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Abstract 

BP are currently in the process of developing a process whereby methanol is 

synthesised and then further carbonylated to acetic acid, all in the gas phase and 

utilising the same synthesis gas feed throughout. However, it was envisaged that 

recycling of unreacted synthesis gas from the carbonylation stage could contain 

traces of acetic acid or methyl acetate, which would then be passed into the 

methanol synthesis reactor. The current project therefore examined the effect 

methyl acetate and acetic acid had on an industrial methanol synthesis catalyst. In 

the initial stages of the project the ability of precious metal catalysts to synthesise 

methanol were also examined. 

Precious metal catalysts (Ir, Pd and Rh supported on SiO2) were found to 

synthesise methanol in small yield from a CO/H2 feed. Pd and Ir based catalysts 

were found to be selective, in agreement with the literature. The Rh based catalyst 

was found to catalyse a number of reactions, with methane being the primary 

product. As the yields of methanol produced were so low and therefore unrealistic 

for commercialisation, it was decided to focus on studying the effects of acetic acid 

and methyl acetate over the commercial catalyst, as it already displayed the 

selectivity and activity required.  

The effects of acetic acid addition at low concentrations were investigated first. 

Under a CO/CO2/H2 feed, acetic acid underwent several reactions, namely (i) 

hydrogenation to ethanol, (ii) esterification between methanol and acetic acid to 

methyl acetate and (iii) decomposition to CO/CO2. Complete conversion of the 

acid took place, with no carbon laydown on the surface of the catalyst.  

Labelling studies were performed on the system, feeding in 13C labelled acetic 

acid, and following the responses of relevant masses using a mass spectrometer. 

Results showed migration of the carbon label to the aforementioned products, 

confirming the proposed routes. Methane formation was not detected by GC or MS 

throughout the acid addition and this was important as acetic acid has been 

postulated to decompose on metal surfaces via a simple decarboxylation to yield a 

surface methyl group and gas phase CO2: 

 CH3CO2H �� CO2 + CH3 (ads) 
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As no carbon laydown was detected during the acid addition, the methyl group 

was proposed to decompose further to adsorbed carbon and gaseous hydrogen, 

rather than abstracting a proton to form methane. Oxidation of the surface carbon 

was proposed to occur via reaction with adsorbed surface oxygen or by a reverse 

Boudouard type process. Hydrolysis of the acid was shown not to be the route 

towards CO/CO2. 

A decrease in methanol production was observed upon addition of the acid and 

was attributed to the adsorption of acetate groups on the surface of the catalyst, 

displacing reactants. Upon cessation of the acid feed methanol production 

returned to normal, indicating the acid had a transient effect on the catalyst. 

However, additions of higher concentrations resulted in severe degradation of the 

catalyst pellets and therefore permanent deactivation. 

The behaviour of the acetic acid was found to vary by altering the feed gas and 

was attributed to morphological changes in the copper, induced by the feed gas.  

Methyl acetate at low concentrations was found to decompose to CO/CO2 under a 

CO/CO2/H2 feed, with hydrogenation to ethanol and methanol also taking place. 

Substantial carbon laydown however was observed, which could lead to 

permanent deactivation of the catalyst. As for acetic acid, the behaviour of the 

ester was found to vary by altering the gas feed composition, and was attributed to 

changes in the copper morphology. 
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1 Introduction 

1.1 Methanol 

Methanol, also known as wood alcohol, is the simplest of alcohols with a chemical 

formula of CH3OH. It is produced on a worldwide scale of 47million tonnes per 

annum[1] and is used as a common laboratory solvent amongst other things.  

However the largest use of methanol by far is as a feedstock for other products. 

The three largest derivatives of methanol are formaldehyde, methyl tertiary butyl 

ether (MTBE) and acetic acid. Formaldehyde is used mainly to make amino and 

phenolic resins that are employed in the manufacture of wood based products 

such as flooring, panels and furniture. MTBE is used as an octane booster and 

oxygenate in gasoline, while acetic acid is used mainly for vinyl acetate monomer 

(VAM) and purified terephthalic acid (TPA). Methanol is also seeing a growing 

demand in fuel applications such as dimethyl ether (DME), biodiesel and direct 

blending into gasoline[1].  

 

Figure 1-1 Methanol applications 2008[1] 

 
Prior to 1923, methanol was derived from the distillation of wood. However there 

was a growing demand for an industrial process which could synthesise the 

chemical cheaply and efficiently. 
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1.2 Methanol Synthesis 

1.2.1 High Pressure Process 

In 1923, a German patent was granted to BASF[2] for a process to synthesize 

methanol from synthesis gas, CO and H2, at 300-400°C and 100-250bar over a 

Zn/Cr2O3 catalyst[3]. The first commercial methanol synthesis plant was built by 

the same company in 1923. The process used a ZnO/Cr2O3 catalyst and operated 

at 300°C and 200bar. The catalyst was relatively poison resistant and could 

operate with a synthesis gas feed stream containing both chlorine and sulphur. 

Copper catalysts were also discovered shortly after, however were deemed to be 

of “only slight practical interest” due to their rapid deactivation[4]. This resulted 

from (i) the fact they were readily poisoned and (ii) were very unstable (sintering 

occurred easily).The ZnO/Cr2O3 catalyst remained virtually unchanged for the next 

40 years, until ICI developed a much more active and stable catalyst. This catalyst 

could be used with lower temperatures and pressures, and this formed the basis of 

the modern “low pressure” process. 

1.2.2 Low Pressure Process 

In 1966 ICI introduced patents for a Cu/ZnO/Al2O3 catalyst[5-7] with a much higher 

activity than the previous catalyst [8, 9]. This enabled methanol synthesis to be 

carried out at lower temperatures (<300°C) and much lower pressures (50-

100bar). The process uses a synthesis gas feed of CO/CO2/H2, typically in a ratio 

of 1:1:8. The low pressure process is far more efficient, has a lower capital cost 

and is cheaper to run than the old process, which is now obsolete[9]. 

Since its introduction, the Cu/ZnO/Al2O3 has remained the catalyst of choice in 

industry for methanol synthesis, with only minor changes made to its original 

formulation. This is due to its excellent selectivity (+99%)[10], activity and lifespan 

(3-4years)[11]. 
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1.2.3 Thermodynamics 

1.2.3.1 Steam reforming 

The synthesis gas used to produce methanol comes from the steam reforming of 

natural gas over nickel catalysts[12]. For example, the steam reforming of 

methane is shown below. The resulting gas is a mixture of carbon monoxide, 

carbon dioxide and hydrogen: 

CH4 + H2O �� CO + 3H2 

CH4 + 2H2O �� CO2 + 4H2 

The gas mix is hydrogen rich, and this hydrogen can be utilised in the synthesis by 

the addition of more carbon dioxide, possibly from a nearby ammonia plant[9], 

which produces CO2 as a by product. 

1.2.3.2 Synthesis 

The methanol synthesis reaction has always been expressed as the 

hydrogenation of CO: 

CO + 2H2 �� CH3OH     ∆G°523 = +26.70 kJ mol-1 

Initially, this is how methanol synthesis was thought to proceed, with CO being the 

main carbon source of methanol and carbon dioxide present to prevent over 

reduction and therefore sintering [13-16]. However, recent studies have indicated 

that it is in fact CO2 which is the primary source for methanol [17-19]:   

CO2 + 3H2 �� CH3OH + H2O    ∆G°523 = +46.30 kJ mol-1 

Both reactions are reversible, as well as being exothermic. They are also 

thermodynamically unfavourable, showing positive Gibbs free energy changes at 

reaction temperatures. As both reactions are exothermic and proceed with a 

reduction in the number of moles, the highest yields of methanol are obtained at 

low temperatures and high pressures.  

As well as the methanol synthesis there is also another reaction taking place in the 

system, the water gas shift (WGS). The reaction is shown below: 
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CO + H2O �� CO2 + H2     ∆G°523 = -19.60 kJ mol-1  

The reaction is believed to occur via a surface-redox mechanism. By this 

mechanism water is completely dissociated via hydroxy groups and adsorbed H 

species to gaseous H2 and adsorbed O. The adsorbed O is removed by CO to 

produce gaseous CO2[20, 21]. At reaction temperatures, the equilibrium is shifted 

to the right and therefore CO2 and H2 production is favourable. 

1.2.3.3 Equilibrium  

In summary, the three reactions relevant in methanol synthesis are: 

CO + 2H2 �� CH3OH 

CO2 + 3H2 �� CH3OH + H2O 

CO + H2O �� CO2 + H2 

These reactions define the equilibrium composition of the system. It has been 

customary to use the equilibrium constants for methanol synthesis from CO, 

Kp(meth), and the water gas shift reaction, Kp(WGS)[22]. 

 

Corrections for non-ideality are significant in the calculation of the system 

equilibrium and the use of appropriate fugacity constants is required. Substantial 

research has been undertaken by investigators in assessing the two reactions and 

an example of a typical equation for the Kp(meth) value from CO hydrogenation 

comes from the work of Wade et al[23]. They defined the equilibrium constant as: 

Kp(meth) = 9.740x10-5 x exp [ 21.225 + (9143.6 / T) - 7.492 ln T + 4.076 x 10-3 T - 

7.161 X 10-8 T2 ]    

An example of the equilibrium constant for the water gas shift reaction comes from 

the work of Bissett et al[24]. They defined the equation as: 
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Kp(WGS) = exp [-13.148 + (5639.5 / T) + (1.077 ln T) + (5.44x10-4)T – (1.125x10-7)T
2 

– (49 170 / T2)] 

Various different expressions for the equilibrium constants have appeared in the 

literature for both the water gas shift reaction and the hydrogenation of CO to 

methanol. Values of Kp(meth) derived from some of these equations are tabulated 

below:  

 

Table 1-1 Literature values for K p(meth) [10] 

     
The discrepancies between some of the calculated values are surprisingly large 

and there are a number of reasons for this (different fugacity constants, etc). It is 

likely that industrial companies have derived more accurate expressions for the 

composition mix in relation to plant design etc, however these studies remain 

confidential property.    
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1.2.4 Commercial Catalyst 

In general the commercial Cu/ZnO/Al2O3 catalysts are usually made of the 

following composition: 

Component Weight % 

CuO 40-80 

ZnO 10-30 

Al2O3 5-10 

Table 1-2 Typical weight % of each component in cop per methanol synthesis catalysts[25] 

 
Additives such as MgO may also be added to improve the performance of the 

catalyst by reducing copper sintering[25]. 

The Cu/ZnO/Al2O3 catalysts are prepared by co-precipitation. Co-precipitation is 

the technique whereby a solution of two metal salts (or more) is contacted with an 

aqueous alkali (usually a carbonate), to cause the precipitation of an insoluble 

metal carbonate[26]. This generates a homogeneous distribution of the catalyst 

components with a definite stoichiometry, which is difficult to achieve with other 

preparation methods. In this case, a solution containing Cu(NO3)2, Al(NO3)2 and 

Zn(NO3)2 is contacted with Na2(CO3) to produce a precipitate. The pH during the 

precipitation strongly influences the composition and particle size of the final 

catalyst. Ideal composition of the catalyst is achieved at a pH of ~7[27, 28]. The 

precipitate is then heated in air to transform the basic carbonates to oxides. This is 

known as calcination. Once this process is complete the catalyst is finished. 

Each of the components in the catalyst has a specific role to play. Copper has long 

been acknowledged to be the active component for methanol synthesis [29-31]. 

The role of zinc oxide was initially thought to be as a “poison soak,” to absorb any 

poisons such as sulphur or chlorine from the feedstream[9]. However its role is not 

limited to this. It has been found to help disperse the copper particles[9], prevent 

sintering and has also been claimed to act as a promoter of the active sites 

through synergistic effects[32-35]. Studies have also shown that the zinc oxide can 
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be active for methanol synthesis itself. These claims will be discussed later on in 

the mechanism section. Finally the role of the alumina in the catalyst is to act as a 

stabiliser[9]. The alumina was found to minimise copper sintering more effectively 

than zinc oxide. The acidic sites on the alumina have been found to catalyse the 

production of dimethyl ether, however these sites are neutralised by the basic zinc 

oxide.                              

1.2.5 Selectivity 

The Cu/ZnO/Al2O3 catalysts are very selective towards methanol. Under typical 

industrial conditions and a feed of CO/CO2/H2, the carbon selectivity can be in 

excess of 99%[10]. Trace amounts of other species - mainly higher oxygenates - 

are produced, including: 

• Alcohols (ethanol, butanol, etc) 

• Esters (methyl acetate, methyl formate) 

• Aldehydes and ketones ( acetaldehyde, acetone etc) 

• Ethers (dimethyl ether) 

The selectivity towards methanol is surprising as thermodynamically, methanol is 

not the most likely product derived from the reaction of CO and hydrogen. 
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Figure 1-2Thermodynamics of formation for various c ompounds[10] 

 
Several other species such as methane and ethanol are much more favoured. 

This indicates that the system is kinetically controlled rather than 

thermodynamically. The contact times in methanol synthesis are long enough for 

methanol to be formed but too short for longer chain products such as ethanol to 

be produced. Fully hydrogenated species such as methane are not able to be 

formed due to copper’s inability to fully dissociate CO. 

By-product formation is influenced by any impurities present in the catalyst. For 

example if iron is present, methane can be produced. Alkaline impurities can result 

in the formation of higher alcohols whereas acidic impurities tend to lead to the 

formation of waxes.  

As the selectivity of the catalyst is extremely high, consequently there has not 

been a major body of work in trying to improve this aspect of the catalyst. Work in 

this area has been limited to altering the composition of the methanol synthesis 

catalyst to produce higher oxygenates such as alcohols and carboxylic acids.  
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1.2.6 Mechanism 

The methanol synthesis reaction has been studied widely by countless research 

groups since the process was first introduced. These studies have ranged from Cu 

based catalysts, ZnO based catalysts, combinations of these and finally the 

Cu/ZnO/Al2O3 catalyst itself. The studies have often thrown up conflicting data and 

postulated mechanisms, showing that the investigations into these types of 

catalyst are non – trivial. There are several reasons for this[9]: 

• In the commercial copper based catalysts there are at least three phases 

present, the copper, the zinc oxide and the alumina. There may also be 

other phases added such as magnesium oxide. Each of these components 

could potentially play a role in the synthesis and therefore there could be 

many effects to take into account. 

• Preparation of the catalysts also varies and the preparation method has 

been shown to be very important with regards to the final properties of the 

catalysts. One problem for example is that the amounts of copper, zinc 

oxide and alumina vary from catalyst to catalyst and even small changes 

could have an important effect on the final catalyst properties. 

• The catalyst pre-treatment is also an issue, as there is a vast range of 

activation conditions used in the literature. The variation in pre-treatment 

will have an effect on each of the phases present in the catalyst and this 

effect should not be dismissed. 

• The range of reaction conditions and gas feeds also makes it difficult for 

comparisons to be made. 

Methanol synthesis is therefore still a topic of controversy even now, and there are 

still some crucial issues to be resolved. Chinchen et al. summarised the debates 

into five distinct questions[29]: 

1) In synthesis gas mixtures of CO / CO2 / H2, which carbon oxide is 

the source of methanol – CO or CO2? 

2) What is the state of copper in the active catalyst? 
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3) What roles do the other components in the catalyst play? 

4) What is the methanol synthesis mechanism? 

5) What are the active sites for methanol synthesis? 

Much work has gone in to answering these questions and some of the research 

performed is detailed below. 

1.2.6.1 Role of CO and CO 2 

The most controversial issue in methanol synthesis to date is when a feed of 

carbon monoxide / carbon dioxide and hydrogen is used, what carbon oxide is the 

source of methanol – carbon monoxide or carbon dioxide? Initially, it was assumed 

that carbon monoxide was the primary source of methanol[36, 37], as 

stoichiometrically this is possible and energetically it is more favourable than 

synthesis from carbon dioxide (requires breaking of C-O bond, a process requiring 

~485kJ mol-1. Carbon dioxide was assumed to play one of three roles[37]. It could 

(i) oxidize the catalyst and keep it in an active state, (ii) be converted to methanol 

(although this was discounted at the time) or (iii) prevent carbon deposition by 

oxidizing surface species. This view was generally accepted at the time but in the 

last 20 years there has been an increasing amount of evidence that it is in fact 

carbon dioxide which is the direct source for methanol. 

1.2.6.1.1 CO2 
The earliest evidence for methanol synthesis from carbon dioxide came from the 

work of Kagan et al in 1975[18, 19]. In their investigations they used labelled 

carbon monoxide which produced methanol with the same specific activity as 

carbon dioxide and therefore showed that the carbon dioxide was the direct 

precursor to methanol. The findings have since been reproduced by other workers, 

notably Chinchen[17] who performed experiments feeding in labelled carbon 

dioxide in industrially relevant conditions (1:1:8 ratio of CO:CO2:H2, 50bar pressure 

, 250°C) over a Cu/ZnO/Al 2O3 catalyst. The results obtained at different inlet flow 

rates are shown in figure 1-3. At high flow rates the specific activity of methanol is 

almost exactly the same as the activity of the inlet labelled carbon dioxide. At 

these flow rates, the WGS is not an issue as it is slower than the synthesis 
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reaction. This indicates that the source of methanol in the reaction is from the 

dioxide rather than the monoxide.  

 

Figure 1-3 Specific radioactivities of carbon monox ide, carbon dioxide and methanol as a 
function of space velocity. Reaction feed gas 10%CO  / 10% CO2 / 80% H2 containing 14CO2 at 
50bar, 523K[12] 

 
The authors further suggest that the role of carbon monoxide in the system is to 

act as a source of carbon dioxide via the forward water gas shift reaction, which is 

favourable under the reaction conditions. 

CO + H2O �� CO2 + H2 

Although the hydrogenation of carbon dioxide is energetically less favourable than 

for carbon monoxide, it has been found to be kinetically faster[38]. This evidence 

alone would suggest that in feed gas mixtures containing both carbon monoxide 

and carbon dioxide, that the dioxide is the primary route towards methanol. 

1.2.6.1.2 CO 
The role of carbon monoxide as suggested in the previous section is to act as a 

source of carbon dioxide via the water gas shift. Conflicting arguments however 

have emerged as to whether this is the monoxides only role in the synthesis. It has 

been suggested by many researchers that over copper based catalysts, the 

hydrogenation of the monoxide does not occur. Rozovskii et al[19, 39, 40] 
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recorded no measurable methanol yield over the old USSR methanol synthesis 

catalyst SNM-1 (Cu/ZnO/Al2O3). They operated at 220°C and 50 bar pressure, 

with a feed gas of carbon monoxide / hydrogen. The result was attributed to the 

feed gas being carefully cleaned of all water and carbon dioxide.  However many 

other workers have reported sizeable yields of methanol over similar 

Cu/ZnO/Al2O3 catalysts[41, 42] and therefore it is possible that the result could be 

due to the variable nature of the catalyst rather than the feed gas. 

Perhaps the most popular view is that the presence of CO suppresses the 

formation of steam via the water gas shift, which can lead to sintering of the 

copper particles [43-46]. 

1.2.6.2 Role of Copper 

The role of copper in the Cu/ZnO/Al2O3 catalysts has been widely studied. Copper 

metal (Cu0) has been proposed as the active component in the catalyst by a 

number of researchers. Waugh [29-31] performed a series of experiments under 

industrial conditions using a 1:1:8 CO/CO2/H2 feed. The copper metal area of each 

of the catalysts was determined by N2O frontal chromatography. The results 

showed a straight line correlation between methanol synthesis activity and copper 

surface area, with the turnover number virtually identical for all the catalysts.  

 

Figure 1-4 Methanol synthesis activity as a functio n of copper metal area [3] 
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From this they concluded that all of the copper is active and that the other 

components in the catalyst (zinc oxide and alumina) do not play a significant role. 

Other groups have also reported similar findings[47, 48]. 

However, contrasting results to these have also been published. Ponec[49] 

performed experiments on copper catalysts supported on pure silica, under CO/H2 

and CO/CO2/H2 feeds. Results showed when impurities are not present, the 

copper is not active for methanol synthesis. They concluded that the impurities or 

in the case of the commercial catalyst, ZnO, promote and stabilize Cu+ sites. It is 

these sites that the authors propose are active for methanol synthesis. 

Further groups have also supported this view that the role of ZnO is crucial in 

creating the active sites in copper through synergistic effects [32-35]. 

What is known is that under industrial conditions the surface of the catalyst is in a 

dynamic state [50-52]. Initial studies by ICI indicated that ~30% of the copper 

surface area is covered by adsorbed oxygen under working conditions [8, 10, 30], 

and this coverage is a function of the CO/CO2 ratio. This suggested that the role of 

CO in the system is to maintain the catalyst surface in a more reduced and hence 

active state than can be achieved by hydrogen alone. However recent studies 

using transient in situ techniques where CO was pulsed into a CO2 / H2 feed and 

vice versa have indicated otherwise[53]. Step change experiments were also 

performed where CO/H2 or CO2/H2 feed mixtures were instantly changed to 

CO/CO2/ H2 mixtures. The results showed that the working surface on the catalyst 

is essentially oxygen free (less than 2%). These results are in accordance with 

surface science experiments [54, 55]. The ICI group later acknowledged that the 

initial oxygen coverage’s reported were erroneous[56]. 

The dynamic nature of the copper surface can be significantly affected by the feed 

gas composition. Studies using X-ray adsorption fine structure (EXAFS) on 

Cu/ZnO have shown that the copper particles morphology changes depending on 

the reduction potential of the feed gas[57]. To explain this behaviour, the authors 

constructed a simple model based on the surface and interface free energies. 

Upon increasing oxidation potential of the syn gas, the copper particles form 

spheres with relatively high co-ordination numbers. When the reducing potential of 
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the feed gas is increased the copper particles form flat, disc like shapes, which 

have relatively low co-ordination numbers [57-59].  

 

Figure 1-5 Schematic model for wetting / non wettin g of copper on zinc surface [57-59] 

 
Upon increasing the reducing potential of the synthesis gas, the driving forces for 

the morphological changes were deemed to be oxygen vacancies at the Cu – ZnO 

interface, resulting in increased interaction with the copper particles to form disc 

like shapes with higher surface areas [57-59]. The higher surface area, coupled 

with the formation of the catalytically active Cu (110) and Cu (100) planes explains 

the increasing methanol production rate as the reducing potential of the syn gas is 

increased.   

1.2.6.3 Role of Zinc Oxide 

Initially thought of as a dispersant for copper and as a ‘poison soak,’ the role of 

zinc oxide has turned into one of the most controversial topics in methanol 

synthesis to date. The argument can be separated into two contrasting views (i) 
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that the zinc oxide plays no obvious part in the synthesis and (ii) that the zinc 

oxide is crucial in creating the active sites for the synthesis. 

The observed linear relationship between methanol synthesis rate and the copper 

metal area was shown to apply to copper catalysts supported on not only zinc 

oxide, but alumina, silica, magnesium oxide and manganese oxide as well[29-31]. 

This suggested that the role of the zinc oxide was as a support for the active 

copper phase, and that the oxide played no part in the synthesis. Earlier reports of 

enhanced activity induced by modifying the composition of the catalyst were 

deemed to be attributable to changes in dispersion or morphology of the copper 

particles[10].  

Other groups however have proposed that the zinc oxide can play a promotional 

role in the synthesis. Campbell et al[46], Ovesen et al[57] and Waugh et al[60] 

claim that the zinc oxide support changes the morphology of the copper particles 

depending on the reaction atmosphere and that during the synthesis the copper 

surface particles form catalytically active planes such as (110). They did not 

however propose any other active phase other than the copper. Other groups 

have gone further however and claim a synergistic effect between the copper and 

the zinc oxide. Klier et al[13, 14] using x-ray diffraction showed that post reduction, 

copper could be incorporated into the zinc oxide lattice. The copper was in the 

form of Cu+, which is isoelectronic with Zn2+. They concluded that the Cu+ sites 

were the catalytically active centres upon which CO hydrogenation occurred, due 

to its ability to back donate to the carbon monoxide from the d orbital’s. However, 

evidence that CO2 was the primary precursor to methanol and the discovery of a 

linear relationship between methanol synthesis activity and copper surface area 

led to this view being largely discredited. 

Other evidence that zinc oxide is crucial to the synthesis came from the work of 

Fujitani et al[61].  In their studies using a physical mixture of Cu/SiO2 and 

ZnO/SiO2, they showed that catalytic activity increased upon migration of ZnOx 

species from the ZnO particles to the surface of the copper particles. Therefore 

promotion of the catalytic activity of the copper by a tiny amount of Zn was 

observed without the use of the ZnO as a support. The authors suggested that the 

formation of a Cu-Zn alloy was key in enhancing the methanol synthesis activity. 
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Finally, it has also been claimed that the active sites for methanol synthesis are 

actually based on the zinc oxide rather than the copper particles. Frost et al[62] 

presented results which demonstrated that high methanol synthesis activity can be 

obtained in the absence of copper by using oxides promoted by metals such as 

silver or gold, not normally considered active for methanol synthesis. From these 

results they concluded that the active sites were contained on the surface of the 

metal oxide and that the role of the metal was to adjust the electronic properties of 

the oxide, creating the active sites (oxygen-ion vacancies). Although zinc oxide 

itself has been widely acknowledged to be active for methanol synthesis, the view 

that it is the primary active component for the synthesis has been largely 

discounted amongst the research community. 

1.2.6.4 Mechanism 

The mechanisms for both CO hydrogenation and CO2 hydrogenation over 

Cu/ZnO/Al2O3 have been investigated using a variety of techniques, mainly a 

combination of TPD and TPR experiments [8, 29, 63, 64]. No intermediate has 

ever been identified by temperature programmed desorption for the CO/H2 

interaction to form methanol. This suggests that the intermediate, probably a 

formyl species is weakly bound to the surface[8]. 

The mechanism for the hydrogenation of CO2 to methanol is understood a lot 

clearer. The carbon dioxide adsorbs onto copper to form a symmetric 

carbonate[8]. The carbonate is then hydrogenated to a bidentate formate which is 

the longest lived intermediate in methanol synthesis[8]. The rate determining step 

in the reaction is the hydrogenation of this species to methoxy species, which is 

then hydrogenated once more to give the product methanol[8]. The remaining 

O(ads) is picked up by either CO to give CO2 or by H2 to produce H2O. The 

elementary reaction steps are listed below: 
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1.2.6.5 Active Sites 

Copper has been shown to be the likely active phase for methanol synthesis. 

Studies have shown that under a CO2/H2 feed, methanol can be synthesised on 

clean Cu(100) and Cu(110) surfaces, as well as on copper foil[46, 65-67]. 

