature of 900°C, it was held at
900°C for 1 hour. The CO2 desorbed during the final temperature ramp was monitored
with the use of a TCD and also with a mass spectrometer.

2.3.8. Ho-temperature programmed reduction (H2-TPR)

H>-TPR analysis is used to determine the number of reducible species present in the
catalyst. It can also determine the temperature at which the reduction reaction occurs,
as well as the amount of reducible metal present in the sample [20]. Equation 2.6,
shows a general reduction reaction of a metal oxide.

Equation 2.6 General metal oxide reduction reaction.

M,0, + yH, - xM + yH,0

During this process, a stream of hydrogen diluted with an inert gas (i.e. nitrogen or
argon) is passed over the sample in a controlled manner following a specified
temperature ramp, which gradually reduces the metal species. The products of this
reaction are the reduced metal and water, which is normally removed from the product
gas by using a cold trap. As the analysis goes on, the hydrogen is consumed in the
reduction reaction, which decreases the thermal conductivity of the flowing gas. This
change in thermal conductivity is measured by the TCD, and transformed to a signal
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that contains the results of the hydrogen consumption during the analysis. This
technique can also give important information, useful to evaluate the reproducibility of
the catalyst surface, the interactions between promoters and metal-support [21], as
well as the redox behavior of the catalyst [22]. The features of the H>-TPR profiles
providing information about the catalyst are the peak positions, areas, and peak widths
[23]. Generally, it is beneficial when the reduction starts at low temperature to minimize
particle growth [23].

Analysis procedure

The reducibility of the calcined catalysts was determined using a Micromeritics
Autochem |l 2920 apparatus equipped with a thermal conductivity detector (TCD),
using a flow of 50 ml min"' of reducing gas (10 mole% of hydrogen in argon) with a
heating ramp of 10°C min"' up to 900°C, or in some cases up to 280°C. A final
reduction temperature of 280°C was selected when the sample was going to be
subjected to N2O surface reaction analysis after the reduction step. For the analysis,
50 mg of the powdered catalyst were placed in a quartz reactor between two quartz
wool plugs. Prior to the analysis, the sample was kept under a flow of 50 ml min-" of
10 mol% H:2 diluted in argon at ambient temperature until a stable baseline was
obtained. The effluent gases generated during the reduction reaction passed through
a cold trap to condense the water formed during the test. The hydrogen consumed
during the process was measured with the help of a thermal conductivity detector
(TCD).

2.3.9. Nitrous oxide (N20) surface reaction

The study of the surface characteristics of the active metal phases in solid catalysts is
important to understand different properties of these materials, as well as reaction
mechanisms and pathways during chemical reactions. Properties such as active
metallic surface area, metal dispersion, particle size and productivity per unit of
surface metal can be determined using nitrous oxide surface reaction [24].

During this analysis, a bed of catalyst is reduced at mild conditions in order to obtain
a material with the reduced metal available for reaction. The metal studied in this case
is copper. After the preliminary reduction process, a diluted flow of nitrous oxide in
argon or helium (e.g. 2%) is sent through the bed of catalyst, where the nitrous oxide
molecules adsorb on the active copper surface and decompose into nitrogen gas and
oxygen [25]. The oxygen remains bound to the surface copper, which is only oxidized
from its Cu® state to the Cu*' state, if the conditions of the analysis are appropriate
[26]. During this mild oxidation process, only the most superficial copper is oxidized,
leaving the bulk copper in its original state. This allows the characterization of the
copper surface area available for reaction. Equation 2.7 shows the chemical reaction
that occurs during the analysis [25]
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Equation 2.7 Surface Cu oxidation with N2O for the determination of Cu surface area, dispersion and
particle size

NZO(g) + ZCU(S) i NZ(g) + (Cu -0 — CU)S

During the entire process, the effluent from the reactor is analyzed, typically by using
a thermal conductivity detector (TCD) to measure the evolved N2 [27]. The process
finishes when the N2O stops reacting and being converted into N2. The metal surface
area is a property that can be used to characterize the catalyst, by quantifying the
metal area that's exposed and available for reaction. After finding the metal surface
area, other properties such as metal dispersion, metal particle size and the degree of
reduction of the metal can be calculated. Equation 2.8 can be used to calculate the
copper particle size dcu by using the copper dispersion Dcy [28]. The rest of the
calculations for this analysis can be found in the thesis of Jiang [29].

Equation 2.8 Calculation of Cu particles size

4
(%)
Cu

dcu (nm) =

Analysis procedure

The determination of the metallic copper surface area, copper dispersion and particle
size was done using a Micromeritics AutoChem |l 2920 equipped with a quartz reactor
and a cold trap used to condense the water that is produced during the reduction step.
During this analysis, the catalyst is pre-reduced under a 50 ml min-' flow of reducing
gas (i.e. 10% of hydrogen in argon) with a ramp of 1°C min-! until 280°C. This
temperature is maintained for 12h and then the sample is cooled under a flow 50 ml
min' of argon. Once the catalyst is cooled to 50°C, a flow of 50 ml min-! of oxidizing
gas (i.e. 2% N20O/Ar) is turned on and left to react with the superficial copper of the
catalyst during 20 minutes. The N2 formation during the oxidation of the superficial Cu
by N2O was followed by a thermal conductivity detector.

2.4. Reaction setup and catalytic tests

2.4.1. Description of the reaction setup

The activity of the catalysts was determined using a high pressure reactor setup
equipped with different elements, including 1/8” stainless steel pipelines, high
pressure gas bottles, a gas mixer, different valves to regulate the gas flows, a stainless
steel high pressure reactor equipped with a heating coil, a removable trap used to
condense the water and the methanol produced during the reaction, among others.
The producer of the pipes, valves and the high pressure reactor used in this work was

67



Swagelok. The system also included the appropriate instrumentation to guarantee the
desired temperature, flowrates, pressure and composition of the feed gases. The
reactor setup was built to resist pressures higher than 50 bar. It was also equipped
with a bypass used to deviate the gas flow to the reactor, and it allowed to calibrate
the gas flowmeters. A simplified process flow diagram of the reaction setup is
presented in Figure 2.7.

Temperature

indicator
Pressure
indicator Tl
Flowmeters '
Mixer Condensates
tra
—
NN \ '
] N\ N
— Fixed bed reactor with
temperature control
ﬂ Pressure
indicator
GC
Micro gas Needle valve for
chromatograph pressure control
- o - Vent
CO2, H2, H:

N2
Figure 2.7 Simplified process flow diagram of the reaction setup employed for the catalytic tests.

Two different high pressure gas bottles from Linde were used for the catalytic tests.
One containing pure hydrogen (>99.9%) and the other one containing a gas mixture
of 63.5 mole% of Hz, 31.5 mole% of CO2 and 5 mole% N: used as an internal standard.
The adjustment of the flowrates was done with the use of Brooks Smart Mass Flow
flowmeters controlled with a Brooks 0254 electronic control unit. The adjustment of
the flowrates from each one of the two bottles allowed obtaining a feed gas with a
molar ratio of 3.9 H2/CO; and a total volumetric flowrate of 40 Nml min-' used for all
the catalytic tests.

After leaving the flowmeters, the gases passed through a mixer filled with small glass
balls to ensure the proper mixing of the feed gases. Before entering the reactor, the
line was equipped with a Keller Léo 2 pressure indicator and a bypass consisting of 3
valves used to calibrate the flowmeters connected to the 2 high pressure gas bottles.

The reactor had a length of 27 cm and internal and external diameters of 6.0 mm and
9.5 mm respectively, which gives a wall reactor thickness of 1.8 mm. The airtightness
of the reactor was ensured by the use of Swagelok metal gaskets at the upper and
lower connectors of the reactor, avoiding gas leakages during the catalytic tests. The
reactor was heated with a 11Q. Thermocoax heating resistance coiled around it and
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insulated with a thick layer of quartz wool. A thermocouple connected to a Minicor 42
temperature regulator was placed around the reactor at the catalyst bed level to
maintain the temperature of the reactor as close to the nominal value as possible.

After going through the reactor, the gas flowed to a removable metal trap where the
condensable compounds were recovered (i.e. methanol and water) and then
encountered another manometer. Finally, the gas flowed through a Brooks 5866
pressure controller connected to a Brooks 0254 electronic control unit, which
controlled and maintained the pressure of the whole system. After the above step, the
gas was at ambient pressure and flowed to the micro-chromatography system that
allowed to determine its composition.

2.4.2. Catalytic tests methodology

For each catalytic test, 100 mg of catalyst in the form of a powder were packed
between two beds of inert quartz wool in the middle of the reactor. Before loading the
catalyst into the reactor, the material was crushed thoroughly with a mortar and pestle,
which allowed obtaining a very fine powder, avoiding the need of sieving the catalyst
to a determined particle size range. After closing the reactor properly, the pressure
was increased from ambient to 50 bar by using H2 gas only. The catalyst was then
reduced under a stream of 14 ml min-! of H, for a minimum of 12 hours, heated with a
temperature ramp of 1 °C min' from ambient temperature to 280 °C. After the
reduction process, the reactor was left to cool down to a temperature of 100 °C and
purged with the reactant gases (i.e. pure hydrogen and CO2-H>-N2 gas mixture). Blank
measurements were taken during this step in order to determine the real composition
of the inlet gas stream used during the catalytic test. After the stabilization of the flows
and the measurement of the blanks, the reactor was heated up to the first reaction
temperature of 240 °C with a heating ramp of 1 °C min™' at a pressure of 50 bar. The
micro-chromatograph gas injections were done every 30 minutes for more than 36
hours for each reaction temperature. The process was repeated for the remaining
temperatures (i.e. 260, 280 and 300 °C). More details about the catalytic tests
methodology are discussed next.

2.4.3. Gas and liquid products analysis

The analysis of the gas product of the reactor was done with an INFICON 3000 micro
gas chromatograph equipped with two TCD detectors and 2 columns for the
separation of gases. A Molsieve column (10m x 320um x 30um) for the separation of
hydrogen, nitrogen, methane and carbon monoxide, with argon as vector gas at 100°C
and at 33psi was used, as well as a PPQ module with backflush, a Poraplot Q
precolumn (1m x 320um x 10um) and a Poraplot Q column (8m x 320pm x 10um) at
60°C for the separation of light gases (N2, O2, CO, CHg4, Ar), CO2 and also methanol,
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with helium as vector gas. The GC calculations were performed with the aid of
response factors and internal standards as explained by Rome et al. [30].

Equation 2.9 Calculation of response factors.

Peak area A

Response factor A = -
p f Concentration A

The response factor of each compound participating in the reaction was calculated by
using a calibration gas bottle containing approximately 20 mole% of each of the
following compounds: Hz, N2, CH4, CO and COa..

Equation 2.10 Calculation of relative response factors.

Response factor A

Relati tor RRF =
elative response factor Response factor B

Compound B corresponded to the internal standard N2> whose concentration is known
before and after the dilution of the reactant gases.

Finally, the concentration of the compounds and their molar flowrate can be calculated
with Equation 2.11.

Equation 2.11 Calculation of the concentration of species A from the response factors and the
concentration of the known species B.

Peak area A 1

Peak area B x RRF x Concentration B

Concentration A =

Moreover, the analysis of the liquid phase recovered from the trap after each catalytic
test temperature was done with an Agilent Technologies 6890N chromatograph,
equipped with a heated injector and a Solgelwax column from SGE analyticals (60m
x 320um x 0.25um), using He as a carrier gas and equipped with a flame ionization
detector (FID). For the analysis, a known amount of the sample was mixed with 1-
propanol used as an external standard. The resulting mixture was diluted with distilled
water, and then 2 yl volume was injected into the GC.

2.4 4. Catalytic tests calculations by considering the gas phase or the gas phase +
the liquid phase

At this point, it should be explained that the catalytic tests calculations were carried
out by two different methods. The first method consisted in using only the components
peak areas obtained with the micro-gas chromatograph and calculating the effluent
gas H, CO and CO: concentrations. Knowing the quantities of these gases in the
effluent gas, it is possible to calculate the H2 and CO: conversions, as well as the
methanol selectivity and productivity by using the quantities of these components at
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the inlet. The calculation of the methanol produced during the catalytic tests was done
by subtracting the CO and CO2 molar amounts in the effluent gas from the CO> at the
inlet. It is safe to assume that the only carbon containing species in this system are
CO, CO2 and CH30OH, as CH4 or any other carbon containing species were not
detected in this work. This method also allowed the reduction of the catalytic tests
time, reducing it to less than 10 hours per catalytic test temperature.

The second method consisted in the collection of the liquid formed (i.e. water +
methanol) during each reaction temperature of the catalytic test with the use of the
metal trap located downstream of the reactor. Each liquid product obtained was
analyzed separately by gas chromatography to determine its methanol concentration
and to carry out the corresponding material balances. By determining the mass and
the methanol fraction of this liquid, it is possible to calculate the H> and CO2
conversions as well as the methanol selectivity and the methanol productivity. This
method required more work as after each catalytic test temperature, the pressure of
the system had to be lowered and the trap had to be uninstalled and weighed and then
reinstalled again, and the pressure had to be increased again up to the working
pressure of 50 bar.

Both methods were used for many of the catalysts studied in this work. However, due
to practical reasons, the first method was applied to some catalysts at the end of this
work to accelerate the catalytic tests, by avoiding the pressure reduction and pressure
increase steps and the act of removing, weighing and reinstalling the trap after each
catalytic test temperature. It is important to mention that the two methods allowed
obtaining very similar results, validating the use of only the gas phase data for the
calculations. A sample of the calculations by both methodologies is shown in Table
2.2.

Table 2.2 Catalytic tests results of catalyst CuO 50-0h obtained by the gas phase and the gas+ liquid
phase method.

Gas phase method

240°C 8.2 11.8 67.8 509
260°C 10.6 17.6 57.1 640
280°C 12.7 23.0 51.4 754
300°C 13.8 26.5 46.1 779
Gas + liquid phase method
240°C 6.8 11.8 67.8 509
260°C 9.0 18.0 57.9 662
280°C 10.9 22.6 50.6 728
300°C 12.4 26.9 46.9 803
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As observed above, the resulting values of hydrogen and carbon dioxide conversions
as well as methanol selectivity and productivities were very similar for both gas phase
and gas + liquid phase calculation methods.

2.4.5. Catalysts performance calculations

The H2 and CO:2 conversions as well as methanol and carbon monoxide selectivity %
and the methanol productivity % are some of the most important parameters that
describe the catalyst performance. The calculations of these parameters were done
as indicated in the following equations.

2.4.5.1. Gas hourly space velocity (GHSV)

The gas hourly space velocity (i.e. GHSV) is calculated with the volumetric flowrate of
the reactants fed to the reactor and the catalyst volume which is calculated with its
apparent density.

Equation 2.12 Calculation of GHSV.

GHSV B — volumetric rate of feed

volume of catalyst

Or it can be calculated as the volumetric rate of feed per mass of catalyst.

volumetric rate of feed

ml —
GHSV Y/ gxh mass of catalyst

2.4.5.2. Reactants conversion

The reactants conversion is calculated by dividing the moles of reactant consumed
during the reaction by the moles of the reactant fed into the reactor. The conversion
equations are shown next.

Equation 2.13 Calculation of CO2 conversion %.

Moles CO, ;, — Moes CO, ,,+

= 100
*co2 Moles CO, ;, x

Equation 2.14 Calculation of Hz conversion %.

o = Moles H, ;,, — Moles H, ,; £ 100
H2 Moles H, ;,,
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2.4.5.3. Methanol and carbon monoxide selectivity

The selectivity % is calculated by taking into account the products of interest of the
reaction and the undesirable byproducts. In this case, methanol was the product of
interest and carbon monoxide was the undesirable byproduct. Methanol and carbon
monoxide were the only carbon containing products in this process.

Equation 2.15 Calculation of the methanol selectivity %.

Moles CH;0H,,;

S = x 100
CH30H ™ Moles CH;0H,,, + Moles CO,,;
Equation 2.16 Calculation of the CO selectivity %.
Moles CO
out x 100

Sen =
€0 Moles CH;0H,,,, + Moles CO,,,
2.4.5.4. Methanol productivity

The productivity of methanol is calculated by using its mass flowrate and dividing it by
the total mass of catalyst used for the catalytic test, as presented in Equation 2.17.

Equation 2.17 Calculation of the methanol productivity.

Mass flowrate of methanol produced — gcpson

Productivit = =
Y cHson Mass of catalyst kg catxh

2.5. Catalysts densities, gas-hourly space velocities (GHSV) and catalyst
synthesis yields after the coprecipitation reaction

This section presents the densities of the catalysts, the calculated GHSVs and the
catalyst yields obtained during the coprecipitation step.

The densities were measured by using a glass tube of a known internal diameter and
mass and filling this tube with catalyst at different heights, to obtain different volumes
measurements. The mass of each volume of catalyst was determined and the
densities were calculated. The densities are shown in Table 2.3. The GHSVs of all the
catalysts are shown in Table 2.3. They were calculated by dividing the volume flowrate
of reactants which was 40 Nml min"' by the volume of catalyst, calculated with the
density and the mass. As mentioned before, the mass of catalyst employed for all the
catalytic tests was 100 mg, in order to determine the catalytic performance per unit
mass of catalyst.
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Table 2.3 Catalysts densities, GHSVs and synthesis yields.

Microfluidic 0.52 12 375 81.4
Batch 1.16 27 938 -

CuO 33-0h 0.69 16 479 83.0
CuO 33-17h 0.72 17 239 83.5
CuO 50-0h 0.58 13943 92.2
CuO 50-0h-65 0.57 13 626 76.6
40% CuO 0.42 10 073 81.4
50% CuO 0.39 9 253 81.4
60% CuO 0.59 14 222 81.9
CuO 50 Ce0O; 10-0h 0.81 19 351 82.2
CuO 50 Ce0O; 10-0h-65 0.85 20 330 84.8
CuZnZrin 0.73 17 552 96.2
ZnZrin 1.08 25 823 84.7

Finally, the catalyst yields of each catalyst during the coprecipitation step are
presented in Table 2.3. These values correspond to the ratio of the mass of catalyst
obtained to the theoretical mass that should be obtained after the duration of the
catalyst synthesis, which was approximately 7 hours. The values are lower than 100%
due to the loss of catalyst during the different processing steps of the catalyst, such
as washing, filtration, drying and calcination.
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Chapter 3 Effect of the synthesis method on the
properties of CuO-ZnO-ZrO, catalysts for the
hydrogenation of carbon dioxide to methanol
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3.1. Introduction

The catalysts based on Cu-ZnO-ZrO- for the hydrogenation of CO2 to methanol have
gained increasing attention due to their interesting properties and catalytic
performance under CO: rich feedstock. Different synthesis techniques have been
investigated for the production of these catalysts, with the synthesis by batch method
being one of the simplest and easiest way to carry out the coprecipitation reactions.
However, the batch synthesis coprecipitation technique presents disadvantages such
as the occurrence of pH, temperature and concentration gradients [1], which can affect
the repeatability of the synthesis, resulting in non-uniform properties in the catalysts.
These problems can be mitigated with the application of the microfluidic
coprecipitation technique, which is known for its beneficial effects on the Cu crystallite
sizes, Cu surface area and dispersion, and on the specific surface area of the catalysts
[2]-[4].

In this chapter, two Cu-ZnO-ZrO; catalysts with the same compositions (i.e. 33.3wt%
Cu0, 33.3wt% Zn0, 33.3wt% ZrO2) were prepared by the microfluidic and by the batch
methods with the aim of determining the main differences in their properties and their
final catalytic performance for the hydrogenation of CO2 to methanol. The catalyst
composition given above was chosen due to the possibility of studying the promoting
effects of ZnO and ZrO: allowing to obtain catalysts with high activity and selectivity
for the CO2 hydrogenation to methanol.

Different analysis techniques were used for the characterization of the catalysts and
they are presented in the following sections along with the discussion of the results
and the results of the catalytic tests.

3.2. Catalysts characterization results and discussion

Two catalysts were investigated in this chapter, the Microfluidic and Batch catalysts,
which were prepared by the Microfluidic continuous coprecipitation and by the Batch
method, respectively. The description of the batch and microfluidic continuous
coprecipitation synthesis methods employed in this chapter can be found in Chapter
2, section 2.2.

For more clarity, the catalyst precursors correspond to the materials obtained by
coprecipitation (i.e. hydroxycarbonates) after drying and before calcination, and the
calcined catalysts correspond to the catalyst precursors after calcination.

The X-ray diffractograms of the precursors and the calcined catalysts prepared by the
Batch and Microfluidic methods are presented in Figures 3.1a and 3.1b. As seen in
Figure 3.1a, the phases aurichalcite Zn3Cu2(OH)s(CO3)2 (PDF number: 82-1253) and
hydrozincite Zns(CO3)2(OH)s (PDF number: 72-1100) were identified in both
precursors. As mentioned before, aurichalcite is a hydroxycarbonate that contains
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both Cu and Zn in its crystalline structure, which is desirable given the close contact
and interaction of these two metal species [5]—-[7]. No Zr-containing crystalline phase
was observed in the precursors due to the presence of this species in an amorphous
state [8]-[11].

The crystallite sizes of the aurichalcite and hydrozincite phases in the precursors were
calculated with Scherrer’'s equation and are shown in Table 3.1. The 2Theta values
used to calculate the crystallite sizes were 13° for both aurichalcite and hydrozincite
(hkl: 200 for both phases). The results show that the aurichalcite and hydrozincite
phases in the precursor prepared by the batch method presented smaller crystallite
sizes (i.e. 8 nm) compared to the phases developed in the precursor synthesized by
the microfluidic method (i.e. 13 nm). This size difference may be due to the different
aging time of both catalysts, which was longer for the precursor synthesized by the
microfluidic method, thus developing bigger crystallites. The longer aging time of the
microfluidic method in this case was due to the inherent slow coprecipitation process,
as the metal nitrates solution and the precipitating agent sodium carbonate are
pumped at a flowrate of 0.030 ml min' each for several hours, while during the batch
synthesis all of the reactants are pumped in only a few minutes.

a v v Aurichalcite b v Tenorite, CuO
ﬁ v Hydrozincite ® Zincite, ZnO

s

Microfluidic

Intensity A.U.
Intensity A.U.

MICI’OﬂuIdIC

T T T T T
10 20 30 40 50 60 70 10 20 70
2Theta (Degrees)

Figure 3.1 X-ray diffractograms of the catalyst precursors (a) and the calcined catalysts (b)
synthesized by the batch and microfluidic methods.

Table 3.1 Crystallite sizes (nm) of the phases present in the catalyst precursors and in the catalysts
after calcination calculated by Scherrer’s equation.

Microfluidic 13 13 12 12 43.5

Batch 8.4 8.4 10 11 40.2

Regarding the calcined catalysts, the X-ray diffractograms in Figure 3.1b show the
presence of tenorite (CuO) (PDF number: 72-0629) and zincite (ZnO) (PDF number:
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75-1526) phases in both catalysts. The crystallite sizes of CuO and ZnO of the
catalysts after calcination were calculated with Scherrer’s equation and are shown in
Table 3.1. The 2Theta values used to calculate the crystallite sizes were 38.7° (hkl:
111) for CuO and 32° (hkl: 100) for ZnO. No zirconium compounds were identified in
the diffractograms of the calcined catalysts, which is in agreement with the literature
which suggests that zirconia is present in an amorphous state [12]-[14]. No tetragonal
or monoclinic zirconia (PDF numbers: 50-1089 and 37-1484 respectively) with the
main reflections at the 2Theta values of 30.2° and 28.1° respectively, were detected
in the diffractograms. From the results of different research works [6], [15], [16], it can
be inferred that the formation of crystalline forms of zirconia such as tetragonal and
monoclinic zirconia is favored at temperatures above 400°C, which is the calcination
temperature of all the catalysts in this thesis. Despite being present as an amorphous
compound, the presence of zirconia is important as a component of Cu-ZnO catalysts
for the hydrogenation of CO2 to methanol, given its less hydrophilic character
compared to Al2O3 [17], which favors the desorption of the water formed during the
methanol synthesis reaction and also during the RWGS reaction. Zirconia can also
increase the copper dispersion and the surface basicity of the catalyst, which have a
positive effect on the CO2 adsorption properties and the methanol selectivity [18]-[22].

As can be seen in Table 3.1, the crystallite sizes of CuO and ZnO were between 10
nm and 12 nm for both calcined catalysts. The reason of the slightly smaller crystallite
sizes of CuO and ZnO of the catalyst synthesized by the batch method (CuO: 10 nm
and ZnO: 11 nm) may be because of the smaller crystallite sizes of the aurichalcite
and hydrozincite phases obtained after the coprecipitation step. As observed from the
results presented above, both catalysts presented only small differences in their
crystalline structure.

In their work, Bonura et al. [23] synthesized 3 different Cu-ZnO-ZrO- catalysts each
by a different synthesis method (i.e. coprecipitation, complexation by citric acid and
gel oxalate coprecipitation) and found that the 3 catalysts presented the same
crystalline structures (same diffractograms), suggesting that the synthesis methods
didn’t affect considerably the final crystallinity of the catalysts. In fact, they used the
same drying and calcination procedures for each of the three catalysts (i.e. drying at
110°C for 16 hours and calcination at 350°C for 4 hours), which suggests that possibly
the calcination temperature and duration influenced considerably the development of
the metal oxides crystalline phases. The occurrence of this behavior can be
extrapolated to the catalysts produced in the present work, which presented similar X-
ray diffractograms and similar CuO and ZnO crystallite sizes even when synthesizing
the catalysts by different methods. To help in the discussion about why the crystallite
sizes of CuO and ZnO are similar in the two catalysts synthesized in the present work,
it is worth mentioning that the coprecipitation temperature employed for the synthesis
of the catalyst precursors was 65°C for both catalysts, which is an optimal temperature
suggested in the literature [24][25]. In addition, the work of Li et al. [26] showed that
increasing the calcination temperature of the precursors causes a growth in the size
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of the CuO, ZnO and even ZrO: particles as determined by XRD. The results of the
work of Guo et al. [16] also indicated that the crystallite size of CuO increased with
increasing calcination temperatures. Therefore, it can be said that the coprecipitation
temperature and the calcination conditions play an important role in the formation of
the crystalline phases of CuO and ZnO, determining the final crystallite sizes of these
materials. The aging time can also have an effect on the final crystallite sizes of the
catalysts after calcination [2].

Moreover, from the XRD results shown in Figure 3.1, it is evident that the two
precursors and the two calcined catalysts are composed not only of a crystalline
fraction which corresponds to the area of the peaks, but also of an amorphous fraction,
which corresponds to the background of the diffractograms (i.e. the area of the
diffractograms that doesn’t correspond to the peaks, see Chapter 2.3.1). Due to their
lack of periodicity the amorphous materials can be identified by the presence of a
diffractogram that shows one or two very broad maxima [27]. The presence of
background in the diffractograms of the precursors indicates that there’s an
amorphous fraction of material in the sample, which may correspond to other
components besides the amorphous ZrO> [28]. In fact, the amorphous
hydroxycarbonate georgeite, with the formula Cuz(OH)>CO3-6H20, is known to exist
in this type of precursors [7], [25]. Georgeite is formed as a precipitate that converts
into malachite after aging [29] and it can also be modified with Zn to form Cu-Zn
georgeite, which presents interesting catalytic properties [30]. In addition, the
background present in the calcined catalysts must correspond to the presence of the
amorphous zirconia and possibly a fraction of amorphous Cu and Zn compounds. The
residual carbonates that might be present after the calcination step could also
contribute to the background obtained in the diffractograms of the calcined catalysts

[7].

Table 3.1 also shows the crystallinity degree % calculated for both the Batch and
Microfluidic catalysts, with values of 40.2% and 43.5%, respectively. These
percentages confirm the presence of amorphous Cu and Zn species together with the
amorphous zirconia, because the content of ZrO. of both catalysts was 33.3 wt%.
Moreover, the longer aging time of the catalyst Microfluidic, as discussed before,
explains its higher crystallinity (i.e. 43.5%) compared to that of the Batch catalyst (i.e.
40.2%).

