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Now all glory to God, who is able, through 

his mighty power at work within us, to 

accomplish infinitely more than we might 

ask or think. (Ephesians 3:20 NLT) 
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Abstract 

Methanol (MeOH) synthesis at low temperature in a liquid medium presents the 

possibility of achieving full syngas conversion per pass. The Low temperature MeOH 

synthesis (LTMS) process is advantageous over the current technology for MeOH 

production since the former is thermodynamically favourable and gives a high yield per 

pass. The LTMS involves two main steps, (i) MeOH carbonylation to form methyl formate 

and (ii) hydrogenolysis of methyl formate to form MeOH. The initial aim of the present 

work was to develop, characterize and evaluate the catalyst system involved in the LTMS 

process. A once-through catalyst system involving copper (II) acetate and methoxide 

was used to obtain up to 92 % conversion (> 94 % selectivity to MeOH) per batch at 20 

bar syngas pressure and 100 oC temperature within 2 h. XRD and TEM characterization 

of the slurry catalyst system revealed that about 10 ± 5 nm Cu2O/Cu0 nanoparticles were 

involved in the catalytic process. Decreasing Cu nanoparticles sizes led to increased 

MeOH production due to an increase in active Cu surface area, which enhanced methyl 

formate hydrogenolysis. Agglomeration of the Cu nanoparticles in the course of MeOH 

production was identified as a major cause for the deactivation of the Cu nanoparticle 

component of the LTMS catalyst system.  

Furthermore, with the aim of investigating the role of solvents polarity on the LTMS, 

MeOH production maximized for solvents with dielectric constant (ɛ) around 7.2, similar 

to the polarity of diglyme. A probe of possible side reactions of the main intermediate 

revealed that, in the presence of methoxide, low polar solvents enhanced 

decarbonylation of methyl formate while high polar solvents enhanced a nucleophilic 

substitution to form dimethyl ether and sodium formate. Relatively moderate polar 

solvents such as diglyme appeared to give a good balance in minimizing possible side 

reactions of methyl formate and therefore enhanced MeOH production.   

In addition, the spinning disk reactor (SDR) was used to synthesize on-purpose Cu 

nanoparticles with predefined particle sizes for catalysing the LTMS reaction. By 

maintaining the same chemical recipe, Cu nanoparticle sizes were tuned down to 3 nm 
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when physical conditions were varied to shorten for example micromixing time, mean 

residence time and relative residence time distribution. This subsequently led to 

uniform nucleation and ultimately formation of smaller Cu nanoparticle sizes with 

narrow particle size distribution. At the end, a model was proposed for a complete LTMS 

process with the help of Aspen HYSYS simulation tool, using an air-blown autothermal 

reformer, for a full conversion per pass at 60 bar syngas (0.31 CO: 0.62 H2: 0.07 N2) and 

100 oC MeOH synthesis temperature.   
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1 Introduction 

Rapid population and economic growth implies increasing consumption of energy on a 

daily basis [1]. The world’s consumption of energy is estimated to rise by 28 % between 

2015 and 2040 as illustrated in Figure 1.1. While humankind has depended on fossil fuels 

(natural gas, oil and coal) over the last three centuries for energy and material 

technology development [2], the current global economic growth and environmental 

concerns requires the need for a more sustainable, efficient and cleaner source of 

energy. Even though non-fossil based sources provide some options, only a small 

fraction of energy is currently supplied from such source leaving a major dependence 

on fossil. It is projected for example that, fossil fuel will provide about 85 % of the 

commercially consumed energy worldwide for the next few decades [3]. However, the 

exhausting nature of fossil coupled with the alarming CO2 emission requires better CO2 

utilization to curb this concern. Therefore, one realistic approach is to improve the 

efficiencies and recycling of existing carbon-based energy and material sources to 

minimize the carbon footprint [4, 5].  

 

 
Figure 1.1: World energy consumption between 1990 to 2050, adopted from [1] 

 

A pragmatic approach to improve on existing carbon-base technologies, is to transform 

syngas (composed of H2 and CO) from non-conventional energy sources into standard 

fuels and chemical feedstock.  Syngas can be produced from several feedstock such as 
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natural gas, heavy oil and biomass [6]. Biomass presents a greener and renewable 

alternative, however this has the potential of competing with crops for food production 

on arable land. Increasing advocates and policies for cleaner technologies makes coal 

and petroleum less attractive for syngas production. In addition, increasing difficulty in 

accessibility of oil coupled with high fluctuation of its price makes it less dependable [7]. 

Natural gas on the other hand is relatively abundant, cleaner (compared to oil and coal) 

and cheaper providing a viable option for syngas production [8, 9].   

 

 

One important chemical bridging syngas towards energy and material applications is 

methanol (MeOH). MeOH has been identified as a potential multipurpose molecule for 

energy and CO2 storage [11]. According to the IHS (Information Handling Services) 

Markit, worldwide demand for MeOH reached about 70 MMT (million metric tons) in 

2015 and is expected to surpass 95 MMT by 2021 with emerging applications in energy, 

especially in Northeast Asia [10, 12]. Figure 1.2 shows some of the worldwide 

applications of MeOH by end use. For example, MeOH can be used as solvent or as an 

intermediate for producing a wide variety of chemicals including formaldehyde (which 

is the building block of several low-cost resins and adhesives), methyl tert-butyl ether 

(MTBE), acetic acid, methyl methacrylate (MMA) and other fine chemicals. MeOH stores 

both carbon and hydrogen in the liquid form at ambient temperature, that is readily 

 
Figure 1.2: World MeOH demand in 2015 by end use adopted from [10] 
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transportable [13] and it serves as a base chemical for direct conversion into light 

olefins, gasoline and hydrocarbons over acidic zeolites in the MTO and MTH processes 

[14], thereby providing an alternative to today’s fossil energy sources and petrochemical 

feedstocks. 

The current MeOH synthesis technology dates back to the 1960s, when Imperial 

Chemical Industries (ICI, now Johnson Matthey Catalysts) succeeded in commercializing 

a Cu-based catalyzed technology [15, 16]. The ICI process was based on Cu/ZnO catalyst 

with highly desulphurized syngas, which operated at about 200 - 300 oC temperature 

and 50-100 bar syngas pressure. This has been the main technology for MeOH 

production until date. However, with upgraded versions of the Cu-based catalyst and 

plant designs, the licensed ICI Cu-based technology shares the market for MeOH plants 

construction with other major competitors such as Lurgi, Mitsubishi Gas Chemicals and 

Haldor Topsoe [17].  

The MeOH synthesis technology continuous to be improved on catalyst development 

and energy efficiency in the various parts of the plants. One major motivation has been 

to operate at lower temperature and pressure conditions in order to reduce the 

operation and capital cost involved in MeOH production [17]. Although ICI technology is 

highly optimized, thermodynamic limitations restrict syngas conversion per pass to 

about 20 % at the current operating conditions. For example, hydrogenation of CO is an 

exothermic reaction (Equation (1.1)), and typically requires a relatively lower 

temperature to maximize conversion per pass [18]. As a result, the ICI process involves 

several rounds of recycling to optimize production [19]. 

CO + 2H2 ⇌  CH3OH       ΔH =  −90.6 kJ/mol        (1.1) 

Furthermore, the low conversion per pass of the ICI process requires the use of ‘pure’ 

syngas other than nitrogen-diluted syngas for the MeOH synthesis. That is to say, the 

presence of N2 diluent reduces the partial pressure of syngas and thereby lowers syngas 

conversion the more. It is important to note that in the overall ICI MeOH synthesis 

process, syngas production accounts for more than half of the total capital cost due to 
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the need for a cryogenic oxygen-blown autothermal reformer [20, 21]. The lowest cost 

of syngas production is by the use of air-blown rather than pure cryogenic O2-blown 

autothermal reformer [22]. Full conversion per pass will allow the use of N2 diluted 

syngas for methanol production since recycling will not be necessary. Therefore, there 

is a need to develop an alternative low-temperature MeOH synthesis process. 

About a century ago, Christiansen identified and patented a low temperature methanol 

synthesis (LTMS) process in 1919 [23]. This process was based on a transition metal and 

alkoxide co-catalyst system carried out in a liquid solvent at about 120 oC temperature. 

The LTMS reaction is a stepwise process, firstly involving carbonylation of methanol to 

form methyl formate (MeF) and secondly, MeF hydrogenolysis to form MeOH as 

indicated in Equations (1.2) and (1.3), leading to (1.1) as the overall reaction. It is 

suggested that alkali metal promotes the carbonylation by forming metal alkoxide which 

has an increased electron density on their oxygen compared to the oxygen on 

alcohols[24]. The hydrogenolysis of the MeF is suggested to occur via a formaldehyde 

intermediate [25] and subsequent reduction to form MeOH.  

CO +  CH3OH ⇌  HCOOCH3                                        (1.2) 

HCOOCH3 +  2H2 ⇌  2CH3OH                                    (1.3) 

One potential drawback in the alkoxide system is its sensitivity to the presence of water 

and carbon dioxide [26, 27] . That is, the metal alkoxide component of the catalyst forms 

a stable hydroxide or carboxylates when in contact with water or carbon dioxide 

respectively, and therefore brings the reaction to a halt. This led to less attention paid 

on the LTMS process compared to the ICI process. However, with adequate optimization 

of syngas production, water and carbon dioxide produced in the Authormal reformers 

can be highly minimized. Moreover, an additional syngas pre-treatment cleaning step to 

absorb the remaining ppm of H2O and CO2 from syngas produced before feeding into 

MeOH reactor will drastically reduce their presence. 

Among the transition metals tested for the LTMS reaction, copper and nickel-based 

catalysts have shown good activity for the MeOH yield. Various Ni-based compounds 
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including Ni(CO)4 (nickel tetracarbonyl) and Ni(OCOCH3)2 (nickel II acetate) in 

combination with alkali-metal alkoxide co-catalysts have been shown to be very active 

for syngas conversion between 80 to 120 oC and 10 to 50 bars syngas pressure [28, 29]. 

However, in the Ni-based system, there is an inevitable formation of Ni(CO)4 [29] 

complex which is volatile and highly toxic [30]. This poses a potential handling risk on an 

industrial scale. Therefore, Cu-based catalysts have received much attention than the Ni 

for the LTMS process. Raney copper, copper on silica support, copper chromate as well 

as copper salts are among the identified Cu-based materials, though these were not as 

efficient as Ni [27, 31, 32]. The CuO/Cr2O3 catalyst seems to be most widely used, where 

milling of CuO and Cr2O3 physical mixture seems to create lattice defects leading to an 

increased surface area and catalyst activity [32, 33]. 

The LTMS reaction presents the possibility of achieving a full conversion of syngas to 

MeOH per pass at relatively low temperature (<120 oC) and pressure (<100 bars) 

conditions. Considering the relatively milder operating conditions, the LTMS process 

presents some flexibility in the choice of siting a MeOH plant in addition to the possible 

remote areas. An upstream production of MeOH will decrease transportation difficulties 

associated with compression and transportation of gas feedstock from remote areas, 

which otherwise indirectly contributes to greenhouse gas emissions [34]. Our group has 

revisited this century old LTMS process using copper alkoxide catalyst system [31, 35]. 

We present a simple means of developing Cu catalyst through a one-pot approach to 

further advance the LTMS concept with a proposed process design to go with it.  

 

1.1 Aim of Thesis 

Generally, the aim of the present study was to develop, characterize and evaluate the 

Cu alkoxide catalyst system involved in the LTMS process. Since in the alkoxide assisted 

MeOH synthesis, hydrogenolysis of MeF is the rate-determining step [27], particular 

emphasis was placed on developing a more active Cu catalyst. Issues regarding the role 

of Cu particle sizes, deactivation pathways and the role of solvent were considered. We 
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further investigated the synergistic relationship between the two catalysts, Cu and 

alkoxide and to which extent such highly active catalysts can hydrogenate CO2 indirectly, 

via a carboxylate intermediate. Lastly, we aimed to propose a process design for the 

LTMS process with an air-blown autothermal reformer using simulation tools to 

optimize conditions. Specific objectives set to meet the above aims are as follows:  

 to characterize the Cu particles in the slurry involved in the LTMS reaction 

o to investigate the role of Cu nanoparticle sizes in the LTMS reaction  

o to identify the role of particle size in deactivation 

 to investigate the role of solvent (polarity) in the LTMS reaction and to identify 

the role of solvent in deactivation of the process. 

 to investigate how the spinning disk reactor (SDR) could be used to develop on-

purpose Cu particles with defined sizes and to scale-up Cu-nanoparticles 

production for LTMS reaction using the SDR. 

 to investigate the synergistic relationship between Cu catalysts and alkoxide 

involved in the LTMS reaction by focusing on hydrogenolysis of formate and 

carbonate. 

 to design a complete process for LTMS from methane using an air-blown 

autothermal reformer and to optimize conditions using thermodynamic 

simulation tools.  

 

1.2 Scope of the Thesis 

This work was put together as an article based thesis, with common reference, appendix 

and notations. A major portion of the work is published in peer reviewed articles (see 

page VII). Outline of the various chapters are as follows: 

Chapter 2 consists of the literature review, as an overview of the state of the art in low 

temperature MeOH synthesis. Particular emphasis will be based on alkoxide assisted 
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MeOH synthesis and compared to other suggested approaches. The chapter ends with 

a summary of methods of producing Cu nanoparticles involved in nano-catalysis. 

Chapter 3 consists of the experimental approach adapted in this work.  

Chapters 4-8 will provide insight into the results and discussions of the thesis.   

Chapter 9 gives an overview of the work by way of conclusion and directions to further 

work. 
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2 Literature Overview Relevant for Low 

Temperature MeOH Synthesis 

The origin of MeOH synthesis dates as old as Adam and Eve, as MeOH was produced as 

a by-product of burning wood, and hence named as wood alcohol [36]. However, in 

modern times, synthetic MeOH production from synthesis gas and solid catalysts was 

first developed and implemented by BASF in 1923. This was based on zinc oxide and 

chromia (ZnO/Cr2O3) catalyst operating at 250-350 bar and up to 450 oC. Despite the 

rather harsh operating conditions, the process yielded low activity and therefore 

suggested a high investment cost for the MeOH production. Just around the same period 

in 1925, other metallic catalysts, including Cu-based catalysts were also reported to give 

relatively good activity for the MeOH synthesis, but had a shorter catalyst lifetime [37]. 

Decades later, with further catalyst development and enhanced availability of syngas 

from partial oxidation of natural gas, coupled with improved desulphurization, Imperial 

Chemical Industries (ICI, now Johnson Matthey Catalysts) succeeded in commercializing 

a Cu-based lower pressure MeOH synthesis technology in the 1960s [15, 16]. The ICI 

process was based on Cu/ZnO catalyst and operated at about 200-300 oC temperature, 

50-100 bar pressure. This represented a significant energy savings compared to the 

previous technologies and has been the main approach for MeOH production until date.  

After the 1960’s, research and development on the ICI process has been enormous such 

that the process, feedstock and catalyst systems are highly optimized [22, 38], 

nevertheless, the process has not been without some major drawbacks. For example, 

hydrogenation of CO is an exothermic reaction (Equation (1.1)), and typically requires a 

relatively lower temperature to maximize conversion per pass [18]. Since the ICI process 

involves relatively higher temperature, syngas conversion is thermodynamically limited 

as conversion per pass is barely limited to 20 %. As a result, the ICI process requires 

several recycling to optimize MeOH production [19]. In addition, it is important to note 

that syngas production accounts for more than half of the total capital cost in the ICI 

MeOH process due to the use of cryogenic oxygen-blown autothermal reformer [20, 21]. 

The lowest cost of syngas production however is by the use of air rather than pure 
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cryogenic O2-blown autothermal reformer [22]. The presence of N2 diluent reduces the 

partial pressure of CO and H2 such that it leads to further reduction in syngas conversion 

per pass. A full conversion per pass technology at relatively lower pressure conditions 

will allow the use of N2 diluted syngas for methanol production since recycling will not 

be essential.  

 

2.1 The Low Temperature MeOH Synthesis (LTMS) 

The low temperature MeOH synthesis (LTMS) in broader terms is used to describe the 

MeOH synthesis process carried out below the 200-300 oC conventional CO/CO2 

hydrogenation temperatures. The traditional LTMS as developed by Christiansen in 1919 

[23] was carried out between 80 to 120 oC in liquid medium with the added advantage 

to absorb heat generated during the exothermic MeOH reaction (Equation (1.1)). 

Further, the traditional LTMS process was an alkoxide-assisted approach, which 

occurred via a MeF intermediate. In the following sections, we will review the alkoxide-

assisted MeOH synthesis catalysed by a transition metal alkoxide system. The role of the 

individual catalyst will be discussed stepwise, that is the carbonylation and 

hydrogenolysis steps and then together as a concurrent system. Furthermore, other 

non-alkoxide low temperature approach will be briefly discussed, in comparison with 

the traditional approach.   

 

2.1.1 Carbonylation  

Carbonylation involves the addition of a carbonyl onto another molecule. In relation to 

LTMS, this will involve the addition of CO onto an alcohol (ROH) to form an alkyl formate 

as illustrated in Equation (2.1) using MeOH as an example. Carbonylation of MeOH is 

very rapid in the presence of alkoxide catalyst [23, 24, 39]. The alkali alkoxide are 

excellent in carbonylation of MeOH even at room temperature [29]. However 
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Christiansen’s [39] equilibrium considerations revealed that the carbonylation reaction 

is highly reversible. Although carbonylation is rapid at initial times when temperature is 

increased, however overall conversion decreases with increasing temperature [40, 41]. 

𝐶𝑂 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐻𝐶𝑂𝑂𝐶𝐻3       (2.1) 

The type of alkali metal attached to the alkoxide plays a role in the overall performance 

of the alkoxide.  Kinetic studies [24, 27, 41] have shown that CO carbonylation is first 

order with respect to both CO and MeOH in the presence either CH3OK or CH3ONa with 

similar apparent activation energy of about 68 kJ/mol. Rate expression deduced for 

carbonylation reaction is given by Equation (2.2). When the type of alkali metal was 

varied, the rate was in the order CH3CH2OK > CH3CH2ONa> CH3CH2OLi, [24]. This was 

attributed to the differences in the ionization potentials of the alkali metal in the 

carbonylation step. That is the lower the ionization potential of the alkali metal, the 

higher the catalytic activity.  

𝑟 = 2.88 × 109𝑒(−
10126

𝑇
)𝐶𝐶𝑎𝑡𝑎𝑙𝐶𝑀𝑒𝑂𝐻𝑃𝐶𝑂     (2.2) 

The type of alcohol used as the alkoxide source also plays a role in the carbonylation 

reaction. The kinetic study by Tonner et. al. [24, 42] showed that the rate of 

carbonylation increases in the order CH3ONa < CH3CH2ONa < CH3CH2CH2ONa < 

CH3CH2CH2CH2ONa < (CH3)2CHCH2ONa < (CH3)2CHONa < (CH3)3CONa < 

CH3CH2CH(ONa)CH3. Their results indicated that as chain length of the alcohol increased 

and the substitution close to the OH increased, carbonylation rate also increased, except 

when there was a severe steric hindrance. This suggested that electron-directing effect 

was an important factor for carbonylation as for example, benzyl alcohol with strong 

electron withdrawing showed slow rate. They concluded that the mechanism involves 

alkoholate donation of electrons to the 2p orbital in C of CO and picks proton (H+) from 

ROH (R is an alkyl group) to regenerate the alkoxide as illustrated in Equations (2.3) and 

(2.4). That is, any substitution that increases the electron density will increase the rate 

of carbonylation reaction. 
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        𝑅𝑂−𝑁𝑎+ + 𝐶𝑂 ⇌ 𝑅𝑂𝑂𝐶−𝑁𝑎+                   (2.3) 

𝑅𝑂𝑂𝐶−𝑁𝑎+ + 𝑅𝑂𝐻 ⇌ 𝑅𝑂𝑂𝐶𝐻 + 𝑅𝑂−𝑁𝑎+     (2.4) 

The initial amount of alcohol added plays a role in the induction during MeOH synthesis. 

During MeOH synthesis, an induction period is usually observed as a result of inadequate 

amount of alcohol for carbonylation. Variation of the initial amount of alcohol showed 

that increasing the amount of alcohol decreases induction period during testing [28]. 

Addition of excess alcohol did not significantly increase MeOH yield but eliminated the 

induction period. Since alkyl alkoxide is effective in catalysing carbonylation, enough 

amount of alcohol will help initiate the reaction at rapid rate and hence no induction. 

That is, the induction period occurs when the MeOH formed is not enough and it takes 

the induction period to accumulate enough alcohol (or MeOH) for appreciable amount 

of protons (H+) available to restore the consumed alkoxide.  

There are a few suggestions on how to make the alkoxide catalyst system.  Caubere et. 

al. [43-45] has shown that an alkoxide system can be made from alcohols and NaH, 

which is a relatively inexpensive and simple reducing agent, (Equation (2.5)). They 

reported that NaH’s ‘super’ basicity could pose some challenges as unselective 

reduction especially when in the presence of other functional groups could occur. A 

possible inclusion of some transition metals such as Co or Ni can help to control its 

basicity for carbonylation as well as hydrogenation reactions. Further discussion on the 

hydrogenation process will be highlighted in subsequent sections. Nevertheless, the 

alkoxide system made from only NaH and alcohol is relatively straightforward by simple 

addition. There are more stringent precautions to take however when handling the very 

reactive and flammable NaH [46]. 

𝐶𝐻3𝑂𝐻 + 𝑁𝑎𝐻 → 𝐶𝐻3𝑂𝑁𝑎 + 𝐻2       (2.5) 

An alternative route for making the alkali metal alkoxide system is via a hydroxide (e.g. 

NaOH) and MeOH reaction [40, 47, 48]. This route, as illustrated in Equation (2.6) is 

rather a fast equilibrium reaction and highly reversible.  The H2O produced in the process 

needs to be constantly removed to push the reaction towards the alkoxide product, 
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which therefore makes this option more involving compared to the NaH route. One 

approach is by evaporation of the water [48], where both hydroxide and alkoxide were 

considered non-volatile and only H2O and alcohol boiled off. Alternatively, other authors 

reported that H2O can be removed by using an excess amount of activated drying agent 

such as molecular sieve [40]. Overall, the hydroxide approach is safer than the NaH, but 

will be cost and energy intensive. 

𝐶𝐻3𝑂𝐻 + 𝑁𝑎𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝑁𝑎 + 𝐻2𝑂       (2.6) 

 

2.1.2 Hydrogenolysis of Methyl Formate 

Hydrogenolysis can be defined as a process where there is carbon-carbon or carbon-

hetero atom (O,N,S e.t.c) sigma bond cleavage accomplished by hydrogen (H2) [49], as 

illustrated in Equation (2.7). This is a well-known process used in large-scale industrial 

production of fatty alcohols from natural fatty acid esters [25]. Furthermore, 

hydrogenolysis of short-length formate and monoesters are widely used for the 

production of MeOH and EtOH. Hydrogenation, which simply means the addition of H2 

to an unsaturated bond, is often indiscriminately used instead of hydrogenolysis. 

However, in this thesis, the two terms are different and will be used as defined above. 

In the LTMS process, the MeF produced from carbonylation undergoes hydrogenolysis 

to produce MeOH. Hydrogenolysis of MeF therefore will involve the cleavage of a C-O 

bond as illustrated in Equation (2.8).   

𝐶 − 𝑋 + 𝐻2 ⇌ 𝐶 − 𝐻 + 𝑋 − 𝐻     (2.7) 

Sørem’s [50] thermodynamic calculations revealed marginal differences in conditions 

can lead to a significant effect on hydrogenolysis of MeF in liquid medium. Theoretically, 

pressure above 60 bars, temperatures below 180 oC, more than 1/5th of reactor volume 

filled with liquid reagents and about MeF initial concentration greater than 5 mol % can 

lead to 98 % conversion. Several transition metals have shown some activity for 

hydrogenation and hydrogenolysis reactions [28, 33, 51], however not all have been 
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attractive as factors such as the cost, availability (or abundance) and safety issues play 

important role. Among the transition metals, Ni and Cu-based catalysts have gained 

more attention for MeF hydrogenlysis. 

𝑅𝑂𝑂𝐶𝐻 + 2𝐻2 ⇌ 𝑅𝑂𝐻 + 𝐶𝐻3𝑂𝐻          (2.8) 

 

2.1.2.1 Ni-based catalyst 

The use of Ni as a hydrogenolysis catalyst was earlier patented in 1986 by the 

Brookhaven National Laboratory [52, 53]. Ni among other Mo, W, Co, Pd and Cr was 

shown to be very active in the LTMS as a hydrogenolysis catalyst [28, 53]. Typically, at 

100 oC temperature, and 50 syngas (composed of 2H2/CO) bar pressure, Ohyama S. [28, 

29, 54] reported that up to 92 % syngas conversion and 97 % selectivity to MeOH could 

be attained per batch in 2 h when Ni(CO)4/CH3OK were used as catalyst system. When 

the syngas was charged, formation of MeF initially increased to a maximum and then 

decreased. Meanwhile formation of MeOH remained constant until the MeF reached its 

maxima and then rapidly increased when the MeF formation declined. This variation of 

the products during the reaction indicated that MeF was an intermediate product, which 

is consumed with time. Furthermore, the product variation also suggested that the LTMS 

process involves two-steps; carbonylation for MeF formation discussed earlier, followed 

then by the hydrogenolysis step. 

When the Ni source was varied, the activity was in the order Ni(CH3COO)2 > NiCl2 >NiSO4 

and almost no activity with Ni(NO3)2 and Ni metal [54]. To identify the active component 

of Ni involved, an XAFS study showed that Ni(CH3COO)2 transforms into Ni(CO)4 during 

reaction conditions. Further spectroscopic study showed that a hydridocarbonylnickel 

in the form of either {HNi(CO)3}- or {HNi2(CO)6}- or both derived from Ni(CO)4 was the 

active component [29, 55]. The formation of the active Ni ions corresponded with the 

rapid formation of MeOH, an indication that the {HNi(CO)3}- or/and{HNi2(CO)6}- was 

involved in the hydrogenolysis step. Whether the starting Ni was Ni(CO)4 or Ni(OCOCH3), 

the peak for Ni(CO)4 was observed which rapidly converted to the hydridocarbonylnickel 
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anion. This in summary implied that the Ni(CO)4 is an important component of the Ni-

alkoxide system which could not be avoided. 

The necessary formation of Ni(CO)4 in the Ni-alkoxide catalytic system is of a great 

concern. This is because Ni(CO)4 is highly volatile and toxic [30, 56]. This poses a danger 

in their usage on industrial scale and even laboratory scale since a more stringent safety 

measure needs to be adhered to. This could be the reason why the Ni-alkoxide system, 

despite its high activity has not been industrialized. There is therefore a need to seek for 

active non-toxic alternative hydrogenation catalysts. In the next section, we examine 

the use of Cu-based catalyst as the hydrogenation catalyst. 

 

2.1.2.2 CuCr2O3-based catalyst 

Among the transition metals tested for hydrogenolysis of esters, Cu-based systems have 

received enormous interest [57]. Since the discovery of the MeOH synthesis via MeF 

described by Christiansen[23], Cu-based catalysts, in particular copper chromite 

(CuO/Cr2O3) oxide, have been much studied [25, 32, 50, 58]. CuO/Cr2O3 oxides were 

initially developed by Adkins et. al. [59] for hydrogenation and hydrogenolysis of a wide 

range of carbonyls. Consequently, several authors have used the CuO/Cr2O3 among 

other Cu-based catalysts for MeF hydrogenolysis.  

 

2.1.2.2.1 Method of Catalyst development  

Adkins et. al. [59, 60] first prepared copper chromite using a mixture of dichromate salt 

and cupric salt solution. The dried solution was exposed to flames of a Bunsen burner, 

which spontaneously decomposed to form fine powder of CuO/Cr2O3. The CuO/Cr2O3 

made was active for hydrogenolysis of different esters at about 150-175 oC. By varying 

the composition, the catalyst, with excess CuO over cupric chromite (CuCr2O4) showed 

enhanced activity and therefore they stated that CuO was an active component with 

CuCr2O4 acting as a stabilizer.   
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Ohyama et. al. [32, 33, 57] introduced another CuO/Cr2O3 catalyst preparation route by 

using a physically milled mixture of CuO and Cr2O3 which was also active for MeF 

hydrogenolysis. When either CuO or Cr2O3 were milled and used separately as catalysts, 

very low activity was observed as compared to the mixture. Long milling time of the CuO 

and Cr2O3 mixture showed smaller particle size with high surface area. They reported 

that the long-term milling did not only lead to decrease in the catalyst size but also led 

to an increase in the intimate contact between fine CuO and Cr2O3 interfaces/grains with 

enhanced disorder in CuO crystallites. The particles with increased CuO and Cr2O3 

interface and high surface area showed the highest activity for MeOH productivity. This 

further suggested that the smaller particle size increased the interface and ultimately 

promoted MeF hydrogenolysis.   