Recently, studies performed on zinc deposited copper single crystals revealed that 

when the Zn coverage is ~0.2, the zinc deposited Cu(111) is highly reactive and 

promotes methanol synthesis by an order of magnitude[68]. The authors 

suggested that in a working methanol synthesis catalyst, Cu-Zn was the active 

site. 

Another factor that affect the copper particles and hence, the active sites is the 

synthesis gas feed. Recent studies have shown that under reducing conditions, 

the Cu(100) and Cu(110) planes are predominant[69]. These planes are highly 

active for methanol synthesis. As the reducing potential of the feed gas is 

decreased, the Cu(111) plane becomes more dominant. The Cu(111) plane is less 

active and therefore the methanol synthesis activity is decreased upon increasing 

the oxidation potential of the feed. 
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1.2.7 Precious Metal Catalysts 

Although the conventional Cu/ZnO/Al2O3 catalysts perform very well, a significant 

amount of research has gone in to investigating precious metals as catalysts for 

methanol synthesis. Initially the research was borne out of the need to create a 

poison tolerant catalyst, an application that precious metals showed promise for 

[70, 71]. However, recent research has been more out of general scientific 

interest. 

Precious metal catalysts have been used extensively for various synthesis gas 

reactions (Fischer- Tropsch, higher alcohol synthesis) and have shown promise for 

the production of alcohols including methanol. 

1.2.7.1 Palladium based catalysts 

Palladium based catalysts have shown significant promise for alcohol production 

from a feed gas of carbon monoxide and hydrogen. They have extremely high 

selectivity (>99%) towards methanol and have been shown to be active for 

methanol synthesis[72]. However, the catalysts suffer from a very low rate of 

reaction.  

Initially thought to be inactive and only useful for methanation, Poutsma provided 

the first evidence that Pd could be used to produce methanol selectively[72]. 

Operating within the temperature - pressure range for methanol synthesis they 

reported that over Pd/SiO2 catalysts, selectivities of ~98-99% were observed, with 

methyl formate the only side product of note (typically ~1-2%). The authors 

suggested that the ability of the palladium to synthesise methanol at elevated 

temperatures and pressures resulted from its excellent hydrogenation ability 

coupled with its tendency to adsorb carbon monoxide non-dissociatively[72]. 

However, in comparison with the commercial copper catalysts, the rate of reaction 

was significantly slower. 

Since the discovery, substantial research has been undertaken into the 

development of Pd based catalysts for methanol synthesis. However the high cost 

of Pd and the relatively slow rate of reaction have so far prevented the 

commercialisation of any such catalyst. 
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Several approaches have been undertaken to try and improve and understand the 

performance of Pd based catalysts. It is understood now that the catalytic 

properties of the catalysts are dependant on the nature of the support, the 

palladium particle size, the presence of promoters and the palladium precursor 

used[73]. 

CO hydrogenation on various supports has been investigated comprehensively. Ali 

and Goodwin studied the hydrogenation over SiO2, Al2O3 and SiO2.Al2O3 using 

Steady State Isotopic Transient Kinetic Analysis (SSITKA)[74]. They found that the 

nature of the support had a dramatic effect on the selectivity and activity of the 

catalyst. On the neutral support SiO2, methanol was the only product observed. 

On the SiO2.Al2O3 support, dimethyl ether formation was observed as the support 

is slightly acidic. On the Al2O3 support, methane was the major product. The 

activities of the catalysts increased with rising acidity, with the Al2O3 supported 

catalyst being the most active. 

Results similar to these have appeared in the literature and so it is apparent that 

the acid-base properties of the support play a pivotal role in determining the 

selectivity and activity of the catalyst.  

The SSITKA studies also performed by Ali and Goodwin showed that the number 

of surface intermediates leading to methanol and methane were affected 

dramatically by the support[74]. The authors concluded that the impact of the 

support on the reaction rate was to increase / decrease the number of 

intermediates present on the palladium. 

Jackson et al suggested another possibility[75]. In their investigations, they studied 

the hydrogenation of CO over Pd supported on tungsten and molybdenum 

trioxides. A substantial increase in activity was observed when the trioxides 

replaced silica as a support. The effect was attributed by the authors to be 

hydrogen spill over from the support to the metal, which increased the hydrogen 

available to the reaction intermediates to form methanol. 

Another popular theory is that the support interacts with the palladium 

electronically. Poels et al[76] proposed that the support could create ionic Pd sites 
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through strong metal support interactions (SMSI) and it was on these sites that 

methanol synthesis occurred.  

Promoters are also deemed to enhance the methanol synthesis activity in a similar 

way. Gotti and Prins prepared Pd catalysts on ultrapure SiO2 supports, and further 

doped the catalysts with various metals[77]. They found that presence of basic 

metals in particular such as calcium and sodium depressed CO dissociation and 

had a strong promoting effect on the methanol synthesis activity. In contrast, they 

found that Pd supported on pure SiO2 had very little methanol synthesis activity, 

indicating that impurities in the support could play a role. Similar work by 

Nonneman et al showed that the presence of impurities in the support could 

promote the palladium metal and therefore increase the rate of methanol 

synthesis[49, 78]. 

The prevalent theory amongst researchers is that a basic metal situated on or next 

to the noble metal is required to promote the metal and therefore enhance the 

methanol synthesis activity [49, 77, 78]. 

The particle size and dispersion of the particles can have a dramatic effect on the 

methanol synthesis activity. If the surface area can be increased then the activity 

can also increase. An example of this comes from the work of Kim et al, who 

produced Pd / ZrO2 catalysts using a novel water in oil micro emulsion technique 

[79, 80]. Using this technique they produced catalysts with average particle sizes 

much smaller than wet impregnated catalysts. The dispersion was also increased 

in comparison with the wet impregnated catalysts. The effect on the hydrogenation 

of CO was remarkable, with a 3-fold increase in activity. Selectivity towards 

methanol remained high. 

Finally, the metal precursor can have an effect on the catalytic properties. The 

types of anions in the Pd salt used in the catalyst preparation may alter the 

reaction properties of the resulting catalyst. It has been reported that catalysts 

prepared using a PdCl2 precursor exhibited a higher methane and methanol 

production rate than those prepared from a Pd (NO3)2 precursor, although the type 

of precursor did not affect the selectivity[77],. Studies by Shen et al[81] indicated 

that the anions had an effect on the final palladium particles, and therefore 
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affected the support – metal interaction which the authors believe to be crucial in 

promoting methanol synthesis on these types of catalyst. 

1.2.7.2 Other metals 

Non – dissociative adsorption of CO is crucial in the synthesis of methanol. If the 

C-O bond is cleaved upon adsorption (dissociative) methane is formed rather than 

an oxygenate. Of the remaining group VIII metals only Rh, Ir and Pt are 

considered to adsorb CO non-dissociatively. 

Rhodium has been studied extensively in the literature as it has a unique ability to 

adsorb CO dissociatively and non-dissociatively. It is known to catalyse the 

production of various oxygen containing compounds such as alcohols, aldehydes 

and acetic acid[82-86]. The selectivity towards each product is governed by the 

support oxide used. For example, supports and promoters including V2O3, La2O3, 

CeO2, TiO2 and ZrO2 have been used to maximise ethanol production. Selectivity’s 

as high as 70% have been reported[87, 88].  

Methanol formation can also be achieved by the selection of an appropriate 

support. Katzer et al demonstrated that the selectivity towards alcohols varies with 

the basicity of the support[88]. Rhodium supported on magnesium oxide, the most 

basic of the supports tested, could selectively catalyse the production of methanol 

(~90%), whereas on less basic supports ethanol was the alcohol selectively 

produced. Ichikawa et al came to similar conclusions, in that the more basic the 

support, the more selective the catalyst was towards methanol[87]. 

Although methanol can be synthesised over rhodium based catalysts, the 

problems associated with the low selectivity and low activity coupled with the 

expensive rhodium metal at the moment means that these catalysts are not 

commercially viable at present. 

Platinum and iridium have also been studied for use in CO/H2 reactions. Poutsma 

et al studied the metals supported on silica in CO/H2 reactions in 1978[72]. In the 

temperature-pressure domain for methanol synthesis to be thermodynamically 

favourable, methanol was produced selectively on both catalysts. However, both 

catalysts showed lower activity compared with the Pd/SiO2 catalyst also studied, 

which in itself was low in activity. The addition of promoters such as transition 
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metals have been found to increase activity but can be at the expense of 

selectivity[89].  Due to the low activity issue, these metals have not been 

extensively studied for methanol synthesis properties.  

1.3 Methanol Carbonylation 

One of the primary uses of methanol is as a feedstock to produce acetic acid. 

Acetic acid is used for a variety of applications such as vinyl acetate monomer 

synthesis, acetic anhydride synthesis and as a solvent for terephthalic acid 

production. It is produced annually on the scale of ~7.8million tonnes per 

annum[90].  There are various different industrial processes for the synthesis of 

acetic acid, including ethylene oxidation, hydrocarbon oxidation and methanol 

carbonylation. Currently methanol carbonylation accounts for ~60% of the world 

production capacity for acetic acid[90]. 

1.3.1 Homogeneous Carbonylation 

The first homogeneous methanol carbonylation process was commercialised by 

BASF in 1960. The process used a CoH(CO)4 catalyst and methyl iodide co-

catalyst[91]. The selectivity of the process was 90% based on methanol. In 1966, 

Monsanto discovered that a rhodium based catalyst could achieve greater 

selectivity (>99%) and could operate under milder conditions (150-200°C, 30-

60bar) than the BASF process (250°C, 680 bar)[92]. The most recent 

advancement in the methanol carbonylation technology was made in 1996, when 

BP commercialised their Cativa process. The process uses an iridium catalyst, a 

Ruthenium promoter and a hydrogen iodide co-catalyst. The Cativa process has 

several advantages over the Monsanto process, including (i) improved selectivity 

with reduced formation of side products such as propionic acid, (ii) at low water 

concentrations the stability of the iridium catalyst is greater than the rhodium 

catalyst and (iii) the low water concentrations suppresses CO2 formation via the 

WGS.  The Cativa process is now operated commercially a simplified reaction 

cycle is shown below: 



 39 

 

Figure 1-6 Cativa process cycle[92] 

 
The rate determining step of the Cativa process is believed to be the dissociation 

of ionic iodide and the co-ordination of CO. Although there is a lower concentration 

of methyl iodide required to achieve high reaction rates in the Cativa process 

compared with the Monsanto, it is still very corrosive and may also poison 

downstream processes, such as vinyl acetate monomer synthesis. It would 

therefore be of significant commercial interest if a process for methanol 

carbonylation without the need for promoters could be developed.  

1.3.2 Heterogeneous Carbonylation 

A heterogeneous process that does not require the presence of a halide promoter 

would have several advantages over the liquid phase carbonylation. Apart from 

the obvious lack of corrosive promoter, separation of the products from the 

catalyst would be far easier and cleaner, resulting in little loss of expensive metal 

catalyst. 

At the present time, there is no selective heterogeneous process for the 

carbonylation of methanol to acetic acid that exists that doesn’t require the use of 

an organic halide promoter. There are, however various reports in the literature for 

the selective vapour phase carbonylation of methanol to acetyls (methyl acetate 

and acetic acid) that do not require the use of promoters.  
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Wegman at Union Carbide studied the possibility of vapour phase carbonylation of 

methanol using exchanged hetero-poly acid catalysts (HPA’s)[93]. The basis for 

the work was in the possibility of creating and carbonylating carbonium ions using 

the HPA. The mechanism was envisaged to be similar to the liquid phase Koch 

reaction:   

 

 

 

Reactions were carried out at atmospheric pressure with varying temperature. 

Several different HPA’s were tested. The most effective catalyst found in the study 

was IrW12PO40 which at 225°C gave a product yield of 40% methyl acetate. The 

authors found that increasing the temperature above this resulted in the formation 

of hydrocarbons. 

Peng et al studied the vapour phase carbonylation of methanol over various 

metallic chlorides supported on activated carbon without the addition of any 

promoter in the feed[94]. The prepared NiCl2/C showed high conversion of 

methanol, whereas CuCl2/C exhibited a much higher selectivity towards methyl 

acetate. Bimetallic catalysts were prepared using CuCl2 and NiCl2, and the 

optimum composition was found to be 5% NiCl2 and 15% CuCl2. This catalyst 

exhibited high activity and selectivity towards methyl acetate. The reaction 

conditions were also investigated and it was observed that as temperature 

increased, conversion of methanol increased however carbonylation activity 

decreased, agreeing with Wegmans results[93]. After thorough investigation of the 

reaction parameters, the optimum conditions and catalyst exhibited a 97.4mol% 

selectivity towards carbonylation. 

Direct carbonylation of methanol to acetic acid in the vapour phase clearly yields 

methyl acetate as the main acetyl formed. Acetic acid so far is only produced 

selectively in the vapour phase when methyl iodide is present as a promoter. 
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The production of acetyls is industrially significant, and it is of interest as to how 

these compounds would react on the surface of a catalyst. 

1.4 Reactions of Acetyls 

1.4.1 Acetic Acid 

Adsorption studies of acetic acid on various precious metals such as Rh and Pd 

have been studied comprehensively by Bowker et al[95-97]. 

Bowker et al studied the adsorption and decomposition of acetic acid on Pd (110) 

using temperature programmed desorption[97]. On a clean surface they found that 

the acid dissociates to form a stable acetate and hydrogen gas at ~300K. The 

acetate decomposed via decarboxylation into CO2 and H2 at 350 and 375K. The 

evolution of the CO2 was accompanied by the deposition of the methyl group on 

the catalyst surface. The methyl group then further decomposed to yield H2.  

Subsequent adsorptions of acetic acid followed by decomposition led to a build up 

of carbon on the surface and it was found that this stabilised the acetate species 

on the surface, as the desorption temperature of CO2 was increased by as much 

as 100K.  

The effect of pre-dosing the surface of the Pd with oxygen was also investigated 

and it was found that the oxidised surface initially stabilised the acetate group. 

This was then followed by a type of autocatalytic decomposition, which occurred 

rapidly and converted the acetate to CO2, H2O and H2. Although some carbon was 

left on the surface, further oxygen dosing could remove the carbon in the form of 

CO2. 

Similar results were obtained by the same authors, this time on a Rh(110) 

surface[95, 96]. On an oxygen pre-dosed surface, adsorption of ethanol yielded an 

acetate group via insertion of oxygen into the molecule. Temperature programmed 

desorption showed the autocatalytic decomposition of acetate that was observed 

on the Pd(110), with CO2 and H2 evolved and carbon left on the surface. 

However, decarboxylation is only one of several different decomposition routes 

that have been shown to proceed over transition metals. For example, on copper 

surfaces acetate groups decompose to yield CO2, CH4, CH3COOH, C2H2O2 and 
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other carbon fragments. The decomposition was believed to proceed via an acetic 

anhydride intermediate. The decomposition temperature of adsorbed acetates and 

the decomposition products are dependant on the metal, the coverage of the 

acetate and the presence of co-adsorbates such as oxygen. 

As well as adsorption studies, the hydrogenation of carboxylic acids has also been 

investigated as a cheap and renewable source for the production of aldehydes, 

esters and alcohols. Acetic acid has often been used as a probe molecule for 

these studies because of its molecular simplicity as well as the desire to produce 

acetaldehyde selectively[98].  

Patent literature reveals that most of the studies performed have used group VIII 

metals supported on metal oxides[99, 100]. Selectivity has been reported to vary 

markedly. For example a Ru / TiO2 catalyst was found to be highly selective to 

ethyl acetate (98% ethyl acetate, 2% ethanol)[101] whereas a Pd-Re / C catalyst 

reversed the selectivity and gave 93% ethanol[100]. From this it is obvious that the 

nature of the metal and the support could both influence the reaction mechanism 

and therefore the selectivity. 

Vannice et al studied the hydrogenation of acetic acid over a series of platinum 

catalysts on various supports (TiO2, SiO2, η-Al2O3 and Fe2O3)[98].  The results 

showed that the product selectivity was strongly dependant on the oxide support 

as shown below: 

 

Table 1-3 Product selectivity during acetic acid hy drogenation ( PHOAc  = 14torr, PH2 = 700torr) 

 
The authors concluded that the catalytic behaviour of the catalysts resulted from 

either the interaction between the platinum crystallites and the oxide support to 
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create new sites at the support-metal interface or that more than one site is 

required for hydrogenation i.e. both the support and the metal are active phases 

and the behaviour is dictated by the adsorbed species on each site. An example 

would be that hydrogen spill over could occur from the metal onto the support, 

where the acetate group is bound. 

In contrast, Cressely et al also performed studies on the hydrogenation of the acid 

and investigated the effect that various metals (Cu, Fe, Co) supported on silica 

had on the product selectivity[102]. Cu/SiO2 was active for the formation of 

ethanol, acetaldehyde and ethyl acetate whereas the reaction over Fe/SiO2 

resulted in the production of acetone. Only decomposition products were observed 

over the Co/SiO2 catalyst. The author suggested that hydrogenation to ethanol or 

acetaldehyde took place via a surface acetate intermediate, and the difference in 

selectivity between the three catalysts was associated with the presence or 

absence of these groups and their relative stability. 

1.4.2 Methyl Acetate 

Very little studies on the reactions and adsorption of methyl acetate were found in 

the literature. The adsorption of methyl acetate has been studied on silica surfaces 

and was found to proceed via formation of hydrogen bonds between the carbonyl 

oxygen and hydroxyl groups on the oxide surface[103]: 

 

Figure 1-7 Mode of adsorption of methyl acetate on silica[103] 

  
The catalytic reduction of esters to alcohols encompasses reactions in which the 

C-O bond adjacent to the carbonyl group is cleaved according to the following 

stoichiometry[104, 105]: 
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RACOORB + 2H2 �� RACH2OH + RBOH 

Where RA represents an alkyl group and RB represents another alkyl group or 

hydrogen. For example the reduction of ethyl acetate over copper catalysts 

proceeds via the dissociative adsorption of the reagent into CH3C*O and C2H5O* 

species in which * represents a surface site. Subsequent hydrogenation of these 

species yields the desired alcohols. 

1.5 Project Background 

One of the processes currently under development by BP involves the conversion 

of synthesis gas into methanol followed by the carbonylation of this methanol over 

a hydrogen tolerant catalyst towards acetic acid. The process is summarised by 

the following equations 

Methanol Synthesis 

 

Carbonylation 

 

Overall 

 

The current methanol synthesis process and catalyst have been refined over the 

years so that nearly 100% selectivity to methanol is obtained and high conversions 

are achieved. Typically the process is run with a feed gas containing CO/CO2/H2 in 

a 1:1:8 ratio at 250°Cand 85 barg pressure. For the  acetic acid process described 

above it is possible that the feed to the methanol reactor may be CO rich and / or 

contain much larger amounts of CO2. It is not clear whether the commercial 

methanol catalyst will continue to work well under these conditions. 

At the start of the project BP envisaged two processes: 
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1) A stacked or mixed bed system where one catalyst is used to make the 

methanol and the other is used to carbonylate the methanol in the gas phase in 

the presence of H2 

 

2) A separate reactor system, where one reactor is used to make methanol and 

the other is used for the gas phase carbonylation 

 

Whichever system is chosen, it is likely that the process will involve recycle 

streams and it is possible that the recycle streams may contain traces of acetic 

acid or methyl acetate into the feed for the methanol catalyst.  

Hence it would be of interest to learn how acetic acid and methyl acetate affect a 

methanol synthesis catalyst when passed over it. The need for an acid tolerant 

methanol synthesis catalyst is required. 

1.6 Project Aims 

The aim of the project was to: 

1) Investigate the use of precious metal catalysts for methanol synthesis and if so, 

investigate their tolerance towards acetic acid / methyl acetate 

2) Investigate the effect acetic acid has on a commercial methanol synthesis 

catalyst 

3) Investigate the effect methyl acetate has on a commercial methanol synthesis 

catalyst 
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2 Experimental 

For catalytic testing, a series of precious metal catalysts were prepared using 

materials supplied from BP. These include two Pd catalysts, one of which was 

doped with calcium, a Rh catalyst and an Ir catalyst. These catalysts were all 

supported on silica. An industrial methanol synthesis catalyst, JM’s Katalco 51-8 of 

formulation CuO/ZnO/Al2O3/MgO (64/24/10/2wt%) was also used for catalytic 

testing and again, this was supplied by BP. 

2.1 Catalyst Preparation 

2.1.1 Support Impregnation 

The catalysts were prepared by impregnating the support to incipient wetness with 

an aqueous solution containing the precursor salt. The wet catalyst was then oven 

dried prior to calcination. The metal precursors of the catalysts are listed in table 2-

1: 

Catalyst Precursor 

Rh Rh(OAc)3 

Pd PdCl2 

Ir Ir (OAc)2 

Table 2-1 Metal precursors used for preparation of catalysts 

 
To ensure uniform and maximum metal dispersion throughout the support the 

precursor was dissolved in a volume of water equal to the pore volume of the 

support.  
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2.1.2 Support Properties 

The support chosen for the catalysts was silica Cariact Q10 produced by Fuji 

Silysia.  Support properties are shown below: 

Average Pore diameter (nm) 10 

Pore Volume (ml / g) 1.0 

Surface Area (m2 / g) 300 

Table 2-2 Support Properties of silica Cariact Q10 

 
2.1.3 Preparation Procedure 

15g of each catalyst were prepared at a 5wt% metal loading level. The catalyst 

precursor was dissolved in H2O and made up to 14.5ml in a round bottomed flask 

(In the case of the Ca doped palladium catalyst, an appropriate amount of Ca 

nitrate was dissolved in solution along with the metallic precursor). 14.25g of the 

silica support was added in. The flask was then placed on the rotary evaporator 

and heated until excess solution was evaporated off. The catalyst was transferred 

to an oven and dried overnight at 100°C. 

After drying, the catalyst was transferred to a glass calcination tube and inserted 

into the centre of the calcination furnace. Flowing air was passed over the catalyst 

as the furnace temperature was raised at a rate of 3°C min-1 to a final temperature 

of 350°C. This temperature was held for 4hrs before cooling to room temperature. 
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A table of prepared catalysts is shown below: 

Catalyst 

5% Rh / SiO2 

5% Pd / SiO2 

5% Pd - 0.5% Ca / SiO2 

5% Ir / SiO2 

Table 2-3 Lab prepared catalysts 
 

2.2 Catalyst Characterisation 

2.2.1 Surface Area Analysis 

The total surface area of the catalyst was determined by Brunauer, Emmett, Teller 

(BET) analysis. It was determined using a Micromeritics Gemini III 2375 Surface 

Area Analyser. Approximately 0.04g of the catalyst was weighed into a glass tube 

and purged in a flow of N2 overnight at 383K before the measurement was carried 

out. 

2.2.2 Thermo-gravimetric analysis 

Thermo-gravimetric analysis was performed on post reaction catalysts using a 

combined TGA/DSC SDT Q600 thermal analyser coupled to an ESS mass 

spectrometer for evolved gas analysis. Samples were heated from 30oC to 1000oC 

using a heating ramp of 10oCmin-1. This temperature profile was employed using 

O2/Ar at a flow rate of 100ml min-1. For mass spectrometric analysis, various 

relevant mass fragments were followed such as 28 (CO) and 44 (CO2). The 

sample loading was typically 10-15mg. 

2.2.3 X – Ray Diffraction (XRD) 

Diffraction patterns were measured using a Siemens D5000 x-ray diffractometer 

(40kV, 40mA, monochromatised) using a CuK alpha source (1.5418Å). The 
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scanning range was 5 – 85° 2 θ with a scanning rate of 1 second / step and a step 

size of 0.02°.  

2.2.4 Scanning Electron Microscopy (SEM) 

A Philips XL30 SEM-FEG was used, operating at 20 KV in high vacuum mode with 

a working distance of 10 mm.  An Oxford instruments EDX was attached to the 

side giving elemental analysis capability, of elements as light as carbon. This 

microscope was only used in high vacuum work though it did have environmental 

mode capabilities. A standard SED was used to detect the electrons. 

2.3 Catalytic Testing 

2.3.1 Apparatus 

Catalytic tests were carried out in a 300ml Berty reactor fitted with a magnedrive 

075-mkII impeller for agitation. The rig was constructed of 316 stainless steel and 

is depicted in Fig.2. Gases could be fed into the reactor via mass flow controllers 

and pressures of up to 50 bar were achieved by use of a gas booster. Liquid feeds 

could be introduced into the system prior to the reactor via the use of an HPLC 

pump. The feeds were vaporised using inlet trace heating at a temperature of 

423K. All tubing after the reactor was heated to 463K to prevent condensation of 

products before reaching the GC. The GC valves were also heated to the same 

temperature in a purpose built oven. 
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Figure 2-1 Reactor Setup 
 

2.3.2 Reaction Procedure 

Catalyst pellets (1.36ml) were placed in the reaction basket and the reactor lid 

bolted down. Prior to reaction the catalyst was reduced in-situ at 523 K for 3h in a 

flow of 50 ml min-1 hydrogen. The catalyst was then introduced to a flow of the 

desired reaction gas mix. The pressure was built up in the reactor using the 

booster and backpressure regulator to that required for the reaction. Once all the 

desired reaction parameters had been reached the analysis began.  

2.3.3 Gas Chromatography (GC) 

Product analysis was carried out by online GC (Thermofinnigan Trace GC) fitted 

with two columns and two TCD detectors. The two columns were; a 50 m molsieve 

5A used for methane, CO , nitrogen and ethane separation and a 30 m HP PLOT 

Q column for all other products. The sample loop volume was 1ml. Prior to 

analysis the GC had been calibrated for CO, CO2, nitrogen, methane, ethane, 

water, methanol, ethanol, methyl acetate, acetaldehyde, acetone, ethyl acetate 

and acetic acid. All calibration curves gave good linear responses. Throughout the 
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reaction samples were taken every 60 minutes. This allowed for complete elution 

of all products and a 15 minute equilibrium time. 

2.3.3.1 Column Conditions 

Injector Temperature – 473K 

Carrier Gas - Helium 

The column heating profile is shown below: 

 

Figure 2-2 GC Temperature ramp profile 

 

 

Time (mins) Temperature (K) 

0 – 2 313 

2 – 17 313 - 463 

17 – 25 463 

Table 2-4 GC temperature ramp profile  
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2.3.3.2 Calibrations 

The GC responses to carbon monoxide, carbon dioxide, methane, DME, ethane 

and nitrogen were calibrated by connecting the appropriate gas cylinder to the 

MFC. The partial pressure of each gas in the sample loop was varied using H2 as 

a diluent. 

