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ABSTRACT 

Development of Reusable heterogeneous Catalysts for Sustainable formic acid 

production and methanol utilization. 

Ding-Jier Yuan 

 

The green production of formic acid and utilization of methanol over heterogeneous 

catalysis system were investigated in this study. The heterogeneous catalysts are widely 

used in the chemical industry. They offer high stability and reusability which can enhance 

the production ability and lower the production cost, it can be considered as the 

sustainable energy solution for the future. In this work, we demonstrated several different 

heterogeneous catalysts for sustainable formic acid production and methanol utilization, 

including the heteropoly acid supported mesoporous silica catalysts and multi-function 

mixed metal oxide catalysts. Detailed characterizations of the final products were carried 

out by N2 adsorption and desorption, XRD, HR-TEM, SEM, ICP-OES, XANES, NH3-

TPD, Raman spectroscopy, and FTIR to identify the chemical properties and physical 

properties of the catalysts. We obtained 60 % glycerol conversion and 30 % formic acid 

selectivity with at least 3 rounds of usages in batch system over PV1Mo/SBA-15-p-DS 

catalyst. Moreover, the continuous methyl formate production with significantly high 

formation rate (16.7) has been achieved via our CuMgO-based catalysts, and the best 

Cu5MgO5 catalyst gives more than 80 % methanol conversion with constant selectivity 
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to methyl formate even after 4 catalytic test (more than 200 h), revealing their potential 

for industrialization. For the methanol utilization reaction, the methanol homocoupling to 

form dimethoxymethane (DMM) has been investigated. The redox and acidic properties 

of catalysts both play a critical role in this reaction and the related to different product. 

The supported V2O5 catalyst achieves the best catalytic performance (62.1 % conversion 

and 85.6 % DMM selectivity) with a Ce/Al specific ratio of 1. This research not only 

provided the efficient catalysts for numerous application with high activity, but also 

discovered the relation between the catalytic performance and the nature of the materials. 

These findings might further help the researcher to solve the global environmental and 

energy issues in the near future.   
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Chapter 1 Introduction 

1.1 Objectives and Contributions 

Fossil fuel- derived chemicals represent the main source of energy worldwide. However, 

the accelerating depletion of fossil hydrocarbon resources has created the need to find 

other sources of energy.1 Additionally, the use of fossil fuel derivatives presents has a 

detrimental effect on the atmosphere and the composition in CO2 (e.g., greenhouse effect 

and photochemical smog2-4).  

 The use of bio-derived oxy-functionalized substrates for the production of fuels 

and platform chemicals can help overcome some of these issues. Glycerol is 

readily available as a by-product (ca. 10%), derived from biodiesel production, 

and can be considered as an abundant renewable source for the production of 

crucial platform chemicals, materials (e.g., monomers and polymers) and fuel 

additives. It has been concluded that, as the cost of biodiesel production is still 

too high, its downstream conversion of glycerol would provide a mean to lower 

the overall cost and potentially be used as an alternative to fossil fuels.5-6 

Significant research efforts have been made on the catalytic transformation of 

glycerol to downstream, value-added products such as propanediol, 

hydroxyacetone, hydrogen, and primary alcohols. Several reaction paths have 

been established, some of them involving a selective oxidation process, 

reforming, hydrogenolysis, dehydration, esterification, etherification or 
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deoxygenation reaction. The best option for the catalytic transformation of 

glycerol is via oxidation or oxidative reforming. This can lead to the formation 

of acrolein, glyceric acid, hydroxypyruvic acid, tartronic acid, glycolic acid, 

lactic acid, oxalic acid, and formic acid.7-10 The oxidative glycerol transformation 

for the entire process of the formic acid production has attracted considerable 

interest for future energy applications.11-12 The catalytic decomposition of formic 

acid to produce hydrogen has been rapidly developed during the past decay, 

several homogeneous catalytic systems have achieved high catalytic 

performance.13-19 Catalytic dehydrogenation of formic acid20-22 allows it to be 

employed as a liquid hydrogen carrier.23  

 Methyl formate (MF) is a necessary intermediate in C1 chemistry.24-26 It is wide-

used chemical for several value-added chemica, including ethylene glycol, N, N 

dimethyl formamide (DMF), methyl glycolate, acetic acid, methyl propionate, 

and formamide. Methyl formate is also a desired raw material that can directly 

acts as antiseptic, solvent, and fuel additive.27 In addition, the MF is the most 

important precursor of formic acid production in industry field, the world largest 

formic acid supplier BASF company also the largest supplier of MF. The BASF28 

established a hydrolysis process to produce formic acid through MF. Numerous 

synthetic routes of MF have been established, such as the dehydrogenation of 
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methanol,26 selective oxidation of methanol, carbonylation of methanol29 26 

hydrogenation of CO2 to MF,30 dimerization of formaldehyde,31 and 

esterification of methanol with formic acid.32 The dehydrogenation and selective 

oxidation reaction being the most common pathway for the industry process. 

Compared to the selective oxidation reaction, the non-oxidative dehydrogenation 

process provides plenty of advantages, such as 1) without the addition of oxidant, 

2) cheaper production costs, and 3) produce hydrogen as the value-added by-

product. The non-oxidative dehydrogenation reaction pathway of methanol 

convert to methyl formate is listed in Scheme 1-1. While numerous homogeneous 

catalysts have been reported for dehydrogenative homocoupling of primary 

alcohols to the consistent esters.33-40 In these homogeneous catalysis system, the 

methyl formate might go through further dehydrogenation to form dimethyl 

carbonate.41-42 However, the products of heterogeneous catalytic 

dehydrogenation reaction of methanol can be varied, there are several properties 

can impact the product selectivity and catalytic activity.43-45 For instance, the 

acidic catalysts tend to give the dehydration product, such as dimethyl ether 

(DME),46 and the high temperature condition leads to the formation of gaseous 

products such as CO2.47 The metallic copper has been demonstrated as the active 

ingredient for the dehydrogenation reaction.48-53 Many researches54-57 indicated 
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that metallic copper is an efficient catalyst for the methanol dehydrogenation to 

methyl formate production as well. Furthermore, there still other materials that 

can act as catalysts for the dehydrogenation of methanol, such as, palladium, 

platinum, and nickel.58 Although there were plenty of researches for the non-

oxidative dehydrogenation of methanol to methyl formate, the current formation 

rates of methyl formate is not sufficiently high for commercialization, also, the 

long lifetime catalyst still needs to be further developed. 

 

 

Scheme 1-1 Dehydrogenation of methanol 

 Dimethoxymethane (DMM) is a high-value and widely used chemical as a 

building block in organic synthesis. Due to its low toxicity, it is also an 

environmentally friendly solvent used in many applications, e.g., 

pharmaceuticals27 and organic synthesis59. More recently, DMM has been used 

as a fuel additive, due to its high oxygen content and chemical stability60. The 

most common method used in industry for the production of DMM is a two-step 

oxidation,61 including (1) oxidation of methanol to formaldehyde, (2) a 
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subsequent dehydration reaction between methanol and formaldehyde via acidic 

catalysis. However, this strategy has been shown to have a high cost of energy, 

to cause substantial equipment corrosion62 and to give undesirable complex side-

reactions (scheme 1-2).63 To overcome these obstacles, a one-step heterogeneous 

catalytic selective oxidation reaction system is mandatory. To date, several 

heterogeneous catalysts have been developed, such as copper supported zeolite,64 

ruthenium oxides,65 Fe-O-Mo,66 heteropoly acid,67-68 rhenium-based catalysts,69-

71 and vanadium oxide-based catalyst.60-61, 71-78  

 

Scheme 1-2 Reactions in the oxidation of methanol. 
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1.2 Heterogeneous catalysis 

The concept of heterogeneous catalyst might probably be established by Berzelius and 

Mitscherlich, who observed that the solids material could facilitate the chemical reaction, 

the term contact catalysis was introduced at that time.79 The progress in heterogeneous 

catalysis can be connected with the 1912 Nobel Prize; Paul Sabatier developed a Ni-Co 

catalyst for the CO and ethylene hydrogenation. The critical revolution in heterogeneous 

catalysis happened in 1918 when Haber synthesized ammonia from nitrogen and 

hydrogen over a solid iron catalyst. After that period, heterogeneous catalysis is one of 

the fastest rising chemistry since the 20th century.80 Owing to the fast evaluation in 

heterogeneous catalysis, for example, numerous discoveries in nanoscience, it is believed 

that an update of the research on this field can be beneficial not only to industry 

production but also to the environmental application.81 Moreover, the heterogeneous 

catalysis provides several advantages such as ease of removal from the reaction and 

possible to recycle, the opportunity to operate continuous processes and low-synthetic 

cost, these advantages make heterogeneous catalysis more popular than other catalytic 

systems (Fig .1-1).82 Nevertheless, there still some drawbacks of heterogeneous catalysis 

need to be overcome. Heterogeneous catalysis normally provides lower activity compared 

to the homogeneous catalysis in the liquid reaction system because of the poor dispersion. 
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Also, the deactivation mechanism of heterogeneous catalysis is related to the complex 

coke formation reaction, which imitated the lifetime of the catalyst.      

 

Fig. 1-1 Percentage of (A) the contribution of catalytic process in the chemical industry 

and (B) the contribution of each different catalyst in the catalytic process82 

 

1.2.1 Porous materials 

1.2.1.1 Zeolite 

Zeolites are microporous, crystalline solid, aluminosilicate minerals. These 

particular materials have different pore structure, chemical composition and offer 

numerous application because of these properties. For example, the ZSM-5 zeolite, 

it was created by Mobil Oil at 1972, ZSM-5 is possessed of several pentasil units linked 

together by oxygen bridges to form pentasil chains. A pentasil unit consists of eight five-

membered rings (Fig. 1-2).83 The two different channel (straight channel, 5. a1 Å × 5.5 Å 

and zig-zag channel, 5.4 Å × 5.6 Å), ZSM-5can offer a specific selectivity between 

different chemical; this property plays a critical role in the adsorption process. Compared 

with commercial adsorbent active carbon, ZSM-5 can provide better thermal stability, 

unified pore size, and reusability; these factors make ZSM-5 to a high potential candidate 

for VOCs adsorption. Another widely used zeolite Y-zeolite was the first synthetic 

https://en.wikipedia.org/wiki/Cyclic_compound
https://en.wikipedia.org/wiki/Cyclic_compound
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zeolite created by Union Carbide, which belongs to Faujasite structure. Every ß-

cages are connected by double six-ring (D6R), and pore windows are made by 12-member 

ring, has a relatively large diameter of 7.4 Å. The inner cavity has a diameter of 12 Å and 

is surrounded by ten sodalite cages84 (Fig. 1-3). Due to this super cage structure, the Y-

zeolite will be poisoned easily than ZSM-5 and limited the application of Y-zeolite. 

 

Fig. 1-2 Structure of ZSM-585 

 

Fig. 1-3 Structure of Y-zeolite85 

 

 

1.2.1.2 Mesoporous materials 

Porous material offers several advantages such as ordered porous structure and high 

surface area, which shows high potential for numerous industrial applications. For 

example, the gas separation, volatile organic compounds (VOCs) adsorption, medical 

delivery, molecular detector and support material of the catalyst. Based on the 
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International Union of Pure and Applied Chemistry (IUPAC) definition (Table 1-1.), the 

pore size smaller than 2 nm is called micropore, between 2-50 nm is called mesopore and 

the macropore is larger than 50 nm.86  

 

Since the 1960s, porous zeolites were widely used in the petrol industry, many researchers 

were attracted by these porous materials and focus on the development of zeolite materials. 

However, zeolites only provide micropore structure, the application of zeolite were 

limited in small molecular. Until 1992, the Exxon Mobile company first developed a 

mesoporous silicate material M41S via the addition of quaternary ammonium salt 

surfactant.87-88 This material gives an extremely high surface area, uniform pore 

distribution and tunable pore size. After this breakthrough, the limitations of conventional 

zeolite were overcome, the mesoporous material was introduced into the various fields, 

such as polymer catalysis, sensor, and photoelectron device.89-90 

Beck et al.,88 proposed two possible pathway liquid crystal templating (LCT) reaction 

mechanisms (Scheme 1-3.) for the formation process of MCM-41. The First pathway was 

Table 1-1 Definition of  porosity86 

Pore-size regimes Definition Example Actual size range 

macropore > 50 nm glasses > 500 nm 

mesopore 2 – 50 nm M41S 46 – 100 nm 

micropore < 2 nm Zeolites < 14.2 nm 
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that the formation of surfactant miscall followed by self-assembling to form hexagonal 

liquid crystal phase, after that, the added silicate precursor start to accumulate and growth 

on the surface of micelle via Coulomb force. Another pathway was described as that the 

silicate precursor and surfactant attract each other via Coulomb force to form hexagonal 

structure. In 1993, Davis et al.,91 used 14N-NMR tracing to reveal that the silicate 

precursor was the first deposit on the interface between surfactant follow by the hexagonal 

structure formation, they also claim that the increase of the reaction time and temperature 

can complete the condensation reaction of silicate. 

 

Scheme 1-3 Possible mechanistic pathways for the formation of MCM-41: (1) liquid 

crystal phase initiated and (2) silicate anion assembly88 

 

Another important milestone of mesoporous silicate material was established in 1988, 

Zhao et al., 92 used a triblock copolymer((EO)x(PO)y(EO)x, P123) as a template agent to 

synthesized Santa Barbara Amorphous silicate material (SBA). For the synthesis, the PO 

region is the hydrophobic and EO side is the hydrophilic side, under the acid condition 
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(pH <1), the silicate precursor (tetraethoxysilane, TEOS) start to hydrolysis and 

condensation reaction, the precipitated after the calcination can give pore and 2-D 

hexagonal rod structure. The most famous and widely used SBA material is SBA-15 

which use (EO)20(PO)70(EO)2 as the templating reagent (Fig. 1-4). The thermal stability 

comparison of SBA-15 and MCM-41 as shown in Fig. 1-5.92 The XRD pattern (left) 

shows that the SBA-15 (C) can mostly maintain the porous hexagonal structure after the 

boiling treatment compares to MCM-41 (B). This high thermal stability of SBA-15 gives 

more application capability to be a support material. 