Thermogravimetric analysis (TGA) was done to the two catalyst precursors prepared

by the batch and microfluidic methods to study the decomposition of these materials
under temperature controlled conditions. This technique also allowed to study more in
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depth the decomposition of the materials and the interactions between different
species. The results are presented in Figure 3.2.
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Figure 3.2 TGA results of the precursors prepared by the Batch and Microfluidic methods.

The decomposition of the two catalyst precursors led to a mass loss of 18.7% and
23.0% at approximately 500°C for the catalysts synthesized by the microfluidic and
batch methods, respectively. Despite the above, the mass loss % of the catalyst
synthesized by the microfluidic method changed to a value of approximately 15% at a
temperature of 700°C. This phenomenon can be explained by other reactions
occurring during the temperature increase process under an air atmosphere, such as
the oxidation of Cu, Zn and Zr metal species.

As can be seen from the derivatives of the mass loss % of both materials, there were
two main decomposition zones occurring around 320°C and 480°C for the two
precursors. In general, according to the work of Schumann et al. [31], the
hydroxycarbonates typically decompose in two main steps, which include first a
decomposition with the formation of H2O and CO: as products and then a
decomposition at higher temperatures which involves the formation of CO- only.

According to the work of Phongamwong et al. [32], the aurichalcite phase decomposes
at temperatures between 100°C and 350°C which causes the loss of water and carbon
dioxide. This is in agreement with the decomposition zone around 320°C evidenced in
the derivatives of the mass loss % of the two precursors under study. The work of
Vagvolgyi et al. [33] indicates that during thermal decomposition, aurichalcite can first
lose some adsorbed water at a temperature of 66°C and then it can suffer a further
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decomposition at 285°C, giving CuO and ZnO as the main decomposition products.
The chemical equation of this thermal decomposition is shown in Equation 3.1 [33].

Equation 3.1 Thermal decomposition of aurichalcite.

Zn4 sCug s (0H)((COs), = 0.5Cu0 + 4.5Zn0 + 2C0, + 3H,0

In the case of hydrozincite, Vagvolgyi et al. [34] showed that the thermal
decomposition of this component starts around 155°C and finishes at 340°C, which is
in agreement with the peaks identified in the TGA profiles of both precursors. The
chemical equation of the thermal decomposition of hydrozincite is shown in Equation
3.2 [34].

Equation 3.2 Thermal decomposition of hydrozincite.

Zns(C03),(0H)¢ = 5Zn0 + 2C0, + 3H,0

Regarding Zr, the work of L’hospital [35] showed that a Zr-based precursor prepared
by coprecipitation of Zr nitrate salts with sodium carbonate decomposes around
150°C. Such peak is present in the TGA profiles of the two precursors studied in this
work, indicating the decomposition of a Zr component. In addition, at temperatures
between 400 and 600°C, the decomposition of a mixture of carbonates and oxides [7]
explains the decomposition peaks occurring between these two temperatures.
Another work [29] also indicates that a high temperature carbonate phase (HT-CO3)
decomposes at higher temperatures.

The nitrogen adsorption and desorption isotherms of the two calcined catalysts are
presented in Figure 3.3. The isotherms are of type IV which indicate a mesoporous
structure with cylindrical shaped pores. The isotherms also presented a hysteresis
loop of type 3, which is characteristic of layered solids with narrow pore networks [13],
[36].
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Figure 3.3 Adsorption and desorption isotherms of the catalysts synthesized by the batch and
microfluidic methods.

Table 3.2 shows the results of the textural properties, including the specific surface
area, the pore volume and the pore size of the catalysts. The specific surface area of
the catalyst synthesized by the batch method was slightly superior to that of the
catalyst synthesized by the microfluidic method (i.e. 67 to 60 m?/g, respectively). On
the other hand, both materials presented similar pore volumes and pore sizes. Angelo
et al. [37] prepared a Cu-ZnO-ZrO2 catalyst by the microfluidic method and compared
it with a catalyst with the same composition synthesized by the classical batch method.
In their study, the catalyst synthesized by the microfluidic method presented a lower
specific surface area (40 m?/g) than the catalyst synthesized by the batch method (79
m?/g). Their two catalysts also presented similar pore volume (microfluidic: 0.37 and
batch: 0.38 cm?®/g) and pore sizes (microfluidic: 20 nm and batch: 17 nm).

Yang et al. [22] also synthesized a Cu-ZnO-ZrO; catalyst with a composition of 33.1,
32.2 and 13.5 wt. % of elemental Cu, Zn and Zr respectively, by a successive
precipitation method, and obtained a material with a specific surface area of 62 m?/g,
a pore volume of 0.16 cm®g and a pore size of 10 nm. However, their catalyst
composition was different from the composition investigated in this work.
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Table 3.2 Specific surface areas, pore volumes and pore sizes of the Microfluidic and Batch catalysts.

Microfluidic 60 0.15 12

Batch 67 0.21 13

The CO. adsorption properties of Cu-ZnO-ZrO, based catalysts are an important
parameter that influences the catalytic performance [14], [38]. These properties were
studied by CO>-TPD after a reduction step. Figure 3.4 shows the CO2-TPD results of
the catalysts synthesized by the batch and microfluidic methods. As observed in the
CO>-TPD profiles, three main desorption peaks occurred around temperatures of
140°C, 430°C and 630°C. These three peaks correspond to the presence on the
catalysts’ surface of weak, moderate strength and strong basic sites, respectively [39].
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Figure 3.4 CO2-TPD profiles of the catalysts prepared by the batch and microfluidic methods.

The weak basic sites are typically associated with surface hydroxyl groups and
considered a Bronsted base, the moderately basic sites correspond to metal-oxygen
pairs and the strong basic sites are associated with low coordination oxygen atoms
[11], [13], [40], [41]. The quantitative results of the CO>-TPD analysis obtained by
integration of the peak areas of the MS signals are shown in Table 3.3.
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Table 3.3 Quantity of weak, moderate strength and strong basic sites of the catalysts prepared by the
batch and microfluidic methods.

Microfluidic 78.0 16.0 140.0 234.0 3.90

Batch 91.0 - 100.0 191.0 2.85

As seen in Table 3.3, both catalysts presented different amounts of weak and strong
basic sites while only a small amount of moderate strength basic sites was present in
the catalyst synthesized by the microfluidic method. The total basicity of the catalysts
prepared by the microfluidic and batch methods were 234.0 and 191.0 umol/g,
respectively, which is a difference of 22% in the concentration of total basic sites.
According to Zhan et al. [42], it is the moderate strength basic sites the ones that have
a strong influence on the catalytic performance, while the strong basic sites don’t play
an important role in the catalysis. As mentioned above, the catalyst that presented
moderate strength basic sites is the catalyst synthesized by the microfluidic method.
This difference in surface basicity may be responsible for the different catalytic
performances of the two catalysts investigated in this work, as will be shown in the
corresponding section. As for the amount of strong basic sites on the catalysts surface,
it was the catalyst produced by the microfluidic method the one that presented a higher
amount of them (140.0 pymol/g). A higher basicity in the surface of a catalyst improves
the adsorption of acidic COz2, which in turn has a positive effect on the activity of the
catalyst [14]. In contrast with the previous idea about the inactivity of the strong basic
sites during the methanol production reaction, Xaba et al. [43] found that the catalyst
with the highest basicity including strong basic sites presented the best catalytic
results, indicating that the catalyst with the highest basicity presented the highest CO:
adsorption capacity. However, their catalyst was composed of Cu-ZnO-Al>O3-ZrOo,
which differs from the catalyst compositions studied in this work. From the above
analysis it is clear that there is not a consensus regarding the relationship between
surface basicity and catalytic activity. In the present work the microfluidic catalyst
presents higher amount of both moderate and strong basic sites, so the positive effect
on catalytic activity is expected following the two theories (Xaba and Zhan). The results
in Table 3.3 also showed that the Microfluidic catalyst presented a 36% higher amount
of basic sites per unit surface area (umol/m?) than the Batch catalyst, suggesting an
improved CO2 adsorption on the surface of the catalyst synthesized by the microfluidic
method.

The reducibility of the calcined catalysts was studied by H2-TPR. This technique is
typically used to study the reduction behavior of copper in Cu-ZnO-ZrO: catalysts for
the hydrogenation of CO: to methanol. The H>-TPR profiles of the catalysts
synthesized by the batch and microfluidic methods are presented in Figure 3.5.

88



TCD Signal (A.U.)

100 120 140 160 180 200 220 240
Temperature °C

Batch Microfluidic

Figure 3.5 H2-TPR profiles of the catalysts prepared by the batch and by the microfluidic methods.

Since ZnO and ZrO2 cannot be reduced at temperatures below 300°C, the peaks
obtained with the H>-TPR technique must correspond to the reduction of CuO particles
of different sizes and/or morphologies as well as different interactions of CuO with the
other metals present in the catalysts [13]. Typically, low reduction temperatures are
associated with highly dispersed copper species, while higher reduction temperatures
are associated to the reduction of bulk CuO species [14], [22], [44], [45].

As can be observed, the catalyst synthesized by the batch method presented 3
different reduction peaks at 147, 156 and 170°C, while the catalyst synthesized by the
microfluidic method presented only one symmetric peak at a temperature of 165°C.
The three reduction peaks of the batch catalyst indicate the presence of a CuO particle
size distribution and a heterogeneous distribution of CuO crystallites over the surface
of the catalyst [3][45]. The research work of Zhang et al. [3] indicates that the catalytic
activity is associated with the reducibility of the catalysts. Therefore, in this case, the
catalyst synthesized by the microfluidic method which presents a narrower CuO size
distribution and easier reducibility is expected to have a better catalytic performance.

According to Liu et al. [40], the reduction behavior of CuO is mainly affected by the
crystallite size of this species and by its interaction with the other components present
in the material. The reduction temperature is also associated with the CuO crystallite
sizes, where the smaller crystallites are reduced at lower temperatures and higher
crystallites are reduced at higher temperatures [40][46]. Lower reduction temperatures
can also be an indication of better copper dispersion [3][13], which can facilitate the
reduction of the CuO particles. It has been demonstrated that the addition of ZnO and
ZrO2 to CuO based catalysts can facilitate the reducibility of the material, which can
be seen in the shift of the reduction temperatures to lower values [45].
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The quantitative results of the Ho-TPR analysis are presented in Table 3.4. As can be
seen, the calculated CuO content of the catalysts by using the H2 consumption during
the H>-TPR analysis was close to the nominal value of 33.3% for the two catalysts
investigated in this work, which confirms an adequate loading of copper in the catalysts
during the catalyst synthesis. Also, the lower reduction percentage of the catalyst
prepared by the microfluidic method may also be an indication of stronger metal-
support interactions comparing to the batch sample.

Table 3.4 H2-TPR quantitative results of the catalysts prepared by the batch and microfluidic methods.

Microfluidic 3.8 4.19 0.92 30.7

Batch 4.0 4.19 0.95 31.8

The results of the N2O surface reaction (i.e. copper surface area, copper dispersion
% and particle size) of the catalysts under study are presented in Table 3.5. As
observed, the catalyst synthesized by the microfluidic method presented an 11%
higher metallic copper surface area, as well as better dispersion and lower particle
size than the catalyst synthesized by the batch method. This is in agreement with the
results of the work of Tofighi et al. 2022 [2], who prepared a Cu-ZnO-Al2O3 catalyst by
the microfluidic method and obtained a catalyst with higher metallic copper surface
area of 17 m? g!, smaller copper particle size and higher copper dispersion compared
to a catalyst prepared by the batch method, with a copper surface area of 9.5 m? g-'.
Obviously, their catalyst composition was different from the one used in the present
work, but their results point out that the microfluidic coprecipitation technique helps
tuning the metallic copper surface area and copper particle size of the catalyst. Angelo
et al. [37] synthesized two catalysts by the microfluidic and batch methods and
obtained metallic Cu surface area values of 14.5 and 10.5 m? g™ respectively [37].
Their findings suggest that the properties measured by the N2-physisorption technique
are not directly correlated to the catalytic performance of the catalyst. It is in fact the
metallic Cu surface area the property that seems to have a more important correlation
to the catalytic activity [37]. Zhang et al. [3], also prepared a Cu-ZnO-Al,O3 catalyst
and showed that the microfluidic coprecipitation method allowed to obtain a Cu surface
area of 22.4 m? g' which contrasts the Cu surface area of 13.4 m? g! of a catalyst
prepared by the batch method.

Furthermore, according to the work of Sloczynski et al. [47], the Cu particle sizes
obtained via the calculation of the surface Cu properties with N2O surface reaction
tend to be 1.5 to 2.5 times larger than the Cu crystallite sizes obtained by XRD. This
indicates that the Cu particles are formed by an agglomeration of Cu crystallites, which
leads to the formation of larger grains [47]. These calculations were done to the
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catalysts investigated in this work, by using the Cu particle sizes obtained by N.O
surface reaction and the CuO crystallite sizes obtained by XRD. These calculations
are presented in Table 3.5 under the column N2O/XRD ratio. The results show that
the Cu particles in the catalysts synthesized by the microfluidic and batch methods
originate from an agglomeration of approximately 2.1 and 2.9 CuO crystallites,
respectively. This confirms a strong metal-support interaction in the catalyst prepared
by the microfluidic method and a more effective dispersion and stabilization of the Cu
crystallites on the surface of the Microfluidic catalyst.

Table 3.5 N20 surface reaction results of the catalysts synthesized by the batch and microfluidic
methods.

Microfluidic 7.0 4.1 254 21 (12 nm)

Batch 6.3 3.6 28.7 2.9 (10 nm)

' Ratio of the Cu particle size obtained by N2O surface reaction analysis to the CuO crystallite size
obtained by XRD. The values in parentheses are the CuO crystallite sizes obtained by XRD.

91



3.3. Catalytic tests results

Figure 3.6 and Table 3.6 show the results of the H> and CO2 conversions, the methanol
selectivity plotted against the CO> conversion and the methanol productivity of the

catalysts synthesized by the batch and microfluidic methods.
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Figure 3.6 Catalytic performance of the catalysts under study. (a) Hz2 conversion, (b) CO2 conversion,
(c) methanol selectivity against CO2 conversion and (d) methanol productivity. P: 50bar, GHSV:
24000Nml h™' g', molar ratio H2/COz: 3.9.

Figures 3.6a and 3.6b show that the conversions of H2 and CO:z in comparison to the
thermodynamic limitations (Chapter 1.2) increase with increasing reaction
temperature for both catalysts. The reason behind the increasing H2 and CO-
conversions during the methanol synthesis is the simultaneous occurrence of the
methanol production reactions with the reverse water-gas shift (RWGS) reaction
which consumes both Hz and CO> to produce CO and H2O [48]. The RWGS reaction
is an endothermic reaction with a reaction enthalpy of AHr,9gx = 41.19 kJ/mol which
means that this reaction is favored at higher temperatures [48]. On the other hand, the
methanol formation reactions are exothermic, which means that their equilibrium
conversion % will decrease with increasing temperature. These reactions are also
thermodynamically favored at higher pressures, which is the reason why the catalytic
tests are carried out at 50 bar.

92



The catalyst prepared by the microfluidic method showed higher conversions of CO2
and H> at all the tested temperatures. According to the characterization results
obtained and presented in the preceding sections, the reason for the superior
conversion values of this catalyst can be attributed to the higher Cu surface area, its
narrower copper particle size distribution and also by the higher surface basicity of this
material. The presence of moderate strength basic sites may also be a contributor to
the better catalytic performance of this catalyst.

Some research works [40][49] indicate that the role of copper in the hydrogenation of
CO2 to methanol is to dissociate Hz into atomic hydrogen and providing it to the
copper-support interface or to the support by spillover. Atomic hydrogen then
participates in the reaction with the C containing intermediates adsorbed on the Cu-
support interface and on the support to produce methanol. The availability of Cu
surface area is then beneficial for the methanol production reaction and is directly
correlated to the catalytic activity as suggested in other works [26], [37], [39] which
indicate that the yield of methanol increases with the increase in the Cu surface area,
but not in a linear way.

Table 3.6 Results of the catalytic tests of the catalysts under study. P: 50bar, GHSV: 24000Nml h'' g-
1. molar ratio H2/CO2: 3.9.

Microfluidic 240 6.3 8.2 61.3 319
260 8.3 14.3 49.3 449
280 10.3 19.9 39.9 505
300 11.8 25.6 35.5 580
Batch 240 3.8 4.4 78.5 223
260 52 7.4 65.0 316
280 7.5 12.2 54.9 432
300 9.8 18.0 48.1 557

Even though the methanol selectivity has been associated to the surface basicity of
the catalysts, there’s no agreement in the literature in this regard [40]. Despite the
above, an increasing amount of basic sites has been associated with an increase in
the chemisorption of CO2, which causes a promotion of the CO2 hydrogenation
reactions [46]. A higher surface basicity can improve the adsorption and activation of
the CO2 molecule, which increases the kinetics of the transformation and
hydrogenation reactions of CO: into different intermediates, such as the formate
(HCO2') and the methoxy (H3zCO) intermediates [50]. For such reasons, the adsorption
of CO2 is considered one of the most important steps in CO2 hydrogenation to
methanol [41].
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As mentioned above, at higher temperatures, the other competing reaction that occurs
on this type of catalysts is the RWGS reaction, which is favored with increasing
temperatures [38]. The thermodynamics of the methanol production reactions which
are exothermic and of the RWGS reaction which is endothermic [48], explain why the
selectivity of the methanol production reactions decreases with increasing
temperature, while the RWGS reaction is favored. As indicated in other works [39],
methanol and CO are the only carbon-containing products under the present reaction
conditions.

In addition, the methanol productivity over the catalyst prepared by the microfluidic
method was superior to the methanol productivity of the catalyst prepared by the batch
method. This is due to the higher reactants conversions of the catalyst synthesized by
the microfluidic method, as explained above. Moreover, the larger amount of basic
sites per unit surface area of the catalyst prepared by the microfluidic method suggests
a larger surface density of active sites for the activation of CO2. A higher number of
active sites per unit surface area would mean a smaller distance between the active
sites for the activation of CO2 and the active sites responsible for the dissociation of
H2, causing an increase in the rate of reaction. This can also explain the higher
methanol productivity of this catalyst.

The results of the catalytic performance of the two catalysts investigated in this work
are in agreement with other research works [39], which indicate that the conversion of
CO:2 increased with the increase in the reaction temperature due to both the methanol
production reaction and also due to the occurrence of the RWGS reaction,
accompanied also by a decrease in methanol selectivity, over the temperature range
of 240-300 °C.

3.4. Apparent activation energy of the CO> hydrogenation to methanol reaction

To study more in-depth the catalytic properties of each of the two catalysts
investigated in this work, the apparent activation energies of the CO- hydrogenation
to methanol reaction were calculated for both of them. A first order reaction kinetics
with respect to the concentration of CO> was assumed and a rate constant k as a
function of a pre-exponential factor and the reaction temperature. Despite the
complexity of the reaction mechanism which may include adsorption, chemisorption
and desorption steps of the reactants and product species, a first order reaction with
respect to CO, was assumed due to the simplicity of the calculations. The equations
3.3-3.5 were used for the determination of the activation energy and pre-exponential
factor.

Equation 3.3: rate of formation of methanol.

Tewson =k * C;
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Equation 3.4: Arrhenius equation - rate constant dependent on the reaction
temperature.

k=Ae ““rr

Equation 3.5: linearization of the Arrhenius equation for the calculation of the
activation energy and pre-exponential factor.

al
ln(k) = T T +In (A)

Where ra is the rate of reaction, k is the rate constant, C; is the concentration of the
reactant i, A is the pre-exponential factor, Ea is the apparent activation energy, R is
the gas constant and T is the reaction temperature.

Figure 3.7 shows the linearization of the Arrhenius equation as presented in Equation
3.5. It shows the results of the natural log of the rate constant plotted against the
inverse of the reaction temperature in Kelvin. After the corresponding mathematical
treatment, it was found that the apparent activation energy of the methanol production
reaction on the catalysts synthesized by the batch and microfluidic methods were
41.89 kJ mol" and 28.07 kJ mol’, respectively. Other values of activation energies
reported in the literature range from 43-44 kJ mol' for a Cu-ZnO-Al>Os in the work of
Bukhtiyarova et al. [51], 58-62 kJ mol! fora Cu/SiO2 + ZnO/SiO; catalyst in the work
of Choi et al. [52], 105-117 kJ mol! for a Cu-ZnO-Al>QOs in the work of Fichtl et al. [53]
and 31 kJ mol' for a Cu-ZnO-ZrO- catalyst promoted with Ga in the work of Ladera et
al. [54]. These results indicate that indeed, the energy barrier for the occurrence of the
methanol production reaction is lower for the catalyst synthesized by the microfluidic
method, which highlights the better performance of this catalyst and its higher ability
to catalyze this reaction.

In a previous research work [55], a kinetic model based on the use of power-law
models was created for a Cu-ZnO-ZrO2 catalyst. This model was based on the
production of methanol from CO2 only and on the production of CO from the RWGS
reaction. The catalysts of their study were prepared by a classical batch method. Their
results showed that the CO> hydrogenation reaction was more selective on a Cu-ZnO-
ZrO2 catalyst than on a Cu-ZnO-Al;O3 catalyst, mainly due to differences in the
turnover frequency of the RWGS reaction, which was lower in the catalyst prepared
with the ZrO. support.

The work of Poto et al. [56] offered a study of the kinetics and the reaction mechanism
of the methanol synthesis on a CuO-CeO2-ZrO; catalyst based on different reaction
pathways, concluding that the dual site model of Graaf et al. [57] had the best fit to
their kinetics data. Their work allowed concluding that metallic Cu acts as a
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dissociative surface for Hz, while the oxygen vacancies of the CeO>-ZrO2 solid solution
allowed the adsorption of one of the oxygens of the CO2 molecules.
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Figure 3.7 Mathematical treatment of the kinetics data for the determination of the apparent activation
energy of the methanol production reaction.

From the above analysis, it is clear that a deeper study of the kinetics and reaction
mechanisms of the CO: hydrogenation to methanol on Cu-ZnO-ZrO: catalysts
prepared by the microfluidic method would be useful and interesting to understand
more the advantages of this catalyst synthesis approach.

3.5. Conclusions

Two Cu-ZnO-ZrO: catalysts of the same composition were synthesized by the
microfluidic and by the batch methods. The two materials were characterized and their
catalytic performance was determined.

It was shown that the catalyst synthesized by the microfluidic method presented the
best catalytic performance due to the improved adsorption and activation of CO2 on
the surface of the catalyst due to its higher surface basicity and possibly by the
presence of moderate strength basic sites. The higher surface basicity of the catalyst
prepared by the microfluidic method suggests the occurrence of a higher surface
density of active sites for the activation of CO2 and consequently lower distances
between the active sites responsible for CO. activation and the active sites responsible
for the dissociation of Ho, causing an increase in the rate of reaction of the methanol
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production. This indicates that the microfluidic technique can decrease the distance
between active sites, due to better interactions between the metal species.

The Microfluidic catalyst also presented a more uniform size distribution of copper
species and a higher copper surface area. A high copper surface area can increase
the rate of Hz dissociation that occurs on the metallic copper. All of these properties
have an effect on the reaction kinetics, increasing the conversion of the reactants and
the methanol productivity. The above makes the Cu-ZnO-ZrO; catalysts prepared by
the microfluidic method interesting for the production of methanol from the
hydrogenation of carbon dioxide due to their higher reactants conversions and
methanol productivity. This highlights the positive effects of the synthesis of catalysts
by coprecipitation using a microfluidic device.

The next chapter provides an exploration of the microfluidic synthesis conditions by
studying the effect of the aging time of the precursors and the coprecipitation
temperature on the properties of the catalysts and their catalytic performance. The
effects of these two parameters haven’'t been studied before on Cu-ZnO-ZrO;
catalysts synthesized by the microfluidic method and they are important because they
affect the formation of crystalline phases, the morphology and the surface properties
of the catalysts. The study of the aging time and the coprecipitation temperature will
offer valuable information about this catalyst synthesis technique and will allow to find
optimal synthesis conditions for the production of Cu-ZnO-ZrO catalysts by this
technique.
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Chapter 4 Effect of the aging time and the
coprecipitation temperature on Cu-ZnO-ZrO;
catalysts synthesized by the microfluidic method
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4 1. Introduction

The coprecipitation method is preferred over other catalyst synthesis methods
because it allows a good contact and a high homogeneity between the metallic species
in the solid if the conditions are controlled adequately. This is desirable for producing
a good solid catalyst. Nevertheless, the coprecipitation process is characterized by
the complexity and the effects of different variables on the final catalyst, such as the
coprecipitation temperature, the aging time, the pH, the reactants concentrations,
among others. All of the variables involved during the coprecipitation will have an
important effect on the final properties of the catalysts, including the crystallites and
particle sizes, the specific and the Cu surface areas as well as surface properties and
morphology due to the known “chemical memory effect” [1][2]. This effect means that
the final properties and the activity of the catalysts depend on the conditions applied
to the precursors during the catalyst synthesis step [3].

This chapter presents the effects of the aging time and the effects of the coprecipitation
temperature on the properties and catalytic performance of Cu-ZnO-ZrO> catalysts
prepared by coprecipitation using the microfluidic method. This chapter is constructed
in two sub-chapters. The first one addresses the effect of the aging time on the catalyst
properties and activity and the second one the effects of the coprecipitation
temperature.

In the first sub-chapter, three Cu-ZnO-ZrO> catalysts were prepared by coprecipitation
using a microfluidic device and the effects of the aging time on the properties of the
catalysts and their catalytic activity were studied. The three catalysts were named CuO
33-0h, CuO 50-0h and CuO 33-17h, where the number 33 or 50 corresponds to the
mass % of CuO in the catalyst while the term Oh or 17h corresponds to an aging time
of Oh (i.e. no aging) or 17h, respectively. The technique employed to study the aging
time by using a microfluidic device corresponds to the method named microfluidic
synthesis with immediate filtration which can be found in Chapter 2 section 2.2. This
method consisted in collecting the precipitate produced with the microfluidic device
with the help of a filter during the whole time of the catalyst synthesis. After the end of
the synthesis, the obtained precipitate was washed, filtered and dried in the case of
precursors with no aging, or aged at 65°C, washed, filtered and dried in the case of
the catalyst aged for 17 hours.

In the second sub-chapter, another catalyst was prepared to study the effect of heating
the precipitation zone and the reactants to 65°C during the coprecipitation step. Such
catalyst was named CuO 50-0h-65, where Oh indicates a zero aging time and the
number 65 corresponds to the coprecipitation temperature in °C. The characterization
and the catalytic performance results of the CuO 50-0h-65 catalyst were compared to
those of the CuO 50-0h catalyst, which was prepared in the same way but at ambient
temperature.
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For more clarity, the term “aging temperature” corresponds to the temperature of the
contents of the stirred beaker which is used for the aging of the precursor (i.e. the only
precursor that was aged in this chapter was the CuO 33-17h precursor), while the term
“coprecipitation temperature” corresponds to the temperature of the precipitation zone
and the temperature of the reactants during the catalyst synthesis.

Table 4.1 shows the names and some synthesis conditions of the catalysts
investigated in this chapter.

Table 4.1 Names and synthesis conditions of the catalysts studied in this chapter.

CuO 33-0h 33.3% CuO, 33.3% ZnO, 33.3% ZrO- 0 No aging / Ambient
CuO 50-0h 50% CuO, 33% Zn0O, 17% ZrO, 0 No aging / Ambient
CuO 33-17h 33.3% CuO, 33.3% ZnO, 33.3% ZrO: 17 65°C / Ambient
CuO 50-0h-65 50% CuO, 33% Zn0O, 17% ZrO, 0 No aging / 65°C

Lastly, a review of different catalysts for the production of methanol available in the
literature is presented at the end of this chapter and used to compare with the catalysts
synthesized in this work.