 

Figure 2-3 Calibration graph 1 

 
Calibration standards for methanol, ethanol, water, methyl acetate, ethyl acetate, 

acetic acid, acetaldehyde and acetone were prepared in varying concentrations in 

50ml volumetric flasks, using an appropriate diluent. A 1µl sample from the flask 

was injected into the GC using a 10µl syringe. From the peak area responses, 

linear calibration plots were obtained. 
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Figure 2-4 Calibration graph 2  
 
The gradients for acetaldehyde and acetone were 1x1012 and 2x1012 respectively. 

2.3.4 Soxhlet Extractions 

Soxhlet equipment was used to extract soluble species from the catalyst surface 

post-reaction. The catalyst was crushed using mortar and pestle into a fine powder 

and a portion (typically ~0.3g) was placed in the glass thimble. The thimble was 

placed in the soxhlet chamber and the equipment set up as shown: 
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Figure 2-5 Soxhlet Apparatus 

 
The solvent, iso-propyl alcohol (IPA) was poured into the still pot along with boiling 

chips.  

The solvent was heated to reflux using an oil bath. Solvent vapour travelled up the 

distillation arm, reached the condenser and dripped back down into the soxhlet 

chamber. The thimble filled with the solvent and any soluble material was 

extracted. When the chamber was nearly full, the chamber automatically emptied 

via the siphon side arm and the solvent drained back down into the still pot.  

The process was left to repeat itself overnight to ensure all soluble material was 

extracted from the catalyst sample. Post extraction a sample was injected into the 

GC for analysis. 

2.3.5 Mass Spectrometry 

For the isotopic studies, a quadrupole mass spectrometer (QMS) was connected 

to the effluent line post GC analysis. The mass spectrometer was used in MID 

mode. This mode allowed the analysis of up to 20 mass to charge ratios (m/e) 

over time to be followed.  
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2.4 Materials 

2.4.1 Calibrations & Reactions 

The following materials were used for reactions and also calibration of the GC. 

Methyl acetate and acetic acid were also used as liquid feeds during the addition 

studies: 

Material Purity Supplier 

Helium 99.997% BOC 

Air 99% BOC 

Nitrogen 99.998% BOC 

Hydrogen 99.995% BOC 

Methane 99% BOC 

Carbon Monoxide 99.99% BOC 

Carbon Dioxide 99.999% BOC 

Carbon Monoxide / 

Carbon Dioxide 

99% BOC 

Ethane >99% BOC 

Methanol 99.99% Fisher Scientific 

Ethanol 99.99% Fisher Scientific 

Methyl Acetate 99% Alfa Aesar 

Acetic Acid 100% VWR 

Acetone 99.5% VWR 



 56 

Dimethyl ether (DME) 99+% Sigma Aldrich 

Ethyl Acetate 99% Sigma Aldrich 

Acetaldehyde 99% Alfa Aesar 

Table 2-5 Materials 
 

2.4.2 Labelled Materials 

The following labelled materials were used: 

Material Purity Supplier 

Acetic acid d4 99.5atom% D Sigma Aldrich 

Acetic acid-1-13C 99atom% 13C Sigma Aldrich 

Acetic acid-2-13C 99atom% 13C Sigma Aldrich 

Table 2-6 Labelled materials 
 

2.4.3 TGA Studies 

Thermogravimetric analysis (TGA) was performed on the following materials: 

Material Purity Supplier 

Zinc acetate dihydrate 98%  Alfa Aesar 

Zinc carbonate, basic >58% zinc basis Sigma Aldrich 

Copper acetate hydrate 98% Sigma Aldrich 

Copper Carbonate >95% Sigma Aldrich 
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Magnesium acetate 

tetrahydrate 

98% Alfa Aesar 

Magnesium carbonate, 

basic 

>40% ZnO basis Sigma Aldrich 

Aluminium acetate basic 

hydrate 

98% Alfa Aesar 

Table 2-7 Materials used for TGA analysis 

 
2.5 Calculations 

As the production of methanol from CO and H2 or CO2 and H2 involves a reduction 

in the number of moles of gas, the apparent concentration of reactants and 

products measured by the GC would not be accurate. Therefore a tracer gas (N2) 

was fed in to each experiment to allow easy calculation of the true concentration. 

For example, a reduction in the number of moles of gas (due to methanol 

synthesis) resulted in a reduction of the flowrate exiting the reactor. This made the 

tracer gas (and every other species present) appear more concentrated than they 

actually were. To correct for this effect and to calculate the true concentrations, the 

concentrations for every species were multiplied by [N2in]/[N2out]. 

2.5.1 Conversion 

Conversion = [((moles CO/CO2 in) – (moles CO/CO2 out)) / moles CO/CO2 in] x 

100 

2.5.2 Mass Balances 

Carbon Balance = (moles carbon out / moles carbon in) x 100 

Oxygen Balance = (moles oxygen out / moles oxygen in) x 100 

Acid Balance = (moles of carbon from acid in products / moles of carbon in acid) 

x100 
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2.5.3 Selectivity  

MeOH selectivity = moles MeOH / total moles of products (including MeOH) 
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3 Results 

3.1 Precious Metal Catalyst Testing 

Initially, four precious metal catalysts were prepared according to the procedure 

laid out in section. The prepared catalysts were as follows: 

• Pd/SiO2 

• Pd/Ca/SiO2 

• Ir/SiO2 

• Rh/SiO2 

As outlined in section 1.6, the aim of the project was to develop a catalyst that 

exhibited tolerance towards acetic acid / methyl acetate. Initial studies by BP 

indicated that precious metal catalysts might be suitable candidates for this 

application, due to their ability to withstand conventional poisons such as chlorine 

and sulphur [70, 71]. However as well as exhibiting tolerance, the catalysts were 

also required to be active for methanol synthesis. Therefore, prior to acid / ester 

tolerance studies, the catalysts were tested for their ability to synthesise methanol.  

3.1.1 Characterisation 

All catalysts were characterised using thermogravimetric analysis (TGA), X-ray 

diffraction (XRD) and Brunauer, Emmett, Teller (BET) analysis prior to catalytic 

testing.  

3.1.1.1 Thermo-gravimetric Analysis (TGA) 

The initial step was to determine the temperatures at which to calcine and activate 

the catalysts. Calcination is the process whereby the catalyst precursor is 

converted to the oxide by heating in air[26]. This was desirable as the ultimate 

goal was to reduce the precious metal precursor to the metallic phase. 
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Calcination   
The rhodium acetate supported on silica catalyst was examined first.  The graph 

showed that a small weight loss occurred around 58°C and a large sharp weight 

loss occurred at 276°C. 

 

Figure 3-1 TGA analysis of rhodium acetate supporte d on silica under 2%O 2/Ar feed 

 
Mass spectrometer results showed that the species evolved at 58°C corresponded 

to water, most likely physisorbed water on the catalyst surface. At 276°C there 

was a sharp evolution of CO2, water and hydrogen. A DSC trace showed that the 

evolution was exothermic which suggested that the acetate precursor was 

breaking down to form the oxide. The decomposition of acetates is well known in 

the literature and studies by Bowker et al have shown that on oxidised surfaces, 

acetate groups break down auto-catalytically [95-97]. In their work investigating 

acetate species on Pd(110) and Rh(110) crystals, they observed a sharp 

decomposition similar to that observed here[95-97]. 

The iridium acetate supported on silica showed a similar profile to the rhodium 

catalyst, and was perhaps not surprising as iridium is in the same group as 

rhodium in the periodic table.   
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Figure 3-2 TGA analysis of iridium acetate supporte d on silica under 2%O 2/Ar feed 

 
Two distinct weight loss events were observed, the first at 56°C which 

corresponded to the loss of physisorbed water. The second weight loss occurred 

at 268°C and corresponded to the evolution of CO 2, water and hydrogen. Like the 

previous catalyst, the evolution was exothermic and could therefore be attributed 

to the breakdown of the precursor acetate to form the metal oxide. 

From the TGA studies, the conversion of the metal acetates to the metal oxides 

was shown to occur before 300°C. It was decided to calcine the catalysts at a 

slightly higher temperature to ensure complete conversion of the metal acetates to 

the metal oxide.  

Calcinations of each catalyst took place inside a glass tube with glass wool plugs 

at both ends to prevent spillage of the catalyst. The tube was placed inside the 

calcination furnace and a peristaltic pump attached to the tube to push air through. 

The heating ramp was then started. Calcination conditions are tabulated below: 
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Ramp Rate (°C min -1) Temperature (°C) Hold (mins) 

3.0 350 180 

Table 3-1 Conditions for the calcination of support ed metal acetates 

 
The calcination of the unpromoted palladium catalyst (fig 3-3) showed several 

features. The large evolution at ~43°C corresponded  to water, most likely 

physisorbed on the catalyst surface. Several other evolutions took place at 

elevated temperatures, and it was unclear from the weight change profile if PdO 

was formed. 

 

Figure 3-3 TGA analysis of palladium chloride suppo rted on silica under 2%O 2/Ar feed 

 
The Ca promoted Pd catalyst showed a similar profile, with physisorbed water 

being driven from the catalyst at a temperature of ~49°C. Again it was unclear 

from the weight change profile if PdO was formed.  
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Figure 3-4 TGA analysis of calcium doped palladium chloride supported on silica under 
2%O2/Ar feed 

 
As it was unclear from the TGA studies as to whether PdO was formed it was 

decided to calcine the Pd catalysts at a higher temperature than for the previous 

catalysts. The calcination procedure used for both Pd catalysts is shown below:  

Ramp Rate (°C min -1) Temperature (°C) Hold (mins) 

3.0 400 180 

Table 3-2 Conditions for the calcination of support ed palladium catalysts 
   

Reduction 

Once the catalysts were calcined, the next stage was to determine the 

temperature at which to activate the catalysts. This is the process whereby the 

metal oxide is reduced to the metal, which is considered the active phase[26]. 

The Rh2O3/SiO2 catalyst was examined first. The results showed two weight loss 

events, and these occurred at 57°C and 195°C. 
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Figure 3-5 TGA analysis of rhodium oxide supported on silica under 5%H 2/N2 feed 

 
Mass spectrometry data showed that the weight loss at 57°C corresponded to the 

loss of water, most likely physisorbed on the catalyst surface. The weight loss at 

195° proceeded with the uptake of hydrogen and the loss of water. A small amount 

of CO2 was also evolved, indicating that not all of the precursor acetate had been 

converted to the oxide during the calcination stage. The uptake of H2 and release 

of H2O however was most likely due to the reduction of the rhodium oxide to 

metallic rhodium: 

Rh2O3 + 3H2 � 2Rh + 3H2O                

The IrO2/SiO2 catalyst showed a similar trend to the rhodium catalyst, with two 

weight loss events taking place at 54°C and 191°C ( fig 3-6). 
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Figure 3-6 TGA analysis of iridium oxide supported on silica under 5%H 2/N2 feed 

 
Like the rhodium catalyst, the weight loss at 54°C corresponded to physisorbed 

water being evolved from the surface, while the weight loss at 191°C related to the 

uptake of H2 and the evolution of H2O and CO2. Again this suggested that not all 

the precursor acetate was converted to the metal oxide during the calcination. 
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The unpromoted palladium catalyst exhibited two distinct evolutions upon 

reduction:  

 

Figure 3-7 TGA analysis of palladium oxide supporte d on silica under 5%H 2/N2 feed 

 
The first evolution at 51°C corresponded to physiso rbed water being driven from 

the catalyst. The second evolution, which occurred at 143°C was also attributed to 

water, but proceeded with the uptake of hydrogen. This suggested that it was 

possibly the reduction of PdO to Pd metal that was taking place.   

Finally, the promoted palladium catalyst showed a similar trend to the unpromoted 

catalyst, with two evolutions of water detected.  
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Figure 3-8 TGA analysis of calcium doped palladium oxide supported on silica under 
5%H2/N2 feed 

 
However, some differences were apparent. Firstly, there was approximately three 

times the amount of physisorbed water evolved from the promoted catalyst than 

for the unpromoted. Secondly, the reduction of the PdO to Pd metal was shifted to 

a higher temperature (161°C) compared with the unpr omoted system (151°C). 

This indicated that the calcium promoter had exhibited a stabilising effect on the 

PdO. This was in agreement with research that indicated Pd+ is stabilised by the 

presence of an alkaline promoter[106]. 

After studying the data collected from the TGA analysis, it was decided that the 

catalysts would be reduced at a temperature of 250°C for 3hrs in the catalyst 

reactor under 50ml min-1 flowing H2. It was thought that the conditions would be 

suitable for the conversion of the metal oxides to the metallic species. 

3.1.1.2 X-Ray Diffraction (XRD) 

X-ray diffraction can provide information regarding a materials crystal structure, 

degree of crystallinity and crystallite size. Although unable to determine the 

complete active phase of a catalyst, XRD can be used to gain information about 

materials with long range order. It is particularly useful for characterising materials 

with well ordered structures such as zeolites[107, 108]. Although materials such as 

silica (the support for the catalysts) are amorphous, XRD can still be used to gain 
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information regarding the active species on the support if it exists in a crystalline 

phase.  

Powder XRD was used to examine calcined and reduced catalysts to determine if 

any phase changes occurred upon reduction. Identification of the species present 

on the support was made by comparison with the Powder Diffraction 

Database[109]. The reduction of the samples took place inside the catalyst reactor 

using the conditions defined in the previous section. 

Silica   

 

Figure 3-9 XRD pattern from calcined silica support  

 
A sample of the silica support used in the preparation of the catalysts was also 

examined using XRD, so that any features due to metal species in the prepared 

catalysts could be easily identified. Prior to performing the XRD, the silica was 

calcined under the same conditions as used for the catalysts. The resulting XRD 

pattern showed only one feature, a broad band due to the amorphous nature of 

the silica. 
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Rhodium supported on silica 

 

Figure 3-10 XRD patterns from calcined and reduced rhodium supported on silica 

 
The XRD data showed several features for the calcined and the reduced samples. 

The features in both samples corresponded to rhodium metal, which was unusual 

for the calcined catalyst as the Rh2O3 spinel was expected to be formed during the 

calcination process. The XRD for the reduced sample showed sharper, more 

defined peaks than in the calcined sample, indicating an increase in crystallinity 

upon reduction, possibly due to sintering. 
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Iridium supported on silica 

 

Figure 3-11 XRD patterns from calcined and reduced iridium supported on silica 

 
The XRD pattern for the calcined catalyst was as expected, showing several 

features relating to the presence of oxidised iridium (IrO2).  Post reduction, these 

features disappeared, and new peaks relating to metallic iridium became apparent. 

No oxidised iridium features remained post reduction, indicating complete 

conversion of the oxidised iridium to the metallic form. 
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Palladium supported on silica 

 

Figure 3-12 XRD patterns from calcined and reduced palladium supported on silica 

 
Prior to reduction the XRD data showed no features due to the presence of 

palladium on the silica. The material was completely amorphous, with only a broad 

band due to the presence of silica apparent. Unlike for the iridium catalyst no 

features due to oxidised metal were visible, indicating that it was present in an 

amorphous state. Post reduction, several sharp features emerged which were 

attributed to the growth of palladium metal particles during the reduction.   
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Palladium doped with calcium supported on silica 

 

Figure 3-13 XRD patterns from calcined and reduced calcium doped palladium supported on 
silica 

 
The XRD pattern of the calcined sample indicated an amorphous surface, similar 

to the pattern obtained for the previous Pd catalyst. However, a small feature was 

visible, and this was matched to PdO. Post reduction, this feature disappeared as 

peaks relating to Pd metal became visible. No features in either the calcined or 

reduced sample could be attributed to Ca species, indicating it was present in an 

amorphous state.   
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3.1.1.3 BET Analysis 

Surface area analysis was performed on the catalysts after calcination but prior to 

activation (reduction). A sample of the silica support was also examined for 

comparison. The results are tabulated below: 

Catalyst Surface Area (m2 / g) Pore Diameter (Å) 

Rh2O3/SiO2 264 48 

Ir2O3/SiO2 253 48 

PdO/SiO2 268 63 

PdO/CaO/SiO2 268 48 

SiO2 282 123 

Table 3-3 Surface area analysis of lab prepared cat alysts 

 
Results showed that generally upon addition of the metal oxide to the silica 

support both the surface area and the pore diameter decreased significantly. 

3.1.2 Catalytic Testing 

Although the primary aim of the project was to develop an acid tolerant catalyst, 

the catalyst also had to show reasonable activity for methanol production. To this 

end, the methanol synthesis activities of the catalysts were investigated using the 

following conditions: 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  

• Gas Flow (ml min-1)   250 

• Catalyst Volume (ml)  1.36 

• GHSV (hr-1)    ~11,000 
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The feed gas composition employed was 10ml N2/80ml CO/160ml H2. This 

equated to a molar ratio of 1:2 CO:H2. The nitrogen present in the feed was used 

as a reference for calculating conversion. 

Prior to reaction, the catalysts were reduced in situ in the reactor under 50ml min-1 

flowing hydrogen at a temperature of 523K. The catalysts were held at this 

temperature for 3hrs. 

3.1.2.1 Pd/SiO 2 

Pd based catalysts have long been investigated as potential methanol synthesis 

catalysts. Since the early discovery by Poutsma et al in 1978 that Pd supported on 

silica could selectively produce methanol[72], substantial research has been 

undertaken to understand and improve the catalytic properties[70, 73, 76, 77, 81, 

110]. In the present investigation, two Pd based catalysts were produced, both 

supported on silica. One of the catalysts was doped with a level of Ca, which has 

been reported to act as a promoter on these types of catalysts[77]. Both catalysts 

were tested catalytically, to determine how active the Pd metal was for the 

production of methanol and also to determine the effects of the promoter.   

The un-promoted palladium based catalyst was investigated first for methanol 

synthesis activity.  
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Figure 3-14 Reaction profile from CO hydrogenation over Pd/SiO 2 catalyst under CO/H 2 feed 

 
Figure 3-14 showed that only two carbon based products were observed from the 

reaction – methanol and carbon dioxide. Methane was not observed as Pd is 

unable to adsorb CO dissociatively[77].  The carbon dioxide formed was most 

likely to be the result of water gas shift, as all the other components from the 

reaction were present (water, carbon monoxide and hydrogen) and the production 

of the dioxide was favourable at the reaction temperature employed. A Boudouard 

type reaction was also a possibility: 

2CO �� C(ads) + CO2 

The reaction would produce surface carbon and CO2. The carbon balance for the 

system remained reasonably high throughout the run (~97%), however the 

concentration of CO2 produced was very small, and so a tiny amount of carbon 

laydown was possible. As only a small concentration of CO2 was produced, 

consequently carbon selectivity towards methanol was very high (~95%). This was 

expected as various other researchers have reported that supported Pd can be 

very selective towards methanol [72, 74, 75, 79] 

A reasonable concentration of water was observed in the system (larger than 

methanol) and was unexpected as stoichiometrically and mechanistically, 
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methanol is synthesised over precious metal catalysts without the production of 

water. Methanol is formed by stepwise hydrogenation of the CO[111]. This 

indicated that another reaction was possibly occurring in the system, however no 

other products were observed by the GC. 

Although the catalyst was selective towards methanol, it was also required to be 

active. The yield of methanol produced was only 0.06%, therefore the activity of 

the catalyst was very low.  

Low rate of reaction has become a characteristic of Pd based catalysts and has 

been reported many times in the literature [74, 80, 89]. Various methods for 

increasing the activity of the catalysts have been employed such as changing the 

support [76, 77] and increasing the dispersion of the palladium by altering the 

preparation method[79, 80]. Another technique used for increasing the activity is to 

add basic promoters such as calcium[77].  

3.1.2.2 Pd/Ca/SiO 2 

A Ca promoted Pd catalyst was tested next, to determine if the rate of reaction 

over the catalyst could be increased by the presence of a basic promoter. This 

technique has been demonstrated to be successful by several research groups 

[49, 77, 78]. It is thought that the basic metal is required to be next to, or on the Pd 

metal to be able to enhance the methanol synthesis activity[49, 78].  
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Figure 3-15 Reaction profile from CO hydrogenation over Pd/Ca/SiO 2 catalyst under CO/H 2 

feed 

 
Unlike the previous experiment, no CO2 was detected in the system. Methanol 

was the only carbon based product, with some water also detected. Therefore the 

carbon selectivity towards methanol was extremely high (~99%), similar to the 

selectivity observed in the unpromoted system. Methanol production increased, 

with the yield almost double that of the previous system (~0.12%). The calcium 

promoter had the effect of doubling the activity of the catalyst without 

compromising on the selectivity towards methanol. However the activity of the 

catalyst was still very low. 

As the methanol yields obtained from the catalytic testing of the Pd based 

catalysts were very low, it was unlikely that the catalysts activity could be 

enhanced enough to make them viable replacements for the commercial copper 

based methanol synthesis catalysts. To date, no Pd based catalyst has been 

commercialised for this application and the low rate of reaction is almost certainly 

the reason why. It was decided at this point to no longer investigate Pd based 

catalysts as potential replacements.  

3.1.2.3 Ir/SiO 2 

Iridium based catalysts, although deemed to be less active than Pd based 

catalysts, have not been extensively studied in the literature for methanol 
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synthesis. Poutsma et al first investigated iridium supported on silica in 1978 and 

their studies revealed that iridium was selective towards methanol[72]. However 

the metal was much less active than palladium. Very few studies have been 

performed using the metal since. To this end, an Ir/SiO2 catalyst was investigated 

for its ability to synthesise methanol.   

 

Figure 3-16 Reaction profile from CO hydrogenation over Ir/SiO 2 catalyst under CO/H 2 feed 

 
Experimental results (fig 3-16) revealed that the catalyst was very selective 

towards methanol (~99%) with tiny traces of methane observed. Like the palladium 

systems, a reasonable amount of water was present, indicating that another 

reaction was possibly occurring. However no other products were detected by the 

GC. 

The activity of the iridium catalyst was similar to the activity of the unpromoted 

palladium catalyst, with a methanol yield of ~0.07%. This result suggested that the 

iridium catalyst was more active than the Pd catalyst (based on no of moles of 

metal present on the catalyst), a result which was in direct conflict with Poutsma’s 

results[72]. However, as the yields of methanol detected were so low, the 

experimental error in the system was consequently reasonably high.    
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Like the Pd based catalysts, the activity of the Ir catalyst was very low. It was 

therefore decided that an Ir based catalyst would also be unviable as a 

replacement methanol synthesis catalyst, and hence research into this application 

would not be pursued. 

3.1.2.4 Rh/SiO 2 

Rhodium has been shown to be a versatile metal for the hydrogenation of CO, 

having a weak ability to dissociate CO but nevertheless being able to synthesise 

higher alcohols, aldehydes and acids [82-86]. Its ability to catalyse the production 

of a wide range of products is related to its position in the periodic table, where it is 

located between metals which clearly dissociate CO (Fe, Co) and metals which do 

not (Pd). 

The product distribution is dependant on the exact form of rhodium, and can be 

affected by factors such as the support used and promoters present[82, 85]. 

Therefore the catalyst can be “tuned” to produce the desired product. However 

one major disadvantage for industrial use is that impurities in the feed, poisons 

and sintering could dramatically affect the product distribution. 

Although rhodium deposited on supports such as MgO have been shown to be 

active for methanol synthesis[88], it was decided to investigate Rh supported on a 

neutral support such as SiO2 first, as a base experiment.    

During the run, methane was the major product observed, with other carbon based 

products such as methanol and ethanol also obtained. This was consistent with 

the literature which suggested that rhodium supported on silica was active for 

methanation[86]. Over the course of the experiment the levels of each product 

dissipated. 
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Figure 3-17 Reaction profile from CO hydrogenation over Rh/SiO 2 catalyst under CO/H 2 feed 

 
The CO conversion over the catalyst was very low, around 2%. With methane and 

ethanol both produced, the carbon selectivity towards methanol was very low 

compared with the other precious metal catalysts investigated. Selectivity is a 

major problem with rhodium catalysts as small impurities, changes in morphology 

etc can change the product distribution markedly [82, 83, 86, 112]. 

Due to the problems with selectivity and activity, it was decided not to pursue 

rhodium based catalysts as a potential methanol synthesis catalyst. 
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3.1.2.5 Summary 

It was clear from the results that Pd and Ir supported on silica could be very 

selective towards methanol, in agreement with the literature. However, the activity 

of the catalysts was very low and even in the presence of a promoter the methanol 

yield that was produced was only 0.12%. Although there was scope to improve the 

performance of the catalysts by varying the support, preparation technique, 

precursors etc it was decided instead to focus on studying the effects of acid / 

ester addition on the commercial catalyst instead, as it already displayed the 

necessary activity and selectivity required. 
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3.2 Commercial Catalyst Testing 

The commercial methanol synthesis catalyst selected was Katalco 51-8, which is 

manufactured by Johnson Matthey and has the formulation Cu/ZnO/Al2O3/MgO. 

Prior to catalytic testing, the catalyst was characterised using TGA, X-ray 

diffraction (XRD) and BET. 

3.2.1 Characterisation 

3.2.1.1 Thermo-gravimetric Analysis 

As the commercial catalyst was sold pre-calcined, all that remained was to 

activate the catalyst. To investigate the temperature that this should occur at, a 

temperature programmed reduction was performed using the TGA-DSC 

connected to a mass spectrometer. 

The results showed three major weight loss events at 286°C, 367°C and 921°C. 

The first two evolutions consisted of water and carbon dioxide.  

 

Figure 3-18 TGA analysis of Katalco 51-8 catalyst u nder 5%H 2/N2 feed 

 
As the catalyst was pre-calcined, it was likely that the overlapping evolutions 

corresponded to the reduction of CuO to copper metal, and also the evolution of 

adsorbed CO2 from the catalyst. As zinc oxide is amphoteric, it would be likely that 

any CO2 adsorbed from the atmosphere would be held there. The reduction of all 
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the CuO present to copper metal alone would result in the sample weight dropping 

to 29.92mg. The copper metal produced is the active phase of the catalyst. 

The high temperature weight loss could be ignored as the catalyst would only be 

operated at 250°C.  

It was decided from the TGA studies that the catalyst would be reduced at a 

temperature of 250°C for 3hrs, to ensure the reduct ion of copper oxide to copper 

metal. 

3.2.1.2 X-Ray Diffraction (XRD) 

The Katalco 51-8 catalyst was examined using hot stage XRD operating with a 

feed gas of 5% H2/N2, to determine the phases present. 