Aside the above mentioned ‘top-down’ approaches, there are other ‘bottom-up’ 

approaches for fabricating copper chromite with diverse morphology for catalytic 

activities. For example, sol-gel [61, 62], hydrothermal [63] co-precipitation and ceramic 

method [64]  have been reported to be used for synthesizing copper chromite. Most of 

these processes involve multiple steps using copper salt and dichromate salt mixture 

homogenised in appropriate solvent, accompanied by longer duration for the copper 

chromate formation.  

  

2.1.2.2.2 Active site 

In determining the nature of the active phase of Cu for the hydrogenolysis, Yureva and 

Plyasova [65] revealed that the nature of the Cu in a CuO/Cr2O3 depended on the 

method of hydrogen interaction during reduction. They reported that when a parent 

spinel CuO/Cr2O3 is treated with H2 gas at 200-350 oC, a unique metallic Cu nanoparticle 

segregation occurs but reverts to the parent-like spinel structures when H2 was replaced 

with He. They suggested that the spinel bulk absorbs protons from H2, which helps in 

reducing Cu ions to metallic Cu nanoparticles epitaxially bonded to the oxide surface. 

The reduced state of the Cu in the oxide has been observed to exhibit high activity in 
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hydrogenolysis reaction [66, 67]. That is, the active Cu component appeared to be a 

reduced Cu or metallic Cu.  

Additionally,  Liu et. al. [68] used H2 or N2 at different temperature (230-270 oC) for the 

reduction of LaCuMn oxides and CuZn/AC (AC = activated carbon) to produce different 

Cu+/Cu0 compositions. When the different Cu+/Cu0 were tested for MeOH synthesis, 

separate Cu+ and Cu0 gave relatively lower conversions, compared to a 3 Cu+:1Cu0 

mixture which gave the highest MeOH yield. They suggested that the active state of Cu 

for the MeOH synthesis is a mixture of Cu+ and Cu0 with some synergistic effect between 

the two states.   

Furthermore, Prudnikova et. al. [69] used Cu containing ZnAl2O4, CrFeO4 and ZnCr2O4 in 

different compositions to determine the active state of Cu in the methanol synthesis. 

They reported that the activity of the catalyst depended on the coordination 

environment of the Cu, such that gradual reduction of Cu ions to metallic Cu formation 

led to a decrease in activity. This was however in contrast to the proposed active 

component in the CuO/Cr2O3 catalyst. Nevertheless, it is important to note that the 

active sites can vary depending on the specific chemical environment and reaction 

conditions. Overall, the presence of Cu was necessary for the MeOH formation. 

 

2.1.2.3 Other Cu sources 

Ohyama’s [58] study showed that when SiO2 was impregnated with Cu, Co, Ni, Rh, Pd, 

Pt, only Cu, Pd, Co and Rh were catalytically active. Co/SiO2 and Rh/SiO2 showed highest 

conversion of CO but produced mainly higher hydrocarbons, and some MeOH and CO2. 

This is not surprising as Co and Rh are known Fischer–Tropsch (FT) synthesis catalysts 

[70], and exhibited such in the liquid phase at 200 oC. Pd showed the highest MeOH 

selectivity even though it showed quite low conversion. They further tested Cu-Zn-Cr, 

which exhibited the higher activity for MeOH synthesis at 180 oC compared with the 

impregnated SiO2.  
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Monti et. al. [71, 72] showed that Cu ion exchanged on SiO2 was active for MeF 

hydrogenolysis.  Their spectroscopic data indicated that the rate of MeF’s carbonyl 

adsorption on Cu corresponded to the rate of hydrogenolysis of the MeF. In the 

presence of CO, hydrogenolysis rate decreased, however when the supply of CO is 

stopped, the activity was restored, suggesting a reversible inhibition of hydrogenolysis 

by CO. Nonetheless, the relative peak of MeF absorption did not change with or without 

CO, depicting a possible non-competition with CO and H2 coverage on the catalyst 

surface.  

Tonner et.al. [73] in an attempt to understand the LTMS, studied dehydrogenation of 

MeOH to MeF over different Cu based catalyst in gas-solid phase at 220 oC, and 1 bar. 

This is the reverse reaction of MeF hydrogenolysis. Cu on chromite, magnesia, chromia 

and silica together with Raney Cu and Cu oxide powder were all active for the 

dehydrogenation. The relative surface area of the Cu and Cu interaction (dispersion) 

with the oxide support seemed to play a role in the specific rate of MeF formation. 

Overall, Cu chromite catalyst emerged to be significantly more active with fewer side 

reactions such as decarbonylation than the others. Addition of either CO or H2O did not 

affect the dehydrogenation reaction. On the other hand, Raney Cu deactivated rapidly 

among the other active catalysts but could be restored with either He or H2 flow at 220 

oC for 3 h. Addition of CO as well as increasing H2O content and its consequent increase 

in CO2 levels did not retard the deactivation profile, an indication that neither CO, CO2 

nor H2O were responsible for the deactivation. They suggested that the deactivation was 

due to the adsorption of formaldehyde traces over the surface of the catalysts. 

In summary, Cu appears to be active for the hydrogenation/hydrogenolysis reactions. 

Even though oxide support may play some role in reducing sintering or as a promoter. 

The exact state of Cu remains controversial, as reports on both metallic Cu and Cu oxides 

have been reported to be active.  
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2.1.2.4 Kinetics and mechanism 

Liu et. al.’s [27, 74] kinetic study showed that the rate of hydrogenolysis over CuO/Cr2O3 

catalyst increased with increasing temperature. Typically, between 140-180 oC 

temperature was an optimum range, above which rate declined and by-products such 

as methane formation increased. Based on fitting their experimental data to kinetic 

models using a non-linear regression method, they came up with a Langmuir-

Hinshelwood type rate expression, shown in Equation (2.9). The expression suggested a 

dissociation of MeF after adsorption on the catalyst and a rather small H2 adsorption 

that can easily be inhibited by the CO adsorption as suggested earlier. 

𝑟 =
1871. 5𝑒(−

8347
𝑇

)𝐶𝑀𝑒𝐹𝑃𝐻2
𝐶𝐶𝑎𝑡𝑎𝑙

1 + (0.039𝐶𝑀𝑒𝐹)
1
2 + 0.096𝑃𝐶𝑂

        (2.9) 

 

 

The reverse reaction of hydrogenolysis was studied using deuterium labelled MeOH for 

dehydrogenation to MeF over CuO/Cr2O3. It was observed that the rates of 

dehydrogenation (or dedeuteriation) between 180 to 200 oC for CH3OH, CH3OD, CD3OH 

and CD3OD were relatively 8.5, 4.4, 2.1, 1 respectively [75]. This was an indication of a 

large primary isotopic effect, which occurs at the methyl group involving a C-H (D) bond 

breaking as a slow step illustrated in Scheme 2.1. This is an indication that MeF 

hydrogenolysis may involve a hemiacetal formation and confirmed a possible 

formaldehyde adsorbed on the catalysts as an intermediate which is hydrogenated.  

Furthermore, Monti et. al.’s [71, 72] spectroscopic study of MeF hydrogenolysis over Cu 

ion exchanged on SiO2 indicated that the rate of MeF carbonyl adsorption on Cu 

 
Scheme 2.1: C-H (D) bond breaking from methyl group 
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corresponded to the rate of hydrogenolysis of the MeF. When MeF was labelled with 

different numbers of deuterium, the rate of hydrogenolysis remained the same, 

suggesting no kinetic isotope effect. However, during the hydrogenolysis, 

transesterification rapidly occurred with low retention of the initial MeF’s identity. 

Moreover, when only SiO2 was used, there was neither change in the identity of the 

initial MeF nor any hydrogenolysis occurred. This was an indication that the 

hydrogenolysis involved transesterification of the MeF and were both catalysed by the 

Cu. When non-labelled MeF (CH3OOCH) was reacted with D2 (deuterium), no CD3OH was 

observed ruling out any exchange at the aldehyde position. They suggested a possible 

hemiacetal species intermediate formed by either (i) a single addition to the carbon 

atom of associatively adsorbed MeF or (ii) addition of deuterium to the oxygen and then 

the carbon of the carbonyl group. Their proposed mechanism shown in Scheme 2.2. 

 

 
Scheme 2.2: Proposed hydrogenolysis mechanism  [72] 

 

2.1.3 Concurrent Reaction 

The route to MeOH from syngas so far, has been discussed as a step-wise reaction, (i) 

carbonylation catalysed by alkali metal alkoxide and then (ii) hydrogenolysis catalysed 

by Cu-based system. While, this helps in understanding the mechanism as well as 

optimizes reaction conditions at each step; we will consider a third option, a concurrent 

system in a Cu alkoxide catalyst system. It is worthwhile knowing whether there is any 

synergistic relationship between the two steps and the catalysts involved. 
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Concurrent approach to MeOH synthesis based on a CuO2/Cr2O3 and CH3OK at 100-180 

oC has shown to give high activity per batch [76]. For example, kinetic studies have 

shown that the rate of the reversible carbonylation reaction is about 5 orders of 

magnitude faster than the rate of hydrogenolysis [27, 74] . This implies that the 

hydrogenolysis reaction will be rate limiting during a concurrent process. In addition, 

carbonylation is favoured by low temperature while hydrogenolysis is favoured by 

relatively higher temperatures. It is expected that operating a concurrent system will 

not be adequately optimized for each step. However, when the two are run 

concurrently, the rate of syngas conversion is better than when hydrogenolysis is run 

separately. This suggested that the concurrent reaction is not a mere summation of the 

two steps but a possible synergy between the alkoxide and Cu catalyst system. 

Furthermore, the adsorption experiment of excess CH3OK on CuO/Cr2O3 catalysts 

showed that at room temperature, some CH3OK were adsorbed on the CuO/Cr2O3 

catalyst. The adsorbed CH3OK has been suggested to promote the synergistic 

relationship during the concurrent experiment.   

Ohyama [26] reported that a combination of CuO/Cr2O3 and  CH3OK at 100 oC and 5 MPa 

showed high activity for MeOH production compared to CuO/ZnO conventional MeOH 

catalyst. When solvent was varied for the concurrent reaction, MeOH productivity was 

in the order glyme > diglyme > THF > triglyme >> ethylene glycol. This indicated that the 

aprotic polar solvents were more active than the protic polar solvent, an indication of 

possible stabilization of the CH3O- by protonation. When the type of alkoxide was varied, 

MeOH was only produced with CH3OK or CH3ONa but not for (CH3)3OK. They suggested 

that the role of the alkoxide system is to weakly interact (secondary bond) with the MeF 

for hydrogenolysis such that the bulky alkoxide was sterically hindered from such 

interaction.  

Furthermore, Bo & Jens’ [31, 35] study has also shown a possible synergistic effect in a 

‘once through’ Cu-alkoxide system. They observed that, increasing the amount of either 

CH3OK or Cu (Raney Cu or Cu(CH3COO)2) or both led to an increase in MeOH formation. 

When CO and H2 were fed together, the amount of MeOH formed were more than three 



Ahoba-Sam: LTMS catalysed by Cu nanoparticles  

 

___ 

22   

 

times the amount of MeOH made when the CO and H2 were fed step-wise at different 

times in the same catalyst system. Clearly, it appears there is a synergy between the two 

steps, however the mechanism for this effect is not well established.  

 

2.1.4 Catalyst Deactivation  

When the activity of the catalyst decreases with time, it is termed deactivation of the 

catalyst [77]. A catalyst with longer life time or easily regenerated is usually preferred 

as it has an effect on the economics of the process. It has been observed that syngas 

conversion decreases linearly with time (or number of batches) during a typical 

concurrent MeOH synthesis [35]. The source of deactivation in the concurrent system 

could be from either of the catalyst or both.  

Ohyama [26] reported that during a concurrent process, the reduction of activity could 

appreciably be restored when fresh CH3OK was  added. This indicated that consumption 

of the alkoxide was the main source of deactivation. They suspected that CH3OK could 

be consumed by trace amounts of H2O and CO2 from the starting syngas reactants or by-

products from water gas shift reaction (see Equation (2.10) [78, 79]). The H2O and CO2 

react with alkoxide to produce formate and carboxylates respectively as illustrated in 

Equations (2.11)-(2.13). In a carbonylation study, Lui et. al. [27] observed formate, CO2, 

and dimethyl ether as products. When excess CO2 was added to alkoxide, no CO 

carbonylation was observed due to a reaction between CO2 and alkoxide as illustrated 

in Equation (2.13). This was an indication of an irreversible poisoning of the alkoxide by 

CO2.  

           𝐶𝑂 + 𝐻2𝑂 ⇌ 𝐶𝑂2 + 𝐻2                   (2.10) 

   𝐻2𝑂 + 𝐶𝐻3𝑂𝐾 ⇌ 𝐶𝐻3𝑂𝐻 + 𝐾𝑂𝐻        (2.11) 

           𝐶𝑂 + 𝐾𝑂𝐻 ⇌ 𝐾𝑂𝑂𝐶𝐻                     (2.12) 

    𝐶𝑂2 + 𝐶𝐻3𝑂𝐾 ⇌ 𝐾𝑂𝐶𝑂𝑂𝐶𝐻3              (2.13) 
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In a hydrogenolysis study, Sørum [50] reported that CO, H2O and CO2 can all retard 

MeOH formation such that minimizing their presence led to increase in activity. They 

observed that CO adsorbs strongly than H2 and therefore competes with H2 for 

adsorption on the CuO/Cr2O3 catalyst surface. They suggested that H2O on the other 

hand reacts with MeF to give CO2 (Equation (2.14)), which subsequently reacts with 

surface OH to form bicarbonate (Equation (2.15)).  Therefore leading to the reduction in 

the hydrogenolysis process over time. 

  𝐻𝐶𝑂𝑂𝐶𝐻3 + 𝐻2𝑂 ⇌ 𝐶𝐻3𝑂𝐻 + 𝐶𝑂2 + 𝐻2    (2.14)      

     ∗ −𝑂𝐻 + 𝐶𝑂2 ⇌ ∗ −𝐻𝐶𝑂3                         (2.15) 

On the other hand, other authors have attributed the deactivation during 

hydrogenolysis to a blocking of the active sites with a polymer. Monti et. al. [71] 

reported that in the presence of a high amount of CO, a residue material suspected to 

be a polymerization of formaldehyde is formed which leads to a continuous deactivation 

of the Cu-SiO2 catalyst. They suggested that formaldehyde formed during the LTMS 

forms part of a polymer. Although the polymer does not adsorb on the active Cu site, it 

eventually accumulates over both the support and the catalyst surface making the active 

site inaccessible. Furthermore, Tonner et.al.’s [73] study of dehydrogenation of MeOH 

to MeF over CuO/Cr2O3, revealed that addition of either CO or H2O content and it 

consequent increase in CO2 levels did not retard the deactivation profile. This indicated 

that neither CO, H2O nor CO2 were responsible for the deactivation of CuO/Cr2O3 for the 

reverse reaction of hydrogenolysis. They also attributed the deactivation to adsorption 

of formaldehyde polymer traces over the active Cu surface. 

Overall, while there is some consensus on the adverse effect of H2O and CO2 on the 

alkoxide system, the deactivation pathway of the Cu-based catalyst remains unclear. 

Nevertheless feed cleaning by absorbing H2O and CO2 from syngas before MeOH 

synthesis reactor will reduce their contribution to deactivation.  Further, if a very active 

hydrogenolysis catalyst is developed, hydrogenation of formaldehyde will be rapid such 

that polymer formation will be suppressed. Moreover, such active catalyst could present 

the possibility of hydrogenating carboxylates formed from CO2 formation.  
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2.1.5 Alternative Low Temperature MeOH synthesis 

 

2.1.5.1 Alcohol-Assisted Approach  

Alcohol assisted MeOH synthesis advanced by Tsubaki et. al. [80-87] is yet another 

approach to making MeOH at lower temperatures than the current conventional 

technique. This approach also uses Cu-based catalysts and syngas (CO/CO2/H2) reactants 

for MeOH synthesis at about 180 oC temperature using ethanol as solvent. Over a 

Cu/ZnO catalyst, MeOH yield increased with increasing ethanol whilst no MeOH was 

produced at temperatures below 180 oC. They observed that the rate of the reaction 

increased with increasing CO2 content as opposed to the rate retarding when the 

reaction was carried out in only CO and H2. Here the presence of CO2 was activating and 

necessary for the synthesis process.  Fan et. al. [88, 89] also reported that when CO2 and 

H2 were the reactants, an initial increase in ethyl formate was observed and then 

decreased at the expense of MeOH with time and temperature. The alcohol assisted 

approach is suggested to involve 3 major steps as illustrated in Equations (2.16)-(2.19) 

as; (i) hydrogenation of CO2 ( or CO) to formic acid, (ii) formic reaction with ethanol to 

form ethyl formate, and (iii) hydrogenolysis of ethyl formate into ethanol and MeOH . 

Therefore, ethanol played a dual role as a solvent as well as a catalyst.  

                 𝐶𝑂 + 𝐻2𝑂 ⇌ 𝐶𝑂2 + 𝐻2                                 (2.16) 

                   𝐶𝑂2 + 𝐻2 ⇌ 𝐻𝐶𝑂𝑂𝐻                                    (2.17) 

𝐻𝐶𝑂𝑂𝐻 + 𝐶2𝐻5𝑂𝐻 ⇌ 𝐻𝐶𝑂𝑂𝐶2𝐻5 + 𝐻2𝑂                 (2.18) 

   𝐻𝐶𝑂𝑂𝐶2𝐻5 + 2𝐻2 ⇌ 𝐶𝐻3𝑂𝐻 + 𝐶2𝐻5𝑂𝐻                (2.19) 

Cu-based catalyst with various oxide supports is believed to be the active component 

for the alcohol-assisted route. When different ratios of Cu/Zn mole ratios prepared by 

co-precipitation were tested, the highest syngas conversion was observed for Cu/Zn=1, 

which also exhibited the highest Cu BET surface area [84, 90]. Jeong et. al.’s [91] 

investigation indicated that the size of the Cu in Cu/ZnO influences the catalyst activity 

in the MeOH synthesis. When the pH of the conventional co-precipitation was varied, 
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the particles prepared at pH = 8 gave the smallest and most acidic Cu crystallites and 

consequently the highest MeOH yield. This revealed that Cu crystallite size as well as its 

acidity have the tendency to influence MeOH synthesis.  

Cu on other supports aside ZnO has also been shown to be active for the alcohol assisted 

MeOH synthesis between 150 oC to 180 oC. For example, Cu on either MnO or MgO 

support was observed to be very active for syngas conversion with high MeOH selectivity 

[87, 92].  Hu et. al. reported on alkali metal promoting behaviour of a Cu/MgO catalyst 

for the MeOH synthesis [93-96]. When Cu/MgO was doped with different alkali metal in 

the presence of HCOOM (where M was alkali metal) activity decreased in the order Na 

> K > Rb > L. They suggested that moderate basicity was more favourable for the MeOH 

synthesis over Cu/MgO as Na and K showed the highest activity. When the alkali metal 

was varied for the HCOOM, HCOONa was most active and more stable. In the absence 

of HCOOM, Cu/MgO was active but activity rapidly decayed with time. The total moles 

of Na in the HCOONa and Cu/MgO-Na showed a linear dependence on activity and they 

suggested a synergistic effect for the MeOH synthesis. This approach also supports 

Tsubaki’s suggested mechanism with formate intermediate formation since the 

presence of HCOONa enhanced activity.  

The alcohol-assisted mechanism discussed so far presents a very interesting pathway 

for making MeOH. The alcohol-assisted approach has the advantage of CO2 and H2O 

tolerance, which is deactivating in the low temperature MeOH synthesis assisted by 

alkoxide. Nevertheless, the operational temperature in the alcohol-assisted mechanism 

is still higher than thermodynamically allowed for full syngas conversion per pass at 

comparable pressure.  The alcohol-assisted MeOH synthesis operates at almost twice 

the temperature at which that of the alkoxide-assisted operates. Therefore, the alcohol-

assisted mechanism have lesser conversion (or specific activity) per batch compared to 

the alkoxide-assisted MeOH process. Furthermore, operating the alcohol-assisted 

mechanism will require pure syngas without N2 in order to maximize conversion per 

pass. It is also interesting to note that both the alcohol assisted and the alkoxide-assisted 

mechanisms involve an ester, alkyl formate intermediate formation. In addition, both 
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systems require a Cu-based catalyst, the activity of which is enhanced by the addition of 

a base or a basic environment. It will be interesting to determine whether both 

processes approach similar mechanisms but at different temperature regime.  

 

2.1.5.2 Nano-catalysis Involved in Low MeOH Synthesis 

Other groups have also considered the use of nanoparticles in MeOH synthesis at lower 

temperature conditions than the conventional ICI MeOH synthesis. Vukojevic et. al. [97] 

reported on the use of aluminium-stabilized Cu colloids of about 5 nm for MeOH 

synthesis in a quasi-homogeneous system. The 5 nm metallic Cu colloid particles which 

were produced by trialkylaluminium reduction of copper acetylacetonate, was observed 

to be active for MeOH synthesis in THF solvent. The activity of Cu colloidal system, using 

74 H2: 20 CO: 6 CO2 syngas was found to be comparable with the commercial ICI 

CuO/ZnO/Al2O3 catalyst (around 5 molMeOH/kgCuh) at 150 oC coupled with MeF 

intermediate. They suggested that the presence of ZnO was not an absolute necessary 

component for the heterogeneous MeOH synthesis catalyst based on Cu. 

Ceria supported Cu nanoparticles is also reported to be active for MeOH synthesis [98, 

99]. Shen et. al.’s [98] work using co-precipitated 10 wt % 14 nm Cu in  4 nm CeO2 

particles showed a higher 2H2:1CO syngas conversion to MeOH relative to a commercial 

Cu-ZnO-Al2O3 catalyst at 195 oC. During the MeOH synthesis, initial metallic Cu particles 

oxidized to Cu2O while their mean particles halved accompanying an increase in activity. 

Further oxidation of Cu2O to CuO and growth of CeO2 particles led to a gradual 

deactivation. They suggested that the Cu+ was the activate Cu species which is stabilized 

by the CeO2.  

Aside the direct syngas conversion, CO2 can be converted to MeOH indirectly via 

carbonates. Tamura et. al.[99] for example reported that dimethyl carbonates can be 

converted to MeOH over Cu/CeO2 at 160 oC and about 80 bar  H2 pressure in THF. They 

observed almost 100 % dimethyl carbonate conversion with more than 90 % selectivity 

to MeOH after 24 h. XANES, XRD and TEM data indicated that sub-nanoparticle  (< 1nm) 
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metallic Cu 1 nm formed from Cu(I)/CeO2 exhibited high hydrogenolysis activity. 

Similarly, Lian et. al [100] also showed that the CO2 via ethylene carbonates can undergo 

hydrogenolysis  using CuO/Cr2O3 nano-catalysts at 180 oC and 50 bar H2. They observed 

up to 60 % and 93 % selectivity to MeOH and ethylene glycol respectively, with CH4, CO 

and CO2 as side products. Activity severely dropped when metallic Cu was washed with 

aqueous FeCl3, and suggested that metallic Cu in the Cu/Cr2O3 was the catalytic active 

species made during H2 reduction pre-treatment.  

Overall, Cu particles appear to be effective in MeOH synthesis. Even though the state of 

the Cu can be controversial, it is imperative that the chemical and operating 

environment can have an effect on the active state. Nevertheless, most of the reported 

work support a reduced Cu than a fully oxidized Cu (Cu2+). Employing oxide support can 

also be valuable in getting the right environment for the active state of the Cu, and these 

supports can be variance. The mechanism involved in MeOH synthesis, appears to have 

some common intermediates and the possibility of some slight deviation at different 

temperatures need to be investigated.  Irrespective of the mechanism, whether direct 

or indirect synthesis approach, the role of the Cu nanoparticles needs to be addressed, 

whether some intrinsic properties are involved or the mere exposed surface. Study of 

Cu nanoparticles without any support or any strongly binding ligands can help to unearth 

the role of the nanoparticles, as there will be no oxide-support property to account for. 

Furthermore, it is important to device a faster, cheaper and environmentally friendly 

way of making such active Cu nanoparticle catalyst to facilitate the reaction.   

 

2.2 Cu nanoparticles for Catalysis 

A catalyst is a material that speeds up the rate of chemical reaction without taking part 

in the stoichiometry of the reaction.  Catalysts provide alternative pathway for a 

reaction by lowering the activation energy of the reaction. Figure 2.1 shows the 

difference in the energy barriers and reaction pathways of catalysed (lower) and non-

catalysed (upper) reaction. Typically, reactants bond with the catalyst, thereby 
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weakening the reactant’s interatomic bonds. Thus increasing the probability of a 

favourable orientation of the reactant molecules as well as increasing the number of 

collisions between the reactant molecules. Nevertheless, both catalysed and non-

catalysed reactions have the same initial and final potential energies. Therefore, a 

catalyst only affects the kinetics and does not change the thermodynamics of the 

reaction. [101] 

 

 
Figure 2.1: Potential energy diagram versus progress of reaction for a non-catalysed 
reaction (upper path) and a catalysed reaction (lower path). Adapted from[101] 

 

A catalyst can be in the form of atom, smaller or larger molecules or even solid surfaces. 

Catalytic processes can simply be distinguished based on the phase of the reactants and 

the catalyst involved. When both catalyst and reactants are in the same phase, for 

example, when both are in liquid phase, it is classified as homogeneous catalysis. When 

the catalyst and the reactant phases differ, for example solid catalyst and gas reactants, 

it is classified as heterogeneous catalysis. It is important to note that both homogeneous 

and heterogeneous catalysis are complimentary in applications as the advantages and 

drawbacks of one is usually the opposite of the other. For example, homogeneous 

systems which arise from the molecule type of catalysts, have better mass transport 

efficiency, are more active and selective but are difficult to recycle or recover the 

catalyst after the process. Heterogeneous catalysis on the other hand deals with solid 

surface catalysts, which are easy to recover but require more drastic reaction conditions 

and are less mass transport efficient. [102] 
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One domain that bridges a traditional solid catalyst and molecular catalyst is the use of 

nanomaterials as catalyst [103]. Nanomaterials are materials in the nano meter (10-9 m) 

dimension. The surface energy and morphology of nanoparticles are highly size 

dependent, which coupled with larger surface area translates into an enhanced 

reactivity of nanocatalysts [104, 105]. Nanocatalysts exhibit high reactivity compared to 

the bulk due to the different sizes and shapes, which gives rise to distinct quantum 

properties [103, 106]. As shown in Figure 2.2, the functional sites of nanomaterials can 

be ordered to specific reactivity compared to non-nanomaterials. This therefore gives 

nanomaterials both homogenous and heterogeneous catalysts-like properties such as 

mass transfer efficiency, selectivity and ease in recovery.   

 

 
Figure 2.2: Nanoarchitecture: an avenue to superior precision. Axes are: A: 
composition of functional sites; B: ordering level of sites; C: functional properties of 
material, adopted from [103] 

 

2.2.1 Cu Nanoparticles Synthesis  

The earth’s abundance and inexpensive source of copper compared to other noble 

metals makes them attractive for several applications including catalysis [107]. The 

process of fabricating nanomaterials is very important in obtaining the right size and 

morphology for catalytic applications [108, 109]. Synthesis of Cu nanoparticles (NP) has 

therefore attracted much attention over some time now due to its unique applications. 

The procedure for making Cu NP can either be by a ‘bottom-up’ or ‘top-down’ approach. 

Even though both approaches present their own advantages and disadvantages, the 
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‘bottom-up’ approach is commonly used since it provides more flexibility in controlling 

particle size and morphology. Some of the reported method of synthesis include 

chemical treatment, electrochemical synthesis, photochemical techniques, 

sonochemical method and thermal treatment. Chemical reactions involved for Cu NP 

synthesizes can be (a) reduction, (b) oxidation, (c) hydrolysis or (d) condensation, 

depending on the desired product. If metallic Cu for example is the desired product, 

reduction of either Cu(I) or Cu(II) is employed. On the other hand, when CuO is desired, 

hydrolysis of the Cu precursor followed by dehydration is used. [110].  