105



4.2. Effect of the aging time on the properties
and catalytic performance of Cu-ZnO-ZrO;
catalysts

The aging time during the coprecipitation can affect the crystallite sizes and the
formation of different phases in the precursors, which can have an effect on the final
properties of the catalysts [4]. Currently there are no available studies addressing the
effects of the aging time on Cu-ZnO-ZrO: catalysts synthesized by coprecipitation
using the microfluidic method. For such reason, studying the effects of the aging time
on Cu-ZnO-ZrO> catalysts prepared by the microfluidic technique would allow to
improve the understanding of this catalyst synthesis method and help fill a gap present
in the literature. In addition, the investigation of the aging time may lead to the
production of catalysts with better properties and catalytic performance. The catalysts
characterization results and discussion are presented next.

4.2.1. Catalysts characterization results and discussion

The X-ray diffractograms of the precursors after drying and before calcination step are
presented on the left side of Figure 4.1 and the diffractograms of the calcined materials
are presented on the right side. The X-ray diffractograms of the precursors show that
the lack of aging of the samples CuO 33-0Oh and CuO 50-0h resulted in amorphous
materials. Conversely, when an aging time of 17h was employed, the formation of two
phases could be observed. These two phases corresponded to aurichalcite
Zn3Cu2(OH)s(CO3)2 (PDF number: 82-1253) and hydrozincite Zns(CO3)2(OH)s (PDF
number: 72-1100). This shows that the aging time plays an important role in the
formation of crystalline phases in the catalyst precursors. These results are in
agreement with other works [5]-[7] which indicate that during the coprecipitation step
the catalyst precursors are first amorphous and then develop a crystalline structure
during the aging process. No Zr species were detected in any of the precursors due
to its amorphous state.
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Figure 4.1 X-ray diffractograms of the precursors on the left side and their respective calcined catalysts
on the right side.

Using Scherrer’s equation, the crystallite sizes of the identified phases were calculated
and are shown in Table 4.2. The 2Theta values used for these calculations were 13°
for both aurichalcite and for hydrozincite (hkl: 200 for both phases). Only the crystallite
sizes of the precursor CuO 33-17h were calculated because the diffractograms of the
other two catalyst precursors indicated that they are amorphous.

Table 4.2 Crystallite sizes (nm) of the formed crystalline phases calculated with Scherrer's equation
and crystallinity % computed from the diffractograms.

CuO 33-0h - - NC NC 22.7

CuO 50-0h - - 12 12 36.7

CuO 33-17h 10 10 11 11 354
- : Amorphous

NC : Not calculated

The diffractograms of the calcined catalysts are shown on the right side of Figure 4.1.
As can be evidenced, all the catalysts developed crystalline phases corresponding to
CuO (PDF number: 72-0629) and ZnO (PDF number: 75-1526). No phases containing
ZrO, were detected either due to its amorphous nature, as indicated in previous
research works [8]-[11].

The catalyst CuO 33-0Oh presented broad peaks of CuO and ZnO indicating lower
crystallinity compared to the other catalysts. In fact, the crystallite sizes of the catalyst
CuO 33-0h were not calculated due to the low crystallization of the sample, which
caused the peaks to have very low resolution. The crystallite sizes of CuO and ZnO
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calculated by Scherrer’s equation are also presented in Table 4.2. The 2Theta values
used to calculate crystallite sizes were 38.7° for CuO (hkl: 111) and 32° for ZnO (hkl:
100). The CuO and ZnO phases of the catalysts CuO 50-Oh and CuO 33-17h
presented crystallite sizes between 11 and 12nm, very close to the crystallite sizes of
the catalysts studied in the previous chapter. The results of the X-ray diffractograms
of the calcined catalysts CuO 33-Oh and CuO 33-17h show that longer aging times
favor the crystallization process of the CuO and ZnO phases in the calcined catalysts.
Also, when comparing the diffractograms of the calcined catalysts CuO 33-Oh and
CuO 50-0h it can be concluded that the increase of the CuO content from 33.3 wt% to
50 wt% favored the development of crystalline phases, which may be due to the lower
relative content of amorphous ZrOz in the CuO 50-0h catalyst.

The crystallinity of the catalysts was determined by taking into account the area of the
X-ray diffractograms that corresponded to the crystalline phases (i.e. the peaks), and
the area corresponding to the amorphous fraction of the catalyst, and then dividing the
crystalline phase area by the crystalline phase + amorphous phase area. This was
calculated with the EVA software for XRD analysis. The crystallinity results are
reported in % and are presented in Table 4.2. These results show that the catalyst
prepared without aging CuO 33-0h presented a crystallinity of 22.7% while the catalyst
CuO 33-17h presented a crystallinity of 35.4%, indicating that the longer aging time
caused an increase in the content of crystalline phases in the material, in this case
more crystalline CuO and ZnO. In the case of the catalyst CuO 50-0h, it presented a
higher crystallinity than the CuO 33-0h which may be due to the higher content of the
CuO phase and the consequent lower content of amorphous ZrO., as mentioned
above. Given that the increase in the crystallinity of the catalyst CuO 50-0h is not
entirely proportional to the decrease in ZrO2 content with respect to catalyst CuO 33-
Oh, other factors must also have an effect on the crystallinity of the catalyst, such as
the interaction between components containing Cu and the presence of amorphous
georgeite.

TGA was employed to study the thermal decomposition of the catalyst precursors after
drying and before the calcination step. The results of the TGA analysis of the three
catalyst precursors are presented in Figure 4.2. The total mass loss after heating the
precursors to 700°C were 22, 21 and 22% for the CuO 33-0h, CuO 50-0h and CuO
33-17h catalysts, respectively. Particularly, the total mass loss % of the samples CuO
33-0h and CuO 33-17h presented a high similarity because they were prepared from
the same solution and have therefore the same bulk concentrations of Cu, Zn and Zr.
Despite the similarity in total mass loss %, the TGA decomposition profiles presented
in Figure 4.2 indicate some differences in the decomposition process. As can be seen,
the derivatives of the mass loss of the catalyst precursors presented differences in
peak intensities and the temperatures where the peaks occurred.

The peaks of the derivative of the mass loss of the catalyst precursors CuO 33-0h and
CuO 50-0h occurred around the temperatures of 150°C and 480°C, while in the case
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of the catalyst precursor CuO 33-17h the peaks occurred around the temperatures
150°C, 300°C and 480°C. The work of L’hospital [12] showed that a Zr-based
precursor decomposes around 150°C, which explains the presence of the peak at
150°C in the three catalyst precursors. The peak occurring around 300°C in the
decomposition profile of the catalyst precursor CuO 33-17h can be associated to the
decomposition of the aurichalcite phase [13][14]. In fact, the catalyst precursor CuO
33-17h was the only one that developed this crystalline phase according to the XRD
results and the only sample with a decomposition peak occurring at 300°C. According
to the work of L’hospital [12], the Cu-Zn species (i.e. aurichalcite) also presents a
decomposition temperature around 466°C, which could contribute to the peak
occurring around this temperature. The higher crystallization degree of aurichalcite in
the catalyst CuO 33-17h compared to catalyst CuO 33-Oh may be responsible of the
larger peak obtained between 450°C and 500°C.

Moreover, as discussed in the works of Yurieva et al. [15] and Mota et al. [7], the
thermal decomposition of hydroxycarbonates occurs in two steps. The first one occurs
at temperatures around 300°C and involves the formation of anion-modified oxides
(i.e. oxides in which some oxygen ions are substituted by OH- and CO3?" groups) from
the hydroxycarbonates. The second stage occurs at temperatures above 500°C and
consists in the decomposition of the anion modified oxides into true oxides. The two
steps of the decomposition of the hydroxycarbonates explain the presence of
decomposition peaks occurring at temperatures around 300°C and between 400-
600°C.

In the thesis of L’hospital [12], a CuO-ZnO-ZrO. catalyst was prepared by
coprecipitation of metal nitrates with sodium carbonate using the microfluidic method
and it was found that this material presented different thermal decomposition peaks
around 161°C, 316°C, 368°C, 409°C and 492°C. This indicates that the presence of a
ternary component containing Cu, Zn and Zr may be at the origin of the decomposition
peaks occurring around 160°C, 300°C and between 400°C and 500°C.
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Figure 4.2 Mass loss % and Mass loss % derivatives of the catalyst precursors. Der: Derivative.

The FT-IR spectroscopy technique was used to study more in depth the nature and
the functional groups that are present in the materials before and after the calcination
step. The results of the FT-IR study of the catalyst precursors and the calcined
catalysts are presented in Figures 4.3a and 4.3b, respectively. The spectra of the
catalyst precursors show the presence of peaks around 800cm™', between 1200 and
1600cm™" and around 3300cm™'. These peaks correspond to the presence of NO3',
COs? and NOs', and -OH functional groups, respectively. Colored bands in Figures
4.3a and b are used to identify the presence of these functional groups, where the
green bands correspond to hydroxyl groups, the gray bands correspond to carbonate
and nitrate groups and the light blue bands correspond to nitrate groups. The signals
obtained at 1470, 1394 and 832 cm™' shown as vertical dashed lines in Figure 4.3a
are also an indication of the presence of the hydroxycarbonate zincian georgeite
(Cu,Zn)7(OH)4(CO3)s [7], which is present as an amorphous compound, so it's not
detected by XRD. Furthermore, the FT-IR characteristic peaks of aurichalcite (i.e.
1556, 1201 and 971 cm™'[16]) and malachite (i.e. 1510, 1408 and 1368 cm™"[17]) were
not detected in the CuO 33-0Oh and CuO 50-0h catalysts, which is in agreement with
the XRD results which showed that these two catalysts were completely amorphous.

After the calcination step, the 3 catalysts presented similar FT-IR spectra, with a
significant decrease of the peaks between 1200 and 1600cm™, indicating an important
reduction in the concentration of the carbonate groups. However, these peaks didn’t
disappear completely, which indicates that a residual carbonate fraction was present
in the calcined catalysts. This may indicate the presence of the typically referred as
high temperature carbonate phase (HT-CO3) [6], [18], [19]. The carbonate retention of
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the catalysts after calcination can have important effects on the segregation and
crystallization of CuO and ZnO [7]. In addition, the peaks around 3300cm' didn’t
disappear completely either after calcination, indicating the presence of -OH functional
groups in the calcined catalysts. The weak signals close to 800cm also indicate that
the nitrate groups were decomposed after the calcination step.

Lastly, the noise appreciable around 2200 cm™' wavenumber corresponds to the
ambient CO2, which gives peaks around 600, 2200 and 3600 cm™" according to the
NIST database [20]. Before each analysis the device was calibrated to remove this
interference from the FT-IR spectra.

CuO 33-0h CuO 33-17h CuO 50-0h

i b

7470 | 394 1832

4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800
Wave number cm™

Figure 4.3 FT-IR spectra of the catalyst precursors (a) and the calcined catalysts (b).

The specific surface areas and pore sizes of the catalysts were investigated by N2-
physisorption. The adsorption-desorption isotherms of the catalysts are presented in
Figure 4.4. As can be observed, all of the catalysts presented type IV isotherms, which
are characteristic of mesoporous materials with cylindrical shaped pores [21][22].
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Figure 4.4 N2-Physisorption isotherms of the CuO 33-0h, CuO 33-17h and CuO 50-0h calcined
catalysts.

Table 4.3 shows the results of the specific surface area and the pore size of the
calcined catalysts. When comparing the results of the textural properties of the
samples CuO 33-0h and CuO 33-17h, it is clear that longer aging times cause an
important decrease in the specific surface area (i.e. from 109 to 81 m?/g) and in the
pore size (i.e. 16 to 6 nm). From these results and under the conditions of this study,
it is clear that the unaged catalyst presented a higher specific surface area. Moreover,
when comparing the textural properties of the catalysts CuO 33-0h and CuO 50-0h it
is evident that the increase in the copper oxide content of the catalysts with the
consequent decrease in ZnO and ZrO: relative contents (i.e. a ZnO/CuO mass ratio
change from 1 to a ratio of 0.66 and a ZrO2/CuO ratio change from 1 to a ratio of 0.34),
causes a decrease in the specific surface area (i.e. from a value of 109 to 70 m?/g)
and an increase in the pore size (i.e. from 16nm to 28nm). The decrease in the specific
surface area after the increase in the relative content of copper may be due to the loss
of the promoting effects of ZnO and ZrO2 which are known to act as stabilizers and
promoters of the specific surface area of Cu-ZnO-ZrO; catalysts [23]-[25].

Table 4.3 N2-Physisorption surface area and pore size of the CuO 33-0h, CuO 33-17h and CuO 50-0h

catalysts.

CuO 33-0h 109 16
CuO 33-17h 81 6.0
CuO 50-0h 70 28
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The work of Raudaskoski et al. [8] dealing with the study of the effects of aging time
on the properties of Cu-ZnO-ZrO> catalysts, showed that the specific surface areas
obtained by N2-physisorption increased with increasing aging time. However, the
catalyst synthesis method that they investigated was a coprecipitation of metal nitrates
with sodium carbonate in a batch stirred beaker with an aging temperature of 80°C,
which is different from the microfluidic method employed in this work, with no aging
time in the case of the catalysts CuO 33-Oh and CuO 50-0Oh, and with an aging
temperature of 65°C in the case of catalyst CuO 33-17h. Moreover, the catalyst
compositions that they investigated were 33wt% Cu, 30wt% Zn and 6wt% Zr, which
differed from those of this work too. Such results about the specific surface area
contradict the results of this work, which showed that the increasing aging times cause
a decrease in the specific surface area of the catalysts. It is worth noting that the
catalyst synthesis conditions they used differed importantly from those employed in
the present work, as mentioned above.

Figure 4.5 shows SEM images of the catalysts CuO 33-0h (a and b) and CuO 33-17h
(cand d). In the case of the catalyst CuO 33-0h, it can be appreciated that this catalyst
presented a grainy morphology consisting of agglomerations of particles, which
according to SEM images reported in the literature [26]-[28] correspond to crystalline
CuO. In contrast, the catalyst CuO 33-17h developed plate-like or flower-like
structures corresponding to crystalline ZnO [29] along with agglomeration of CuO
particles. These results indicate that the aging time is important for the development
of crystalline phases, which is in agreement with the XRD results. The porosity
appreciated in the SEM images of catalyst CuO 33-17h also confirms the N»-
physisorption characterization results, which indicated that the material is
MesopOorous.

113



LT e WL
Figure 4.5 SEM images of the catalysts CuO 33-0h (a and b) and CuO 33-17h (c an

dd).
Using SEM, Raudaskoski et al. [8] investigated the effect of the aging time on the
morphology of a Cu-ZnO-ZrO; catalyst prepared by coprecipitation in a stirred beaker
and found morphology differences between a catalyst aged for 0.5 h, for 12 h and for
24 h. These morphology differences may be due to the increasing crystallinity of the

catalysts with increasing aging time. The experimental conditions of their work were
discussed just above in the N2-physisorption results section.

Table 4.4 shows the compositions obtained by EDS of the CuO 33-0h and CuO 33-
17h catalysts. These results can give an idea about the homogeneity in the
composition of the materials. The EDS results of the catalyst CuO 33-17h indicate that
the composition of this catalyst was more uniform, approaching more the theoretical
composition than the catalyst CuO 33-0h. In fact, the CuO/ZnO ratio of the catalyst
CuO 33-17h was closer to unity (i.e. 1.1) than that of the catalyst CuO 33-0h (i.e. 1.6).
This may indicate that the catalyst CuO 33-17h presented a higher homogeneity than
the catalyst CuO 33-Oh. The cause of the higher homogeneity of the CuO 33-17h
catalyst might be related to the development of the crystalline aurichalcite and
hydrozincite phases, previously identified by XRD analysis. As shown before, the
aurichalcite phase is composed of Cu and Zn, which could contribute to a better
intermixing between these two metal species in the solid material.
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Table 4.4 EDS composition analysis results of the CuO 33-0h and the CuO 33-17h catalysts.

CuO 33-0h 38.0 24 1 37.8
CuO 33-17h 35.9 321 31.9
Theoretical 33.3 33.3 33.3

The surface basicity of the three catalysts was investigated with the use of CO>-TPD
analysis technique. As shown in Figure 4.6, the three catalysts analyzed presented
two main CO2 desorption peaks around 200°C and 600°C, corresponding to weak and
strong basic sites, respectively. The CO2 desorption peaks indicating the presence of
moderate strength basic sites around 430°C were very small compared to the weak
and strong basic sites, but were still present in the catalysts CuO 33-17h and CuO 50-
Oh. As discussed before, weak, moderate strength and strong basic sites are related
to the presence of surface hydroxyl groups, metal-oxygen pairs and low coordination
oxygen atoms, respectively [30]. The presence of hydroxyl groups was detected in the
three calcined catalysts by employing FT-IR analysis, as discussed before, and it was
found that the signal corresponding to the hydroxyl groups of the catalyst CuO 33-0Oh
was larger than that of catalyst CuO 50-0Oh. This fact correlates well with the larger
amount of weak basic sites calculated for the catalyst CuO 33-0h.
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Figure 4.6 CO2-TPD profiles of the CuO 33-0h, CuO 33-17h and CuO 50-0h catalysts.

Table 4.5 shows the quantitative results of the CO.-TPD analysis. The catalysts CuO
33-17h and CuO 50-0h presented a similar quantity of weak basic sites (i.e. 100.0
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umol g for both catalysts) while the catalyst CuO 33-0Oh presented a higher quantity
(i.e. 160.0 umol g'). The quantity of moderate strength basic sites in catalysts CuO
33-17h and CuO 50-Oh was very small, with values of 13.0 and 21.0 umol g,
respectively. Regarding the amount of strong basic sites, the catalyst CuO 33-Oh
presented a higher quantity corresponding to 330.0 umol g' compared to the other
two catalysts CuO 33-17h and CuO 50-0h, which presented a quantity of strong basic
sites of 100.0 and 110.0 umol g™, respectively.

Table 4.5 Quantity of weak, moderate strength and strong basic sites and basic sites per unit surface
area of the CuO 33-0h, CuO 33-17h and CuO 50-0h catalysts after calcination.

CuO 33-0h 160.0 - 330.0 490.0 4.49
CuO 33-17h 100.0 13.0 100.0 213.0 2.59
CuO 50-0h 100.0 21.0 110.0 231.0 3.28

Therefore, the total amount of basic sites was the highest for the catalyst CuO 33-0Oh
with a value of 490.0 umol g™, compared to the other two catalysts CuO 33-17h and
CuO 50-0h, which presented a total amount of basic sites of 213.0 and 231.0 ymol g
', respectively. The differences in the amount and strength of basic sites can be
explained in part by the much higher specific surface area of the CuO 33-Oh catalyst
compared to the other ones, which allows the adsorption of a larger quantity of CO-
per unit mass of catalyst. The surface chemistry also has an effect on the affinity for
CO:2 of the catalyst. The three catalysts under study presented residual hydroxyl
groups after calcination, as evidenced in the FT-IR spectra discussed before. The
hydroxyl groups are responsible of the adsorption of CO. below temperatures of
300°C, which correspond to weak basic sites. Due to the weak character of hydroxyl
basic sites, the mechanism of adsorption on these sites may correspond to physical
adsorption only. In addition, the presence of carbonate groups remaining after the
calcination of the catalysts, as found by FT-IR analysis, may also be a contributor to
the surface basicity of the catalysts.

Moreover, when comparing the CuO 33-0h and the CuO 50-0Oh catalysts, it is clear
that the amount of surface basic sites decreases with increasing CuO content in the
catalyst. This can be explained by the lower relative content of ZnO and ZrOz in the
CuO 50-0h catalyst (i.e. CuO/ZrO2 ratio of 1 and 3 in the CuO 33-0h and CuO 50-0h
catalysts, respectively). ZrO> can activate the CO. molecule and has a higher
chemisorption capacity towards CO> compared to other oxide supports, such as the
oxides of Al, Ti, Mg and Si [31]. ZnO and ZrO: also possess an alkaline character that
increases the affinity of CO2 of the catalysts [32]. In fact, the EDS analysis results
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showed that the catalyst CuO 33-Oh presented a higher content of ZrO2 than the
catalyst CuO 33-17h, which also explains the higher surface basicity of the catalyst
CuO 33-0h.

Lastly, the total basic sites per unit surface area presented in Table 4.5 indicate that
the catalyst CuO 33-Oh presented the largest amount of basic sites per unit surface
area, followed by the CuO 50-Oh and CuO 33-17h catalysts. This means that the
catalyst CuO 33-Oh possesses a higher surface density of basic sites which can
adsorb and activate CO:..

The H2-TPR profiles of the catalysts are presented in Figure 4.7. In line with previous
research works [8], the Cu-ZnO-ZrO- catalysts presented reduction peaks between
150-200°C, indicating the reduction of copper oxide to metallic copper, given that the
reduction of ZnO and ZrO2 does not occur below temperatures of 300°C [8][10].

The quantification of the H2 consumed during the H2-TPR analysis for the reduction of
CuO to Cu was used to determine the CuO content of the catalysts, assuming that no
other reduction process occurs. These results are presented in Table 4.6. As shown
in the table, the three catalysts presented a CuO content very close to the theoretical
CuO content of the catalysts, which means that the CuO loading during the catalyst
synthesis was correct.

167°C

154°C

TCD Signal (A.U.)

100 110 120 130 140 150 160 170 180 190 200 210 220 230 240
Temperature °C

CuO 33-0h Cu0 33-17h CuO 50-0h

Figure 4.7 H2-TPR profiles of the CuO 33-0h, CuO 33-17h and CuO 50-0h catalysts.

From the analysis of different sources [33]-[36], a low temperature reduction peak
may correspond to the reduction of surface dispersed CuO or small CuO particles
while a high temperature reduction peak may correspond to the reduction of bulk CuO
or to the reduction of bigger CuO particles. The presence of different peak shapes or
differences in the reduction profiles obtained can indicate the presence of different
size distribution of reducible CuO species.
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Table 4.6 H2-TPR quantitative results of the CuO 33-0h, CuO 33-17h and CuO 50-0h catalysts.

CuO 33-0h 4.35 4.19 1.04 34.6
CuO 33-17h 4.16 4.19 0.99 33.1
CuO 50-0h 6.21 6.29 0.99 49.4

The catalysts CuO 33-Oh and CuO 33-17h presented different reduction profiles
despite having very similar Cu content. The reduction profiles of the two catalysts
presented different shapes and reduction peaks, which indicate the reduction of
copper oxide particles of different sizes and possibly surface dispersed as well as bulk
copper oxide. The catalyst CuO 33-Oh presented a maximum peak temperature of
154°C while the catalyst CuO 33-17h presented a peak shoulder at 154°C and a peak
maximum at 167°C. Therefore, the catalyst CuO 33-Oh presented an easier
reducibility, indicating the presence of smaller CuO particles that facilitate the
reduction process of the CuO species. On the contrary, the higher reduction
temperatures of the CuO 33-17h catalyst may indicate a higher relative amount of
bigger CuO particles compared to the catalyst CuO 33-Oh. Different metal-support
interactions can also explain the different reducibilities of these two catalysts,
indicating that the Cu-support interactions in CuO 33-0h catalyst are more favorable,
causing a decrease in the reduction temperature of this catalyst. These interactions
may be due to the better promotion caused by ZnO and ZrO,, due to more intimate
contact of the support with the Cu nanoparticles.

Regarding the reduction profile of the catalyst CuO 50-0h, it presented a larger area,
which indicates a higher H> consumption per mass of catalyst during the analysis. This
result is consistent given that the Cu content of this catalyst is higher than that of the
other two catalysts which have CuO content of 33.3wt%. The reduction temperatures
of this catalyst also presented a shift to higher temperatures, which indicates the
presence of bigger CuO particles than catalyst CuO 33-0Oh. This can be explained by
the decreased contents of ZnO and ZrO: in this catalyst compared to the other two
catalysts. As discussed before, ZnO and ZrO> can improve the Cu dispersion and
stabilize the Cu crystallite sizes.

To analyze more in depth the resulting H>-TPR profiles, a deconvolution was done to
the reduction profiles of the 3 catalysts assuming two different peaks identified as a
and [3, corresponding to the fitted low and high temperature peaks present in each
catalyst. Figure 4.8 shows the deconvolution results of the three catalysts and Table
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4.7 shows the areas and the % of the 2 assumed reduction peaks. The deconvolutions
were done by curve fitting with a Gaussian function.
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Figure 4.8 H2>-TPR profiles deconvolution of CuO 33-0h, CuO 33-17h and CuO 50-0h catalysts.

In the case of the catalyst CuO 33-0h the main reduction peak a occurred at 154°C
and the 3 shoulder at approximately 170°C. In the case of the catalyst CuO 33-17h, it
presented an a shoulder at 154°C and the main reduction peak (3 at 167°C, while the

catalyst CuO 50-0Oh presented a main reduction peak a at 170°C and a 3 shoulder at
approximately 185°C.

When comparing the quantitative results of the deconvolution of the H2-TPR profiles
of catalysts CuO 33-0h and CuO 33-17h it can be seen that a longer aging time caused
a decrease in the amount of smaller CuO particles (i.e. at 154°C) and the increase in
the amount of bigger CuO particles (i.e. around 170°C), which makes the reduction
process of CuO more difficult. This indicates that longer aging times favor the
formation of bigger CuO particles, which can result in the loss of copper surface area.

These estimations were done by taking into account the area percentages calculated
and presented in Table 4.7
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In the case of the catalyst CuO 50-0h, there was a shift in the reduction temperatures
to higher values (i.e. 170°C and 185°C for the a and (3 peaks, respectively), which
indicates that the CuO particle size distribution of this catalyst moved to bigger particle
sizes.

To summarize, the deconvolutions of the Ho>-TPR profiles of the three catalysts show
that each catalyst has a CuO particle size distribution which shifts to bigger CuO
particle sizes with the increase of the CuO content of the catalyst. This means that the
“small particles” of the catalyst CuO 33-Oh do not have the same size of the “small
particles” present in the catalyst CuO 50-0h. In other words, this occurs due to the
displacement of the a and 3 peaks to higher temperatures when the content of CuO
is increased.

Table 4.7 Deconvolution quantitative results of the H2-TPR profiles of the CuO 33-0h, CuO 33-17h
and CuO 50-0h catalysts.

a 154 28.2 19
B 170 118.6 81
Total 146.8 100

a 154 21.5 16
B 167 114.9 84
Total 136.4 100

a 170 162.3 84
B 185 30.1 16
Total 192.4 100

The above results indicate that in the case of Cu-ZnO-ZrO: catalysts with equal
contents of CuO, ZnO and ZrO2, a zero aging time allows obtaining catalysts with
smaller CuO particles, which translates into lower reduction temperatures and an
easier reduction process. Also, a longer aging time of 17 hours or a 50% CuO content
cause the formation of bigger CuO particles which are reduced at higher temperatures,
making the reduction process more difficult.

The copper surface area, copper dispersion and copper particle sizes investigated
with the use of N2O surface reaction analysis are presented in Table 4.8. The analysis
results show that the catalyst CuO 33-0h presented a higher copper surface area than
the catalyst CuO 33-17h. This difference in copper surface area can be explained by
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the higher specific surface areas obtained when using shorter aging times (i.e. catalyst
CuO 33-0h presented a specific surface area of 109 m?/g while catalyst CuO 33-17h
presented a specific surface area of 81 m?/g). This indicates that zero aging time favor
the formation of Cu-ZnO-ZrO2 catalysts with higher specific surface areas which in
turn increases the Cu surface area because the Cu particles can be dispersed on a
larger surface. When comparing the results of the CuO 33-Oh and CuO 33-17h
catalysts it can be appreciated that the catalyst CuO 33-0h presents smaller copper
particle size (i.e. 11nm against 18nm) and higher copper dispersion (i.e. 9.4% against
5.9%), which are desirable properties for Cu-ZnO-ZrO: catalysts. Moreover, the
smaller copper particle size of the catalyst CuO 33-0h can explain the lower reduction
temperature of this catalyst, compared to the CuO 33-17h and CuO 50-0h catalysts.