 

Fig. 1-4 (C) SEM image, and (D, E) TEM images of calcined SBA-15-p.93 
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Fig. 1-5 Left：Small-angle XRD patterns of (A) calcined MCM-41 with Cl6H33N(CH3)3Br; 

(B) calcined MCM-41 after hydrothermal treatment at 100°C for 6 hours; and (C) calcined 

SBA-15 . Right：SEM images of as-synthesized SBA-1592 

 

Finally, the mesoporous material can be synthesized under the various condition and gives 

a highly flexible structure, such as different pH value, hydrothermal temperature, 

surfactant, silicate precursor and ion additive. For example, Chenet al.,94 93 revealed that 

the addition of zirconium salt (Zr4+) leading to the platelet-like SBA-15 called SBA-15-

p, the length of the channel is between 150-300nm which is shorter than the conventional 

SBA-15. The difference in the synthetic process of conventional SBA-15 and SBA-15p 

was shown in Scheme 1-4. The addition of zirconium salt accelerates the self-assembling 

of silicate-P123 micelle to form the shorter hexagonal rod. Additionally, the zirconium 

salt can also increase the concentration of silicate which closes to the P123 and lower the 
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critical micelle concentration of P123, this affects that the SBA-15-p shows larger pore 

size compared to the conventional one.93  

 

Scheme 1-4 The addition of Zr4+ effect, and the evolution of mesoporous structures and 

morphologies of SBA-15.95 
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1.2.2 Heteropoly acid (HPA)  

The first polyoxometalate ammonium salt (12-molybdophosphate) was discovered by 

Bezrelius96 in 1826. After the discovery of this first polyoxometalate compound, the field 

of polyoxometalates chemistry progressed significantly. In 1933, Keggin who first solved 

the structure of the most important 12:1 type of heteropoly anions by a powder XRD 

experiment, and given the formula of H3[PW12O40]•5H2O.97 After the kegging structure 

has been established, the researcher started to dig out more structure of polyoxometalates, 

such as Well-Dawson structure, Anderson-Evans structure, and Dexter-Silverton 

Structure. By the early 1970s, the chemistry of polyoxometalates had been greatly 

expanded. Heteropoly acid (HPA) is a solid acid with strong acidity (close to superacid), 

and only shows Brønsted acid site without Lewis acid side. Compared to other inorganic 

acids, heteropoly acid possess some advantages, such as environmentally benign, fine 

structure (Keggin and Dawson structure mostly) and tunable acidic strength.98 

Phosphotungstic acid (H3PW12O40, HPW), phosphomolybdic acid (H3PMo12O40, HPMo), 

silicotungstic acid (H4SiW12O40, HSiW) and silicomolybdic acid (H4SiMo12O40, HSiMo) 

are the most common heteropoly acid. The acid strength can be associated with the 

dissociation constant (pK) in acetic acid, the pK value of heteropoly acids is stronger than 

the normal inorganic acid, such as H2SO4, HBr, and HCl.99 This strong acidity is related 

to the surface charge density of the anion being delocalized over the large-size polyanion, 

https://en.wikipedia.org/wiki/Phosphotungstic_acid
https://en.wikipedia.org/wiki/Phosphomolybdic_acid
https://en.wikipedia.org/wiki/Silicotungstic_acid
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leading to a weak interaction with the counter-ions.100 The acidity of heteropoly acid is 

both associated with the central metal and heteropoly ion, the general trend is that the 

acidity increase with the decrease in the negative charge of the heteropoly anion, or an 

increase in charge of the central atom.101 In the other hand, the redox properties of 

heteropoly acids also play a critical role in catalytic reaction. The metal center in 

heteropoly anions of heteropoly acid can exchange the electrons in multielectronic 

reversible steps to present different oxidation state (such as Mo4+, Mo5+, and Mo6+). 

Meanwhile, the oxidative ability is correlated to the metal center, which gives a general 

trend in order “V > Mo > W” containing heteropoly anions.102 In the catalysis reaction, 

the Keggin structure heteropoly acid is the most used catalyst, the structure of 

phosphotungstic acid (Fig. 1-6) is composite with center phosphate ion (PO4
3–) and 

surrounded by 12 octahedral tungstyl ion (WO6
–). Because of the special physical and 

chemical properties, heteropoly acids are act as homogeneous and heterogeneous 

catalysts very often. Based on the well-studied fine structure of them, heteropoly acid also 

attract researcher’s great interest as a model system for fundamental issue of catalysis.103 

Therefore almost 80-85 % of patents and publications addressing the application of HPAs 

belong to catalysis field.104   

https://en.wikipedia.org/wiki/Phosphotungstic_acid
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Fig. 1-6 The Keggin structure for H3PW12O40. 

 

The most significant advantage of the HPA based catalysts is that their acid and redox 

properties can be easily and systematically controlled by the exchanging of the protons, 

counter-cation, heteroatom, and framework atoms. For example, the substitution of 

vanadium with molybdenum in phosphomolybdic acid can increase the oxidative ability 

of the heteropoly acid and showed the better catalytic performance of selective oxidation 

of glycerol to formic acid production compared to the original phosphomolybdic acid.105 

In the homogeneous catalysis, the heteropoly acid can serve as the catalyst for numerous 

reaction and industrial application, such as condensation,106 hydration of olefins,107 

esterification (and related reactions),108 and several selective oxidation reactions.101 

However, because of the low surface area and low thermal stability101 of hetetropoly acid, 

these obstacles limited the application for heteropoly acid as homogeneous catalyst. 

Herein, we can via impregnate or immobilize heteropoly acid on the support material to 

enhance their stability and catalytic application. Moreover, the supported heteropoly acid 

https://en.wikipedia.org/wiki/Phosphomolybdic_acid
https://en.wikipedia.org/wiki/Phosphomolybdic_acid
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can also offer multiple advantages as a heterogeneous catalyst. Heterogeneous catalysis 

over heteropoly acids has get more attention compare to the homogeneous catalysis 

reaction.102 Generally, the supported heteropoly acids have a much greater surface area 

and thermal stability, hence they are more important in practical applications.109 The 

catalytic activity of supported heteropoly acids depends on the support material strongly. 

There are some common materials can be used as the carrier, such as the silicate materials, 

zeolites, molecular sieve, activated carbon, ion-exchange resins, clay, and metal oxides.  

Most of the support materials are acidic or neutral, because the basic support (such as 

MgO or CaO) tend to decompose the heteropoly acid.110 The application of the supported 

heteropoly acids is covering multiple fields, they can be introduced into dehydrogenation, 

selective oxidation, hydrolysis, esterification, miscellaneous, Friedel-Crafts and related 

reactions.111-113 

1.2.3 Metal-based catalysts  

1.2.3.1 Metal oxide  

Metal oxides attracted more interests since 1950s when they were discovered to 

efficiently catalyze several diversity chemical reactions, especially, selective oxidation 

reaction and acid-base reaction. Metal oxides can be introduced into numerous field, 

including petroleum, pharmaceutical, new energy and chemical industry. Not only the 

catalysis field, metal oxides also have peculiar and numerous features and applications as 
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sensors and fuel cells electrolyte.114 The surface of metal oxides consisting of two main 

oxygen species which is the lattice oxygen and non-lattice oxygen.115 The lattice oxygen 

is the O2- anions and non-lattice oxygen are referred to the hydroxyl group. This two 

different oxygen both affects the nature of the material and leading to a different function. 

Metal oxides play multiple roles in the catalysis science field, and they can act as support 

material, the active catalyst, and molecular sieves.116 These material offer the high 

adjustability in different parameters, such as the acidity (or basicity), porosity, thermal 

stability and crystalline.,117-118 these features can be controlled via different synthetic 

conditions, temperature, pressure, active concentration, precursor species, reaction time, 

and additive. Moreover, the mixed metal oxides also possess an important advantage 

which is the cheap and simple production process, this might lead the metal oxide to be 

the most wide-used catalysts in the industrial field. Beside the single metal oxides (one 

metal component), the mixed metal oxides which consisting of two or more metal oxides 

can give further flexibility for different usage. The original idea of the mixed metal oxides 

was to enhance the basic or acid strength, increase the surface area, bifunctional catalysis, 

and strengthen the stability of these catalysts in comparison to single metal oxides.119 The 

conventional mixed metal oxide catalyst containing the support material (such as Al2O3, 

ZrO2, CeO2, MgO, etc.) and active species (e.g. VOx, Mox, NbOx, RuOx, etc.), these two 

metal components can be combined with several synthetic pathways, such as 
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impregnation, co-precipitation, and sol-gel method. In this serial of catalysts, they can be 

tailor-made for different demand. For example, the vanadium oxide-based catalyst with 

acidic Al2O3 support can be applied to selective oxidation reaction.120-121 In 1998, Yang 

et al.,122 progressed the metal oxide to a new age, they successfully synthesized a serial 

of high surface area ordered porous metal oxide via templet agent. After that, the 

researcher started to apply this technique to numerous mixed metal oxides-based 

catalysts.123 Compared to conventional metal oxides, they possess the ability to interact 

with molecules not only at their external surface but also within the large internal surface 

(inside pore) of the material, the increase of surface area can be also defined as the 

increase of active catalytic sites.124 Although the mixed metal oxide catalysts already been 

used in uncountable applications, there is still a major obstacle is that the surface 

characterization and active site of mixed metal oxide catalysts are significant complex 

than the single metal oxide or metal cluster catalysts. In this work, we applied several 

characterization techniques to solve this problem, and these techniques will be further 

discussed in the experimental section. 

1.2.3.2 Metallic nanoparticles  

The metallic nanoparticles were already prepared for heterogeneous catalysis more than 

150 years, in 1857 Faraday first reported the formation of deed-red solutions of gold 

nanoparticles via using phosphate in CS2 to reduce the HAuCl4 solution,125 which is even 

earlier than the first international nanotechnology conference (1990, Baltimore, USA). 
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After 1990, the nanotechnology attracted considerable attention of worldwide researchers. 

However, the scientist was not able to dig more about the fundamental of nanoparticle 

catalyst because of the limitation of the instrument. The first case researchers revealed 

that the different catalytic activity was shown by metal atoms located at crystal edges, 

corners, and facets position, and they classified reactions on metal catalysts as structure-

sensitive and nonstructure-sensitive reactions.126-127 Nowadays, the preparation routes of 

nanoparticles have great exponentially grown, a series of reductant agent (NaBH4, 

molecular hydrogen, alcohols) with capping agent (polymers, surfactants, dendrimers, 

and ionic liquids) has been reported.128-132 The first application of metallic nanoparticles 

in catalysis is the metal-only system, these nanoparticles can be introduced into different 

catalytic reaction directly. Owing to the high surface areas, they can provide and large 

amount of low-coordinated sites and surface vacancies, that are essential for the catalytic 

activity.133 The metallic nanoparticles can be classified as a frontier between 

homogeneous and heterogeneous catalysis (or soluble heterogeneous),114 they might lose 

their catalytic activity due to the aggregation of small particles to form a larger bulk 

material, and they also lacked the good recovery and reusability feature of heterogeneous 

catalysis system. Another catalytic application of metallic nanoparticles try to keep the 

advantages of the homogenous-liked part and receives the positive sides of heterogeneous 

catalysis system. For this purpose, the supported metallic nanoparticle catalyst offers a 
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potential opportunity, the supported nanoparticle catalyst shows higher stability and to 

retain their high activity at the meantime.134-136 The protection of nanoparticles could be 

reached through impregnation, immobilization, and grafted onto the support material or 

the addition of capping agents.137-139 The nanoparticles have been immobilized, grafted, 

or impregnated onto inorganic supports to achieve the advantages of heterogeneous 

catalysis, led to the improvement of their stabilization and recycling ability. The 

development of new support materials for the heterogenization of homogeneous catalysts 

has been reviewed by Liu et al.140 The support material can be metal oxides (e.g., TiO2, 

ZrO2, Al2O3, etc.), silicate, porous materials (e.g., zeolite, mesoporous silicate), or any 

support used in heterogeneous catalysis system. For example, the particle size and the 

growth of particles can be controlled in the porous supported metallic nanoparticles 

catalysts. Also, the dispersion and concentration of active sites of the nanoparticles can 

be enhanced. The metallic nanoparticles catalyst is also a useful catalyst for numerous 

chemical reactions, such as selective oxidation, organic reactions, selective 

hydrogenation, electrocatalytic, CO oxidation, and photocatalytic reactions.141 

1.3 Production of formic acid 

Nowadays, formic acid is a widely used chemical in agricultural, textile, leather, 

pharmaceutical, and rubber industries.11 Formic acid is a low-corrosive, low-toxic and 

phosphate, nitrate, sulfate- free organic acid which can substitute conventional inorganic 
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acid in several fields.142 According to these features, formic acid can be considered an 

environmental friendly acid source, based on the research of European Chemical Agency 

(ECHA), they mention that formic acid and the formate ion are the biodegradable 

chemicals in seawater.143 These advantages make the demand of formic acid growing 

rapidly, the growth of the formic acid market can be expected up to 6% annually.144    

The production capacity of formic acid has been valued up to 950k tons per year,145 and 

the market price of formic acid has been estimated between 400-650 USD/ton.144 Beside 

the traditional applications of the formic acid, there are several new approaches to formic 

acid, and the most proposed research is the sustainable energy application. As the next 

generation of energy source, hydrogen energy attracts great interest both in academic and 

industry, however, the hydrogen storage is the critical issue needs to be solved.146 

Although the hydrogen can offer extremely high energy density by weight, the energy 

density by volume of hydrogen is reduced compared to others conventional energy 

sources.147 The goals of the hydrogen storage are the increment of power density by 

gravimetric and for those H2 storage devices. The ideal storage systems of hydrogen are 

lightweight, low cost, safe, excellent kinetics of adsorption and desorption, and 

recyclability, the targets of US Department of Energy are a capacity of 5.5 wt % and 40 g 

H2/L, a lifetime of 1500 cycles.148 For these purposes, the formic acid become a highly 

potential candidate of hydrogen carrier.23 Compare to other hydrogen carriers, formic acid 
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shows high value on both volumetric and gravimetric power density.149-150 To obtain the 

hydrogen energy revolution, the cheap and abundant supply of formic acid is necessary. 

There are several different synthetic strategies of formic acid (Fig. 1-7), they will be 

further discussed in detail as below. 

 

Fig. 1-7 Synthetic routes of formic acid 

 

1.3.1 Direct synthesis of formic acid 

1.3.1.1 Reduction of CO2 

Recently, the CO2 emission into the atmosphere has been considered as the key factor of 

climate change and global temperatures were increasing. The containing of CO2 in earth 

atmosphere has reached approx. 400 ppm mainly because of the carbon-rich fossil fuels 

consumption, such as coal, oil, and natural gas.151 Thus, the reduction of CO2 and the 

utilization of overproduced CO2 in the atmosphere have attracted great interest such as 

the renewable chemical from CO2 and the storage of CO2.152-153 Conversely, the difficulty 

of CO2 capture limited to that C1 chemistry which utilizes CO2 as a raw material of C1 

CO2 hydrogenation

Selective oxidation

Formic Acid

Academic approach

Methanol dehydrogenation 

Methanol carbonylation

(BASF process)

Industrial approach
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feedstock.154 Here, one chemical out of various chemical compounds resulting based on 

CO2 as a C1 feedstock is formic acid, which is a wide-used basic chemical we discussed 

in the previous section. The advantages of this process are not only the reducing of 

atmospheric CO2 but also we can avoid the highly toxic gas CO during the current 

production of formic acid (will be discussed in section 1.3.2). The hydrogenation of CO2 

to formic acid involves the gas to the liquid mechanism which is an extremely entropically 

disfavored reaction. Inoue et al.,155 discovered a phosphine-based Ru complexes for the 

CO2 reduction to formic acid process. After that many homogeneous catalysis (Table 1-

2) of this pathway have been reviewed by Jessop et al.156  
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Table 1-2 Comparison of catalytic system for the hydrogenation of CO2 to formic acid156 
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Although the homogeneous catalysts offer outstanding productivities for the 

hydrogenation of CO2 to formic acid, manufacturers are hesitant to use them for practical 

process, because of the concern of the separation of catalyst with the reaction mixture.157 

Additionally, all the homogeneous catalysis systems of this process need a base reagent 

(such as ammonia) to promote the catalytic performance (Scheme 1-5).158  

 

Scheme 1-5 Reaction equation of CO2 hydrogenation in different conditions158 

 

Finally, the homogeneous catalysis not only catalyzes the formate formation but also 

promote the reverses reaction and decompose the product back to the starting materials.159 

Because of these drawbacks, the heterogeneous catalysis have been deliberated as the 

solution of commercial CO2 hydrogenation to formic acid. In the heterogeneous catalysis 

system, there are two major categories, the surface organometallic catalyst, and metal-

based catalyst. Surface organometallic catalyst is defined as the homogeneous catalyst 

molecule heterogenized on the surface of support material.160 Surface organometallic 

catalyst keeps the high catalytic efficiency of homogeneous catalysis and gains the easy-

separation of heterogeneous catalysis, but the stability and high-costed production of the 
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catalyst might be the issue of commercializing. In Fig. 1-8, the catalytic performance of 

some surface organometallic catalyst are presented.161 Thus, the metal-based catalyst 

might be the most suitable candidate for the particle use of CO2 hydrogenation to formic 

acid process.   