Some of the important procedures in the chemical treatment is sub-classified as (i) wet 

chemical, (ii) reverse micelle, (iii) microwave (MW)-assisted (iv) biosynthesis and (v) 

ionic liquid (IL)-assisted method. The wet chemical technique is mostly used to produce 

metallic Cu NP, which involves a reducing agent that provides electrons to reduced Cu 

salts. Such processes could involve capping agents to stabilize and control particle 

growth [111].  The reverse micelle involves water in oil microemulsions, where polar 

head of surfactants molecules are attracted to aqueous core whilst the apolar part is 

directed outside. This forms a nanoreactor (nanometer scaled) droplet to uniformly 

control the size and shape of the Cu NP during precipitation  [112]. MW-assisted 

technique has also been reported to give a high rate and high yield Cu NP when the 

synthesis reaction is exposed to microwave irradiation [113, 114]. Some plant extracts 

have also been used as both reducing and capping agents in what is termed as 

biosynthesis of Cu NP [115]. The IL-assisted synthesis is a straightforward top-down 

technique using ionic liquid to solvate Cu microparticles to dissociate into nanoparticles 

[116]. In a review by Gawande et. al., [110] a summary of the above mentioned chemical 

treatment techniques with specific examples and their approximate Cu particles sizes 

have been sufficiently discussed. Overall, different protocols with multi-steps were 

required to fabricate particularly Cu NP size and shape.  

A straightforward recipe for making on-purpose Cu NP, with the flexibility of physically 

fine-tuning  particle sizes for example by mere variation of physical parameters will be 

a valuable contribution to nanoparticle synthesis. The use of the spinning disk reactor 
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(SDR) present one of such straightforward approach for nanoparticle synthesis. The SDR 

is a continuous-flow process intensification reactor with an enhanced production 

efficiency, safety, minimal cost and minimal waste technology [117, 118]. When a liquid 

is introduced unto the centre of a rotating disk, the centre of rotating surface generates 

an outwardly flowing film on the rotating surface. Initial shear stress generated at the 

disk accelerates the film tangentially. Subsequently, as the liquid nears the local angular 

velocity, it moves as a thin film under the prevailing centrifugal acceleration. Once the 

surface is fully wetted, thin films (about 50 µm) is generated. This thin film has short 

diffusion and conduction path length for excellent heat, mass and momentum transfer.  

Based on the Nusselt theory, the residence time, tres of liquid reagents traveling with Q 

flow rate, from rin to rout on the disk can be expressed by Equation (2.20), where μ is 

dynamic viscosity and ω is angular velocity. (Nusselt’s theory assumes there is no shear 

at gas-liquid surface, film is ripple-free and no tangential slip at disc-liquid surface). 

Hence, increasing the flow rate and rotation speed for example will lead to a shorter 

residence time and consequently affect the crystallization process [119]. Notably, the 

key characteristics of the thin film flow include rapid mixing, heat and mass transfer, 

plug flow and short residence times of the order of seconds [120]. This makes the SDR 

very useful for performing exothermic reactions with a water-like medium. The SDR can 

therefore be employed in a sol-gel process for the synthesis of nanoparticle where 

micromixing and macromixing time is essential in controlling nucleation and crystal 

growth. 
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3 Experimental 

This chapter consists of the experimental procedure for MeOH synthesis. In particular, 

the reactor set-up for the MeOH synthesis as well as the synthesis techniques used for 

Cu-based nanoparticles are reported and discussed. The analytical instruments used for 

analysing products from the syngas conversion as well as characterization of the catalyst 

system is also discussed.  

 

3.1 The Reactor Set-up 

The schematic diagram of the set-up used in this work is shown in Figure 3.1. A high-

pressure (100 bar) batch reactor was used for the major part of this work. This consisted 

of a 200 ml volume and 60 mm diameter wide stainless steel hpm-020 type autoclave 

(Premex Reactor AG). The interior part of the batch reactor was lined with a replaceable 

316-alloy stainless steel liner to preserve the reactor from corrosion. A 52.62 x 3.53 mm 

Teflon (FKM-80 BS233) O-ring was placed in between the reactor and the lid to seal the 

reactor completely from leakage. The reactor was equipped with pressure sensors and 

a thermocouple inserted into it to monitor internal pressure and temperature 

respectively. The thermocouple was inserted into the liquid to monitor the liquid 

temperature, while the pressure sensor was placed above the liquid to monitor gas 

pressure. The internal temperature and pressure in the reactor was independently 

logged onto a PC.  

Furthermore, a dip-tube was inserted into the reactor for liquid sampling, together with 

other valves to control inlet and outlet of gas. A spring-operated Nupro security relief 

valve was set at 100 bars for safety. The reactor was stirred using a magnetic stirrer head 

attached to a stirrer with oblique impeller blades (approximately 30o angle). The 

impeller extended to near the bottom of the reactor to ensure adequate mixing. The 

magnetic stirrer head was externally attached to an electric BCH Servo Motor. The 

Motor was coupled with a lexium 23 drive to give a high rotation precision for rotations 
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ranging between 1000 to 3000 rpm. The autoclave reactor was inserted into a metal 

block heated by silicon oil controlled by a Huber Ministat 230 thermostat with adjustable 

operating temperatures between -33 to 200 oC. The reactor set-up was placed in a fume 

cupboard for safety and the laboratory was equipped with H2 and CO detectors to 

monitor possible gas leakage.  

 

 

 

 

Figure 3.1: Experimental set-up for the methanol synthesis 

 

3.2 Low Temperature MeOH Synthesis 

 

3.2.1 Once Through Experiment; Synthesis of Cu Nanoparticles  

In the one-pot experiments, a known amount of solvent was added to a weighed 

amount of copper acetate (Cu(OAc)2, 98 %) and dry sodium hydride (NaH, 95 %) in the 

batch reactor (all liquid and solid reagents were purchased from Sigma-Aldrich). Under 

about 1 bar N2 blanket, the mixture was stirred and heated to a predetermined 

temperature for a set period of time. The internal temperature was typically set to about 

80 to 150 oC. Thereafter the reactor was cooled to ambient temperature (< 30 oC) 

followed by addition of known amount of MeOH (99.8 %).  The resulting mixture was 

stirred at ambient temperature for about 30 min to ensure that all NaH had reacted to 

give the sodium methoxide co-catalyst.  An approximately 1 ml slurry sample was taken 
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for analysis using the dip tube in-between the reaction steps. The resulting slurry was 

directly tested for MeOH synthesis as described in the following section.  

 

3.2.2 Catalytic Testing 

Generally, the MeOH synthesis was performed by placing known amounts of catalyst 

and solvent in the reactor. The reactor was purged with the reactant gas to ensure no 

air was present and then charged with the same to the set pressure for the experiment 

at ambient temperature. Mostly syngas made up of 2H2/CO (± 2%, premixed) 

pressurized to 20 bar was used for the concurrent experiments, while different gas 

compositions such as CO, CO2, H2 and N2 were used for the step-wise studies. After the 

reactant gas pressure was set in the reactor, the mixture was heated to the set 

temperature for the experiment coupled with stirring at a set rotation speed. The 

standard rotation speed and reaction temperature were respectively 3000 rpm and 100 

oC with variations in some of the experiments. After a set reaction time, the reactor was 

cooled to ambient temperature. Reactant conversion was determined either by the 

difference in pressure drop or by gas chromatography (GC) or both depending on the 

focus of the particular study.  However, by combination of the two, mass balance from 

gas pressure drop and syngas GC analysis for concurrent experiments was determined 

to be about 85 ± 5 %. 

 

3.2.3 CuO/SiO2 Catalyst Synthesis 

CuO/SiO2 catalyst was prepared mainly for performance comparison with Cu catalyst 

prepared from the once through system. Similar protocols were followed as reported in 

[121] and [122] albeit with some modifications. About 100 ml of 0.5 M Cu(NO3)2
.3H2O 

was prepared in a three necked round bottomed flask. Then a 100 ml 1 M L-ascorbic 

acid was added dropwise while stirring. 49 g of 40 wt % SiO2 dispersed in water was 

added to the mixture, and then aged for 3 hr at 100 oC. The resulting slurry mixture was 
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cooled, centrifuged and washed with distilled water 3 times. The wet sample was oven 

dried at 70 oC overnight. The dried particles were calcined at 550 oC for 3 h. The calcined 

CuO/SiO2 catalyst was then characterized and tested for LTMS reaction without further 

pre-treatment. 

 

3.2.4 Cu Nanoparticle Synthesis using Spinning Disk Reactor 

The spinning disk reactor (SDR) was used for tuning the particle size of copper 

nanoparticles. Schematic diagram of the SDR set-up used in this work is shown in Figure 

3.2 similar to the one described elsewhere [117, 118]. A 10 cm diameter smooth 

surfaced stainless steel disk, driven by a 125 W electric motor, coupled with a digitally 

controlled rotating disk was used. The temperature of the disk surface was controlled 

with a regulated water-bath, which circulated beneath the disk to ensure constant disk 

temperature. Aqueous solution of the copper precursor was placed in one line and that 

of the reducing agent placed in the second line, and both fed directly onto the centre of 

the spinning disk. The solutions were pumped unto the disk using a Watson Marlow 323 

peristaltic pump coupled with a dampener at the discharge end to ensure a smooth flow 

of reagents. The feeding tubes were made of Viton, with 3.2 mm hole ends, set at 6 mm 

distance perpendicular to the centre of the spinning disk. The reaction was carried out 

under a N2 blanket to minimize direct contact of the reaction with air. 

 
Figure 3.2: Scheme of SDR set-up used in making Cu nanoparticles 
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3.3 Analysis Methods 

 

3.3.1 Gas Chromatography, MSD & TCD  

One major analytical tool used in this work is the gas chromatography (GC) coupled with 

a mass spectrometry detector (MSD) and thermal conductivity detector (TCD). The 

chromatographic method is used to separate a solute sample between a mobile and a 

stationary phase. In GC, the mobile phase is an inert carrier gas while the stationary 

phase is either a column consisting of a wide-bore packed tube filled with particulate 

material (2-4 mm diameter and 2-6 m long) or a capillary coated open tubular column. 

Capillary columns (about 150-300 μm internal diameter and 30-100 m long) are more 

efficient in separation since they have a long column, which increases resolution. On the 

other hand, packed columns are cheaper, and efficient in light gas analysis. Samples 

injected into the GC, are carried through the column by the carrier gas while the 

different compounds are separated when they interact with the stationary phase and 

elute at different retention times depending on the degree of interaction with the 

stationary phase. [123] 

The eluent from the GC can be identified and quantified using various detectors 

including thermal conductivity detector (TCD) and mass spectrometry detector (MSD). 

The TCD operates based on the thermal conductivity of the mobile phase as it passes 

over tungsten-rhenium wire filament. The changes in thermal conductivity of the mobile 

phase due to the presence of solute compensated by a reference gas is detected and 

measured as a signal proportional to the solute’s concentration. The TCD can detect all 

solutes with different thermal conductivity as a universal detector but is limited in 

sensitivity compared to other popular detectors [123]. The MSD on the other hand is 

extremely sensitive and has diverse applications. A sample introduced into the MSD is 

ionized and is accompanied by some molecular fragmentations. Consequently, the ion 

fragments are accelerated and separated according to their mass-to-charge ratio and 

detected in proportion to their abundance. The MSD functions under high vacuum to 
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allow ion fragments to reach the detector without colliding with other gaseous 

molecules. [124]. 

An Agilent 7890A GC was used for analysing liquid and gas samples in this work. The 

schematic of the GC flow design used is shown in Figure 3.3. The GC was equipped with 

both capillary and packed columns, which directly eluted into the MSD and TCD 

respectively. CARBOWAX 007 series 20 M capillary column with dimensions 60 m x 320 

μm x 1.2 μm was used for the liquid analysis. This was programmed as follows; 

temperature was ramped by 15 oC/min from 40 oC initial temperature to 200 oC in most 

cases and held at 200 oC for 3 min, at 0.47 bar (6.8 psi) constant pressure. The liquid 

sample was injected using an Agilent 7683B autosampler and analytes identified and 

quantified by an Agilent 5975 MSD. 0.54 mg Heptane was added to each sample vial as 

an internal standard. The gas injection valve was connected to 2.7 m Porapak Q and 1.8 

m Molecular Sieve 5 Å packed columns in series and elute into the TCD for analysis of 

permanent gases and up to C2 hydrocarbons. The gas stream flow direction was 

controlled using 10 and 6-port valves, which also allows for backflashing heavier 

analytes via a 0.9 m Hayesep Q pack column. 

 

 

 
Figure 3.3: Schematic showing the GC-MS flow set-up design 
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3.3.2 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) helped to identify the crystalline phases and the crystallite sizes 

of the Cu-based catalysts used in this work. The X-ray beam interacts with crystalline 

surfaces to give a characteristic diffraction pattern of the sample. The diffraction occurs 

by elastic scattering of the X-ray photons by the atoms in a periodic lattice of the 

crystalline material. When the photon path length is equal to the integer multiple of the 

wavelength of the X-ray beams, it implies that the diffractive beams are in phase and 

produces a constructive interference. This interference allows the use of Bragg’s law to 

relate the wavelength of the beam (λ), the diffraction angle Ɵ, and the lattice spacing, d 

(distance between two lattice planes) as shown in Figure 3.4 and expressed by Equation 

(3.1). The lattice spacing is a characteristic of the crystalline material. The relative 

intensity and positions of peaks in the powder diffraction pattern can be compared to 

known phases, which make it easy to identify a known framework. The unit cell 

dimensions can be determined using the peak position while the peak width helps to 

determine the crystal size. [125] 

 

 
Figure 3.4: Simple schematic representation of photons reflecting from atomic 
planes 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃              (3.1) 

The XRD measurement in this work was based on powder techniques. A routine Bruker 

D8 Discover diffractometer was used for analysing dry samples while a multi-purpose 

Bruker D8 A25 diffractometer was used for analysing slurry samples. The routine 
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powder instrument uses Cu K-alpha radiation with wavelength, λ= 1.5406 Å and a 

Lynxeye detector. The dry samples were prepared by mixing with isopropanol on a glass 

plate and the liquid portion allowed to evaporate in order to attain flat surface. The 

plate was mounted on a standard stage and the X-ray diffractogram was measured at 

0.021o step/s for an interval of 5-90 o 2 theta. 

The multi-purpose instrument uses Mo K-alpha radiation with wavelength, λ= 0.71076 

Å and Lynxeye detector with "hardened" chip for Mo radiation. The stage of multi-

purpose instrument was adjustable providing the flexibility to use a spinning capillary 

sample holder for analysing the slurry samples.  The slurry samples were prepared by 

pipetting about 10-15 µL of the sample into a capillary tube with 0.5 mm internal 

diameter, and then centrifuged at 2000 rmp for 10 min to settle the solid portion at the 

bottom. The tube was then mounted and adjusted on the capillary spinner such that the 

X-ray beam measures around the capillary bottom where the particles were 

concentrated.  The X-ray diffractogram was measured at 0.023 o step/s for an interval 

of 15-35o 2 theta. Total Pattern Analysis Solution (TOPAS) software was used for 

quantitative Rietveld analysis of the diffractogram. This software fits theoretical 

diffraction pattern to a measured diffraction pattern using non-linear least square 

algorithms [126]. This method was used to quantitatively determine the phase 

composition and crystallite sizes of the catalysts used in the current work.  

 

3.3.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopic technique used to study in 

detail properties of solid materials including, size, morphology, composition and 

crystallographic information of the sample. The use of electrons with its characteristic 

small wavelength (< 1 Å) makes the TEM very versatile for probing details of materials 

to nanometre and sub-nanometre scale. A ray path diagram showing two basic 

operation mode of the TEM is shown in Figure 3.5. A high accelerated electron beam 

(usually around 120-400 KeV) passes through series of condenser lens to produce 
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parallel rays that impinge on the sample. The transmitted electrons (attenuated based 

on density and thickness of the sample) forms a 2-dimensional projection of the sample, 

which is magnified by a series of optical lenses to give an image (bright field) on a screen. 

The TEM can easily be switched into a diffraction mode, adjusting the image-system 

lenses such that the back focal plane of the objective lens acts as the object plane for 

the intermediate lens. [127, 128] 

 

 

A Joel 2100F TEM was used to characterize the Cu-based nanoparticles used in this work. 

Samples were prepared by adding methanol and placed in ultrasound bath for about 30 

min to separate agglomerated particles, since thicker agglomerates will limit electron 

 
Figure 3.5: Ray diagram of the TEM operating in bright-field mode (left) for imaging 
and dark field mode (right) for diffraction, adopted from [127] 
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beam transmission. The solution was then dropped onto a carbon film supported by 

either a nickel or copper grid. The grid was then allowed to dry overnight and placed 

carefully on an appropriate sample holder. The sample is then mounted in the 

goniometer of the TEM with all necessary precautions in order not to introduce other 

foreign materials aside the sample since the TEM operates under vacuum (~10-9 bar). 

 

3.3.4 Dynamic Light Scattering (DLS) 

The dynamic light scattering (DLS) method can be used to determine the size of particles 

usually in the sub-micron scale. DLS measures the speed of particles undergoing 

Brownian motion, also known as the translational diffusion coefficient (D) and relates it 

to the size of the particles. The smaller the particles, the more rapid it moves in a liquid 

medium with a known viscosity (η), at a constant temperature (T). The particle size, (as 

diameter assuming the particle is a sphere) can be estimated using the Stokes-Einstein 

equation expressed in Equation (3.2), where k is Boltzmann’s constant. Therefore, DLS 

operates by illuminating the particles with a laser and analysing the fluctuation of the 

scattered light intensity to determine the particle sizes. [129] 

𝑑ℎ =
𝑘𝑇

3𝜋𝜂𝐷
                      (3.2) 

The mean particle size and particle size distribution were determined using a DLS 

(Malvern instrument, Model HPPS) with a He-Ne laser light source of λ= 633 nm. The 

instrument allows for measuring a wide range of particles diameter, ranging from 0.6 to 

6000 nm. Sample preparation was rather straightforward by placing about 1.5 ml diluted 

sample in a cuvette and inserting into the Malvern instrument. All measurements were 

carried out at 25 oC.   
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3.3.5 Infra-red Spectroscopy 

Infra-red (IR) spectroscopy is a spectroscopic technique based on vibration of atoms in 

a molecule when infrared radiation pass through them. The IR signal can only be seen 

for the molecular vibration that causes changes in dipole moments. IR radiation is 

absorbed when in resonance with the frequency of the vibration of the atomic oscillator. 

This is described using a simple harmonic oscillator for a diatomic molecule as expressed 

in Equation (3.3), where ѵ is the frequency of vibration, k is the force constant and μ is 

the reduced mass. This implies that molecules with stronger interatomic bond and 

lighter mass have higher vibration frequencies. A simple schematic diagram of how the 

IR operates is shown in Figure 3.6. When the IR light is emitted, it splits and reflects back 

in the beamsplitter. The movement of one of the mirrors varies total path length to 

create constructive and destructive interference called interferogram. As the 

interferogram passes through the sample, different characteristic wavelengths are 

absorbed and detected as energy versus time variable. Fourier transform mathematical 

expression is used to convert this relation into intensity versus frequency spectrum. 

[130, 131] 

𝑣 =
1

2𝜋
√

𝑘

𝜇
                      (3.3) 

 
Figure 3.6: Simple schematic representation of FTIR operation adapted from [131] 

 

Some of the chemical component in the slurry after the catalytic study was identified 

using the FTIR. Perkin Elmer Spectrum One FTIR was used with Harrick Access 

attenuated total reflectance (ATR) accessory. Typically, three drops of sample were 
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dropped on the ATR accessory prism (made of ZnSe crystal) and inserted into the FTIR 

for measurement.  
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4 The Role of Cu Nanoparticles in the LTMS Process 

The previous study of the LTMS reaction by Bo & Jens [35], involved a once through 

approach to MeOH synthesis. Their approach consisted of a straight forward mixing of 

copper acetate (Cu(CH3COO)2) and sodium hydride (NaH) and further addition of syngas 

to produce MeOH at relatively low temperature conditions in one pot. As a continuation 

of their work, the initial objective was to characterize the ‘Cu’ involved in the LTMS. Cu 

nanoparticles were identified to be made in the process which led to the main objective 

of this section, to investigate the role of the Cu nanoparticle size on the LTMS reaction.   

 

4.1 Characterization of a Typical Once-Through LTMS Reaction 
System 

The once-through process involved the preparation of the catalyst system and then the 

MeOH synthesis step in one pot. Figure 4.1 shows a typical once through MeOH 

synthesis procedure. Here, both the Cu catalyst and the MeOH synthesis were carried 

out at 100 oC. After the addition of NaH to the Cu(CH3COO)2, 0.35 bar pressure rise was 

observed and was attributed to H2 formation (Equation (4.1)) from GC analysis. 

Thereafter, addition of excess MeOH to consume the remaining NaH and to form sodium 

methoxide (NaOCH3) co-catalyst further yielded 1.38 bar H2 pressure, as expressed in 

Equation (4.2). The MeOH synthesis was then performed by the addition of 20 bar 

syngas at 100 oC. This lead to 89 % conversion based on the syngas pressure drop. The 

intention of the addition of the NaH to the Cu-precursor was to make a reduced Cu-

based catalyst as illustrated in Equation 4.1. The evolution of the H2 gas depicted that a 

Cu-based catalyst was produced by the hydride reduction. However, either Cu+ or Cu0 

or a mixture of the two could have been made in the process. In case Cu+ is formed, a 

further reaction with H- could lead to the formation of CuH, although CuH is highly 

unstable at the working conditions [132]. 

  Cu(diglyme)
2+ + 2H− → Cu + H2                                   (4.1) 

NaH(s) + CH3OH(l) → CH3ONa(diglyme) + H2(g)     (4.2) 
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The slurry system was characterized to determine the composition, oxidation state and 

crystallite sizes of the solid crystallites present. The XRD of the slurry after each step was 

measured in capillaries without drying off the liquid portions. Figure 4.2(a) shows the X-

ray diffractogram of the catalyst system, after each step as shown in Figure 4.1. The 

diffractogram right after the Cu2+-H- reaction, designated as A showed a mixture of Cu, 

Cu2O and NaH crystals present. The main diffractogram phases present after the 

addition of MeOH designated as B showed a mixture of Cu2O and Cu. It is important to 

note that the NaH surplus shown in diffractogram A disappeared in the diffractogram B, 

indicating total dissolution of all the NaH, and hence the rise in H2 pressure in Figure 4.1, 

as expressed in Equation (4.2). The phase after the MeOH synthesis, designated as C, 

showed predominantly Cu0 present. The Cu phase composition and the average 

crystallite sizes were quantified from the XRD line broadening using the Rietveld 

analysis. Figure 4.2(b) shows for example the Rietveld analysis of the diffractogram B in 

Figure 4.2(a). The diffractogram B consisted of 20 % Cu0 and 80 % Cu2O phases. The 

mean crystallite size for the Cu2O in the diffractogram B was estimated to be 7.6 ± 0.8 

nm.  The diffractogram C was predominantly Cu0 with a mean crystallite size of 10 ± 1 

nm. This implied that the Cu particles size slightly increased during the MeOH synthesis.   

 

 
Figure 4.1: Typical LTMS procedure, A= 3.6 mmol Cu(CH3COO)2 + 18 mmol NaH in 50 
ml diglyme, B= addition of 49 mmol MeOH, C=20 bar 2H2:1CO charged, stirring 
=3000 rpm 
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The diffractogram B predominately showed Cu2O rather than Cu0 during the hydride 

reaction. Although the reactor was purged with N2 and the reaction performed under 

N2, an oxide was observed. Glavee et. al’s [133] study of borohydride reduction of Cu2+ 

in water or diglyme under vacuum produced mainly Cu0 crystallites accompanied by 

stoichiometric release of H2. However, when the isolation of the Cu0 was done under 

ambient conditions, Cu2O was observed. Aside this, oxygen can dissolve in the solvent 

used, as oxygen solubility in organic solvents increases with increasing hydrocarbon 

chain length [134]. It is important to note that the hydride reduction was also carried 

out under N2 pressure, which could also contain some ppm of oxygen. Overall, the 

presence of oxygen can be from several sources since the reaction was not done under 

vacuum. Further, the diffraction C predominately showed metallic Cu0 phase after the 

MeOH synthesis. This was possible considering the highly reducing environment 

 
 
 
 
 
 
 
(a) 

 
 

 
 
 
 
(b) 

 
 

Figure 4.2: (a) X-ray diffractogram of the slurry after each step in Figure 4.1, 
(b) Rietveld analysis of diffractogram B 
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consisting of 20 bar H2 and CO mixture at 100 oC for 2 hr. A study of the chemical state 

of Cu using an XPS has shown that 2 bar syngas either reduces Cu2+ to Cu0 at 250 oC in 1 

hr or Cu2+ to Cu+ at 100 oC at the same duration [135]. As a result, it was not surprising 

that the Cu2O reduces to Cu0 after the MeOH synthesis.   

 

 

The solid portion of the catalyst was further characterized with TEM and is shown in 

Figure 4.3. Unlike the XRD measurement with the entire slurry, the samples for the TEM 

were diluted in MeOH, sonicated and dried overnight. Since MeOH was used as solvent 

for separating agglomerated particles as well as dissolving the soluble component of the 

slurry, Cu particles were essentially expected. This was further ascertained with EDS and 

 
 
 
 
 
(a) 

 

 
 
 
 
 

(b) 

 
 

  
 
 
 
 
(c) 

 

Figure 4.3: TEM images of the solid portion of the catalyst system for a typical 100 
°C LTMS reaction shown in Figure 4.1. (a) after step A showing 10 ± 5 nm particle 
sizes. (b) after step B showing 10 ± 5 nm particle sizes. (c) after step C showing 10 ± 
3 nm particle sizes 
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electron diffraction. The Figure 4.3(a) and (b) show the catalyst after steps A and B 

respectively. In both cases, about 10 ± 5 nm spherical particles with some agglomerates 

were observed. Figure 4.3(c) shows TEM image and the electron diffraction of the 

catalyst after MeOH synthesis (step C). Again, about 10 ± 3 nm spherical Cu particles 

were observed for the sample after the LTMS reaction.  

The particles after step C however appeared to be of a narrower size distribution 

compared to that of the steps A and B. The similarity in the particles after the steps A 

and B was not surprising since the addition of MeOH in the TEM preparation made both 

samples similar. The electron diffraction measured for the sample after step C showed 

that the particles were polycrystalline and the indexing confirmed a metallic Cu phase 

to be present just as observed from the XRD. Overall, the mean crystallite sizes 

estimated from the XRD were within the range of the observed particle sizes from the 

TEM images.  

 

4.2 Effect of Multiple Syngas Charging on the Activity of the 
Catalyst System 

To investigate the recycling stability of the Cu catalyst, the catalyst system was charged 

multiple times with syngas. The catalyst system was prepared in a similar sequence as 

was done in Figure 4.1. Figure 4.4(a) shows the temperature and pressure profile 

sequence of the multiple charging experiment. After charging with 20 bar syngas, and 

allowed to react at 100 oC for 2 h, the reactor was cooled to about 25 oC and then 

degassed. This was repeated for 6 times. Figure 4.4(b) shows the catalyst activity for 7 

consecutive batches.  Syngas conversion decreased linearly after each consecutive batch 

from 92 % to 61 % for the 1st and 6th batches. To avoid excessive reduction of the amount 

of catalyst present, about 1 ml of the slurry was sampled before the 1st and after the 6th 

batches. The product analysis after the 6th batch showed 94 % and 6 % selectivity to 

MeOH and MeF respectively.  
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The decrease in conversion between the 1st and the 6th batches represented a 31 % drop 

in activity. Since the catalyst system consisted of two parts, the Cu and the methoxide, 

an addition of the component mainly responsible for the decrease should restore 

activity. In view of that, 8 mmol of NaH (in 49 mmol MeOH), representing 31 % of the 

starting methoxide was injected into the 7th batch of the reactor and charged with 

syngas. This led to a slight increase of syngas conversion to 70 %, with 95 % and 5 % 

 
 
 
 
 
 
 
(a) 

 
 
 
 
 
 
 
 
(b) 

 

Figure 4.4: Multiple charging of syngas experiment (a) Temperature and 
pressure profile (b) Syngas conversion and selectivity of the multiple charging 
of syngas reaction,  Cu(CH3COO)2 = 5.0 mmol, NaH = 25 mmol, in 50 ml diglyme, 
MeOH = 73.0 mmol and 2H2:CO = 20 bar 
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selectivity to MeOH and MeF respectively shown in Figure 4.4(b). It is important to note 

that the percentage purity of the anhydrous MeOH used for making the methoxide was 

99.8 % containing about 0.002 % water according to the product specification sheet. 