Table 4.8 N20 surface reaction analysis results of the CuO 33-0h, CuO 33-17h and CuO 50-0h
catalysts.

CuO 33-0h 16.2 9.4 11 -)
CuO 33-17h 10.2 5.9 18 1.6 (11 nm)
CuO 50-0h 17.0 6.5 16 1.5 (11 nm)

! Ratio of the Cu particle size obtained by N2O surface reaction analysis to the CuO crystallite size
obtained by XRD. The values in parentheses are the CuO crystallite sizes obtained by XRD.

In the case of the catalyst CuO 50-0h, the copper surface area was a little higher than
that of catalyst CuO 33-0h. This may be due to the larger amount of Cu available for
dispersion over all the surface of the material. Despite the above, the copper
dispersion of the catalyst CuO 50-0h was lower and its particle size higher than those
of catalyst CuO 33-0Oh, which may be due to the lower relative contents of Zn and Zr
in the catalyst CuO 50-Oh. Both of these metals are known promoters of the Cu
species in this type of catalysts improving the copper surface area and dispersion, as
well as stabilizing the copper species [31].

Table 4.8 also shows the ratio of the Cu particle sizes obtained by N>O surface
reaction to the crystallite sizes of CuO obtained by XRD. The results show that the Cu
particles are composed by approximately 1.6 and 1.5 CuO crystallites in the case of
the CuO 33-17h and CuO 50-0h catalysts, respectively. This ratio wasn’t calculated
for catalyst CuO 33-Oh because the low crystallization of the sample didn’t allow to
calculate the crystallite size from the X-ray diffractogram.
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4.2.2. Catalytic tests results

The results of the catalytic tests are presented in Figure 4.9 and Table 4.9. The H>
conversions obtained for the catalysts CuO 33-Oh and CuO 33-17h presented an
increasing tendency which attained a maximum value and then decreased slightly.
The maximum Hz conversion values occurred at 260°C (i.e. 13.9%) and at 280°C (i.e.
14.3%) for the catalysts CuO 33-0h and CuO 33-17h, respectively. The Hz conversion
of the CuO 50-0h catalyst presented an increasing trend with increasing temperature
and didn’t show a decrease in the temperature range of the catalytic tests.
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Figure 4.9 Catalytic performance of the catalysts under study. (a) Hz conversion, (b) CO2 conversion,
(c) methanol selectivity and (d) methanol productivity. P: 50 bar, GHSV: 24000Nml h™' g*, molar ratio
H2/CO2: 3.9.

The fact that the H2 and CO:2 conversions exceed the thermodynamic limits shown in
Figures 4.9a and 4.9b can be explained by the occurrence of temperature differences
between the catalytic bed and the heating system of the reactor due to a normal heat
transfer process. Also, the thermodynamic limits calculations, which were done by
minimization of the Gibbs free energy may also give values that deviate to some extent
from the real ones. This applies to the catalytic tests results presented in all the
sections of this thesis.

Regarding the CO: conversions, they showed an increasing tendency with increasing
temperature for all the catalysts under study. This can be explained by the increasing
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production of carbon monoxide via the RWGS reaction, which is endothermic and
therefore favored at higher temperatures [8], as explained before.

In the case of the catalyst CuO 50-0h, the lower CO2 conversion can be explained in
part by the lower relative contents of ZnO and ZrO- of this catalyst compared to the
other ones. ZnO has an important effect on the stability and the catalytic activity of this
type of catalysts, by helping stabilize copper particles and acting as an active site for
the adsorption and activation of CO and CO2 [37][38]. Moreover, it is known that the
addition of ZrO2 can improve both the catalytic activity and the methanol selectivity [8].
Therefore, lowering the relative contents of both ZnO and ZrO. can have a negative
effect on the catalytic performance. The catalyst CuO 50-0Oh also presented a lower
surface basicity compared to that of catalyst CuO 33-0Oh, which may also be another
factor contributing to the lower CO2 conversion of this catalyst.

Another factor related to the catalytic activity of Cu-ZnO-ZrO. catalysts is the
crystallinity of ZrO2. Many works suggest that compounds with different crystallinity
can have different properties and catalytic activity. More specifically, the work of Tada
et al. [39] suggests that the interfacial sites in Cu supported on amorphous ZrO> give
a better methanol yield compared to Cu supported on monoclinic or tetragonal ZrO-.
As shown previously in this work, ZrO2 was present as an amorphous compound.

Table 4.9 Results of the catalytic tests of the CuO 33-0h, CuO 33-17h and CuO 50-0h catalysts. P:
50bar, GHSV: 24000Nml h™* g, molar ratio H2/CO2: 3.9.

CuO 33-0h 240 12.8 23.2 53.3 789
260 13.9 27.2 45.0 780
280 12.6 29.0 33.2 616
300 11.6 30.8 214 421
CuO 33-17h 240 12.0 19.5 51.2 629
260 141 253 44 .2 706
280 14.3 28.4 34.8 624
300 13.3 30.4 243 465
CuO 50-0h 240 8.2 11.8 67.7 508
260 10.6 17.6 57.0 640
280 12.7 23.0 514 753
300 13.8 26.5 46.1 778

The results of Figure 4.9c show the methanol selectivity of the catalysts plotted against
the CO2 conversion. As can be seen, the methanol selectivity of the 3 catalysts
decreased with increasing CO2 conversion which is caused by the increasing
conversion of the RWGS reaction at higher temperatures and consequently at higher
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CO2 conversions [8].

Regarding the methanol productivity, the catalysts CuO 33-Oh and CuO 33-17h
presented an increasing behavior until 260°C, after which the productivity presented
a sharp decrease. This behavior occurs due to the decreasing methanol selectivity of
the catalysts with increasing temperature. In the case of the methanol productivity of
the catalyst CuO 50-0h, it presented an increase until 300°C, where it seems to reach
a thermodynamic equilibrium value. This catalyst presented a higher methanol
productivity at 280-300°C compared to the other two catalysts, which can also be
correlated to the higher selectivity of this catalyst in this temperature range. However,
a decrease in the methanol productivity of the catalyst CuO 50-Oh at temperatures
above 300°C is expected as the CO2 conversion reaches the thermodynamic limit.

In addition, the catalyst CuO 33-Oh presented a high methanol productivity of 789
gerson kg h' at 240°C. This high methanol productivity is interesting given the
relatively low temperature at which it was achieved. In comparison, the highest
methanol productivity of catalyst CuO 50-Oh occurred at 300°C with a value of 778
gchsorn kg™' h''. The use of lower reaction temperatures is always preferred due to
process, economic and energy efficiency reasons. Moreover, the exposure of the solid
catalyst to lower reaction temperatures may increase its lifetime.

As shown above, the aging time and the CuO content had an effect on different
catalyst properties such as the specific surface area, the Cu surface area, the copper
particle size, the surface basicity and reducibility. In turn, these properties had an
effect on the performance of the catalysts, including the reactants conversions, the
methanol selectivity and the methanol productivity. For instance, the N2-physisorption
analysis results showed that a zero aging time allowed the synthesis of a catalyst with
a high specific surface area of 109 m?/g, which is favorable for the Cu dispersion and
can also have a positive effect on other surface properties. In addition, the higher CO2
conversion that the CuO 33-0h catalyst presented can be correlated to the higher Cu
surface area obtained and to the smaller Cu particles size of 11 nm compared to those
of the other catalysts. As discussed previously, the Cu surface area has an important
effect on the catalytic activity given the role of Cu as an active site for Hz dissociation
during the CO2 hydrogenation.

Also, the CO. adsorption properties of Cu-ZnO-ZrO2 based catalysts have an
important effect on the catalytic performance for the hydrogenation of CO to methanol
[11][40]. In fact, the catalyst CuO 33-Oh presented the highest surface basicity as
found by CO.-TPD analysis and this catalyst showed a high CO- conversion in the
temperature range investigated, along with high methanol productivity at 240 and
260°C. The results obtained with the FT-IR analysis also supported the presence of
hydroxyl weak basic sites which can participate in the reaction and contribute to the
total basicity of the catalysts.
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Another reason that can explain why the microfluidic synthesis without aging time
gives better CuO-ZnO-ZrO; catalysts, is the occurrence of more interactions between
the Cu, Zn and Zr species during the microfluidic synthesis, increasing the promoting
effects of the support. Also, the zero aging time of this type of precursors may cause
a different configuration of the metal species on the surface of the catalyst, by favoring
the proximity of the sites where the H2 and CO. chemisorption occurs. In the case of
COg, this idea is supported by the results of the CO2-TPD technique, which indicated
that the CuO 33-0h catalyst presented a higher density of basic sites per unit surface
area of the material. In the case of the adsorption of Hz, the use of the H>-TPD analysis
in future works, would allow understanding better the adsorption of H2 on the surface
of the catalyst just as in CO2-TPD, by indicating the density of sites per surface area
of material that can adsorb hydrogen, and also the strength of the adsorption sites of
this compound by determining the temperatures at which the Hz desorption occurs.

4.2.3. Catalysts stability tests

The stability of the catalysts was analyzed by monitoring the value of the CO:
conversion with respect to time for the duration of the catalytic tests. Some of the
deactivation mechanisms that can affect this type of catalysts include poisoning due
to impurities, sintering of the copper particles, coke deposition, among others [41]. A
linear fit of each of the group of data corresponding to each reaction temperature was
done to obtain the trendline indicating if there’s an increasing or a decreasing tendency
of the CO2 conversion.

As can be seen in Figures 4.10a, b and c, the catalysts presented a mild decrease
during the approximately 200 hours of reaction at temperatures between 240 and
300°C and at a pressure of 50 bar. This degradation of the catalysts can be explained
by the loss of Cu surface area due to sintering and also by the increase of the Cu
crystallite size and the agglomeration of Cu particles. Other deactivation mechanisms
concerning this type of catalysts include the aggregation of ZnO species and the
oxidation of Cu, both caused by the presence of water [41]-[43].

Most of the trendlines presented a decreasing behavior, indicating the deactivation of
the catalyst with the time of reaction. The lines showing an increasing tendency
occurring mostly at 300°C indicate the decrease in the methanol selectivity and the
increase of the production of CO, which explains the increase of the CO- conversions.
The obtained results indicate that the degradation of the catalytic activity occurs faster
at higher reaction temperatures. The work of Li et al. [44] showed that a catalyst made
up of Cu-ZnO-ZrO,-Al,O3 presented a stability of more than 100 hours, compared to
a catalyst composed of Cu-ZnO-Al203, which presented a stability of less than 100
hours. In addition, in the work of Bonura et al. [45], a catalyst composed of Cu, Zn and
Zr that was synthesized by gel oxalate coprecipitation presented a catalyst stability of
more than 200 hours. The work of Ren et al. [46] showed that a catalyst based on Cu-
Zn-Zr-Al presented a mild decrease in the CO2 conversion, methanol selectivity and
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yield after 300 hours of catalytic tests. These results found in the literature indicate
that there’s indeed a deactivation of the catalysts during the catalytic tests, around
reaction times of 100 hours. This can vary with the compositions, the reaction
conditions and the resistance of each catalyst to deactivation.
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Figure 4.10 CO2 conversion versus time on stream of the catalysts (a) CuO 33-0h, (b) CuO 33-17h,
(c) CuO 50-0h. P: 50bar, GHSV: 24000Nml h™' g™, molar ratio H2/COz: 3.9.

4.2.4. Conclusions

The effects of the aging time on the properties and catalytic performance of Cu-ZnO-
ZrO2 catalysts prepared by the microfluidic method were investigated in this work.

The results showed that the lack of aging of the catalyst precursor CuO 33-0Oh
produced a material with a considerably higher specific surface area, higher surface
basicity, higher Cu surface area and smaller Cu particle size. This catalyst also
presented a lower reduction temperature compared to the other two catalysts,
indicating the presence of smaller Cu particles that are reduced at lower temperatures.
All of these properties had a positive effect on the catalytic activity of this material. The
CuO 33-0h catalyst presented high H> and CO2 conversions as well as high methanol
productivity per mass of catalyst. Another reason explaining the high performance of
the catalyst CuO 33-Oh is the smaller distance between the sites where the
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chemisorption of CO2 occurs. This may be due to stronger interactions between the
Cu, Zn and Zr during the catalyst synthesis, causing a higher proximity between active
sites. As explained before, the CO2-TPD results support the idea of a higher density
of active sites per unit surface area. These results show that the synthesis of Cu-ZnO-
ZrO2 catalysts by coprecipitation with a microfluidic device and without an aging step
can give catalysts with desirable properties and high catalytic performance.

Regarding the stability of the catalysts, it was found that they presented a mild
deactivation during the catalytic tests, which can be explained by the sintering and
oxidation of Cu particles, and the aggregation of ZnO due to continuous exposure to
water at high temperatures. For future works, the study of the deactivation of the
catalysts by employing different analysis techniques such as X-ray photoelectron
spectroscopy (XPS) and transmission electron microscopy (TEM) would be interesting
to study the effects of the reaction conditions on the surface composition of the
catalysts, on the degree of oxidation of Cu and on the crystalline structure at a
nanometer scale.

Due to the favorable results obtained with the lack of an aging step on the properties
and the catalytic activity of the catalysts synthesized by the microfluidic method, this
technique was employed to synthesize different catalysts in the following sections of
this thesis.
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4.3. Effect of the coprecipitation temperature on
the properties and catalytic performance of Cu-
Zn0O-ZrO; catalysts

The temperature during the coprecipitation process is one of the most important
variables that influence the final properties and performance of the Cu based catalysts
for the production of methanol [47][48]. The temperature can affect the rates of
precipitation and nucleation, which have an effect on the crystals growth, the formation
of phases, the morphology and textural properties, among others [4][49][50]. In this
work, the precipitation zone was heated to 65°C in order to explore potential process
conditions that may allow the synthesis of catalysts with better properties and
performance. The properties of the catalyst CuO 50-0h-65 were compared to those of
the catalyst CuO 50-0h in order to determine the effect of the coprecipitation done at
65°C. The catalysts characterization results and discussion of this sub-chapter are
presented in the following section.

4.3.1. Catalysts characterization results and discussion

Figure 4.11 shows the diffractograms of the two catalysts investigated in this section.
These results correspond only to the catalysts after calcination because the
diffractograms of the precursors showed that both were completely amorphous.

¢ Tenorite, CuO
v Zincite, ZnO

CuO 50-0h

Intensity (A.U)

CuO 50-0h-65

10 20 30 40 50 60 70
2Theta (Degrees)

Figure 4.11 X-ray diffractograms of the CuO 50-0h-65 and the CuO 50-0h catalysts.

The phases identified in the calcined catalysts corresponded to CuO (PDF number:
72-0629) and ZnO (PDF number: 75-1526). The calculations of the crystallite sizes
were done by using Scherrer’s equation and they are shown in Table 4.10. The results
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indicate that both phases presented similar crystallite sizes and they indicate that the
use of a coprecipitation temperature of 65°C doesn’t have an important effect on the
crystalline structure of the catalysts, which presented similar diffractograms and
crystallite sizes. This is also probably due to the short duration of the heating that
occurs when using this catalyst synthesis technique, compared to other techniques
where the precursors are aged at 65°C and agitated for longer periods of time. Despite
the above, according to Schuth et al. [4] the nucleation rates are very sensitive to
temperature variations which can affect the properties of the precipitates such as
crystallite sizes, surface area and the phases that are formed. Therefore, the
differences in the temperature of coprecipitation can explain the small differences
presented in the crystallinity of the catalysts. As has already been discussed in
previous sections, no ZrO, peaks were detected in the diffractograms of the calcined
catalysts, which indicates that it is present in an amorphous state.

Table 4.10 Crystallite sizes (nm) of tenorite and zincite in the CuO 50-0h-65 and CuO 50-0h calcined

catalysts.

CuO 50-0h-65 12 13

CuO 50-0h 12 12

The TGA profiles of the two precursors investigated are presented in Figure 4.12. As
can be observed, the two catalysts presented a mass loss of approximately 22% and
very similar decomposition profiles. In fact, as evidenced by the derivatives of the
mass loss of the two catalysts, it is clear that the decomposition of the two catalyst
precursors presented two main decomposition peaks around 150 and 480°C. These
results indicate that the two materials didn’t present large differences in their
composition, as they have the same bulk composition of 50% CuO, 33% ZnO and
17% ZrO-. As already discussed in previous sections, the peak of the derivative of the
mass loss % of the precursors occurring around 150°C indicates the decomposition of
Zr-based precursor [12] and the peak between 400 and 600°C can be attributed to the
final decomposition step of the amorphous hydroxycarbonates that may be present in
the precursors [15]. Also, according to the work of L’hospital [12], the derivative of the
mass loss of a Cu-Zn hydroxycarbonate precipitate presents a decomposition peak at
466°C, which can explain the peak formed around this temperature.

129



Mass loss of the sample %

100

95

90

85

80

75

50 150 250 350

\\4/,

450 550 650

Temperature °C

CuO 50-0h-65
CuO 50-0h-65 Derivative

CuO 50-0h

- 0.25

0.2
0.15
0.1
0.05

-0.05
-0.1
-0.15
-0.2

CuO 50-0h Derivative

Derivative of the mass loss of the
sample (%/°C)

Figure 4.12 TGA results of the CuO 50-0h-65 and CuO 50-0h catalyst precursors.

The results of the N2-physisorption analysis presented in Figure 4.13 indicate that the
isotherms are of type IV and that the material is mesoporous. No significant differences
are appreciable in the adsorption-desorption isotherms of these two catalysts,
suggesting that the textural properties of these catalysts are very similar.
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Figure 4.13 N2-physisorption isotherms of the CuO 50-0h-65 and CuO 50-0h catalysts.

The quantitative results of the N2-physisorption analysis are presented in Table 4.11.
These results show that the specific surface area of the catalyst CuO 50-0h-65
presented a small increase, while its pore volume and pore sizes decreased slightly
with respect to the CuO 50-Oh catalyst. These findings also demonstrate that the
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heating of the precipitation zone and the reactants to 65°C during the coprecipitation
process doesn’t have an important effect on the textural properties of the catalysts.

Table 4.11 N2-Physisorption specific surface area, pore volume and pore size of the CuO 50-0h-65
and CuO 50-0h catalysts.

CuO 50-0h-65 74 0.34 20

CuO 50-0h 70 0.38 28

The results of the H2-TPR analysis show that there were some slight differences in the
reducibility of copper oxide species of the two catalysts under study. As can be seen
in Figure 4.14, the reduction profiles are similar in terms of the reduction temperatures.
Both catalysts presented a peak reduction temperature close to 170°C, while the CuO
50-0h catalyst presented a small shoulder at a temperature of 180°C. The presence
of this shoulder may be due to a higher relative amount of bigger CuO particles in the
catalyst. The quantitative results of this analysis presented in Table 4.12 showed that
the sample CuO 50-0h-65 had a deviation from the intended CuO content. This can
be due to the reduction of hydroxycarbonate species remaining after calcination [24].
Nevertheless, the value remained close to the theoretical value of 50% CuO. These
results indicate that the reducibility of both catalysts was very similar, suggesting that
the CuO particle size distribution was also similar.

169°C

TCD Signal (A.U.)

120 130 140 150 160 170 180 190 200 210 220
Temperature °C

——Cu0 50-0h ——CuO 50-0h-65

Figure 4.14 H>-TPR profiles of the CuO 50-0h-65 and CuO 50-0h catalysts.
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Table 4.12 H2-TPR quantitative results of the CuO 50-0h-65 and CuO 50-0h catalysts.

CuO 50-0h-65 6.8 6.29 1.08 53.9

CuO 50-0h 6.2 6.29 0.99 49.3

The results of the N2O surface reaction analysis are presented in Table 4.13. These
results indicate that the values of the copper surface area and copper dispersion
decreased for the catalyst CuO 50-0h-65 while its copper particle size increased. The
differences in these properties indicate that the coprecipitation temperature has an
effect on the Cu surface area, dispersion and Cu particles size. This can be explained
by higher nucleation rates during the synthesis process of the catalyst CuO 50-0h-65
due to the higher coprecipitation temperature, causing an increase in the size of the
Cu particles, as evidenced in the Cu particle size results presented in Table 4.13.

Table 4.13 N20 surface reaction results of the CuO 50-0h-65 and CuO 50-0h catalysts.

CuO 50-0h-65 14.2 5.5 19.0 1.6 (12 nm)

CuO 50-0h 17.0 6.5 16.0 1.3 (12 nm)
2Ratio of the Cu particle size obtained by N2O surface reaction analysis to the CuO crystallite size
obtained by XRD. The values in parentheses are the CuO crystallite sizes obtained by XRD.

The ratio of the Cu particle sizes obtained by N2O surface reaction to the crystallite
sizes obtained by XRD for the two catalysts investigated are presented in Table 4.13.
The results show that the Cu particles are composed by approximately 1.6 and 1.3
CuO crystallites in the case of the CuO 50-0h-65 and the CuO 50-Oh catalysts,
respectively. This is due to the higher nucleation rates occurring during the synthesis
of the catalyst CuO 50-0h-65, which favor the formation of larger Cu particles, given
that the CuO crystallite sizes determined by XRD of both catalysts were the same.

4.3.2. Catalytic tests results

Figure 4.15 and Table 4.14 show the results of the catalytic tests of the CuO 50-Oh-
65 and the CuO 50-0h catalysts. As observed, the catalyst CuO 50-0h-65 presented
better H> and CO:2 conversions compared to the CuO 50-Oh catalyst. The reason
behind the increase in the reactants conversion of the CuO 50-0h-65 catalyst may be
the increase in the precipitation and nucleation kinetics during the catalyst synthesis
step, despite the fact that the characterization results didn't show any important
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differences in the properties of the two catalysts, except for the decrease of Cu surface
area, dispersion and increase of the Cu particle size.

The results of the methanol productivity show that the catalyst CuO 50-0h-65
presented a maximum at 260°C with a productivity of 780 g of CHzOH kg™ h™', while
the CuO 50-0h catalyst presented a productivity of 778 g of CH3OH kg h' at a
temperature of 300°C. These results show that the catalyst CuO 50-0h-65 is better in
terms of methanol productivity due to the higher production of methanol at a
considerably lower temperature. Also, the methanol productivity of the catalyst CuO
50-0h-65 presented a decrease above 260°C which may be due to this catalyst
approaching the thermodynamic limitations.
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Figure 4.15 Catalytic performance of the CuO 50-0h-65 and CuO 50-0h catalysts. (a) H2 conversion,
(b) CO2 conversion, (c) methanol selectivity and (d) methanol productivity. P: 50bar, GHSV:
24000Nml h™' g', molar ratio H2/COz: 3.9.

The methanol productivity per unit of Cu surface area of the two investigated catalysts
is presented in Figure 4.16. According to these results, the higher productivity of the
catalyst CuO 50-0h-65 can be explained by the higher intrinsic activity of the Cu sites
of this catalyst which may be due to the increased promotion effects of ZnO and ZrO:
on the Cu nanoparticles, due to the higher precipitation and nucleation kinetics of the
Cu, Zn and Zr metal species during the synthesis of this catalyst. This suggests the
occurrence of stronger interactions between the 3 metal species of this catalyst during
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the coprecipitation reaction at 65°C, causing an increase of the promoting effects of
the support.
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Figure 4.16 Methanol productivity in grams per m? of Cu surface area per hour, of the catalysts CuO
50-0h-65 and CuO 50-0h.

Table 4.14 Results of the catalytic tests of the CuO 50-0h-65 and CuO 50-0h catalysts. P: 50bar,
GHSV: 24000Nml h™' g', molar ratio H2/COz2: 3.9.

CuO 50-0h- 240 10.5 18.6 55.4 661
65 260 13.0 24.5 49.8 780
280 13.6 28.0 42.5 762
300 13.2 27.8 27.0 479
CuO 50-0h 240 8.2 11.8 67.7 509
260 10.6 17.6 57.0 640
280 12.7 23.0 51.4 754
300 13.8 26.5 46.1 779
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4.3.3. Catalytic performance of different catalysts available in the literature

The catalytic tests results of different catalysts reported in the literature are presented
in Table 4.15 along with some of the catalysts synthesized in this work. This served
as a comparison of the catalysts of this work with other catalysts available in the
literature.

Table 4.15 Catalytic performance of different catalysts for the production of methanol available in the

literature.
Catalyst Synthesis H2:CO. | Pressure | CO; Methanol Methanol GHSV | Ref.
composition | method mole , bar Conversion % selectivity % productivity
ratio
35% CuO Coprecipitation 3:1 30 220°C -10.1% 220°C -57.9% | 220°C-170 | 8800 | [51]
34.3% ZnO — Commercial 240°C - 16.9% 240°C — 43.4% | 240°C-210 | cm®
30.7% Al,O3 | catalyst. 260°C - 20.8% 260°C — 34.3% | 260°C — 205 | Qeat™
wt% g MeOH h-
kgcat-1 h-1
37.5% CuO Coprecipitation 3:1 30 220°C -9.1% 220°C-70.7% | 220°C -185 | 8800 | [51]
38.4% ZnO — hydrotalcite 240°C - 13.1% 240°C - 51.7% | 240°C-195 | cm®
24.1% Al,Os | derived catalyst. 260°C - 18.7% 260°C — 37.6% | 260°C — 205 | Qeat™
wt% g MeOH h-
k cat-1 h-1
Catalyst Synthesis H2:CO. | Pressure | CO; Methanol Methanol GHSV | Ref.
composition | method mole , bar Conversion % selectivity % productivity
ratio
36.4% Cu Coprecipitation. | 3:1 20 200°C - 3% 200°C - 72% 200°C -115 | 15600 | [52]
27.2% Zn 220°C - 7% 220°C —53% 220°C - 170 | cm?®
36.3% Zr 240°C —13% 240°C — 32% 240°C — 190 | Qgeat"
wit% 260°C — 18% 260°C — 15% 260°C — 120 | h"
280°C —24% 280°C - 60
g MeOH
kgcat-1 h-1
35% Cu Coprecipitation 3:1 20 200°C - 4.5% 200°C - 76% 200°C -170 | 15600 | [52]
26.8% Zn + addition of 220°C - 8.5% 220°C - 57% 220°C - 260 | cm?®
36.7% Zr graphene oxide. 240°C - 15% 240°C - 35% 240°C - 270 | Qeat™
1.4% GO 260°C —21% 260°C —23% 260°C —240 | h
wit% 280°C —23% 280°C — 8% 280°C - 100
g MeOH
k cat-1 h-1
Catalyst Synthesis H2:CO. | Pressure | CO; Methanol Methanol GHSV | Ref.
composition | method mole , bar Conversion % selectivity % productivity
ratio
35% CuO Coprecipitation H2:CO 50 CO conversion 250°C -99.3% | - 4000 | [53]
34.3% ZnO with a micro- mole % cm®
30.7% Al,O3 | impinging ratio 250°C — 33.7% Jeat!
wt% stream reactor. 2:1 h
59.2% Cu Coprecipitation Ho/N2/C | 50 - 250°C - 98.1% | 250°C — 24000 | [54]
4.5% Zn in a microfluidic | O/CO/ 701.6 cm?
5.2% Al reactor. Ar g MeOH Jeat!
wt% 34:15 Kgeat™! ! h-
:15:0
1 36
and
34:15
1141
: 36
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ZnO Coprecipitation 3:1 30 320°C - 9.2% 320°C - 93.1% | 320°C — 350 | 12000 | [55]

ZrO, in a microfluidic g MeOH cm?®

Molar ratio reactor. Kgcat ! h' Joat™!