 

 

Figure 3-19 XRD patterns of Katalco 51-8 catalyst a t various temperatures under a 5%H 2/N2 
feed 

 
At room temperature the XRD pattern showed features relating to the presence of 

copper oxide (CuO). No peaks were apparent for the presence of the other 

components of the catalyst, such as ZnO, MgO or Al2O3.This indicated that these 

components were amorphous in nature. At 150°C the p attern shifted and the new 
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phase that was present was copper metal, with small peaks relating to copper 

oxide still remaining. Although at 250°C the copper  oxide phase was still present, 

in the hot stage XRD the partial pressure of hydrogen was 5%, whereas in the in 

situ reduction prior to catalytic testing, the partial pressure was 100%. It was 

therefore probable that the copper oxide phase would not be present after the 

reduction prior to catalytic testing. 

3.2.1.3 BET Analysis 

Catalyst Surface Area (m2 / g) Pore Diameter (Å) 

Katalco 51-8 89 37 

Table 3-4 Surface area analysis of Katalco 51-8 cat alyst 

 
The surface area and pore diameter of the Katalco catalyst was significantly lower 

than for the lab prepared catalysts. 

3.2.2 Catalytic Testing 

Although the Katalco 51-8 catalyst is used industrially under a CO/CO2/H2 feed 

(1:1:8 molar ratio), studies have shown that the copper based catalysts can also 

synthesise methanol from a gas feed of CO/H2. It was therefore decided to 

investigate both systems for their methanol synthesis activity. 

Prior to reaction, the catalyst was reduced in situ in the reactor under 50ml min-1 

flowing hydrogen at a temperature of 523K. The catalyst was held at this 

temperature for 3hrs. 

For the catalytic testing, the following conditions were used: 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  

• Gas Flow (ml min-1)   250 

• Catalyst Volume (ml)  1.36 
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• GHSV (hr-1)    ~11,000 

The feed gas composition employed for the CO/H2 reaction was 10ml N2 / 80ml 

CO / 160ml H2. This equated to a molar ratio of 1:2 CO:H2. For the CO/CO2/H2 

reaction, a gas feed of 10ml N2 / 25ml CO / 25ml CO2 / 160ml H2 was employed. 

This equated to a 1:1:8 molar ratio of CO:CO2:H2, which is the gas mix used 

industrially for methanol synthesis. The nitrogen present in the feed was used as a 

reference for calculating conversion.  

3.2.2.1 CO/H2 Feedstream 

The synthesis of methanol from CO/H2 over Cu based catalysts has long been a 

subject of controversy. It was unclear from the literature as to whether methanol 

could be synthesised from CO when there was no CO2 present in the feed. For 

example Kagans work on SNM-1 (a soviet Cu/ZnO/Al2O3 catalyst) yielded no 

methanol from a feed of CO/H2 and this result was attributed to the feed gases 

being carefully scrubbed of water (which would produce CO2 via water gas 

shift)[18, 19]. However other researchers have obtained sizeable yields of 

methanol when CO is the only carbon oxide in the feed [13, 42, 113]. The variation 

in the literature is probably due to the variable nature of the catalysts. Often slight 

variations in catalyst preparation can result in an altering of the catalytic 

properties. For this reason it was therefore unclear prior to the experiment how the 

Katalco 51-8 would react under a CO/H2 feed. 
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Figure 3-20 Reaction profile from methanol synthesi s over Katalco 51-8 under a CO/H 2 feed 

 
The results showed that methanol could be produced over a Katalco 51-8 catalyst 

under a CO/H2 feed. The catalyst was selective towards methanol (99%), with 

minor traces of water, ethanol and dimethyl ether (DME) present. The production 

of DME was a result of a condensation reaction between two methanol molecules, 

most likely catalysed by the acidic Al2O3. 

Although the yield of methanol initially was reasonable (~9%), the levels decayed 

over time and after 40hrs the yield had decreased by half to ~4.5%. The CO levels 

followed the opposite trend, as less methanol was produced the CO levels 

increased. This deactivation behaviour has been observed by other researchers 

[37, 112, 114]. Irreversible deactivation was observed when a Cu/ZnO catalyst 

was operated in a CO/H2 feed without CO2 or H2O and was interpreted to be due 

to reduction of Cu+1 from the ZnO matrix[37, 115]. Other explanations that have 

been suggested were the evaporation of Zn or the formation of brass (CunZn). 

Rapid formation of brass has been observed in methanol synthesis catalysts using 

CO/H2 mixtures above 570K, leading to rapid deactivation[114]. In all cases, the 

deactivation of the catalyst was attributed to the highly reducing nature of the feed 

gas. 
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Another possibility for the decreasing methanol yield could also be due to the 

methanol synthesis mechanism. Many researchers believe that over copper 

catalysts the hydrogenation of CO does not occur, due to the inability to isolate 

intermediates species for the reaction. The hydrogenation of CO2 however over 

copper surfaces has been well documented [17-19, 116]. It has therefore been 

postulated that under CO/H2 feeds, the mechanism taking place is that a CO picks 

up surface oxygen to form CO2 before hydrogenation occurs. If the predicted 

mechanism is correct, then a level of adsorbed oxygen is required on the catalyst 

surface for the production of methanol to proceed. Under the highly reducing 

atmosphere of CO/H2 it was possible that the surface oxygen concentration was 

slowly being depleted and therefore preventing methanol synthesis. Like the 

previous possibilities for deactivation, the reducing nature of the feed gas could be 

the cause.  

The carbon and oxygen balances of the system (fig 3-21) showed an increase as 

the reaction proceeded, indicating that initially, surface saturation of CO and/or 

carbon laydown occurred.  

 

Figure 3-21 Mass balance from methanol synthesis ov er Katalco 51-8 under a CO/H 2 feed 

 
To determine as to whether carbon laydown had occurred on the surface of the 

catalyst, a temperature programmed oxidation (TPO) was performed on a sample 
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of the post reaction catalyst. Any carbonaceous species deposited on the surface 

of the catalyst would be removed in the form of CO2. 

 

Figure 3-22 Post reaction TPO of Katalco 51-8 catal yst after CO/H 2 run 

 
The graph shows that carbon was present on the catalyst surface in three distinct 

deposits. Two low temperature evolutions of CO2 were observed at 261°C and 

356°C, and a high temperature evolution at 755°C. I t was probable that the low 

temperature deposits could be due to formate groups on the surface of the catalyst 

(formate being the longest lived methanol intermediate) or other methanol 

precursor species, although carbon laydown was also a possibility. A DSC trace 

showed that the evolutions were exothermic, confirming that burn off of 

carbonaceous species was likely. The high temperature evolution was most likely 

to be the decomposition of metal carbonates formed during the reaction. The 

formation of carbonates on oxide supported metal catalysts upon exposure to CO 

or CO2 is a well known effect that can be monitored by infrared spectroscopy or 

temperature programmed methods[117]. The carbonate species are characterised 

by their relatively high decomposition temperatures. 

An unusual feature of the temperature programmed oxidation was that there was a 

significant weight increase upon exposure to the 2%O2/Ar gas. This was most 

likely due to the high levels of copper oxide that were present in the catalyst prior 
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to reaction. Upon reduction of the catalyst and under the CO/H2 feed employed 

during the experiment, the copper oxide will have been reduced to metallic copper. 

Upon performing the TPO the copper in the catalyst re-oxidised to copper oxide. 

The weight increase in the sample indicates that only ~15% of the copper was re-

oxidised. However prior to the TPO being performed the catalyst was exposed to 

air upon opening of the reactor lid and therefore its probable that the majority of 

the copper had been oxidised during this instance. 

3.2.2.2 CO/CO2/H2 Atmosphere 

Industrially methanol synthesis is not performed using a stoichiometric amount of 

CO and H2, but rather a mixture of CO, CO2 and H2. Although a mixture of CO and 

H2 would produce the highest equilibrium yield in principle, there are a number of 

reasons why the presence of CO2 in the feed is beneficial for methanol synthesis. 

Kinetically CO2 hydrogenation to methanol is much faster than CO hydrogenation 

so therefore a concentration of CO2 in the feed is desirable[113]. Another reason 

is that it is possible that CO hydrogenation over copper catalysts actually does not 

occur, only CO2 hydrogenation [18, 19, 116]. Finally, under a CO/H2 feed, slow 

deactivation has been shown to take place, both in the literature and in the 

previous experiment. However, CO2 can not be used solely as the carbon feed as 

this would result in a high concentration of water in the system, produced through 

the water gas shift. Water has been shown be various researchers to be 

detrimental to the methanol synthesis activity of the copper catalysts, both by 

competitive adsorption and by sintering the catalyst[38]. Therefore the presence of 

CO in the system helps to minimise water formation through the water gas shift 

reaction by suppressing the reverse reaction. 

Using a classic methanol synthesis gas feed of CO/CO2/H2 in a 1:1:8 molar ratio, 

the catalyst performed very well as expected. Fig 

Figure 3-23 revealed a steady level of methanol was produced (~10% yield), with 

no sign of the methanol decay that was observed in the CO/H2 system. This 

suggested that the oxidation provided by the presence of CO2 was enough to 

prevent deactivation of the catalyst. 
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Figure 3-23 Reaction profile from methanol synthesi s over Katalco 51-8 under a CO/CO 2/H2 
feed 

 
As mentioned earlier, the presence of CO2 in the feed also results in the formation 

of water through the water gas shift reaction, and this was observed during the 

experiment. Water was the only other product apart from methanol, with only tiny 

traces of ethanol detected as well. All the components in the system were 

observed at steady levels over the course of the reaction, indicating that the 

system had attained equilibrium. 

Both the carbon and oxygen balances throughout the reaction showed consistent 

levels, with the carbon balance showing around 90% of the carbon in the system 

accounted for.  
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Figure 3-24 Mass balances from methanol synthesis o ver Katalco 51-8 under a CO/CO 2/H2 
feed 

 
This was in complete contrast to the CO/H2 system, where the carbon balance 

was initially low and increased over time. As in both reactions the same volume of 

catalyst had been used, this suggested that in the CO/H2 system it was carbon 

laydown that occurred initially, rather than surface saturation. 

A post reaction TPO of the catalyst showed a very similar profile to the one 

observed for the CO/H2 run, with low temperature evolutions of CO2 observed. 

Like for the previous CO/H2 run, the evolutions were exothermic in nature and 

suggested that burn off of carbonaceous species was likely. A high temperature 

evolution was present as well and was thought to be the decomposition of metal 

carbonates formed during the run. 

3.2.2.3 Summary 

The commercial catalyst Katalco 51-8 was able to selectively synthesise methanol 

from CO/H2 and CO/CO2/H2 gas feeds. Under the CO/H2 feed, methanol 

production decreased as the reaction proceeded, and this effect was attributed to 

be due to the highly reducing nature of the feed gas deactivating the catalyst. 

Possibilities included the formation of brass, reduction of Cu+ species, and over 

reduction leading to sintering. In contrast, under a CO/CO2/H2 feed, methanol was 

produced in reasonable yields and at a constant rate, which was expected as CO2 
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is the carbon oxide precursor to methanol. The presence of CO2 in the feed had 

the effect of lowering the reducing potential of the gas and preventing the over 

reduction phenomenon observed prior.   

The steady baseline of methanol production obtained in the CO/CO2/H2 system 

was ideal for observing the effects of acetic acid addition over the catalysts and it 

was decided to proceed with the acetic acid studies. 
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3.3 Acetic Acid Studies 

Acetic acid has been studied widely in the literature as a product (from methanol 

carbonylation, syngas etc)[91, 98, 118-120] and also as a reactant (synthesis of 

aldehydes, alcohols and esters)[98, 121, 122]. In the proposed system by BP, it 

was thought that the acid could have a number of effects on the methanol 

synthesis system. Firstly, initial studies by BP indicated that the presence of acetic 

acid in the synthesis gas feed could deactivate the commercial methanol synthesis 

catalyst. Secondly, it was also found that the acetic acid could further react to 

produce ethanol. The effects of acid addition over the commercial catalyst (Katalco 

51-8) were therefore investigated.  

3.3.1 Standard Addition 

In section 3.2.2.2 the reaction profile of methanol synthesis over the Katalco 51-8 

catalyst using a CO/CO2/H2 feed was established. The catalyst performed very 

well, with steady levels of both products and reactants observed, and no 

deactivation apparent. As an initial experiment it was decided to introduce acetic 

acid at a low concentration into a classic methanol synthesis system, to observe 

the effects of the acid on the catalyst. It was of interest to determine if the acid 

deactivated the catalyst, and if so, if the deactivation was transient or permanent.  

It was of further interest to determine if the acid would react to produce other 

species such as acetaldehyde and ethanol.  

3.3.1.1 Experimental 

Prior to reaction, the Katalco 51-8 catalyst was reduced in situ in the reactor under 

50ml min-1 flowing hydrogen at a temperature of 523K. The catalyst was held at 

this temperature for 3hrs. 

The experiment was performed using a classic methanol synthesis gas feed of 

CO/CO2/H2 in a 1:1:8 molar ratio. A small concentration of nitrogen was also fed in 

as a reference gas, for the calculation of conversion. The exact gas mix 

composition used was 10ml N2 / 25ml CO / 25ml CO2 / 190 ml H2. 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  
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• Gas Flow (ml min-1)   250       

• Catalyst Volume (ml)  1.36 

• GHSV (hr-1)    ~11,000 

The acetic acid was fed in at a molar feed rate of 1.0mol% (3.1x10-7moles min-1) 

3.3.1.2 Reaction Data 

For the first 8hrs of the run, no acid was introduced. The catalyst performed 

exactly as previously shown, with a methanol yield of ~10% obtained. Steady 

levels of all the components were observed, indicating that the system was at 

equilibrium. 

 

Figure 3-25 Reaction profile from 1.0mol% acid addi tion into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 8 and 24hrs) 

 
After 8hrs, acetic acid was fed into the system via an HPLC pump at a molar feed 

rate of 1.0mol% (3.1x10-7moles min-1). Initially when the acid was fed in there was 

a brief increase in methanol levels. This was thought to be acetic acid adsorbing 

dissociatively onto the catalyst surface to form acetate groups, and displacing 

methoxy groups (-OCH3) which are the direct precursors to methanol. The 

adsorption of acetic acid on copper surfaces has been studied previously [123-
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125]. It was found that on Cu(100) planes the acetate was bound to the surface via 

the oxygen atoms, in a bidentate fashion [123-125]. It was thought that the acetate 

was bound to the surface via the whole COO group (through delocalization) rather 

than to individual oxygen atoms (as shown below)[125].   

 

Figure 3-26 Acetate group bound to copper surface[1 25] 

 
When the acetate groups were bound to the surface, methanol production then 

began to diminish, due to the acetate groups inhibiting the methanol synthesis 

either through steric hindrance or stronger binding than one of the reactants.   

 

Figure 3-27 Reaction profile from 1.0mol% acid addi tion into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 8 and 24hrs) 

 
As well as inhibiting the methanol synthesis, the acetate groups on the surface of 

the catalyst were also found to be reactive. Ethanol and methyl acetate were 

detected and increased in yield, plateauing at just before the acetic acid feed was 
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discontinued. The ethanol produced was due to the hydrogenation of the acetic 

acid: 

CH3CO2H + 2H2 ��  CH3CH2OH + H2O 

The hydrogenation of acetic acid over copper catalysts has been studied 

previously in the literature [102, 105]. Cressely et al studied the hydrogenation 

over Cu/SiO2 catalysts and the results showed ethanol in high yield, along with 

other products such as acetaldehyde and ethyl acetate[102]. Although neither 

acetaldehyde nor ethyl acetate were observed in the current study, methyl acetate 

was detected in a small concentration. In Cressely’s work, the production of ethyl 

acetate was linked to ethanol reacting with acetic acid to form the ester[102]. 

However in the reaction shown here, methanol was the most abundant alcohol 

(8:1 ratio of methanol:ethanol). The production of methyl acetate was therefore 

attributed to be the reaction of the methanol in the system with the acetic acid: 

CH3CO2H + CH3OH �� CH3CO2CH3 + H2O 

Both the hydrogenation of the acid and the esterification reaction involved the 

production of water as a by product. An increase in water concentration was 

observed when the acid was introduced, as expected. 

The kinetics of the hydrogenation and esterification reactions were briefly 

examined by comparing the ratios of reactants to products. In the system there 

was a molar ratio of 14:1 of ethanol to methyl acetate formed. 

Reactants 

2H2 : CH3OH 

                        19 : 1 

Products 

            Ethanol : Methyl Acetate 

                           14 : 1 

In comparison, there was a ratio of 19:1 of 2H2 to methanol. If both of the products 

were favoured equally, then a molar ratio of 19:1 of ethanol to methyl acetate 

would have been observed. This suggested that the formation of methyl acetate 

was slightly more favourable than the production of the ethanol, but was perhaps 

limited by the relatively low concentration of methanol. 
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As well as the production of ethanol and methyl acetate, the introduction of the 

acid into the system also resulted in the increase of both CO and CO2 

concentrations. Although, the decrease in methanol production would account for 

some of the carbon oxide increase, it would not account for it all. The only other 

potential carbon source in the system for the CO/CO2 was the acetic acid itself. 

Conversion of acetic acid to CO/CO2 was not expected as the system was 

reasonably reducing and it was thought that the formation of methane or possibly 

ethane was more likely. A literature search revealed that a possible route for the 

production of CO2 from acetic acid was through the decomposition of surface 

acetates [95-97, 125, 126]. Studies performed on copper crystals have shown that 

the decomposition of surface acetates resulted in evolutions of CO2, CH3CO2H, 

CH4, H2C2O (ketene) and the deposition of carbon fragments on the surface. The 

desorption rates for the fragments were identical, indicating a common 

intermediate[125]. The common intermediate was postulated to be acetic 

anhydride, formed on the surface of the catalyst from two acetate groups reacting 

together[125]. However, the decomposition profile for acetate has been shown to 

vary markedly depending on the metal, the metal particle morphology and the 

presence of different adsorbates [97, 123, 124, 127]. For example, the 

decomposition of acetate groups present on a Ni/Cu alloy yielded CO2, surface 

carbon and gaseous hydrogen[128]. The presence of oxygen on the metal was 

also shown to have a pronounced effect on the decomposition of acetates [95-97]. 

On group 9-10 metals, its presence has been shown to initially stabilise the 

acetate, beyond the decomposition temperature on clean surfaces. Adsorbed 

oxygen has the effect of ordering the acetate, generating small islands whereby 

the attractive forces between the molecules stabilise them [97, 129, 130]. When 

acetate does decompose it happens auto-catalytically, to yield CO2, H2 and 

adsorbed carbon [95-97, 130]. 

Overall, the most common route for acetate decomposition on metal surfaces was 

via decarboxylation, to yield CO2 and CH4 [95-98, 125]: 

CH3CO2H �� CH4 + CO2 

However in our tests methane was not detected by the GC analysis. On closer 

inspection of the decomposition mechanism, the acetate group is proposed to 
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“fragment” on the metal surface to yield gas phase CO2 and an adsorbed methyl 

group and adsorbed H [95-97, 125, 126]: 

CH3CO2H �� CO2 + CH3(ads) + H(ads) 

The methyl group then further decomposes to yield adsorbed carbon and gas 

phase hydrogen [95-97, 129, 130]. Density Functional Theory (DFT) has shown 

that this occurs by the tilting of the acetate group such that the methyl group can 

interact with the surface leading to C-H bond cleavage[131, 132], followed by C-C 

bond scission. On Pd(110) surfaces this was shown to occur explosively, on both 

carbon covered and oxygen covered surfaces [126, 131-133]. 

However, the carbon balance for the system showed that there was no loss of 

carbon during the period where the acid was introduced to the system (Fig 3-28). 

(Experimental error of +/- 5% was assumed for all mass balances due to inherent 

areas in calibrating, subsequent mole calculations and the variability of 

atmospheric pressure in the sample loop) 

 

Figure 3-28 Mass balances from 1.0mol% acid additio n into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 8 and 24hrs) 
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If decomposition of the acetate was taking place on the surface, and 

decarboxylation was the route, then re-oxidation of the surface carbon would need 

to take place on the catalyst surface. 

To consider how oxidation of the surface carbon might proceed in the methanol 

synthesis system, the surface of the catalyst has to be considered. Under working 

conditions the surface is in a dynamic state, with a small percentage of the surface 

covered with adsorbed atomic oxygen [53-55]. Adsorbed oxygen is derived from 

the hydrogenation of CO2 to yield methanol: 

CO2 + 2H2 �� CH3OH + O(ads) 

Under normal conditions, adsorbed oxygen is picked up by either CO or H2 to form 

CO2 or H2O. However, with acetate groups on the surface, the decomposition of 

the acetate could yield CO2, H2 and surface carbon. If adsorbed oxygen was to 

react with the surface carbon instead of CO or H2 then no carbon laydown would 

occur. 

If this process were to proceed, decomposition of the acetic acid would yield 2CO2 

and 2H2 (assuming the adsorbed carbon was fully oxidised to CO2). Conversion of 

CO2 to CO could take place via the WGS reaction: 

CO2 + H2 �� CO + H2O 

The proposed model explains both the CO and the CO2 increases observed in the 

system. However, the oxidation of the surface carbon could equally have taken 

place via a reverse Boudouard mechanism, which involved the presence of CO2: 

C(ads) + CO2 �� 2CO     ∆G523 = +80kJ mol-1 

Or by oxidation due to the presence of water in the system: 

C(ads)+ H2O �� CO + H2     ∆G523 = +60kJ mol-1 

Rather than surface oxidation of the catalyst being important, the presence of CO2 

or water in the system would be crucial in preventing carbon laydown. However, 

the thermodynamics of both reactions were calculated (+80 and +60 kJ mol-1 
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(assuming adsorbed carbon was present as graphite)) and suggested that the 

mechanisms were not very favourable. 

On certain metals, acetates have been shown to decompose completely, without 

the loss of carbon to the catalyst surface[134, 135]. On a clean Ag (1 1 0) surface, 

acetate decomposed above 600K to yield CH4, CO2, CH3COOH, H2C2O and 

adsorbed carbon[134]. However, with atomic oxygen present on the surface, 

acetate decomposed at temperatures as low as 400K, and was attributed to 

destabilisation of the acetates due to the presence of oxygen atoms. The acetate 

reacted with the oxygen to yield H2O, CO2 and formate, which further decomposed 

to yield CO2 and H2. 

CH3COO (ads) + 3O (ads) �� CO2 + H2O + HCOO (ads) 

Labelling experiments performed using 13C labelled acetic acid revealed that the 

methyl carbon of the acetic acid was incorporated into the formate. Oxygen 

labelling experiments showed that oxygen from the acetate was present in the 

CO2, while oxygen atoms in the water and the formate came from oxygen present 

on the catalyst surface. 

The results of the labelling studies led to a postulated mechanism of 

decomposition. Carboxylate species such as acetate have been shown previously 

using DFT calculations, to decompose via decarboxylation by tilting the methyl 

group towards the metal surface [131, 132]. It was postulated that if the methyl 

group was tilted towards the surface, abstraction of a hydrogen atom by a surface 

oxygen atom (or hydroxyl group) could occur to make a surface hydroxyl (or water) 

and CH2OO (ads). Abstraction of methyl protons has been observed for 

acetonitrile on a Ag(110) surface previously[136]. As the pKa of the acetonitrile ion 

was similar to that of acetate, it was thought that they may react similarly. Once 

the hydrogen was abstracted, the CH2OO (ads) group could react with surface 

oxygen to form a glycolate intermediate (fig 3-29): 
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Figure 3-29 Mechanism of acetate decomposition on A g(110) surface 

 
Nucleophilic attack on C* by a surface oxygen atom would take place, followed by 

C-C bond scission to form CO2 and CH2CO2 (ads)(fig 3-30). The CH2CO2 (ads) 

could then decompose to yield formate: 

 

Figure 3-30 Mechanism of acetate decomposition on A g(110) surface 

 
Formate would decompose further to CO2 and H2. 

Overall, the decomposition of acetates on a Ag(110) surface with oxygen present 

yielded CO2, H2 and H2O[134]. It was entirely possible that the oxygen present on 

the surface of the Katalco catalyst under methanol synthesis conditions could play 

a similar role in preventing carbon deposition on the surface of the catalyst. 

However, it must also be noted that formate is a key intermediate in the synthesis 

of methanol [56, 116, 137], and therefore under the reaction conditions it would be 

expected to become hydrogenated towards methanol rather than decompose. 

Another possible route towards the formation of CO/CO2 from acetic acid was 

simply through the hydrolysis of the acid. As a reasonable concentration of water 

was present in the system it was thought that at the reaction temperature it might 

be able to breakdown the acid into CO2 and H2: 
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CH3CO2H + 2H2O �� 2CO2 + 4H2        ∆G523 = -24kJ mol-1 

The thermodynamics suggested that it was a feasible route towards CO/CO2. 

Hydrothermal studies of the liquid phase decomposition of acetic acid can be 

found in the literature, and the reaction products were CO2, CO, CH4 and H2 (a 

combination of hydrolysis and decarboxylation)[138]. However, no studies on the 

vapour phase hydrolysis could be found.  

Finally, when the acid addition was stopped at 27hrs, the system returned to 

normal. Ethanol and methyl acetate production dropped to zero, whilst CO2, CO, 

methanol and water concentrations returned to their original levels. This suggested 

that the effects of acetic acid addition were transient and that the acid did not 

intrinsically affect the catalyst. 

3.3.1.3 Acid Balance 

Acid to Ethanol (%) 14.0 

Acid to Methyl Acetate (%) 1.0 

Acid to CO / CO2 (%) 84.5 

Total (%) 99.5 

Table 3-5 Acid balance from 1.0mol% acid addition i nto CO/CO 2/H2 system over Katalco 51-8 
catalyst 

 
A balance of the acid introduced to the system revealed that all the acid could be 

accounted for in the form of ethanol, methyl acetate and CO/CO2. The acid 

balance was in complete agreement with the mass balances for the reaction, and 

confirmed that little to no carbon deposition of the acid occurred during the run.  

As the acid balance was almost 100%, it was unlikely that any of the acid had 

been converted to methanol. 

3.3.1.4 Temperature Programmed Oxidation (TPO) 

Post reaction, a TPO was performed on the catalyst as a final check to determine 

if any carbon laydown had occurred during the run. 
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Figure 3-31 Post reaction TPO of catalyst from 1.0m ol% acid addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst 

 
Upon performing the TPO, the sample weight increased significantly. As explained 

previously, this can be attributed to the reduced copper metal re-oxidising. 

The graph shows that there was very little deposition of carbon on the catalyst 

surface. A broad amorphous evolution of CO2 was evolved at a temperature of 

~277°C. This was possibly a mixture of surface form ate groups and other 

methanol precursor species. Carbon laydown was also a possibility. As the acid 

balance suggested that all the acid introduced to the system could be accounted 

for as products, it was not thought that the evolutions were due to adsorbed acid 

or acetate groups on the surface. The high temperature evolution was thought to 

be the thermal breakdown of metal carbonates, formed during the run. The 

mechanism of decomposition of metal carbonates is shown below: 

MCO3 � MO + CO2  

Where M represents any metal. 