However, the contribution from such ppm of water to deactivation of the methoxide is 

just about 0.02 %, very insignificant to the conversion estimated. Therefore, the 

methoxide component of the catalyst may not be entirely responsible for the 

deactivation observed.  

The slurry system before the 1st and after the 6th batches was characterized using the 

XRD and TEM and is shown in Figure 4.5. The X-ray diffractogram shown in Figure 4.5(a) 

indicated that the sample after the 6th batch (i.e. spent catalyst) was predominantly Cu0 

with sharper peaks while that before the 1st batch (i.e. fresh catalyst) was predominantly 

Cu2O phase with broader peaks. Rietveld quantification of the diffractogram estimated 

the mean crystallite sizes to be 8 ± 1 and 16 ± 1 nm for the fresh and spent Cu catalysts 

respectively.  Figure 4.5(b) shows the TEM image of the spent catalyst. Here, particle 

sizes ranged between 6 to 25 nm, with the larger particles dominating. The increase in 

both crystallite and particle sizes with repeated batches suggested agglomeration of the 

Cu particles with time.  

 

 
 
 
 
 
 
 
(a) 

 

 
 
 
 
 
 
(b) 

 

 

Figure 4.5: X-ray diffraction (a) and TEM image (b) of spent Cu catalyst slurry (after 
6th charge)  (+ XRD of fresh catalyst before 1st charge) 
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The oxidation state of the Cu nanoparticles during the LTMS reaction deserves some 

comments. From Figure 4.2(a) and 4.5(a), Cu0 was observed after the 1st and 6th charges 

respectively. This was in contrast to the Cu2O phase observed for a typical fresh system 

before charging with syngas. As discussed earlier, XPS study has revealed that oxidized 

Cu easily reduces in the presence of syngas at 100 oC [135]. Recently, Liu et. al.’s [68] Cu 

oxidation state study has also suggested that a blend of Cu0/Cu+ on oxide support are 

the active sites for LTMS reaction. However, even when Cu0 was predominantly present 

in our case after the 1st batch, high activity (>80 %) was still observed. This therefore 

suggested that metallic Cu surface was the preferred active phase in the LTMS reaction 

studied.  

Furthermore, the increase in particle size of the Cu implies a decrease in the available 

surface for activity. The traditional approach for determining Cu surface area using N2O 

[136] was challenging in our system since it is associated with higher temperature than 

our operating conditions, and would not give a representative measurement. 

Nevertheless, the effect of the agglomeration can be estimated if all the particles are 

assumed to be spherical and total volume of Cu remain the same in the fresh and spent 

catalyst as expressed in Equation (4.3). Using the mean Cu crystallite sizes determined 

from the XRD and Equation (4.4), the surface area ratio between the fresh and spent Cu 

catalyst was estimated to be about 2. 

                                          
Number fresh 

Number spent
≅ (

 Volumefresh 

Volumespent
)

−1

                                      (4.3) 

Cu Surface areafresh  

Cu Surface areaspent 
= (

Areafresh

Areaspent
) × (

 Volumefresh

Volumespent
)

−1

=
Diameterspent

Diameterfresh
         (4.4) 

To put the surface area ratios into perspective, it will be important to consider the mean 

particle size after the 1st batch from Figure 4.2(a). The mean Cu0 crystallite size after the 

1st batch was estimated to be 10 nm while that after the 6th batch in Figure 4.5(a) was 

estimated to be 16 nm. This represents a Cu0 surface area (fresh/spent) ratio of 1.6. The 

activity observed after the 1st batch was 92 %, whilst that after the 6th batch was 61 %. 

This represents an activity ratio of 1.5 after 1st/6th charges. Therefore there was a strong 
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correlation between the particle size growth in regards to surface available and the 

reduction in MeOH synthesis activity. The cause of deactivation in the LTMS reaction 

has been suggested in literature  [28] to be due to the reaction of the sensitive alkoxide 

co-catalyst with trace amount of CO2 and H2O from either  the syngas feed or as a by-

product during MeOH synthesis. As stated earlier, although some ppm of water might 

be in the anhydrous MeOH used for making the methoxide, the one-time addition of the 

small quantity cannot be responsible for the successive decline in catalytic activity. 

Hence the successive decline in the catalytic activity was mainly due to the reduction of 

the available active sites of the Cu nanoparticles as the particle size became larger.   

So far, the successive decline of the catalytic activity has been attributed to reduction of 

available active Cu surfaces. Even though, detailed mechanism of the deactivation was 

not studied, some inference can be made to predict the route to the decline of the active 

sites over time. In the LTMS reaction, Cu is suggested to be mainly responsible for the 

hydrogenolysis of MeF which is the rate limiting step [27]. There is a potential of CO 

competing with H2 for available sites to retard activity. However, after each batch, the 

reactor was degassed and hence CO poison from previous batches was minimized. 

Meanwhile, since the hydrogenation process is highly exothermic [39], temperature of 

the reaction on the nanoparticles would rise each time MeOH was produced. Such hot 

spots on the Cu nanoparticles increases the chances of particle agglomeration over time. 

It is important to note that Cu crystallite sintering is a very common deactivating path 

for Cu catalysts [137]. Considering the high surface energy associated with 

nanoparticles, the 10 nm Cu particles without any oxide support will easily react with 

each other to form larger particles to minimize its surface energy [138]. Therefore, we 

predict that the starting soft Cu catalyst agglomerated over time, which led to a decline 

in available active sites for the MeOH synthesis. 

 

4.3 Effect of Cu Particle Sizes on the LTMS 

To vary the Cu nanoparticle size, temperature for the preparation of the catalyst was 

varied. Subsequently, the varied particle size would be tested to determine their role in 
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the LTMS reaction.  Figure 4.6 shows the X-ray diffractogram of the slurry prepared at 

different temperatures in a similar way as discussed in Figure 4.1 just before charging 

with syngas. The diffractogram showed increase in relative peak sharpness and intensity 

with increasing temperature, ranging between 80 to 149 oC. This suggested that 

temperature increased the crystallization of the Cu particles such that the Cu 

densification increased with temperature.   

 

 

 
Figure 4.6: X-ray diffractogram of the slurry of the catalyst system at different 
preparation temperatures 

 
 
Figure 4.7 shows the Rietveld quantification of the diffractogram shown in Figure 4.6 

for the freshly prepared slurry catalyst system. Figure 4.7(a) shows the % composition 

of the Cu phases at the different preparation temperatures. Cu2O % composition 

dominated with lesser % composition of Cu0 at all temperatures, except at 126 oC, where 

50/50 % of the two was observed. Figure 4.7(b) shows the mean crystallite sizes at the 

different preparation temperatures. The crystallite sizes of the Cu2O were 5±2, 7.6±0.8, 

15±2 and 21±1 nm for the 80, 100, 126 and 149 oC preparation temperatures 

respectively. This represented an exponential increase of particle size with temperature. 

The theory associated with crystallization depicts that the rate of nucleation and particle 
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growth exponentially depends on temperature [139]. Hence, the observed exponential 

increase in the crystallite sizes with temperature was in order.  

 

 
 
 
 
 
 
(a) 

 

(b) 

 
Figure 4.7: Rietveld analysis of the Cu crystallites from the X-ray 
diffractogram before LTMS reaction in Figure 4.6 (a) Cu crystallites 
composition, (b) Cu crystallite sizes 

 

The varied Cu nanoparticle sizes were tested to determine their influence on the LTMS 

reaction at 100 oC. Figure 4.8 shows the conversion and selectivity versus Cu2O 

crystallite sizes. Each test was done thrice and the average and standard deviations 

plotted. Syngas conversion was 84 ± 3, 87 ± 3, 83 ± 2, and 70 ± 2 % for the particles made 
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at 80, 100, 126, and 149 oC Cu catalyst systems, corresponding to 5±2, 7.6±0.8, 15±2 and 

21±1 nm Cu2O crystallite sizes respectively. Selectivity to MeOH was a 96 ± 1, 96 ± 1, 88 

± 1 and 80 ± 1 while selectivity to MeF was 4 ± 1, 4 ± 1, 13 ± 1 and 20 ± 1 for the 5±2, 

7.6±0.8, 15±2, 21±1 nm Cu2O crystallite sizes respectively. While syngas conversion and 

selectivity to MeOH increased with decreasing crystallite sizes, selectivity to MeF 

decreased with decreasing crystallite sizes. Even though the selectivity was similar for 

the crystallites made at 80 and 100 oC, the conversion was slightly lower in the 80 oC 

catalyst with the least Cu2O crystallite size. From the Figure 4.6, the diffractogram for 

80 oC catalyst system showed the lowest intensity, which implies that a lower amount 

of Cu probably crystallized out of solution within the time period for the catalyst 

preparation. This could contribute to the slightly lower activity compared to the catalyst 

made at 100 oC. Nevertheless, when both conversion and selectivity to MeOH are 

considered, the overall yield of MeOH decreased with increasing Cu2O crystallite size. 

 

 
Figure 4.8: Syngas conversion and selectivity verses Cu2O crystallite sizes prepared 
at different temperature, (Cu(CH3COO)2 = 3.6 mmol, NaH=18 mmol in 50 ml diglyme, 
MeOH = 49 mmol, 2H2:1CO=20 bar, at 100 oC. 
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The spent catalyst system was characterized by XRD and TEM. Figure 4.9(a) shows the 

X-ray diffractogram of the spent catalyst. Cu0 was the main phase observed for all the 

different catalyst preparation temperatures. Figure 4.9(b) shows the Rietveld analysis 

of the crystallite sizes based on the diffractogram shown in Figure 4.9(a) and compared 

with the freshly prepared catalyst. The Cu0 crystallite sizes were 8 ± 2, 10 ± 1, 18 ± 1 and 

23±1 nm for the particles made at 80, 100, 126, and 149 oC preparation temperatures 

respectively. This represented about 2 to 3 nm general increase in crystallite sizes after 

the LTMS reaction.  

 

 
 
 
 
 
 

(a) 

 
 

 
 
 
 
 
 

(b) 

 
Figure 4.9: (a) X-ray diffractogram and (b) Rietveld analysis of Cu crystallite sizes 
of the slurry catalyst system after LTMS reaction 
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Figure 4.10 shows the TEM image of the spent Cu catalyst at the different preparation 

temperatures. The mean Cu particle sizes observed for the 80 oC catalyst system was 

about 7 ± 4 nm. At 126 and 149 oC, the mean particls sizes were 18 ± 6 and 25 ± 6 nm 

respectively. Furthermore, larger agglomerates up to 40 and 50 nm were observed at 

the 126 and 149 oC preparation temperatures respectively. As already shown in Figure 

4.3(c), the mean particle size of the catalyst prepared at 100 oC was 10 ± 3 nm. Overall, 

the catalyst prepared at 100 oC showed a tighter particle size distribution compared to 

the catalyst prepared at other temperatures. This can be attributed to the catalyst 

system’s exposure to the same temperatures during catalyst preparation and the MeOH 

synthesis. The 100 oC catalyst system had the least temperature fluctuation over a 

longer period, which promoted a more uniform particle growth compared to the other 

catalysts prepared and tested at different temperatures.  

(a) 

 

(b) 

 
 

                     
 
 
 
 
                       (c) 

                  
Figure 4.10: TEM image of Cu catalyst after LTMS reaction, Catalyst system prepared 
at (a) 80 oC showing 7±4 nm particle sizes, (b) at 126 oC showing 18±6 nm particle 
sizes, (c) 149 oC showing 25±6 nm particle sizes 
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So far, the temperature variation for the Cu catalyst preparation resulted in an 

exponential crystallite and particle size dependence on temperature. These Cu catalysts 

used for the LTMS reaction showed an increase in MeOH yield with decreasing particles 

size. On the other hand, the selectivity to MeF increased with increasing particles size. 

It is reported that there is a strong correlation between Cu surface area and MeOH 

production [32, 140]. In Ohyama and Kishida’s [32] report, physical milling of  CuO/CrO3 

led to an increase in Cu surface area which enhanced MeOH production. As already 

expressed in Equation (4.4), smaller particle sizes have more surface area per gram 

available for the catalysis. Even though a direct surface area measurement was not 

performed in our system, we can predict the trend in the relative surface area based on 

the particle sizes of the Cu catalysts. Since the Cu particles are active catalysts for 

hydrolysis of MeF, increasing the relative surface area as a result of decreasing mean 

particles size led to increase in MeOH production. In a similar vein, the amount of MeF 

was more when particle sizes increased as there were fewer active Cu surface area 

available for the hydrogenolysis step.  

 

4.4 Summary 

The once-through LTMS reaction at 100 oC catalyzed by Cu-alkoxide system has been 

characterized. The Cu catalyst was produced by hydride reduction of the Cu2+ precursor 

(Cu(CH3OO)2) in diglyme at varied temperatures. Cu2O and Cu nano-crystallites were 

identified as the Cu phases present in the freshly prepared catalyst before the MeOH 

production. The Cu nanoparticle and crystallite sizes increased exponentially with 

temperature i.e. between 5 to 21 nm crystallite sizes at 80 to 149 oC respectively. When 

the nanoparticles were tested for MeOH synthesis at 100 oC, MeOH production 

increased with decreasing particles size. Upon MeOH production, Cu0 nano-crystals 

were solely observed with 8 to 23 nm crystallite sizes depicting about 2 nm average 

growth in crystallites. Furthermore, with 100 oC as the standard temperature for both 

Cu catalyst preparation and MeOH synthesis temperature, up to 92 % conversion and 



Ahoba-Sam: LTMS catalysed by Cu nanoparticles  

 

___ 

62   

 

94 % selectivity to methanol was achieved. However, repeated charging of the same 

catalyst system led to a successive decline of syngas conversion. Among the two main 

catalyst components, the relative increase in Cu particle sizes correlated well with the 

decline in activity. Thus the densification of softer Cu nanoparticles over time during the 

MeOH production was suggested as the major deactivation route for the Cu catalyst. 

Overall, decreasing Cu nanoparticle size, which correlates with increasing active specific 

Cu surface area, was attributed to increase in MeF hydrogenolysis and thus increased 

MeOH production.   
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5  The Role of Solvent Polarity in the LTMS Process 

LTMS reaction is typically performed in a liquid medium. Since the MeOH synthesis 

reaction is exothermic, the presence of solvent in the LTMS reaction helps to dissipate 

excess heat released during the reaction. However, aside heat dissipation, how can the 

selected solvent influence the chemical environment for both catalyst formation (in the 

one-pot system) and the actual MeOH synthesis reaction. To the best of our knowledge, 

very little has been reported on the choice of solvent for the LTMS process. Xing-Quan 

et. al. [141] for example reported that in a CuCl2 and CuO/Cr2O3 catalysed LTMS reaction, 

MeOH production decreased with increasing solvent polarity. However, adequate 

explanation with regards to how the polarity affect the chemical reaction was not given. 

In this section, the role of solvent polarity on the entire LTMS process was studied. In 

particular, the role of solvent polarity on the nature of Cu-based catalyst formed, MeF 

intermediate and the overall LTMS reaction was studied.   

 

5.1 The Role of Solvent Polarity in the Once-Through LTMS 
Process  

To investigate the role of solvent polarity on the LTMS reaction, different aprotic 

solvents with varied polarity were used. Only aprotic solvents were used because NaH 

and methoxide (NaOCH3) can easily react with any loosely bound protons. Table 5.1 

shows list of the solvents used and together with some of their properties. The % purity 

of the solvent used were more than 99 %, and were used as purchased without any pre-

treated. Five of the selected solvents were ethers with varied hydrocarbon chain length 

coupled with different boiling points (pt.) and heat capacity. The dielectric constants (ɛ) 

of the selected solvents which is usually used as a measure of the solvent polarity [142] 

ranged between 2.33 and 41.13 (adopted from [143, 144]).  

The experimental procedure and characterization for the once-through LTMS reaction 

has been extensively discussed in Chapter 4, using diglyme as the solvent. Similar 

experimental procedure was followed just as was described in Section 4.1 (see Figure 
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4.1), but with different solvents. Figure 5.1 shows the syngas conversion and product 

selectivity versus ɛ of the solvents in a once-through LTMS reaction at 100 oC. The syngas 

conversions were 51, 87, 85, 80, 74, 30 and 14 % in diethyl ether (DEE), diglyme, THF, 

glyme, tetraglyme, acetonitrile (MeCN) and DMSO respectively. This implies that the 

conversion initially increased with ɛ from 4.19 for DEE, to a maximum at ɛ = 7.23 for 

diglyme, and then successively declined with increasing ɛ for THF, glyme, tetraglyme, 

MeCN and DMSO with ɛ = 7.36, 7.55, 7.79, 35.87 and 47.13 respectively. The product 

selectivity to MeOH and MeF however remain roughly the same at >90 % and <10 % 

respectively in all the solvents.  

 

Table 5.1 : List of Solvents used and their properties adopted from [143-145], (ɛ = 
dielectric constant) 
 

Solvent Formula % Purity 
 

ɛ Boiling 
pt.  / oC 

Heat capacity / 
J/mol.K 

 

Toluene (Methylbenzene)  C7H8 ≥99.5 2.33 111 157 

DEE (Diethyl ether) C4H10O ≥99.9 4.19 35 176 

Diglyme (1-Methoxy-2-(2-
methoxyethoxy) ethane) 

C6H14O3 ≥99.5 7.23 162 274 

THF (Tetrahydrofuran) C4H8O ≥99.9 7.36 66 124 

Glyme (1,2-
Dimethoxyethane) 

C4H10O2 99.5 7.55 85 193 

Tetraglyme (2,5,8,11,14-
Pentaoxapentadecane) 

C10H22O5 >99 7.79 275 457 

MeCN (Acetonitrile) C2H3N 99.8 35.9 82 92 

DMSO (Dimethyl 
sulfoxide) 

C2H6OS ≥99 47.1 189 153 

 

The selected solvents for the LTMS differed in polarity represented by ɛ, boiling point, 

heat capacity and hydrocarbon chain length which is directly related to their molar 

masses as illustrated in the Table 5.1. Considering solvents with similar functional group, 

the ɛ of the ethers followed the order DEE < diglyme < THF < glyme <  tetraglyme. The 

syngas conversion appears to decrease with the ɛ with the exception of the DEE. The 

molecular mass or the chain length of the ethers was in the order THF < DEE < glyme < 

diglyme < tetraglyme.  The heat capacity of the ether solvents followed the same order 



Ahoba-Sam: LTMS catalysed by Cu nanoparticles 

 

  

___ 

65 

 

as the molecular mass of the solvents, while the boiling points differed slightly in order 

as DEE < THF < glyme < diglyme < tetraglyme. Overall, with the exception of the ɛ, neither 

the molar mass, heat capacity nor the boiling points followed the trend of syngas 

conversions observed.  

 

 

Figure 5.1: Syngas conversion and selectivity versus dielectric constant of solvent in 
the ‘once through’ Cu nanoparticles catalysed reaction 

 

Furthermore, the solvents were extended to include non-ether based solvents such as 

MeCN and DMSO for the once-through experiments. The MeCN and DMSO with 

respective ɛ = 35.87 and 47.13, showed even less syngas conversion compared to the 

ethers. Even though, the boiling points and the heat capacity of the MeCN and DMSO 

were in the same range as some of the ether solvents, the conversions varied 

significantly. Considering that the solvent helped to dissipate excess heat released 

during the MeOH synthesis reaction, the conversions were supposed to follow a similar 

trend as the heat capacity. However, this was not the case, as for example 14 % 

conversion was observed when DMSO with 153 J/mol.K heat capacity was used as 

solvent compared to the 85 % conversion when THF with 124 J/mol.K heat capacity was 

used. Comparably, the ether solvents, which had narrower ɛ values, showed a narrower 
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decline in the syngas conversion whilst a wider decline of conversion was observed for 

the MeCN and DMSO. This suggested that, the solvent polarity played an important role 

in the LTMS reaction as solvents with similar polarity as diglyme showed an enhanced 

MeOH production. 

 

5.2 The Role of Solvent Polarity on Cu Nanoparticle Size in the 
Once-Through LTMS Process  

In the previous Section (5.1), the use of diglyme appeared to favour MeOH production, 

however the exact role is yet to be established. It was interesting to determine whether 

this solvent had an effect on the Cu nanoparticles formed in the once-through process.  

As discussed in Chapter 4, MeOH production increased with decreasing the Cu 

nanoparticle sizes. Our focus in this sub-section is therefore to determine the role of 

solvent polarity in the Cu-nanoparticle sizes. 

 

 

The slurry collected after the LTMS was characterized using XRD and TEM. Figure 5.2 

shows the X-ray diffraction of the catalyst system after the LTMS reaction. The 

 
Figure 5.2: X-ray diffractogram of the slurry after LTMS reaction for the different 
polar solvents 
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diffractogram showed predominantly Cu0 phases with varying intensities and peak 

broadness in the different solvents. Furthermore, TEM images of the catalyst particles 

made in the different solvents are shown in Figure 5.3. The TEM image of the Cu particle 

made in diglyme has earlier been shown Figure 4.3. A summary of the mean particle size 

from the TEM images and the Rietveld quantification of the diffractogram in relation to 

the solvents and their ɛ is shown in Figure 5.4. Overall, the Cu particles crystallite sizes 

and mean particle sizes were similar in most solvents. The mean sizes of Cu particles 

made in the ether solvents were about 9 to 10 nm, which was slightly larger than the 

particles made in the MeCN and DMSO with about 7 nm mean size.  

 
In the ether solvent, similar Cu particle sizes were made. The ether solvent as discussed 

earlier differ in some physical properties aside their polarity difference. One of which is 

the difference in hydrocarbon chain length, with different number of oxygen within their 

structure. The presence of electron rich oxygen presents a possibility of the different 

ethers forming chelates around the starting Cu2+ ion, to direct the Cu particle structure 

and size. However, with the observed similarities in the spherical Cu nanoparticle sizes 

in all the ether solvent, the chain length of the solvent did not significantly distinguish 

between the particles formed. Nonetheless, it is possible that the excess amount of 

solvents used could provide enough oxygen for dative bonding if chelating was 

important in determining the shape and size of the Cu particles.  

The nanoparticles made in the non-ether solvents were slightly smaller than those made 

in the ether solvents. Whilst the mean particle size in the MeCN (ɛ = 36) and DMSO (ɛ = 

47) was around 7 nm, the mean particle size of the ethers (ɛ = 4.2–7.8) was about 9 to 

10 nm. It has been observed in other wet chemical methods that, the rate of nucleation 

increases with decreasing solvent polarity as ion saturation is increased [146, 147]. 

Faster rate of nucleation implies larger number of nuclei and subsequently smaller 

particles with narrow size distribution. The opposite is expected with increasing solvent 

polarity if longer growth time (~24 h) is allowed.  In contrast, we observed slightly 

smaller crystallite and particle sizes in the more polar solvent, which could probably be 

due to shorter growth time (2 h) applied in our case.   
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(a) 

 

 
 
 
 
 
 
(b) 

 
    
 
 
 
 
 
(c) 

 

 
 
 
 
 
(d) 

 
    
 
 
 
 
 
(e) 

 

 
 
 
 
 
(f) 

 
Figure 5.3: TEM images of Cu nanoparticles after LTMS reaction in the different 
solvents, (a)= Diethyl ether (DEE), (b)= Glyme, (c)= Tetraglyme, (d)= THF, (e)= MeCN, 
(f)= DMSO 
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Despite the smaller Cu particle sizes made in the more polar solvent, the least amount 

of MeOH were observed in those solvents. From the Chapter 4, MeOH production was 

enhanced with decreasing Cu nanoparticle size as a result of increase in MeF 

hydrogenolysis. Since hydrogenolysis is the rate determining step in the LTMS reaction, 

it was expected that the smaller Cu particles will enhance MeOH production rather than 

the very low conversion observed. Hence, other component in the slurry system other 

than sizes of the Cu nanoparticles dictated the trend of MeOH production with the 

different solvents.  

 

5.3 The Role of Solvent Polarity on the LTMS Process using 

CuO/SiO2 Catalyst 

So far, the influence of the solvent polarity has been studied in only the once-through 

system, such that both Cu catalyst and MeOH synthesis were done in one pot. 

Unexpectedly, lower MeOH production was observed in the catalyst systems with 

smaller Cu nanoparticles sizes. In all the solvents used, the Cu nanoparticle size 

 
Figure 5.4: Comparison of the Cu particles sizes and dielectric constants in the 
different solvents after LTMS reaction 
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produced were quite tight ranging from 7 to 10 nm. It will be interesting to study a 

different source of Cu-based catalyst, which formation was not influenced by any of the 

solvents used. Moreover, a little larger size of Cu nanoparticles will help to discriminate 

between the influence of the Cu catalyst and the solvent used.  

A CuO/SiO2 catalyst was prepared via a sol-gel approach using Cu(NO3)2, L-ascorbic acid 

and SiO2 dispersed in water, detail of which is reported in Section 3.2.3. To eliminate the 

influence of the solvent polarity on the formation process of the Cu, the slurry was dried 

and calcined before the dry powder was used for the LTMS reaction. Figure 5.5(a) shows 

the X-ray diffractogram of the calcined CuO/SiO2. Mainly, crystalline CuO [148] with 

amorphous SiO2 [149] phases were observed. Rietveld analysis of the diffractogram 

estimated 30 ± 5 nm CuO crystallite size. Furthermore, TEM imaging and electronic 

diffraction of the calcined CuO/SiO2 was obtained and shown in Figure 5.5(b). The 

electron diffraction was indexed to contain (110), (002), (11-2) and (112) for CuO planes.  

 
 
 
 
 
 
 
 
(a) 

 

 
 
 
 
 
 
(b) 

 

 

Figure 5.5: X-ray diffractogram (a) and TEM image with an inserted electron 
diffraction (b) of calcined CuO/SiO2 catalyst 

 

The calcined CuO/SiO2 was then used for the LTMS reaction. Since the Cu-based catalyst 

was already made, solvent and the methoxide co-catalyst were added to the CuO/SiO2, 

followed by charging the reactor with syngas to 20 bars. Figure 5.6 shows the syngas 

conversion and product selectivity versus ɛ of the different solvents used. The syngas 
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conversions were 28, 39, 76, 74, 20 and 12 % in toluene, DEE, diglyme, THF, MeCN and 

DMSO respectively. Here, conversion initially increased with ɛ, for toluene with ɛ= 2.33  

from 28 % to a maximum of 76 % for diglyme with ɛ = 7.23 and then successively declined 

with increasing ɛ to 12 % for DMSO. Once again, despite the differences in the 

conversions with ɛ, the selectivity to MeOH and MeF remained fairly the same in all the 

solvents at >90 % and <10 % respectively. 

The syngas conversion in the once-through catalyst system was higher than the 

conversion observed in the CuO/SiO2 system. Since the source of the Cu catalyst were 

different in the two systems, it is not surprising that there are differences in the activity. 

However, it is important to point out that the Cu particle size was different in the two 

cases. While the once through system used < 10 nm Cu nanoparticles, about 30 nm Cu 

nanoparticles were involved in the CuO/SiO2 system. Having established in the Chapter 

4, coupled with other reports [32, 33] on the effective role of Cu nanoparticle sizes in 

the LTMS reaction, it is expected that the activity was lower in the CuO/SiO2 system with 

larger particle size than the once through system with smaller Cu nanoparticle sizes.  

 

 
Figure 5.6: Syngas conversion and selectivity versus dielectric constant of solvent in 
the CuO/SiO2 catalysed reaction 

Despite the difference in the conversions in the two Cu catalyst systems, the conversion 

and selectivity in the CuO/SiO2 followed the same trend as was observed in the once 
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through system. The similarities in the trend of activity in the two systems therefore 

eliminates the Cu catalyst source or sizes as the main source of the activity variation 

with solvent polarity. It is important to find out what exactly the role of solvent’s polarity 

in the LTMS reaction is. We can consider the solubility of the syngas in the solvent for 

example. Since the composition of syngas is relatively non-polar, it is expected to be less 

soluble in polar solvent [150]. That is, the strong polar interaction between polar 

molecules should make it difficult for non-polar molecules to penetrate. Nevertheless, 

the trend of activity which increased in the order toluene < DEE < diglyme, is rather 

opposite to approaching non-polarity based on their ɛ values. To this end, it will be 

useful to consider the influence of the solvent’s polarity on side reactions, in the LTMS 

process since the Cu nanoparticles were not the bottle neck for the observed trend.  