Zn/Zr: 0.14 h

12.1% Cu Coprecipitation 3:1 30 240°C - 4.67% 240°C - 55.6% | 240°C — 30000 | [56]

Ce with oxalic acid 22249 cm®

Zr in a microfluidic MeOH kgcat! | Geat

wt% reactor. h- h-
-~ Catalystsofthiswork = |

Catalyst Synthesis H2:CO; | Pressure | CO; Methanol Methanol GHSV | Ref.

composition | method mole , bar Conversion % selectivity % productivity

ratio

CuO 33.3% Coprecipitation | 3.9:1 50 240°C -8.2 240°C -61.3 240°C - 319 | 12375 | This

Zn0O 33.3% with a 260°C — 14.3 260°C —49.3 260°C —448 | h' work.

ZrO3 33.3% microfluidic 280°C - 19.9 280°C - 39.9 280°C - 505 | 24000

wit% reactor. 300°C — 25.6 300°C - 35.5 300°C — 580 | Ncm®

Catalyst: g MeOH Jeat!

Microfluidic. Kgeat ! h! h'

CuO 33.3% Coprecipitation | 3.9:1 50 240°C - 23.2 240°C - 53.3 240°C —-789 | 16479 | This

Zn0O 33.3% with a 260°C —27.2 260°C —45.0 260°C —780 | h work.

ZrO3 33.3% microfluidic 280°C - 29.0 280°C - 33.2 280°C - 616 | 24000

wit% reactor. No 300°C - 30.8 300°C -21.4 300°C —421 | Ncm®

Catalyst: aging. g MeOH Jeat !

CuO 33-0h. Kgcat! ! h

CuO 33.3% Coprecipitation | 3.9:1 50 240°C -19.5 240°C -51.2 240°C —-629 | 17239 | This

Zn0 33.3% with a 260°C —25.3 260°C —44.2 260°C —706 | h work.

ZrO3 33.3% microfluidic 280°C - 284 280°C —34.8 280°C — 624 | 24000

wit% reactor. 300°C - 30.4 300°C —24.3 300°C —465 | Ncm®

Catalyst: g MeOH Jeat”!

CuO 33-17h. Kgeat! ! h

CuO 50% Coprecipitation | 3.9:1 50 240°C-11.8 240°C - 67.7 240°C - 508 | 13943 | This

Zn0 33% with a 260°C - 17.6 260°C - 57.0 260°C —640 | h work.

ZrO2 17% microfluidic 280°C - 23.0 280°C-51.4 280°C - 753 | 24000

wit% reactor. No 300°C - 26.5 300°C - 46.1 300°C — 778 | Ncm®

Catalyst: aging. g MeOH Jeat !

CuO 50-0h. Kgeat! ! h

Frusteri et al. [51] prepared a Cu-ZnO-Al2O3 catalyst and tested its catalytic
performance along with a commercial catalyst and obtained a methanol productivity
of 205 g MeOH kgcat! h™' at 260°C with both catalysts. These productivity values are
below the methanol productivity values obtained with the catalysts of the present work,
which points out the necessity of replacing Al2O3 by other supports, such as ZrO2 when
using a CO: rich feedstock for the hydrogenation of CO, to methanol. Moreover, it's
important to mention that the conditions of their catalytic tests differed from those of
this work, which can have an important effect on the catalytic performance.

Tofighi et al. [54] synthesized a Cu-ZnO-Al203 catalyst by the microfluidic method for
the production of methanol from synthesis gas and obtained a methanol productivity
of 701.6 g MeOH kgcat' h™' at 250°C. The GHSV they employed (i.e. 24000 cm?® geat™
h'') was the same as those of the catalysts of this work along with the reaction
pressure (i.e. 50 bar). The only different parameters were the composition of the
catalyst and the composition of the feed gas. Despite the above, the methanol
productivity that they obtained was close to the productivity of some of the catalysts
prepared in this work, which supports the higher catalytic activity of catalysts
synthesized by the microfluidic method.
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Witoon et al. [52] synthesized a catalyst composed of Cu-ZnO-ZrO, and obtained a
methanol productivity of 190 g MeOH kgeat' h™' at 240°C. This methanol productivity
was lower than the methanol productivities obtained in the present work. However, the
H2:CO- ratio and the reaction pressure that they employed were much lower than
those of this work, which can explain the lower catalytic performance of their catalyst.
The synthesis of the catalysts by batch reverse coprecipitation may also be a reason
explaining the lower methanol productivity of the catalysts that they synthesized.

The works of X. Wang and Y. Wang et al. [55], [56] dealt with the synthesis of a ZnO-
ZrO2 and a Cu-Ce02-ZrO. catalysts, respectively, by coprecipitation using a
microfluidic device. The results of the catalytic tests of the ZnO-ZrO- catalyst showed
a methanol productivity of 350 g MeOH kgear! h™', which is close to the productivity
results of the catalyst “Microfluidic” of this work. These results are interesting because
this catalyst didn’t present Cu in its composition. On the other hand, the Cu-CeO:-
ZrO; catalyst presented a productivity of 222.4 g MeOH kgear! h™', which is lower than
that of the catalysts of this work.

Lastly, the methanol productivity at 240°C of the CuO 33-0h catalyst of this work was
789 g MeOH kgear! h™', which is higher than the productivity of all of the reviewed
catalysts including the catalyst of Tofighi et al., [54] which presented a comparable
methanol productivity with a value of 701.6 g MeOH kgcat' h™' at 250°C. The use of the
microfluidic method for the synthesis of the catalysts is a contributing factor explaining
the better catalytic performance obtained in this work, compared to other catalysts
prepared by other methods. However, as explained before the higher methanol
productivities can also be explained by the use of a higher H2:CO: ratio, a higher
reaction pressure and a different GHSV. Figure 4.17 shows the methanol
productivities plotted as a function of the CO2 conversion at 240°C for the catalysts
investigated in the literature and some of the catalysts of this work. From this figure it
is clear that most of the catalysts synthesized in this work present higher methanol
productivity values at higher CO2 conversions.

137



(o]
o
o

=
X 800
5 [ )
[o14]
=< 700
S~
T
O 600 ®
s
80 500 ()
>
=
.2 400
pras)
(@]
>
g 300
| -
o
© 200 [ )
[
o
<
=100
>

0

0 5 10 15 20 25

CO, Conversion %
@51 @51 ®52 ®52 @56 @Microfluidic @CuO 33-0h @CuO 33-17h @CuO 50-0h

Figure 4.17 Methanol productivity vs. CO2 conversion % at 240°C for some of the catalysts included in
Table 4.15. Each number corresponds to the reference of the work.

It can be concluded that the catalysts synthesized in this work present conversions
and methanol productivities similar or above some of the catalysts available in the
literature. This could be explained by the use of the microfluidic technique, which
produced catalysts with higher catalytic activity. Also, the employed conditions of the
catalytic tests can have an effect on the catalytic performance.

4.3.4. Conclusions

The effects of the coprecipitation temperature on the properties and catalytic activity
of Cu-ZnO-ZrO; catalysts prepared by the microfluidic method were investigated in
this section.

The results showed that the use of higher coprecipitation temperatures (i.e. 65°C)
during the catalyst synthesis didn’t have considerable effects on the crystalline
structure, the thermal decomposition, the textural properties and the reducibility of the
catalysts. However, the CuO 50-0h-65 catalyst presented a decrease in the Cu surface
area and the Cu dispersion, and an increase in the Cu particle size. This behavior may
be due to the increased nucleation rates of the coprecipitation carried out at 65°C,
causing a growth of the size of the Cu-containing species in the precursors and
consequently in a growth of the Cu particles in the calcined catalysts. Despite the
above, the CuO 50-0h-65 catalyst presented higher H> and CO- conversions, as well
as higher methanol productivity, which can be explained by a higher intrinsic activity
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of the Cu nanoparticles occurring due to stronger interactions between the metal
species. For future works, the study of coprecipitation temperatures higher than 65°C
could be interesting to see if it can produce catalysts with higher intrinsic activity.

In the next chapter, the effects of the catalyst’s composition, including different CuO
contents, the promotion with CeO> and the use of In.O3 as a promoter and as active
metal will be investigated. Some of these catalysts were synthesized with a
coprecipitation temperature of 65°C and without aging, in order to explore the effects
of these synthesis conditions on catalysts with different compositions.
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Chapter 5 Study of the composition of Cu based
catalysts synthesized by the microfluidic method
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5.1. Introduction

In this chapter, the effect of different catalyst compositions was investigated by varying
the CuO content and by adding CeO: or In203 to the CuO-ZnO-ZrO, catalysts. A
catalyst without copper with the composition In203-ZnO-ZrO2 was also investigated for
comparison. The chapter is constructed in several sub-chapters in order to evaluate
three different effects:

e Effect of the CuO content on CuO-ZnO-ZrO- catalysts prepared by the microfluidic
method

Three catalysts named 40% CuO (theoretical mass composition 40wt% CuO, 39.6wt%
Zn0O and 20.4wt% ZrOz2,) 50% CuO (theoretical mass composition 50wt% CuO, 33wt%
Zn0O and 17wt% ZrO2) and 60% CuO (theoretical mass composition 60wt% CuO,
26.4wt% ZnO and 13.6wt% ZrO2) with different mass compositions as their name
indicates and with different ZnO/CuO and ZrO,/CuO ratios were synthesized by the
microfluidic continuous coprecipitation method as presented in Chapter 2, section 2.2,
and characterized by a number of analysis techniques. The catalytic activity of the
catalysts in the CO>2 hydrogenation to methanol was evaluated.

o Effect of the addition of CeO2 to CuO-ZnO-ZrO, catalysts prepared by the
microfluidic method

Two CuO-ZnO-ZrO, catalysts containing CeO2 as a promoter were prepared,
characterized and their catalytic performance was determined. The composition of
these two catalysts was the same, and the catalyst synthesis method used was the
microfluidic synthesis with immediate filtration. For one of these two catalysts, the
precipitation zone was heated to 65°C to investigate the effect of a higher precipitation
temperature on the properties and performance of the catalyst. The mass
compositions of the two CeO2 containing catalysts were 50% CuO, 33% ZnO, 6.8%
ZrO2 and 10.2% CeO.. These catalysts were named CuO 50 CeO2 10-Oh and CuO
50 CeO: 10-0h-65, where the first one was prepared without heating of the
precipitation zone to 65°C and the second one was prepared with it. The 50 and 10
numbers indicate the mass CuO % and the CeO2 % of the catalysts, respectively. The
characterization results were compared to those of a catalyst synthesized by the
microfluidic synthesis with immediate filtration composed only of Cu-ZnO-ZrOzin order
to study the effects of the addition of CeOs.

The catalysts of this section were synthesized by the microfluidic synthesis with

immediate filtration, one with heating of the precipitation zone and another one without
it as presented in Chapter 2, section 2.2.
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e Effect of the addition of InoO3z to Cu-ZnO-ZrO. catalysts prepared by the
microfluidic method

This work presents the investigation of two catalysts containing In203 with different
compositions applied to the production of methanol from the hydrogenation of COs..
The two indium containing catalysts investigated in this work were named CuZnZrin
and ZnZrln and their nominal mass compositions were 40% CuO, 33.3% Zn0, 16.6%
ZrO2and 10% In203 for the CuZnZrin catalyst and 60% ZnO, 30% ZrO2and 10% In203
for the ZnZrIn catalyst. These compositions were selected to study the use of In2O3 as
a promoter in the copper containing catalyst CuZnZrln and to study its use as the main
active metal in the ZnZrIn catalyst.

The catalysts of this section were synthesized by the microfluidic synthesis with
immediate filtration and with heating of the precipitation zone to 65°C, as presented in
Chapter 2, section 2.2.

At the end of this subchapter, a review of the catalytic activity of different catalysts

containing In203 available in the literature was done in order to compare their catalytic
performance with that of the catalysts of this work.
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5.2. Effect of the CuO content on Cu-ZnO-ZrO;
catalysts prepared by the microfluidic method

The CuO-Zn0O-ZrO; catalysts have attracted increasing attention since decades ago
due to their suitability for the CO2 hydrogenation to methanol reaction. Since then,
catalysts prepared by different methods and with different compositions have been
studied [1]. Different works [1]-[3], indicate that the composition of CuO-ZnO-ZrO2
catalysts has an important effect on different properties of the catalyst, such as the
specific and the copper surface areas, the surface basicity, the reducibility of the
catalysts and also on the catalytic performance.

The synthesis of CuO-ZnO-ZrO, catalysts with different CuO contents and with
different ZnO/CuO and ZrO2/CuO ratios by the microfluidic method hasn’t been
explored before. Therefore, a study addressing the effect of the composition of Cu-
Zn0O-ZrO- catalysts on the properties and performance of catalysts synthesized by this
technique would help optimize this catalyst synthesis approach for the production of
better catalysts for the hydrogenation of CO- to methanol.

5.2.1. Catalysts characterization results and discussion

The XRD results of the precursors after the drying step and before the calcination step
are presented on the left side of Figure 5.1 and the XRD diffractograms of the calcined
catalysts are presented on the right side of the same Figure. It can be noticed that all
the precursors developed a crystalline fraction with different phases identified as
aurichalcite Zn3Cu2(OH)s(CO3)2 (PDF number: 82-1253), hydrozincite Zns(CO3)2(OH)e
(PDF number: 72-1100) and malachite Cuz(OH).CO3z (PDF number: 41-1390).
However, the precursor 40% CuO was the only one that didn’t develop the malachite
phase, which suggests that malachite could be formed preferentially at higher CuO
concentrations in the CuZnZr material, in this case, for the catalysts with 50% CuO
and 60% CuO. On the diffractograms of the mentioned precursors there were no Zr
containing species identified, which indicates that Zr was present in an amorphous
state, as indicated in the previous sections of this work. The crystallite sizes of the
detected phases calculated using Scherrer’s equation are presented in Table 5.1. As
can be observed, the crystallite sizes were similar for all the catalyst precursors, with
crystallite sizes between 8 and 9 nm for both aurichalcite and hydrozincite in the three
investigated catalysts and crystallite sizes between 16 and 17 nm for malachite in the
50% CuO and 60% CuO catalysts, respectively. The 2Theta values used to calculate
crystallite sizes were 13° for both aurichalcite and hydrozincite (hkl: 200 for both
phases) and 24.3° for malachite (hkl: 220).

As discussed before, the occurrence of the background in the diffractograms of the
precursors is an indication of the presence of amorphous compounds. In this case, it
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can be associated with the presence of hydroxycarbonates that didn’t crystallize such
as georgeite, which is the amorphous form of malachite [4] and also the Zr-containing

amorphous species.
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Figure 5.1 X-ray diffractograms of catalyst precursors on the left side and their respective calcined

catalysts on the right side.

Table 5.1 Crystallite sizes (nm) of the phases present in the catalyst precursors and in the catalysts
after calcination calculated with Scherrer’s equation.

40% CuO 8 - 8 11 11 49.7
50% CuO 9 16 9 11 11 50.5
60% CuO 8 17 8 12 11 36.4

After calcination, the three samples developed CuO (PDF number: 72-0629) and ZnO
(PDF number: 75-1526) crystalline phases, as shown in the X-ray diffractograms
presented on the right side of Figure 5.1. As expected, Zr species were not detected
due to its amorphous state [1], [5]-[7].

A good intergrowth of the CuO and ZnO phases was observed close to the 2 Theta
value of 35° [8], where CuO and ZnO present important XRD peaks. This intergrowth
of the two metal oxides loses intensity as the CuO content of the catalyst increases,
which is logical because an increase in the content of CuO of the catalyst is
accompanied by a reduction in the relative contents of ZnO causing a reduction in the
interactions between these two metallic elements of the catalysts. For example, it can
be seen that the ZnO peak at a 2Theta value of 32° loses intensity as the CuO % is
increased. The crystallite sizes calculated by Scherrer’s equation show similar results
for CuO and ZnO in all the samples (Table 5.1). The 2Theta values used to calculate
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the crystallite sizes were 38.7° for CuO (hkl: 111) and 32° for ZnO (hkl: 100). The CuO
and ZnO crystallite sizes of the three catalysts of this work didn’t present large
differences. The only meaningful differences were seen in the precursors, where the
presence of malachite was observed in only two of the three precursors. In addition,
Table 5.1 shows that the catalysts 40% CuO and 50% CuO presented crystallinities
of 49.7% and 50.5%, respectively, while the crystallinity of the catalyst 60% CuO
decreased importantly to a value of 36.4% (Table 5.1). The lower content of ZnO of
the 60% CuO catalyst may contribute to a decrease in the crystallinity degree, given
that typically the ZnO phase develops a crystalline structure. It is also possible that
the high concentration of CuO in the 60% CuO catalyst inhibited the crystallization of
Zn0O, causing a lower crystallinity degree of this catalyst.

TGA was employed to study the thermal decomposition of the catalyst precursors to
help identify compounds or species present in a material with the help of data available
in the literature. The total mass losses of the samples 40, 50 and 60% CuO were 22%,
23% and 22% respectively. The TGA results also indicate that a complete
decomposition of the precursors takes place approximately above 500°C, after which
no significant mass loss can be seen in the decomposition profiles. Despite the
similarity in mass loss % of the three precursors, the samples presented different
decomposition profiles as evidenced by the derivative peaks shown in Figure 5.2,
indicating the presence of different species in the precursors.
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Figure 5.2 TGA profiles of the catalyst precursors with 40, 50 and 60 mass % CuO content.

In the work of L’hospital [9], the main decomposition temperatures of the single, binary
and ternary Cu, Zn and Zr metal precursors were determined by TGA and they can be
used as a reference to identify the phases or species that decompose during this
analysis. This information is presented in Table 5.2 and it provides a reference of the
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decomposition temperatures obtained by using TGA on the different metal precursors
of Cu, Zn and Zr.

Table 5.2 TGA decomposition temperatures of different species determined by L’hospital [9].

Single metal precursors

Cu Between 324 and 332°C
Zn Around 237°C
Zr Around 148°C
Binary metal precursors
Cu-Zn Between 280-300°C and around 466°C
Cu-Zr Between 147-159°C and 320-340°C
Zn-Zr Around 157°C and 237°C
Ternary metal precursor
Cu-Zn-Zr Around 161°C, 316°C, 368°C, 409°C and
492°C

The precursor 40% CuO presented four different peaks around 148, 231, 290 and 472
°C on the TGA derivative profile (Figure 5.2). The peak found at 148°C can be
associated to the decomposition of the Zr single precursor, which could correspond to
Zr carbonate, Zr hydroxide or zirconium hydroxycarbonate. The peak at 231°C can be
associated to the single Zn precursor decomposition or hydrozincite as identified by
XRD [10]. The hydrozincite phase decomposes between 155°C and 340°C [10]. As
shown in Table 5.2, the binary Cu-Zn precursor presents 2 main decomposition
temperatures around 290°C and around 466°C, which matches 2 of the peaks present
in this sample. This is in agreement with the presence of aurichalcite detected by XRD,
which contains both Cu and Zn [11][12].

Regarding the precursor 50% CuO, its TGA derivative profile presented many different
peaks indicating the decomposition of different species at 143, 220, 300, 360, 420 and
480°C. Some agreement can be seen between the peaks of this precursor and the
decomposition temperatures presented in the work of L’hospital [9] and in other
references [10][11]. As mentioned before, the decomposition of the Zr precursor can
be attributed to the peak at 143 °C present in the sample. According to the data above,
the decomposition of the single Zn precursor occurs around 237°C. This is in
agreement with the presence of the hydrozincite phase and the decomposition peaks
identified around this temperature. Moreover, the decomposition of the Cu-Zn binary
precursor aurichalcite occurs between 280 and 300°C and at 460°C, which matches
some of the peaks present in this precursor. The peaks present at 250 and 350°C can
also be linked to the thermal decomposition of malachite [13].

Lastly, different peaks were identified around 155, 358, 437 and 478 °C in the

precursors’ 60% CuO TGA derivative profile. Again, the peak at 155°C can be
associated to the decomposition of the Zr single precursor as well as with the binary
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Cu-Zr and Zn-Zr metal precursors. The peak at 358°C can be associated to the
decomposition of malachite [13] and the peaks occurring above 400°C can be
associated to the decomposition of the Cu-Zn precursor (i.e. aurichalcite) [9]. The
decomposition of the anion-modified oxides can also explain the decomposition
occurring around 500°C as stated before in Chapter 4 citing the work of Yurieva et al.
[14]. Also, the peak present between 450°C and 500°C was weaker in the catalyst
60% CuO, which could be an indication of the lower crystallization of this species, as
found in the XRD characterization results.

Furthermore, other research works [10]-[12], [15], [16] provide a reference about the
decomposition process of this type of catalysts. Below 200°C it is reasonable to say
that water that makes part of the components as well as moisture and adsorbed water
are removed from the catalysts [12], [16]. In the research works [10]-[12], [15] it is
indicated that aurichalcite decomposes at temperatures between 100°C and 350°C,
releasing carbon dioxide and water in the process, while the decomposition
temperature of hydrozincite occurs around 245°C. In addition, malachite decomposes
at temperatures between 327°C and 380°C which causes the production of carbon
dioxide and water [15][17]. Such process can be represented by the following chemical
equation [15]:
Equation 5.1 Thermal decomposition of malachite.

Cu,(C05)(OH), - 2Cu0 + CO, + H,0

As can be seen in the TGA profiles, increasing CuO contents caused the formation of
decomposition peaks around 350°C. This peak is associated to the presence of
malachite and was only present in the catalysts 50% CuO and 60% CuO, which is in
agreement with the phase identification done by XRD. The TGA analysis allowed the
identification of the crystalline phases aurichalcite, hydrozincite and malachite in the
catalysts, confirming the results obtained with the XRD analysis. It can be seen that
between 450°C and 500°C there’s a reduction in the intensity of the peaks with
increasing CuO content, indicating a decrease in the interactions between Cu and Zn
that occur in the aurichalcite phase. From the above results it is clear that the increase
of the CuO content has an effect on the formation of phases, the interactions between
components and on the composition of the precursors, affecting their thermal
decomposition profiles.

Figures 5.3a, b and c show the results of the FT-IR analysis of the catalyst precursors,
of the calcined catalysts and the identification of functional groups characteristic of
different crystalline phases in the precursors, respectively.

According to the literature [18]-[20], the presence of peaks between 3550-3200 cm™"
are characteristic of O-H stretching, which indicates the presence of hydroxy functional
groups which are present in the hydroxycarbonates produced during the
coprecipitation step. The three analyzed precursors presented noticeable peaks
between 3550-3200 cm™' while the calcined catalysts presented much weaker peaks
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between the same interval, which indicates the decomposition of the majority of the
hydroxycarbonates and hydroxy groups after calcination. Other references [8], [19],
[20] indicate that the characteristic peaks of carbonates appear around 1515, 1428
and 1390 cm™' which are due to asymmetric C—O stretching, and also an out of plane
OCO bending mode at 820 cm™', and an asymmetric OCO bending mode at 742 cmr
1. In addition, the presence of peaks at 1380 and 833 cm™' are characteristic of NO3z"
vibrations [8]. NO3™ groups are present during the coprecipitation step as the metal
precursors used for the synthesis are nitrates, as explained before. Also, in the
literature review it was shown that some compounds present during the coprecipitation
reactions can have NOz™ groups in their composition. Similarly to what happened to
the hydroxy functional groups, the peaks between 1600-1200 cm™ and around 800
cm™ presented an important reduction after calcination, which indicates the
decomposition of the carbonate and nitrate functional groups. The colored bands in
Figure 5.3 a and b correspond to the different functional groups detected, where green
bands correspond to hydroxyl groups, the gray bands correspond to carbonate and
nitrate groups and the light blue bands correspond to the presence of nitrate groups.

|——40% CuO——50% CuO——60% CuO|

a b

Intensity (A.U.)
Intensity (A.U.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave number (cm™) Wave number (cm™)
15561470 1394 1201 971 831

C

™N

7
|
|
|
|
|

I Nj‘f\\_/wj

AN
IN——0

Intensity (A.U.)

SRR

1510

1600 1500 1400 1300 1200 1100 1000 900 800
Wave number (cm™')

Figure 5.3 FT-IR spectra of the 40% CuO, 50% CuO and 60% CuO catalyst precursors (a), the
calcined catalysts (b) and identification of different crystalline phases in the catalyst precursors (c).

Besides the identification of functional groups, FT-IR technique could also help to
describe the possible crystalline phases present in this type of material. The
aurichalcite phase representative bands are positioned in the 1556, 1201 and 971
cm™' wavenumbers [21] shown as vertical dashed lines, while bands at 1510, 1408
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and 1368 cm™' shown as vertical green lines can indicate the presence of malachite
[15]. In the case of the sample 40% CuO the possible presence of malachite phase
could be supposed due to FT-IR results but was not detected on XRD diffractogram.
This could be due to the very tiny crystallite size of this phase which is under the
detection limit of XRD analysis (less than 5 nm). These results allow supposing that
malachite phase will be present in all three samples but in form of particles (crystallite)
of different sizes, more copper is present in the sample bigger will be the crystallite
size of developed malachite (below 5nm, 16 nm and 17 nm for 40% CuO, 50% CuO
and 60% CuO respectively).

The presence of the malachite and aurichalcite phases in the 60% CuO precursor was
confirmed by the XRD analysis but not by FT-IR. In fact, the scan of the 60% CuO
catalyst differed from those of the two other catalysts, which may be due to the lower
crystallinity of this catalyst, which may affect the detection of these two phases by FT-
IR.

Furthermore, bands at 1470, 1394 and 831 cm™' shown as vertical dark blue lines in
Figure 5.3c are an indication of carbonate vibrations characteristic of the amorphous
georgeite phase Cuz(OH)2CO3-6H20 [8]. However, none of the FT-IR spectra matched
the bands characteristic of this phase, which indicates that it may be present in very
low concentrations or that it was converted completely into malachite in the catalysts
50% CuO and 60% CuO. These findings show the most prevalent functional groups
and crystalline phases present in the precursors and in the calcined catalysts.

Finally, the noise detected around 2200 cm™' corresponds to carbon dioxide present
in the environment, and the corresponding peak was eliminated by a background
adjustment before each analysis [22].

To summarize the results up to this point, the XRD, TGA and FT-IR characterization
results evidenced that the materials present complexities caused by the different
contents and proportions of CuO, ZnO and ZrO2, which cause different interactions
between the formed phases and the metal species of the catalysts. The XRD results
showed that the catalysts are composed of an amorphous and a crystalline part, where
the amorphous part includes ZrO-, but may also include a fraction of CuO and ZnO or
other Cu or Zn species that remained in an amorphous state. The TGA also showed
that the thermal decomposition of the three catalyst precursors were different,
indicating composition and morphological differences which can have an effect on
other properties of these catalysts, such as the textural properties, the reducibility and
also on the catalytic activity.

The elemental composition of the three catalysts of this study was analyzed by the
help of X-ray fluorescence. The results are given in Table 5.3.
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Table 5.3 Catalysts mass composition determined by XRF analysis.

40% CuO

50% CuO

60% CuO

411

51.2

62.4

40.0

50.0

60.0

2.7

24

4.0

40.8

34.2

24.9

39.6

33.0

26.4

3.0

3.6

-5.1

18.1

14.6

12.7

20.4

17.0

13.6

-11.3

-141

-6.6

As shown above, the CuO, ZnO and ZrO> compositions of the three catalysts
presented deviations from the theoretical values, specially the ZrO2 content of the
catalyst 50% CuO. These deviations may be caused by the different kinetics of
coprecipitation of the metal species, which can be affected by conditions such as the
pH and the aging temperature. The results show that the precipitation of ZrO-
presented the highest deviations from the theoretical values, which could indicate that
the precipitation of this species was the most difficult. The Cu and Zn species
presented lower deviations, indicating good precipitation and more adequate loading
in the catalysts.