 

 

 

Fig. 1-8 Catalytic performance of CO2 hydrogenation to formic acid over surface 

organometallic catalyst.161 
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The research of metal-based heterogeneous catalyst can be backtracked in 1953, Adkins 

et al.,162 using RANEY® nickel (Ra-Ni) to catalyzed the CO2 hydrogenation and achieved 

57% yield at 80–150 °C under high pressure (20–40 MPa) in the ethanol/phenol solvent 

system, however, the RANEY® nickel catalyst can just give TON =1, which cannot be 

seen as a catalytic reaction. Even though this research still initiated a new view of research, 

after that, several bulk metal-based catalysts have been reported.163-164 The low catalytic 

performance (low value of TON and TOF number) of the bulk material has not stopped 

the researcher to chasse the goal. Since the heterogeneous catalysis is surface-related 

reactions, the systems usually follow the similar mechanism: first, the adsorption of 

reactants onto the catalyst’s surface, then followed by the surface reaction between the 

adsorbed reactant and active site, finally, the desorption of the products from the surface 

of the catalyst.165 Compared to the bulk material the supported metal-based catalyst can 

offer higher surface area, more active catalytic sites and longer lifetime as we discussed 

before (in section 1.2), and these features can serve higher efficiency of the formic acid 

production from CO2 hydrogenation. In the review paper of Gunasekar et al.,161 they 

reviewed numerous supported noble metal catalysts (Table 1-3.), and the supported Ru 

catalysts show the most magnificent TON and TOF number of this reaction. However, 

the noble metal is not the only factor which impacts the catalytic performance, the support 

material also plays a critical role. Hao et al.,166 proposed that the surfaced hydroxyl groups 
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of the support material might improve the adsorption ability of CO2 molecule and increase 

the catalytic activity, they used three different supported Ru catalysts with MgO, activated 

carbon or γ-Al2O3, and the catalytic results were listed in Table 1-3. The results matched 

the authors’ expectation well, the Ru/MgO catalyst which with almost no hydroxyl group 

showed no activity toward methyl formate production, Ru/AC only gave very little 

activity (TON 10), and Ru/γ-Al2O3 contained the largest amount of hydroxyl groups 

offered  the best catalytic performance (TON 91). Moreover, the dispersion of noble 

metal also affect the catalytic activity significantly, Liu et al.,167 synthesized a γ-Al2O3 

supported Ru nanorods catalyst with high dispersion of Ru particle to prevent the synergic 

effect with support and reduce the deactivation of Ru particle. At the meanwhile, the 

better dispersion can also provide the higher surface area and more active sites, these long 

lifetime, high surface area and hydroxyl groups abundant catalysts showed extremely 

high catalytic activity (TON 731, entry 33) compared to others under similar conditions.    
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Table 1-3 Catalytic performance of CO2 hydrogenation to formic acid over 

heterogeneous metal based catalysts.161 

Catalyst Solvent Additive P(H2,CO2)  

(atm) 

T (°C) t (h) TOF  

(h-1) 

Ra-Ni EtOH piperidine 4-16, 6 100 6 <1  

Pd Black H2O NaHCO3 0.1, 0 25 53 <1 

AUROlite NEt3 NEt3 9, 9 40 52 16.4  

Au NP/Al2O3 EtOH NEt3 20, 20 70 20 11 

Au NP/TiO2 EtOH NEt3 20, 20 70 20 5.5 

Au NP/ZnO EtOH NEt3 20, 20 70 20 <1 

Au NP/CeO2 EtOH NEt3 20, 20 70 20 <1 

Au NP/MgAl-HT EtOH NEt3 20, 20 70 20 4.5 

Au NP/MgCr-HT EtOH NEt3 20, 20 70 20 2.6 

Au NP/CuCr2O4 EtOH NEt3 20, 20 70 20 <1 

Pd/BaSO4 H2O NaHCO3 0.1, 0 25 50 <1 

Pd/Al2O3 H2O NaHCO3 0.1, 0 25 53 <1 

Pd/C H2O NaHCO3 0.17, 0 25 46 2.5 

Pd/AC H2O NaHCO3 2.75, 0 20 1 527 

Pd/AC H2O KHCO3 2.75, 0 20 1 567 

Pd/AC H2O NH4HCO3 2.75, 0 20 1 782 

Pd/AC H2O Na2CO3 2.75, 0 20 1 <1 

Pd/AC H2O K2CO3 2.75, 0 20 1 <1 

Pd/AC H2O (NH4)2CO3 2.75, 0 20 1 278 

Pd/AC H2O NH4HCO3 2.75, 0 20 15 118 

Pd/Al2O3 H2O NH4HCO3 2.75, 0 20 2 836 

Pd/CaCO3 H2O NH4HCO3 2.75, 0 20 1 278 

Pd/BaSO4 H2O NH4HCO3 2.75, 0 20 1 20 

Pd/AC EtOH NH4HCO3 2.75, 0 20 8 212 

1Pd/r-GO H2O NH2CO2NH4 4, 0 100 32 105 

2Pd/r-GO H2O KHCO3 4, 0 100 10 221 

3Pd/r-GO H2O KHCO3 4, 0 100 10 211 

PdNi/CNT-GR H2O KHCO3 25, 25 40 15 165 

Ru/MgO EtOH NEt3 5, 8.5 80 1 <1 

Ru/AC EtOH NEt3 5, 8.5 80 1 10 

Ru/Al2O3 EtOH NEt3 5, 8.5 80 1 91 
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1.3.1.2 Selective oxidation reaction pathway 

The catalytic selective oxidation reactions are widely used and diversity processes in the 

chemical industry. The most challenge feature among these reactions is that the target 

products are not the thermodynamically favorable compound.168 Generally, the most 

thermodynamically stable products are water and carbon dioxide (fully oxidative product). 

However, the target products in the chemical industry are alcohols, aldehydes, ketones, 

acids, anhydrides, or alkenes and dienes. Moreover, for each starting material, there might 

be many possible products of the different degrees of the oxidation reaction. Dependent 

on the desired product, a suitable catalyst should be used in various application. Here, our 

wanted product is a C1 hydrocarbon, formic acid. There are several pathways of formic 

acid production via selective oxidation reaction. The formic acid can be produced from 

the small molecules or even the larger molecular weight polymer. Zolotarski et al.,169 

revealed an iron-molybdenum based catalyst to obtain the formaldehyde from methanol 

and followed by the further oxidation reaction to form formic acid over another 

vanadium-titanium based catalyst, the overall yield of formic acid could be reached 

approx. 80 %. Another example of formic acid produced from C1 chemical used methane 

as the starting material, this synthetic route was reported by Wei et al.,170 over vanadium 

based (VOSO4) compound under mild condition (333k), but only gives poor formic acid 

yield (5%). The zeolite-based catalysts work better in the same chemical reaction, 

Rahman et al.,171 used iron containing ZSM-5 catalyst to obtain a 13 % yield with approx. 
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70 % formic acid selectivity and also working under mild condition (373k). Not only can 

the C1 compound be the starting material for the formic acid production. The biomass-

derived feedstocks can also act as the raw material of formic acid production, because of 

the environmental benign feature, these synthetic strategies attracted more attention of 

researcher. The wide used biomass cellulose is an excellent starting martial of this 

reaction (Scheme1-6).  

 

Scheme 1-6 A scheme for the formation of products from cellulose. 
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The catalysts used in the decomposition of biomass to form formic acid in a mostly acid 

catalyst. Wan et al.172 used sulfuric acid and sodium metavanadate with molecular oxygen 

to obtain 65 % yield of formic acid, another example of acidic catalyst is discovered by 

Wasserscheid et al.,173 who used V-substituted heteropoly acid (H8PV5Mo7O40) as the 

catalyst and achieved 85% yield of formic acid toward the hydrolyzed glucose (the 

glucose was hydrolyzed from the raw cellulose). After the great achieved in the 

transformation of first-generation biomass (cellulose, glucose, starch, etc.) to formic acid 

with heteropoly acid, there are more studies start to focus on other biomass. Wasserscheid 

et al.,174 keep working on this field, they tried to convert wood waste, waste paper, xylan, 

lignin, or even cyanobacteria into formic acid. With the addition of acid promoter (p-

toluenesulfonic acid), after the 66 h process, they finally achieved 100 % conversion of 

formic acid and CO2 yield from xylan and lignin. Another important research of formic 

acid production from the biomass-derived compound is planned to use glycerol. Because 

the glycerol is the side-product of biodiesel production and getting steady increasing 

annually, the production capacity of biodiesel reached 2.9 billion gallons per year and 

produced more than 300 million gallons of glycerol in the USA.175 Since that, the 

utilization of this waste glycerol became a sustainable way to produce formic acid. 

Moreover, the utilization of glycerol can also decrease the production cost of biodiesel.176 

The V-substituted heteropoly acid also offers a significant performance of formic acid 
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production which progressed by Zhang et al.105 However, the above catalytic selective 

oxidation of biomass-derived compound to formic acid use the homogeneous catalyst for 

most of them, the product separation and recovery of catalysts are the conventional 

weaknesses of industrialization. Though the heterogeneous catalysis such as Au/Al2O3
177  

and Ru(OH)4 nanoparticles178 catalyst provide less activity compared to the homogeneous 

system, and the promoter is needed in the heterogeneous catalytic system. Here, this work 

presents a mesoporous supported heteropoly acid catalyst for the formic acid production 

from the biomass-derived compound, glycerol, in a single-step process, and with a very 

high degree of selectivity. In contrast, our mesoporous silica-supported hetropoly acid 

catalyst offers the highest methanol conversion rate (57.9 %), and high selectivity (30.6 

%). Moreover, it offers a much better turnover frequency number (TOF) considered to be 

a key factor for practical applications. 

1.3.2 Hydrolysis of methyl formate 

The formic acid productions we discussed above of course gain significant attention of 

academic field and researchers, however, the most popular and well-developed 

commercial process of formic acid production is the hydrolysis of methyl formate, and 

this modern process has been established in the 1980s by BASF company.28 Because of 

the economically disfavored CO2 hydrogenation and selective oxidation process, most of 

the formic acid supplier tend to develop the methyl formate hydrolysis process which 
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only dedicated to the production of formic acid with the recyclable starting martial 

methanol and without further undesirable byproducts.145 The major worldwide suppliers 

of formic acid all follow this hydrolysis process to produce the formic acid in a large 

amount (Table 1-4).  

 

Table 1-4 Worldwide formic acid production capacity 

Company Location Capacity 

(kton/year) 

BASF Germany 180 

BP Chemicals UK 50 

Kemira Chemicals Finland 80 

Perstorp Sweden 23 

Polioli Italy 10 
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Scheme 1-7 The BASF process of formic acid production. a) Methyl formate reactor; b) 

Methyl formate column; c) Hydrolysis reactor; d) Low-boiler column, e) Extraction unit; 

f) Dehydration column; g) Pure acid column.28  

 

The BASF process is presented in Scheme 1-7.28 Here, we will focus on the production 

of methyl formate because the hydrolysis process is a well-developed and already has a 

very solid protocol. Although the hydrolysis and product separation process of methyl 

formate has been reported more than 30 years, there still a challenge, which is the better 

synthetic strategy of methyl formate. Most of the formic acid supplier including BASF,28 

Kemira – Leonard,179 USSR (Ukraine),180 and Scientific Design–Bethlehem Steel 

process,181 they all produce methyl formate via the carbonylation of methanol with highly 

toxic gas carbon monoxide. Besides the safety issue related to carbon monoxide, another 

drawback of methanol carbonylation is that the extreme sensitivity of alkali methoxide 
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catalyst to little impurities, especially water containing and carbon dioxide has raised 

some issues. Several studies in methyl formate production from methanol and CO objects 

at discover a more strong catalyst could tolerant the water moisture and CO2 and escape 

the issues in mordent production. This new research comprises the platinum,182 

ruthenium,183 and tungsten184 homogeneous complex catalysts. Compared to the 

conventional alkali methoxide catalysts, these complex catalysts were not going through 

the carbon-oxygen bond activation, these transition metal complex catalysts can avoid the 

addition of the halide promoters and produce methyl formate via the O-H bond activation 

of methanol. A base-catalyzed carbonylation reaction of methanol to methyl formate has 

been indicated using a suspended ion-exchange resin with quaternary ammonium group 

which operates as a counter-ion for the high activity hydroxyl anion species. These 

catalysts, can only provide small catalytic performance compared to the current 

homogeneous catalysis system. On the other hand, there are many synthetic routes for 

methyl formate production (Fig. 1-9).26 Currently, Numerous synthetic routes of MF have 

been established, such as the dehydrogenation of methanol,26 selective oxidation of 

methanol, carbonylation of methanol29 26 hydrogenation of CO2 to MF,30 dimerization of 

formaldehyde,31 and esterification of methanol with formic acid.32 The dehydrogenation 

and selective oxidation reaction being the most common pathway for the industry process. 

Compared to the selective oxidation reaction, the non-oxidative dehydrogenation process 
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provides plenty of advantages, such as 1) without the addition of oxidant, 2) cheaper 

production costs, and 3) produce hydrogen as the value-added by-product for different 

applications.   

Fig. 1-9 Synthesis route for methyl formate26 

 

While numerous homogeneous catalysts have been reported for dehydrogenative 

homocoupling of primary alcohols to the consistent esters.33-40 In these homogeneous 

catalysis system, the methyl formate might go through further dehydrogenation to form 

dimethyl carbonate.41-42 However, the products of heterogeneous catalytic 

dehydrogenation reaction of methanol can be varied, there are several properties can 

impact the product selectivity and catalytic activity.43-45 For instance, the acidic catalysts 

tend to give the dehydration product, such as dimethyl ether (DME),46 and the high 

temperature condition leads to the formation of gaseous products such as CO2.47 The 

metallic copper has been demonstrated as the active ingredient for the dehydrogenation 
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reaction.48-53 Many researches54-57 indicated that metallic copper is an efficient catalyst 

for the methanol dehydrogenation to methyl formate production as well. Furthermore, 

there still other materials that can act as catalysts for the dehydrogenation of methanol, 

such as, palladium, platinum, and nickel.58 Although there were plenty of researches for 

the non-oxidative dehydrogenation of methanol to methyl formate, the current formation 

rates of methyl formate is not sufficiently high for commercialization, also, the long 

lifetime catalyst still needs to be further developed. In our research, the formation rate of 

the methyl formate can be further improved by accompany with the basic material (MgO). 