 

5.4 The Role of Solvent Polarity on the Side Reaction of the 
LTMS Process 

Up to now, the focus of the solvent’s polarity has been on the overall LTMS reaction. 

Even though the trends in activity as a result of the variation of solvent’s polarity has 

been consistent, the actual chemical effect is yet to be uncovered. The trend in activity 

with the different solvent was observed to be independent of the source and size of the 

Cu catalyst. The LTMS reaction involves two major steps, carbonylation to form MeF and 

hydrogenolysis of the MeF. Since traditionally, the Cu particles play a major role in the 

second step, it will be valuable to consider the effect of the solvent’s polarity on the MeF 

intermediate. MeF is known to undergo two major reactions in the presence of NaOCH3; 

(i) decarbonylation, which is a highly reversible reaction [39], illustrated in Equation 

(5.1), and (ii) nucleophilic substitution reaction [39, 151], illustrated in Equation (5.2). 

Therefore, if the hydrogenolysis step is not fast enough, MeF can undergo multiple 

reactions in the presence of NaOCH3.   

                       CH3OOCH ⇌  CO + CH3OH                     (5.1)  
CH3OOCH +  NaOCH3 ⇌  CH3OCH3 + NaOOCH     (5.2)  
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To examine the role of the solvent’s polarity on possible side reactions, the MeF in the 

presence of NaOCH3 was heated to 100 oC for 1 h under 1 bar N2 gas in the different 

polar solvents. The pressure rise, equivalent CO released, amount of MeOH and MeF 

realised after cooling the mixture is shown in Table 5.2. In the GC gas phase analysis, 

MeOH, dimethyl ether (DME), MeF, N2 and CO were observed. However, it was difficult 

to distinguish between MeOH and dimethyl ether (DME) on the Porapak Q GC column, 

as their peaks overlapped. Hence the N2 and CO which was well separated on the 

Molecular Sieve GC column was quantified and reported in Table 5.2. The relative 

amount of CO with respect to N2 was reported as CO equivalent. The liquid portion 

showed that the amount of MeF drastically reduced from 33 mmol to below 4 mmol in 

all the solvent. Moreover, some traces of DME was observed in all the liquid analysis, 

however due to its high volatility, quantified amount will not be accurately represented.  

In all, the pressure rise and CO equivalent released increased with decreasing solvent’s 

polarity as well as the amount of MeF and MeOH decreased with increasing solvent 

polarity.  

 
Table 5.2: Solvent effect on MeF and NaOCH3 reaction, 20 ml solvent, MeF = 33 
mmol. NaOCH3 = 18.75 mmol, MeOH = 49 mmol, in 20 ml solvent, N2 = 1 bar, CO 
equivalent=CO/(CO+N2) × pressure rise, CO and N2 was determined from gas 
analysis while the MeF was determined from liquid analysis. 

 

Solvent Pressure rise 
/ bar 

CO equivalent  
/ bar 

MeF 
/ mmol 

MeOH 
/mmol 

Toluene 3.0 1.9 3.43 80 

DEE 2.9 1.7 2.12 63 

Diglyme 2.5 1.2 1.77 46 

MeCN 1.2 0.6 1.00 30 

DMSO 0.8 0.3 0.41 21 
 

The total amount of products analysed in the GC showed that the total C counts were 

getting lower with increasing solvent polarity. This implied that not all the products were 

accounted for in the GC. Hence, the resulting mixture after the MeF reaction was further 

analysed using an FTIR instrument equipped with an ATR (attenuated total reflection) 
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accessory cell to identify hidden molecules, which were IR active. Figure 5.7 shows the 

IR spectra of the resulting mixtures after the MeF and methoxide reaction in the various 

solvents. The grey lines represented the pure solvents’ spectra, while the black lines 

represent the resulting mixture spectra for the B-G spectra. For easy comparison, the 

spectra in A were pure MeOH, MeF and sodium formate (NaOOCH) spectra. In the 

spectra B-G, the bands 2830, 2700, 1650, 1570, 1360 and 770 cm-1 which is attributed 

to NaOOCH [152] were observed in all the mixtures. This indicated that NaOOCH was 

made in all the solvents. 

 

 
Figure 5.7: ATR-IR spectra of solvent (B-G in grey), and reaction mixture (B-G, black 
with *). The spectra A is for MeOH, MeF and NaOOCH. The NaOOCH (in black) was 
adopted from NIST data base [152] 
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The MeF reaction in the different polar solvents undertook two main reaction paths. All 

the products shown in Equations (5.1) and (5.2) were observed from the analysis of the 

resulting mixture in all the solvents. This indicated that the MeF was involved in the 

carbonylation reaction and the nucleophilic substitution reactions, resulting in the 

formation of CO + MeOH, and DME + NaOOCH respectively. However, only the CO + 

MeOH were quantified, while the DME + NaOOCH were qualitatively determined to be 

present. Assuming that the MeF undertook only the two reaction paths, then from the 

starting amount of MeF, the remaining C counts for a mass balance can be attributed to 

the nucleophilic reaction. In that case, the nucleophilic substitution reaction increased 

with solvent polarity.  

The decarbonylation reaction was favoured in the less polar solvents. The relative higher 

amount of CO released, coupled with higher amount of MeOH in the less polar solvents 

suggested that carbonylation-decarbonylation which is a fast equilibrium step in the 

LTMS reaction exhibited preference for a less polar environment. This was not surprising 

as CO is relatively non-polar and will solubilize better in a less polar than more polar 

solvents [150].  Therefore, lowering solvent polarity increases the mass transfer of CO 

in the solvent, thereby enhancing MeOH production. The nucleophilic reaction on the 

other hand, was favoured in the more polar solvents. It is generally known that 

bimolecular reactions involving ionic intermediates are better stabilized in polar 

environment [153]. Hence, considering the fact that the formation of ionic salts was 

involved, it is not surprising that the nucleophilic pathway was favoured in the more 

polar solvents. However, this indicated that increasing solvent’s polarity will increasingly 

destabilize the MeF intermediate which can lead to side products outside the expected 

products in the LTMS reaction. Since the DME and the NaOOCH formed are not involved 

in the main LTMS steps, their formation could adversely reduce the overall MeOH 

production especially if the hydrogenolysis step is slower. 

In the overall LTMS reaction studied for the different aprotic polar solvents in the 

previous Sections (5.1 & 5.3), the highest MeOH production was observed in diglyme 

with ɛ = 7.2. So far, while the decarbonylation-carbonylation step was favoured in less 
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polar solvents, highly polar solvent reduces the MeF stability for nucleophilic reactions. 

It therefore appears that the hydrogenolysis, decarbonylation and nucleophilic 

reactions have a comparable activation barrier, such that slight changes in polarity can 

favour one over the other reactions. As a result, irrespective of the solvent’s polarity, 

the amount of MeF in the LTMS remained relatively low.  Hence, it appears that good 

compromise in the chemical environment is required to encourage both the 

carbonylation step and hydrogenolysis. Some level of polarity was required to achieve 

maximum conversion. This was because, since the hydrogenolysis is the rate 

determining step, any environment to destabilize the MeF will enhance the LTMS 

reaction. Nonetheless, this destabilization should be moderate otherwise it will lead to 

side reactions which will drastically reduce the MeOH production when the nucleophilic 

pathway is enhanced.  

The formation of NaOOCH from the nucleophilic reaction poses an important catalyst 

deactivation pathway. So far, most of the deactivation in the LTMS reaction in relation 

to the methoxide catalyst has been attributed to the presence of H2O and CO2. However, 

it appears that irrespective of the solvents used, NaOOCH was formed. Even though, in 

the overall LTMS reaction, relatively low amount of this side reaction is expected to 

occur in a moderately polar solvent, the continuous formation can eventually consume 

all the starting methoxide present. Therefore aside Cu agglomeration as one path to 

catalyst deactivation in the LTMS reaction, NaOOCH formation is also another path to 

the methoxide deactivation, the importance of which increases with increasing solvent’s 

polarity. 

 

5.5 Summary 

The importance of solvent’s polarity in the LTMS reaction was studied using 8 different 

aprotic polar solvents. In the overall LTMS reaction, polar solvent with similar polarity 

as diglyme with ɛ= 7.2 produced maximum amount of MeOH production. This trend was 

independent of the Cu nanoparticle sizes. Furthermore, the differences in ether-solvent 
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polarity and chain length did not have any major effect on the size of Cu nanoparticles 

formed in the once through system. Overall, the solvent polarity seemed to dictate the 

side reaction of the main intermediate in the LTMS reaction. MeF in the presence of 

NaOCH3 undergoes two main reactions (i) decarbonylation to form CO and MeOH and 

(ii) nucleophilic substitution reaction to form DME and NaOOCH. Decreasing solvent’s 

polarity increased the decarbonylation as non-polar CO solubilized better in less polar 

solvents, while nucleophilic substitution reaction was enhanced with increasing polarity 

since it involves polar ionic salt formation. The pathway of the nucleophilic substitution 

reaction presents a deactivation pathway for the methoxide catalyst in the LTMS 

reaction, the importance of which increased with increasing polarity of solvent. Overall, 

moderately polar solvents such as diglyme present a good compromise with 

carbonylation and a moderate polar environment for hydrogenolysis of MeF. 
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6 Hydrogenolysis Reaction in the LTMS Reaction; a 

Synergistic Perspective  

The LTMS reaction has been discussed so far based on a concurrent approach, where 

both carbonylation and hydrogenolysis occurred in one pot. However, previous reports 

have shown that, when the reactions are carried out in a step-wise approach, the rate 

of MeF hydrogenolysis is much slower compared to when both steps are combined [27, 

74]. This implied that, the concurrent approach is not a simple summation of the main 

two reaction steps. Hence, in this section, our aim was to investigate the relationship 

between the Cu-based and the alkoxide catalysts involved in the LTMS, with particular 

focus on the hydrogenolysis step. Furthermore, we investigated to which extent the 

determined synergy can be applied to CO2 hydrogenation directly or indirectly via a 

carbonate intermediate.  

 

6.1 Hydrogenolysis of Methyl formate using CuO/SiO2 Catalyst 

The MeF hydrogenolysis reaction was done using the CuO/SiO2 catalyst characterized in 

Section (4.2.3). Figure 6.1 shows the effect of pressure on the hydrogenolysis reaction 

at 100 oC in diglyme solvent. The main product was MeOH with less than 1 % selectivity 

to CO and CO2 within the 9 to 18 bar H2 partial pressure tested. The highest conversion 

observed was below 10 % even at 18 bar of H2 pressure within 2 h. This was much less, 

compared to over 75 % syngas conversion observed in the concurrent reaction system 

discussed in Chapters 4 and 5. Generally, the H2 conversion increased with increasing H2 

pressure. Since the total number of reactants were more than the total number of 

products formed from the stoichiometry in Equation (6.1), MeOH formation was 

expected to increase with pressure.  

CH3OOCH + 2H2 ⇌  2CH3OH   ΔH =  −47.5 kJ/mol   (6.1) 
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The effect of the reaction temperature was also studied on the hydrogenolysis reaction 

and is shown in Figure 6.2. Here, hydrogenolysis increased with increasing the reaction 

temperature from about 8 to 10 % H2 conversion. Selectivity to MeOH was observed to 

be around 99 % within 80 to 130 oC temperatures. The remaining products were CO and 

CO2. The CO and CO2 could originate from parallel decarbonylation and decarboxylation 

of the MeF.  Even though the hydrogenolysis is an exothermic reaction, conversion 

 
Figure 6.1: Effect of pressure on MeF hydrogenolysis; CuSiO2=0.45 g, 2 h, 40 ml 
diglyme, MeF = 81 mmol, 100 oC 

 
Figure 6.2: Effect of temperature on MeF hydrogenolysis; CuSiO2=0.45 g, 2 h, 40 ml 
diglyme, MeF = 81 mmol, H2 pressure = 18 bar 
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increased from 80 to 130 oC. Sørum’s detailed study of the MeF hydrogenolysis 

suggested that, to obtain more than 50 % conversion, more than 160 oC temperature 

and  H2 partial pressure above 60 bar is required [50]. Considering, the maximum of 130 

oC and 18 bar H2 partial pressure conditions applied in this study, the lower conversion 

was not surprising since our operating conditions were far below Sørum’s operating 

conditions for MeF hydrogenolysis. However, it was clear that the conversions achieved 

for the hydrogenolysis step alone was much less, than the conversions observed in the 

concurrent study at similar operating temperature and H2 partial pressure.  

 

6.2 Hydrogenolysis of Methyl Formate Catalysed by Cu-Alkoxide 
System 

The Cu-based catalyst appears to give relatively lower conversion when comparable 

operating conditions for a standard LTMS reactions were applied. As a result we 

investigated a possible active component formed during the concurrent LTMS reaction. 

Table 6.1 shows different catalyst components for MeOH production at 100 oC. 1 bar N2 

was added to the reacting gas as an inert to aid in determining conversion and selectivity 

of the gas phase. No syngas conversion was observed when only CuO/SiO2 nanoparticles 

were used as catalyst within 1 h reaction time. This was in contrast to the situation when 

Cu-alkoxide catalyst system was present, where 60 % syngas conversion was observed. 

Even though some others [97] have observed syngas conversion over Cu nanoparticles, 

without the presence of alkoxide, these were carried out at about 140 to 170 oC for more 

than 3 h reaction time. Thus, lower reaction temperature was used in our study and 

hence no activity observed within 1 h reaction time.  

To check whether ionic copper methoxide was responsible for the LTMS reaction, 

Cu(OCH3)2 was tested for syngas activity. When Cu(OCH3)2 was used alone as catalyst, 

no syngas conversion was observed, except in combination with CuO/SiO2 catalyst when 

12 % syngas conversion was observed. This indicated that ionic copper methoxide had 

very little or no influence on the LTMS reaction. Furthermore, with the observed 

formation of NaOOCH during the solvent effect study in Chapter 5, NaOOCH was tested 
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to see whether their formation was essential for the LTMS reaction. When the NaOOCH 

was added to the CuO/SiO2 catalyst, 10 % syngas conversion was observed. Similar to 

the Cu(OCH3)2, the NaOOCH  hardly played a role in the LTMS reaction at our operating 

conditions. That is, even though some activity was observed using the Cu(OCH)3 and 

NaOOCH in combination with CuO/SiO2, their contribution to the overall syngas 

conversion was rather marginal compared to the activity in the presence of NaOCH3.  

 

Table 6.1: Variable catalyst composition for MeOH production, CuSiO2= 0.45 g, 
NaOCH3= 19 mmol, NaOOCH = 19 mmol, MeF = 81 mmol, Cu(OCH3)2=10 mmol, 100 
oC, N2 = 1 bar, total pressure = 20 bar, 1 h 

 

Reactants Catalyst system Conv 

(%) 

Selectivity (%) 

CuSiO2 NaOCH3 NaOOCH Cu(OCH3)2 MeOH MeF CO 

CO+H2 * *   60 98 2 - 

CO+H2 *    0 - - - 

CO+H2    * 0 - - - 

CO+H2 *   * 12.2 100 0 - 

CO+H2 *  *  10 100   

MeF + CO+H2 *    4 100 - - 

MeF+H2 *    8.7 99 - <1 

MeF+H2 * *   26.5 59  41 

 

Since inclusion of the Cu(OCH)3 and NaOOCH in the syngas reaction did not show 

substantial activity, they were not included as catalyst for testing the MeF 

hydrogenolysis. When syngas, with 16 H2: 3CO: 1N2 composition was used as the 

reactant gas, only 4 % H2 conversion was observed. The hydrogenolysis over the 

CuO/SiO2 showed almost twice the activity when only H2 was used without the CO. It is 

known that CO and H2 compete for active sites on the Cu-based catalyst [27], and 

therefore the observed reduction in activity in the presence of CO was not surprising. 

When NaOCH3 was added to the Cu nanoparticles, 26.5 % H2 conversion was observed. 

Even though a significant decarbonylation reaction occurred, the conversion due to 

hydrogenolysis tripled as compared to the case without NaOCH3.  

The observed enhancement of the hydrogenolysis in the presence of NaOCH3 suggested 

a possible synergistic relationship between the Cu nanoparticles and the NaOCH3 
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catalyst. To probe this further, the amount of NaOCH3 added to the Cu nanoparticles 

were varied for MeF hydrogenolysis and shown in Figure 6.3. The H2 conversion 

increased sharply with increasing the amount of NaOCH3 up to about 3 mmol, where H2 

conversion levelled off with increasing NaOCH3. At the same time with the sharp 

increase in hydrogenolysis, marginal amount of CO was released. However, at the point 

of levelling off of the hydrogenolysis, an exponential increase in the CO was observed. 

This indicated that, the NaOCH3 played two main roles, assisting in hydrogenolysis 

reaction as well as the decarbonylation side reaction.  

 

The increase in the hydrogenolysis of MeF in the presence of NaOCH3 suggests some 

relationship between the two catalysts. Considering the fact that hydrogenolysis 

increased when there was little CO released, both catalysts seem to play an important 

role in the catalysis. After 7 mmol NaOCH3, further increase in the amount of NaOCH3 

only went into increasing the decarbonylation reaction. This implies that, the NaOCH3 

probably occupied the surface of the Cu catalyst to promote the hydrogenolysis of the 

MeF. When the amount of NaOCH3 exceeded a certain maximum for the hydrogenolysis 

promotion, further increase only went into enhancing the side decarbonylation 

reaction. Furthermore, the hydrogenolysis activity could also have been reduced by the 

increase in the amount of CO. As has already been reported, CO appears to compete 

with H2 for available active Cu sites, and hence continuous increase in CO production 

 
Figure 6.3: NaOCH3 variation on hydrogenolysis of MeF, H2 pressure = 10 bar, 
CuO/SiO2 = 0.50 g (6.3 mmol),  MeF = 81 mmol 100 oC, dig = 40 ml, 1 h 
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could further reduce the hydrogenolysis reaction [50]. Nevertheless, NaOCH3 clearly 

shows a promoting effect on the Cu-nanoparticles for the hydrogenolysis reaction.  

  
 

6.3 Direct and Indirect CO2 hydrogenation using the 
Hydrogenolysis Catalyst System 

The identified role of the Cu-alkoxide system investigated in the LTMS reaction can be 

extended to include CO2 hydrogenation. CO2 is known to poison the LTMS reaction 

catalyst system particularly the alkoxide co-catalyst [26, 27]. That is, the CO2 reacts with 

methoxide to form a methyl carbonate salt as illustrated in Equation (6.2). However, a 

very active hydrogenation catalyst will be able to hydrogenate the carbonate salt 

formed. Without such an active catalyst, the inclusion of CO2 for the LTMS reaction 

might continue to have an adverse effect on the methoxide system. However, to what 

extent will the CO2 affect the LTMS reaction if for example CO is replaced by CO2? One 

alternative is to study CO2 hydrogenation via a carbonate intermediate, and then 

compare with a direct CO2 hydrogenation using the catalyst system used for the LTMS 

catalyst in this work. 

CO2 + NaOCH3 ⇌ NaOOCOCH3            (6.2) 

To investigate the role of the Cu nanoparticles and its associated hydrogenolysis co-

catalyst, a dimethyl carbonate (DMC) was used, and compared with MeF, as shown in 

Table 6.2. When CuSiO2 alone was used as catalyst, 24 % and 25 % H2 conversion was 

observed for the MeF and the DMC hydrogenolysis reactions respectively over a 12 h 

reaction time. Here, 99 % selectivity to MeOH was observed with minor amount of CO 

and CO2 selectivity.  In both cases, the selectivity to CO2 was about 4 times more than 

the selectivity to CO.  When the hydrogenolysis was carried out with the CuSiO2 and 

NaOCH3 catalysts, the conversion in DMC was 12 %, just about a third of the conversion 

in the MeF hydrogenolysis, which was 36 % after 6 h reaction time. MeOH was once 

again the main product, comprising of 93 and 91 % for the MeF and the DMC 

hydrogenolysis reactions respectively.  Based on the results in the Figure 6.3, the 
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amount of NaOCH3 was limited to 2.7 mmol, where CO release was minimal. The 

selectivity to CO and CO2 were 5.8 and 1 % respectively for the MeF reaction. No CO was 

however observed in the dimethyl carbonate reaction, with about 9 % selectivity to CO2.  

 

Table 6.2: Hydrogenolysis of MeF and DMC over CuSiO2 catalysts; CuSiO2 = 0.45 g, 
Dig=40 ml, 100 oC, H2 = 19 bar, NaOCH3 = 2.7 mmol, DMC = 55 mmol, MeF = 83 mmol 

Reaction Time 
(h) 

H2 conversion 
(%) 

Selectivity (%) 

MeOH CO CO2 

MeF + H2 12 24 98.9 0.2 0.8 
DMC + H2 12 25 99.4 0.1 0.5 
MeF+NaOCH3+H2 6 36 93.2 5.8 1.0 
DMC+NaOCH3+H2 6 12 91.4 0.0 8.6 

 

 

 

The once through catalyst preparation system was also tested for the CO2 

hydrogenation reactions. Table 6.3 shows the once through LTMS reaction for 

hydrogenolysis using Cu-alkoxide catalyst system. The Cu-alkoxide catalyst was 

prepared in a similar way as in Section 4.1 at 100 oC. H2 conversion was 42 % in MeF 

reaction while 12 % conversion was observed in the dimethyl carbonate reaction. In the 

MeF reaction, about 67 % selectivity to MeOH was observed, with 32 and 1 % selectivity 

to CO and CO2 respectively. In the DMC reaction, aside 70, 2 and 7 % selectivity to MeOH, 

CO and CO2 respectively, 21 % selectivity to MeF was observed. Apart from these 

products, there were traces of dimethyl ether. To put the hydrogenolysis into 

perspective, CO and CO2 hydrogenation was carried out using similar Cu-alkoxide 

catalyst system just as was carried out in the hydrogenolysis reaction. Whilst 73 % H2 

conversion was observed in the CO hydrogenation reaction after 2 h, 38 % H2 conversion 

Table 6.3: Once through catalyst system for hydrogenolysis; (Cu(CH3COO)2 = 3.6 
mmol, NaOCH3 = 19 mmol, MeOH = in 50 ml diglyme, total 20 bar, at 100 oC, DMC = 
55 mmol, MeF = 83 mmol 

Reaction Time 
(h) 

H2 Conversion 
(%) 

Selectivity (C %) 

MeOH MeF CO CO2 
MeF + H2 2 42 66.9 - 32.5 0.6 
DMC+H2 2 12 69.8 20.9 2.3 7.0 
1CO+2H2 2 73 95.4 4.6 - 0 
1CO2+3H2 24 38 80.1 19.8 0.1 - 

 



Ahoba-Sam: LTMS catalysed by Cu nanoparticles  

 

___ 

86   

 

was observed in the CO2 hydrogenation reaction after 24 h. Here, 80 and 20 % selectivity 

to MeOH and MeF respectively were observed for the CO2 hydrogenation reactions. 

Comparably, in the CO hydrogenation, about 95 and 5 % selectivity to MeOH and MeF 

was observed.  

Cu nanoparticles were effective for DMC hydrogenolysis without any alkoxide 

promotion. Considering the increment of activity when methoxide was added in the 

MeF hydrogenolysis, no such enhancement was observed in the dimethyl reaction. 

Moreover, even though it appeared that there was a certain threshold amount of 

NaOCH3 required after which the excess influences CO formation during the MeF 

hydrogenolysis, this was not the case in the dimethyl carbonate reaction. Rather, 

moderate amount of CO2 was released, which was much less than the CO released in 

the MeF reaction when NaOCH3 was included in the once through catalyst system. Lian 

et. al. [100] have reported that various Cu-based nano-catalysts were sufficient for 

ethylene carbonates hydrogenolysis at 180 oC and 50 bar H2 pressure. Even though, 

lower operation temperature and pressures were used in this work, appreciable amount 

of hydrogenolysis of DMC was realized. Therefore, the promotion effect of methoxide 

on the Cu-based catalyst for the MeF hydrogenolysis was not necessary for the DMC 

hydrogenolysis. Hence, Cu nanoparticles was mainly responsible for the hydrogenolysis 

of the DMC. 

Furthermore, Cu nanoparticle size influenced the hydrogenolysis of the formate and the 

carbonate. The hydrogenolysis of the DMC within 2 h for the once through catalyst 

system was at similar conversions as was observed for the 12 h reaction with the 

CuO/SiO2 catalyst. With the promotion effect of the methoxide, the MeF hydrogenolysis 

reaction showed higher conversion within 2 h in the once through Cu catalyst system 

compared to the over 6 h CuO/SiO2 system. As previously characterized, the CuO/SiO2 

catalyst consisted of about 30 ± 5 nm CuO (Section 5.3) while the Cu particles in the once 

through system was 10 ± 5 nm Cu2O particles (Section 4.1). Moreover, the size of Cu 

nanoparticles has been shown in Chapter 4 to influence LTMS reaction particularly with 
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respect to the hydrogenolysis reaction. Hence the observed results in the two Cu-based 

catalysts confirm the role of Cu nanoparticle size in the hydrogenolysis reaction. 

It appears there is a relationship between the hydrogenolysis of MeF and the DMC. In 

both reactions, CO and CO2 products were observed as products and followed similar 

trend to selectivity in the absence of methoxide over the 12 h reaction time. When 

methoxide was added, although the trend to selectivity differed, the selectivity to the 

CO and CO2 products increased in both reactions. That is, decarbonylation and 

decarboxylation in the MeF and DMC reactions respectively, increased. Considering the 

fact that, in the MeF and DMC contained carbonyl and carboxyl functional groups 

respectively, the presence of methoxide influenced the release of these groups. 

Methoxide is well known to catalyse both carbonylation [24] and carboxylation [154] 

reactions, and hence the observed decarbonylation and decarboxylation in the presence 

of methoxide is not surprising.  

Furthermore, in the presence of the methoxide in the once through reaction, significant 

selectivity to MeF was observed for the hydrogenolysis of the DMC within 2 h. Even 

though, this was not observed in the 6 h CuO/SiO2-alkoxide catalysed reaction, it 

appears that, the hydrogenolysis of the DMC was initially preceded by hydrogenation 

and subsequently split into MeOH and MeF, after which the reaction assumed the usual 

hydrogenolysis mechanism. It has been suggested that MeO-C cleavage to form MeOH 

and MeF occurs first before subsequent hydrogenlysis of the MeF using a ruthenium-

based homogeneous catalyst [155-157]. It is possible that a similar trend in the 

homogeneous system occurred in our catalyst system. In addition, the presence of 

methoxide promoted only hydrogenolysis of MeF but not that of DMC. Our preliminary 

explanation is that, if MeO-C cleavage occurred as an initial step, then there would be 

adequate amount of methoxy group on the Cu-catalyst surface (either adsorbed by or 

near the reaction sites). Any extra methoxide added might not have direct effect on the 

hydrogenolysis of the DMC, just as was observed for the hydrogenolysis of MeF, where 

excess methoxide rather engaged in promoting side reaction. This notwithstanding, a 
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more detailed kinetics and mechanistic study will throw more light on the mechanism 

to either confirm or disprove this assertion.   

Overall, the LTMS synthesis appears to have a window for CO2 utilization, but will require 

further attention on designing a more active Cu catalyst. The Cu-alkoxide appears to be 

a good starting point, as about 36 % H2 conversion could be achieved after 24 h. 

However it is important to note that, recycling the methoxide catalyst will still be an 

issue to deal with as no significant activity was observed when the CO2+H2 charging was 

repeated. Nevertheless, the ability of the Cu-based catalyst to indirectly hydrogenate 

the CO2, serves as a window of opportunity for further exploration. For example, if a 

form of methoxide is used as reactant rather than a catalyst, then the CO2 

hydrogenolysis reaction can be performed under the LTMS reaction conditions as 

expressed in Equations (6.2) and (6.3). Alternatively, a direct conversion of CO2 to 

organic carbonate [154, 158], and then subsequently as an intermediate can be used for 

the hydrogenolysis as expressed in Equation (6.4). Hence CO2 utilization in the LTMS 

reaction conditions is highly possible but will require a closer attention especially in 

designing a co-catalyst to optimize the entire catalyst system.    