The SEM images of the catalysts 40% CuO, 50% CuO and 60% CuO are presented
in Figures 5.4a, b and c, respectively. These images show that the morphologies of
the three catalysts are different and this is caused by the different compositions and
also by differences in the crystallinity % of the catalysts. The SEM images evidence
the presence of crystalline structures, which is in agreement with the XRD results
presented before. The visible crystalline phases correspond to CuO and ZnO which
according to the work of Witoon et al. [23] are present as an agglomeration of particles
[24] and plate-like structures, respectively. Other previous works also confirm the
grainy or irregular particles morphology characteristic of crystalline CuO [25]-[27].
Moreover, some particles with irregular shapes present in some areas of the images
may correspond to the amorphous zirconia, as shown in the work of Lin et al. [28]. As
can be observed in the SEM image of the 60% CuO catalyst (Figure 5.4c), the
presence of particles with irregular sizes corresponding to CuO [24][25] is more
evident, while the presence of the so called plate-like structures is significantly
decreased, which can be associated to the lower ZnO content of this catalyst. The
lower crystallinity degree of the catalyst 60% CuO as calculated with the X-ray
diffractograms may also be responsible of the different morphology appreciated in this
material.
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Figure 5.4 SEM images of the catalysts 40% CuO (a), 50% CuO (b) and 60% CuO (c).

Lastly, the presence of plate-like or flower-like morphologies of the catalysts 40% CuO
and 50% CuO can be explained by the higher content of ZnO [23] of these two
catalysts as discussed in Chapter 4, and also by their higher degree of crystallization.
Each of the “petals” that make up the ZnO morphology is composed of an
agglomeration of particles with a size comparable to the size of the ZnO crystallites.

The surface and the textural properties of the catalysts were investigated by No-
physisorption. Figure 5.5 shows the N2 adsorption and desorption isotherms of the
three catalysts under study. All the catalysts presented isotherms of type IV, which
indicates that the materials are mesoporous and have cylindrical shaped pores [29].
Also, the catalysts presented a H3 hysteresis loop, which can be present in layered
solids with narrow pore networks [29], [30].
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Figure 5.5 N2-physisorption isotherms of the 40, 50 and 60% CuO catalysts.

The specific surface areas and the pore size distribution graphs of the three catalysts
are presented in Table 5.4 and in Figure 5.6, respectively. The N2-physisorption
analysis showed that the specific surface areas of the three catalysts were similar,
with a mean value of 60 m?/g. On the pore size distribution graphs (BJH desorption
branch) of Figure 5.6, it could be seen that the catalysts 40% and 50 % CuO are quite
similar and have very close pore distribution — 3 nm characteristic mesopores visible
from the N2 adsorption-desorption isotherms and 30 nm large mesopores — could be
attributed to the specific morphology in petals and the N2 adsorption in the intraparticle
spaces. For the 60% CuO catalyst the contribution of the 3 nm mesoporosity is very
small compared to the large 30 nm mesopores, that supposedly come from the
different morphology of the 60% CuO sample. This can be due to different crystallinity
of the catalysts and also different phase composition as well as different thermal
decomposition patterns obtained from TGA, which indicate different interactions
between the metal species of the catalysts. In fact, the catalyst 60% CuO presented a
lower degree of crystallization compared to the catalysts 40% CuO and 50% CuO.
This may be the cause of the differences in morphology and the textural properties of
this catalyst, causing an increase in the pore size of this catalyst. As explained before,
the catalyst 60% CuO presented a morphology composed mainly of irregular particles
of different sizes, which corresponds mostly to the presence of crystalline CuO.
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Table 5.4 Specific surface area and porosity results of the three catalysts under study obtained with
N2-physisorption.

40% CuO 62 3 and 30 nm
50% CuO 59 3 and 30 nm
60% CuO 58 30 nm

Figure 5.6 BJH pore size distribution of the 40% CuO, 50% CuO and 60% CuO catalysts.

€ 40% CuO = 50 % CuO
[
x 0.015 < 0015
@0 o0
"E >~ 0.012
L 0.01 g 0.009
e o
€ 0005 £ 0.006
Q S 0.003
S o 2 0
e 0 10 20 30 40 50 o 0 10 20 30 40 50
Pore size, nm Pore size, nm
= 60% CuO
o
< 0.015
oo
o
§ 0.01
£
E 0.005
(o]
>
I 0
o
o 0 10 20 30 40 50

Pore size, nm

According to the work of Borovinskaya et al. [30], the CuO-ZnO-ZrO; catalysts present
very similar textural and pore properties regardless of the synthesis method. In their
work they investigated three different synthesis methods, which were batch
coprecipitation, one pot synthesis and wet impregnation methods. However, the
compositions of their catalysts were different from those employed in this work (60
wt% CuO, 30 wt% ZnO and 10 wt% ZrO3).

From the obtained results it can be concluded that the content of CuO in the catalysts

has an important effect on the textural properties of the materials, by increasing the
pore size distribution with increasing CuO contents. This is in agreement with the SEM
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results where the morphology of 60% CuO catalyst differs from the 40% CuO and 50%
CuO catalysts.

Figure 5.7 shows the H2-TPR profiles of the 40% CuO, 50% CuO and 60% CuO
catalysts. Previous works [1], [3], [16] have shown that the single metal oxides ZnO
and ZrO:2 are not reduced under the conditions applied during the H2-TPR analysis.
The reduction of ZnO is known to take place above 300°C [31]. Therefore, it is
expected that all the peaks present in these results correspond only to copper species
with different sizes and also species with different reducibility that can be attributed to
highly dispersed CuO interacting with ZnO and ZrO: at lower reduction temperatures
or bulk copper at more elevated temperatures [1]. Different reduction peaks also
indicate different CuO particle sizes or CuO nanoparticles in contact with ZnO [7][8].
According to previous works [31][32], the consumption of H> between 170-290 °C is
characteristic of the reduction of Cu?* to Cu®, and smaller particles are reduced at
lower temperatures while the largest particles are reduced at higher temperatures.
Furthermore, other references [12], [15], [33] indicate that the increase of the reduction
temperature of copper oxide is due to the formation of larger particles but can also be
because of a strong interaction of copper oxide with the other metals.

As it can be seen the presented reduction profiles are not similar. The catalyst with
40% CuO presented a reduction peak at 162°C and a more symmetrical shape than
the other profiles. The lower reduction temperature is an indication of a more uniform
Cu particles size distribution. The catalyst with 50% CuO content exhibited a profile
with a first reduction peak at 162°C and a wide shoulder peak positioned to the higher
temperatures around 170°C. The catalyst 60% CuO presented a reduction peak at
temperature of 170°C with a small shoulder at 187°C, which may be due to larger
copper oxide particles that could be reduced at higher temperatures [34]. The
presence of shoulders can also indicate the existence of different CuO species. As it
can be observed, the reduction temperature of the catalysts increased with increasing
CuO content. Easier reducibility of CuO at low temperature in the 40% CuO and 50%
CuO can be explained by a higher promotion effect due to the higher relative contents
of Zn and Zr. Switch of the reduction temperature to the higher values in 60% CuO
indicates the presence of different CuO species or different interactions between CuO
species and the support.
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Figure 5.7 H2-TPR of the 40, 50 and 60% CuO catalysts.

Table 5.5. shows the hydrogen consumption during the reduction of each sample in
mmol of H2 per gram of catalyst and the theoretical copper content of each catalyst in
mmol of copper per gram of catalyst. The calculated CuO % of the catalysts by this
approach were lower than the theoretical values. This indicates that Cu was not totally
reduced and that the unreduced Cu participates in the metal-support interactions.

Table 5.5 H2-TPR quantitative results of the catalysts 40% CuO, 50% CuO and 60% CuO.

40% CuO 4.7 5.0 0.94 37.6
50% CuO 6.0 6.3 0.96 48.2
60% CuO 7.3 7.5 0.98 58.6

Given the asymmetric reduction profiles of the catalysts 50% CuO and 60% CuO, the
TPR reduction profiles of such catalysts were deconvoluted into two different reduction
peaks (Figure 5.8). The deconvolutions were done by curve fitting with a Gaussian
function and it allowed the determination of the relative contents of Cu species with
lower and higher reduction temperatures. These two reduction peaks in the two
catalysts were named a and . The results of the peaks deconvolution are presented
in Figure 5.8 and the quantitative results in Table 5.6. This procedure allowed the
calculation of the relative contents of the different copper species or different particles’
size present in these two catalysts. The results indicate that the catalyst 50% CuO
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presented a lower temperature reduction peak at 162°C, corresponding to a peak area
of 61% of the total area and a higher temperature reduction peak at approximately
175°C corresponding to the remaining 39% of the total area. In the case of the catalyst
60% CuO, it presented a lower temperature reduction peak at 169°C with an area of
70% of the total area and a higher temperature reduction peak at approximately 190°C
with the remaining 30% of the total area. These results suggest that the increasing
CuO content of the catalysts causes a shift of the reduction temperatures to higher
values, changing also the Cu particle size distribution. The results of the area
calculations suggest that with increasing CuO content, there’s a shift of the reduction
temperatures to higher values, which indicates an increase in the relative amount of
bigger Cu particles. This may indicate stronger metal interactions with increasing CuO
content. Also, the lower relative content of supports in the 60% CuO catalyst causes
a decrease in the Cu dispersion and an increase in the Cu particles size.
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Figure 5.8 H2-TPR peaks deconvolution of the 50% and 60% CuO catalysts

Table 5.6 Deconvolution peaks areas of the catalyst 50% CuO and 60% CuO.

a

B

a

B

Total

Total

162
175

169
190

117.6
74.9
192.5

172.2
74.7
246.8

61
39
100

70
30
100

The results of the N2O surface reaction analysis are presented in Table 5.7. The
catalysts 40% CuO and 50% CuO presented similar metallic copper surface areas (i.e.
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9.6 and 9.3 m?/g respectively), while the catalyst 60% CuO presented the highest
metallic copper surface area (i.e. 12.5 m?/g) of the three catalysts. The higher
concentration of CuO present in the 60% CuO catalyst and the presence of malachite
and aurichalcite in the precursor explain the higher Cu surface area of this catalyst.
The higher CuO content of the catalyst 60% CuO is responsible for the higher amount
of Cu available to be dispersed on the surface of the catalyst. The comparison of the
CuP particle sizes obtained by N2O surface reaction analysis and the crystallite sizes
obtained by XRD is shown in Table 5.7. These results show that the Cu particles of
the 40% CuO, 50% CuO and 60% CuO catalysts are composed of an agglomeration
of several CuO crystallites, approximately 2, 2.6 and 2.1 CuO crystallites, respectively.
These results indicate stronger metal-support interactions of the catalysts 40% CuO
and 60% CuO.

Table 5.7. N20O surface reaction results of the catalysts with different CuO contents.

40% CuO 9.6 4.6 22.3 2.0 (11 nm)
50% CuO 9.3 3.6 28.8 2.6 (11 nm)
60% CuO 125 4.0 25.7 2.1 (12 nm)

! Ratio of the Cu particle size obtained by N2O surface reaction analysis to the CuO crystallite size
obtained by XRD. The values in parentheses are the CuO crystallite sizes obtained by XRD.

5.2.2. Catalytic tests results

The Hz and CO: conversions as well as the methanol selectivity and the methanol
productivity obtained over the 40% CuO, 50% CuO and 60% CuO catalysts are
presented in Figure 5.9 and Table 5.8. It was discovered that between 240°C and
300°C, the H2 conversion (Figure 5.9a) is higher for the 60% CuO catalyst, followed
by the 40% CuO and the 50% CuO catalysts. At temperatures higher than 300°C the
H2 conversion values decrease for all the samples due to the thermodynamic
limitations reached. Regarding the CO2 conversions (Figure 5.9b), it was shown that
the 3 catalysts present an increasing tendency with respect to the reaction
temperature. The reason of this behavior can be explained by the increasing
production of methanol but also an increasing production of carbon monoxide at higher
temperatures due to the RWGS reaction, which produces CO and H20 from CO2 and
H>. Such results are in agreement with other works in the literature [6]. The CO:2
conversion values are the highest for the 60% CuO catalyst followed by the 40% CuO
and 50% CuO catalysts which follows the same trend as found for the H2 conversion.
This can be explained by different properties of the catalyst 60% CuO, including its
higher Cu surface area and the presence of aurichalcite and malachite, which can
originate stronger Cu-Zn interactions and consequently higher catalytic activity. The
higher Cu surface area of the catalyst 60% CuO gives it more active sites for the
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adsorption of Hz and for its dissociation [35] which causes a promotion of the catalytic
activity. Also, the higher content of CuO in the 60% CuO catalyst can cause an
increase in the formation of Cu-support interface, which can improve the catalytic
activity due to the higher amount of active sites available for the splitting of H> and for
the adsorption of CO2. Moreover, the lower degree of crystallinity (i.e. 36.4%) of this
catalyst may be a contributing factor to the improved catalytic activity, as demonstrated
in Chapter 4. Previously it was explained that the presence of amorphous ZrO- has a
promoting effect on the catalytic activity of the methanol production reaction,
compared to other crystalline forms, such as monoclinic or tetragonal ZrO> [36], which
were not formed under the conditions employed in the microfluidic synthesis.

In contrast, the catalyst 50% CuO, presented the highest Cu particle size
corresponding to 28.8 nm and the lowest Cu surface area as calculated by the N2O
surface reaction analysis which can explain the lower reactant conversions of this
catalyst.
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Figure 5.9 Catalytic performance of the catalysts 40% CuO, 50% CuO and 60% CuO. (a) Hz conversion,
(b) CO2 conversion, (c) methanol selectivity against CO2 conversion % and (d) methanol productivity.
P: 50bar, GHSV: 24000Nml h™' g™', molar ratio H2/CO2: 3.9.

Regarding the methanol selectivity, all the catalysts presented the expected decrease

of methanol selectivity with increasing temperatures due to the occurrence of the
RWGS reaction [6][37].
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The methanol productivity of the catalysts is shown in Figure 5.9d. At the lowest
studied temperature 240°C, the methanol productivity was the highest for the 60%
CuO catalyst, followed by 40% CuO and 50% CuO catalysts. At 260°C the catalyst
60% CuO presented a maximum productivity value of 775 g CH3OH kgcat ™' h™!, which
makes it the catalyst with the highest methanol productivity of the three catalysts under
study. At higher temperatures it seems that the thermodynamic limitations were
reached and the productivity of the 60% CuO presented a noticeable decrease while
the increasing trend in productivity of the 40% CuO and 50%CuQ catalysts was
maintained until a temperature of 280°C, where the catalysts with the highest
productivity became 50% CuO and 40% CuO. The gap in productivities was more
noticeable at 300°C, where the 40% CuO and 50% CuO catalysts presented a small
decrease, while the productivity of the 60% CuO sample presented a considerable
drop in productivity. This drop can be explained by the CO> conversion reaching the
thermodynamic limitation and by the drop in the methanol selectivity at 300°C. At this
temperature, the catalyst 60% CuO presented the highest CO2 conversion and the
lowest methanol selectivity, indicating that CO was produced along with water from
the RWGS reaction. The presence of water can increase the sintering of the active
sites of the catalyst, which can lead to the loss of catalytic activity [37]. So, it is possible
that at this temperature the catalyst suffered a degradation due to the conditions
explained above.

Table 5.8 Catalytic tests results of the 40, 50 and 60% CuO catalysts. P: 50bar, GHSV: 24000Nml h™’
g', molar ratio H2/CO2: 3.9.

40% CuO 240 10.3 17.7 50.9 575
260 12.7 213 49.1 667
280 13.5 26.5 41.8 708
300 12.9 28.8 32.5 598
50% CuO 240 8.4 14.0 58.7 537
260 10.9 20.7 47.4 644
280 12.8 26.6 41.9 731
300 12.3 28.9 31.8 603
60% CuO 240 11.9 20.7 53.3 701
260 13.8 26.1 46.7 775
280 13.7 291 37.2 688
300 13.4 30.9 24.4 476

To summarize, the catalyst 60% CuO presented the highest H2 and CO. conversions
along with high methanol productivity at lower temperatures, which can be attributed
to the higher Cu surface area of this catalyst and also to the presence of both malachite
and aurichalcite in the precursor. The presence of these two phases has been linked
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to stronger Cu-Zn and Cu-support interactions, increasing the activity of the catalysts
and improving catalyst properties such as the Cu surface area and the Cu dispersion.
The microfluidic technique allowed the production of catalysts with improved
properties compared to catalysts prepared by other synthesis methods such as batch,
as was presented in Chapter 3.

5.2.3. Catalyst stability tests

The catalysts stability was investigated by comparing the crystalline structure of the
samples before and after the catalytic tests, as shown in Figure 5.10 and Table 5.9,
and by analyzing the CO2 conversion for the duration of the catalytic tests, as shown
in Figure 5.11.

The 40% CuO and 50% CuO catalysts developed a crystalline Cu phase as a
consequence of the reduction treatment applied to the catalysts before the catalytic
tests. After the catalytic tests, the catalyst 40% CuO presented small peaks
corresponding to the presence of a crystalline phase of CuO, which can be explained
by the oxidation of the catalyst when recovering it from the reactor. This catalyst also
presented a diffraction peak indicating the presence of metallic Cu formed during the
reduction of the catalyst. In the case of the catalyst 50% CuO an important peak of Cu
was detected, indicating a bigger crystallite size compared to the 40% CuO catalyst.
No CuO crystalline phase was detected in the catalyst 50% CuO after the catalytic
tests.
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Figure 5.10 X-ray diffractograms of the catalysts 40% CuO and 50% CuO before and after the catalytic
tests.

The crystallite sizes calculated by Scherrer’s equation are presented in Table 5.9. The
2Theta values used for the calculation of the Cu (PDF number: 04-0836) crystallite
sizes was 43.3° (hkl: 111). As can be observed, the Cu crystallite sizes after reduction
and before the catalytic tests were 8.3 and 12nm for the catalysts 40% CuO and 50%
CuO, respectively, indicating that the increasing CuO content of the catalysts causes
an increase in the size of the reduced Cu crystallites. Moreover, the size of the Cu
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crystallites after the catalytic tests increased with increasing CuO content of the
catalyst, going from a value of 13 nm for the 40% CuO catalyst to 17 nm for the 50%
CuO catalyst. This suggests that the Cu crystallites suffer more from sintering in
catalysts with higher Cu contents and consequently with lower Zn and Zr relative
contents, indicating that the stabilization effect of the support decreased due to the
lower content of support in the 50% CuO catalyst.

Table 5.9 Crystallite sizes (nm) of the Cu, CuO and ZnO phases before and after catalytic tests.

40% CuO 8.3 13 11 14 11 18

50% CuO 12 17 11 - 11 17

The crystallite sizes of the CuO and ZnO phases of the 40% CuO and 50% CuO
catalysts also presented an increase after the catalytic tests. The cause of this
increase in crystallite sizes may be due to the reduction and the exposition of the
catalysts to high temperatures for long reaction times, as well as the exposure to
water, which may cause sintering of the CuO and ZnO crystallites [2], [37], [38], as
explained in Chapter 4.

The stability of the catalysts was also assessed by analyzing the CO2 conversions of
the catalysts with respect to time, as presented in Figure 5.11. A linear regression was
done to each of the reaction temperature points to determine if the slope of the
trendline was negative or positive. Most of these curves indicate that there was a
decrease in the CO2 conversions at low temperatures with increasing time, which can
be attributed to the deactivation of the catalysts. The occurrence of positive trendlines
at high temperatures indicate an increase of the CO2 conversion due to the increased
production of CO by the RWGS reaction, causing a decrease in the methanol
selectivity. As discussed before, the presence of water at high temperatures and high
conversions can cause the sintering and agglomeration of Cu and ZnO, causing a loss
in the Cu surface area and possibly blocking the access of the reactants to the active
sites. These results show that the CO> conversions presented a decrease during the
time of reaction and that the degradation of the catalysts was more noticeable at higher
temperatures, as evidenced by the increase in the CO> conversion, which indicates
an increasing production of CO. As suggested in Chapter 4, the use of analysis
techniques such as XPS, TEM, and elemental mapping by TEM-EDS or SEM-EDS
before and after the catalytic tests would complement the studies about the
deactivation of the catalysts, and offer more information about the exact mechanisms
that cause the loss of catalytic activity.
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Figure 5.11 COz2 conversion versus time on stream of the 40, 50 and 60% CuO catalysts. P: 50bar,
GHSV: 24000Nml h™' g', molar ratio H2/CO2: 3.9.

5.2.4. Conclusions

Three catalysts with different CuO contents were synthesized with a microfluidic
device and analyzed by different characterization techniques. Their catalytic
performance in methanol synthesis from CO> was investigated in temperature range
of 240 to 300°C at a reaction pressure of 50 bar.

The characterization of the catalysts showed that the CuO content of the catalysts
influenced the formation of crystalline phases in the precursors but didn’t have
significant effects on the crystallite sizes of the CuO and ZnO phases after calcination.
Moreover, the increasing content of CuO didn’t cause changes in the specific surface
area of the catalysts, but caused differences in the pore size distribution and on the
morphology of the catalysts as evidenced in the N2-physisorption and SEM analysis
results. There were also differences in the Cu surface area and the reducibility of the
catalysts, indicating that the increasing CuO content caused an increase in the Cu
surface area, given the higher content of Cu available for dispersion on the surface of
the catalyst. The catalyst 60% CuO presented the highest CO2 conversions and
methanol productivity, which was associated with its higher Cu surface area and due
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to the formation of malachite and aurichalcite phases during the catalyst synthesis
step, which allows a close contact between the metal species of the catalyst and
consequently stronger metal-support interactions.
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5.3. Effect of the addition of CeO2 to Cu-ZnO-
ZrO. catalysts prepared by the microfluidic
method

The use of CeO, as a promoter of Cu-ZnO-ZrO- catalysts for the hydrogenation of
CO:2 to methanol seems like a good alternative to develop a catalyst with improved
properties and better catalytic performance, given the positive effects of CeO- reported
in the literature [39]-[45]. Furthermore, no Cu based catalysts containing CeO:
prepared by the microfluidic method have been reported before. The aim of this work
is to investigate the effect of the addition of CeO2 to Cu-ZnO-ZrO. catalysts
synthesized by the microfluidic method on the properties and performance of the
catalysts.

Two CeO2 containing catalysts named CuO 50 CeO2 10-0h and CuO 50 CeO: 10-0h-
65 were prepared and their properties and catalytic performance were compared to
those of the catalyst CuO 50-0Oh containing no CeOa2. The catalyst CuO 50 CeO2 10-
Oh was prepared with a coprecipitation step at ambient temperature, while the
coprecipitation temperature of the catalyst CuO 50 CeO2 10-0h-65 was 65°C. The
following section presents the characterization results and discussion.

5.3.1. Catalysts characterization results and discussion

The X-ray diffractograms of the three catalyst precursors of this work were not
presented because the results showed that they were all amorphous. This can be
attributed to the zero aging time of these materials, as previously it was shown that
increasing the aging time improves the crystallinity of the materials. Despite the above,
after the calcination step, the three catalysts developed a crystalline structure
consisting mainly of CuO (PDF number: 72-0629) and ZnO (PDF number: 75-1526).
The X-ray diffractograms of the catalysts after the calcination are presented in Figure
5.12. No peaks associated with the presence ZrO. or CeO2 (PDF number: 34-0394)
were detected, indicating that these phases were present in an amorphous state or
under the detection limits.
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Figure 5.12 X-ray diffractograms of the ceria containing catalysts and the CuO 50-0h catalyst.

Using Scherrer’s equation, the crystallite sizes of the identified phases were calculated
and are shown in Table 5.10. As can be seen, the crystallite sizes of the CuO and ZnO
didn’t present considerable differences, with an average crystallite size of 12nm for
the three catalysts. These results indicate that the replacement of some ZrO2 by CeO-
didn’t affect the crystallinity of the catalysts and also that a higher coprecipitation
temperature didn’t have an important on the crystalline structure of the catalyst CuO
50 CeO2 10-0h-65.

Table 5.10 Crystallite sizes (nm) of the phases present in the ceria containing and the CuO 50-0h
calcined catalysts.

CuO 50-0h 12 12 -
CuO 50 Ce0210-0h 13 12 ND
CuO 50 Ce0O2 10-0h-65 12 14 ND

ND: Not detected

Figure 5.13 shows the mass loss and the mass loss derivatives of the three catalyst
precursors of this study. The results show that the mass loss % curves and their
respective derivatives were rather similar, indicating a similar thermal decomposition
profile and consequently a good and homogeneous CeO: incorporation in the material.
The final mass loss % was 25, 21 and 20 % for the catalysts CuO 50 CeO, 10-0h,
CuO 50-0h and CuO 50 CeO2 10-0h-65, respectively. As already discussed, the XRD
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results showed that the three precursors didn’t develop crystalline phases such as
aurichalcite, hydrozincite, malachite etc., which explains the absence of certain
decomposition peaks in the results of the TGA. However, the derivatives of the mass
loss % of the three precursors showed peaks around 150°C and 500°C. As discussed
previously, the peak present around 150°C might correspond to the decomposition of
a Zr-based species and to the decomposition of the Cu-Zn precursor present in an
amorphous state [9]. The conversion of the hydroxycarbonates to oxides explain the
peaks obtained around 500°C as explained before in the work of Yurieva et al. [14].
Also, as previously discussed, the work of L’hospital [9] indicated that a Cu-Zn
precursor presents a decomposition peak at 466°C, while a Cu-Zn-Zr precursor also
presents a decomposition peak at 492°C, which explains the peak close to 500°C. In
addition, Heidari et al. [46] investigated the thermal decomposition of cerium (lll)
carbonate prepared by the precipitation of cerium nitrate hexahydrate with sodium
carbonate, as it was done in the present work. The results of the TGA analysis done
to their material showed that it presented a moderate thermal decomposition between
50°C and 250°C with a mass loss of approximately 5% and a more important thermal
decomposition between 250°C and 300°C of approximately 23%. These temperature
peaks in the derivative curves are not evident, probably due to the low content of CeO-
in the catalysts investigated.
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Figure 5.13 TGA results of the precursors under study. Der: Derivative.

The N2 adsorption and desorption isotherms of the three catalysts are presented in
Figure 5.14. As in the case of previously analyzed catalysts in this work, the isotherms
were of type |V indicating a mesoporous structure with cylindrical shaped pores with
a hysteresis loop of type 3, which is characteristic of layered solids of plate like
particles with narrow pore networks with slit shapes [30], [47].
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Figure 5.14 N2-physisorption isotherms of the CeO2 containing catalysts and the CuO 50-0h catalyst.

Table 5.11 shows the results of the surface area, pore volume and pore size of the
three catalysts investigated in this work. As can be appreciated, the replacement of
some zirconia by ceria observed in the catalysts CuO 50-0Oh and CuO 50 CeO2 10-0Oh
caused an important reduction in the specific surface area and in the pore volume of
the catalysts (from 70 m?/g to 55 m?/g and from 0.38 cm?3/g to 0.24 cm?®/g). The
reduction in the surface area can cause a decrease in the catalytic activity of the
material due to the consequent reduction in the active metal surface area and possibly
on the amount of basic sites available for the CO2 chemisorption. These findings are
in agreement with the work of Bonura et al. [48], who synthesized Cu based catalysts
using CeO2 as a promoter and obtained a decrease in the specific and Cu surface
areas of the catalyst. The N2-physisorption characterization results in the work of Hu
et al. [49] also showed that a catalyst made up of 50% Cu and 50% Zn presented a
higher specific surface area (i.e. 79 m?/g) than a catalyst composed of 50% Cu and
50% Ce (i.e. 39 m?/g). Their catalysts were synthesized by coprecipitation of metal
nitrates with sodium carbonate, as in the case of this work. The results of this work
and some of the reviewed references [48][49] clearly show that CeO> addition causes
a reduction in the specific surface area and the Cu surface area of Cu-based catalysts.
This may be due to the morphology of the CeO2, which was amorphous in this work.
The work of Khobragade et al. [50] showed that the morphology of CeO2 can affect
different properties of the catalysts including the specific surface area. In addition, the
catalyst CuO 50 CeO2 10-0h-65 presented a specific surface area close to that of the
CuO 50-0h catalyst, which indicates that a higher coprecipitation temperature has a
positive effect on the textural properties of the catalyst, possibly due to the increased
kinetics of precipitation and nucleation of the reactants which can increase the
interactions between the metal species.
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Table 5.11 N2-physisorption surface area, pore volume and pore size of the catalysts under study.