Besides, we demonstrated a serial of tunable Cu/MgO mixed materials, the activity can 

be enhanced by the adjusting the Cu/MgO ratio. Our CuMgO-based catalysts display a 

major enhancement of methanol conversion (11.7 to 16.7%) and MF selectivity (62.5 to 

88.1 %) compared to the conventional impregnated copper-based catalysts.27  

Additionally, the addition of Pd to CuMgO can serve longer working period because of 

the lower coke formation rate. 

1.4 Utilization of methanol 

Based on the research we discussed in section 1.3, the methanol-derived formic acid 

process might be a potential pathway to enhance the production capacity and lower the 

manufacturing cost. Furthermore, methanol, is one of the largest produced raw material 

in the chemical industry and remaining its annual production capacity up to 65 million 
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tons with by 4–5% growth annually.185 Methanol is a common polar organic solvent, 

profitable chemical agent, and alternative carbon source of organic synthesis. Currently, 

in industry methanol the starting material for numerous chemicals production, for 

instance, formaldehyde (Approx. 40% of MeOH is the starting material for formaldeyde 

production), methyl esters, acetic acid, ethers, methylamines, and small olefins. 

Additionally, methanol has been used as a C1 source to all of these applications, which is 

the building block in both organic synthesis and energy industry.186  

1.4.1 Sustainable C1 source for organic synthesis 

The progress of the present pathway for the organic synthesis of C-, N-, and O-methylated 

compounds (Fig. 1-10) has engrossed great interest from chemistry, biology, and medical 

field. These classes of chemicals are synthesized by using the high reactivity methyl 

iodide, dimethyl sulfate, and diazomethane reagent,187 although these reagents can 

provide good activity performance, the highly toxic feature is the central issue of this 

compounds in practical use. For example, the value-added chemical N-methylamines are 

synthesized via the reduction reaction between reductive amination and formaldehyde in 

the industrial production,188-189 however, the starting material and C1 source, 

formaldehyde is known to be a human carcinogen. Nowadays, methanol has been 

considered to be an alternate reagent of C1 feedstock in several synthetic routes.  
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Fig. 1-10 Methanol as an alternative carbon source for organic chemistry process 

 

1.4.1.1 Methylation on carbon atom  

The activation of carbon-hydrogen bond is one of the most crucial step in the chemical, 

pharmaceutical, and petrochemical field. Generally, the C-H methylation is an essential 

step in organic synthesis. Particularly, the C-H bond activation offers an opportunity to a 

diversity of chemicals, which can be acted as the building blocks for various desired 

product and fine intermediates. Notably, the carbon atoms after methylation are common 

in various drug and biomolecules, and this modification has a critical impact on their 

performance.189  

1.4.1.2 Methoxylation on carbon atom  

The formation of the C-O bond is a common functional group of many molecule and 

polymer. For example, there are many pharmaceutical active compounds such as acitretin, 

anisindione, aniracetam,substituted amphetamines, asarone, anethole pantoprazole, 
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trithion, nabumeton, and naproxen, they all containing the anisole-like fragment.190 

Additionally, the Williamson ether synthesis provides a convent pathway for the alcohols 

etherification, and the methanol could serve as a methoxy group source for this 

mechanism.191 Although the Williamson synthesis provide a convenient way to obtain 

ether from alcohols, the application of this route is limited by the extreme reaction 

conditions, high sensitivity to other functional groups, and the toxic halide reagent 

addition. Alternatively, Huang et al.,33 developed a catalytic system of direct 

dehydrogenation of alcohol to ether, which can avoid the use of the other toxic additives. 

1.4.1.3 Methylation on nitrogen atom  

Not only the carbon-hydrogen bond can be activated with methanol, but the N-

Methylation is also an essential reaction which is a major reaction for the peptides and 

DNA modulates process, the N-methyl-substituted can affect the biological function and 

epigenetic changes in the gene expression for cellular phenotypes.192 The conventional 

synthetic route of N-methylamines follow the reduction between reductive amination of 

amines and formaldehyde, or via the methylation reagents which is highly toxic. Due to 

the harsh reaction condition, the environmental benign procedures is necessary for the 

synthesis of N-methylamines. Based on this, the addition of methanol provides a more 

efficient and safe synthesis which can avoid dangerous formaldehyde and other 

methylation compounds. 
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1.4.2 The methanol-to-hydrocarbons (MTH) process 

Methanol can be considered as a sustainable C1 source in organic synthesis. Moreover, 

this simple C1 compound can also convert to the hydrocarbons which were the fossil-

fuel-based chemicals (such as the fuels and olefins) in the past. In a post-oil generation, 

the alternative source of carbon is desired, the fuel and olefin products need to be 

synthesized with non-fossil-fuel-based raw materials, such as biomass,193 CO2, or 

syngas.194-195 The methanol-to-hydrocarbons process is a highly potential solution for this 

the problem. Owning to the high adjustability of product, the methanol-to-hydrocarbon 

process can work over different catalyst or reaction condition (e.g., temperature, pressure, 

concentration, and additive) to give diverse product mixtures. There are several important 

catalogs of the product mixtures, methanol-to-gasoline (MTG) rich products,194 

methanol-to-olefin (MTO) rich mixture,196 branched alkanes,197 and aromatics,198 the first 

two class of products are the most popular process of methanol-to-hydrocarbon reaction. 

The most well-known catalysts for this process is the acid zeolites, which discover by 

Mobil Research Laboratories in 1976.194 Since that, the progress of methanol-to-

hydrocarbon process growth rapidly, there have been much research about the reaction 

mechanism which includes two major steps, (1) the origin of the first C−C bond and (2) 

the mechanism by which methanol-to-hydrocarbon proceeds.199  



44 

 

 

 

1.4.2.1 Methanol-to-gasoline (MTG) process 

The products from the methanol-to-gasoline is a gasoline-rich mixture contain with 

paraffins, aromatics, naphthenes, and olefins. This gasoline needs further refinery in some 

harsh condition, because of the high melting point by-product, specifically 1,2,4,5-

tetramethylbenzene (also known as durene). Under most conditions, the limited 

concentration (maximum) of durene is 4 %. Nevertheless, in cold climates condition, 

durene might be frozen and obscene the engine’s fuel injection system. To overcome this 

drawback, a modified process of the methanol-to-gasoline route is the Topsøe integrated 

gasoline synthesis (TIGAS, Fig 1-11) which was developed by Haldor Topsøe in the 

1980s.200 This process combines several production into a one-pot reaction loop 

(including methanol, dimethyl ether (DME), and gasoline syntheses). Owning to the 

synergy mixing of methanol and dimethyl ether, TIGAS process leading to a significant 

improvement in synthesis gas conversion and productivity, mainly by the reducing 

recycle rates and avoiding the condensation and re-evaporation of methanol. 

 

 Fig. 1-11 Syngas-to-gasoline process: Topsøe integrated gasoline synthesis (TIGAS).200 
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1.4.2.2 Methanol-to-olefin (MTO) process 

Another important application of the methanol-to-hydrocarbon process is olefin 

production, the UOP company developed a high olefin selective catalyst H-SAPO-34.201 

The 8-member-rings of the SAPO-34 zeolite gives more than 80 % light olefin selectivity. 

Furthermore, the reaction condition can be adjusted to produce a specific product, such 

as propene or ethane. Compared to another well-known zeolite, ZSM-5, the SAPO-34 

zeolite has a smaller pore size,202 this feature gives a great advantage of light olefin 

selectivity. However, this small pore also led to the fast coke formation which deactivated 

the catalysts rapidly.203 To conquer this drawback, UOP and INEOS worked together and 

modified the H-SAPO-34 based MTO process, by applying a low-pressure fluidized-bed 

reactor instead of the fixed-bed reactor, they enabled well-organized temperature control 

and continuous recovery process.204 

1.4.3 Selective oxidation of methanol 

Another usage of methanol which is the most important application, the selective 

oxidation of methanol, because of the chemical properties of methanol, this compound 

could be the precursor of numerous chemicals. The most famous application is the 

selective oxidation of methanol to formaldehyde, approx. 40 % of the methanol convert 

to the formaldehyde over heterogeneous catalysts, and its global demand more than 30 

million tons per year.205 The progress of the formaldehyde production from methanol can 

be traced back to 1931, Adkins et al.,206 discovered an iron-molybdate mixed metal oxide 
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catalyst, Fe2(MoO4)3, with this catalyst, the formaldehyde yields of 95% are reported. 

However, this mixed metal oxide catalyst was suffered from the short lifetime. Since the 

last decades, the demand for methanol increased rapidly and led to the methanol feed 

concentration has to be gradually increased, which has resulted in the loss of selectivity.207 

The alternative catalyst for the formaldehyde production is essential, and the vanadium-

based catalysts attracted great interest owing to the tremendous oxidative ability of 

vanadium.208 In the other hand, another important chemical dimethoxymethane can also 

be made from methanol. Previous literature studies show that vanadium-based catalysts 

exhibit better catalytic performance in the selective oxidation reaction of methanol to 

DMM in comparison with other catalysts, due to their redox properties. According to the 

plausible mechanism of the methanol selective oxidation to DMM70, 208-209, the oxidative 

site of the catalyst can facilitate the oxidation of methanol to formaldehyde, and the acid 

site makes it easier for the dehydration reaction between the methanol and the 

formaldehyde to happen, resulting in the formation of DMM. These two active sites (acid 

site and redox site) are critical factors associated with the catalytic performance.  In this 

study, we demonstrate that the DMM selectivity and methanol conversion can be 

significantly improved by modifying the vanadium-based catalyst, using other materials 

such as CeO2 and Al2O3. The vanadium oxide (active species) was preserved and, instead, 

introduce other materials in order to improve the catalytic activity in this work; we used 
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an aluminum oxide for the dehydration reaction210 because of its acidic properties, as well 

as cerium oxide to facilitate oxidation reactions.211 This work impregnated vanadium 

precursor with Ce-Al mixed metal oxide support, the best catalyst (V2O5/CeAlO-co-300) 

achieves the high methanol conversion (61 %) and high DMM selectivity (85 %). In 

addition to possessing a good activity, our catalyst also has a long working period (over 

500 h), a key factor for practical applications. 
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Chapter 2 Mesoporous Silica-supported V-

substituted Hetetropoly Acid for Efficient 

Selective Conversion of Glycerol to Formic Acid 
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2.1 Characterization of catalysts 

Wide-angle XRD patterns of bulk PVxMo catalysts, bare SBA-15, and PV1Mo/SBA-15-

p-DS are shown in Fig. 2-1. Peaks at 2θ = 27.8° and 29.1° of PVMo are characteristics of  

Keggin-type heteropoly acid.212 These peaks can still be observed with increasing V/P 

mole ratios.213-214 However, the XRD pattern observed for PV1Mo/SBA-15-p-DS 

synthesized following a one-pot method shows a small wide peak at 2θ = 25°, suggesting 

the highly uniform dispersion of heteropoly acid PV1Mo in the mesoporous silica support. 

The corresponding Small-angle XRD patterns are shown in Fig. 2-2, the indexed peak at 

2θ ≈ 0.7° belongs to (100) planes in the 2D hexagonal p6mm symmetry.29 However, the 

XRD peak position of PV1Mo/SBA-15-p-DS is in a slightly lower angle than bare SBA-

15, which can be explained by marginal destruction of the mesoporous nature during 

loading PVxMo.  
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Fig. 2-1 Wide-angle XRD of catalysts, support material and HPA. 
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Fig. 2-2 Low-angle XRD of the bare SBA-15-p and PV1Mo/SBA-15-p-DS. 
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The SEM and HR-TEM images of PV1Mo/SBA-15-p-DS are shown in Fig. 2-3. The 

PV1Mo/SBA-15-p-DS nanoparticles with an ordered annular mesoporous structure are 

consistent with the results of small angle XRD pattern215. Since the PV1Mo/SBA-15-p-

DS was synthesized using a one-step method, the porous structure is slightly different 

from that of the bare SBA-15-p (Fig. 2-4). 

 

Fig. 2-3 Electron SEM (a) and TEM (b) images of PV1Mo/SBA-15-p-DS 

 

Fig. 2- 4 Electron microscope image of parent SBA-15-p (a) SEM image, (c) TEM images 
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Nitrogen adsorption-desorption isotherms were used to characterize the pore structure of 

samples. As shown in Fig. 2-5, the isotherm plots of catalysts show type IV curves with 

a hysteresis loop, indicative of the mesoporous structure.216 After loading the V-

substituted heteropoly acid (PV1Mo) on mesoporous silica (SBA-15-p), a decreased 

surface area was observed (878.4 to 709.7 m2/g) (Table 2-1), which confirmed the 

insertion of PV1Mo species in the mesoporous framework of silica.217 The element 

composition of samples were determined by ICP-OES (Table 2-2.), and the results 

showed that the one-pot synthesis led to a decrease of the Mo/V atomic ratios, from 10.62 

to 9.72 compared to those from the impregnation method, likely due to the difficulty in 

inserting excess Mo into the framework as compared to vanadium. The Keggin structure 

of V-substituted heteropoly acid might collapse during the hydrothermal process, and the 

silica skeleton becomes more accessible for the free vanadium ion to insert into due to its 

lower oxidation state and smaller size. Although the hexagonal structure of SBA-15-p 

might be slightly damaged by the PV1Mo doping process, the porosity of PV1Mo/SBA-

15-p-DS is similar to the bare SBA-15-p; the texture properties could largely be 

maintained during the one-pot synthesis.  
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Fig. 2-5 N2 adsorption-desorption isotherm plot and pore size distribution of catalyst. 

 

Table 2-1 Texture properties    

catalyst SBET(cm2/g) Dp(nm) Vp(cm3/g) 

SBA-15-p 878.4 6.5 1.2 

PV1Mo/SBA-15-p-DS 709.7 7.7 1.1 

 

 

Table 2-2 ICP-OES analysis 

Catalyst Si atomic ratio 

(%) 

P atomic ratio  

(%) 

V atomic ratio  

(%) 

Mo atomic ratio  

(%) 

PVMo/SBA-15-p-IM 30.9822 0.12 0.1189 1.262718 

PVMo/SBA-15-p-SCF 31.4414 0.11 0.1257 1.329906 
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PVMo/SBA-15-p-DS 31.5015 0.11 0.1202 1.168344 

The V K-edge XANES spectra of the samples are shown in Fig. 2-6. The V pre-edge 

features around 5480 eV can be clearly observed in the spectra of vanadium compounds. 