  NaOOCOCH3 + 3H2 ⇌ 2CH3OH + NaOH         (6.3) 

H3COOCOCH3 + 3H2 ⇌ 3CH3OH                          (6.4) 

 

6.4 Summary 

The study of hydrogenolysis of MeF over Cu-based catalyst has been shown to be slower 

than when LTMS reaction is carried out concurrently. Although reaction conditions such 

as temperature and pressure increase hydrogenolysis, the relative conversion simply do 

not match up to a typical one pot LTMS in a Cu-alkoxide catalyst system at 100 oC 

reaction temperature. Among the possible active component that could be responsible 

for the enhanced activity in syngas conversion, only NaOCH3 showed an increase in MeF 

activity. Thus NaOCH3 showed a promoted MeF hydrogenolysis reaction such that 

increasing NaOCH3 led to a sharp increase in hydrogenolysis. However, after a certain 
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threshold, further increase in NaOCH3 only led to decarbonylation rather than a further 

promotion of hydrogenolysis. This suggested that there is a certain synergistic 

relationship between the Cu-based catalyst and the methoxide for hydrogenolysis. 

When the catalyst system was extended to DMC hydrogenolysis, relative conversions 

were comparable to the MeF hydrogenolysis conversions. It appeared that 

hydrogenolysis of MeF and DMC followed similar mechanisms but will require further 

study to confirm that. Moreover, direct hydrogenation of CO2 in a similar reaction 

condition as the LTMS reactions were feasible, but will require methoxide to be a 

reactant rather than a co-catalyst.  
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7 Tailoring Cu Nanoparticles using Spinning Disk 

Reactor  

The size of Cu nanoparticles has been shown to influence MeOH production. Previously, 

we have observed that increasing active Cu surface area due to decreasing Cu particle 

size increases MeOH productivity. This implies that a relatively easy approach for 

producing on-purpose Cu nanoparticle sizes is important in the LTMS process. Most of 

the reported methods for making defined Cu nanoparticle sizes involve entirely different 

experimental protocols and chemical recipes for making different particle sizes [110]. To 

the best of our knowledge, a straight-forward method for fine tuning Cu nanoparticle 

sizes with narrow particle distribution for catalysing MeOH synthesis by mere changing 

of physical operating parameters while maintaining the same chemical recipe is lacking. 

One promising continuous-flow process technique with an enhanced uniform micro-

mixing ability to control the nucleation and growth in precipitation reaction during 

nanoparticle fabrication is by using the spinning disk reactor (SDR) [117].  The focus of 

this section is to use the spinning disk reactor (SDR), to finely tune Cu nanoparticle size 

for the LTMS process.  

 

7.1 Preliminary Study of Cu Borohydride Reduction Reaction 

The SDR is a continuous-flow process with short residence time for fine-tuning 

nanoparticles fabrication and is therefore more beneficial for processing fast reactions, 

which occur within the short time of residence on the disk surface. Cu borohydride 

reduction reaction, expressed in Equation (7.1) is one example of such fast reaction 

[133]. The preliminary study in a stirred tank reactor (STR) showed that drop-wise 

addition of 0.021 M aqueous NaBH4 unto aqueous 0.011 M Cu(NO3)2 reacts 

instantaneously to produce a black precipitate. The resulting slurry was oven dried at 70 

oC after stirring for 60 min. Figure 7.1 shows the X-ray diffractogram and SEM images of 

the oven dried samples. Cu2O was observed as the predominant phase, with 25 ± 1 nm 

crystallite size. Even though Cu0 was the expected phase per Equation (7.1), it is possible 
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the particles easily oxidised on the surface such that Cu2O was the main product 

considering the fact that, the slurry sample was oven dried in static air.  

Cu2+ + 2BH4
− + 6H2O → Cu ↓ +7H2 + 2B(OH)3          (7.1) 

 
 

 

  
 

 

Figure 7.1: XRD (left) and SEM (right) of Cu NP made in a stirred tank; 0.011 M 
Cu(CH3COO)2 and 0.021 M NaBH4 in water, stirred at 700 rpm 

 

Similar experiment was carried out using diglyme rather than water as solvent, and the 

XRD and SEM characterization shown in Figure 7.2. Here, the resulting slurry sample 

after 60 min of stirring was put in a capillary for the XRD measurement without drying. 

Contrary to the experiment in aqueous medium, Cu0 was the predominant phase with 

about 10.8 ± 0.4 nm crystallite size. Since diglyme samples were not subjected to drying, 

relative exposure to air was low and therefore the resulting crystals predominantly 

remained in the reduced oxidation state. Furthermore, it appears the crystallites in the 

diglyme solvent were smaller than was observed for the water samples. It is possible the 

presence of the diglyme solvent with its lone pairs of electrons provided some sort  of 

chelates around the Cu ions [159] which controlled the particle growth and also 

minimized agglomeration. 
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Figure 7.2: XRD (left) and SEM (right) of Cu NP made in a stirred tank; 2.2 mmol 
Cu(CH3COO)2 and 2.5 mmol NaBH4 in 15 ml diglyme 

 

The STR was used as a preliminary study to set the stage for the use of the SDR for Cu 

nanoparticles synthesis. In the following sections, we will investigate whether the Cu 

nanoparticle size and size distribution can be controlled by varying physical and chemical 

parameters in the SDR process. To avoid agglomeration of the particles that exited from 

the SDR, the slurry samples were collected in starch as has been used elsewhere [160]. 

The influence of starch on the particle size distribution is shown in Figure 7.3. Wider 

particle size distribution with larger mean particle sizes ranging from 10 to 15 nm were 

observed in the samples without starch. However when the particles were collected in 

starch gelatine, a narrower particle size distribution with about 6 ± 1 nm mean particle 

size was observed. Furthermore, no significant differences was observed in the particle 

size distribution as well as the mean particle sizes for the 1 to 33.3 1 g/L starch 

concentrations. The starch therefore served as a capping agent to stabilize and prevent 

further agglomeration of the Cu nanoparticles made. Hence, 1 wt % or 10 g/L starch 

gelatine concentration was selected for collecting the slurry samples that exited from 

the SDR. 
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Figure 7.3: Effect of starch concentration on particle size distribution (left) and mean 
particles size (right) after 1 day, 0.01 M Cu(NO3)2/0.02 M NaBH4, flow ratio=2, flow 
rate=5.5 ml/s  disk speed= 2400 rpm 

 

7.2 Effect of Rotation of Disk Speed and Flow Rate on Particle 
Size 

The effect of the rotation speed of the SDR on the nanoparticle size and particle size 

distribution were studied using aqueous Cu(NO3)2 and aqueous NaBH4 streams at 5 ml/s 

total flow. The resulting effluent was collected in starch to minimize further 

agglomeration and particle growth after sample collection. Figure 7.4 shows the effect 

of the rotation speed on the particle size distribution and mean particle size. The faster 

the disk rotation speed the tighter the particle size distribution. The mean particle size 

using 0.01 M Cu(NO3)2 and 0.02 M NaBH4 streams decreased with increasing disk 

rotation speed from 35 to 8 nm for the 400 to 2400 rpm speed respectively. When the 

concentration of the reagents were increased to 0.05 M and 0.10 M for the Cu(NO3)2 

and NaBH4 respectively, the trend in the particle size distribution and mean sizes were 

similar. The mean particle size decreased from 55 nm at 400 to 10 nm at 2400 rpm disk 

rotation speed at the 0.05 M Cu(NO3)2 concentration.  
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The resulting mixture was oven dried at 70 oC and characterized using XRD to ascertain 

the formation and phase of Cu crystallite produced. Figure 7.5 shows the XRD of Cu 

nanoparticles produced from the 0.05 M Cu(NO3)2 starting concentration experiment. 

The X-ray diffractogram showed Cu2O as the predominant crystallite phase followed by 

some Cu0 peaks. Since the entire mixture was dried without washing off the salt formed, 

some sharp reflections from NaNO3 was also observed. Rietveld analysis of the mean 

crystallite sizes of the dried Cu2O phase was estimated to be 10 ± 1, 9.5 ± 0.7, and 9.5 ± 

0.5 nm for 400, 1400, and 2400 rpm respectively. That is, the crystallite sizes of the dried 

 

 
 

 

Figure 7.4: Effect of SDR spinning on particle size distribution (left) and mean particle 
size (right) at 0.01 M Cu(NO3)2/0.02 M NaBH4 and  0.05 M Cu(NO3)2/0.10 M NaBH4, 
total flow rate=5.5 ml/s,  disk speed= 2400 rpm 

 
Figure 7.5: XRD of the dried sample from the 0.05 M Cu precursor experiment in 
Figure 7.4 
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Cu2O particles were similar for all the 3 disk rotation speed samples but varied in the 

mean particle sizes and size distribution. 

The total flow rate of the reagent stream was varied at constant flow ratio and 2400 rpm 

rotation speed. Figure 7.6 shows the effect of the total flow rate on particle size 

distribution and the mean particle size. This was done using 0.02 M NaBH4 flow to 0.01 

M Cu(NO3)2 flow ratio of 2 and 2400 rpm disk rotation speed at 25 oC. The faster the 

total flow, the narrower the particles’ distribution. The mean particle size decreased 

from 14 ± 1 to 3.2 ± 0.2 nm with increasing total flow rate from 3 to 9 ml/s respectively. 

In addition, the resulting sample from the 9 ml/s total flow experiment was oven dried 

at 70 oC and characterized with XRD and TEM. Figure 7.7 shows the XRD and TEM image 

of the 9 ml/s sample. Rietveld analysis of the diffractogram showed Cu2O as the main 

phase with about 4 ± 1 nm crystallite size. The TEM imaging revealed approximately 3–

5 nm spherical shaped crystals, which were surrounded by large amorphous materials 

suspected to be the starch used for keeping the particles from agglomerating. Overall, 

the XRD and TEM results confirmed that Cu2O nanocrystals were produced after drying 

with representative particle sizes as reported using the dynamic light scattering 

measurement. 

Generally, the particle size distribution narrowed with increasing disk rotation speed 

and total flow rate. This can be explained based on the degree of micromixing achieved 

in the course of the synthesis. During the synthesis process, the thin film formed on the 

disk surface when the liquid reagents are introduced experiences an increase in shear 

effect and surface wave intensity as rotation speed and total flow increases [117, 118]. 

Mohammadi’s [117] results showed that increasing rotation speed and flow rate leads 

to shorter micromixing time during TiO2 nanoparticle synthesis. Shorter micromixing 

time implies a more rapid homogeneous mixing at the molecular level, which enhances 

a more uniform supersaturation within a shorter time. Shorter micromixing time leads 

to faster and uniform nuclei formation compared to crystal growth [161]. Hence, 

increasing the disk rotation speed and flow rate led to uniformly-sized nuclei, which 

eventually led to a tighter particle size distribution.   
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Figure 7.6: Effect of flow rate on particle size distribution (left) and mean particle 
size (right), 0.02 M NaBH4 (in 0.004 M NaOH)/0.01 M Cu(NO3)2 flow ratio = 2, disk 
speed = 2400 rpm. 
 

 

  

     
 

Figure 7.7: XRD (left) and TEM image (right) of the 9 ml/s sample from Figure 7.6 
 

Furthermore, increasing the disk rotation speed and total flow rate led to smaller mean 

particle size. Mean residence time and residence time distribution is known to influence 

final particle size and size distribution respectively [117, 162-164].  Increasing the disk 

rotation speed and total flow rate led to a shorter residence time for the nuclei formed 

upon initial contact of the reactants on the disk surface. This slowed down rapid 

agglomeration of the nuclei, thereby limiting particle growth on the disk surface. 

Moreover, it is well established that the residence time distribution of the film formed 

on the disk surface approaches plug flow regime under high disk rotation speed and flow 

rate [163]. A plug flow regime implies that virtually all the particles will be subjected to 

the same mean residence time and processing conditions due to minimal radial 
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dispersion. Thus, a uniform particle size exits from the disk which results in a narrow 

particle size distribution. Overall, the disk rotation speed and flow rate has a 

considerable impact on the hydrodynamics of the film during the nanoparticles 

synthesis. The smallest particle size with tightest size distribution was therefore 

achieved at 2400 rpm rotation and 9 ml/s flow rate. 

 

7.3 Effect of Rotation Speed on Particle Size Using Different Cu 
Precursors  

Figure 7.8 shows the effect of the disk rotation speed on the particle size distribution 

and mean size distribution for 3 different starting Cu (II) salts. The trend in particle size 

distribution and mean particle size at the different rotation speeds were the same for 

all the Cu precursors. Thus, the faster the disk rotation speed, the narrower the particle 

size distribution, coupled with deceasing mean particle size. At 1440 rpm, the 

Cu(CH3COO)2 precursor showed the smallest particle of 8.1±0.5 nm, while the CuCl2 and 

Cu(NO3)2 followed with 10.6 ± 0.7 and 11.7 ± 0.9 nm particle sizes respectively. However, 

considering the relative uncertainties, the mean particle sizes for different precursors 

were similar at the same rotation speed, especially at 400 and 2400 rpm, with mean 

particle size of 24 ± 3 and 7 ± 1 nm respectively. The observed trend in the rotation 

speed follows the same pattern as discussed for the Cu(NO3)2 precursor earlier, and 

hence the particle size and particle size distribution was dictated by the relative effect 

of micromixing time, mean residence time and residence time distribution discussed 

earlier.  
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Figure 7.8: Effect of SDR disk speed on particle size distribution (left) and mean 
particle size (right) for different Cu precursors, 3 ml/s of 0.01 M Cu2+ and 3 ml/s of 
0.04 M NaBH4 (in 0.004 M NaOH). 

 

7.4 Effect Reducing Agent Concentration and pH on Particle Size  

Figure 7.9 shows the effect of NaBH4 concentration on the particle size distribution and 

mean particle size at constant Cu(NO3)2 concentration. The particle size distribution 

narrowed from 0.02 M to 0.04 M NaBH4 concentration, and then remained relatively 

the same distribution to 0.10 M. Meanwhile, the mean particle size in a similar trend 

decreased initially from 7.6 ± 0.5 to 4.3 ± 0.3, and then remained about the same size 

with increasing NaBH4 concentration. Figure 7.10 shows the effect of flow ratio on the 

particle size distribution and mean particle size at 5 ml/s total flow rate. The mean 

particle size increased from 7.6 ± 0.5 to 17 ± 1 nm for 0.5 to 1.5 Cu(NO3)2/NaBH4 flow 

ratios respectively. The mean particle size remained the same for the Cu(NO3)2/NaBH4 

flow ratios below 0.5 however. Since the NaBH4 was dissolved in NaOH solution, the 

effect of the amount of OH- on the particle size was also studied. This was done at a 

constant Cu(NO3)2/NaBH4 concentration but varied the amount of NaOH in the NaBH4 

stream. Figure 7.11 shows the effect of pH on the particle size distribution and mean 

particle size. The particle size distribution became broader with increasing pH or OH- 

concentration. The mean particle size as well increased linearly with increasing pH. 
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Figure 7.9: Effect NaBH4 concentration on particle size distribution (left) and mean particle 
size (right) at 0.01 M Cu(NO3)2, disk speed= 2400 rpm, 5 ml/s total flow rate. 

 

 

 

 

Figure 7.10: Effect of flow ratio on particle size distribution (left) and mean particle size 
(right), at 0.01 M Cu(NO3)2, 0.02 M NaBH4 (in 0.004 M NaOH), disk speed=2400 rpm, 5 ml/s 
total flow rate. 
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increase in the relative time for homogeneous nuclei formation. This leads to patchy 

particle growth and bigger particle size formation. On the contrary, when Cu2+ becomes 
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that the excess amount of NaBH4 will have no further effect on the particle size and size 

distribution.  

 

 

 

 

Figure 7.11: Effect of pH (by varying only NaOH concentrations) on particle size 
distribution (left) and mean particle size (right), at 0.01 M Cu(NO3)2, 0.02 M NaBH4 , 
disk speed = 2400 rpm, 5 ml/s total flow rate. 

 

Furthermore, the Equation (7.1) also showed that the reduction reaction involves 

hydrolysis of NaBH4. Considering that NaBH4 dissolves in water as well as reacts with 

water, an addition of NaOH was necessary to keep adequate amount of BH4
- in solution. 

Hydrolysis of NaBH4 for example is known to decrease with increasing pH [165, 166]. 

The relative availability of the BH4
- will have a direct influence on the precipitation 

reaction as the reaction occurs within the short residence time of the film on the disk. 

As the amount of OH- increased, the BH4
- hydrolysis necessary for the reduction reaction 

was suppressed leading to the observed linear increase of the particle size with pH.   

 

7.5 Scaling-up Cu Nanoparticle Production 

To scale-up the production, a longer continuous processing time was allowed for 

production of a larger quantity of the Cu nanoparticles. The starting concentration of 

Cu(NO3)2 and corresponding NaBH4 concentration were varied in larger volumes (about 

1-2 L) while maintaining all other flow conditions constant. Figure 7.12 shows the effect 
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of the Cu(NO3)2 concentration on the particle size distribution and the mean particle size 

at 2400 rpm and 9 ml/s total flow rate. The mean particle size increased from 7.6 to 22 

nm with 0.01 to 0.05 M concentrations respectively as the particle size gently but 

successively widens. Overall, particle size increased with concentration. Chang et. al 

[167] made similar observations where particle sizes increased from 48.3 to 93.0 nm 

when starting Cu(SO4)2 concentration was increased from 0.01 to 0.40 M. Increase in 

concentration, increases the probability of nuclei colliding with each other for particle 

growth, leading to the observed increase in particle size and particle size distribution 

with concentration.  

 

 

The particles were oven dried at 90 oC for further characterization without washing. 

Figure 7.13 shows the X-ray diffractogram for the samples made from the different 

concentrations as well as the TEM image of the dried sample made from the 0.01 M 

Cu(NO3)2 starting concentration. Cu2O and Cu0 were the main phases observed, aside 

the presence of NaNO3 phase. The crystallite sizes of the Cu2O phase slightly increased 

from 8.6±0.2 to 10.8±0.3 nm with increasing concentration. Indexing of the electron 

diffraction of the TEM confirmed the presence of predominantly Cu2O polycrystalline 

particle with (111) and (220) planes. The approximately 10 nm spherical shaped Cu2O 

particles, with fairly even particle size distribution observed in the TEM image, indicated 

 

 

 

Figure 7.12: Effect of reagent’s concentration on particle size distribution (left) and 
mean particle size (right), at 1Cu2+:4BH4

- concentration, disk speed= 2400 rpm, 9 
ml/s flow for a 3 L total volume stream 
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that the process could be scaled-up. The challenge however, is the isolation of the 

particles, as the resulting slurry was colloidal in nature and centrifuging proved futile.    

 

 

   

      

Figure 7.13: XRD (left) characterization and TEM image of the 0.01 M Cu(NO3)2 
concentration (right)  of the scaled-up sample from Figure 7.12 

 

7.6 Testing the Cu Nanoparticles for LTMS Reaction 

The different operation conditions were varied to tailor different Cu nanoparticle sizes 

to test for LTMS reaction. Figure 7.14 shows the XRD and MeOH activity of four tailored 

Cu nanoparticles. The samples B1 S, B4 S and B5 S were collected in starch, while the 

sample B1 NS was a repeat of B1 without starch. The samples collected in starch were 

predominantly Cu2O and Cu0 phases, while CuO was the main phase observed in the 

sample without starch.    The Cu2O crystallite sizes were estimated from the XRD Rietveld 

analysis to be 8.6 ± 0.5, 9.0 ± 0.6, and 9.5 ± 0.7 nm for B1 S, B 4 S, and B 5 S respectively 

and 9.4 ± 0.7 nm for the CuO crystallite of the B1 NS sample. The mean particle size of 

the B1 S, B4 S, B5 S and B1 NS corresponded to 21 ± 1, 26 ± 2, 29 ± 2 and 38 ± 2 nm mean 

particle sizes respectively. The particle size of the B1 sample collected in starch was 

smaller with a more reduced oxidation state than the sample without starch. This 

suggested that in addition to reducing the rate of particle agglomeration, the starch also 

decreased the relative exposure of the particles to oxidation.   
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The tailored samples were used for MeOH synthesis, as the source of Cu in combination 

with methoxide co-catalyst as was done in the previous LTMS reactions. For ease in 

comparison, the amount of MeOH produced per the amount of Cu present and the 

reaction time was presented as MeOH productivity. The MeOH productivity increased 

with decreasing mean particle size for the catalysts with starch. As has already been 

discussed, decreasing particle size implies an increase in active surface area which 

enhances activity. On the other hand, the sample B1 (NS) without starch showed a 

higher productivity compared to the B1 (S) with starch. Since smaller nanoparticle size 

and reduced oxidation state of Cu usually promote the MeOH synthesis reaction [68], 

the absence of starch could play a role in the observed difference in activity. That is, the 

presence of starch in the B1 S sample presented a mass transfer limitation which 

lowered activity compared to the B1 NS sample with starch absent. Nevertheless, the 

Cu nanoparticles produced with the SDR was active for the LTMS reaction but would 

need further process optimization for nanoparticles production with less particle 

isolation difficulty.    

 

 

 

 
 

Figure 7.14: XRD (left) and MeOH productivity (right) for scale-up Cu nanoparticles; 
Conditions for the MeOH synthesis; 2H2/CO = 20 bar, NaOCH3= 9 mmol, THF solvent 
= 30 ml, 100 oC. 
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7.7 Summary 

The use of the SDR presents one fast approach for making targeted Cu nanoparticles for 

MeOH synthesis. The Cu nanoparticles were synthesized by borohydride reduction. By 

increasing disk rotation speed and total flow rate, with its consequent effect on short 

micromixing time, the final Cu nanoparticle sizes can be tuned up to 3 nm with narrow 

particle size distribution. Moreover, factors that enhance the reduction reaction, such 

as lower pH and the right stoichiometric ratio between the reagents influence smaller 

particle size and narrower particle size distribution. XRD and TEM characterization of 

the oven dried synthesized particles showed a predominantly Cu2O and some Cu 

spherical polycrystalline nanoparticles formed. The process was scaled-up for catalysis, 

and was observed to be active for MeOH synthesis at 100 oC. Overall, the use of the SDR 

presented a promising and straightforward approach for tuning on-purpose Cu 

nanoparticles as catalyst for MeOH synthesis by varying physical operating conditions 

while using the same chemical recipe.  
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8 Simulation of an Air-Blown ATR LTMS Process 

Design  

The LTMS process has been discussed in this work to be very promising in achieving close 

to full syngas conversion per pass due to the relatively lower operating temperatures 

compared to the original ICI MeOH synthesis process. The current work has shown that 

up to about 92 % syngas conversions can be achieved at 100 oC and 20 bar syngas 

pressure. One advantage of such high to full conversion per pass is the inclusion of N2 

diluent in syngas for the LTMS process if there is no need for recycling unreacted 

reactants. Since the inclusion of N2 can be tolerated in the LTMS process, normal or O2 

enriched air can be used as a cheaper alternative for producing syngas in an autothermal 

reformer (ATR). In this section, our focus is to model a complete LTMS process concept, 

using the Aspen HYSYS simulation tool. A model process using an air-blown ATR will be 

proposed based on the simulation for a complete LTMS process.  

 

8.1 Process description and Model Used for the Design 

The syngas production and MeOH synthesis units were separately simulated to select 

reasonable conditions for the complete LTMS process. Figure 8.1 shows the syngas 

production process, involving an air-blown ATR. The syngas production was based on 

partial oxidation of hydrocarbon from natural gas and O2. For simplicity, pure CH4 

(methane) was used as the hydrocarbon feed and was assumed to be without any 

sulphur or heavier hydrocarbons while the source of O2 was air consisting of 21O2:79 N2. 

The air was compressed to satisfy the stoichiometry of CH4 to O2 according to the 

Equation (8.1). Both CH4 and the compressed air were pre-heated before feeding into 

the reactor (ATR).  

CH4 +
1

2
O2 → CO + 2H2        𝛥𝐻 = −36 

𝑘𝐽

𝑚𝑜𝑙
    (8.1) 
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Figure 8.1: Syngas production process, involving an air-blown ATR 

 

The MeOH production was based on a hydrogenation of CO in the presence of N2 

diluent. In effect, the syngas mixture produced from the ATR can be fed directly into the 

MeOH reactor as shown in Figure 8.2. However, molecules such as H2O, CO2, CH4 and 

some other hydrocarbons could be present in the syngas produced. In addition, the 

highly exothermic reaction of the partial oxidation [168] implies that the syngas 

produced will require some further treatment such as cooling before it can be used in 

the MeOH reactor. Hence, for the optimization of the process in the MeOH reactor, only 

CO/H2/N2 in different specified compositions were used as reactants. The syngas plus N2 

was mixed with a liquid solvent and then sent to the MeOH reactor. The mixing unit was 

necessary since the LTMS reactions were carried out in a liquid medium. To simplify the 

model, MeOH was selected as the liquid medium.  

 

 
Figure 8.2: LTMS process for N2 diluted syngas 
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The simulations were performed using Aspen HYSIS version 8.6 program. Based on the 

Aspen program, three systems were considered, namely, syngas production in the ATR 

reactor, MeOH synthesis in the MeOH reactor and the combination of the two 

processes. Gibbs reactors were used for simulating the ATR and MeOH reactors. The 

Gibbs reactor uses the theoretical free energy minimum to calculate the equilibrium 

composition in the process.  Peng-Robinson equation of state [169] fluid package was 

used for all the simulations. The optimized conditions for the individual process was put 

together to design an overall LTMS process.  

In the overall process, extra treatments were required for the air feed as well as the 

syngas produced before the MeOH synthesis in the MeOH reactor. Firstly, a pressure 

swing absorber (PSA) was included to regulate the O2/N2 ratio in the air. The PSA 

operates by adsorption and desorption of certain gas components based on their affinity 

to solid adsorbents (usually microporous and mesoporous materials such as zeolites) 

when pressure is increased or decreased [170]. Secondly, an absorber was included to 

minimize H2O and CO2 content in the syngas produced before the MeOH reactor 

process. CH4 was assumed to be inert in the MeOH reactor, to eliminate the effect of 

methanation in the calculations.  

 

8.2 Process simulation and Optimization 

 

8.2.1 Process Simulation and Optimization for Syngas Production 

To optimize the temperature required for the partial oxidation in the ATR reactor, the 

temperature of the ATR gas inlet was varied. This was calculated based on 0.30CH4: 

0.15O2: 0.55N2 feed composition set to 20 bars.  The composition indicated that the 

2CH4:1O2 stoichiometry was maintained, coupled with 21O2: 79N2 air composition. 

Figure 8.3 shows the effect of temperature on the syngas produced. Generally, CH4 

conversion increased with temperature, mainly from 600 to 1200 oC, after which the 
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increase was insignificant. CO and H2 production increased while H2O and CO2 side 

products decreased with increasing temperature. Considering the significance of 

temperature on the reactor material, 1200 oC was selected as a reasonable temperature 

for the syngas production.  

 

 

 

 

Figure 8.3: Effect of temperature on the 
syngas production, 20 bar 

 Figure 8.4: Effect of pressure on the 
syngas production, 1200 oC 

 

The pressure of the feed was also varied to optimize the inlet pressure for the syngas 

production. Similar feed composition just as was used in the temperature variation 

calculations was used in the feed pressure estimation. Figure 8.4 shows the effect of 

pressure on the syngas produced. CH4 conversion increased while side products 

decreased with decreasing pressure, mainly from 100 to 10 bar. The H2/CO ratio 

remained around 2 below 30 bar inlet pressure.  Overall, the influence of pressure was 

less severe compared to that of temperature on the syngas production. 20 bar feed 

pressure was therefore chosen as a reasonable pressure for the feed inlet into the ATR 

reactor assuming similar pressures are released from natural gas pipelines.  

 

8.2.2 Process Simulation and Optimization for MeOH Synthesis 

The temperature and pressure for MeOH synthesis reaction was varied to optimize 

reaction conditions for the LTMS process. Figure 8.5 shows the effect of temperature 
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on syngas conversion at 20 and 100 bar. The syngas was composed of 0.21H2: 0.41CO: 

0.39N2. Conversion exponentially increased with decreasing temperature from 300 to 

120 oC, and then began to level off. The conversion was however higher in the 100 bar 

calculation than in the 20 bar calculations until below 60 oC, where the level of 

conversion became the same at both pressures. At 100 oC for instance, about 99 % 

conversion in the 100 bar reaction was calculated, while at the 20 bar, 94 % conversion 

was estimated. Nonetheless, considering the fact that, experimentally, lower activity is 

observed below 100 oC [26, 35], 100 oC was selected as a reasonable operating 

temperature for the MeOH synthesis process. 