CuO 50-0h 70 0.38 24
CuO 50 Ce0210-0h 55 0.24 3 and 34
CuO 50 CeO2 10-0h-65 68 0.30 12 and 34

Figure 5.15 shows the pore size distribution graphs (BJH desorption branch) of the
three catalysts investigated in this section. The results show that both catalysts
containing CeO: presented a complex pore size distribution containing mesopores
between 3 and 34nm, while the catalyst CuO 50-0Oh presented a monomodal pore size
distribution with mesopores of 24nm.
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Figure 5.15 BJH pore size distribution of the CuO 50-0h, CuO 50 Ce0O2 10-0h and CuO 50 CeO2 10-0h-
65 catalysts.

Figure 5.16 shows the results of the CO.-TPD analysis for the investigation of the
surface basicity of the catalysts CuO 50 CeO2 10-0h and the CuO 50-0h catalyst. The
results show that the addition of ceria caused a change in the surface basicity of the
catalyst and in the quantity of strong basic sites. This resulted in a decrease of the
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strength of the basic sites, which caused a shift of the peak from a CO2 desorption
temperature of 620°C in the CuO 50-0h catalyst, to a CO2 desorption temperature of
approximately 500°C for the catalyst with ceria. This indicates that the replacement of
zirconia by ceria in the catalyst causes a change in the surface basicity of the material.
More precisely, the replacement of some zirconia by ceria caused a reduction in the
strength of the basic sites.
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Figure 5.16 CO2-TPD profiles of the CuO 50 CeO2 10-0h and the CuO 50-0h catalysts.

Shi et al. [51] prepared Cu-Ce, Cu-Zr and Cu-Ce-Zr catalysts by metal nitrates
coprecipitation with sodium carbonate and analyzed them with CO2-TPD analysis.
Their results showed that the Cu-Zr catalyst presented a considerable CO desorption
peak at approximately 600°C, corresponding to a strong basic site while the Cu-Ce
catalyst presented a smaller peak at the same temperature. This indicates that the
strong basic sites are formed preferentially due to the presence of Zr under the
conditions of this work and it explains the CO2 desorption peak shift to a lower
temperature occurring in these catalysts. In the work of Khobragade et al. [50], the Pd
supported on Ce catalysts with the highest surface basicity presented the best catalytic
performance for the hydrogenation of CO. to methanol, while the catalyst with the
lowest surface basicity presented the lowest catalytic performance. In addition, the
work of Singh et al. [52] suggests that the presence of strong basic sites is favorable
for the catalytic activity because the adsorption of CO2 on these sites occurs as
unidentate carbonate species, which produces methanol through the formate pathway
[53].

The quantitative results of the basic sites investigation are presented in Table 5.12.
The data in this table shows that the catalyst containing CeO. presented a higher
quantity of total basic sites compared to the CuO 50-Oh catalyst. However, as
discussed above, the catalyst containing CeO2 presented less strong basic sites due
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to the shift of the CO2 desorption temperature to a lower value. As mentioned above,
ZrO2 has a higher affinity for CO2 than CeO2 [51], which can be appreciated in the
higher amount of strong basic sites of the catalyst CuO 50-0h.

Table 5.12 Quantity of weak, moderate strength and strong basic sites and basic sites per unit
surface area of the CuO 50-0h and CuO 50 CeO2 10-0h catalysts.

CuO 50-0h 100.0 20.0 110.0 230.0 3.28

CuO 50 Ce0210-0h 110.0 190.0 40.0 340.0 6.18

The results of the H>-TPR analysis of the two catalysts containing CeO2 and the CuO
50-0h catalyst are shown in Figure 5.17 and the quantitative results are presented in
Table 5.13. The reduction profiles (Figure 5.17) indicate that the catalysts CuO 50
CeO2 10-0h and CuO 50 CeO2 10-0h-65 presented a lower reduction temperature (i.e.
153 and 160°C, respectively) compared to the catalyst CuO 50-Oh (i.e. 169°C).
Previous works have shown that the presence of CeO2 can improve the reducibility of
finely dispersed CuO, causing a decrease in the reduction temperature [43]. In fact,
the work of Shi et al. [51] showed that the Cu based catalysts containing CeO- they
prepared, presented a lower reduction temperature compared to the catalyst without
this oxide. The profiles of the CeO> containing catalysts (Figure 5.17) also presented
a more uniform and symmetrical shape, which may indicate a more uniform Cu particle
size distribution. In contrast, the CuO 50-Oh catalyst presented a small shoulder
around 178°C. A previous research work [54] indicates that different CuO species
have been identified in ceria containing catalysts, including finely dispersed CuO, bulk
CuO and Cu inside a CeO: lattice. The reduction temperature of ceria is approximately
327°C [31], [55], which means that in this case, all the reduction peaks corresponded
to the reduction of only CuO, given that the H>-TPR was done with a maximum
temperature of 280°C. Despite the above, it is possible that some CeO2 was reduced
in a small proportion, which explains the results of CuO contents of the catalysts
greater than 50%, as shown in Table 5.13.
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Figure 5.17 H2-TPR profiles of the catalysts under study.

The calculated CuO contents of the CuO 50 CeO2 10-0h and CuO 50 CeO. 10-0h-65
catalysts with the H> consumed during the H2-TPR analysis were close to the
theoretical composition, with a difference of only 4.6% and 6.8%, respectively, which
indicates an adequate precipitation of the Cu species.

Table 5.13 Hz-TPR quantitative results of the CeO2 containing catalysts and the Cu 50-0h catalyst.

CuO 50-0h 6.21 6.29 0.99 49.4
CuO 50 Ce0210-0h 6.57 6.29 1.04 52.3
CuO 50 Ce0O2 10-0h-65 6.70 6.29 1.06 53.4

The copper surface area, copper dispersion % and copper particle size were
determined by the N20O surface reaction technique for the catalysts containing CeO:
and the CuO 50-Oh catalyst. The results presented in Table 5.14 show that both
catalysts containing CeO- presented a lower Cu surface area (i.e. 10.7 and 9.2 m?/g)
compared to the CuO 50-0h catalyst (i.e. 17 m?/g). These results indicate that the
addition of ceria was not beneficial from the point of view of the active metal surface
area. The reason of this behavior may be because of the amorphous character of the
ceria in the present work.

As mentioned previously, the morphology of CeO2 has an important effect on catalyst
properties such as the specific surface area and on the catalytic activity, due to the
different exposed crystalline planes [50]. It is possible that the presence of amorphous
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CeO2 covered the Cu particles causing a reduction in the Cu surface area and blocking
the access of Hz to the Cu active sites. This idea could be investigated more deeply
by the use of analysis techniques such as TEM coupled with EDS to study the metal
interactions at a nanometer scale and with XPS to study the surface composition of
the catalysts.

Another reason explaining the decrease of the Cu surface area is the replacement of
10.2% ZrO2 by CeOs- in the CeO2 containing catalysts. The work of Bonura et al. [48]
showed that for catalysts synthesized by metal nitrates coprecipitation, as in the
present work, the specific surface area and the copper surface area decrease with
increasing CeO2 content of the catalyst.

Table 5.14 N20 surface reaction results of the CeO: containing catalysts and the CuO 50-0h catalyst.

CuO 50-0h 17.0 6.5 15.8
CuO 50 Ce0210-0h 10.7 4.1 25.0
CuO 50 CeO2 10-0h-65 9.2 3.5 294

In addition, the Cu particle sizes determined by the N2O surface reaction technique
were higher for the catalysts containing ceria compared to the CuO 50-Oh catalyst.
The presence of amorphous CeO2 could also reduce the promoting effects of ZnO and
ZrO2, causing a growth of the Cu particles. The size of the Cu nanoparticles can affect
importantly the catalytic performance of the catalysts for the CO. hydrogenation to
methanol [55]. These results suggest that the ceria present in the Cu-containing
catalysts did not only help the reduction of copper but also increased the copper
particle size creating almost twice bigger active copper particles comparing to the
material without CeO..

The results obtained indicate that the microfluidic synthesis of CuO-ZnO-ZrO:
catalysts is not compatible with addition of CeO,, as the addition of this oxide to the
catalysts caused a decrease in the Cu surface area, in the Cu dispersion and an
increase in the Cu particle size, which is in contradiction with some of the investigated
literature [56]. The conditions applied during the microfluidic synthesis didn’t allow the
formation of desirable nanocrystalline phases of CeO2, giving only amorphous CeO:x.
This could possibly be addressed by including an aging step after the synthesis of the
catalyst precursors by the microfluidic method, by increasing the residence time of the
precipitate during the catalyst synthesis or by preparing the CeO2 support separately
under different conditions.
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5.3.2. Catalytic tests results

The catalytic tests results including the H> and CO2 conversions, the methanol
selectivity against the CO2 conversion and the methanol productivity are presented in
Figure 5.18 and in Table 5.15.
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Figure 5.18 Hz (a) and CO:z (b) conversions %, methanol selectivity against the CO2 conversion % (c)
and methanol productivity (d) of the catalysts under study. P: 50bar, GHSV: 24000Nml h™' g', molar
ratio H2/CO2: 3.9.

As shown in Figure 5.18a and b, the catalyst CuO 50 CeO. 10-0h presented lower
values of H2 and CO> conversions than the CuO 50-Oh catalyst. Furthermore, there
were no significant differences between the reactants conversions of the two CeO:
containing catalysts, indicating that a coprecipitation temperature of 65°C didn’t have
an important effect on the catalytic performance. This may be due to the short contact
time at 65°C of the metal nitrates and the precipitating agent. Moreover, it seems that
the promoting effect on the catalytic activity by heating the precipitation zone to 65°C
obtained in Chapter 4 was lost, probably by the addition of CeO> and its effects on the
catalyst due to its amorphous state.

The work of Wang et al. [56] suggested that CeO2 can improve the methanol selectivity

in the methanol synthesis reactions. However, this was not the case in the present
work, possibly due to the amorphous morphology of CeOs- in the investigated catalysts.
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The lower reactants conversions caused a reduction in the methanol productivity of
the CeO: containing catalysts as observed in Figure 5.18d. These results can be
explained partly by the contribution of different effects, such as the morphology of
CeO2which was amorphous in this case and may be unfavorable for the properties of
the catalysts, and the lower specific and Cu surface areas, as explained in the
preceding sections. Different research works support the idea that the morphology of
ceria can have an effect on the performance of ceria containing catalysts for the
production of methanol [40], [44], [45], [50], [57].

In their work, Khobragade et al. [50] prepared a Pd catalyst supported on 4 different
morphologies of CeOo, including polyhedral, rod, cube and polygonal morphologies
and obtained catalysts with different properties and catalytic activity. Their
characterization results showed that the different morphologies presented different
exposed crystalline planes, which affected importantly the specific surface area and
the number of oxygen vacancies of the material, affecting the catalytic activity. In their
work, the polyhedral morphology presented the best catalytic activity. The work of Tan
et al. [57] explored the use of Cu-Ni alloy catalysts impregnated on CeO supports
with different morphologies for the hydrogenation of CO2 to methanol. They found that
the nanorods morphology gave a better catalytic performance than the nanospheres
morphology, mainly due to the higher concentration of oxygen vacancies present in
the former, which can adsorb and activate the CO2 molecule. The results of the work
of Ouyang et al. [40] also suggest that the morphology of CeO: influences importantly
the properties and the catalytic performance of Cu based catalysts, where the nanorod
morphology presented the best catalytic performance, followed by the nanocubes and
nanospheres morphologies. The data presented in the work of Zhu et al. [58] also
suggests that Cu supported on different ceria morphologies present different catalytic
performance.

The reported research results [40], [50], [57], [58] indicate clearly that the morphology
of CeOz2 has an important effect on the catalyst properties and performance. The work
of Bonura et al. [48] also investigated the use of ceria as a promoter of Cu based
catalysts prepared by the classical coprecipitation of metallic nitrates. The XRD results
of their work showed that the catalysts they synthesized didn’t present crystalline
peaks of CeO2, which indicates that it is in an amorphous state or under the detection
limits. In this work, the ceria containing catalysts didn’t develop ceria crystalline phases
either, which may be due to the low ceria content employed, to the zero aging time or
due to other conditions such as the calcination temperature.

The results of the work of Bonura et al. [48] also indicate that the addition of CeO>
decreased both the specific and the Cu surface areas of the catalysts, suggesting that
amorphous CeO2 doesn’t have a positive promotion effect on the Cu based catalysts
for the production of methanol. In addition, the decrease of the strong basic sites of
ZrO2 due to the partial substitution by CeO- could be a contributing factor to the lower
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catalytic performance of the CeO2 containing catalysts. The basicity of ZrO provides
a high CO> chemisorption capacity, exceeding those of other oxides such as Al>Os3,
TiO2, MgO and SiO2 [59]. Another work [60] also suggests that ZrO. presents a higher
basicity compared to CeO., which also gives ZrO2 a higher methanol selectivity. The
catalysts containing ceria presented a higher concentration of total basic sites than
the CuO 50-0Oh catalyst. However, they presented a lower concentration of strong
basic sites, which may also be a factor contributing to the lower catalytic activity of the
ceria containing catalysts. Moreover, the work of van de water et al. [61] indicates that
the active site and reaction mechanism on Cu/CeO: catalysts are different from those
of Cu-ZnO-AlLO3 catalysts, with CO being the carbon source for methanol. This theory
helps explaining the lower catalytic activity of the ceria containing catalysts, as the gas
feed of all the catalytic tests performed in this work was composed of CO2, H> and a
small amount of N2 used as an internal standard. For such reasons, the CeO: in the
catalysts may participate in the reaction to a lesser extent, causing a reduction in the
reactants conversions.

CeO2 was expected to be a good promoter of CuO-ZnO-ZrO: catalysts, however, as
mentioned above the obtained results show that the microfluidic technique is not
compatible with the use of CeO.. In future works, this could possibly be fixed by
employing longer aging times or by increasing the residence time of the reactants
during the microfluidic technique at temperatures above ambient conditions, in order
to increase the crystallization of CeO2. The use of an ultrasound device would be
recommended, as ultrasounds inhibit the agglomeration of the precipitate particles that
can cause blockages in the system.

Table 5.15 Results of the catalytic tests of the catalysts containing CeO2 and the CuO 50-0h catalyst.
P: 50bar, GHSV: 24000Nml h™' g™', molar ratio H2/CO2: 3.9.

CuO 50 240 7.2 10.6 67.6 455
Ce0O2 10-0h 260 8.8 15.2 50.8 494
280 11.3 22.0 43.8 615
300 12.9 26.8 37.0 632
CuO 50 240 7.1 9.1 73.2 427
CeO2 10-0h- 260 8.7 13.9 58.5 520
65 280 10.8 19.5 47.7 595
300 12.2 24.8 41.2 655
CuO 50-0h 240 8.2 11.8 67.8 509
260 10.6 17.6 57.1 640
280 12.7 23.0 51.4 754
300 13.8 26.5 46.1 779
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5.3.3. Conclusions

Two catalysts containing ceria were prepared by the microfluidic method with
immediate filtration (i.e. one with heating of the precipitation zone to 65°C and the
other one without it) and their properties and catalytic performance were compared to
those of the CuO 50-0h catalyst containing no CeO2 and used as a reference.

The characterization results showed that the specific surface area and the metallic Cu
surface areas suffered a decrease after the addition of ceria to the catalyst and this
could possibly be explained by the covering of Cu nanoparticles by the amorphous
CeO.. The Cu dispersion was also decreased after the addition of CeO2 and the Cu
particle sizes increased, suggesting a decrease of the promoting effects of ZnO and
ZrO2 caused by the presence of amorphous CeO2. Moreover, the replacement of
some ZrO2 by CeO2 caused a change in the surface basicity of the catalysts, by
reducing the concentration of strong basic sites. The mixed effects of the catalyst
properties mentioned above combined with the amorphous state of the CeO2 caused
a decrease in the catalytic performance of the CeO. containing catalysts. These
findings indicate that the use of the microfluidic technique is not compatible with the
use of CeO: as a catalyst component, as it doesn’t favor the crystallization of this
phase. This means that this synthesis method must be adapted to obtain the
promoting effects of CeO- indicated in the literature.

Regarding the CeO2 containing catalyst synthesized by heating of the precipitation
zone to 65°C, it was found that a higher coprecipitation temperature had a promoting
effect on the specific surface area, but didn’t improve other properties such as the
reducibility or the Cu surface area. A higher precipitation temperature didn’t affect
greatly the activity of this catalyst either, which can also be explained by the covering
of the Cu particles by CeO>, decreasing the promoting effects of higher precipitation
temperature of 65°C observed in Chapter 4.

As a perspective, the synthesis of catalysts by the microfluidic method by controlling
the crystallinity of ceria via different methods, such as the use of a microfluidic
technique with precursors aging might be interesting as a continuation of the present
work. In addition, the preparation of CeO separately could also allow to improve the
catalytic performance of CuO-ZnO-ZrO. catalysts promoted with this oxide and
prepared by the microfluidic method.
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5.4. Effect of the addition of In.O3 to Cu-ZnO-
ZrO. catalysts prepared by the microfluidic
method

Even though there is an emergence of research works about indium-based catalysts
for the hydrogenation of CO> to methanol, there are no reports about the synthesis of
this type of catalysts by coprecipitation using a microfluidic device. The use of the
microfluidic method for the synthesis of In2O3 containing catalysts for methanol
synthesis may have a positive effect on the properties and performance of the
catalysts. The high methanol selectivity, the high stability along with reports of
promoting effects of In2O3 based catalysts [62]-[66] make it an interesting choice for
the investigation of alternative catalysts for the production of methanol.

Two catalysts containing In2O3 were prepared in this work in order to investigate the
use of this oxide as a promoter in a Cu based catalyst (i.e. catalyst named CuZnZrin)
and as an active metal using Zn and Zr as catalyst supports (i.e. catalyst named
ZnZrln). The theoretical compositions of the catalysts were 40wt% CuO, 33.3wt%
Zn0O, 16.6wt% ZrO2 and 10wt% In203 for the CuZnZrin catalyst and 60wt% ZnO,
30wt% ZrO2 and 10wt% In20s3 for the ZnZrin catalyst

5.4.1. Determination of the precipitation pH of hydrated indium nitrate In(NO3)3
4.6H20.

Knowing the precipitation pH of the hydrated indium nitrate is important to ensure that
all of the metal precursors precipitate during a catalyst synthesis by coprecipitation.
To do so, 50 ml of a solution of 0.25 M In(NO3)3-4.6H20 were prepared, and titrated
with a solution of Na>COs to determine the precipitation pH of the indium nitrate
compound. The initial pH of the In(NO3)3:4.6H20 solution was 1.9. Sodium carbonate
was added progressively to an agitated beaker containing the In(NO3)3-4.6H-0O
solution, and precipitation and redissolution were noticed between pHs of 1.9 and 3.
The precipitation without further dissolution of the precipitate occurred between pHs
of 3 and 4. This results indicate that above a pH of 4, the coprecipitation should take
place without indium staying in solution. A pH between 7 and 8 was used during the
catalysts synthesis in this work, which means that all of the indium must precipitate
during this process.

5.4.2. Catalysts characterization results and discussion
The catalysts of this section were synthesized by the microfluidic synthesis with

immediate filtration and with heating of the precipitation zone to 65°C, as presented in
Chapter 2, section 2.2. This method was selected due to the effects of a higher
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coprecipitation temperature on some catalyst properties such as the specific surface
area as was shown previously.

The results of the XRD analysis of the precursors and the calcined catalysts are
presented in Figure 5.19 on the left and right side, respectively. The results show that
the precursor containing both indium and copper (i.e. CuZnZrln) remained amorphous,
while the precursor containing indium but no copper (i.e. ZnZrln) developed a
crystalline phase composed mainly of hydrozincite Zns(COz)2(OH)s (PDF number: 72-
1100). The high content of ZnO of the ZnZrin precursor favored the formation of the
hydrozincite phase composed of Zn. No indium containing species were detected in
both of the precursors, which may be due to the low concentration of this metal and/or
to the amorphous state due to the zero aging after the coprecipitation step.
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Figure 5.19 X-ray diffractograms of the CuZnZrln and ZnZrin precursors on the left and the calcined
catalysts on the right.

The X-ray diffractograms of the catalysts after calcination are shown on the right side
of Figure 5.19. The CuZnZrIn catalyst developed crystalline phases corresponding to
CuO (PDF number: 72-0629) and ZnO (PDF number: 75-1526), while the catalyst
ZnZrin only developed the ZnO phase. ZrO, peaks were not detected due to its
amorphous state as explained before. In,O3z (PDF number: 06-0416) or other In-
containing species were not detected either, possibly due to the low content of this
component in the catalysts and also due to its amorphous state or low crystallinity due
to the zero aging time. Other conditions such as the calcination temperature and the
calcination time may also have an effect on the crystallization of In2Os.

Using Scherrer’s equation, the crystallite sizes of the phases in the precursors and in
the calcined catalysts were calculated and are shown in Table 5.16. As mentioned
above, only the ZnZrlIn precursor developed the hydrozincite phase with a crystallite
size of 7.5nm. The catalyst CuZnZrln was the only to develop the CuO phase due to
the evident composition reason, with a crystallite size of 14nm, while both catalysts
developed the ZnO phase after calcination with very similar crystallite sizes.
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Table 5.16 Crystallite sizes (nm) of the phases identified in the precursors and in the catalysts after
calcination calculated with Scherrer’s equation.

CuZnZrin - 14 15

ZnZrln 7.5 - 14

The TGA results presented in Figure 5.20 show that the two catalyst precursors
investigated in this section presented different thermal decomposition profiles
attributable to the evident composition differences. The composition differences in
both materials are due mostly to the presence of Cu in the CuZnZrIn precursor and
the absence of it in the ZnZrIn precursor.

The ZnZrin catalyst also presented a high relative content of ZnO and ZrO2 compared
to the CuZnZrin precursor. The higher Zn content in ZnZrln favored the formation of
hydrozincite, which as explained before, decomposes between 150°C to 350°C [10].
This explains the derivative peaks developed in this temperature range. After the
coprecipitation reaction between In(NOz3)3-4.6H20 and NaxCOs, the formation of
indium carbonate In2(COs3)s and also indium hydroxycarbonate are expected as the
precipitation products. However, no thermal decomposition data of these compounds
was found in the literature. Despite that, the thermal decomposition data of In(OH)3
was available and it was found to decompose between 220 and 250°C [67], which can
explain the decomposition peaks generated in such temperature range. The peak
occurring around 500°C in the decomposition profile of the catalyst CuZnZrin can be
attributed to the decomposition of an amorphous Cu-Zn precursor, as explained before
[9].

The final mass losses % of the two catalyst precursors were similar, with values of

21% and 22% for the ZnZrln and CuZnZrin catalyst precursors, respectively, at a final
decomposition temperature of 700°C.
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Figure 5.20 TGA results of the CuZnZrln and ZnZrIn catalyst precursors.

The No2-physisorption characterization results of the catalysts of this work are
presented in Figure 5.21 and in Table 5.17. The adsorption and desorption isotherms
presented correspond to isotherms of type IV with a hysteresis loop of type 3. These
correspond to mesoporous materials with cylindrical shaped pores and layered solids
with narrow pore networks [30], [68].
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Figure 5.21 N2-Physisorption isotherms of the CuZnZrin and the ZnZrIn catalysts.

The results of the specific surface area and pore sizes showed that the catalyst ZnZrin
presented lower values of specific surface area and pore size compared to the
CuZnZrin catalyst. These results can be explained partly due to the important
composition differences of both catalysts. The higher specific surface area of the
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catalyst CuZnZrin suggests a promoting effect occurring due to the addition of In20O3.
As shown in the work of Sadeghinia et al. [69], the addition of In203to a Cu-ZnO-Al203
catalyst gave catalysts with higher specific surface areas, suggesting a promoting
effect on the catalyst properties. Nevertheless, the effect of the addition of In.O3zto Cu-
Zn0O-Al203 on the catalytic performance was different and will be discussed in the
corresponding section.

Table 5.17 N2-Physisorption specific, surface area and pore size results of the catalysts ZnZrin and

CuZnZrln.

ZnZrln 75 3and 13

CuZnZrin 103 13

Figure 5.22 shows the CO2-TPD profiles of the catalysts CuZnZrin and ZnZrln and
Table 5.18 presents the quantification of the basic sites of both catalysts.
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Figure 5.22 CO2-TPD profiles of the CuZnZrin and ZnZrIn catalysts.

The results of the CO.-TPD characterization show that the CuZnZrin and ZnZrin
catalysts present different CO. desorption profiles, indicating different surface basicity
and different affinities for CO.. The CuZnZrin and ZnZrin catalysts presented an
amount of 93.0 and 74.0 umol g' of weak basic sites, respectively. In the case of the
moderate strength basic sites, the catalyst CuZnZrin presented an amount of 70.0
umol g-! while the catalyst ZnZrln presented 27.0 ymol g™'. Moreover, in the case of
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the strong basic sites, the catalyst CuZnZrln presented an amount of 150.0 ymol g,
while the catalyst ZnZrIn presented an amount of 110.0 umol g-'. The total amount of
basic sites was higher for the catalyst CuzZnZrin, with a value of 313.0 umol g,
compared to the total amount of basic sites of the catalyst ZnZrIn with a total basicity
of 211.0 ymol g'. This may be due to the increased adsorption of CO2 on the Cu-
support interfaces, which doesn’t occur in the catalyst ZnZrin because of its lack of
Cu.

Regarding the role of In203 in the surface basicity, the oxygen vacancies of this
material can facilitate the adsorption of CO2 [70]. However, in another work [71] it was
shown that the CO,-TPD profile of pure In2O3 presented a considerable desorption
peak around 100°C, and another much smaller peak around 450°C, suggesting that
In203 adsorbs CO> mostly physically, while stronger adsorption of CO2 on this oxide
occurred to a lesser extent.

Table 5.18 also shows that the catalyst CuZnZrin presented a higher basicity per
catalyst surface area than the catalyst ZnZrln, meaning that the CuZnZrin catalyst
presented a higher affinity for CO., which could impact positively its catalytic
performance.

Table 5.18 Quantity of weak, moderate strength and strong basic sites and basic sites per unit
surface area of the CuZnZrin and ZnZrln catalysts.

CuZnZrin 93.0 70.0 150.0 313.0 3.0

ZnZrin 74.0 27.0 110.0 211.0 2.8

The H2-TPR profiles of the two catalysts containing indium are shown in Figure 5.23.
The catalyst ZnZrln presented an almost flat shape with two small peaks at 265°C and
at 548°C which may correspond to the reduction of In.O3. The consumption of H» at
265°C and 548°C corresponded to 0.036 and 0.65 mmol of H2 per gram of catalyst,
respectively, while the theoretical In2O3 content of a catalyst composed of 10 wt%
In203 as in the present work is 0.36 mmol of In2O3 per gram of catalyst. These values
can be used to determine if the In203 was reduced partially or completely with the aid
of the chemical reaction of the reduction of In2O3. Such reaction is presented in
Equation 5.2 [72]:

Equation 5.2 Reduction reaction of indium oxide In20s.

In,05(s) + 3H,(g) = 2In(s) + 3H,0(g)
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Assuming that all the consumed H2 corresponding to the reduction peaks at 265°C
and 548°C of the catalyst ZnZrIn were consumed in the reduction of In.O3, this would
mean that 0.012 and 0.22 mmol of In2O3 per gram of catalyst would be reduced,
respectively. These values are below the theoretical In2O3 content of 0.36 mmol of
In203 per gram of catalyst, which basically means that 64% of the In.O3 present in the
ZnZrln catalyst was reduced during the H2-TPR analysis.