Moreover, the enlarged XANES main absorption edge area spectra (Fig. 2-6b) indicated 

that its average valence state was between tetravalent (IV) and pentavalent (V), and that 

the slight amount of V4+ might associate with the free vanadium ion that did not belong 

to the heteropoly acid. However, the valence of vanadium state of PV1Mo/SBA-15-p-DS 

is closer to a pentavalent (V5+), which corresponds to the Kegging’s structural V-

substituted heteropoly acid.214 
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Fig. 2-6 XANES of vanadium oxide references and PV1Mo/SBA-15-p-DS        (a) 

spectra corresponding to V K-edge, (b) Enlarged XANES spectra of main absorption edge 

area of square in (a) 
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The acidic properties were evaluated using an NH3-TPD technique to investigate the 

acidic strength of samples. Results are presented in Fig. 2-7. The acidic strength of 

catalysts follows the trend of PV3Mo > PV2Mo > PV1Mo. The acidity increased with the 

increasing amounts of vanadium.   
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Fig. 2-7 NH3-TPD of Catalysts with different vanadium ratio. 
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2.2 Catalytic performance 

2.2.1 Catalyst screen 

The selective oxidation of glycerol gives an alternative synthetic route for formic acid, in 

replacement of fossil feedstocks, as an attractive alternative of liquid hydrogen carrier. In 

this section, we aimed to produce formic acid from the glycerol via a reusable and 

efficiency mesoporous heteropoly acid catalyst.  

 

Table 2-3 Catalyst screen 

    

 

Selectivity (%) 

 

Entry Catalyst Conversion (%) FA GLYA HAA CO2 TOF (h-1) 

1 SBA-15-p < 0.5 - - - - - 

2 PMo 44.1 6.1 54.6 6.6 11.0 26.72575 

3 PMo/SBA-15-p 22.0 6.3 55.2 5.2 9.2 144.5819 

4 PVMo 62.3 22.9 24.9 19.0 20.6 141.7376 

5 PV1Mo/SBA-15-p-DS 57.9 30.6 23.1 25.8 12.1 616.0693 

*Reaction conditions: 10 wt % glycerol(aq) 20 mL, catalyst 0.1 g, 30 wt% H2O2(aq) 7.3 g, 

under stir at  160 
O
C, for 4 h in autoclave.  

*FA = Formic acid, GLYA = Glyceric acid, HAA = Hydroxyactic acid 

*TOF calculated on the basis of total loading of heteropolyacid towards formic acid. 
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A screening of the catalysts is shown in Table 2-3. Only trace product was observed in 

the bare SBA-15-p system (conv. < 0.5%). The unsupported polymolybdenum phosphoric 

acid (PMo) and V-substituted polymolybdenum phosphoric acid (PV1Mo) also show an 

efficient conversion of glycerol (44.1and 62.3 %, respectively), with the selectivity of 

formic acid range from 6.1 to 22.9 % (entries 2 and 4), which confirmed that the vanadium 

plays a vital role in the selective catalytic oxidation of glycerol. Meanwhile, the V-

substituted heteropoly acid catalyst exhibited catalytic activity on the mesoporous silica 

support (PV1Mo/SBA-15-p-DS, entry 5), with a conversion of 57.9 % and 30.6 % of 

formic acid selectivity. On the other hand, the unsupported bulk PV1Mo only offered a 

smaller TOF compared to the PV1Mo/SBA-15-p-DS catalyst (entries 4 and 5). This is 

attributed to the fact that the PV1Mo/SBA-15-p-DS catalyst possessed a better dispersion 

of PVxMo species, which provide more active sites and enhance the TOF of formic acid 

production. In addition, the high solubility of unsupported heteroploly acid in the polar 

reaction medium led to a lack of reusability of the catalyst. In order to overcome these 

challenges, the heterogenization of bulk HPA over high surface area mesoporous silica 

support is an efficiency stratagem. Especially, the PV1Mo/SBA-15-p-DS catalyst offered 

good catalytic performance for the formic acid production and led to a much higher yield 

of formic acid than most of the reported methods for the selective oxidation of glycerol 

(Table 2-4). Furthermore, it also showed high stability in recycling tests. 
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Table 2-4 Catalytic performance in comparison with other performances from other reported 

studies.  

Catalyst Gly. Conv.  

(%) 

FA. Sel. 

(%) 

TOF  

(h-1) 

Reference 

Ru(OH)4/r-GO 18.4 44.0 81 J. Xu et al. (2014)218 

Au/Al2O3 14.6 39.6 487.1 E. Skrzy´nskaa et.al (2015)219 

Cu/Al2O3 36 23 395.4 S. Schünemann et al/ (2017)220 

PVMo/SBA-15-p-DS 57.9 30.6 616.1  study presented here 

2.2.2 The effects of different preparation methods 

For optimizing the catalytic performance of the glycerol oxidation, several 

catalysts prepared using different methods were compared (Fig. 2-8). The PV1Mo/SBA-

15-p-DS showed a marginal increase in glycerol conversion, from 52 to 58%, compared 

to that of the PV1Mo/SBA-15-p-IM catalyst, along with an increase of selectivity to 

formic acid from 24 to 28%. Significantly, the PV1Mo/SBA-15-p-DS synthesized by one-

step process exhibited a more efficient catalytic performance as compared to those 

catalysts. The direct synthesis can lead to the more homogeneous dispersion of PV1Mo 

species and increase of active site to improve the catalytic performance. On the other hand, 

the direct synthesis can also provide a convenience removal of the template, and that 

physicochemical properties can remain intact. The abovementioned parameters are 
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valuable for the development of catalytically active sites that strongly interact with the 

silica support for the successful recyclability and long-term stability that cannot be easily 

achieved by bulk and traditional impregnated catalysts.  
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Fig. 2-8 Catalytic performance of  

(a) PV1Mo/SBA-15-p-IM (b) PV1Mo/SBA-15-p-SFC (c) PV1Mo/SBA-15-p-DS  

 

2.2.3 Reuse ability test 

Reuse ability tests were performed for catalysts prepared using four different 

methods (Fig. 2-9). After the first round of oxidation reaction was completed, the reaction 

mixture was filtered, and washed with methanol three times after each cycle at room 

temperature. After three cycle of usages, the PV1Mo/SBA-15-DS catalyst still allowed 85 

% of the glycerol to be converted, together with approx. 70% formic acid selectivity, 
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compared to those of fresh catalysts. In contrast, PV1Mo/SBA-15-p-IM and PV1Mo/SBA-

15-p-SCF lost their stability and activity (fig. 2-10) for the subsequent oxidation of 

glycerol to formic acid. These observations may be explained by the weak interaction 

between HPA and the support material (SBA-15-p), resulting in the leaching of PV1Mo 

under reaction medium as evidenced by the dark blue color of the filtrate recovered from 

the reaction.  
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Fig. 2-9 Re-use ability test for PV1Mo/SBA-15-DS. 



62 

 

 

 

0

20

40

60

80

100
 1st run

 2nd run

 3rd run

(c)(b)

G
ly

 C
o

n
v

e
rs

io
n

 (
%

)

(a)  

0

10

20

30

40

50

F
A

 s
e

le
c

ti
v

it
y

( 
%

)

 1st run

 2nd run

 3rd run

(c)(b)(a)
 

Fig. 2-10 Reuse ability test of (a) PV1Mo/SBA-15-p-IM (b) PV1Mo/SBA-15-p-SFC (c) 

PV1Mo/SBA-15-p-DS  
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2.2.4 The effects of varying the content in vanadium  

Fig. 2-11 shows the PVxMo/SBA-15-DS’s catalytic performance for the conversion of 

glycerol to formic acid with various vanadium content. An increase in the conversion of 

glycerol from 58 to 74% was found when the amount of vanadium was increased. 

However, the selectivity to the formic acid linearly decreases from 28 to 9% at the cost 

of CO2 selectivity. These results are different from those obtained with PVxMo/SBA-15-

DS. Increasing the loading of vanadium may destroy the Kegging structure, caused the 

free vanadium ions leaching from the silica-supported framework. The free vanadium ion 

possess high oxidative capability and also introduce a stronger acidity of the catalyst, 

which are responsible for the over-oxidation of glycerol, and/or the oxidative dehydration 

of glycerol to CO2.       
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Fig. 2-11 Catalytic performances of  
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(a) PV1Mo/SBA-15-p-DS (b) PV2Mo/SBA-15-p-DS(c) PV3Mo/SBA-15-p-DS  

2.3 Proposed mechanism  

Based on the results obtained for time on stream studies (Fig. 2-12), the 

conversion of glycerol increases as the reaction time increases, and that the selectivity of 

each product changes with the time of reaction were identified. In the first stage of the 

process, the glyceric acid (GLYA) is the major intermediate product of the oxidation 

reaction, and subsequently, GLYA is consumed with more formic acid (FA), hydorxyactic 

acid (HAA) and CO2 produced as time prolongs. Taking this into account, we propose the 

mechanism under our reaction conditions presented in Scheme 2-1. Glycerol is first 

oxidized to GLYA, followed by the oxidative cleavage to form FA and HAA.221-222 Formic 

acid can be oxidized to the gaseous product, CO2, over time. Consistent with the work of 

Pullaniket et al.,223 it is difficult further selectively convert HAA to formic acid. The 

results of the time on streams studies show that the selectivity of formic acid starts to 

decrease after 4 h of reaction time while the selectivity towards HAA and CO2 keep 

increasing. 

 



65 

 

 

 

0 1 2 3 4 5 6

0

10

20

30

40

50

60

70

80

90

100
 Gly Conv.

 FA Sel.

 GLYA Sel.

 HAA Sel.

 CO
2 
Sel.

C
o

n
v

. 
o

r 
S

e
l.

 (
%

)

Time (h)  

Fig. 2-12 Time on stream (TOS) test for PV1Mo/SBA-15-DS. 

 

 

Scheme 2-1 Proposed mechanism for selective oxidation of glycerol to formic acid. 
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Chapter 3 Non-oxidative Dehydrogenation of 

Methanol to Methyl Formate through Highly 

Stable and Reusable CuMgO catalysts 

Reproduced in part with permission from ACS Omega, 2019, 4(1), 1854-1860. Copyright 

2019 by America Chemical Society 
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3.1 Characterization of catalysts 

Texture properties (Table 3-1) of the catalysts show that they all have similar BET surface 

areas (50.1 -62.4 m2/g) and pore volumes (0.54-0.60 cm3/g), except the highest copper-

containing catalyst (Cu7MgO3) which has a larger pore size. The N2 adsorption-

desorption isotherm plot shows that the adsorption amount increased slowly with 

increasing pressure during the initial stage, and after the pressure reached the saturated 

vapor pressure, the adsorption amount increased rapidly. These pores were all provided 

by the crystal stacking (type III, non-porous material). These results allow one to conclude 

that Cu7MgO3 produces the largest particles resulting in a larger pore size. These large 

particles might be a result of a copper aggregation, triggered by the higher copper loading.  

After the addition of palladium, the BET surface area and pore volume both decreased, 

due to the presence of the palladium heteroatom, as shown in Pd/Cu3MgO7 and 

Pd/Cu5MgO5.  
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Table 3-1 Textural properties of catalysts   

Catalyst S
BET

(m
2

/g) D
p
(nm) V

p
(cm

3

/g) 

Particle size of Cu 

(nm)a 

H2 up take  

(mmole/gcat) 

CO2 up take  

(mmole/gcat) 

Cu
1
MgO

9
 50.1 132.1 0.54 - 0.12 0.81 

Cu
2
MgO

8
 32.7 128.1 0.20 - 0.33 0.74 

Cu
3
MgO

7
 49.6 129.4 0.75 9.46 0.54 0.59 

1Pd/Cu
3
MgO

7
 47.5 122.9 0.23 8.84 0.61 0.55 

Cu
5
MgO

5
 67.4 152.6 0.68 11.88 0.72 0.21 

Pd/Cu
5
MgO

5
 20.4 151.7 0.38 11.02 0.78 0.11 

Cu
7
MgO

3
 62.4 330.0 0.60 23.63 1.12 0.07 

aCalculated by Scherrer equation. 

 

To better understand the effects of Pd and the Cu/MgO ratio, several techniques were 

employed to characterize the properties of the catalysts. In Fig. 1a, the wide-angle XRD 

patterns show that the intensity of CuO peaks (35.6°, 38.8°, JCPDS card no. 01-073-6023)  

increased with increasing copper loading, whereas the peaks of MgO (36.8°, 42.7°, 61.9°, 

JCPDS card no. 1-071-1176) decreased. The spent catalysts all showed Cu (43.2°, 50.3°, 

JCPDS cards no. 00-004-0836) and MgO peaks, but without those of CuO or Cu2O (Fig. 



70 

 

 

 

3-1b). These results indicate that the metallic state of copper species (Cu0) can be 

maintained after the dehydrogenation reaction and the catalysts were not oxidized during 

the catalytic test. The particle sizes of metallic copper increased with increasing copper 

loading due to the aggregation of copper species. Moreover, the addition of Pd likely 

inhibits the growth of the copper crystal,224 as the Pd-containing catalyst shows smaller 

particle sizes than those of catalysts without Pd.  