 

 

Figure 8.6 shows the effect of pressure on syngas conversion with and without N2 

diluent within 1 to 100 bar. The syngas with N2 diluent consisted of 0.21 H2 : 0.41 CO : 

0.39 N2 while the syngas without N2 consisted of 0.67 H2 : 0.33 CO composition. The 

conversion for the syngas with N2 rapidly increased from 45 to 95 % within 1 to 30 bar, 

and then gradually to 99 at 100 bar. The conversion for the syngas without N2 however 

was 100 % within the pressure range studied, except below 5 bar where 65 % conversion 

was observed at 1 bar. This indicated that the presence of N2 plays an important role in 

conversion by lowering syngas partial pressure. Nonetheless, for a normal air-blown ATR 

 

 

 

Figure 8.5: Effect of temperature on the 
LTMS process 

 
 

Figure 8.6: Effect of pressure on the 
LTMS process at 100 oC 
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system, 100 bar syngas pressure was a reasonable pressure for the MeOH synthesis at 

100 oC. 

Realising the importance of N2 diluent in the syngas conversion, the N2 content in the 

syngas was varied to determine an optimal N2 content in syngas for an enriched air 

system in the MeOH synthesis process. Figure 8.7 shows the effect of N2 diluent 

concentration on LTMS process at 100 oC. This was done by maintaining the H2/CO ratio 

of 2 but different amount of N2 composition. At each specific N2 composition, syngas 

conversion increased with pressure. This indicated that increasing the CO and H2 partial 

pressures in the feed composition enhances MeOH production.  

 

 

Generally, syngas conversion increased with decreasing N2 diluent concentration. When 

the N2 % composition was decreased from 39 to 7 %, a full conversion was observed 

within 60 to 100 bar. Further reduction of N2 composition to 1 % led to full conversion 

with 20 to 100 bar. However, such reduction of N2 requires an expensive air purification 

process. One way out is the use of PSA for example, which can be used to enrich air up 

to 90 % O2 content in air at a relatively cheaper cost [171]. Hence 0.31CO: 0.62H2: 0.07N2 

composition was selected as a reasonable composition for the enriched air-blown ATR 

system for the LTMS process. This implies that, aside maintaining the 2CH4: O2 ratio, the 

O2: N2 for the enriched air-blown system will be 0.70:0.30 for the ATR process. In that 

 
Figure 8.7: Effect of N2 diluent concentration on LTMS process at 100 oC 
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case, 60 bar syngas pressure was chosen as a reasonable pressure for the MeOH 

synthesis at 100 oC for the enriched air-blown system. 

 

8.2.3 Process Simulation and Optimization for Overall LTMS Process 

The individual optimized processes were put together to simulate an overall LTMS 

process. Figure 8.8 shows the raw Aspen HYSYS flow-sheet of the overall LTMS process 

in an enriched air-blown system. The flow-sheet differs from that of normal air-blown 

system by the inclusion of the PSA which is the unit involved in enriching air. Table 8.1 

shows the selected operating conditions and resulting calculated composition in the 

normal air-blown ATR system. The air-blown system consisted of CH4 and 0.21O2: 0.79N2 

feed. The partial oxidation was carried out at 20 bar and 1200 oC.  The exiting syngas 

from the ATR with 1356 oC temperature was successively cooled to 30 oC. This was then 

compressed to 100 bar after removal of H2O and CO2 by the H2O/CO2 absorption unit. 

The compressor’s adiabatic efficiency was specified to 75 %.  The starting 3990 kmol/h 

CH4 yielded 3842 kmol/h MeOH at the 100 oC MeOH synthesis temperature. 

 
 

 
Figure 8.8: Aspen HYSYS flow-sheet for the overall standard LTMS process 
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Table 8.1: Specifications of Operation Conditions for the Overall LTMS Process for 
normal air-blown ATR system. 
 

Parameter Molar flow 
(kmol/h) 

Pressure 
(bar) 

Temperature 
(oC) 

Main composition 

CH4Feed 3990 20 20 1 CH4 
CH4Feed2 ‘’ ‘’ 1200 ‘’ 
AirFeed 9500 1.01 20 0.21 O2 : 0.79 N2 
AirFeed2 9500 20 515 0.21 O2 : 0.79 N2 
AirFeed3 ‘’ ‘’ 1200 ‘’ 
Syngas1 19375 ‘’ 1356 0.20 CO : 0.40 H2 : 0.39 N2 
Syngas2 ‘’ ‘’ 652 ‘’ 
Syngas3 ‘’ ‘’ 30 ‘’ 
Syngas4 19375 100 265 ‘’ 
Syngas5 ‘’ ‘’ 30 ‘’ 
Mix1 ‘’ ‘’ ‘’ ‘’ 
MeOH out  11642 ‘’ 100 0.33 CH3OH: 0.64 N2 

 

  

The selected operating conditions and resulting calculated composition in the enriched 

air-blown ATR system is shown in Table 8.2. The starting 0.21 O2: 79 N2 air was filtered 

in the PSA to produce 0.70 O2: 0.30 N2 enriched air feed. The enriched air and CH4 were 

partially oxidized at 20 bar and 1200 oC, with a resulting 1439 oC exiting syngas 

Table 8.2: Specifications of Operation Conditions for the Overall LTMS Process for 
enriched air-blown ATR system. 

 
Parameter 

Molar flow 
(kmol/h) 

Pressure 
(bar) 

Temperature 
(oC) 

Main Composition 

CH4Feed 3990 20 20 1 CH4 
CH4Feed2 ‘’ ‘’ 1200 ‘’ 
AirFeed 14250 1.01 20 0.21 O2:0.79 N2 
AirPress ‘’ 1.50 66.5 ‘’ 
O2Enrich 2850 1.10 67 0.70 O2:0.30 N2 
AirFeed2 ‘’ 20 595 ‘’ 
AirFeed3 ‘’ ‘’ 1200 ‘’ 
Syngas1 12727 ‘’ 1439 0.31 CO: 0.62 H2: 0.07 N2 
Syngas2 ‘’ ‘’ 687 ‘’ 
Syngas3 ‘’ ‘’ 30 ‘’ 
Syngas3pure 12678 20 33.5 ‘’ 
Syngas4 ‘’ 60 186 ‘’ 
Syngas5 ‘’ 60 100 ‘’ 
Mix1 ‘’ ‘’ ‘’ ‘’ 
MeOH out 4839 ‘’ ‘’ 0.81CH3OH: 0.18 N2 
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temperature. After successive cooling of the hot syngas to 30 oC and H2O/CO2 

absorption, the syngas was compressed to 60 bar at the same adiabatic efficiency as was 

specified for the normal air-blown system. The starting 3990 kmol/h CH4 yielded 3919 

kmol/h MeOH at 60 bar and 100 oC MeOH synthesis temperature. 

A summary of the energy flow during the overall LTMS process is displayed in Table 8.3. 

The negative connotation in the heating segment represented the heat demanding 

process while the positive represented the heat releasing process. The difference in the 

heat demanding and heat releasing process was estimated to be 7.68 x 108 kJ/h for the 

normal-air blown system while that of the enriched air-blown system was 6.10 x 108 

kJ/h. This indicated that the surplus heat would cover the heat demand in the overall 

LTMS process after recovery in both normal and enriched air-blown systems. The energy 

demand with regards to compression will be 2.80 x 108 kJ/h and 1.23 x 108 kJ/h for the 

normal and enriched air-blown process respectively. By comparing to the amount of 

MeOH production, the energy demand in the process due to compression can be 

estimated to be 2270 MJ/ton and 983 MJ/ton MeOH product for the normal and 

enriched air-blown process respectively. 

 

Table 8.3: Heat/Energy flow for the overall LTMS process 
 

Heating Air-blown (106kJ/h) Enriched-air (106kJ/h) 

CH4HEATER (-) 306 306 

AIRHEATER (-) 219 60.2 

DUTY1AFTERATR (+) 451 315 

DUTY2AFTERATR (+) 366 252 

DUTY3AFTERCOMPR (+) 141 32.2 

HEAT1 (+) 335 377 

Compression   

PSAEFFECT - 19.4 

AIRCOMPREFFECT 144 47.6 

SYNGASCOMPREFFECT 135 56.4 
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8.3 Process Discussion 

The main difference in the process described so far and the conventional ICI MeOH 

synthesis process is the inclusion of N2 due to the thermodynamically allowed full 

conversion per pass at low temperature conditions. As mentioned earlier, cryogenic 

production of O2 from air is capital intensive and the possibility to operate a MeOH plant 

with an air-blown ATR process is cost effective [20, 22]. Even though, some level of air 

purification is needed in the enriched air-blown system, the use of a PSA unit will be 

cheaper than the use of cryogenic air separation [171] considering the 70 % O2 (in air) 

purity estimated for the partial oxidation in this work. Furthermore, the exothermic 

partial oxidation in the ATR which resulted in 1356 and 1439 oC outlet temperature 

raises material suitability concerns. However, a typical ATR reactor burner operates 

above 2000 oC [168], therefore we expect that a gas outlet stream with a good heat 

transfer will not pose more challenges than present in existing ATR reactor technologies. 

When the heat component of the process was considered, the excess energy produced 

was sufficient to cover the energy demand for heating in the overall process. Besides 

covering the energy demand, a surplus of 7.68 x 108 and 6.10 x 108 kJ/h in the normal 

and enriched air-blown systems respectively were realized. This implies that, if the 

surplus energy is not recovered, the energy lost in normal air-blown system will be 

higher than that of the enriched air-blown system. The surplus energy can be recovered 

for power generation in steam turbines [172] for example, which can be used 

subsequently to power the compressing units. In terms of compression, 2.80 x 108 kJ/h 

and 1.23 x 108 kJ/h energies were required for the normal and enriched air-blown 

process respectively. This implies that the enriched air-blown system also requires lower 

energy to power the compressing unit compared to the normal air-blown system. 

The calculations revealed that temperature and partial pressure of the syngas are 

important for full conversion per pass. Below 120 oC, with the right syngas partial 

pressure, full conversion per pass could be achieved. However, the relative amount of 

N2 in the reactant gas affected the pressure required for full conversion. In a normal air-
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blown system for example, 100 bar pressure was required while similar conversion could 

be attained at 60 bar in the enriched air-blown system. The relatively high amount of N2 

present in the syngas requires larger reactor volume size with it consequent capital cost 

for the MeOH synthesis. Hence, the use of the enriched air-blown system, which reduces 

the 36 % N2 composition in syngas (from normal air) to 7 % (from enriched air) minimizes 

such added capital cost on the larger reactor size. Furthermore, with the same starting 

amount of CH4 the energy demand due to compression, relative to MeOH production 

was estimated to be 2270 and 983 MJ/ton MeOH product for the normal air-blown and 

the enriched air-blown systems respectively. This implies that a relatively high energy is 

required to compress the normal air-blown system mainly due to compressing excess 

unreactive N2. Overall, the enriched air-blown system has considerable advantages over 

the normal air-blown system.  

Figure 8.9 shows a simplified flow design of the overall air-blown LTMS process. The 

proposed process, involves a possible pre-heating of the ATR feed by heat exchanges 

from the exiting syngas from the ATR.  Even though full conversion is possible at 60 bar 

and 100 oC in the enriched air-blown system, one potential drawback is the presence of 

H2O and CO2 in the syngas feed. Experimentally, H2O and CO2 levels are required to be 

less than 10 ppm [26, 27], otherwise they would react with the methoxide catalyst 

component to render it inactive. Even though in the process simulation, conditions to 

minimize H2O and CO2 production were adopted, the inclusion of H2O/CO2 absorbers 

will further reduce their content below 1 ppm. Aside this, a system for regular recycling 

of the methoxide catalyst can be included in the process. Methoxide for example is 

produced from NaOH and MeOH reaction with either evaporation or drying of water 

[40, 47, 48].  Hence recycling of the catalyst system due to deactivation from NaOH and 

MeOH formation to restore methoxide activity is expected to be highly feasible. 

Ultimately, the air-blown ATR LTMS process presents a cheaper and promising 

alternative to current MeOH production.  
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Figure 8.9: Simplified flow diagram of a complete air-blown LTMS process design 

 

8.4 Summary 

The Aspen HYSYS program has been used to simulate and optimize a complete air-blown 

LTMS process. Two components of the process, namely syngas production and MeOH 

synthesis were individually simulated to obtain optimized reaction conditions. The 

presence of N2 was observed to influence overall MeOH production, such that both 

normal air-blown and O2 enriched air-blown systems were simulated for the complete 

process. The N2 composition was 39 and 7 % for the normal and enriched air-blown 

systems respectively, while the CH4/O2 ratio was kept at 2.  In the ATR, 20 bar and 1200 

oC were selected as optimal conditions for high conversion and low side reactions. Our 

calculations indicated that more than 99 % feed conversion per pass could be attained 

at 100 and 60 bar for the normal and enriched air-blown systems respectively at 100 oC 

MeOH synthesis reaction. In both air-blown systems, the total energy generated in the 

process was enough to cover the energy demand for heating with a surplus energy. 

However, when the surplus energy is not recovered, the heat lost in the normal air-

blown system will be higher than the enriched air-blown system. The estimated energy 

required for compression per MeOH production was estimated to be 2270 and 983 

MJ/ton MeOH product for the normal air and enriched air-blown systems respectively. 

Hence, the enriched air-blown system has considerable advantage over the normal air-
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blown system. Finally, an overall process design was proposed based on optimized 

conditions for the enriched air-blown process. 
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9 Overall Summary and Suggested Further Work  

 

9.1 Main Conclusions 

 XRD and TEM characterization of a once-through slurry catalyst system has 

shown that spherical Cu2O and Cu nanoparticles made during hydride reduction 

of copper (II) acetate coupled with methoxide, effectively catalyse the LTMS 

reaction at 100 oC temperature. Increase in active surface area due to decreasing 

Cu nanoparticle size, enhanced MeF hydrogenolysis and consequently increased 

MeOH production. Agglomeration due to the densification of softer Cu 

nanoparticles during the MeOH production over a period is one major Cu catalyst 

deactivation path in the LTMS process.  

 Aside hydrogenolysis, the MeF intermediate undergoes either decarbonylation 

to form CO and MeOH or nucleophilic substitution to form DME and NaOOCH, 

dictated by solvent polarity in the presence of methoxide. While decreasing 

polarity enhanced decarbonylation, increasing polarity enhanced the 

nucleophilic substitution reaction. Hence, aside heat dissipation by the presence 

of solvents, the polarity of solvent plays a significant role in LTMS reaction, such 

that solvents with similar polarity as diglyme (ɛ= 7.2) enhanced MeOH 

production.   

 Hydrogenolysis of MeF increases with decreasing Cu nanoparticles as well as 

methoxide loading to a certain maximum, after which additional methoxide 

leads to side reactions such as decarbonylation. This suggests that the presence 

of methoxide promotes hydrogenolysis process and subsequently a certain level 

of synergistic relationship exists between the two catalysts in the LTMS reaction.  

The hydrogenolysis of Cu nanoparticles catalyst can be extended to hydrogenate 

CO2 at 100 oC, via dimethyl carbonate intermediate, with comparable 

conversions as MeF, without the need for methoxide promotor.  
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 The use of the SDR presents one fast approach for making targeted Cu 

nanoparticle sizes for MeOH synthesis by changing physical parameters such as 

disk rotation speed and flow rate, while maintaining the same chemical recipe 

and protocols. By varying physical conditions, the degree of micromixing time, 

mean residence time and relative residence time distribution can be tightened 

which subsequently lead to uniform nucleation and ultimately smaller Cu 

nanoparticle sizes formation with narrow particle size distribution. 

 Finally, a process design for a complete LTMS process was proposed based on 

Aspen HYSYS simulation tool, using an O2 enriched air-blown autothermal 

reformer, for a full conversion per pass at 60 bar syngas (0.31 CO: 0.62 H2: 0.07 

N2) and 100 oC MeOH synthesis temperature.   

 

9.2 Suggestions for Further Work 

 One major challenge in the use of the SDR for Cu nanoparticle production was 

isolation of the produced nanoparticles, which was colloidal in starch. A different 

stabilization agent that can easily be isolated would ease the post-production 

handling difficulty. Alternatively, the replacement of the water solvent with a 

solvent that will be used for the MeOH synthesis would imply no isolation before 

MeOH synthesis.  

 Other areas of the nanoparticles fabrication using the SDR, such as inclusion of 

different Cu (I) salts will help to deepen the understanding of the hydride 

reduction mechanism. 

 The SDR precipitation process can be extended to a co-precipitation reaction to 

include other metallic oxides as support for the Cu nanoparticles’ stability during 

MeOH synthesis reaction. 

 Further investigation to identify a stronger oxide support of the Cu nanoparticles 

to reduce the relative decline in activity due to Cu agglomeration as well as help 

in separation during post MeOH synthesis handling.  
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 Further investigation to identify a replacement for the alkoxide catalyst, which is 

less prone to the formation of NaOOCH, will help to reduce possible side 

reactions during the LTMS reaction. 

 Detailed surface spectroscopic study on the Cu-alkoxide interaction will help in 

deepening the understanding of the synergistic relationship studies. 

 Improvement of the Cu-based catalyst as well as inclusion of a co-catalyst or 

promoters will help to optimize CO2 utilization, directly or indirectly for MeOH 

production at low temperature conditions.  
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Appendices A 

Table A.1: List of chemicals mostly supplied by Sigma-Aldrich (* from VWR) 

 

Chemicals Formula % Purity State 

Toluene  C7H8 ≥99.5 Liquid 

Diethyl ether C4H10O ≥99.9 Liquid 

Diglyme  C6H14O3 ≥99.5 Liquid 

THF  C4H8O ≥99.9 Liquid 

Glyme  C4H10O2 99.5 Liquid 

Tetraglyme  C10H22O5 >99 Liquid 

Acetonitrile C2H3N 99.8 Liquid 

DMSO  C2H6OS ≥99 Liquid 

Copper (II) acetate Cu(CH3COO)2 98 Solid 

Sodium hydride NaH 95 Solid 

Sodium hydride dispersed in minera NaH 60 Solid 

Sodium methoxide NaOCH3 95 Solid 

Sodium methoxide in MeOH NaOCH3 25 Liquid 

Methanol CH3OH 99.8 Liquid 

Copper (II) nitrate Cu(NO3)2 99 Solid 

Copper (II) chloride CuCl2 97 Solid 

Sodium hydroxide NaOH ≥98 Solid 

Sodium borohydride NaBH4 ≥96 Solid 

Silica in water SiO2 40 Colloidal 

L-ascorbic acid C6H8O6 ≥98 Solid 

Sodium formate NaOOCH3 ≥99 Solid 

Dimethyl carbonate CH3OCOOCH3 ≥99 Liquid 

Methyl formate CH3OOCH 99 Liquid 

Heptane C7H16 99 Liquid 

Copper (II) methoxide* Cu(CH3O)2 98 Solid 
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Table A.2: List of gases  

Gas Composition Supplier 

Syngas Mixture 1 1CO:2H2 Yara Prexair 

Syngas Mixture 2 1CO:2H2:2N2 Yara Prexair 

Syngas Mixture 3 10CO:5CO2:20H2:65N2 Yara Prexair 

Carbon dioxide (5.3) CO2 AGA 

Helium (5.0) He AGA 

Hydrogen H2 AGA 

Nitrogen (5.0) N2 AGA 

 

 

GC-analysis 

GC analysis was based on mathematical treatment of integrated peak areas from the GC 

response. For the liquid analysis, five standards were prepared at varying concentrations 

of the different components and analysed with the GC-MSD. The same amount of 

heptane was added to each of the standards as an internal standard.  Peak area verses 

component concentration was plotted for the calibration curve and the equation of a 

straight line derived for each component, which was used to deduce their concentration 

from their area response, as expressed in Equation A.1. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 − 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑆𝑙𝑜𝑝𝑒
                 (𝐴. 1) 

A typical chromatograph from the GCMS is shown in Figure A1. The components were 

identified from the molecular fragments of each peak, assisted by the Enhanced Data 

Analysis Software’s library of the MSD. Multiplication of the concentration by the total 

volume and number of carbon in the molecule gives the amount of each component 
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present in C mmol. Conversion, selectivity and productivity from the liquid phase 

analysis was determined as illustrated in Equations (A.2) (A.3) and (A.4) respectively.   

                 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝐶 %) =  
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑚𝑜𝑙) 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐶𝑂 (𝑚𝑜𝑙) 
× 100     (𝐴. 2) 

                   𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝐶 %) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑜𝑙) 

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑚𝑜𝑙) 
× 100     (𝐴. 3) 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑚𝑜𝑙

𝑚𝑜𝑙(𝐶𝑢) × ℎ
) =  

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑀𝑒𝑂𝐻 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑢𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
           (𝐴. 4) 

 

 

Figure A1: A chromatograph from the liquid phase analysis in the GCMS 
 

The gas phase analysis was performed using the GC-TCD and a typical chromatograph 

shown in Figure A2. Here the calibrations were done by determining response factor, kx 

from the peak area response of each molecule (x) with their concentrations in 

calibration mixture as expressed in Equation (A.5). Multiplication of the kx by the peak 

area gave the concentration of the corresponding molecule. N2 was included as an inert 

gas to help calculate conversion as illustrated in Equation (A.6). The calculations of the 

selectivity followed a similar approach as was done in the liquid phase (Equation (A.3) 

by combining the amount of products determined from both liquid and gas phase. 
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𝑘𝑥 =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑥

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
              (𝐴. 5) 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐶𝑜𝑛𝑐𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖𝑛 − 𝐶𝑜𝑛𝑐𝑜𝑢𝑡 ×

(𝐶𝑜𝑛𝑐𝑖𝑛𝑒𝑟𝑡 𝑖𝑛)
(𝐶𝑜𝑛𝑐𝑖𝑛𝑒𝑟𝑡 𝑜𝑢𝑡)

𝐶𝑜𝑛𝑐𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖𝑛
× 100           (𝐴. 6) 

 

 

Figure A2: A chromatograph from the gas phase analysis in the GC-TCD. 
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A B S T R A C T

A one pot catalytic system which involves Cu and an alkoxide co-catalyst has been used for methanol (MeOH)
synthesis at low temperature. Up to about 92% syngas conversion per pass and more than 90% selectivity to
MeOH (the rest is methyl formate) was obtained depending on the amount of catalyst employed at 100 °C and
20 bar syngas pressure. Low temperature methanol synthesis presents a good alternative to current technology
for methanol production since the former is thermodynamically favored and gives a high yield per pass. Cu
particles sized around 10 ± 5 nm were found to be involved in the catalytic process. Cu nanoparticles of in-
creasing size was synthesized by varying temperature. However, methanol production decreased with increasing
Cu nanoparticle size. Moreover, the maximum conversion at the end of each successive batch declined as a
function of the number of cycles performed. Decrease in catalyst activity corresponded to Cu nanoparticle
densification, suggesting agglomeration to be a major catalyst deactivation pathway.

1. Introduction

Methanol (MeOH) has been identified as a potential multipurpose
molecule for energy and CO2 storage [1]. It stores both carbon and
hydrogen in the liquid form, it is readily transportable and it serves as a
base chemical for direct conversion into light olefins, gasoline and
hydrocarbons over acidic zeolites [2], thereby providing an alternative
to today’s fossil energy sources and petrochemical feedstocks.

MeOH is currently synthesized from syngas (made up of CO/CO2/
H2) over Cu/ZnO/Al2O3 catalysts, which operate at 250 °C and
70–100 bar of pressure [3,4]. Though this technology is highly opti-
mized, it is capital intensive and syngas conversion per pass is ther-
modynamically limited. This is because conversion of syngas to me-
thanol is an exothermic reaction (Eq. (1)) and lower temperature is
required to achieve full conversion per pass. Furthermore, syngas pro-
duction accounts for more than half of the total capital cost in current
methanol processes [5]. Complete syngas conversion per pass will allow
use of air instead of pure oxygen in the syngas section of the methanol
process. This will significantly reduce the overall cost in methanol
synthesis. Hence, there is a need for low temperature methanol synth-
esis catalysts.

+ ↔ = −CO 2H CH OH Δ H 90.6kJ/mol2 3 (1)

A low temperature methanol synthesis (LTMS) reaction was iden-
tified by Christiansen in 1919 [6], which presented the possibility of
almost full syngas conversion to MeOH per pass at low temperature

(120 °C) conditions. This approach is known to involve firstly, carbo-
nylation of methanol to form methyl formate (MF) and secondly, MF
hydrogenolysis to form MeOH as indicated in Eqs. (2) and (3), leading
to Eq. (1) as the overall reaction.

+ ↔CO CH OH HCOOCH3 3 (2)

+ ↔HCOOCH 2H 2CH OH3 2 3 (3)

It is suggested that alkali metal promotes alcohol (methanol) car-
bonylation by forming metal alkoxide which has an increased electron
density on their oxygen compared to the oxygen on alcohols [7]. The
hydrogenolysis of the MF is suggested to occur via a formaldehyde
intermediate [8] and subsequent reduction to form MeOH.

Catalyst systems reported in previous works for the carbonylation
and hydrogenolysis steps of the LTMS reaction are a combination of an
alkali-metal, an alcohol solvent and a transition-metal compound.
Various Ni-based compounds such as Ni(CO)4 and Ni(OCOCH3)2 in
combination with alkali-metal alkoxide co-catalysts have been shown to
be very active for syngas conversion between 80 to 120 °C and 10 to
50 bar [9,10]. However, the metal alkoxide component of the catalyst
forms a stable hydroxide when in contact with water, and therefore
brings the reaction to a halt. Furthermore, the tetracarbonyl nickel [10]
complex is volatile and highly toxic [11], and therefore poses a po-
tential handling risk on an industrial scale.

Copper-based materials have also been reported to be active me-
thanol synthesis catalysts at 80–120 °C and 10–20 bar pressure. Raney
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copper, copper on silica support, copper chromate as well as copper
alkoxide are among the identified copper-based materials, though these
are not as efficient as Ni [12–14]. The copper chromate catalyst seems
to be most widely used. An enhanced catalytic activity is observed
when physical mixture of CuO/Cr2O3 catalyst is milled by creating
lattice defects leading to an increased surface area. [14,15].

We have focused on the copper alkoxide LTMS system. We could
show that Raney copper works well as a LTMS hydrogenolysis catalyst
[13]. Subsequently we reported the catalytic behavior of a Cu(OCH3)2/
NaH/CH3OH catalyst system. This catalyst system exhibited 75%
syngas conversion at 120 °C and 20 bar, showing however linear cata-
lyst deactivation when syngas was charged multiple times [16]. In
order to optimize this catalyst system, there is a need to characterize it
and gain insight into the gradual catalyst activity decline.

In this work, we report Cu nanoparticles to be involved in the LTMS
reaction. We present a simple method of making Cu nanoparticles
which catalyze methanol synthesis at 100 °C and investigate the effect
of Cu particle size on this reaction. Finally we characterized the catalyst
after repeated test cycles.

2. Experimental section

2.1. Materials and experimental setup

Copper (II) acetate (Cu[OAc]2, 98%), dry sodium hydride
(NaH = 95%), methanol (MeOH, anhydrous 99.8%) and diglyme (1-
methoxy-2-[2-methoxyethoxy]ethane, ≥99.5%) were purchased from
Sigma Aldrich. The syngas made up of 1CO:2H2 (± 2%) was purchased
from Yara Praxair AS. All chemicals were used as received unless
otherwise stated.

The synthesis of both catalyst and methanol were done in a 200 ml
(60 mm diameter) stainless steel high pressure type hpm-020 autoclave
batch reactor (Premex Reactor AG). The reactor was equipped with a
dip tube for sampling, pressure sensors and a thermocouple inserted
into the reactor to monitor internal pressure and temperature respec-
tively. A Nupro security valve was set at 100 bar for safety and the
magnetic stirrer head was attached to a stirrer with oblique impeller
blades (approximately 30 angle) which extended near to the bottom of
the reactor to ensure adequate mixing. The magnetic stirrer head was
externally attached to an electric BCH Servo Motor that is paired with
lexium 23 drive to give between 1000 to 3000 rpm, with a high degree
of precision. The reactor was heated in oil block controlled by a Huber
Ministat 230 thermostat. The internal temperature and pressure in the
reactor was independently logged onto a PC.