3.3.1.5 Summary 

From the initial experiment it was observed that the acetic acid had a number of 

effects on the system upon its introduction. Firstly and most importantly, the 
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methanol production decreased dramatically. A possibility was that the introduction 

of acetic acid resulted in strongly bound acetate groups on the catalyst surface. As 

these groups would displace reactants, then methanol synthesis would be 

hindered. Another possibility was that the surface oxidation of the catalyst was 

affected. Studies have shown that the methanol synthesis activity of copper based 

catalysts is directly related to the CO/CO2 ratio[8]. As the acid was shown to be 

converted to CO/CO2, it was a possibility that the ratio had been changed, 

resulting in the decrease in methanol production. However, the ratio was found to 

remain the same upon introduction of the acid. 

Without Acid (CO 2:CO) With Acid (CO 2:CO) 

1 : 0.30 1 : 0.31  

The acetic acid itself was found to react in several different ways. Hydrogenation 

of acetic acid to ethanol was found to proceed, along with an esterification reaction 

with methanol to form methyl acetate [98, 102]. These reactions were well 

documented in the literature and were not unexpected in the current system 

considering the concentrations of hydrogen and methanol present. However the 

conversion of acetic acid to CO/CO2 was not expected. Possible routes to CO/CO2 

are shown below: 

Decomposition / Oxidation of Surface Carbon 

OH

O

2CO + 2H2
CO2 + 2H2 + C(graphite)

O(ads)

CO/CO2

CO2
2CO

H2O

CO + H2  

Decomposition of the acetate groups on various transition metal surfaces were 

shown to occur via a simple decarboxylation route to yield gas phase CO2 and H2, 

with carbon deposited on the surface [95-97, 129, 130]. Oxidation of the surface 

carbon under the working conditions of the methanol synthesis catalyst was 
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envisaged to possibly occur via three distinct routes. Firstly, it was thought that the 

leftover adsorbed oxygen from CO2 hydrogenation could oxidise the carbon to 

CO2. Secondly, a reverse Boudouard type reaction was possible, as CO2 could lift 

off the carbon in the form of CO. Finally, the water present in the system could 

also potentially re-oxidise the carbon. 

Decomposition / Formate Decomposition 

OH

O

CO2 + H2O + H2COO
3O(ads)

CO2 + H2

 

Similar to the previous system in that CO2 is evolved via decarboxylation, in this 

case the methyl fragment reacts with the oxidised surface of the catalyst to form a 

surface formate group. The formate could then further decompose to yield CO2 

and H2[134].   

However, under methanol synthesis conditions, it would be more likely that the 

formate would be hydrogenated to methanol. The acid balance indicated that the 

conversion of acid to methanol was unlikely.  

Hydrolysis 

OH

OH2O 2H2O
2CO2 + 4H2 CO2 + CO + 3H2

 

Hydrolysis of the acid was thermodynamically possible, although there was no 

precedent in the literature. 

All three systems were thought to be possible due to the structure sensitivity of 

acetate surface reactions, although conversion of acetic acid to methanol was 

thought to be the least likely. As the formation of CO/CO2 from acetic acid was 

unexpected, it was decided to perform a series of experiments to determine as to 

whether the conversion of acid to CO/CO2 could be followed. 
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3.3.2 Labelling Studies 

As the conversion of acetic acid to CO/CO2 was unexpected, it was decided to 

perform labelling studies using 13C labelled acetic acid, to determine if carbon from 

the acid could be detected in CO/CO2. Two labelled samples of acetic acid were 

purchased, each with a different carbon labelled. The samples are shown below: 

C13H3 OH

O

CH3

C13

OH

O

Acetic acid-1- 13CAcetic acid-2- 13C
 

Figure 3-32 13C labelled acetic acid 

 
Two experiments were performed, and in each experiment there were two acetic 

acid additions; one unlabelled and one labelled. The unlabelled acid was added in 

as a reference, so that identification of labelled carbon during the labelled addition 

would be easier.  Mass spectrometry was used as well as the usual GC data to 

analyse the run. As a final experiment to complete the labelling studies, a run with 

an addition of deuterated acid was performed, to determine if a kinetic isotope 

effect (KIE) was observed. 

3.3.2.1 Experimental 

Prior to reaction, the Katalco 51-8 catalyst was reduced in situ in the reactor under 

50ml min-1 flowing hydrogen at a temperature of 523K. The catalyst was held at 

this temperature for 3hrs. 

The experiments were performed using a classic methanol synthesis gas feed of 

CO/CO2/H2 in a 1:1:8 molar ratio. A small concentration of nitrogen was also fed in 

as a reference gas, for the calculation of conversion. The exact gas mix 

composition used was 10ml N2 / 25ml CO / 25ml CO2 / 190 ml H2. 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  

• Gas Flow (ml min-1)   250       
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• Catalyst Volume (ml)  1.36 

• GHSV (hr-1)    ~11,000 

In the 13C labelled experiments the acid additions were performed at a molar feed 

rate of 1.0mol% (3.1x10-7moles min-1). In the run where deuterated acid was fed 

in, the additions were performed at a molar feed rate of 1.5mol% (4.65x10-7moles 

min-1). 

3.3.2.2 [2-13C] Acetic Acid Addition 

For the first 26hrs of the run, no acetic acid was fed into the system. The system 

was in equilibrium, with a steady level of methanol production observed (~10% 

yield).  

 

Figure 3-33 Reaction profile from 1.0mol% labelled acid addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst (unlabelled acid fed in between 26 and 34hrs, labelled acid fed in 
between 50 and 54hrs) 

 
After 26hrs, unlabelled acetic acid was fed in to the system at a molar feed rate of 

1.0mol% (~3.1x10-7moles min-1). The system behaved exactly as previously 

shown, with a decrease in methanol production and increases in CO, CO2 and 

H2O concentrations.  Production of ethanol and methyl acetate were also 
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observed (fig 3-34). Upon cessation of the acid feed at 34hrs, the system returned 

back to normal, with the levels of ethanol and methyl acetate dissipating to zero.  

 

Figure 3-34 Reaction profile from 1.0mol% labelled acid addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst (unlabelled acid fed in between 26 and 34hrs, labelled acid fed in 
between 50 and 54hrs) 

 
The system was allowed to reach equilibrium again before the labelled addition. 

The system behaved in exactly the same manner for the labelled acid addition as 

it did for the unlabelled, although the levels of ethanol and methyl acetate 

produced were not quite as high and the decrease in methanol production was not 

as dramatic (due to shorter duration of acid addition). Again, upon cessation of the 

acid the system returned back to normal, suggesting that the effect of the acid on 

the methanol production was transient.   
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Figure 3-35 Mass balances from 1.0mol% labelled aci d addition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst (unlabelled acid fed in betwe en 26 and 34hrs, labelled acid fed in 
between 50 and 54hrs) 

 
The carbon and oxygen balances of the system remained constant throughout the 

run, indicating that little to no carbon was deposited on the catalyst during the 

additions of acetic acid (Fig 3-35). 

3.3.2.3 Acid Balance 

Acid to Ethanol (%) 13.9 

Acid to Methyl Acetate (%) 1.0 

Acid to CO / CO2 (%) 89.0 

Total (%) 103.9 

Table 3-6 Acid balance from 1.0mol% labelled acid a ddition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst 

 
The acid balance (Table 3-7) showed that the majority of the acid was converted 

to CO/CO2, with ethanol and methyl acetate also produced as expected. In 

comparison with the standard run shown previously, almost identical levels of 
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ethanol and methyl acetate were observed, with only a slight increase in CO/CO2 

apparent. However the differences were well within experimental error. 

3.3.2.4 Temperature Programmed Oxidation (TPO) 

A TPO was performed on the catalyst post reaction (Fig 3-36). The usual mass 

increase of the catalyst sample upon exposure to the oxidising gas was observed. 

This was due to the copper metal re-oxidising to copper oxide.   

 

Figure 3-36 Post reaction TPO from 1.0mol% labelled  acid addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst 

 
Evolutions of CO2 were observed at 234°C and at 735°C. 13CO2 was also followed 

using mass spectrometry, and no evolutions were observed, indicating that 

deposition of labelled carbon did not occur. As postulated earlier, the low 

temperature evolution was possibly due to formate groups or other methanol 

precursor species. The high temperature evolution was postulated to be due to the 

decomposition of metal carbonates. 
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3.3.2.5 Mass Spectrometry Data 

Mass spectrometry data for relevant masses were recorded throughout the 

experiment.  The acid additions were made at the following cycles: 

Addition Added (cycles) Stopped (cycles) 

CH3CO2H 3729 5211 

13CH3CO2H 7531 8369 

Table 3-7 Acid additions into CO/CO 2/H2 system over Katalco 51-8 catalyst 

 
Ethanol/CO 2 

 

Figure 3-37 Mass spectra from 1.0mol% labelled acid  addition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst 

 
When the unlabelled addition was made there were responses observed in the 

mass 44, mass 45 and mass 46 signals. Mass 44 related to unlabelled CO2 and 

the increase in the signal was consistent with the increase observed in the GC 

analysis. Masses 45 and 46 were both fragments for ethanol and the ratio of the 

relative signals matched exactly the relative abundances of the fragments. Again, 
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the mass spectra data matched the GC trace for ethanol production perfectly, and 

therefore both masses 45 and 46 were assigned to be unlabelled ethanol. 

Mass 47 showed no response during the unlabelled addition. 

When labelled acid was introduced to the system, responses were observed for 

masses 44 – 47. The response in mass 44 could only be due to CO2, and 

therefore suggested that the unlabelled carbon in the acid had been converted to 

CO2.  

The response of mass 45 was more difficult to interpret, as the response could 

have been due to 13CO2 or unlabelled ethanol. The increase was attributed to 

being due to the formation of 13CO2 for several reasons. Firstly, if the mechanism 

for ethanol formation in the system was through the hydrogenation of the acid, 

then unlabelled ethanol could not be formed from introduction of labelled acid. 

Secondly, the peak maxima of the mass 45 signal did not match up with peak 

maxima for mass 47, which could only be labelled ethanol. This suggested that the 

responses were due to two separate species entirely. The GC data for the run also 

supported this theory, as the GC responses for CO2 and EtOH matched the 

proposed responses for 13CO2 and 13EtOH exactly (figs 3-38 and 3-39) . 

 

Figure 3-38GC Data from labelled addition 

 

Figure 3-39 Mass spectrometry data from 
labelled addition 

 

The mass spectra data confirmed that 13CO2 was produced from the addition of 

labelled acetic acid. 
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The response for mass 46 was attributed to the production of labelled ethanol. 

Unlabelled ethanol was ruled out on the basis that for ethanol production, the 

carbon chain in the acid would remain intact. 

Finally, mass 47 related to the production of labelled ethanol, and a reasonable 

signal increase was observed indicating its formation upon addition of the labelled 

acid. 
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Methyl Acetate 

 

Figure 3-40 Mass spectra from 1.0mol% labelled acid  addition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst 

 
GC analysis showed that for both the labelled and unlabelled acetic acid additions, 

methyl acetate was produced. Prior to the acid addition there was no methyl 

acetate in the system. When the unlabelled addition was made, there was a 

response in the mass 74 signal (unlabelled methyl acetate) and no response in the 

mass 75 signal (labelled methyl acetate). This was expected as no label had been 

introduced at this point. However upon addition of the labelled acid the opposite 

occurred. There was a response in the mass 75 signal but no response in the 

mass 74 signal. The label was incorporated into the methyl acetate. This 

confirmed that acetic acid reacted with methanol in the system to produce the 

ester. 
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Methanol 

 

Figure 3-41 Mass spectra from 1.0mol% labelled acid  addition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst 

 
The graph showed that prior to the unlabelled acid addition a steady level of 

methanol production was present. When the unlabelled acid was fed in, there was 

an initial rise in methanol levels. This could be attributed to the acid displacing 

methoxy groups (-OCH3) from the surface of the catalyst. The methanol levels 

then steadily decreased until a steady state was reached. This was in complete 

agreement with the GC data. It was expected that the mass 33 signal (labelled 

methanol) would show a flat baseline throughout as it was an unlabelled addition. 

However the mass 33 signal showed the same trend as for mass 32. This was 

entirely due to the natural abundance of 13C which is ~1.1%. Upon cessation of the 

acid the system returned back to normal, as expected. 

When the labelled acid was fed in, the system behaved in the same way (for both 

masses 32 and 33) as for when the unlabelled acid was added, indicating that the 

labelled carbon did not migrate into the methanol. This ruled out the 

decomposition of acetic acid via formate as a potential route, as the label would be 

expected to appear in the methanol (methanol being the hydrogenation product of 

formate). However, the labelled acid was only fed in for a short period of time. As 

the label was shown to appear in CO2 (and therefore CO via the WGS) it would be 
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expected that eventually the label would be incorporated into the methanol. This 

would possibly have been observed if the labelled acid was fed in for a longer 

period of time. 

Other Masses 

The mass fragment for CO labelled (29) was also a mass fragment for methanol. 

Therefore there was overlapping of the signals so was impossible to observe the 
13C label in the CO. However because of the WGS reaction, it can be assumed 

that because the label was observed in the CO2, it would also be present in the 

CO. Mass fragments for methane were also followed even though methane was 

not detected by the GC. The mass spectra also confirmed that no methane was 

formed during the labelled or unlabelled addition. 

3.3.2.6 [1-13C] Acetic Acid Addition 

For the C1 labelled acetic acid experiment, the exact same mass spectrometry 

and GC results were obtained. Combined with the data gathered from the C2 

labelled run, the results indicated that for ethanol and methyl acetate formation, 

the carbon structure of the acetic acid remained intact in agreement with the 

postulated mechanisms of acid hydrogenation to ethanol and esterification of acid 

with methanol to form methyl acetate.  

The results also showed that both carbons of the acetic acid could be converted to 

CO2. This was important as the decomposition of acetic acid has been shown 

previously to occur over metal surfaces via decarboxylation [95-97, 129, 130]. This 

would yield CO2 and an adsorbed methyl group on the surface of the catalyst, in a 

1:1 ratio. If the postulated route for acetic acid to CO/CO2 was correct, then 

instead of picking up a proton to form methane, the methyl group must be 

converted to CO or CO2. A potential route would be for the methyl group to further 

decompose (as discussed previously) to yield adsorbed carbon and gaseous 

hydrogen. The carbon could then be oxidised by whatever means to yield CO or 

CO2. Decomposition of the acid via an adsorbed formate[134], without the 

deposition of carbon was ruled out as a possibility as the label was not observed in 

the methanol (methanol being the hydrogenation product of formate). However, as 

the label was found in CO2, and CO2 is the direct precursor to methanol, it was 
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probable that if the labelled addition was run for longer the label would eventually 

be incorporated. 

Hydrolysis of the acid remained a distinct possibility and would be investigated 

later. 

3.3.2.7 Deuterated Acetic Acid (CD 3CO2D) Addition 

To complete the labelling studies, it was decided to run an experiment with 

addition of fully deuterated acetic acid (CD3CO2D), to determine if there were any 

kinetic isotope effects (KIE). To this end an experiment was performed with two 

additions of acid; one unlabelled addition followed by an addition of the deuterated 

acid. This was done to allow comparison of the two additions in the same 

experiment, so that any effects could be easily observed. 

The GC data for the run showed the usual features that were observed in the 

previous experiments upon introduction of the acid. The unlabelled acid was fed in 

first at a molar feed rate of 1.5mol% (4.6x10-7moles min-1) after 12hrs. Increases in 

CO, CO2 and water were observed, along with production of ethanol and methyl 

acetate. In contrast the methanol production decreased dramatically.  

 

Figure 3-42 Reaction profile from 1.5mol% deuterate d acid addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst (non-deuterated acid fed  in between 12 and 32hrs, deuterated 
acid fed in between 54 and approximately 64hrs) 
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The acid was stopped at 32hrs and the system was allowed to return to 

equilibrium prior to the 2nd acid addition. At 54hrs, fully deuterated acid was fed 

into the system, at the same molar feed rate as for the 1st addition. Like previously 

increases in CO, CO2 and water concentrations were observed along with 

production of ethanol and methyl acetate. 

 

Figure 3-43 Reaction profile from 1.5mol% deuterate d acid addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst (non-deuterated acid fed  in between 12 and 32hrs, deuterated 
acid fed in between 54 and approximately 64hrs) 

 
Methanol production again decreased dramatically. As the deuterated acid was 

fed in for a shorter period of time (12hrs) than for the unlabelled addition (20hrs), 

the production of ethanol and methyl acetate did not reach the same levels. 

However if the additions were compared after 12hrs, both additions were similar 

and therefore the differences in the additions were most likely due to the length of 

time the acid was added in for, and not any kinetic isotope effect. 
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Figure 3-44 Mass balances from 1.5mol% deuterated a cid addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst (non-deuterated acid fed  in between 12 and 32hrs, deuterated 
acid fed in between 54 and approximately 64hrs) 

 
After the second addition it was observed that the methanol production did not 

return to its original level. However, further GC sampling was prevented by the 

loss of the carrier gas overnight. It was anticipated that had that not occurred, the 

methanol concentration would have been observed returning to normal. 

Throughout both additions the carbon and oxygen balances remained reasonably 

steady, indicating that like the previous experiments, little carbon was deposited 

on the catalyst surface. 

3.3.2.8 Acid Balance 

Acid to Ethanol (%) 20.9 

Acid to Methyl Acetate (%) 1.2 

Acid to CO / CO2 (%) 84.2 

Total (%) 106.3 

Table 3-8 Acid balance from 1.5mol% deuterated acid  addition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst 
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The acid balance of the system showed that all the acid that was fed into the 

system could be accounted for. The additions performed in the experiment were of 

the 1.5mol% level whereas in the previous systems the additions were of the 

1.0mol% level. The increase in acid concentration resulted in an increase in the 

ethanol:methyl acetate ratio. In the 1mol% systems the ratio was 14:1 whereas in 

the 1.5mol% system the ratio was 17.4:1. This indicated that at higher 

concentrations of acid, ethanol was the favoured product. 

3.3.2.9 Temperature Programmed Oxidation (TPO) 

The TPO of the catalyst post reaction showed a similar profile to the TPO 

performed in the previous experiment, although a slightly larger evolution of CO2 

at low temperatures was observed. It was unclear as to why however, as the acid 

balance shows that all the acid fed in to the system was accounted for and was 

therefore not present on the catalyst surface.  

 

Figure 3-45 Post reaction TPO from 1.5mol% deuterat ed acid addition into CO/CO 2/H2 
system over Katalco 51-8 catalyst 

 
In total, three evolutions of CO2 were observed, two at low temperature (probably 

relating to methanol precursor species) and one at high temperature (probably 

relating to metal carbonate decomposition). Broad low temperature evolutions of 
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HDO and D2O were observed as well, confirming the presence of deuterium on 

the catalyst surface. 

3.3.2.10 Mass Spectrometry 

The acid was fed in to the system at the following cycles: 

Addition Added (cycles) Stopped (cycles) 

CH3CO2H 1247 2916 

CD3CO2D 5635 unknown 

Table 3-9 Acid additions into CO/CO 2/H2 system over Katalco 51-8 catalyst 

 
(The exact cycle that the deuterated acid addition was unknown as the deuterated 

acid ran out overnight.) 

Hydrogen 

 

Figure 3-46 Mass spectra from 1.5mol% deuterated ac id addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst 
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The mass spectrometry results showed that for both acid additions, the levels of 

H2 (mass 2) decreased. This was due to the increased hydrogenation activity, as 

the acid was readily hydrogenated to ethanol, a process requiring two moles of H2.  

Mass 3 related to the presence of H-D. As expected there was no formation of HD 

during the undeuterated addition. However, when the deuterated acid was fed in, 

formation of H-D took place. This indicated that rapid exchange of the deuterium 

present on the surface acetate took place with adsorbed surface H2. 

Mass 4 related to the formation of deuterium (D2). However, no D2 was formed as 

the concentration of hydrogen in the system was so high the chances of two D 

atoms combining to form D2 were minimal. The ratio of hydrogen (H2) in the 

system to deuterium in the acid (D2) was 30:1 

Water 

 

Figure 3-47 Mass spectra from 1.5mol% deuterated ac id addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst 

 
The baseline for water (mass 18) was constantly decreasing throughout the 

course of the run, making observations difficult. However, a slight increase was 

evident upon the addition of the unlabelled acid, which was supported by the GC 

data. The GC data also showed an increase in water levels when the deuterated 
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acid was fed in, however no increase was observed in the mass 18 signal at this 

point. As explained previously the increase in water when the acid was introduced 

to the system was most likely derived from the hydrogenation of the acid to form 

ethanol and the condensation reaction between the acid and methanol to form 

methyl acetate.  However, when the deuterated acid was fed in, water would not 

be produced, but rather HDO or D2O. This was reflected by the increases in the 

mass 19 signal (HDO) and mass 20 signal (D2O) when the deuterated acid was 

present. 

The increase in mass 19 for the non-deuterated addition was at first suspected to 

be simply due to the isotopic abundance of H2
18O. However the increase was far 

too large in size and it was unclear as to why. The response could still be used for 

comparison for the deuterated addition. The increase in mass 19 for the 

deuterated addition was much larger and was attributed to the production of HDO.  

Methanol 

 

Figure 3-48 Mass spectra from 1.5mol% deuterated ac id addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst 

 
The mass spectrometer data for the run showed that the mass fragments for 

methanol (masses 31 and 32) correlated very well with the GC data, with obvious 

decreases upon introduction of both the deuterated and the undeuterated acid. 
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Interestingly, masses 33 and 34 both showed an increase upon addition of the 

deuterated acid, indicating that deuterium was present in the methanol. Only two 

pathways could have led to the presence of deuterium. Firstly if the deuterated 

acid was converted to methanol, and secondly if exchange from HD or surface 

deuterium took place. The conversion of acetic acid to methanol was ruled out, as 

the previous 13C labelling studies showed no incorporation of the label into 

methanol. Therefore the presence of deuterium in the methanol could only have 

occurred through exchange with deuterium either on the catalyst surface or from 

the gas phase HD. 

Masses 33 and 34 were attributed to be mono-deuterated methanol and di 

deuterated methanol respectively. Mass 35 showed no response throughout the 

run for both the undeuterated and the deuterated additions. 

Ethanol 

 

Figure 3-49 Mass spectra from 1.5mol% deuterated ac id addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst 

 
For the undeuterated addition, responses were observed in masses 45 and 46. 

These masses corresponded to the production of ethanol. The ratio of the ion 

currents of the masses respective to each other matched exactly with the relative 

abundance of each mass. This ratio was used to aid identification of the mass 
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fragments in the deuterated addition. Mass 45 represented undeuterated ethanol 

and a reasonable increase was observed. Mass 46 was assigned to being mono 

deuterated ethanol, as was mass 47. Mass 48 and mass 49 were assigned to be 

doubly deuterated ethanol and tri deuterated ethanol respectively. No response 

was observed in the mass 50 signal for both the deuterated and undeuterated 

addition. 

The results showed clearly that deuterium was present in the ethanol to varying 

degrees. As the production of ethanol was due to the hydrogenation of the 

deuterated acid, it was expected that some deuterium would still be present. Up to 

3 deuterium atoms were detected present in the ethanol, indicating that possibly a 

whole deuterated methyl group remained. The increase in mass 45 upon addition 

of the deuterated acid indicated that the deuterium was fully exchanged with 

hydrogen for a portion of the ethanol.  

Methyl Acetate   

 

Figure 3-50 Mass spectra from 1.5mol% deuterated ac id addition into CO/CO 2/H2 system 
over Katalco 51-8 catalyst 

 
The mass spectrometry data showed only an increase in the mass 74 signal for 

the undeuterated acid addition. Mass 74 was the mass fragment corresponding to 

undeuterated methyl acetate. For the deuterated addition, responses were 
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observed for masses 74-78, indicating that deuterium was present in the methyl 

acetate to varying degrees. 

3.3.2.11 Summary 

The results from the 13C labelling studies confirmed that acetic acid was a 

precursor to both ethanol and methyl acetate as the label showed up in both 

compounds. The mechanisms would be the hydrogenation of the acetic acid to 

form the ethanol and an esterification reaction involving the acid and methanol to 

produce methyl acetate. The 13C label was also found to be incorporated into the 

CO2, confirming that a route for acetic acid to be converted to CO/CO2 existed. 

Although the label was not able to be observed in the CO due to overlapping with 

a methanol fragment, it can be assumed that the label will be present at least 

through the WGS, if not directly.  

The label was not detected in methanol, ruling out decomposition of the acid via a 

surface formate. No methane formation was observed throughout both the labelled 

and unlabelled additions. This was important as one of the proposed routes for 

acetic acid conversion to CO/CO2 was through decomposition. Acetic acid has 

been shown to decompose on metal surfaces via a simple decarboxylation to yield 

methane and CO2 [95-97]. 

CH3CO2H �� CO2 + CH4 

However, if decomposition occurred in the current system the methyl group of the 

acetic acid must decompose further, rather than pick up a proton to form methane. 

Oxidation of the surface carbon could then take place to yield CO/CO2.  

The deuterated acid studies revealed that there was no kinetic isotope effect when 

deuterium was present in the acid. The deuterium was found to be incorporated in 

hydrogen, water, ethanol, methyl acetate and methanol. Incorporation into the 

methanol was through deuterium on the surface of the catalyst being utilised 

during the hydrogenation of CO2. Post reaction TPO confirmed the presence of 

deuterium on the catalyst surface. 
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3.3.3 Conversion of Acid to CO/CO 2 

Although the labelling studies identified that a route for converting acetic acid to 

CO/CO2 existed, they revealed little as to the mechanism. Initially it was 

considered that decomposition of the acetate to a surface formate could be 

occurring, this mechanism was ruled out on the basis that carbon labelling did not 

show migration of acetic acid carbon to methanol (methanol being the 

hydrogenation product of formate).  