TEM images (Fig. 3-2) show the significant differences in morphology between the high 

copper-containing and low copper-containing catalysts. The low copper-containing 

catalysts (Fig. 2a, 2c, 2e, and 2g) show a mixture of copper nanocluster and MgO 

homogeneously with only small copper particles distributed on the MgO flakes. For the 

high copper-containing catalyst (Fig. 2i) the small copper nanoparticles become larger 

copper cluster, consistent with the results from the XRD analysis. Moreover, the study of 

spent catalysts revealed that the catalysts with palladium (Fig. 2d and g) showed less 

amorphous carbon coking layer compared to those without palladium doping (Fig. 2b and 

f) after the catalytic test. These observations suggest that the addition of palladium may 

inhibit the coke formation. 
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Fig. 3-1 XRD patterns of a) fresh catalysts b) spent catalysts after 20 h catalytic test. 
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Fig. 3-2 TEM images of: a) Cu3MgO7-fresh b) Cu3MgO7-spent c) 1Pd/Cu3MgO7-fresh d) 

1Pd/Cu3MgO7-spent e) Cu5MgO5-fresh f) Cu5MgO5-spent g) 1Pd/Cu5MgO5-fresh h) 

1Pd/Cu5MgO5-spent i) Cu7MgO3-fresh j) Cu7MgO3-spent 

 

Although XRD patterns and TEM images provide useful information about the catalysts’ 

surfaces, the XPS measurement can offer more details about the high copper-containing 

catalysts, particularly Cu7MgO3. The Cu-LMM spectrum (Fig. 3-3) shows a shoulder at 

approx. 572.2 eV, indicating that the Cu7MgO3 catalyst has a more complexed structure 

with larger copper clusters compared to others,225,226 further confirming the results in the 

XRD and TEM studies. 

d)

1 0 0  n m

b) c)a)

1 0 0  n m

f)

1 0 0  n m

g) h) i)

1 0 0  n m1 0 0  n m

j)
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Fig. 3-3 Cu-LMM XPS study of catalysts 

Additionally, the H2-TPR measurement (Fig. 3-4) shows that the low copper-containing 

catalysts (Cu1MgO9 and Cu2MgO8) possess no reactivity in the reduction reaction. The 

amount of H2 consumption increased with the increasing copper loading, but the 

reduction temperature almost stayed the same (250 °C); these findings suggest that our 

preparation processes using the co-precipitation method can successfully enhance the 

amount of surface copper, and all the copper-based catalysts have similar reduction sites 

with different amounts of H2 consumption (Table 3-2). The H2-TPR measurement also 

reveals the effects of the addition of palladium. The reduction peak slightly shifted to 

higher temperatures to approx. 350 °C, presumably due to the interaction of the small 

palladium particles with hydrogen, which enhances the reduction ability of the copper 

oxide through the dissociation of H2 on palladium followed by the spillover on the copper 



74 

 

 

 

oxide phase.227 In the CO2-TPD study, the strength of basic sites were found to increase 

with the magnesium content (Fig. 3-5). The high copper-containing (low magnesium) 

catalysts only showed a weak basic site (100~150 ºC), and the Cu7MgO3-CP catalyst 

showed almost no basic sites. Both Cu1MgO9-CP and Cu2MgO8-CP, however, afforded 

medium-strong basic sites. The addition of palladium heteroatom can reduce the amount 

of medium-strong basic sites as well as the total amount of basic sites (Table 3-2), and 

these findings are directly correlated to the activity of the catalysts in the methanol 

dehydrogenation reaction. 
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Fig. 3-4 H2-TPR study of catalysts 
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Fig. 3-5 CO2-TPD study of catalysts 

 

3.2 Catalytic performance 

3.2.1 Catalyst screen 

In the catalyst screening, the dramatic influence of the Cu/MgO ratio on the catalytic 

performance was observed. Table 3-2 and Fig. 3-6a show that a specific ratio of Cu/MgO 

is necessary for a methanol dehydrogenation to occur. Although a higher copper ratio can 

improve the conversion, the excess amount of copper harms the catalytic performance, 

presumably due to the fact that the high copper concentration may lead to bigger copper 

clusters, whereas lower copper loading favors the formation of smaller copper 

nanoparticles. Higher copper-containing catalysts, such as Cu5MgO5 and Cu7MgO3 also 
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displayed a higher CO selectivity compared to those of the low copper-containing 

catalysts. According to the recent research by Yang et al.,228 the higher amount of COx 

byproduct could be resulted by the C-H and C-O bond cleavage mechanism, which is 

most related to larger copper cluster in high copper containing catalysts (entries 5-7). The 

conversion decreased as the reaction time increased, and this deactivation is likely related 

to the coke formation, the coke species might hinder the active sites which led to the 

decrease of the conversion. However, the active sites was only be hindered and did not 

change the catalytic properties of the active sites to provide the MF selective in high level.  

Reaction condition: T= 250 °C, carrier gas flow (N2) = 50 mL/min, feedstock (liquid 

methanol) = 0.1 mL/min, catalyst = 100 mg, WHSVMeOH = 47.4 h-1, 30 h  

 

Table 3-2 Catalyst screen 
 

    
Selectivity (%) 

  

Entry Catalyst Rate 

(gMF/gcat. ∙ h) 

MeOH 

Conv. (%) 

MF CO CO2 Carbon  

Balance (%) 

Coking  

wt. (%) 

1 Cu1MgO9 - - - - - - 22.0 

2 Cu2MgO8 1.3 1.6 93.8 1.2 2.4 97.4 26.5 

3 Cu3MgO7 4.9 6.1 91.3 2.4 2.5 96.2 30.6 

4 1Pd/Cu3MgO7 12.4 15.0 93.1 1.6 1.6 96.3 19.1 

5 Cu5MgO5 13.1 16.7 88.1 5.5 2.4 96.0 15.9 

6 1Pd/Cu5MgO5 12.4 14.9 93.3 4.1 <0.5 97.4 11.0 

7 Cu7MgO3 3.6 4.3 92.3 5.2 <0.5 97.5 25.6 
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As the copper loading increased, the lifetime became longer, but only up to the Cu/MgO 

ratio of 1. The catalyst lifetime then decreased for those of Cu/MgO ratios higher than 1 

(Fig. 3-6b). Again, these observations suggest that the larger copper clusters were formed 

in the high copper loading rather than copper nanoparticles, thus offering less active sites. 

In addition to the copper effect, an insufficient MgO content provides almost no basic 

sites (CO2-TPD, Fig. 3-5), and resulted in a decrease of the catalytic performance. Excess 

MgO, which offers more medium-strong basic sites, also harms the catalytic performance, 

because the stronger basic sites can facilitate other side reactions such as 

polymerisations229 and formation of polycyclic aromatics.230 These side reactions may 

form more coke and deactivate the catalyst faster.  
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Fig. 3-6 Effect of Cu/MgO ratio on: a) catalytic reaction b) Deterioration rate 
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The addition of palladium can improve the performance and stability of the catalyst 

because palladium inhibits the medium-strong basic sites (Fig. 3-5) and extends the 

lifetime of the catalyst. The excessed medium-strong basic sites in high MgO-containing 

catalysts promote more side reactions to form the coke to deactivate the catalyst. 

Moreover, the addition of palladium also decreased the reduction ability of the catalyst to 

lower the selectivity towards gaseous products (such as CO and CO2) and to enhance MF 

selectivity (Table 3-2, entries 3-6). As shown in Fig. 3-7, the low copper-containing 

catalysts (the Cu3MgO7 and 1Pd/Cu3MgO7) showed significant differences in the 

catalytic activity (methanol conversion =6.1 and 15.0 %), and Cu5MgO5 and 

1Pd/Cu5MgO5 catalysts provided a similar methanol conversion (16.7 and 14.9 %) and 

MF selectivity (88.1 and 93.3 %). The long-term test showed that 1Pd/Cu5MgO5 can 

maintain 80% of the original activity over the course of the reaction time of 100 h (Fig. 

3-8, 79.2 % of methanol conversion and 80.0 % MF formation rate), while the activity of 

the Cu5MgO5 catalyst was dropped by approx. 40% (56.9 % of methanol conversion and 

57.5 % of MF formation rate). 
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Fig. 3-7 Palladium (Pd) effect on formation rate of methyl formate 
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Fig. 3-8 Long-term catalytic test 

*Reaction condition: T= 250 °C, carrier gas flow (N2) = 50 mL/min, feedstock (liquid 

methanol) = 0.1 mL/min, catalyst = 100 mg, WHSVMeOH = 47.4 h-1, 30 h  
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3.2.2 Reuse test 

Results of the reuse test on the Cu5MgO5 catalyst indicated that after 4-round usage, the 

catalyst still maintained 80.1 % of activity in the MF formation rate (Fig. 3-9). The 

activity test after the second round led to similar results (MF formation rate = 9.9, 9.6, 

and 9.7gMF/gcat.∙h); however, the performance was slightly lower than those obtained for 

the first round, suggesting that a few active sites might be poisoned after the first round 

and cannot be regenerated effectively. The weight loss of the spent catalyst (Fig. 3-10.) 

suggests that some of the coke cannot be removed under 600 °C and this unremovable 

hard coke might cause the deactivation of the regenerated catalysts. 
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Fig. 3-9 Reuse test of catalytic reaction (50 h for each cycle) of Cu5MgO5 
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Fig. 3-10 Thermogravimetric analysis of spent Cu5MgO5 

*Coke W. L. = Final W.L. – W.L. during oxidation – W.L after water remove (under 100 

°C) 
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Chapter 4 A long lifetime Ce-Al mixed metal 

oxides supported V2O5 catalyst for highly 

selective oxidation of methanol to 

dimethoxymethane 
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4.1 Characterization of catalysts 

Table 4-1 Texture properties 

    

Particle size (nm)a 

 

Catalyst SBET 

(m2/g) 

Dp(nm) Vp(cm3/g) V2O5 Al2O3 CeO2 Ce/Al b 

 

V2O5/Al2O3 13.7 21.5 0.08 27.9 37.8 - - 

V2O5/Ce1Al9Ox 57.6 5.1 0.11 23.1 - - 0.16 

V2O5/Ce3Al7Ox 92.3 5.8 0.17 36.1 - 3.5 0.44 

V2O5/CeAlOx 55.5 12.3 0.23 38.0 - 4.2 0.93 

V2O5/Ce7Al3Ox 56.4 12.6 0.20 26.0 - 3.5 2.33 

V2O5/Ce9Al1Ox 83.7 8.8 0.19 32.6 - 4.1 17.89 

V2O5/CeO2 12.2 25.3 0.11 35.0 - 29.3 - 

aCaculated by Scherrer-eqation 

bAtomic ratio determined by XRF 

 

Textural properties of the catalysts were determined by N2 adsorption-desorption analysis. 

Results are presented in Table 4-1. Ce-Al mixed metal oxide supported catalysts all 

exhibited a higher BET surface area than the mono-metal oxide supported catalyst; the 

pore size increase with the amount of cerium increase. The mesoporosity decreased as the 

amount of cerium increased (Fig. 4-1 and Fig. 4-2), due to the fact that aluminum oxide 
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is a mesoporous material.  Real Ce/Al atomic ratios were determined using XRF 

measurements, these values were similar to the theoretical ratio values, for all Ce-Al 

mixed metal oxide supported catalysts (Table 4-1).   
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Fig. 4-1 N2 sorption isotherm of catalysts 
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Fig. 4-2 Pore size distribution of catalysts 

 

The XRD pattern (Fig. 4-3) showed strong V2O5 peaks (2θ= 15.4°, 20.3°, 26.3°, and 31.1°,  

JCPDS card no. 01-072-0433) for all catalysts, and intense CeO2 peaks (2θ = 28.5°, 33.0°, 

47.5°, and 56.2°, JCPDS card no. 00-041-1426 ) for all catalysts except for the 

V2O5/Ce1Al9Ox catalyst. This result can be explained by the fact this particular catalyst 

only contains a small amount of cerium. The Ce4O7 peak (2θ= 27.9°, JCPDS card no. 65-

7999) appeared for catalysts rich in cerium (V2O5/Ce7Al3Ox and V2O5/Ce9Al1Ox). 

According to a previous study by Skrzekut et al,231 aluminum can stabilize CeO2 and 

inhibit the formation of a Ce4O7 crystal structure, leading to the formation (by low cerium-

containing catalysts) of CeO2 only, and without the Ce4O7 crystal structure. XRD patterns 

also showed that the Al2O3 crystal structure was missing from all catalysts, due to a 
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calcination temperature (300 °C) too low to be able to form the crystalline aluminum 

oxide. The particle size of each metal oxide was calculated using the Scherrer-equation 

(Table 4-1). Calculations showed that the V2O5/CeAlOx catalyst had the largest V2O5 and 

CeO2 particles, and possessed the best crystalline structure.    

TEM images (Fig. 4-4) showed that the morphology of the catalyst changed as the Ce/Al 

atomic ratio varied, evolving from a flak shape (more similar to aluminum oxide) to a 

nanocluster as the amount of cerium increased. High-resolution fringes pattern confirmed 

that a high Ce/Al ratio led to a better crystallinity, consistently with XRD measurements.   
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Fig. 4-3 Wide-angle XRD pattern of catalysts 
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Fig. 4-4 HR-TEM of the following catalysts: a)V2O5/Ce1Al9Ox b)V2O5/Ce3Al7Ox 

c)V2O5/CeAlOx d)V2O5/Ce7Al3Ox  e)V2O5/Ce9Al1Ox 

 

Table 4-2 Acidic and redox properties  

 

NH3 uptake 

(mmol/gcat) 

H2 uptake 

(mmol/gcat) 

Catalyst Weak  Strong  Total P1 P2 P3 Total 

V2O5/Ce1Al9Ox-co-300 2.3 0.51 2.8 - 2.1 1.7 3.8 

V2O5/Ce3Al7Ox-co-300 2.2 0.63 2.8 - 2.2 1.2 3.4 

V2O5/CeAlOx-co-300 1.4 0.81 2.3 - 2.3 1.7 4.0 

V2O5/Ce7Al3Ox-co-300 1.1 1.0 2.1 0.73 1.2 1.9 3.8 

V2O5/Ce9Al1Ox-co-300 0.63 1.1 1.7 0.92 0.75 2.4 4.0 

a) b)

1 0  n m

c)

d)

1 0  n m

e)
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Surface acidity was determined by using NH3-TPD (Fig. 4-5 and Table 4-2).  Results 

showed that the amount of weak acid sites (50~450 °C) decreased (NH3 uptake from 2.3 

to 0.63 mmol/gcat) as the amount of cerium amount increased, leading to the decrease in 

the total amount of acid as the content in aluminum decreased (NH3 uptake from 2.8 to 

1.7 mmol/gcat). Additionally, the amount of strong acid sites (450~700 °C) increased (NH3 

uptake from 0.51to 1.1 mmol/gcat) as the cerium amount increased was observed; the 

relation between the Ce/Al atomic ratio and the amount of acid sites is presented in Fig. 

4-5B. These results indicated that the amount of weak acid sites and the amount of total 

acid were related to the aluminum content and that strong acid sites relied on the presence 

of cerium. Although catalysts containing low amounts of cerium offered fewer strong acid 

sites, the Tmax of low cerium-contained catalysts was presented at higher temperature 

region which means that the aluminum serves stronger acidity than cerium. 

Redox properties and H2 consumption were measured by using H2-TPR (Fig. 3-3-6 and 

Table 3-3-2). Catalysts rich in cerium (V2O5/Ce7Al3Ox, and V2O5/Ce9Al1Ox) showed a 

sharp reduction of the peak (around 460 °C)associated with the reduction of surface Ce4+ 

ions, due to the high content in cerium232. According to the previous studies233-235, the 

high-temperature region (500~750 °C) is related to the reduction of vanadium species. In 

this region, all catalysts exhibit two reduction peaks due to the two reactions V2O5 → 

VO2 and VO2 → V2O3, except for V2O5/Ce9Al1Ox, which offers a splitting peak around 
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760 °C. This peak corresponds to the transformation from CeVO4 to CeVO3
236

. Because 

the excess Ce4+ was anchored by vanadium species, the reducibility of the cerium was 

reduced and the reduction peak shifted to a higher temperature.  
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Fig. 4-5 (A) NH3-TPD (B) NH3 uptake of catalysts 
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Fig. 4-6 H2-TPR of catalysts 

 

Raman spectroscopy enabled us to analyze the mixed oxides material provided evidence 

of the amorphous species that could not be detected by XRD232. Fig. 4-7 shows that the 

catalyst containing a small amount of cerium did not exhibit the CeO2 peaks at 260 cm-1 

and 460 cm-1. Additionally, only V2O5/Ce9Al1Ox showed a strong peak at both 770 cm-1 

and 845 cm-1, these two peaks were associated with CeVO4 species237, confirming the 

results from H2-TPR. However, V2O5/Ce3Al7Ox and V2O5/CeAlOx both gave two strong 

peaks around 140 cm-1 and 990 cm-1, which could be assigned to V2O5
238 and the surface 

V=O239, respectively. These results revealed the critical role played by the Ce/Al ratio 

(3/7 and 1/1) with respect to the formation of a stable V2O5. 