In the case of the catalyst CuZnZrin, a reduction peak close to 200°C occurred due to
the reduction of the copper species present in this catalyst. As shown in Table 5.19,
the H2 consumption of the peak occurring at 199°C was 4.95 mmol of H> per gram of
catalyst, which matched very closely the catalyst’s theoretical Cu content of 5.0 mmol
of Cu per gram of catalyst. This means an experimental value of 39.5 CuO wt%, which
is very close to the theoretical value of 40 wt% CuO, indicating that the Cu loading of
the catalyst during the coprecipitation reaction was correct. Similarly, as with catalyst
ZnZrin, the H2-TPR analysis of the catalyst CuZnZrin evidenced the presence of a
reduction peak at 750°C indicating a hydrogen consumption of 0.9 mmol of H. per
gram of catalyst. Assuming that this entire amount was used for the reduction of In20s3,
it would mean the presence of 0.3 mmol of In2.O3 per gram of catalyst, which is below
the In203 content of 0.36 mmol of In203 per gram of catalyst, indicating only a partial
reduction of the In2O3 species (83%).
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Figure 5.23 H2-TPR results of the CuZnZrin and the ZnZrin catalysts.

188



Table 5.19 Hz-TPR quantitative results of the CuZnZrin catalyst.

CuZnZrin* 4.95 5.0 0.99 39.5

*This sample has a theoretical mass content of 40% CuO.

According to the work of Shi et al. [73], the reduction of In.O3 can start at temperatures
ranging from 300 to 350°C, forming the Cu11lng intermetallic compound in the
presence of CuO, while the rest of the reduction process of In.O3 takes place above
400°C. Their results also suggest that In203 is completely reduced at temperatures
above 700°C. Despite the wide reduction temperature range in which the reduction of
In2O3 occurs, a reduction temperature of 350°C was considered optimal as it produced
a catalyst with high CO. conversion, high methanol selectivity and methanol yield [73].
For the above reason, the reduction temperature chosen for the two indium containing
catalysts of this work was 350°C, before the catalytic tests. In their work, Shi et al. [73]
also found that higher reduction temperatures caused a decrease in the catalyst
activity and selectivity [73]. Nevertheless, the catalyst composition that they
investigated was 22.4 wt% CuO and 77.6 wt% In203, which differs from the
compositions explored in the current work. Moreover, according to the work of
Schoeller et al. [72], the reduction reaction of In2O3 is thermodynamically favored
above approximately 150°C at H> concentrations above 4% and with low moisture
contents (i.e. 7ppm H20) [72].

5.4.3. Catalytic tests results

Figure 5.24 and Table 5.20 show the H> and CO2 conversions, the methanol selectivity
against the CO2 conversions and the methanol productivities of the catalysts
investigated in this work.

The CuZnZrin catalyst presented a better catalytic performance with higher reactants
conversions and better methanol productivities compared to the ZnZrin catalyst.
However, the methanol selectivity of the CuZnZrin catalyst was lower compared to
that of the ZnZrIn catalyst, evidenced by the higher production of carbon monoxide by
the RWGS reaction. The literature on the RWGS reaction mechanism on Cu-based
catalysts indicates that this reaction is catalyzed by copper [74][75], which explains
the higher carbon monoxide production and lower methanol selectivity of the copper
containing catalyst CuZnZrin.
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Figure 5.24 Catalytic performance of the CuZnZrin and ZnZrin catalysts. H2 (a) and CO2 (b)
conversions, methanol selectivity against the CO2 conversion (c) and methanol productivity (d). P:
50bar, GHSV: 24000Nml h™' g, molar ratio H2/CO2: 3.9.

The quantitative results of the catalytic tests also showed that the decreased catalytic
performance of the catalyst CuZnZrin compared to other catalysts prepared in
previous chapters may be due to the differences in composition and possibly due to
other factors such as the amorphous state of In.Os. As a reminder, the method
employed for the synthesis of the catalysts of this section was the microfluidic
synthesis with immediate filtration, with zero aging time and a coprecipitation
temperature of 65°C. It is possible that the zero aging time of these catalysts didn’t
promote the crystallization of In2Os, affecting the catalytic performance of these
materials. According to Wang et al. [76], there are three different crystal structures
reported for In203, which are the cubic bixbyite-type phase (c-In203), the hexagonal
corundum-type phase (h-In203) and the orthorhombic Rh20s-type phase (0-In203),
where each phase can have different catalytic activity [77]. The two cited research
works indicate that h-In203 can transform into c-In203 during the CO2 hydrogenation
[76][77]. To promote the crystallization of In203, longer aging times at temperatures
around 65°C may be desirable. This can be achieved by using the microfluidic
continuous coprecipitation method, which consists in sending the coprecipitation
products to a stirred beaker at 65°C for aging. Furthermore, using higher calcination
temperatures may also promote the development of crystalline forms of In20s.
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In addition, according to the work of Stangeland et al. [78], two other research works
in which Cu-based catalysts promoted with In2O3 were investigated found that the use
of In2O3 caused a decrease in the catalytic activity. In fact, the work of Sadeghinia et
al. [69] showed that despite the promotions of In2O3 on Cu-ZnO-Al>O3 catalysts,
including higher specific and Cu surface areas, smaller Cu crystallite sizes and a
higher quantity of oxygen vacancies, this compound caused a decrease in the
production of methanol, with increasing concentrations of In2O3 causing a higher
decrease of the methanol productivity. The authors attributed this to a stronger
adsorption of CO2, causing a drop in the catalytic activity [69].

The results of the CO.-TPD characterization of the two catalysts of this work showed
that the CuZnZrin catalyst presented the highest total surface basicity, as well as a
higher amount of weak, moderate and strong basic sites compared to the catalyst
ZnZrin. As explained in previous chapters, the surface basicity is directly correlated to
the adsorption of CO2on the surface of the catalyst, which has an effect on the reaction
kinetics and on the CO2 conversion and methanol productivity. This explains in part
the better catalytic performance obtained with the catalyst CuZnZrin.

The low H> and CO2 conversions of the ZnZrln catalyst may also be due to the
decreased H> adsorption and dissociation capacity due to the lack of copper. So,
catalysts with higher contents of In20O3 may be necessary to have more active sites
that can dissociate Hz. Although it has been shown by theoretical modelling that the
oxygen vacancies of In2O3 can participate in the CO2 adsorption and in the Ha splitting
steps [79], the results of the work of Zhang et al. [80] indicate that the Hz splitting ability
of In203 is much weaker than that of metallic Cu. This causes a reduction in the
reaction kinetics of hydrogen activation step, which in turn causes a reduction in the
reactants conversion of the catalyst ZnZrin. The work of Tsoukalou et al. [81] indicates
that the indium species active in the dissociation of H2 in In2O3-ZrO- catalysts are
affected by the phase of the ZrO> support, where monoclinic ZrO2 gives the highest
methanol yield and selectivity.

Also, the 100% methanol selectivity shown by the ZnZrln catalyst at 240°C and 260°C
can be attributed in part to the lower RWGS reaction conversion, which is favored at
higher temperatures. In the case of the methanol productivity of the ZnZrln catalyst, it
also presented a decrease as a consequence of the lower reactants conversions.

Methanol selectivities of 100% have been reported for cubic In.O3 nanomaterials and
In2O3 supported on monoclinic ZrO2, with CO2 conversions of less than 5.5%, at a
temperature of 300°C, pressure of 50 bar and H2/CO2 molar ratios of 4.74 [62]. The
reason of the 100% selectivity of In203-ZrO- catalysts at some temperatures can be
explained due to different reaction pathway due to the synergy between the metal
species [62]. According to Wang et al. [76], many studies have found that the methanol
formation route on In203 occurs on the oxygen vacancies according to the following

191



pathway: CO2 - HCOO* - H.CO* - H3zCO* - CH3OH. The oxygen vacancies on
the surface of In.O3 participate in the adsorption of CO2 and its hydrogenation and can
stabilize reaction intermediates such as HCOO, H.COO and H2CO during the
methanol synthesis reaction [70], [76].

Table 5.20 Results of the catalytic tests of the catalysts CuZnZrin and ZnZrin. P: 50bar, GHSV:
24000Nml h™' g”', molar ratio H2/COz: 3.9.

CuZnZrin 240 2.6 3.8 72.0 168
260 3.8 6.0 58.8 218
280 4.9 9.4 47.0 282
300 5.0 13.4 37.2 311

ZnZrin 240 0.7 0.83 100 51
260 1.2 1.4 100 86
280 2.0 2.7 99.2 169
300 2.0 5.5 72.2 206

In general, the catalytic tests results showed that the use of 10 wt% In2O3 supported
on ZnO and ZrO: as in the ZnZrin catalyst didn’t give an interesting catalytic
performance, and suggests that higher In2O3 concentrations should be investigated
along with longer aging times to study the effect of the crystallinity of In2O3 on the
catalytic performance. Employing a microfluidic technique that allows the aging of the
precipitates at temperatures around 65°C may be useful to increase the crystallinity of
In2O3 and possibly obtaining a positive effect on the catalytic performance. In addition,
the use of 10 wt% In203in a Cu containing catalyst didn’t present a promoting effect
either, possibly influenced by the amorphous nature of In203 too. In summary, higher
In203 contents with longer aging times may give catalysts with more interesting
catalytic properties. Also, additional investigations about the properties of InoO3 should
be carried out in order to understand better the catalytic activity of this material for the
hydrogenation of CO. to methanol, such as determining optimal aging times of the
catalyst precursors, determining the optimal calcination temperatures and duration
and doing catalytic tests of In.O3 with different morphologies, among others.

The results of the H>-TPR analysis showed that In2O3 was not completely reduced in
both CuZnZrin and ZnZrln catalysts. For this reason, a deeper study of the optimal
activation procedure of InoO3 before the methanol synthesis reaction should be carried
out. It is possible that the reduction treatment applied to the CuZnZrin and ZnZrin
catalysts (i.e. reduction with pure Hz at 350°C for 15 hours) had a negative effect on
the catalytic activity. So, reducing this material at different temperatures and for
different periods of time would be interesting to investigate in order to determine the
reduction conditions that give optimal properties and an optimal catalytic performance.
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XRD could be used to determine the presence of metallic In or In2O3 after reduction
and possibly to determine their quantities by doing quantitative analysis of X-ray
diffractograms. An alternative to the activation treatment by reduction with H2 could be
to not reduce the CuO-In.O3 catalysts before the reaction, which could cause the
formation of intermetallic nanoparticles [73] in situ under the reducing atmosphere
employed in the catalytic tests. Also, employing higher contents of In2O3 along with
Zn0O and ZrO2 may increase the interactions between these metal species improving
the catalytic activity.

5.4.4. Catalytic performance of different catalysts containing In2O3 available in the

literature

The catalytic tests’ results of different catalysts containing In2O3 available in the
literature are presented in Table 5.21. Despite the fact that employing different
conditions during the catalytic tests may give different conversions, selectivity and
productivity values, some useful information can be extracted from the study of the
catalytic tests results of other research works.

Table 5.21 Catalytic performance of different catalysts containing In for the production of methanol.

51.7% Cu Coprecipitation | 3:1 30 250°C - 250°C - - 30000 [82]
23.9% Zn of hydrotalcite- 5.8% 50% cm?®
19.3% Al like Jeat D!
5.1% In compounds.
Mole %
82.2% Cu Impregnation 3:1 30 250°C - 250°C - - 10000- | [82]
16.5% Zn of Cu/ZnO with 71% 37% 100000
1.3% In In nitrate. cmd
Mole % gcat-‘1 h-1
22.1% Cu One-pot 3:1 30 270°C - 270°C - 270°C -390 | 18000 [83]
3.11% In hydrogen 16.1% 35% g MeOH cm?®
Remaining Zr bubble kgeat' ! Qeat”" h!
wit% assisted

method.
20.8% Cu One-pot 3:1 30 270°C - 270°C - 270°C-330 | 18000 [83]
6.2% In hydrogen 10% 51% g MeOH cm?®
Remaining Zr bubble Kgcat ! h' Jeat' D!
wit% assisted

method.
82.5% Cu Coprecipitation | 3:1 30 230°C - 230°C - 230°C - 80000 [78]
16.5% Zr and 6.1% 56% 384.5 cm?®
1.0% In impregnation 270°C - 270°C - 270°C - Jeat ' h'
Mole % methods. 5.3% 44% 1249.5

g MeOH
kgcat-1 h-1
50% In Coprecipitation | 4:1 50 280°C-4.6 | 280°C — 270 g MeOH | 24000 [66]
50% Zr method. % 87% Kgcat™! ! cm?®
Mole % Jeat ! 0’
100% In Coprecipitation | 4:1 50 280°C - 280°C - 220 g MeOH | 24000 [66]
Mole % method. 3.9% 84% Kgcat™! ! cm?®
gcat-‘1 h-1

CuO 40%, ZnO Coprecipitation | 3.9:1 50 300°C — 300°C — 311 gMeOH | 17552 This
33.3%, Zr0, 16.6, | with a 13.4% 37.2% Kgeat™! ! h- work.

In203 10%
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wit%. Catalyst microfluidic 24000
CuZnZrin. reactor. Ncm?
gt:at-‘1 h-1
Zn0 60%, ZrO; Coprecipitation | 3.9:1 50 300°C - 300°C - 206 g MeOH | 25823 This
30%, In20310%. | with a 5.5% 72.2% Kgeat™! ! h- work
Catalyst ZnZrIn. microfluidic 24000
reactor. Ncm?
gt:at-‘1 h-1

Stangeland et al. [78] synthesized a Cu-ZrO> catalyst promoted with In.O3 and
obtained a high methanol productivity of 1249.5 at 270°C, much higher than the
methanol productivity of the catalysts of this work. They obtained an increase in the
methanol productivity from 52.7 to 60.5 mmol per gram of catalyst when 0.3 mole %
In was incorporated into the Cu-ZrO: catalyst, suggesting that small quantities of this
oxide can improve the catalytic activity.

Zhang et al. [83] synthesized two Cu catalysts containing different amounts of In2O3
and using ZrO- as a support, and the two catalysts presented a methanol productivity
of 390 and 330 g MeOH kgcat™* h™', where the catalyst with the lowest content of In203
presented the highest CO2 conversion and methanol productivity. The values of the
methanol productivity that they obtained were slightly superior to the productivity value
of 311 g MeOH kgeat' h™' at 300°C of the catalyst CuZnZrin prepared in this work.
However, the GHSV of their work was 18000 cm?® h™! gear” which is lower to the one
employed in this work 24000 Ncm? h™' g

Frei et al. [66] synthesized a pure In203 and an In203 plus ZrO> catalysts and tested
their catalytic activity using a H2:CO2 molar ratio of 4, a pressure of 50 bar and a GHSV
of 24000 cm?® geat’ ™', which are the same conditions of the catalytic tests of the
catalysts of this work. The CuZnZrIn catalyst presented a higher methanol productivity
of 311 g MeOH kgcar' h™' than both of their catalysts, which presented methanol
productivities of 220 and 270 g MeOH kgcat' h™'. Nevertheless, the ZnZrIn catalyst of
this work presented a lower methanol productivity of 206 g MeOH kgcat* h™', possibly
due to the lack of Cu and to the lower surface basicity of this catalyst. These results
suggest that the presence of Cu in an In2O3 containing catalyst may be beneficial for
the methanol productivity due to the improved H»-splitting capacity, as explained
before in the catalytic tests results section. Moreover, other metals such as Ni and Pd
have been used together with In2O3, improving the catalytic activity and selectivity [76],
so the use of other metals may also be beneficial and give a better catalytic
performance. Figure 5.25 shows that the catalysts prepared in this work (i.e. CuZnZrin
and ZnZrln) presented methanol productivity values close to those of other catalysts
investigated in the literature. Also, as mentioned before, the conditions of the catalytic
tests are different for each material, which makes difficult an appropriate comparison
of their catalytic performance.
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Figure 5.25 Methanol productivity vs. CO2 conversion % for some of the catalysts included in Table
5.21. Each number corresponds to the reference of the work.

In summary, despite the difficulty in comparing the catalytic tests results done under
different conditions and with different catalyst compositions, the CuZnZrin and the
ZnZrln catalysts of this work presented methanol productivity values of the same order
of magnitude of catalysts synthesized in other works. This investigation also showed
that using small quantities of In.O3 as a promoter, as in the reference [78] can improve
the catalytic activity.

5.4.5. Methanol productivity against the Cu surface area of the catalysts

Given the importance of the Cu surface area on the catalytic activity for the production
of methanol, a graph of the methanol productivity against the Cu surface area was
built. This is shown in Figure 5.26.
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Figure 5.26 Methanol productivity against the Cu surface area at 280°C.

The results show a correlation between the methanol productivity and the Cu surface
area, where some catalysts were closer to the regression line (i.e. Microfluidic, CuO
33-17h, CuO 50-0h-65, 60% CuO, CuO 50 CeO2 10-Oh, CuO 50 CeO. 10-0h-65),
indicating a stronger correlation between these two parameters, while others deviated
more importantly from it (i.,e. CuO 33-0h, CuO 50-0Oh, 40% CuO, 50% CuQO). The
reason of the deviation from the trendline can be attributed to other parameters
affecting the methanol productivity, such as the surface basicity, the presence and
amount of oxygen vacancies, the metal-support interactions, among others. This
means that the Cu surface area is important for the catalytic activity, but the
abovementioned parameters are important as well. In the case of catalyst CuO 33-0h,
many aspects influenced its catalytic activity besides the Cu surface area, such as the
quantity of basic sites per unit surface area, the reducibility, the Cu particle size,
among others, indicating a weaker dependence of the catalytic activity on the Cu
surface area. In contrast, the catalyst 60% CuO was closer to the trendline, indicating
a more important effect of the Cu surface area on the catalytic activity. In fact, this
catalyst presented the highest CuO content of all the catalysts investigated, making
the Cu surface area more important for its catalytic activity.

5.4 6. Conclusions

Two indium containing catalysts were synthesized by the microfluidic method with
immediate filtration and heating of the precipitation zone to 65°C to investigate their

196



physicochemical properties and their catalytic performance for the hydrogenation of
CO2 to methanol.

The characterization results show that the two investigated catalysts presented
different physicochemical properties attributed to their different compositions. As
shown before, the catalyst CuZnZrin developed CuO and ZnO crystalline phases while
the catalyst ZnZrIn developed only the ZnO crystalline phase. In contrast, In203 was
present in both catalysts in an amorphous state, due to the low concentration of this
metal or due to the low crystallization due to the synthesis conditions.

Regarding the results of the catalytic tests, it was shown that the CuZnZrin catalyst
presented a higher catalytic activity compared to the ZnZrln catalyst, which may be
due to the presence of copper, which serves as active sites for the Ho splitting, due to
the higher surface basicity of the catalyst and due to the higher specific surface area
of the CuZnZrin catalyst. Despite this, both In20O3 containing catalysts presented lower
methanol productivities than the other catalysts prepared in this thesis. This suggests
that the synthesis of In203 containing catalysts by the microfluidic method must be
optimized in order to get to materials with more attractive properties and catalytic
activity. Using the microfluidic technique with an aging step of the precipitates may be
helpful to increase the crystallinity of In203 and to obtain catalysts with better catalytic
performance. Moreover, according to the reviewed literature, the amorphous nature of
In203 obtained in this work may be a factor that contributes to the lower catalytic
performance presented by the two indium containing catalysts.

More investigations involving the use of higher In2O3 contents, longer aging times and
the modification of the synthesis technique could help obtain catalysts with more
interesting properties and superior catalytic activity. Also, the optimal synthesis and
pretreatment conditions of InoO3 must be determined, to gain more knowledge about
its properties as a catalyst and promoter and to improve the catalytic activity of In203
containing catalysts.
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6.1. General conclusions and perspectives

In this research work the effects of different synthesis parameters on the properties
and activity of Cu-ZnO-ZrO: catalysts for the synthesis of methanol were investigated.
The synthesis parameters studied included the catalyst synthesis method (i.e. batch
or microfluidic) and different variables involved in the microfluidic synthesis by
coprecipitation, including the aging time, the coprecipitation temperature and the
composition of the catalysts. The main objective of this work was to study the
abovementioned synthesis parameters to optimize the microfluidic synthesis
technique by coprecipitation and obtain catalysts with improved catalytic performance.

The characterization results and the catalytic tests showed that the catalyst
synthesized by the microfluidic method presented a higher surface basicity, a more
uniform copper particle size distribution and a higher copper surface area than the
catalyst synthesized by the batch method, giving the catalyst synthesized by the
microfluidic method superior conversions and methanol productivity per mass of
catalyst. This catalyst also presented a higher density of basic sites per unit surface
area, which indicates a higher affinity of this catalyst for COs-.

Regarding the effect of aging time, it was found that it plays an important role in the
development of crystalline phases and on other catalyst properties such as the specific
surface area, the surface basicity, the reducibility, the Cu surface area and the Cu
particle size. The catalyst CuO 33-Oh prepared without any aging step presented a
higher specific surface area, a higher surface basicity, a lower reduction temperature
and a higher Cu surface area, which explains the superior results in terms of reactants
conversions and methanol productivity of this catalyst. This catalyst also presented a
higher concentration of basic sites per unit surface area of catalyst, suggesting the
presence of more active sites for the CO, activation, and lower distances between
active sites, causing an increase in the catalytic activity. The investigation of the
coprecipitation temperature during the microfluidic synthesis by coprecipitation
showed that carrying out the coprecipitation reaction at 65°C during short contact
times had a positive effect on the catalytic activity of the catalyst investigated,
however, this effect was lost when applying this synthesis technique to a catalyst
containing CeO:..

Moreover, the composition of the catalysts was investigated by exploring the effects
of different CuO contents and the effects of the use of CeO2 and In203 on the catalyst
properties and on the catalytic activity. It was found that the variation of the CuO
content of the catalysts from a CuO content of 40% to a content of 60%, didn’t affect
greatly the crystallinity of the catalysts, but did have an effect on the morphology and
the porosity of the catalysts. Higher contents of CuO caused an increase in the Cu
surface area, which improved the reactants conversions and the methanol
productivity.
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In the case of ceria, it was found that the replacement of 10.2% of ZrO. of a Cu-ZnO-
ZrO2 catalyst by CeO> caused a decrease in the catalytic performance under the
conditions of these experiments. This can be explained by the decrease of the specific
surface area and Cu surface area caused by CeO>. According to the obtained results
and the reviewed literature, the amorphous state of the ceria may be a contributing
factor to the lower performance of the catalysts, as different studies indicate that the
morphology of CeO2 has an important effect on its catalytic performance. A covering
effect by CeO> of the Cu nanoparticles can also explain the decrease in the Cu surface
area and the decrease of the catalytic activity of the CeO- containing catalysts. The
microfluidic synthesis by coprecipitation and the use of CeO: as a catalyst component
can be considered incompatible. However, modifying the microfluidic synthesis by
allowing aging of the precursors could allow to obtain the promoting effects of CeO:
that are reported in the literature.

Lastly, it was found that the addition of In203 to the Cu based catalysts didn’t improve
the properties and catalytic performance as was expected, probably due to the
amorphous nature of the In2O3 and also due to the lower H> splitting capacity of In2O3
compared to that of metallic Cu. The catalytic performance of the catalyst containing
In2O3 but no copper also presented a low catalytic performance explained possibly by
the same reasons. Also, more studies about the activation of InoO3 before the CO2
hydrogenation reaction could be useful to increase the promoting effects of this oxide.

In future works, a deeper study of the morphology and the crystalline structure of the
catalysts synthesized by the microfluidic method employing transmission electron
microscopy (TEM) would allow to understand better the differences with catalysts
synthesized by other methods and the microscopic features of catalysts prepared
without an aging step, like catalyst CuO 33-0h, which presented an excellent catalytic
performance. Also, performing an elemental mapping of the microscopy images would
allow to better understand the composition of the different structures developed on the
surface of the catalysts. Moreover, doing H2-TPD analysis to the catalysts of this work
would allow to study the H> adsorption and desorption mechanisms with temperature,
which could complement the results of the CO.-TPD analysis used to characterize the
mechanisms of adsorption of CO2 on the catalysts surface. In addition, using the X-
ray photoelectron spectroscopy (XPS) technique could allow to study more deeply the
different interactions that could occur between the metal species, such as alloying,
formation of intermetallic compounds, solid solutions, among others. This study would
also benefit from the use of TEM. Finally, the study of the effects of the crystallinity of
CeO2 and In203 on the catalytic performance would be interesting and it would allow
to find optimal catalyst compositions and optimal synthesis conditions for the
coprecipitation by the microfluidic method.
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Résumé

Le réchauffement climatique est une préoccupation pour les générations actuelles et futures en raison de
l'augmentation des émissions de gaz a effet de serre (GES) dans I'atmosphére, principalement dues a la
dépendance aux combustibles fossiles. L'utilisation de carburants alternatifs tels que le méthanol durable
produit a partir de H, renouvelable et de CO; contribuerait a réduire les émissions de GES et les effets du
changement climatique. La synthése du méthanol a partir de matiéres premiéres riches en CO; se fait
préférentiellement en utilisant un catalyseur solide composé de CuO, ZnO et ZrO,. Ce type de catalyseur
peut étre produit par coprécipitation des espéces métalliques a I'aide d'un dispositif microfluidique, avec des
avantages qui ont été démontrés par rapport aux catalyseurs synthétisés par coprécipitation discontinue.
Dans ce travail, différents catalyseurs pour I'hnydrogénation du CO, en méthanol ont été synthétisés en
utilisant la technique microfluidique dans différentes conditions, afin d'explorer différents paramétres de
synthése pouvant conduire au développement de catalyseurs plus actifs. Les différences de propriétés et
d'activité entre un catalyseur synthétisé par la méthode microfluidique et un autre synthétisé par la méthode
batch ont été étudiées, suivies d'une exploration des effets du temps de vieillissement et de la température
de coprécipitation sur les catalyseurs. Enfin, I'effet de différentes compositions de catalyseurs sur les
propriétés et l'activité a été déterminé, en étudiant différentes teneurs en CuO, I'utilisation de CeO, comme
promoteur et l'utilisation de In.O3 comme promoteur et comme métal actif.

Mots clés: Méthanol, valorisation du CO, coprécipitation, méthode microfluidique, catalyseurs solides,
conditions de synthése, composition, performances catalytiques.

Abstract

Global warming is a concern for the current and future generations due to the increasing greenhouse gases
(GHG) emissions to the atmosphere, mainly due to the dependence on fossil fuels. The use of alternative
fuels such as sustainable methanol produced from renewable H,; and from CO; would contribute to reduce
the GHG emissions and the effects of climate change. The synthesis of methanol using CO rich feedstock
is preferentially done by using a solid catalyst composed of CuO, ZnO and ZrO.. This type of catalyst can
be produced by coprecipitation of the metal species using a microfluidic device, with advantages that have
been demonstrated over catalysts synthesized by batch coprecipitation. In this work, different catalysts for
the hydrogenation of CO, to methanol were synthesized using the microfluidic technique under different
conditions, in order to explore different synthesis parameters that could lead to the development of more
active catalysts. The differences in the properties and activity between a catalyst synthesized by the
microfluidic method and another synthesized by the batch method were investigated, followed by an
exploration of the effects of the aging time and the coprecipitation temperature on the catalysts. Lastly, the
effect of different compositions of catalysts on the properties and activity were determined, by investigating
different CuO contents, the use of CeO, as a catalyst promoter, and the use of In.O3 as a catalyst promoter
and as active metal.

Keywords: Methanol, CO, valorization, coprecipitation, microfluidic method, solid catalysts, synthesis
conditions, composition, catalytic performance.