Other possibilities remained such as hydrolysis, and also decomposition of the 

acid via decarboxylation followed by reoxidation of surface carbon. Several 

different routes for the conversion of acid to CO/CO2 along with the associated ∆G 

values are shown below:   

OH

O

CO2 + 2H2 +C(ads)
2H2O

2CO2 + 4H2

H2O

CO2

2CO

CO + H2

2O(ads)
CO2

1

2

3

4

5

H2O

2CO + 2H2

CO + CO2 + 3H2

6

7

 

 

 

 

*A ∆G value was unable to be obtained for route three, as thermodynamic data on absorbed 

oxygen was unavailable 

Routes 5 and 6 show the possible hydrolysis routes, and the associated ∆G 

values suggested that both mechanisms were plausible. Routes 1 and 7 were both 

possible decomposition pathways to CO and CO2, although the associated ∆G 

1) ∆G523 = -64.55kJ mol-1 5) ∆G523 = -23.71kJ mol-1 
2) ∆G523 = +60.44kJ mol-1 6) ∆G523 = -4.11kJ mol-1 
3) ∆G523 = unknown*   7) ∆G523 = +15.49kJ mol-1  
4) ∆G523 = +80.04kJ mol-1 
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values suggested that route 7 was not as favourable. Routes 2, 3 and 4 were 

possible ways that the surface carbon could be re-oxidised. 

Overall, the most likely route towards CO2 was through decomposition. Although 

two routes for the decomposition were included for completeness, 

thermogravimetric studies have previously shown that surface acetate groups 

decompose via route 1 on transition metal surfaces [95-97, 125, 126]. The 

oxidation of the surface carbon however could proceed through three routes and it 

was unclear as to what route (if any) was occurring. 

It was of interest to determine if hydrolysis of the acetic acid on the surface of the 

catalyst was a route towards CO/CO2. Although energetically favourable, the 

hydrolysis of acetic acid, or indeed any carboxylic acid in the gas phase had not 

been observed in the literature previously. It was decided to investigate as to 

whether these processes were occurring over the Katalco catalyst.  

3.3.3.1 Experimental 

Prior to reaction, the Katalco 51-8 catalyst was reduced in situ in the reactor under 

50ml min-1 flowing hydrogen at a temperature of 523K. The catalyst was held at 

this temperature for 3hrs. 

To investigate the effects of water on the acid, an experiment was designed 

whereby instead of concentrated acid being fed in to the system, a mix of water 

and acetic acid (2:1 molar mix) was fed in. As the presence of water would affect 

the water gas shift reaction, it was decided to remove CO and CO2 from the feed 

and replace with nitrogen. This would also allow any CO/CO2 evolved from the 

acid to be easily detected. The exact gas mix composition used was 60ml N2 / 190 

ml H2. 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  

• Gas Flow (ml min-1)   250       

• Catalyst Volume (ml)  1.36 
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• GHSV (hr-1)    ~11,000 

The acid was fed in at a molar feed rate of 4.51x10-7 moles min-1 and the water 

was fed in at a molar feed rate of 9.01x10-7 moles min-1. 

3.3.3.2 Acetic Acid / Water Addition 

The acetic acid/water mix was fed in to the system from the beginning. Sampling 

began after 2hrs. Ethanol was the main carbon based product formed, and was 

expected due to the reducing nature of the feed gas. 

 

 

Figure 3-51 Reaction profile from acid / water addi tion into N 2/H2 system over Katalco 51-8 
catalyst (acid fed in continuously after 2hrs) 

 
Other carbon based species observed included ethyl acetate, acetic acid and 

methanol. The ethyl acetate observed was simply a condensation reaction 

between the acetic acid and the ethanol produced through the hydrogenation of 

the acid. In the classic methanol synthesis system methyl acetate was formed as 

methanol was the abundant alcohol. In the absence of CO and CO2 in the feed, 

the ethanol became the abundant alcohol. Although methanol was detected in the 

system, its presence was attributed to being an artefact from a previous run rather 

than as a product from the addition of acetic acid.  
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Figure 3-52 Reaction profile from acid / water addi tion into N 2/H2 system over Katalco 51-8 
catalyst (acid fed in continuously after 2hrs) 

 
A small concentration of acetic acid was also observed emerging through the 

system unreacted. 

Although a reasonable concentration of water was detected throughout the 

experiment (from the liquid feed and also the hydrogenation / condensation 

reactions of acetic acid) neither CO nor CO2 were detected by the GC analysis. 

This suggested that hydrolysis was not involved in the process whereby the acid 

was converted to CO/CO2. Both the carbon balance and the oxygen balances of 

the system showed that substantial amounts of carbon and oxygen were missing 
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Figure 3-53 Mass balances from acid / water additio n into N 2/H2 system over Katalco 51-8 
catalyst (acid fed in continuously after 2hrs) 

 
This indicated that the missing carbon and oxygen were deposited on the catalyst 

surface. Although the result ruled out the possibility of acid hydrolysis, it also 

suggested that both the postulated decomposition of acetic acid and the 

subsequent oxidation of surface carbon mechanisms were also possibly incorrect. 

3.3.3.3 Decomposition 

Firstly, the postulated decomposition mechanism of the acid on the surface of the 

catalyst would yield gas phase CO2 as well as an adsorbed methyl group. No CO2 

was detected by GC analysis. However the possibility of a different decomposition 

pathway under the reducing conditions was a distinct possibility. In the original 

paper on decomposition, Bowker acknowledged that reconstruction of the crystal 

surfaces could be a factor in the decomposition of the acetate[97]. This opened up 

to the possibility that the breakdown of the acid was structure sensitive.  Further 

literature search revealed that the copper particles of methanol synthesis catalysts 

were directly affected by the nature of the feed gas surrounding them [58, 59, 69]. 

Under reducing conditions the formation of oxygen vacancies at the Cu-ZnO 

interface resulted in an increased interaction with the copper particles and the 

formation of disc like particles with higher surface areas. Under more oxidising 

conditions this effect did not occur and more spherical particles were present. The 
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dynamic morphology of the copper particles was attributed to gas-induced 

changes in the Cu/ZnO interface energy. 

 

Figure 3-54 Schematic model for wetting / 
non wetting of copper on zinc surface[59] 

 

 

Figure 3-55 The dimensionless surface area 
A/V2/3 (y axis) of the different facets versus the 
contact surface free energy � / �0 (x axis)[69] 

 
 Changes in the morphology of the copper particles also resulted in a change of 

the relative abundances of different crystal planes. Under reducing conditions 

there was an increase in Cu(110) and Cu(100) planes, which were more active 

than Cu(111) for methanol synthesis[58, 59, 69]. 

The studies indicated that the morphology of the copper particles varied under 

different gas environments. The shifts in morphology could explain why acid 

conversion to CO/CO2 was observed under the classic methanol synthesis feed, 

but not under the N2/H2 feed. It was possible that the route was structure sensitive, 

and that under the N2/H2 feed, the morphology of the copper was not able to 

catalyse the conversion of acid to CO/CO2 via decarboxylation. Instead, complete 
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decomposition of the acetate on the catalyst was postulated to proceed, with 

carbon fragments deposited on the surface.  

3.3.3.4 Oxidation of Surface Carbon 

The result also suggested that the postulated oxidation of deposited carbon was 

incorrect. As shown by the mass balances throughout the reaction, a significant 

amount of both oxygen and carbon were missing, and presumably deposited on 

the surface of the catalyst. If this were the case then oxidation of the surface 

carbon would have been able to take place, as a significant amount of oxygen was 

present. The fact that CO/CO2 was not observed suggested that the mechanism 

(route 5 in the earlier schematic) was incorrect. 

However it was envisaged that for the oxidation of the surface carbon to proceed, 

adsorbed atomic oxygen was required on the catalyst surface. 

C(ads) + O(ads) �� CO   Or C(ads) + 2O(ads) �� CO2 

With water in the feed, it was possible that the adsorbed water on the surface of 

the catalyst could have oxidised the surface carbon via the following mechanism: 

H2O + C �� CO + H2 

However, in the literature it has been observed that water does not adsorb 

molecularly on the surface of the catalyst at the reaction temperature, but rather 

dissociates on the catalyst surface to form surface hydroxide groups and gas 

phase hydrogen[139]:  

2H2O �� 2OH(ads) + H2 

As the oxygen was not present on the surface of the catalyst in atomic form, but 

rather as hydroxyl groups, it was possible that the hydroxyl groups may not have 

been able to oxidise the surface carbon.        

Another route of oxidising the surface carbon similar to oxidation by surface water 

would be a reverse Boudouard reaction involving CO2.  

CO2 + C(ads) �� 2CO  
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As CO2 was not present in the current system, the conversion of surface carbon to 

CO could not take place. Under classic methanol synthesis feeds where CO2 was 

present, the process could proceed. Investigation of the gas feed composition was 

required to ascertain as to whether this process could take place. 

3.3.3.5 Acid Balance 

Acid to Ethanol (%) 16.3 

Acid to Ethyl Acetate (%) 0.9 

Unreacted Acid (%) 0.2 

Total (%) 17.4 

Table 3-10 Acid balance from acid / water addition into N 2/H2 system over Katalco 51-8 
catalyst 

 
The acid balance confirmed that a substantial amount of the acid was missing, and 

had been laid down on the catalyst surface. 

3.3.3.6 Temperature Programmed Oxidation (TPO) 

 

Table 3-11 Post reaction TPO from acid / water addi tion into N 2/H2 system over Katalco 51-8 
catalyst 
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The TPO of the catalyst post reaction showed the usual weight increase upon 

exposure to the oxidising feed, converting the reduced copper metal to copper 

oxide. The weight increase profile however was perturbed twice, at 271°C and 

321°C. These perturbations corresponded to separate  evolutions of CO2 from the 

catalyst surface. A DSC trace indicated that the evolutions were exothermic, and 

suggested that surface carbon was being burned off. A substantial amount of 

carbon was removed from the catalyst, enough to disrupt the weight increase of 

the sample due to copper oxidation.  

Previously these low temperature deposits were thought to be formate groups on 

the surface of the catalyst, or other methanol precursor species. Carbon laydown 

was also a possibility. As methanol synthesis was not carried out, the presence of 

formate groups on the surface of the catalyst was ruled out. Further investigations 

into the species deposited on the catalyst were required. 

The usual high temperature evolution was also observed, and was thought to be 

metal carbonate decomposition. 

3.3.3.7 Summary  

Overall, the experiment showed that no CO/CO2 was produced upon introduction 

of an acid/water mix over the Katalco catalyst. This confirmed that the acid was 

not being hydrolysed in the system, but most probably decomposing on the 

surface of the catalyst. 

However, the decomposition profile of the acetate on the surface of the catalyst 

was different to that proposed in the literature. Several studies have shown that on 

transition metal surfaces the acetate decomposed to yield gas phase CO2 and H2, 

with adsorbed carbon left on the surface [95-97, 125]. However, no CO2 was 

detected upon the introduction of the acid. This suggested that the mechanism of 

decomposition under the N2/H2 feed was not a decarboxylation. 

One possibility was that the decomposition of the acid was structure sensitive. The 

literature revealed that the morphology of copper particles in methanol synthesis 

catalysts were directly related to the atmosphere surrounding them [58, 59, 69]. 

The morphology was sensitive to the gas feed composition. It was therefore 
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possible that under the N2/H2 system the decomposition route was different to that 

under a CO/CO2/H2 feed. 

The mass balances of the system showed a substantial amount of carbon and 

oxygen missing, with both deposited on the catalyst surface. The TPO of the 

catalyst post reaction confirmed that substantial deposits of carbon were present. 

The presence of both deposited carbon and oxygen on the surface of the catalyst 

would have presumably led to oxidation of the surface carbon, however as 

mentioned, no CO or CO2 was detected in the system.  

As no CO or CO2 production was observed, it was apparent that oxidation of the 

surface carbon via water did not take place, possibly due to the water dissociating 

to surface hydroxyl groups rather than remaining in a molecular form. Oxidation 

via CO2 in a reverse Boudouard type reaction was still possible, as the feed gas 

did not contain CO2.  

3.3.4 Acetate/Carbonate TGA Studies 

The identity of the carbonaceous species present on the surface of the catalyst 

could not be identified from simply running post reaction TPOs of the catalyst, as 

all the carbon evolved came off in the form of CO2. Thermogravimetric analysis of 

the post reaction catalysts under inert feed also did not aid in the identification of 

the species present.  

As metal carbonates and metal acetates were previously suggested as possible 

species on the catalyst, it was decided to investigate the breakdown of these 

species under the same conditions used for the post reaction TPO’S.  

3.3.4.1 Experimental 

The chemical composition of the Katalco 51-8 catalyst contained principally four 

metals: Cu, Zn, Mg and Al. If carbonates or acetates were present on the surface 

of the catalyst then in principle they could be present on any or all of the metals. It 

was therefore decided to test a series of metal acetates and metal carbonates 

using the same TPO heating profile as used for the analysis of post reaction 

catalysts.  

The exact compounds and purities used are listed in the Experimental section. 
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3.3.4.2  Acetates 

Several studies in the literature have been performed on the thermal 

decomposition behaviour of metal acetates [140-142]. The importance of metal 

acetates arises from their use for the preparation of metal and metal oxide 

catalysts. On decomposition, metal acetates often yield acetone and acetic acid 

and there may be incomplete melting and some hydrolysis of hydrated salts[140, 

142]. 

Copper acetate was found to decompose to yield CO2 at ~280°C, with a slight 

shoulder peak apparent at ~293°C. In the literature  the thermal decomposition of 

hydrated copper acetate was believed to yield CO2, H2, CH4, ketene fragments 

and surface carbon. However in the present system as the studies were performed 

in an oxidising environment, CO2 was the only carbon based product. The 

decomposition of zinc acetate took place at a higher temperature with an evolution 

of CO2 observed at 322°C. 

 

Figure 3-56 TGA data from decomposition of metal ac etates in O 2/Ar 

 
If the decomposition temperatures of copper and zinc acetate, 275°C and 322°C 

respectively, were compared with the low temperature CO2 evolutions from the 

TPO of the previous experiment, the evolutions matched exactly. This indicated 

that it was possible that the carbonaceous species observed on the surface of the 
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catalyst post reaction were surface acetate groups of copper and zinc. As copper 

and zinc were the main metallic constituents of the Katalco catalyst, it was likely 

that the largest concentrations of acetate would be present on these metals. 

Evolutions of CO2 were observed from the breakdown of aluminium acetate and 

magnesium acetate at temperatures of 360°C and 363° C respectively. Although 

the decomposition of the acetates were at higher temperatures than observed for 

the copper and zinc, aluminium and magnesium were present in the catalyst to a 

much smaller degree. It was therefore possible that aluminium and magnesium 

acetates were formed as well during the acid addition, but were not observed in 

the post reaction TPO’s due to overlapping with zinc and copper acetate 

decomposition. 

3.3.4.3 Carbonates 

The formation of carbonates over metal catalysts during reactions involving 

CO/CO2 has been observed previously by several research groups. The 

mechanism is proposed to proceed via the reaction of CO2 with support O2- and 

OH- groups to form CO3
2- or HCO3

-[110, 143]. Formation of carbonates has been 

shown to occur on basic supports such as MgO previously[144]. 

The thermal decomposition of metal carbonates is well known in the literature. The 

general equation is shown below, where M = any metal: 

MCO3 � MO + CO2   

The TGA studies of the three metal carbonates (aluminium carbonate could not be 

obtained) revealed that the decomposition of the carbonates all took place below 

600°C. Zinc carbonate decomposed first, at a temper ature of 265°C, whereas 

copper carbonate decomposed at 333°C. The temperatu re of the evolutions 

suggested that the breakdown of these metal carbonates could be at least partly 

responsible for the low temperature evolutions of CO2 observed in the post 

reaction TPO’s.  
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Figure 3-57 TGA data from decomposition of metal ca rbonates in O 2/Ar 

 
Magnesium carbonate decomposed later in a two step decomposition, at 

temperatures of 467°C and 517°C. 

The results indicated that metal carbonate decomposition was not responsible for 

the high temperature evolution of CO2 that was observed in the post reaction 

catalyst TPO’s, as the evolutions were at much lower temperatures.     

3.3.4.4 Summary 

The results from the TGA studies suggested that the low temperature evolutions 

from the post reaction catalyst TPO’s were possibly due to a mixture of copper and 

zinc acetates and carbonates. This was not unexpected as copper and zinc are 

the main metallic components of the Katalco catalyst. 

Under a methanol synthesis feed, it’s likely that formate species or other methanol 

precursor species would still be present on the catalyst, and could therefore 

contribute to the low temperature evolutions. Further TGA studies on metal 

formates, the closest stable intermediate to methanol would be required to 

investigate this possibility. In the literature copper formate has been shown to 

decompose at ~200°C[145], although studies adsorbin g methanol and formic acid 

onto CuO have shown that the decomposition of formate occurs at ~277°C[146]. 
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At that temperature, the decomposition of surface formates are a possibility for the 

evolutions of CO2 observed in the systems with and without acid additions. 

The TGA studies however did not yield any information as to the nature of the high 

temperature species. The metal carbonates decomposed at much lower 

temperatures, ruling them out. Therefore it was thought that the evolution could 

actually be due to the breakdown of the catalyst binder. As the binder used by the 

manufacturers of the Katalco catalyst remains confidential, studies into this 

possibility are prevented. 

3.3.5 Gas Composition Studies 

Although hydrolysis of the acetic acid was shown not to take place, altering the 

feed gas composition from CO/CO2/H2 to the N2/H2 atmosphere resulted in a 

change in the behaviour of the acid. Decomposition via decarboxylation did not 

proceed (as suggested by the literature) and no CO/CO2 was produced. Several 

possibilities were suggested as to why, such as morphological changes of the 

copper particles leading to a structure sensitive decomposition and also the 

possibility that water could not oxidise the surface carbon. 

As the morphology of the copper particles had been previously shown in the 

literature to change depending on the feed gas environment surrounding them [57-

59, 69], it was decided to carry out a programme of work investigating the effects 

of altering the feed gas composition on the behaviour of the acid. It was also of 

interest as to whether CO2 present in the feed would lift off surface carbon, in a 

reverse Boudouard mechanism.  

3.3.5.1 Reaction Conditions 

Prior to reaction, the catalyst was reduced in situ in the reactor under 50ml min-1 

flowing hydrogen at a temperature of 523K. The catalyst was held at this 

temperature for 3hrs. 

The following reaction conditions were used: 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  
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• Gas Flow (ml min-1)   250       

• Catalyst Volume (ml)  1.36 

• GHSV (hr-1)    ~11,000 

The feed gas was varied for each experiment, to allow the effect of each gas 

component on the behaviour of the acid to be observed. The gas feeds used are 

listed below:  

Gas Composition Ml min -1 

N2  250 

N2 / H2 60 / 190 

N2 / CO / H2 10 / 80 / 160 

N2 / CO2 / H2 10 / 60 / 180 

N2 / CO / CO2 / H2 10 / 25 / 25 / 190 

Table 3-12 Feed gas compositions 

 
In all experiments N2 was used as a reference gas, for the calculation of 

conversion. Acetic acid was fed in to each system at a molar feed rate of 1.0mol% 

(3.1x10-7 moles min-1). 

 

 

 

 



 142 

3.3.5.2 Nitrogen Atmosphere (N 2)  

Under a N2 atmosphere there was very little conversion of the acid to other 

products, with only small traces of ethanol and methanol observed. 

 

Figure 3-58 Reaction profile from 1.0mol% acid addi tion into N 2 system over Katalco 51-8 
catalyst (acid fed in continuously after 2hrs) 

 
The ethanol present was most likely formed from the hydrogenation of the acid. 

Although the experiment was conducted in an inert atmosphere, the catalyst was 

activated in flowing H2 prior to the introduction of the acid. It was likely that some 

residual H2 from the reduction was still present in the system and reacted with the 

acid to produce the alcohol. The methanol that was observed was most likely an 

artefact from a previous run. 
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Figure 3-59 Mass balances from 1.0mol% acid additio n into N 2 system over Katalco 51-8 
catalyst (acid fed in continuously after 2hrs) 

 
Although no other products were observed, only 43% of the acetic acid that was 

introduced to the system was accounted for. The levels of water produced in the 

system were reasonably high and suggested possibly that another reaction was 

occurring. However the GC traces showed no unexplained peaks and the traces 

were ran for long enough to ensure the elution of all products. This did not rule out 

the possibility of a surface reaction on the catalyst, possibly decomposition to form 

water and surface carbon. 

CH3CO2H �� 2C + 2H2O     ∆G523 = -105.39 kJ mol-1 

However, the water levels observed could only account for another 15% of the 

acid, and therefore a significant amount still remained unaccounted for.  
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Acid to Ethanol (%) 0.1 

Unreacted Acid (%) 43.2 

Total (%) 43.3 

Table 3-13 Acid balance from 1.0mol% acid addition into N 2 system over Katalco 51-8 
catalyst 

 
Post reaction, a temperature programmed oxidation (TPO) was performed to 

determine if carbon had been deposited on the surface of the catalyst. Although 

carbon dioxide was evolved, the weight change profile of the TPO was unusual 

when compared with the previous TPO’s. An example of both is shown below: 

 

Figure 3-60 Post reaction TPO from 1.0mol% 
acid addition into N 2 system over Katalco 51-
8 catalyst 

 

 

Figure 3-61 Typical post reaction TPO profile 

 

Under a classic methanol synthesis feed (CO/CO2/H2), the copper in the catalyst 

was present in a reduced state i.e. copper metal. Upon performing the TPO a 

weight gain was observed as the copper re-oxidised to copper oxide. However it 

appeared that under the inert conditions used in the N2 experiment, the acetic acid 

had already re-oxidised the copper prior to the TPO, as only a weight loss was 

exhibited for the evolution of surface carbon species. A possible route could be the 

complete decomposition of the acid on the catalyst surface to yield two surface 

oxygen atoms: 

CH3CO2H �� 2C(ads) + 2O(ads) + 2H2  

This would result in the oxidation of the surface copper, without an evolution of 

water. If the re-oxidation of the surface carbon took place via a reverse Boudouard 
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type mechanism involving CO2, rather than adsorbed surface oxygen’s as 

proposed earlier, then this would explain why no CO was evolved from the 

catalyst. 

3.3.5.3 Nitrogen / Hydrogen Atmosphere (N 2/H2)  

When the same experiment was conducted under a reducing atmosphere, 

significant hydrogenation of the acid (~25%) to ethanol was observed along with 

minor traces of ethyl acetate and unreacted acetic acid. 

 

Figure 3-62 Reaction profile from 1.0mol% acid addi tion into N 2/H2 system over Katalco 51-8 
catalyst (acid fed in continuously after 6hrs) 

 
The ethyl acetate was the product of a condensation reaction between the ethanol 

and the acid. It was only when a significant concentration of ethanol was observed 

in the system that production of ethyl acetate began.  
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Figure 3-63 Reaction profile from 1.0mol% acid addi tion into N 2/H2 system over Katalco 51-8 
catalyst (acid fed in continuously after 6hrs) 

 
Like the previous system, a significant concentration of water was produced. Both 

the production of ethanol and ethyl acetate involved the formation of water, 

however the production did not account for the concentration present. This 

suggested that another reaction was occurring although no other products were 

observed by the GC.  

Acid to Ethanol (%) 24.7 

Acid to Ethyl Acetate (%) 1.0 

Unreacted Acid (%) 0.1 

Total (%) 25.8 

Table 3-14 Acid balance from 1.0mol% acid addition into N 2/H2 system over Katalco 51-8 
catalyst 

 
Again, like the previous system this did not rule out the possibility of acid 

decomposition on the catalyst surface to yield carbon and water. 
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Figure 3-64 Mass balances from 1.0mol% acid additio n into N 2/H2 system over Katalco 51-8 
catalyst (acid fed in continuously after 6hrs) 

 
The mass balance of the system confirmed that a substantial amount of both 

carbon and oxygen were missing, and presumably deposited on the catalyst 

surface.  

A TPO was performed on the catalyst post reaction, and the usual weight gain 

profile was observed, indicating that the catalyst was still in a reduced state after 

the acid addition.  
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Figure 3-65 Post reaction TPO from 1.0mol% acid add ition into N 2/H2 system over Katalco 
51-8 catalyst 

 
This suggested that the decomposition pathway for the acid in the reducing 

atmosphere was different than the decomposition pathway observed previously 

under the inert feed. It was probable that the presence of hydrogen maintained the 

catalyst in a reduced state. 

A significant amount of CO2 was evolved from the catalyst during the TPO, 

confirming that laydown of the acetic acid on the catalyst surface had taken place. 

3.3.5.4 Carbon Monoxide / Hydrogen (CO/H 2) 

Under a syngas feed of CO:H2 (molar ratio 1:2), methanol was produced 

selectively (~99%) over the Katalco catalyst. The same reaction profile was 

observed as in the baseline experiment performed in section 3.2.2.1. Deactivation 

in the methanol production was apparent, and was attributed to being due to the 

highly reducing nature of the feed gas.  
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Figure 3-66 Reaction profile from 1.0mol% acid addi tion into CO/H 2 system over Katalco 51-
8 catalyst (acid fed in from 20 to 28hrs) 

 
Upon introduction of the acid into the system after 20hrs, increases in CO2, 

methanol and water were observed along with production of ethanol and methyl 

acetate.  
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Figure 3-67 Reaction profile from 1.0mol% acid addi tion into CO/H 2 system over Katalco 51-
8 catalyst (acid fed in from 20 to 28hrs) 

 
The production of ethanol and methyl acetate were expected, along with the 

associated increase in water concentration. The increase in CO2 was initially 

thought to be from water gas shift activity, as a decrease in CO levels was 

observed. 

CO + H2O �� CO2 + H2     ∆G523 = -19.6kJ mol-1 

Under the reaction conditions of temperature and pressure the conversion of CO 

to CO2 was favourable. 

However, there was not enough water produced from the ethanol and methyl 

acetate production to create the levels of CO2 observed. Therefore the acetic acid 

was deemed to be the source of the CO2 in the system, similar to that observed 

under the classic methanol synthesis feed. No methane was detected upon 

introduction of the acid, indicating that a straightforward decarboxylation whereby 

the methyl group further decomposed to surface carbon and gaseous hydrogen 

could be occurring. 

CH3CO2H �� CO2 + C(ads) + 2H2 
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However, unlike for the classic methanol synthesis feed result, not all of the acid 

carbon was accounted for in the products. Only ~60% was accounted for, 

indicating that a substantial amount was deposited on the catalyst surface.  

 

Figure 3-68 Reaction profile from 1.0mol% acid addi tion into CO/H 2 system over Katalco 51-
8 catalyst (acid fed in from 20 to 28hrs) 

 
The mass balances for the system during the acid addition also confirmed that 

some of the acid could not be accounted for, as a significant decrease was 

observed. The possible explanation for the deposition of carbon lay in the 

postulated mechanism of re-oxidation of the surface carbon. 

Under a CO/H2 feed there are a number of reasons as to why the re-oxidation of 

the surface carbon might not proceed: 

• No CO2 was present in the feed. CO2 was postulated previously to be 

crucial in preventing carbon laydown, either through a reverse Boudouard 

process or through depositing oxygen onto the catalyst surface (via 

methanol synthesis). As no CO2 was present in the feed, the re-oxidation 

could not proceed. 