92 

 

 

 

0 200 400 600 800 1000

Chemical shift (cm-1)

C
C

D
 s

ig
n

a
l 

(a
.u

)

V
2
O

5
/Ce

1
Al

9
O

x

V
2
O

5
/Ce

3
Al

7
O

x

V
2
O

5
/CeAlO

x

V
2
O

5
/Ce

7
Al

3
O

x

V
2
O

5
/Ce

9
Al

1
O

x

 

Fig. 4-7 Raman spectra of catalysts 

 

Results from X-ray adsorption measurements showing Ce3d spectra are presented in Fig. 

4-8A. Catalysts with a low content in cerium did not exhibit any intense peak; however, 

their intensity increased with increasing amounts of cerium. The bonding energy of Ce3d 

showed two peak sets, Ce3+ (904 and 885 eV) and Ce4+ (917, 907, 901, 898, 889 and 882  

eV) 240. The catalyst with the highest content in cerium (V2O5/Ce9Al1Ox) only offered the 

Ce4+ oxidation state, whereas the other two catalysts showed both Ce3+ and Ce4+ oxidation 

states. Due to the detection limits of XPS, only the Ce L3-edge XANES spectra (Fig. 4-

8B) were presented, indicated that the Ce4+/Ce3+ ratio increased as the amount of cerium 

increased.  
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Fig. 4-8 X-ray adsorption of Ce (A) Ce3d XPS (B) Ce L3-edge XANES of catalysts 

 

These results also provided evidence that the V2O5/Ce9Al1Ox offered the highest 

oxidation ability. Fig. 4-9 shows the peak fittings of V2p (Fig. 4-9A) and O1s (Fig. 4-9B). 
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All catalysts contained two oxidation states of the vanadium: V5+ and V4+. The 

V2O5/Ce9Al1Ox catalyst was found to have the lowest content in V4+ (13.1 %, Table 4-3) 

which was confirmed by EPR measurements (spectra shown in Fig. 4-10). A higher 

content in V5+ provided a stronger oxidative ability, similarly to Ce4+. Additionally, based 

on studies by Lou et al241, and Bueno-López et al242, we hypothesized that the lattice 

oxygen played a more important role than the non-lattice oxygen in the oxidation reaction.  

V2O5/Ce9Al1Ox catalyst provided the highest amount of lattice oxygen (82.5%, Table. 4-

3), meaning that this catalyst offered the highest oxidative ability. This fining further 

confirmed the results obtained from Ce3d and V2p spectroscopy measurements. 
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Fig. 4-9 XPS peak fittings for (A) V2p and (B) O1s of catalysts 
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Table 4-3 Peak fitting analysis for V2p and O1s XPS 

 
V 2p (eV) O 1s (eV) V4+/(V4+ + V5+) 

(%) 

Olat./(Olat. Onon-lat.) 

(%) 
Catalyst V4+ V5+ Olat. Onon-lat. 

V2O5/Ce1Al9Ox 531.6 531.6 531.6 531.6 531.6 531.6 

V2O5/Ce3Al7Ox 531.6 531.6 531.6 531.6 531.6 531.6 

V2O5/CeAlOx 531.6 531.6 531.6 531.6 531.6 531.6 

V2O5/Ce7Al3Ox 531.6 531.6 531.6 531.6 531.6 531.6 

V2O5/Ce9Al1Ox 531.6 531.6 531.6 531.6 531.6 531.6 
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Fig. 4-10 EPR spectra of catalysts 
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4.2 Catalytic performance  

4.2.1 Catalyst screen 

The catalytic performance of each catalyst is listed in Table 4-4. The selective oxidation 

of methanol to DMM included the oxidation of methanol to formaldehyde followed by 

the acetalization reaction (dehydration reaction) between methanol and formaldehyde. 

The first oxidation step was catalyzed by the redox site, and the second acetalization 

reaction was catalyzed by the acidic site of the catalyst. However, the critical redox and 

acidic property were extremely important: if the catalyst provides a very strong oxidative 

ability, the over-oxidative product (such as methyl formate, CO, and CO2) will form. On 

the other hand, if the acidic property is too strong, the main product will be the 

dehydration product (such as dimethyl ether) without any oxidation reaction. In this work, 

we present a serial of supported vanadium catalysts with different Ce/Al atomic ratios. 

The aluminum-supported V2O5 catalysts (V2O5/Al2O3) give the dehydration product 

dimethyl ether, as the major product; cerium oxide- supported V2O5 catalysts (V2O5/CeO2) 

show a higher selectivity towards the over-oxidative product, such as CO, CO2 or methyl 

formate. However, the Ce-Al mixed metal oxide- supported V2O5 catalysts all provide 

higher DMM selectivity. Compared with the two mono-metal-supported catalysts, a result 

revealing that the mixing of cerium and aluminum can improve catalytic performance. 
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The V2O5/CeAlOx catalyst gives the best catalytic performance (62.1 % of methanol 

conversion and 85.2 % DMM selectivity). When the aluminum is the major component 

(like in V2O5/Ce1Al9Ox and V2O5/Ce3Al7Ox), the high amount of acid sites (Fig. 4-5)  

affect the reaction to form the dehydration-only product (dimethyl ether) as the simple 

aluminum-supported catalyst.   
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Table 4-4 Catalyst screens   

  

Selectivity (%) 

 

Catalyst MeOH Conv. (%) DMM DME MF T (°C) 

V2O5/Al2O3 52.7 14.4 81.1 3.1 200 

V2O5/Ce1Al9Ox 44.9 18.4 64.7 12.6 200 

V2O5/Ce3Al7Ox 59.6 60.6 20.7 17.8 200 

V2O5/CeAlOx 62.1 85.6 8.7 5.0 200 

V2O5/Ce7Al3Ox 61.2 42.9 10.4 42.6 200 

V2O5/Ce9Al1Ox 46.8 34.3 14.5 49.9 200 

V2O5/CeO2* 11.6 <1 <1 7.6 200 

Reaction condition: WHSVMeOH = 2.37 h-1, reaction time = 12 h, carrier gas (N2) = 11 

mL/min, nN2 : nO2 : nMeOH = 2.24 : 1.48 : 1 

* CO Sel. = 21 %, CO2 Sel. = 75 % 

 

Results presented in Table 4-4 also show that the selectivity of the methyl formate 

increases with the content in cerium, due to its higher oxidative ability. Because the 

catalysts containing a high amount of cerium (V2O5/Ce7Al3Ox, and V2O5/Ce9Al1Ox) are 

form more easily the CeVO4 species (Fig. 4-6, and Fig. 4-7), this CeVO4 can offer a 

higher oxidative ability, as well as a higher amount of Ce4+, V5+, with the lattice oxygen 

becoming more significant as the content in cerium increases (Fig. 4-8, and Fig. 4-9).   
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4.2.2 Stability test 

V2O5/CeAlOx exhibits great stability and high performance (Fig. 4-11) when subjected to 

long-term tests. We find it to have a lifetime of over 500 h lifetime, losing less than 10 % 

in methanol conversion (62.4 to 52.6 %), and without the decay of DMM selectivity. The 

result from TGA measurement (Fig. 4-12A) shows that the spent catalyst only produces 

5% of coke, while the Raman spectra (Fig. 4-12B) shows no D band (1350 cm-1) or G 

band (1580 cm-1) signal. These results further confirm that our catalyst produces a very 

low amount of coke while offering to provide high stability to the catalyst. 
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Fig. 4-11 Stability test for V2O5/CeAlOx 
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Fig. 4-12 Characterization of spent catalyst (A) TG analysis (B) Raman spectra of spent 

catalyst 
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Chapter 5 Conclusion 

In this study, the sustainable formic acid production and utilization of methanol 

have been achieved. New mesoporous silica supported heteropoly acid catalyst was 

synthesized successfully through direct synthesis in this work. The PV1Mo/SBA-15-p-

DS catalyst shows a good performance in the selective oxidation of glycerol to formic 

acid (60 % conversion and 30 % selectivity). Our studies reveal that the vanadium is the 

key factor in the oxidation process. . However, an excess amount of vanadium leads to 

the over-oxidation that reduces the selectivity of the formic acid. In comparison, catalysts 

prepared using the traditional impregnation method (PV1Mo/SBA-15-IM) exhibited 

weak interactions between the active PVxMo species on the support material, causing a 

loss of activity during recycling. In summary, the mesoporous silica supported PVxMo 

catalyst prepared using the one-pot method offers good reusability and stability for the 

selective oxidation of glycerol.   

Not only the selective oxidation of glycerol, the modification of common industrial 

formic acid production has been established in this work, our study also reveals that an 

optimized value of the Cu/MgO ratio is essential to facilitate the methanol 

dehydrogenation reaction. The excessive copper loading forms larger copper clusters 

rather than copper nanoparticles, which lower the MF selectivity. On the other hand, the 

excess MgO leads to the increase of coke formation due to the higher medium-strong 
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basic sites. These two effects both harm the catalytic performance (i.e. methanol 

conversion and lifetime of the catalyst). The Cu/MgO ratio of 1 provides the best catalytic 

performance. In addition, Pd also plays a critical role to prolong the lifetime of the catalyst 

by decreasing the amount of medium-strong basic sites. The addition of Pd not only 

modifies the catalyst’s basic property with a smaller amount of medium-strong basic sites 

but also enhance the reduction ability of copper oxide to improve the catalytic activity 

and stability. The reuse test demonstrated that the Cu5MgO5 catalyst can be efficiently 

regenerated and reused for at least 4 rounds. After the regeneration process (through 

calcination), at least 80% methanol conversion and constant MF selectivity can be 

achieved, suggesting great potential for practical applications in a low-cost process for 

the MF production.  

Finally, owing to the “Marginal Effect” of methanol utilization, the methanol convert to 

DMM has been investigated in this work as well. This work discovered that the redox and 

acidic properties can be adjusted via tuning the Ce/Al atomic ratio of the support material 

and that the content in cerium can improve the oxidative ability, whereas aluminum 

species can increase the amount of weak acid sites and total acid sites. An excess in cerium 

provides more over-oxidative products such as CO2, CO, and methyl formate. 

Additionally, the high aluminum-containing catalysts offer more acidic amount lead to 

the dehydration product dimethyl ether directly without the oxidation reaction. The 
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V2O5/CeAlOx catalyst achieves the highest methanol conversion (62.1 %) and DMM 

selectivity (85.2 %). In the long-term test, V2O5/CeAlOx catalyst served more than 500 h 

lifetime with only 10 % of methanol conversion decay. The critical ratio of Ce/Al is 

mandatory for the selective reaction of methanol to DMM; the suitable support cannot 

only enhance the catalytic performance but also longer the lifetime of the catalyst.  
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Chapter 6 Experiment 

6.1 Chemicals 

Chemical Grades Chemical formula Supplier 

Acetaldehyde ≥99% C2H4O Sigma Aldrich 

Aluminum nitrate nonahydrate ≥98%    Al(NO3)3∙9H2O Sigma Aldrich 

Aluminium oxide ≥98% Al2O3 Sigma Aldrich 

Ammonium hydroxide 28–30% NH4OH Sigma Aldrich 

Ammonium vanadate(V) ≥99% NH4VO4 Sigma Aldrich 

Cerium(III) nitrate hexahydrate ≥99% Ce(NO3)3∙6H2O Sigma Aldrich 

Cerium(IV) oxide ≥99% CeO2 Sigma Aldrich 

Copper(II) nitrate trihydrate ≥98% Cu(NO3)2∙3H2O Sigma Aldrich 

Formic Acid  95-97% CH2O2 Sigma Aldrich 

Glyceric acid  ≥95.0 C3H6O4 Sigma Aldrich 

Glycerol 99% C3H8O3 Sigma Aldrich 

Hydrogen peroxide 30% H2O2 Sigma Aldrich 

Hydroxyacetic acid ≥99% C2H4O3 Sigma Aldrich 

Hydrochloric acid 37% HCl Sigma Aldrich 

Magnesium nitrate hexahydrate ≥97% Mg(NO3)2∙6H2O Sigma Aldrich 

Magnesium oxide ≥99% MgO Sigma Aldrich 

Methanol ≥99.9% CH4O Sigma Aldrich 

Phosphomolybdic acid ≥99% H3Mo12O40P Sigma Aldrich 

Pluronic P123 - EO20PO70EO20 Sigma Aldrich 

Potassium carbonate ≥98% K2CO3 Sigma Aldrich 

Palladium(II) nitrate dihydrate 40% Pd basis Pd(NO3)2∙2H2O Sigma Aldrich 

Tetraethyl orthosilicate (TEOS) ≥98% Si(OC2H5)4 Sigma Aldrich 

Molybdenum(VI) trioxide ≥99% MoO3 Sigma Aldrich 

Phosphoric acid 85% H3PO4 Sigma Aldrich 
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Chemical Grades Chemical formula Supplier 

vanadium(V) oxide ≥98% V2O5 Sigma Aldrich 

Zirconium oxychloride ≥98% ZrOCl2∙8H2O Sigma Aldrich 

Ammonia  5 % in He NH3 Air Liquid 

Air - Air Air Liquid 

Argon ≥99.99% Ar Air Liquid 

Carbon dioxide ≥99.999% CO2 Air Liquid 

Carbon monooxide 50 % in Ar CO Air Liquid 

Helium ≥99.99% He Air Liquid 

Hydrogen ≥99.999% H2 Air Liquid 

Nitrogen ≥99.99% N2 Air Liquid 

Oxygen ≥99.99% O2 Air Liquid 

6.2 Preparation of catalysts 

6.2.1 Synthesis of PVxMo  

V-substituted polymolybdenum phosphoric acid (PVxMo) was prepared following the 

procedure described in the literature.243 A mixture of MoO3 and V2O5 (22.3 g of MoO3 to 

1.3 g of V2O5, 20.3 g of MoO3 to 2.6 g of V2O5, and 18.2 g of MoO3 to 3.9 g of V2O5, 

respectively) in 350 ml of deionized (D. I.) water (Mo/V atomic ratio = 11/1, 10/2, and 

9/3) was heated to reflux. 1.7 g of aqueous 85% phosphoric acid (H3PO4) was then added 

in three portions to the mixture at 10 min time intervals, followed by the addition of 

another 150 ml of D. I. water. The resulting mixture was stirred and heated at reflux for 

15 h. A bright orange solution was formed. All volatiles were then removed in vacuo at 

90 °C to give a bright orange solid, identified as PVxMo. 
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6.2.2 Synthesis of Platelet SBA-15(SBA-15-p) 

Zirconium modified mesoporous silica was prepared following the method proposed by 

Chen et al.244 Initially, 2.0 g of a Pluronic P123 triblock copolymer was dissolved in 80.0 

g of a 2.0 M HCl solution, then 0.32 g of ZrOCl2 was subsequently slowly added to the 

solution, at 0 °C, under constant stirring, or 24 h, followed by the addition of 4.3 g of 

tetraethyl-ortho-silicate (TEOS). The resulting mixture was stirred for an additional 24 h, 

at 35 °C. The mixture was then hydrothermally treated in a Teflon bottle, at 90 °C, for 24 

h. The obtained solid was filtered, washed with deionized water until a neutral pH was 

reached. Finally, the solid product was calcined in air, at 560 °C, for 6 h in order to remove 

the triblock copolymer. 