• Feed gas of CO/H2 was highly reducing. It was possible that surface 

oxygen concentrations were being slowly depleted. 
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Interestingly if the decarboxylation route was correct and it was assumed for every 

mole of CO2 that was produced one mole of carbon was laid down, the resulting 

acid balance would add up to 99%. Therefore it is possible that CO2 was required 

in the feed to re-oxidise the surface carbon in a reverse Boudouard type reaction: 

CO2 + C(ads) ��  2CO 

In summary, the product distribution obtained from the introduction of acetic acid 

was as follows: 

Acid to Ethanol (%) 14.0 

Acid to Methyl Acetate (%) 5.0 

Acid to CO/CO2 (%) 40.0 

Total (%) 59.0 

Table 3-15 Acid balance from 1.0mol% acid addition into CO/H 2 system over Katalco 51-8 
catalyst 

 
Another point of interest was that the methanol production increased upon the 

introduction of the acid, unlike for CO/CO2/H2 system where the production 

decreased. This was most likely due to the conversion of some of the acid to CO2. 

Kinetically hydrogenation of CO2 is faster than the hydrogenation of CO and 

therefore explains the rise in methanol production. Increasing the partial pressure 

of CO2 in a CO/H2 feed has been shown to result in increases in methanol 

production by several research groups [113, 147, 148]. 

Finally, once the acid feed was switched off, the system returned back to normal, 

suggesting that the effect of the acid on methanol synthesis was transient. 

To ensure that carbon from the acid had been deposited on the catalyst, a TPO 

was performed. 
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Figure 3-69 Post reaction TPO from 1.0mol% acid add ition into CO/H 2 system over Katalco 
51-8 catalyst 

 
Three distinct evolutions of CO2 were detected, with the evolutions resulting in a 

perturbation of the expected sample weight increase. This indicated that a 

substantial amount of carbon had been laid down.  

3.3.5.5 Carbon Dioxide / Hydrogen (CO 2/H2) 

Under the reaction feed gas of CO2/H2 (molar ratio 1:3) methanol was produced at 

a yield of ~3.2%. Water was produced as a side product, and also through the 

water gas shift mechanism: 

CO + H2O �� CO2 + H2 

As CO2 and H2 where the starting components, CO and H2O were produced as 

the system reached equilibrium. 



 154 

 

Figure 3-70 Reaction profile from 1.0mol% acid addi tion into CO 2/H2 system over Katalco 51-
8 catalyst (acid fed in between 28 and 54hrs) 

 
Upon introduction of the acid after 28hrs the methanol production yield dropped 

from ~3.2% to ~1.2%. This was in complete contrast to the previous system where 

the methanol production increased. However in that system the CO2 evolved from 

the introduction of the acid aided the methanol synthesis, as CO2 hydrogenation 

was kinetically faster than CO hydrogenation. In the current system CO2 was 

already present. The decrease in methanol production was therefore attributed to 

acetate groups blocking methanol synthesis on the catalyst surface. 
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Figure 3-71 Reaction profile from 1.0mol% acid addi tion into CO 2/H2 system over Katalco 51-
8 catalyst (acid fed in between 28 and 54hrs) 

 
As well as a decrease in methanol production, ethanol and methyl acetate 

production began as expected. Ethyl acetate production was observed, as the 

levels of ethanol and methanol in the system during the introduction of the acid 

were similar, i.e. the acid could react with both alcohols. Interestingly, an increase 

in water and CO2 concentrations were observed along with a decrease in CO 

levels. This was unusual, as through the water gas shift mechanism it would be 

expected that the CO and H2 levels would increase slightly as well, to equilibrate: 

CO + H2O �� CO2 + H2 

This indicated that the water gas shift mechanism was affected by the introduction 

of the acid. 
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Figure 3-72 Reaction profile from 1.0mol% acid addi tion into CO 2/H2 system over Katalco 51-
8 catalyst (acid fed in between 28 and 54hrs) 

 
Unlike for the previous system, the carbon balance remained reasonably steady 

throughout the run, indicating little to no loss of the acetic acid as carbon laydown. 

The oxygen balance increased slightly during the addition, possibly indicating that 

oxygen from the surface of the catalyst was being removed by reaction.  
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Table 3-16 Mass balances from 1.0mol% acid addition  into CO 2/H2 system over Katalco 51-8 
catalyst (acid fed in between 28 and 54hrs) 

 
If surface carbon could react with atomic oxygen on the catalyst surface to form 

CO or CO2, then this could explain the rise. It would also explain why a decrease 

in the carbon balance was not observed. 

Once the acid addition was stopped at 54hrs the system began to return to 

normal, with methanol production rising. However, longer analysis was prevented 

by the loss of the carrier gas in the GC. It was anticipated that as the system 

showed signs of recovery, the effect of the acid on the catalyst would be transient 

and not permanent. 

 

 

 

 

 



 158 

Overall, the addition of acetic acid yielded in the production of the following 

species: 

Acid to Ethanol (%) 17.0 

Acid to Methyl Acetate (%) 0.5 

Acid to Ethyl Acetate (%) 1.2 

Unreacted Acid (%) 0.5 

Acid to CO/CO2 (%) 67.5 

Total (%) 86.7 

Table 3-17 Acid balance from 1.0mol% acid addition into CO 2/H2 system over Katalco 51-8 
catalyst 

 
In total approximately 86.7% of the acid that was added could be accounted for as 

products. As the presence of CO2 in the feed had been postulated previously to 

prevent carbon laydown of the acid, it would have been expected that all of the 

acid would be accounted for as products. As all of the acid carbon could not be 

accounted for, this suggested that oxidation potential of the system was not the 

only factor involved in preventing carbon laydown. 
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Figure 3-73 Post reaction TPO from 1.0mol% acid add ition into CO 2/H2 system over Katalco 
51-8 catalyst 

 
Post reaction TPO analysis of the catalyst revealed that carbon was present on 

the catalyst surface. The presence of formate groups and other methanol 

precursor species were likely as well as the possibility of carbon laydown from the 

addition of the acid. Overall the evolutions of CO2 were reasonably small and 

therefore showed that little to no carbon laydown of the acid took place. 
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3.3.5.6 Summary 

The results from the effects of varying the gas feed composition on the behaviour 

of the acid are shown below: 

 

Figure 3-74 Acid balance of each system versus the feed gas composition of each system 

 
Ethanol and esters (methyl acetate/ethyl acetate) were observed in every system 

in reasonable concentrations apart from the inert. The presence of these species 

was due to the hydrogenation of the acid (ethanol) and the reaction of the acid 

with an alcohol (methyl acetate/ethyl acetate).  

Ethanol was produced in the highest yield in the N2/H2 system as was expected 

due to the high partial pressure of H2. The other systems all had similar levels of 

ethanol. 

Methyl acetate was produced in the systems were methanol was synthesised. 

Ethyl acetate production took place in the N2/H2 system (where no methanol was 

present) and in the CO2/H2 system (where the levels of methanol and ethanol in 

the system where approximately the same). 

The only other product that was observed upon addition of the acid was CO/CO2. 

As explained in previous sections, the conversion of acetic acid to CO/CO2 was 
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most likely through decomposition. Decomposition of surface acetate groups on 

various transition metals had been shown to proceed through a decarboxylation 

mechanism, to yield gaseous CO2 and an adsorbed methyl group. The methyl 

group had been shown to be able to decompose to yield surface carbon and 

gaseous hydrogen. It was postulated that the surface carbon could be oxidised to 

yield CO or CO2 through either oxidation by atomic oxygen or a reverse 

Boudouard reaction involving CO2. This model was used to explain the behaviour 

of the acid in the classic methanol system (CO/CO2/H2), where all of the acid 

carbon was accounted for as products. 

However, under the N2 and N2/H2 feeds, CO2 was not detected upon introduction 

of the acid, suggesting that decarboxylation of the acid was not occurring. 

Decomposition was still postulated to be taking place as a substantial amount of 

acid was not accounted for upon addition. Post reaction TPOs confirmed the 

presence of substantial deposits of carbon on the catalyst surfaces .Therefore, a 

different decomposition route was proceeding.  

A possible explanation for the behaviour was that the decomposition of acetates 

on transition metal surfaces was most likely structure sensitive[97]. The literature 

also revealed that copper particles in methanol synthesis catalysts had been 

known to alter morphology, depending on the gaseous environment surrounding 

them [58, 59, 69]. It was therefore postulated that under the N2 and N2/H2 feeds 

the decomposition of the acid was different to the decomposition under the classic 

methanol synthesis feed. Oxidation of surface carbon could not proceed either, 

due to the lack of atomic oxygen or CO2 in the systems. 

The lack of oxidants in the system, to lift off the surface carbon could also explain 

the behaviour of the acid in the CO/H2 system. Conversion of the acetic acid to 

CO2 was observed, although 40% of the carbon from the acid was deposited on 

the catalyst surface. If the acetic acid decomposed via decarboxylation, then gas 

phase CO2 would be evolved and carbon would be deposited on the catalyst. As 

no CO2 was present in the feed, and as the system was highly reducing, oxidation 

of the surface carbon could not take place. It was calculated that if the surface 

carbon had been re-oxidised, the carbon balance would have been 99% i.e all the 

acid would have been accounted for. 
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Under the CO2/H2 system an increase in conversion of acetic acid to CO/CO2 was 

evident, suggesting that the increase in oxidation potential allowed the surface 

carbon to be oxidised to CO or CO2. It was impossible to determine if the oxidation 

of the carbon was due to a reverse Boudouard reaction, or the presence of atomic 

oxygen on the surface of the catalyst.  It would have been expected if the oxidation 

potential of the system was crucial in oxidising surface carbon, that the CO2/H2 

system would show the highest acid balance (as it was the most oxidising system). 

However the acid balance of the system was only 87%, suggesting laydown of the 

acid. This indicated that the oxidation potential of the system was not the only 

factor affecting carbon laydown, and that the morphology of the copper particles 

may also be important. 

Finally, under the classic methanol synthesis system, all of the acid was 

accounted for as products, with no acid deposition on the surface of the catalyst. 

Interestingly, the lowest acid balance was recorded in the N2/H2 system, which had 

the highest partial pressure of hydrogen without the presence of an oxidant (CO2). 

This suggested that the presence of hydrogen enhances decomposition of the acid 

on the catalyst surface, whereas increasing the oxidising potential of the system 

results in less carbon laydown.  

The results showed that the feed gas played an important part in the 

decomposition of the acid. As mentioned earlier, the nature of the gas feed was 

found by researchers to alter the morphology of the copper particles, suggesting 

that the decomposition of the acid was structure sensitive. This could explain why 

significant carbon laydown was observed in some systems, whereas in others 

more of the carbon was accounted for as products.  
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3.3.6 High Concentration / Long Term Studies 

Under a classic methanol synthesis feed (CO/CO2/H2) the addition of acetic acid 

resulted in conversion of the acetic acid to CO/CO2, ethanol and methyl acetate. 

None of the acid was deposited on the catalyst surface, and once the acid addition 

was stopped the catalyst activity returned to normal. This indicated that the effect 

of the acid on the catalyst was transient, and no intrinsic deactivation of the 

catalyst had occurred. 

However, in those experiments the acid was fed over a short period of time 

(typically ~20-25hrs) and at very low concentrations (1.0-1.5mol%). It was 

therefore of interest to determine if deactivation of the catalyst occurred when acid 

was fed in over a prolonged period of time and also if a higher concentration of 

acid was introduced. 

3.3.6.1  Reaction Conditions 

Prior to reaction, the catalyst was reduced in situ in the reactor under 50ml min-1 

flowing hydrogen at a temperature of 523K. The catalyst was held at this 

temperature for 3hrs. 

The experiments were performed using a classic methanol synthesis gas feed of 

CO/CO2/H2 in a 1:1:8 molar ratio. A small concentration of nitrogen was also fed in 

as a reference gas, for the calculation of conversion. The exact gas mix 

composition used was 10ml N2 / 25ml CO / 25ml CO2 / 190 ml H2. 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  

• Gas Flow (ml min-1)   250       

• Catalyst Volume (ml)  1.36 

• GHSV (hr-1)    ~11,000 

The acid addition for the long term experiment was of 1.0mol%. The acid addition 

for the high concentration experiment was of 5.0mol%. 
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3.3.6.2 Long Term Addition 

Short term additions of low levels of acetic acid were shown to have a transient 

effect on methanol synthesis without having an intrinsic effect on the catalyst itself. 

It was of interest to determine if an extended addition of acetic acid would bring 

about deactivation of the catalyst. 

To this end, acetic acid was fed in to a classic methanol synthesis system at a 

molar feed rate of 1.0mol% (2.5x10-7moles min-1) over an extended period of time. 

For the first 6hrs of the run, no acid was fed in and the system behaved as 

expected, with a methanol yield of ~9%. 

 

Figure 3-75 Reaction profile from 1.0mol% acid addi tion into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 6 and 142hrs ) 

 
 Upon addition of the acid, immediate increases in CO and CO2 levels were 

apparent. Production of methyl acetate and ethanol also began as the acid was 

fed in, and an associated increase in water levels with the production was also 

observed. Methanol synthesis decreased sharply upon the introduction of the acid, 

as surface acetate groups blocked sites for methanol synthesis.  
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Figure 3-76 Reaction profile from 1.0mol% acid addi tion into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 6 and 142hrs) 

 
The acid was fed in to the system over 136hrs. During this period the system 

reached equilibrium, as the levels of all the products and reactants in the system 

remained at fairly constant levels. 

When the acid feed was switched off at 142hrs the system returned to its original 

state prior to the acid addition. Ethanol and methyl acetate levels dropped to zero 

while CO, CO2, water and methanol levels all returned to normal. This indicated 

that like the short term addition the effect of the acid at low levels was transient 

and even after an extended period of time the catalyst was not intrinsically 

affected. 
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Figure 3-77 Mass balances from 1.0mol% acid additio n into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 6 and 142hrs ) 

 
Finally, the carbon and oxygen balances throughout the run remained constant, 

even during the acetic acid addition. This suggested that no acid was laid down on 

the catalyst. 

3.3.6.3 Acid Balance 

Acid to Ethanol (%) 13.0 

Acid to Methyl Acetate (%) 1.0 

Acid to CO / CO2 (%) 88.0 

Total (%) 102.0 

Figure 3-78 Acid balance from 1.0mol% acid addition  into CO/CO 2/H2 system over Katalco 
51-8 catalyst (long term addition) 

 
The acid balance was in complete agreement with the carbon and oxygen 

balances of the system, showing that all the acid that was fed in could be 

accounted for as products. The product selectivities were very similar to the 

selectivities recorded for the short term addition, and well within experimental 

error. 
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3.3.6.4 Temperature Programmed Oxidation (TPO) 

 

The post reaction TPO of the catalyst showed a small low temperature evolution of 

CO2, which was most likely from the presence of formate groups on the catalyst 

surface, or other methanol precursor species. As the acid balance revealed that all 

the acid could be accounted for, it was unlikely that the evolution of CO2 was due 

to surface acetate groups. 

3.3.6.5 High Concentration Addition 

As well as determining if long term addition of acetic acid affected the catalyst, it 

was also of interest to learn if a higher concentration of acetic acid would 

deactivate the catalyst. 

To this end a run was performed where acetic acid was fed in at a molar feed rate 

of 5.0mol% (1.55x10-6moles min-1). The concentration of acid in the system was 

five times that of the previous experiment. 

Initially for the first 4hrs of the run the system behaved as expected with a 

methanol yield of ~10% produced.  
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Figure 3-79 Reaction profile from 5.0mol% acid addi tion into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 4 and 24hrs) 

 
Upon addition of the acid there were instant increases in the CO and CO2 levels, 

as observed in previous experiments. The methanol production decreased 

dramatically, from a yield of 10% to a yield of 0.13% at the lowest point. It was 

thought initially that this would be due to surface saturation of the catalyst with 

acetate groups, blocking the methanol synthesis. However it was observed later 

that once the acid feed was stopped the methanol production did not return to its 

original level as shown in previous systems. This indicated that permanent 

deactivation of the catalyst had occurred. 
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Figure 3-80 Reaction profile from 5.0mol% acid addi tion into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 4 and 24hrs) 

 
When acid was fed in to the system, initially the usual products were observed 

with CO and CO2 levels increased and ethanol and methyl acetate production 

occurring. However the ethanol levels began to diminish as ethyl acetate 

production began to take over. Due to the dramatic decrease in methanol 

production, the most abundant alcohol in the system became ethanol and 

therefore a condensation reaction between ethanol and the acid took place to 

produce ethyl acetate. Interestingly the methyl acetate levels did not decrease 

significantly as the methanol levels decreased to trace levels, indicating that its 

production was favoured. 

A few hours after the production of ethyl acetate began, unreacted acetic acid was 

also observed. Unreacted acetic acid was not observed in the classic methanol 

synthesis system when the acid was fed in at lower concentrations. This 

suggested that the level of acetic acid was so high that not all of it could be 

converted to products. 

As mentioned previously, when the acid feed was switched off the system did not 

return back to its original state. Methanol production had dropped by 50%, and the 

levels of CO and CO2 in the system were consequently higher, reflecting the lower 

conversion.  
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Figure 3-81 Mass balances from 5.0mol% acid additio n into CO/CO 2/H2 system over Katalco 
51-8 catalyst (acid fed in between 4 and 24hrs) 

 
The mass balances for the system showed that substantial amounts of carbon and 

oxygen were not accounted for during the acid addition. When a lower 

concentration of acid was fed in to previous classic methanol synthesis systems, 

the mass balances of the systems remained high, and indicated that no carbon 

deposition had taken place. However, in the current system, massive decreases 

were observed, indicating that deposition of the acid had occurred on the catalyst 

surface. 

Post reaction when the catalyst reactor lid was removed, the inside of the reactor 

was covered with a brown powder. On closer inspection two of the catalyst pellets 

had completely lost their structure and had been degraded into powder. The 

remaining pellets were severely deteriorated, with cracks clearly visible. SEM 

images of the degraded pellets were taken, as well as images of pre-reaction 

pellets.  
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Figure 3-82 SEM image of Katalco 51-8 pellet pre ac id addition 

 
The pre-reaction pellet (fig 3-83) showed a reasonably smooth surface, with slight 

grooves apparent from the manufacturing process. In comparison, the SEM 

images taken of the post reaction catalyst pellets showed severe degradation of 

the catalyst pellets. 
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Figure 3-83 SEM image of Katalco 51-8 catalyst pell et after exposure to 5.0mol% acetic acid 
feed  

 
Deep cracks were apparent on the catalyst surface, and images taken at a higher 

magnification showed that the inside of the catalyst had been powdered. 

X-ray diffraction (XRD) analysis was used to examine the effect that the high 

concentration of acid had on the catalyst sample. An XRD pattern obtained from a 

Katalco catalyst exposed to a smaller concentration of acid under a CO/CO2/H2 

feed was used for comparison, as well as an XRD pattern from a reduced Katalco 

sample.  
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Figure 3-84 XRD patterns of a reduced Katalco catal yst and a Katalco catalyst exposed to 
1.0mol% acetic acid under a CO/CO 2/H2 feed 

 
The XRD pattern for a reduced Katalco catalyst showed reflections relating to the 

presence of copper oxide (CuO), copper metal (Cu) and zinc oxide (ZnO). The 

presence of a zinc oxide phase was not observed previously under hot stage XRD 

examination, however the partial pressure of hydrogen used in the reduction was 

only 2%. The sample of Katalco used here was reduced in the reactor under pure 

hydrogen prior to XRD analysis. However, as a consequence, a significant 

presence of copper oxide was also observed and presumably formed upon 

opening of the reactor lid. Only a small reflection for copper oxide was observed in 

the hot stage XRD over 150°C.   

When compared with the XRD pattern obtained for the 1mol% acid addition run, 

an increase in crystallinity of copper metal was obtained, with a subsequent 

decrease in copper oxide. This indicated that growth of metallic copper particles 

increased during the run. As the reaction was run under predominantly reducing 

conditions, this was expected. 
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Figure 3-85 XRD patterns of Katalco catalysts expos ed to 1.0mol% and 5mol% acetic acid 
under a CO/CO 2/H2 feed 

 
When the pattern for the 5mol% addition was compared with the pattern obtained 

for the 1mol% addition run, a huge increase in the intensity of the copper metal 

peaks was observed. This indicated that an increase in crystallinity of the copper 

had occurred. Normally, an increase in crystallinity of metals under catalytic 

conditions is simply due to sintering, and is accompanied by a decrease in surface 

area and an increase in metal crystallite size. Analysis of the XRD’s using the 

Scherrer equation revealed an increase in copper crystallite size from 9.25nm 

(post reduction) to 29.5nm (post 5% acid addition). In addition, BET analysis of the 

catalysts confirmed that a significant loss of surface area was observed upon 

exposure to a high concentration of acid: 
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Catalyst Surface Area (m 2 / g) Pore Diameter (Å) 

Katalco 51-8 catalyst 

(unreduced) 

89 37 

Katalco 51-8 catalyst 

exposed to 5mol% AcOH 

addition 

1 204 

Table 3-18 Surface area comparison of fresh Katalco  catalyst and Katalco catalyst exposed 
to 5mol% AcOH 
 

However, as the catalyst pellets were almost completely destroyed by the addition 

of the acid, it was more likely that the loss of surface area was due to the complete 

degradation of the catalyst framework, rather than simply sintering. If this were to 

occur, then the observed pore diameter increase upon addition of the acid would 

actually be the distance between huge particles of the degraded catalyst. 

The degradation of the catalyst framework was thought to possibly occur via two 

processes.  

• Phase Change 

• Extraction 

Both possibilities were explored: 

3.3.6.6 Phase Change 

Phase changes have been shown previously to occur with a substantial loss of 

surface area. For example, gamma aluminas, of surface areas of around 100m2 g-

1 have been shown to convert to alpha aluminas, with surface areas of ~1m2 g-1. 

Although the alumina present in the Katalco 51-8 catalyst was amorphous, it was 

possible that if the phase changed to alpha, then collapse of the catalyst structure 

would follow. 
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On closer inspection of the post reaction XRD however, no peaks relating to the 

presence of alpha alumina were detected, or any phase of alumina, indicating that 

it was still present in an amorphous state. 

3.3.6.7 Extraction 

The Katalco 51-8 catalyst was prepared via a co-precipitation process, which is 

used to generate a homogeneous distribution of all the catalyst components. 

Therefore every component is critical to the catalyst structure being maintained. If 

one or more of the components was to be extracted from the catalyst then 

complete collapse of the catalyst structure would ensue. 

In the Katalco catalyst it was possible that the acetic acid could extract several 

components. Zinc oxide and magnesium oxide are present in the Katalco catalyst 

to prevent sintering of the copper particles. As both components were basic in 

nature (amphoteric in the case of zinc oxide) it was possible that the acetic acid 

would display an affinity for the compounds. Conversion of both oxides to acetates 

would significantly increase the solubility of the metals and could be extracted into 

the water vapour. If this were to occur then sintering of the copper particles would 

occur, as well as collapse of the catalyst structure. In support of this, features 

relating to zinc oxide were not observed in the post reaction XRD of the catalyst, 

although features were present in the 1.0mol% addition catalyst and the reduced 

catalyst sample. 

Another possibility was the reaction of copper with the acetic acid. Acetic acid has 

been used to leach metals such as copper in hydrometallurgical extraction. 

Leaching processes of metallic copper or ores containing copper in the divalent 

state have been the subject of many research works[149-151] 

In relation to catalysis, after deactivation the components of the catalysts can be 

used as secondary source of metals. This is considered a more environmentally 

friendly and economical process than landfill depositing. 

Copper (ΙΙ) oxide is a basic oxide, and dissolves in acetic acid according to the 

following equation: 

CuO + 2(CH3CO2H) �� Cu(CH3CO2)2 + H2O  
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It’s possible that under the classic methanol synthesis system, the presence of 

unreacted acid could maybe lift copper out of the catalyst matrix, and hence 

degradation of the pellet occurred.  

Whichever process by which the acid degraded the catalyst framework, the loss of 

surface area explains the substantial decrease in methanol synthesis that was 

observed after the addition had ended.  

3.3.6.8 Acid Balance 

Acid to Ethanol (%) 3.3 

Acid to Methyl Acetate (%) 1.5 

Acid to Ethyl Acetate (%) 14.5 

Acid to CO/CO2 (%) 41.4 

Unreacted Acid (%) 3.7 

Total (%) 64.4 

Table 3-19 Acid balance from 5.0mol% acid addition into CO/CO 2/H2 system over Katalco 51-
8 catalyst  

 
Overall the acid was converted to ethanol, ethyl acetate, methyl acetate and 

CO/CO2, with a small percentage of the acid coming through the system 

unreacted. Unlike for previous acid additions into a classic methanol synthesis 

system, not all of the acid was accounted for as products. A significant amount of 

the acetic acid was missing, presumably deposited on the catalyst surface. 



 178 

3.3.6.9 Temperature Programmed Oxidation (TPO) 

 

Figure 3-86 Post reaction TPO from 5.0mol% acid add ition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst 

 
It has become a characteristic of these catalysts under oxidising conditions that a 

linear weight increase of the sample is observed, due to copper metal in the 

sample reoxidising. In the current sample however, a significant weight decrease 

was observed at around 278°C and corresponded to th e evolution of CO2 from the 

catalyst surface. Enough carbon was removed from the surface to result in a 

perturbation of the linear weight increase. 

The results confirmed that a substantial amount of the acetic acid that was 

introduced to the system was deposited on the catalyst surface. 

3.3.6.10 Summary 

Introduction of acetic acid at low concentrations to the classic methanol synthesis 

system for an extended period of time resulted in no intrinsic deactivation of the 

catalyst, only a transient decrease in methanol production. The same reaction 

profile was observed for the prolonged addition as it was for the short term 

addition. This suggested that at the low levels present, the catalyst was not 

affected and could convert all of the acid to products. 
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Upon introduction of a higher concentration of the acid, the catalyst was 

irreversibly deactivated, with two of the five catalyst pellets completely degraded. 

SEM pictures of the catalysts showed deep cracks in the pellet structure. Further 

studies using XRD and BET showed a significant decrease in surface area and 

suggested that the catalyst structure had collapsed. Consequently, methanol 

synthesis activity of the catalyst did not recover to its original levels after the acid 

addition had been stopped. 

The mechanism of the deactivation was unclear, possibly extraction of copper 

from the catalyst matrix or acid attack on the basic metal oxides, followed by 

extraction by water vapor. The presence of unreacted acid in the system was 

therefore deemed to be deleterious to the copper catalyst.   
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3.4 Methyl Acetate Studies 

Although the liquid phase Cativa process exhibits a high selectivity towards the 

production of acetic acid (99%), in the envisaged process by BP, gas phase 

carbonylation would be utilised. 

In the halide free gas phase carbonylation, methyl acetate has been shown to be 

the major acetyl produced, although acetic acid can still be formed[93, 94]. 

Therefore, as well as acetic acid, it was of interest to determine if methyl acetate 

would deactivate the methanol synthesis catalyst, or inhibit methanol synthesis (as 

shown in the acetic acid studies  

3.4.1 Standard Addition 

As an initial experiment it was decided to introduce methyl acetate at a low 

concentration into a classic methanol synthesis system, to observe the effects of 

the ester on the catalyst. It was of interest to determine if the ester deactivated the 

catalyst, and if so, if the deactivation was transient or permanent.  It was of further 

interest to determine if the ester would react to produce other species such as 

methanol and ethanol.  

3.4.1.1 Experimental 

Prior to reaction, the Katalco 51-8 catalyst was reduced in situ in the reactor under 

50ml min-1 flowing hydrogen at a temperature of 523K. The catalyst was held at 

this temperature for 3hrs. 

The experiment was performed using a classic methanol synthesis gas feed of 

CO/CO2/H2 in a 1:1:8 molar ratio. A small concentration of nitrogen was also fed in 

as a reference gas, for the calculation of conversion. The exact gas mix 

composition used was 10ml N2 / 25ml CO / 25ml CO2 / 190 ml H2. 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  

• Gas Flow (ml min-1)   250       

• Catalyst Volume (ml)  1.36 
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• GHSV (hr-1)    ~11,000 

The methyl acetate was fed in at a molar feed rate of 1.1mol% (3.4x10-7moles min-

1) 

3.4.1.2 Reaction Data 

For the first 6hrs of the run, no methyl acetate was introduced to the system. The 

catalyst performed as expected, with a methanol yield of ~9.3% obtained. Steady 

levels of all the components in the system were observed, confirming that 

equilibrium had been attained. 

 

Figure 3-87 Reaction profile from 1.1mol% ester add ition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst (ester addition between 6 and  22hrs) 

 
Upon addition of the ester to the system after 6hrs, a number of effects were 

observed. Methanol production decreased, although only slightly. This was in 

complete contrast to the extensive decrease observed upon addition of acetic 

acid. However, the decrease in methanol production was most likely attenuated by 

the conversion of part of the ester to methanol. It was thought that this may be 

occurring on the basis of the ethanol production that was observed upon addition 

of the ester.  
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The catalytic reduction of esters to alcohols encompasses reactions in which the 

C-O bond adjacent to the carbonyl group is cleaved according to the following 

stoichiometry[104, 105]: 

RACOORB + 2H2 �� RACH2OH + RBOH 

Where RA represents an alkyl group and RB represents another alkyl group or 

hydrogen. For example the reduction of ethyl acetate over copper catalysts 

proceeds via the dissociative adsorption of the reagent into CH3C*O and C2H5O* 

species in which * represents a surface site[105]. Subsequent hydrogenation of 

these species yields the desired alcohols. 

Therefore if the reduction of methyl acetate was to proceed via the same 

mechanism then methanol and ethanol would be produced:  

CH3CO2CH3 + 2H2  �� CH3CH2OH + CH3OH 

Ethanol was observed in the system upon addition of the ester and it can be 

assumed that methanol would also be formed in a 1:1 molar ratio. Therefore a 

larger inhibition effect on methanol production could be taking place upon addition 

of the methyl acetate, but is offset slightly by the production of methanol through 

hydrogenolysis. 

The decrease in methanol production upon addition of the ester was compared 

with the decrease in methanol production that was observed upon addition of the 

acetic acid. When acetic acid was introduced to the system, the methanol 

concentration decreased by ~2.0x10-7 moles, compared with a smaller decrease of 

~4.7x10-8 moles upon addition of the ester. Assuming that methyl acetate is 

converted to ethanol and methanol in a 1:1, the decrease in methanol production 

upon addition of the ester increased to ~9.1x10-8 moles. The addition of acetic acid 

into the system resulted in a decrease in methanol production that was double the 

decrease observed for when methyl acetate was introduced. Methyl acetate 

therefore had much less of an effect on the methanol synthesis activity. 

Another effect that was observed upon addition of the ester was a reasonable 

increase in CO levels and only a tiny increase in CO2 levels. This differed to the 
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substantial increases in both CO and CO2 that occurred upon addition of acid. The 

difference in the CO/CO2 levels could possibly be due to the mechanism of 

decomposition. 

In the acetic acid system it was postulated that the decomposition of the acetic 

acid resulted in CO2 and adsorbed carbon. The adsorbed carbon could then be 

oxidised, either by reaction with surface oxygen or via a reverse Boudouard 

reaction involving CO2. 

If full oxidation of the surface carbon proceeded via a reaction with surface 

oxygen, then conversion of the acetic acid would yield CO2. Via the WGS, An 

increase in CO2 levels, coupled with the high partial pressure of hydrogen present 

would result in the equilibrium shifting to the left, to re-establish equilibrium. 

CO + H2O �� CO2 + H2 

In the case of the methyl acetate decomposition, if the methyl acetate was 

converted to CO rather than CO2, the water gas shift would be limited by the 

relatively low water concentration. Therefore the equilibrium could not shift to the 

right, and the conversion of CO to CO2 would not occur. 

This could explain the reasonable increase in CO levels without an increase in 

CO2 as well. 
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Figure 3-88 Reaction profile from 1.1mol% ester add ition into CO/CO 2/H2 system over 
Katalco 51-8 catalyst (ester addition between 6 and  22hrs) 

 
Methyl acetate itself was detected in low concentrations throughout the addition. 

Upon cessation of the addition the system returned back to normal, indicating that 

the methyl acetate did not have an intrinsic effect on the catalyst itself, it was only 

transient. 
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Figure 3-89 Mass balances from 1.1mol% ester additi on into CO/CO 2/H2 system over Katalco 
51-8 catalyst (ester addition between 6 and 22hrs) 

 
Unlike for the low level acetic acid additions, the carbon balance did not remain 

steady upon addition of the ester. The balance dropped slightly indicating that 

some of the methyl acetate had been potentially deposited on the catalyst surface. 

3.4.1.3 Ester Balance 

Ester to Ethanol (%) 9.6 

Ester to Methanol (%) 4.8 

Ester unreacted (%) 1.8 

Ester to CO / CO2 (%) 21.2 

Total (%) 37.6 

Table 3-20 Ester balance from 1.1mol% ester additio n into CO/CO 2/H2 system over Katalco 
51-8 catalyst 

 
The table shows that the ester was converted to ethanol and methanol 

(presumably through the hydrogenolysis of the ester) and CO/CO2 (possibly 

through the conversion of the ester to CO). Although the production of methanol 
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could not be observed directly as methanol was already present in the system, it 

was assumed that for every mole of ethanol that was produced, one mole of 

methanol was also produced. Finally, some of the ester was detected unreacted. 

The majority of the ester however remained unaccounted for and suggested that it 

was deposited on the surface of the catalyst. 

3.4.1.4 Temperature Programmed Oxidation (TPO) 

 

Figure 3-90 Ester balance from 1.1mol% ester additi on into CO/CO 2/H2 system over Katalco 
51-8 catalyst 

 
The post reaction TPO of the catalyst revealed that low temperature evolutions of 

CO2 were observed at 193°C, 235°C and 275°C. The evolu tions at 235°C and 

275°C were at similar temperatures to those observe d for catalysts exposed to 

acetic acid, suggesting similar species. The evolution at 193°C could possibly 

have been strongly adsorbed methyl acetate, possibly held in the pores of the 

catalyst. 

The evolution at high temperatures was thought to be oxidation of the catalyst 

binder material, as already discussed.  
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3.4.1.5 Summary 

In summary, the behaviour of the methyl acetate upon introduction to the classic 

methanol synthesis system (CO/CO2/H2 feed, Katalco catalyst) was significantly 

different to the behaviour observed for the addition of acetic acid. 

Hydrogenolysis of the ester was found to occur, with the subsequent alcohols 

methanol and ethanol being produced: 

CH3CO2CH3 + 2H2  �� CH3CH2OH + CH3OH 

The mechanism of the hydrogenolysis of esters has appeared many times in the 

literature, and as there was a high partial pressure of hydrogen present in the 

system, the reaction was not unexpected. Although the production of methanol 

could not be observed directly as methanol was already present in the system, it 

was assumed that for every mole of ethanol that was produced, one mole of 

methanol was also produced. Carbon labelling, similar to the experiments 

performed for the acetic studies would be useful in determining if the mechanism 

was correct. 

Methanol production decreased slightly upon the addition of the ester, in complete 

contrast to the significant decrease observed during addition of acetic acid. Initially 

it was thought that the hydrogenolysis of the ester to produce methanol could 

possibly have attenuated the decrease, however it would only have made a slight 

difference (assuming hydrogenolysis of the ester resulted in the production of 

methanol and ethanol in a 1:1 ratio). Therefore it was apparent that the methyl 

acetate had much less of a detrimental effect on methanol production than acetic 

acid. It was unclear as to the exact reason why. 

Another interesting observation, similar to the phenomenon observed during the 

acetic acid additions was the conversion of the ester to CO/CO2. However 

conversion of the acetic acid was found to result in similar increases in both CO 

and CO2, whereas methyl acetate was found to be converted to mainly CO, with 

only a slight increase in CO2. A possible explanation for the behaviour lay in the 

mechanism. 
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For the conversion of acetic acid to CO/CO2 it was postulated that the acid 

decomposed on the catalyst to yield CO2 and adsorbed carbon. The carbon could 

then be oxidised to CO or CO2. If the surface carbon was fully oxidised to CO2 

then via the reverse WGS the CO2 could be converted to CO (as hydrogen was 

also abundant in the system). 

CO + H2O �� CO2 + H2 

Therefore the decomposition of acetic acid would result in increases in both CO 

and CO2 concentrations.  

However, if methyl acetate was converted to CO on the surface instead of CO2, 

the water gas shift mechanism would be limited by the relatively low concentration 

of water in the system. Studies on the decomposition pathways of methyl acetate 

were not found in the literature and therefore no comparisons could be made. 

Finally, unlike for the addition of acetic acid, the addition of methyl acetate to the 

system resulted in substantial carbon laydown. Over 62% of the methyl acetate 

was unaccounted for as gas phase products, and had been deposited on the 

catalyst surface. As altering the feed gas had been shown in the acetic acid 

studies to alter the amount of carbon deposited on the surface of the catalyst, it 

was thought that this approach may also change the behaviour of the ester. 

3.4.2 Gas Composition Studies 

As the morphology of the copper particles had been previously shown in the 

literature to change depending on the feed gas environment surrounding them [57-

59, 69], it was decided to carry out a programme of work investigating the effects 

of altering the feed gas composition on the behaviour of the ester.  

Studies performed previously revealed that the behaviour of the acetic acid was 

directly affected by the gas feed composition, and this could be further related to 

the morphology of the copper. It was therefore of interest as to whether the methyl 

acetate would also show the same behaviour. 
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3.4.2.1 Experimental 

Prior to reaction, the catalyst was reduced in situ in the reactor under 50ml min-1 

flowing hydrogen at a temperature of 523K. The catalyst was held at this 

temperature for 3hrs. 

The following reaction conditions were used: 

• Reaction Temperature (K)  523 

• Pressure (barg)   50  

• Gas Flow (ml min-1)   250       

• Catalyst Volume (ml)  1.36 

• GHSV (hr-1)    ~11,000 

The feed gas was varied for each experiment, to allow the effect of each gas 

component on the behaviour of the acid to be observed. The gas feeds used are 

listed below:  

Gas Composition Ml min-1 

N2  250 

N2 / H2 60 / 190 

N2 / CO / CO2 / H2 10 / 25 / 25 / 190 

Table 3-21 Feed gas compositions 

 
In all experiments N2 was used as a reference gas, for the calculation of 

conversion. Methyl acetate was fed in to each system at a molar feed rate of 

1.1mol% (3.4x10-7 moles min-1). 
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3.4.2.2 Nitrogen Atmosphere (N 2) 

Under an inert atmosphere unreacted methyl acetate was the main compound 

detected passing through the system. Aside from this, conversion of the methyl 

acetate took place to yield methanol, ethanol and methane. 

 

Figure 3-91 Reaction profile from 1.1mol% ester add ition into N 2 system over Katalco 51-8 
catalyst (ester fed in continuously from 2hrs) 

 
The mechanism for the conversion of the ester to methanol and ethanol was 

through hydrogenolysis:  

CH3CO2CH3 �� CH3CH2OH + CH3OH 

Although the reaction was carried out in an inert atmosphere, the catalyst was 

activated under flowing hydrogen. Trace amounts of hydrogen were probably left 

in the system, and would account for the trace levels of methanol and ethanol that 

were observed. 
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Figure 3-92 Mass balances from 1.1mol% ester additi on into N 2 system over Katalco 51-8 
catalyst (ester fed in continuously from 2hrs) 

 
Methane was detected in a much higher yield than both of the alcohols and was 

probably formed from the complete hydrogenation of the methyl fragment of the 

ester. Transition metal catalysts (including copper and zinc) supported on alumina 

have been shown to convert esters to hydrocarbons at temperatures of ~523K, the 

reaction temperature employed during the run [152, 153]. Surprisingly, as methane 

was produced in a reasonable yield, no ethane formation was detected. 

Ester to Ethanol (%) 0.4 

Ester to Methanol (%) 1.3 

Ester to Methane (%) 6.4 

Ester unreacted (%) 26.3 

Total (%) 34.4 

Table 3-22 Ester balance from 1.1mol% ester additio n into N 2 system over Katalco 51-8 
catalyst 
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Although several products from the addition of the methyl acetate were observed, 

the majority of the ester could not be accounted for and was thought to be laid 

down on the catalyst surface. 

Post reaction, a TPO was performed on the catalyst and revealed that a 

substantial amount of carbon was present on the catalyst surface. Two low 

temperature evolutions were observed at 276°C and 3 08°C, and were large 

enough to disrupt the weight gain profile of the catalyst (from the oxidisation of 

reduced copper). 

 

Figure 3-93 Post reaction TPO of catalyst from 1.1m ol% ester addition into N 2 system over 
Katalco 51-8 catalyst  

 
As under the feed gas employed methanol was not produced, the presence of 

formate groups on the surface was ruled out. A DSC trace showed that the 

evolutions were exothermic, suggesting that it could be the burn off of carbon 

fragments. 

A high temperature evolution of CO2 was also observed and had been previously 

assigned to be oxidation of the catalyst binder. 
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3.4.2.3 Nitrogen / Hydrogen Atmosphere (N 2/H2) 

Under a reducing feed gas methyl acetate was introduced to the system after 6hrs. 

Instantly production of methane, ethane, methanol, ethanol and water took place. 

Methanol and ethanol were the products of hydrogenolysis due to the high partial 

pressure of hydrogen in the system. However straightforward hydrogenolysis 

would yield methanol and ethanol in a 1:1 ratio. This was not the case as the 

methanol:ethanol ratio recorded was 1.7:1. As mentioned for the previous 

experiment, methanol and ethanol can be further hydrogenated to methane and 

ethane. Both were detected during the run, with ethane being the major 

hydrocarbon.  

The results suggested that the methoxy fragment of the ester was easily 

hydrogenated to methanol but not as easily hydrogenated to methane. In contrast 

the ethoxy fragment of the ester was easily hydrogenated through to ethane. 

 

Figure 3-94 Reaction profile from 1.1mol% ester add ition into N 2/H2 system over Katalco 51-
8 catalyst (ester fed in continuously from 6hrs) 

 
Full hydrogenation of the ester fragments would also result in the formation of 

water and although its production was observed, the concentration was too low to 

account for all the hydrocarbons present. It was therefore thought that a fraction of 

the water would be present on the catalyst surface, most likely as hydroxyl groups. 
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Figure 3-95 Mass balances from 1.1mol% ester additi on into N 2/H2 system over Katalco 51-8 
catalyst (ester fed in continuously from 6hrs) 

 
The mass balances for the system upon the addition of the ester only showed 

~27% of the carbon in the ester showing up as products. Even less of the oxygen 

in the system was accounted for and both balances suggested that the majority of 

the ester had been deposited on the catalyst surface. 

Ester to Ethanol (%) 7.1 

Ester to Methanol (%) 6.1 

Ester unreacted (%) 0.5 

Ester to Methane (%) 3.5 

Ester to Ethane (%) 9.8 

Total (%) 27.0 

Figure 3-96 Ester balance from 1.1mol% ester additi on into N 2/H2 system over Katalco 51-8 
catalyst 
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The acid balance of the system showed that only 27% of the carbon could be 

accounted for as the alcohols and the hydrocarbons. 

The post reaction TPO of the catalyst showed a similar weight change profile to 

the one observed for the N2 atmosphere. 

 

Normally a linear weight gain is observed, due to the reduced copper in the 

sample oxidising. However, as the deposits of carbon on the sample were so 

large, the linear weight increase is perturbed by the evolution of the surface 

carbon as CO2. The evolutions were exothermic in nature, suggesting burn off of 

surface carbon species. 
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3.4.2.4 Summary 

The results from the effects of varying the gas feed composition on the behaviour 

of the ester are shown below: 

 

Figure 3-97 Ester balance of each system versus the  feed gas composition of each system 

 
Under an inert atmosphere methyl acetate underwent hydrogenolysis to methanol 

and ethanol. Methane was also formed, indicating that complete reduction of the 

methoxy fragment of the ester could proceed in the presence of small 

concentrations of hydrogen. Interestingly, no ethane was detected. 

On moving to a more reducing environment, more of the ester underwent 

hydrogenolysis to the alcohols, as well as full reduction to hydrocarbons. 

Interestingly the production of methane decreased upon moving to the more 

reducing environment, which was unusual. 

Under the reducing atmosphere, the ethoxy fragment of the ester was favourably 

fully hydrogenated to ethane, whereas the methoxy fragment was favourably 

converted to methanol. This suggested that upon moving to the classic methanol 

synthesis feed of CO/CO2/H2 (which was more oxidising) the formation of both 

ethanol and methane would increase. Although an increase in the formation of 

ethanol was observed, no methane was detected. Methanol was observed, but at 
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a low yield (based on the concentration of ethanol produced and assuming a 1:1 

molar ratio). 

Under the classic methanol synthesis system conversion of the ester to CO/CO2 

was also observed. Conversion of acetic acid to CO/CO2 took place under the 

system previously, however similar amounts of both CO and CO2 were produced. 

The ester yielded mostly CO with only a tiny increase in CO2 observed. The 

behaviour was attributed to the differences in decomposition profiles of the acid 

and the ester. 

Acetic acid was proposed to decompose fully to either two CO2 molecules or CO 

and CO2 in a 1:1 ratio. Conversion of the two CO2 molecules to yield CO as well 

could occur via the water gas shift mechanism. Either mechanism could explain 

the similar increases in CO/CO2 concentrations upon addition of the acid. 

For the methyl acetate however it was proposed that if the ester decomposed to 

yield CO, conversion of the CO to CO2 via the water gas shift would be limited by 

the small concentration of water present in the system. This would explain why an 

increase in CO was observed without a similar increase in CO2.  

In comparison with the gas composition studies performed for acid additions, a 

couple of similarities were observed. Firstly the carbon balance for the N2/H2 

systems were the lowest for both studies, indicating that the presence of a high 

partial pressure of hydrogen in the system without the presence of CO2 as an 

oxidant results in an enhancement of carbon deposition. Secondly, the classic 

methanol synthesis system yielded the highest carbon balance for both systems, 

indicating that the level of oxidation in the system could potentially be important. 

However, in the acid system all the acid carbon could be accounted for, whereas 

for the ester addition significant carbon laydown was observed.  

Overall, the feed gas composition (and consequently the copper particle 

morphology) was shown to have a dramatic effect on the product distribution 

observed for the addition of the ester, but did not significantly alter the amount of 

carbon deposited on the catalyst. Although the addition of ester into the classic 

methanol synthesis system did not have as a pronounced effect on the methanol 

synthesis as the addition of acid did, substantial carbon laydown of the ester was 
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observed. Laydown over the course of the experiment did not deactivate the 

catalyst, however if the ester was present for an extended period of time the 

carbon would eventually build up and deactivate the catalyst.  

3.4.3 High Concentration Additions 

Finally several runs were performed under a CO/CO2/H2 system where methyl 

acetate was fed in to the system at a molar feed rate of 1.5mol%. Although the 

molar feed rate was only slightly higher than for the previous runs, an interesting 

effect was observed. The reactions were aborted as there were significant 

fluctuations in the data. The additions of methyl acetate were ceased and nitrogen 

purged through the reactor for several hours at temperature to completely remove 

the ester from the system. However, upon opening of the reactor lid after cooling, 

a pool of liquid had formed on the bottom of the reactor. In addition the catalyst 

pellets appeared wet.  

A sample of the liquid found at the bottom of the reactor was taken and injected 

through the GC to determine the compounds present. As well as this, a soxhlet 

extraction was performed on the catalyst pellets using iso-propanol as the solvent. 

Results of both analysis revealed that methyl acetate was the compound present.  

The presence of methyl acetate within the catalyst pellet indicated that 

condensation of the ester within the pores may have taken place. This could 

explain as to why the catalyst appeared wet. Upon shutting down the reactor, the 

drop in temperature and pressure could have caused some of the methyl acetate 

to “crash out” of the catalyst pellets, and would explain why a pool of methyl 

acetate was present on the bottom of the reactor. 

Prior to the experiments, it would have been expected that if either acetic acid or 

methyl acetate would condense in the catalyst pores, that it would have been 

acetic acid. Condensation of the methyl acetate was therefore attributed to being 

due to an unusually strong binding on to the catalyst surface.      
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4 Conclusions 

Throughout the project, the experimental work undertaken focussed on several 

main objectives. Overall, the main focus of the project was to investigate the 

effects that chemicals generated from a carbonylation reactor (such as methyl 

acetate and acetic acid) had on a methanol synthesis catalyst. The project was 

split into three main areas: (i) investigation of precious metal catalysts for 

methanol synthesis and tolerance towards acetic acid/methyl acetate, (ii) 

investigation of the effects of acetic acid on a commercial methanol catalyst and 

(iii) investigation of the effects of methyl acetate on a commercial methanol 

synthesis catalyst. 

Studies performed on lab prepared precious metal catalysts revealed that Pd and 

Ir supported on silica catalysts exhibited high selectivities towards methanol from a 

CO/H2 feed. In contrast, a Rh on silica catalyst catalysed the production of a wide 

range of compounds and this was due to the ability of Rh to adsorb CO 

dissociatively and non-dissociatively. Overall, the catalysts produced very low 

yields of methanol and this was attributed to a very low rate of reaction. As the 

yields were so low, it was unlikely that precious metal catalysts would be suitable 

for a commercial process and therefore it was decided to focus on studying the 

effects of acetic acid / methyl acetate over the commercial Cu/ZnO/Al2O3 catalyst. 

Passing acetic acid at low concentrations over the commercial catalyst under 

standard methanol synthesis operating conditions (CO/CO2/H2 feed, 50barg, 

523K) resulted in a decrease in the methanol yield. This was attributed to acetate 

groups blocking sites for methanol synthesis by preventing adsorption of 

reactants. However upon switching off of the acid feed, methanol production 

returned to normal indicating the effect on the catalyst was transient. 

The acetic acid was found to react upon entering the system, and underwent three 

distinct processes - (i) hydrogenation to ethanol, (ii) an esterifification reaction with 

methanol to form methyl acetate and (iii) decomposition to CO/CO2. These 

processes were confirmed by the addition of 13C labelled acetic acid to the system 

and following the responses of the relevant masses using a mass spectrometer. 

All of the acid carbon was accounted for and no laydown on the catalyst surface 

took place. Decomposition of the acid to CO/CO2 was postulated to proceed via 
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decarboxylation to gas phase CO2 and a surface methyl group. The surface 

methyl group was then proposed to decompose further to yield surface carbon and 

H2. Surface carbon could then be oxidised via reaction with surface oxygen, or via 

a reverse Boudouard process. Hydrolysis of the acid was shown not to be the 

route towards CO/CO2. 

Studies performed changing the gas feed composition revealed that the 

decomposition of the acid could be altered. A possible reason for this was that the 

morphology of copper particles in methanol synthesis catalysts has been shown to 

alter, depending on the gas environment surrounding them. If the decomposition of 

acetates was structure sensitive, then this could explain the change in behaviour. 

Finally low levels of acetic acid were shown not to have an intrinsic effect on the 

catalyst under standard methanol synthesis conditions, even when fed in for 

extended periods of time. However, increasing the concentration of the acid had a 

severe derogatory effect on the catalyst structure, and resulted in complete 

collapse of the catalyst pellet. Degradation was attributed to extraction of a 

component or components from the catalyst matrix. 

The interactions of methyl acetate over the catalyst were also investigated and 

under methanol synthesis conditions, the ester was found to be reactive. 

Hydrogenolysis took place to yield methanol and ethanol, as well as 

decomposition to yield CO/CO2. Methanol synthesis was only slightly decreased, 

but was postulated to have been attenuated by the production of methanol from 

hydrogenolysis of the ester. Substantial amounts of the ester were deposited on 

the catalyst surface and would potentially deactivate the catalyst over time as 

layers of carbon would build up.  

The behaviour of the ester was also found to change upon altering the gas 

composition, similar to the effect that was observed for the acetic acid studies. The 

phenomenon was attributed to the changing morphology of the copper particles. 
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5 Future Work 

Possible future work includes: 

• Inductively Coupled Plasma (ICP) analysis on the Katalco pellets exposed 

to higher concentrations of acetic acid could be performed. This would yield 

information as to which (if any) of the catalyst components were extracted 

from the pellet matrix 

• As the morphology of the copper particles was proposed to play an 

important part in governing the behaviour of the acid / ester in the system, it 

would be of interest to perform studies on different morphologies of copper. 

Possible experiments could involve pulsing acid / ester vapour over various 

copper single crystal planes to determine if product distribution is changed    

• It would be of interest to vary the CO:CO2 ratio in the classic methanol 

synthesis feed, as this may alter the behaviour of the acid / methyl acetate 

in the system 

• The effects of products from the acetic acid and methyl acetate additions 

(such as ethanol and ethyl acetate) must also be considered. Further 

experiments feeding in these products to the methanol synthesis system 

could show any effects 

• Labelling studies could be performed for the methyl acetate additions to 

determine as to whether hydrolysis of the ester occurs  
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