6.2.3 Synthesis of Supported heteropoly acid (HPA) catalysts 

1) One-step synthesis The PVxMo species were added simultaneously with ZrOCl2 

during the synthesis of SBA-15-p. After adding ZrOCl2, we followed an 

experimental protocol identical to that used for synthesizing SBA-15-p. The 

catalysts were labeled as PVxMo/SBA-15-p-DS. 

2) Impregnation synthesis. The PVxMo species were dissolved in 3 mL of  deionized 

water, followed by the addition to SBA-15-p drop-by-drop under stirred for 3 h, 
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after that dried at 90°C, then the dry solid calcined to 300 °C maintained for 4 h. 

The catalysts was labeled as PVxMo/SBA-15-p-IM 

3) Supercritical fluid impregnation synthesis. We first added PVxMo(aq) to SBA-15-p 

in a flask, put the flask into an autoclave which contain pure ethanol, heating to 270 

°C and pressure maintains at 1200 psi for 3h, the solid was washed by ethanol and 

dried for overnight, finally calcined to 300 °C maintain for 4 h, the catalysts were 

labeled as PVxMo/SBA-15-p-SCF.  

6.2.4 Synthesis of CuMgO based catalysts 

CuMgO catalysts were prepared by the co-precipitation method. Certain amounts 

(Cu/MgO weight ratio = 1:9, 2:8, 3:7. 1:1, and 7:3) of Cu(NO3)2∙3H2O (Sigma-Aldrich, 

≥99%) and Mg(NO3)2∙6H2O (Sigma-Aldrich, ≥99%) were dissolved in 100 mL of D.I. 

water, and a 0.6 M K2CO3 (Sigma-Aldrich, ≥99%) solution was then added dropwise 

under vigorous stirring at 70 °C for 3 h. The blue solid co-precipitates was filtered and 

washed with D.I. water and then dried overnight at 90 °C and finally calcined at 400 °C 

for 3h (these catalysts were labeled as CuxMgOy where the x/y is the weight ratio of 

Cu/MgO). Pd-containing catalysts were prepared by the incipient wetness impregnation 

method. CuMgO catalysts were impregnated with 1 wt % of Pd(NO3)2∙2H2O (Aldrich, 

~40% Pd basis) in an aqueous solution at 60°C, and stirred for 3 h. After impregnation, 
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the samples were dried at 90°C overnight and then calcined at 300 °C for 4 h (these 

catalysts are labeled as Pd/CuMgO.  

6.2.5 Synthesis of Ce-Al mixed oxide supported vanadium catalysts 

The Ce-Al mixed oxide support was prepared by co-precipitation, certain amount (atomic 

ratio of Ce/Al = 1/9, 3/7, 1/1, 7/3, and 9/1) of Ce(NO3)3∙6H2O (Sigma-Aldrich, ≥99%) 

and Al(NO3)3∙9H2O (Sigma-Aldrich, ≥99%) was dissolved in 100 mL D.I. water to which  

0.6 M of a K2CO3 (Sigma-Aldrich, ≥99%) solution was added, drop-by-drop, under 

vigorous stirring at 70 °C for 3h. The white-yellow co-precipitated solid was then filtered, 

washed with D.I. water, and dried overnight at 110 ℃, finally calcined to 300 °C, for 4 h, 

in order to convert M(OH)x into MOx. These catalysts are labeled as CexAlyO where the 

x/y ration is the atomic ratio of Ce/Al.  

Ce/Al supported vanadium catalyst was prepared using the wet impregnation method, and 

the support materials (Al2O3-γ (Sigma-Aldrich, ≥99%), CeO2 (Sigma-Aldrich, ≥99%), 

and Ce-Al mixed oxides) were impregnated with a NH4VO4 (Sigma-Aldrich, ≥99%) 

solution (0.25 g of NH4VO4 and 5 mL of H2O2(aq)(Sigma-Aldrich, 30%)), at 60°C, and 

stirred for 3 h. After impregnation, the samples were dried overnight, at 110°C, and 

subsequently calcined to 300°C for 4 h. These catalysts label as V2O5/CexAlyO (where 

the x/y ration is the atomic ratio of Ce/Al). 
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6.3 Characterization of catalysts 

6.3.1 Nitrogen adsorption-desorption isotherm 

Texture properties (specific surface areas, pore size, and pore volume) of the catalysts 

were determined using the single-point BET (Brunauer, Emmett, Teller) method, with N2 

adsorption at the liquid N2 temperature and subsequent desorption at room temperature 

with a ASAP 2420 apparatus (Micromeritics). Samples were degassed at 673 K for 10 

hours, prior to analysis. 

(a) BET surface area 

The BET surface area can be calculated with the below BET equation (eq. 6-1) under 

certain P/P0 (from 0.0 to 1.0). 

P

V(P0−P)
=  

1

VmC
+  

(C−1)P

VmP0C
        Eq. 6-1 

Where,  

P: vapor pressure P0 : saturated vapor pressure 

V: gas volume of adsorption under P Vm: single layer volume of gas 

adsorption 

C: Constant  

From the slope and intercept of the 
P

V(P0−P)
 V.S. 

P

P0
 plot, we can have the value of 

the constant C. Finally, the BET surface could be write as, 

 SBET =  
Vm∗6.02∗1023∗16.2∗1020

22400∗W
        Eq. 6-2 

Where W is the weight of sample. 
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(b) Pore size distribution (PSD) 

The pore size is determined by the relative pressure (P/P0) with Kelvin equation (Eq. 

2-3), when the gas is condensed inside the pore because of the capillary force.  

Where,  

Rk: Kelvin radius R: ideal gas constant 

ϒ: surface tention T: temperature 

VL: molar volume  

Rk =  
−2γVL

RTln(
P

p0
)
        Eq. 6-3 

The pore size distribution can be analyzed by the Barrett-Joyner-Halenda (BJH) 

method with Haley equation (Eq. 6-4, Fig. 6-1).  

 

Fig. 6-1 Relation of the rp, rk and Δt 

Vpn =  
rpn

2

(rkn+Δt)2 ∗ [∆Vn − (∆tn ∗ ∑
rpj−tj

rpj
∗n−1

j=1 Apj)]        Eq. 6-4 

Where, 

Vpn: pore volume  rkn: capillary radius  

Vn: volume of desorption gas Apj: surface area of pore #j 

tn: thickness of physical 

adsorption  
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6.3.2 X-ray diffraction spectroscopy (XRD) 

X-ray diffraction (XRD) spectra of the catalysts were obtained using a D8 

Advance XRD (Bruker) under 40 kV and 40 mA, with CuKα (1.54184 Å) as the X-ray 

source. The diffraction pattern was recorded between 10–70(2θ) range, using step 

intervals of 0.02° and a counting time of 10o/min.   

 

Fig. 6- 2 Powder X–ray diffraction. 

 

6.3.3 X-ray photoelectron spectroscopy (XPS) 

XPS experiments were performed using a Kratos Axis Ultra DLD instrument equipped 

with a monochromatic AlKα X-ray source (hν = 1486.6 eV), and operated at a power of 

150 W under UHV conditions, within approx. 10−9 mbar range. All spectra were recorded 
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in hybrid mode, using electrostatic and magnetic lenses and an aperture slot of 300 μm × 

700 μm. Survey and high-resolution spectra were acquired at fixed analyzer pass energies 

of 160 eV and 20 eV, respectively. Samples were mounted in floating mode in order to 

avoid differential charging. XPS spectra were therefore acquired using charge 

neutralization. 

 

Fig. 6-3 X-ray photoelectron spectroscopy 
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6.3.4 Temperature programed desorption/reduction (TPD/TPR) 

NH3-TPD and H2-TPR were performed on a Micromeritics Autochem 2920 apparatus, 

and detected by a thermal conductivity detector (TCD) detector. Each measurement was 

made using 30-50 mg of catalysts. For NH3-TPD (Fig. 6-4), the samples were pre-treated 

for 60 min, at 150 °C, under Helium (100 mL/min) and subsequently treated with a flux 

of 10% of NH3 in helium (100 mL/min), for 30 min at room temperature, and purged in 

helium (100mL/min), for 1 h at 50 °C. The temperature of the calorimeter furnace was 

programmed with a heating rate of 10 °C /min at 100 mL/min helium flow rate. For H2-

TPR (Fig. 6-5), samples were pre-treated for 60 min, at 150 °C, under argon (100 mL/min) 

then cooled to room temperature for 60 min. After being  stabilized and subsequently 

reduced, , the heating rate of  the calorimeter furnace was  set  at 10 °C /min, with 

10% H2 in argon (100 mL/min).  

Fig. 6-4 Temperature programed desorption (TPD) process 

He, 100 mL/min 

150 °C 

250 °C 

60 min 10 °C/min 

Stabilize 

10% H2, 100 mL/min 

Reduction process 

(optional) 

120 min 

RT 

He, 100 mL/min 10% NH3, 

100 mL/min 

30 min 60 min 

Adsorption Purge 

He, 100 mL/min 
900 °C 

Desorption 

10 °C/min 

http://www.micromeritics.com/Product-Showcase/AutoChem-II-2920.aspx
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Fig. 6-5 Temperature programed reduction (TPR) process 

 

6.3.5 Raman spectroscopy 

Raman spectroscopy measurements were performed using WITec alpha 300R with a 

532nm laser beam, at room temperature. 

 

Fig. 6-6 Raman spectroscopy 
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6.3.6 FT-IR spectroscopy 

FT-IR spectra were obtained using a Thermo Scientific Nicolet 6700 with a KBr beam 

splitter and an ATR accessory equipped with a diamond crystal. 

 

 

Fig. 6-7 FT-IR spectroscopy 
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6.3.7 Transmission/scanning electron microscopy (TEM/SEM) 

Each sample was placed on a 300 mesh copper grid pre-coated with a holey amorphous 

carbon film, and imaged using a Titan CT (FEI Company) operating at 300 kV, and 

equipped with a 4 k x 4 k CCD camera (Gatan Inc., Pleasanton, CA). SEM analyses were 

conducted using a Zeiss Merlin system, at ETH = 5. 00 kV.  

 

Fig. 6-8 TEM and SEM instrument component 
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6.3.8 Thermogravimetric analysis (TGA) 

TG analysis was performed on a Mettler Toledo TGA/DSC (thermal gravimetric 

analysis/differential scanning calorimetry) instrument, equipped with a GC 200 Gas 

Controller and an auto-sampler. For this procedure, each sample was first subjected to an 

isothermal treatment at 150 °C, for 30 minutes, under a flow of N2 (99.9999 % purity)  

at a rate of 50 ml/min , and subsequently heated to 900 °C (at 10 °C /min).  

6.3.9 X-ray absorption near edge structure (XANES) 

V K-edge and Ce L3-edge X-ray absorption spectra were recorded in transmission mode, 

at Beamlines 17C of the National Synchrotron Radiation Research Center (NSRRC), 

Hsinchu, Taiwan. Standard operating conditions were 1.5 GeV and 360 mA. Photon 

energies were calibrated using the K-edges of a vanadium foil at 5.4650 keV, and the L3-

edge of CeO2 at 5.7230 keV. 

6.3.10 Inductive-coupled plasma optical emission spectroscopy (ICP-

OES) 

The molar ratio of each element of the catalyst was determined using inductive-coupled 

plasma optical emission spectroscopy (ICP-OES, Varian 720ES). The digestion step was 
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obtained using 50 mg of solid catalyst dissolved in 5 mL of 69 % nitric acid and 1 mL of 

48% HF, at 180 °C, and kept in a microwave digester (ETHOS 1 Milestone) for 2 h. 

6.4 Activity measurement 

6.4.1 Batch reactor 

Glycerol oxidation reactions were carried out in a 50 mL autoclave reactor (Parr 

Instruments Co., USA) at a stirring speed of 1000 rpm. The reaction vessel was charged 

with 20 mL of 10 wt% glycerol aqueous solution, 0.1 g of the catalyst, and 3 equivalent 

30 wt % H2O2 as oxidant. The complete charge was then heated to 160 °C, and kept at 

this temperature for 4h. After complete reaction and cool down to room temperature, the 

catalyst was removed via filtration and an analysis of the final products was performed 

using high-performance chromatography (HPLC) with UV (210 nm), a refractive index 

(RI) detector, and an Agilent HPX-87H column. H2SO4 (5mM) was used as solvent, at a 

flow rate of 1.0 mL/min−1, at 50 °C. Reusability tests were also performed on some of 

the (catalyst) samples. Briefly, after oxidation, catalyst and product were separated by 

filtration, the solid catalyst was collected and washed with methanol three times, and dried 

at 90 °C for 24 h. After this simple regeneration process, the catalyst was again introduced 

to the catalytic system for another cycle. 
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Fig. 6-9 Batch reactor 

6.4.2 Fixed-bed reactor 

The methanol dehydrogenation reaction was carried out with a fixed-bed reactor. Prior to 

the reaction, 100 mg of catalyst was placed in the reactor and reduced by dilute hydrogen 

(H2: N2 = 30 mL/min: 20 mL/min) at 250 °C for 3 h. After pretreatment, a stream of pure 

methanol solution was first fed (0.1mL/min) into an evaporator at 200°C, then the 

methanol vapor was carried into the reactor by N2 (50mL/min). Reaction products were 

analyzed using an online GC system (Varian GC-450) connected with two channels, A 

and B. Channel A is consisted of a set of three packed columns, “Hayesep” Q 

(CP81073),“Hayesep” T (CP81072), and “Molsieve” 13X (CP81073) connected with a 

TCD detector to monitor CO and CO2. Channel B uses a CP-wax 52CB column (CP7668) 

and was connected with a FID detector to monitor MF and other oxygenates. After a 
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reaction time of 50 h, the spent catalyst was regenerated by calcination for 3 h at 400 °C, 

under air atmosphere, to remove the coking. Once regenerated, the catalyst was reduced 

by dilute H2 before undergoing the next round of catalytic test as previously described. 

The methanol selective oxidation reaction was carried out in the fixed-bed reactor. Prior 

to reaction, 200 mg of the catalyst was placed in the reactor and stabilized under air (20 

mL/min) for 2 h. After pre-treatment, a stream of pure methanol was fed (0.01mL/min) 

into an evaporator, at 70°C, and the obtained methanol vapor was carried into the reactor 

with a mixed gas of N2 and O2 (N2 = 11 mL/min, O2 = 9 mL/min). The reaction products 

were analyzed using an online GC system (Varian GC-450) connected with two channels, 

A and B. Channel A is consisted of a set of three packed columns, “Hayesep” Q 

(CP81073),“Hayesep” T (CP81072), and “Molsieve” 13X (CP81073) connected with a 

TCD detector to monitor CO and CO2. Channel B uses a CP-wax 52CB column (CP7668) 

and was connected with a FID detector to monitor DMM and other oxygenates. 
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Fig. 6-10 Fixed-bed reactor 
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