2.2. Copper catalyst preparation

Typically, about 3.6 mmol of Cu(OAc)2, 18.5 mmol of dry NaH and
50 ml diglyme were placed in the reactor. Under N2 blanket set to about
1 bar, the mixture was stirred at 3000 rpm and heated to a pre-
determined temperature for 2 h. The set point temperatures for Cu
catalyst preparation were 80, 100, 126 or 149 °C for the different cat-
alyst systems. Thereafter the reaction in the reactor was cooled to
ambient temperature (< 30 °C) followed by 52 mmol MeOH addition.
This mixture was stirred at ambient temperature for 30 min to ensure
that all NaH had reacted to give the sodium methoxide co-catalyst. An
approximate 2 ml sample was taken for analysis using the dip tube in-
between the reaction steps.

2.3. Catalytic testing

The reactor with the remaining slurry described in Section 2.2 was
purged with syngas and charged to about 20 bar, then stirred at 3000
rmp and heated to 100 °C. After 2 h the reactor was cooled to about
25 °C. Syngas conversion was determined by the difference in pressure
between the start and after reactor cooling to room temperature.

Typically, the amount of carbon products in liquid reaction mixture
after cooling compared to the syngas pressure drop represented about
85 ± 2% of syngas consumed, assuming CO/2H2 were proportionally
consumed.

The liquid portion of the resulting reaction was sampled after it had
been allowed to settle and was analyzed by gas chromatography
equipped with both liquid and gas injection valves (Agilent 7890A).
The liquid injection port was connected to a CARBOWAX 007 series
20 M column with dimensions 60 m × 320 μm × 1.2 μm; and was
programmed as follows; temperature was ramped by 15 °C/min from
40 °C initial temperature to 200 °C and held at 200 °C for 3 min, at
0.47 bar (6.8 psi) constant pressure. The liquid sample was injected via
an Agilent 7683 B autosampler. The products were identified and
quantified by an Agilent 5975 mass spectrometer detector. 0.54 mg
Heptane was used as internal standard and added to each sample vial.
The gas injection valve was connected to 2.7 m Porapak Q and 1.8 m
Molecular Sieve 5 Å packed columns connected to a TCD for analysis of
permanent gases and up to C2 hydrocarbons. This set-up was connected
to a 0.9 m Hayesep Q back flush column.

2.4. Cu catalyst characterization

The Cu catalysts were analyzed by XRD and TEM before and after
the low temperature methanol synthesis (LTMS) reaction. A Bruker D8
A25 powder diffractometer using Mo Kα radiation with wavelength,
λ = 0.71076 Å and Lynxeye detector with “hardened” chip for Mo ra-
diation was used. Total Pattern Analysis Solution (TOPAS) software was
employed for quantitative Rietveld analysis of the diffractogram. This
software operates by fitting theoretical diffraction pattern to a mea-
sured diffraction pattern using non-linear least square algorithms [17].
The samples were analyzed as slurry which was pipetted into a capillary
tube with 0.5 mm internal diameter. The tube was centrifuged at 2000
rmp for 10 min to settle the solid portion at the bottom and was
thereafter mounted on capillary spinner. X-ray diffractograms were
measured at 0.023° step/s for an interval of 15–35° 2 θ.

The TEM imaging was performed with a Joel 2100F instrument.
Samples were diluted in methanol, and particles were separated in an
ultrasound bath for 30 min. The solution was then dropped on a carbon
film on a copper grid. Cu particles were ascertained to be present using
EDS and electron diffraction. Generally, particle sizes were determined
by using the average of 15 particles diameter ± mean deviation from
the TEM images for each sample.

Cu particles agglomeration effect on activity was estimated by as-
suming spherical Cu particles and constant total volume of Cu before
and after deactivation.

⎜ ⎟= ⎛
⎝

⎞
⎠

−NumberoffreshCuparticles
NumberofspentCuparticles

VolumeoffreshCu
VolumeofspentCu

1

(4)

= ×

=

−( ) ( )SurfaceareaoffreshCuparticles
SurfaceareaofspentCuparticles

AreaoffreshCuparticles
AreaofspentCuparticles

VolumeoffreshCu
VolumeofspentCu

DiameterofspentCuparticles
DiameteroffreshCuparticles

1

(5)

3. Results and discussion

3.1. Typical LTMS reaction at 100 °C

Fig. 1 shows the experimental procedure for a typical LTMS reac-
tion. In step A, NaH is expected to react with Cu2+ ions to give Cu in a
reduced oxidation state, either Cu+ or Cu0 or a mixture of the two. In
the former case CuH could be a possible reaction product as Cu+ may
react with H− although this compound is expected to be highly un-
stable at the working conditions [18]. Step A resulted in about 0.35 bar
pressure increase, and was determined with GC/TCD to be H2 (illu-
strated by Eq. (6)). Addition of excess MeOH in step B was to ensure

C. Ahoba-Sam et al. Catalysis Today 299 (2018) 112–119

113



that all the NaH was consumed to produce NaOCH3 which is the co-
catalyst for the LTMS. After 30 mins of stirring, pressure increased by
1.38 bar as a result of H2 evolution (according to Eq. (7)). Syngas was
added at step C for the methanol synthesis at 100 °C. Syngas conversion
was estimated based on pressure drop, and in this case, 89% syngas
conversion was achieved.

+ → ++ −Cu H Cu H2diglyme( )
2

2 (6)

+ → +NaH CH OH CH ONa Hs l diglyme g( ) 3 ( ) 3 ( ) 2( ) (7)

To determine the oxidation state, composition and crystallite size of
Cu in the slurry, XRD of the slurry was measured. Fig. 2a shows the X-
ray diffractogram of the catalyst system after the steps A, B and C.
Diffractogram A indicated Cu, Cu2O and NaH crystals present. Dif-
fractogram B indicated a mixture of Cu2O and Cu whilst that of C
showed predominantly Cu0. The XRD diffractogram showed that, sur-
plus NaH was undissolved after step A before addition of methanol but
it was consumed for the formation of the co-catalyst, NaOCH3 upon
addition of methanol, as illustrated in Eq. (7), hence the pressure rise of
the mixture during the step B in Fig. 1.

The X-ray diffractogram for C (Fig. 2a) showed mainly Cu0 reflec-
tions with an average crystallite size of 10 ± 1 nm. This indicates a
slight increase in the average Cu particle size during the LTMS reaction.
The metallic Cu0 phase observed after methanol synthesis was not
surprising considering the presence of a highly reducing environment
made up of 20 bar of H2 and CO mixture at 100 °C for 2 h. An XPS study
of the chemical state of Cu catalyst has shown that 2 bar of syngas re-
duces Cu2+ to Cu0 at 250 °C in 1 h while at 100 °C, Cu2+ reduces to
Cu+ [19]. Therefore, considering the presence of Cu+ and Cu0 after
step B, further reduction of the remaining Cu+ to Cu0 at 100 °C ob-
served in this work is in order.

The average crystallite size of Cu2O was estimated to be
7.6 ± 0.8 nm from XRD line broadening using the Rietveld analysis for
B (Fig. 2b). The observed Cu2O rather than expected Cu0 could be due
to presence of some amount of oxygen in the reaction system. Glavee
et al. [20] observed that borohydride reduction of Cu2+ in water or
diglyme yielded Cu0 with stoichiometric release of H2, when done
under vacuum, however isolation of the Cu under ambient condition
resulted in some amount of Cu2O. Oxygen is also known to be soluble in
organic solvents such as ethers with the solubility following the hy-
drocarbon chain length [21]. Therefore, the oxygen source could be
dissolved oxygen in the solvent since the reaction was not done under
vacuum.

Fig. 3a and b show the TEM images of the Cu catalyst after steps A
and B respectively. Since the sample preparation for TEM imaging in-
volved addition of MeOH to all samples, both A and B were expected to

give similar Cu particles sizes. The particle sizes were around
10 ± 5 nm with some agglomerates. The observed particle sizes fall
within the range of the crystallite size estimated for B from the XRD
which was around 7.6 ± 0.8 nm.

Fig. 3c shows TEM imaging and the electron diffraction after the
LTMS reaction. Here the particles were about 10 ± 3 nm. The image
appeared to give a narrower particle size distribution as compared to
that of the initial steps A and B. Again, the average crystallite size es-
timated by XRD was similar to the observed particle sizes by TEM.
Electron diffraction showed the particles to be polycrystalline and in-
dexing confirmed a metallic Cu phase to be present.

3.2. Deactivation test of the catalyst system

Multiple charging of the catalyst system was performed to in-
vestigate the recycle stability of the Cu catalyst system. The test se-
quence was similar to the first sequence (Fig. 1) except that the catalyst
concentration was slightly higher. Syngas was charged to about 20 bar,
heated to 100 °C and stirred to react for 2 h after which the reactor was
cooled to about 25 °C and then degassed. This was repeated for 6 times
as shown in Fig. 4a. Fig. 4b shows syngas conversion and selectivity for
7 consecutive charges. Syngas conversion decreased after each con-
secutive batch from 92% (1st charge) to 61% (6th charge). Selectivity
to methanol and methyl formate were 94 and 6% respectively after the
sixth charge. Liquid sampling for analysis was done just before and after
the sixth charge so as not to reduce the amount of catalyst.

Syngas conversion decreased by 31% from the first to sixth charge.
Since there are two components of catalysts involved, approximately
31% addition of one of the component should restore activity if that is
responsible for the deactivation. As a consequence of that, 8 mmol NaH
in 49 mmol MeOH was injected into the reactor. This represents a 31%
increase of the initial methoxide content in the reactor. The syngas
conversion increased slightly to 70% with 95 and 5% selectivity to
methanol and methyl formate respectively. This indicated that even
with 31% increase in the amount of co-catalyst, conversion increased
by 9% with no significant change in selectivity. The 99.8% anhydrous
MeOH purity used in the methoxide co-catalyst contain some ppm of
water (≤0.002% according to the product specification sheet).
However the total contribution of this to the conversion if methoxide
reacted with water should by< 0.02% which is insignificant in our
conversion range. This suggested that methoxide may not be the main
or the only source of deactivation.

The Cu catalyst was characterized by XRD and TEM after the sixth
charge which is shown in Fig. 5. A sharper and more intense Cu dif-
fraction peak was observed for the sample of the 6th charged (spent
catalyst) as compared to the fresh sample (i.e. sample slurry before the
1st charge), which showed predominantly Cu2O phase. The crystallite
size was 16 ± 1 nm for the spent catalyst sample while that of the
fresh sample was 8 ± 1 nm. The TEM image of the spent catalyst after
the 6th charge showed a wide particle size distribution ranging from 6
to about 25 nm though the larger sizes dominated. Estimation of surface
area ratio between the fresh Cu catalyst and spent catalyst after the 6th
charge based on the Cu crystallite sizes from the XRD and Eq. (5) is 2.

Figs. 4b and 5 can be compared to Figs. 2a and 3c to make some
inferences. First of all, the oxidation state of Cu after the 1st and 6th
charge was Cu0. Despite the fact that Cu2O was the starting component,
the high activity of the Cu catalyst already after the first charge suggests
that the probable active Cu phase of the Cu for LTMS reaction is Cu0. An
earlier, in-situ XPS study has shown Cu to be reduced during syngas
conversion to MeOH at 100 °C [19]. Since our reaction conditions ex-
poses the Cu catalyst system to 20 bar syngas which is expected to be a
highly reducing atmosphere for Cu, metallic Cu surface is suspected to
be active in the LTMS reaction.

Secondly, Cu crystallite and particle size after the 6th charge had
increased significantly. Clearly there is an approximate doubling of
crystal size between the 1st and the 6th charge. An estimation based on

Fig. 1. Typical LTMS procedure employed in this work, A = 3.6 mmol Cu(OAc)
2 + 18 mmol NaH in 50 ml diglyme, B = addition of 49 mmol MeOH, C = 20 bar
2H2:1CO charged.
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Eq. (5) for the effect of agglomeration gives a surface area ratio between
the 1st and 6th charge to be 1.6. This is comparable to the decline in
syngas conversion of about 1.5 (=92/61). That is, there is a strong
correlation between the reduction of active Cu surface available and the
catalyst deactivation. On the other hand, it has also been suggested
elsewhere [9] that the slight catalyst deactivation in LTMS reaction is
due to the high sensitivity of alkoxide to CO2 and H2O which may be
formed in trace amounts during methanol synthesis as a byproduct.
Although there is a possibility of some ppm of water in the anhydrous
MeOH used as the source of the methoxide, this will not be adequate to
cause the repetitive decline of catalytic activity. This notwithstanding,
our observations point towards gradual decline of activity not only due
to the alkoxide deactivation but rather due to a contribution from less
available active site of the Cu nanoparticles.

The observed decline of activity after the successive batches can be
attributed to loss of available active Cu surface. Although the reactants,
CO and H2 can compete for available Cu active sites, the degassing of
the gas after successive batches ensures less effect from CO poisoning
from previous batches. Moreover, our observed reduction of surface

area after the successive batches suggests that the number of Cu active
sites for the reactions reduced. Considering that the methyl formate
hydrogenolysis is an exothermic reaction [22], increase in temperature
of the reaction at the Cu surface during hydrogenation occurs, which
can lead to the agglomeration of the Cu nanoparticles with time. Cu
crystallite sintering is known to be a common deactivating factor to Cu
catalysts [23]. Cu surface energy is expected to be high with around
10 nm Cu particles without any support, such that reacting with each
other to form bigger crystals is highly possible[24]. We suggest there-
fore that the starting ‘Cu’ catalyst is soft or porous but agglomerates
over time which led to decrease in the number of Cu active site for
MeOH synthesis.

3.3. Varying Cu catalyst particle sizes with temperature

The Cu catalyst preparation was varied to study the influence of
temperature on crystallite size and subsequently on LTMS reactivity.
Fig. 6a shows the X-ray diffractogram of the effect of temperature on Cu
catalyst preparation (same as steps A and B in Fig. 1). Preparation

Fig. 2. X-ray diffractogram of the slurry at the different stages in Fig. 1. a: X-ray diffractogram of the slurry after the steps A, B and C. b: Rietveld analysis of difffractogram B in Fig. 2.
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Fig. 3. Catalyst slurry TEM images of Cu nano-
particles for a typical 100 °C LTMS reaction shown in
Fig. 1. a: TEM image after step A showing
10 ± 5 nm particle sizes. b: TEM image after step B
showing 10 ± 5 nm particle sizes. c: TEM image
after step C showing 10 ± 3 nm particle sizes.

Fig. 4. Multiple charging of syngas, Cu(OAc)2 = 5.0 mmol, NaH = 25 mmol, in 50 ml
diglyme, MeOH = 73.0 mmol and 2H2:CO = 20 bar, at 100 °C. a: Temperature and
pressure procedure of the multiple charging, cooling and degassing of syngas showing
repeated charging over time. b: Syngas conversion and selectivity of the multiple charging
of syngas reaction.

Fig. 5. X-ray diffraction and TEM image of spent Cu catalyst slurry (+ XRD of fresh). a: X-
ray diffractogram of fresh (before 1st charge) and spent (after 6th charge) slurry of the
LTMS reaction. b: TEM image after the 6th charge showing wide particle size distribution
from 6 to 25 nm.
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temperature was varied from 80 to 149 °C. Generally, the diffraction
pattern showed that the intensity and sharpness of the peaks followed
an increase in the temperature. The X ray shows densification of the Cu
as temperature increased. This suggested that crystallization is en-
hanced by temperature.

The results of a Rietveld analysis of the diffraction patterns is shown
in Fig. 6b and c for% composition of the Cu phases and their respective
crystallite sizes. Increased fraction of Cu2O and less of Cu0 was

observed, similar to the 100 °C catalyst system, except at 126 °C, which
showed a composition of about 50/50 Cu2O/Cu0. This result indicated
that reduction of the Cu takes place during catalyst preparation just as
was discussed for catalyst preparation at 100 °C. The crystallite sizes
were observed to exponentially increase with temperature, with the
average size increasing from 5 ± 2 nm at 80 °C to 21 ± 1 nm at
149 °C. This is in agreement with theory [25] since particle nucleation
exponentially depends on temperature.

The different nanoparticles were tested in the LTMS reaction at
100 °C similar to step C in Fig. 1. Fig. 7 shows conversion and selectivity
versus catalyst system prepared at different temperatures. The syngas
conversion was about 84, 89, 83, and 65% at 80, 100, 126, and 149 °C
Cu catalyst systems respectively. Each test was done thrice and the
average and standard deviations plotted. The selectivity to methanol
was 96, 96, 88, and 80% at 80, 100, 126, and 149 °C catalyst systems
respectively.

Syngas conversion and selectivity to MeOH were highest for the 80
and 100 °C catalyst systems. The Cu particles prepared under these
temperatures resulted in producing Cu crystallites below 10 nm which
the smallest compared to those which were prepared at higher tem-
peratures. The syngas conversion for the 80 °C catalyst system was
slightly lower than that of the 100 °C system. This could be due to less
amount of Cu actually crystalizing out of solution at 80 °C within the
reaction time considering the fact that temperature enhanced crystal
growth, coupled with the observed very low intensity of the diffraction
peaks in Fig. 6a. Though the 126 °C system produced about 83% syngas
conversion, the 88% selectivity to MeOH was lower compared to that of
80 and 100 °C systems. Hence, the yield of MeOH generally decreased
with increasing Cu crystallite size.

The reaction slurry was characterized by XRD and TEM at the end of
the LTMS reaction. Fig. 8a shows the XRD diagrams of the spent slurry
after the LTMS. The diffraction pattern shows predominantly the Cu0

phase. Fig. 8b shows the results of the Rietveld analysis of the diffrac-
tion patterns shown in Fig. 8a as compared to the fresh crystallite sizes
before the LTMS reaction. Generally, the average Cu crystallite sizes
increased by about 2 nm for each catalyst system after the methanol
synthesis.

The spent Cu catalyst was also studied by TEM imaging in order to
compare Cu particle size distributions at the different preparation
temperatures. Fig. 9 the TEM images of the Cu catalyst system prepared
at varied temperatures. The Cu particle sizes were about 7 ± 4 nm for
the 80 °C system. At 126 °C preparation, Cu particles sizes were about
18 ± 6 with some agglomerates up to 40 nm. The particles sizes were
about 25 ± 6 and up to 50 nm agglomerates for the 149 °C system. The
particles prepared at 100 °C were shown earlier to be about 10 ± 5 nm
(Fig. 3c). Generally, the catalyst system prepared at 100 °C showed a

Fig. 6. X-ray diffractogram analysis of Cu crystallites before LTMS reaction. a: X-ray
diffractogram of the slurry of the catalyst system. b: Rietveld analysis of the composition
of Cu crystallites. c: Rietveld analysis of Cu crystallite sizes before LTMS reaction.

Fig. 7. Syngas conversion and selectivity verses catalyst preparation temperature; Cu
(OAc)2 = 3.6 mmol, NaH = 18 mmol in 50 ml diglyme, MeOH = 49 mmol,
2H2:1CO = 20 bar, at 100 °C.
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much narrower particle distribution than the other systems. This could
be due to the fact that both catalyst preparation and the LTMS reaction
were done at the same temperature and therefore maintained a stable
particle size as smaller particles often fuse together.

All in all, the particle sizes increased exponentially from about
3–50 nm agglomerates with increasing catalyst preparation tempera-
ture. This follows a similar pattern as was observed from the X-ray
diffraction crystallite size estimations. In general, there are reports of
strong correlation between particle size and the surface area [14,26].
Ohyama and Kishida [14] for example, reported an increase in surface
area of CuO/CrO3 due to milling, which enhanced activity of methanol
production. The smaller the particle size, the more the available surface
area is exposed per gram catalyst. Therefore if Cu is an active compo-
nent, then methanol production increased with decreasing particle size.
In our case, using traditional methods [27] to estimate Cu surface area
would be challenging and not representative of the actual surface area
as higher temperature than we operated is required. Nevertheless, the
decrease in activity correlated well with densification of Cu nano-
particles.

4. Conclusion

We have used a once-through system for methanol synthesis at
100 °C. Hydride reduction of Cu2+ in diglyme at varied temperatures
led to Cu0 nanocrystals varying from 5 to 23 nm in size. Increasing
temperature from 80 to 149 °C increased the crystallite sizes of the

nanoparticles exponentially. Up to 92% conversion and 94% selectivity
to methanol could be achieved at 100 °C and 20 bar syngas in liquid
medium depending on Cu catalyst size. Generally, increasing particle
size led to lower MeOH yield, and hence the smaller the nanoparticles
the higher the methyl formate hydrogenolysis activity. The Cu nano-
particles densify over time during the catalytic process, which is pro-
posed to be the major catalyst deactivation route.

Fig. 8. X-ray diffractogram analysis of Cu crystallites after LTMS reaction. a: X-aray
diffractogram of the slurry of the catalyst system. b: Rietveld analysis of Cu crystallite
sizes.

Fig. 9. Catalyst slurry TEM image of Cu catalyst prepared at varied temperatures after
LTMS reaction. a: Catalyst system prepared at 80 °C showing 7 ± 4 nm particle sizes. b:
Catalyst system prepared at 126 °C showing 18 ± 6 nm particle sizes. c: Catalyst system
prepared at 149 °C showing 25 ± 6 nm particle sizes.
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The role of solvent Polarity  
on low-Temperature Methanol 
synthesis catalyzed by  
cu nanoparticles
Christian Ahoba-Sam1, Unni Olsbye2 and Klaus-Joachim Jens1*

1 Department of Process, Energy and Environmental Technology, University College of Southeast Norway, Porsgrunn, 
Norway, 2 Department of Chemistry, University of Oslo, Oslo, Norway

Methanol syntheses at low temperature in a liquid medium present an opportunity for 
full syngas conversion per pass. The aim of this work was to study the role of solvents 
polarity on low-temperature methanol synthesis reaction using eight different aprotic 
polar solvents. A “once through” catalytic system, which is composed of Cu nanopar-
ticles and sodium methoxide, was used for methanol synthesis at 100°C and 20 bar 
syngas pressure. Solvent polarity rather than the 7–10 nm Cu (and 30 nm Cu on SiO2) 
catalyst used dictated trend of syngas conversion. Diglyme with a dielectric constant 
(ɛ) = 7.2 gave the highest syngas conversion among the eight different solvents used. 
Methanol formation decreased with either increasing or decreasing solvent ɛ value of 
diglyme (ɛ = 7.2). To probe the observed trend, possible side reactions of methyl formate 
(MF), the main intermediate in the process, were studied. MF was observed to undergo 
two main reactions; (i) decarbonylation to form CO and MeOH and (ii) a nucleophilic 
substitution to form dimethyl ether and sodium formate. Decreasing polarity favored 
the decarbonylation side reaction while increasing polarity favored the nucleophilic 
substitution reaction. In conclusion, our results show that moderate polarity solvents, 
e.g., diglyme, favor MF hydrogenolysis and, hence, methanol formation, by retarding the 
other two possible side reactions.

Keywords: methanol synthesis, low temperature, solvent polarity, “once through” reaction, Cu, nanoparticle size, 
syngas conversion

INTRODUCTION

Methanol (MeOH) is a multipurpose molecule, which has a high potential as a C1 building block 
for both energy and CO2 storage (Olah, 2005). It stores both carbon and hydrogen in liquid form at 
ambient temperature and is readily transportable as it is liquid at ambient temperature. Methanol 
can be directly converted to valuable hydrocarbons, such as light olefins and gasoline, over acidic 
microporous materials (Olsbye et  al., 2012), thereby providing an alternative to the main fossil 
energy sources and petrochemical feedstocks used today.

The current technology for MeOH synthesis is based on conversion of syngas (made up of CO/
CO2/H2) over a Cu/ZnO/Al2O3 catalyst, operating around 250°C and 100 bar (Hansen and Højlund 
Nielsen, 2008; Ali et al., 2015). Although this technology is highly optimized including recycling 
of unreacted syngas, its thermodynamic restriction limits syngas conversion per pass coupled with 
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operating conditions, such as temperature and pressure, to make 
the process capital intensive. Since syngas conversion to methanol 
is an exothermic reaction (Eq. 1), lower temperature is required 
to achieve full conversion per pass. Moreover, syngas production 
accounts for more than half of the total capital cost in current 
methanol processes (Marchionna et al., 1998). The lowest cost of 
syngas production is by the use of air rather than pure O2-blown 
autothermal reformer (Hansen and Højlund Nielsen, 2008). 
Full conversion per pass will allow the use of N2 diluted syngas 
for methanol production since recycling will not be necessary. 
Hence, there is a need for the development of a low-temperature 
approach to MeOH synthesis.

	 CO H CH OH H kJ mol+ ∆ = −2 90 62 3 . / 	 (1)

A low-temperature methanol synthesis (LTMS) reaction pre-
sents the possibility for full syngas conversion per pass around 
100–120°C at relatively low pressure, for example below 50 bar 
(Christiansen, 1919). The LTMS reaction is known to occur in two 
major steps shown in Eqs 2 and 3. CO carbonylation of MeOH to 
methyl formate (MF) is catalyzed by alkali metal alkoxide (Eq. 2) 
(Christiansen, 1919; Tonner et al., 1983); hydrogenolysis of MF 
to MeOH, which is usually the rate-limiting step, is catalyzed by 
transition metal-based compounds (Turek et al., 1994; Ohyama, 
1999).

	 CO CH OH HC H+ 3 3 OOC 	 (2)

	 HCOOCH H CH OH3 2 32 2+  	 (3)

Several different Cu-based catalysts have been reported to 
be active for LTMS reaction between 80 and 120°C. Examples 
of Cu-based materials reported for the hydrogenolysis reaction 
include CuO/Cr2O3, Raney Cu, Cu on SiO2, CuCl2, and Cu 
alkoxide (Ohyama and Kishida, 1998; Xing-Quan et al., 1999a; 
Li and Jens, 2013a,b). Prolonged milling of a physical mixture 
of CuO and Cr2O3, for example, correlated well with the surface 
area of Cu, which enhanced methanol synthesis activity (Ohyama 
and Kishida, 1998, 1999). Hence, the particle size of Cu plays an 
important role in the LTMS reaction, such that syngas conversion 
increases with decreasing Cu particle sizes.

The LTMS reaction is normally conducted in a “once through” 
approach, where the two steps are performed simultaneously.  
A kinetic study by Liu et al. (1988) has shown that when the two 
steps are performed together, the rate of MeOH formation is 
higher than when the two steps are separated. The reaction rates 
of MeOH carbonylation and its reverse rates were observed to 
occur at about five orders of magnitude faster than the rate of MF 
hydrogenolysis. A synergistic relationship between the two steps 
has been proposed (Li and Jens, 2013b) but the actual relationship 
involved is yet to be understood.

Traditionally, the LTMS reaction is performed in liquid phase 
in a solvent. The liquid solvent plays an important role as MeOH 
synthesis is exothermic and the solvent can help to dissipate excess 
heat generated during the process. However, aside energy dissipa-
tion, could there be other roles for the solvent to play? While most 
attention has been on finding the right LTMS catalyst system, 
little attention has been placed on the influence of solvent on the 
LTMS process. Quan et al. (Xing-Quan et al., 1999b) reported on 

the influence of solvent polarity in a Cu–Cl and Cu–Cr catalyzed 
LTMS reaction. They observed that as solvent polarity increased 
MeOH formation decreased; however, an adequate explanation 
was not given.

We focus on a Cu nanoparticle/alkoxide catalyst system for the 
LTMS reaction (Li and Jens, 2013a,b). We have recently reported 
that Cu nanoparticles are responsible for MeOH synthesis, 
including that particle aggregation led to decrease in activity. 
Furthermore, when Cu nanoparticles size were varied from 7 ± 2 
to 21 ± 1 nm, MeOH yield were observed to decrease linearly with 
Cu nanoparticles sizes (Ahoba-Sam et al., 2017). In this work, we 
will revisit the effect of solvent on the reaction. Particularly, we 
have studied the influence of solvent polarity in a “once through” 
MeOH reaction as well as the effect on MF intermediate side 
reactions. Furthermore, the influence of the solvent on Cu nano-
particle synthesis will be discussed. To the best of our knowledge, 
this influence of solvents with different hydrocarbon chain length 
and polarity on Cu nanoparticles size has not been reported. In 
order to eliminate any influence of the different Cu particles sizes 
on the effect of solvent polarity, a heterogeneous Cu/SiO2 catalyst 
containing 30 nm Cu nanoparticles was used as a reference.

MATERIALS AND METHODS

Materials and Experimental Setup
Copper (II) acetate (Cu[OAc]2, 98%), dry sodium hydride 
(NaH = 95%), methanol (MeOH, anhydrous 99.8%), MF (99%), 
sodium methoxide (NaOCH3, 95%), Cu(NO3)2⋅3H2O, Ludox 
HS-40 colloidal silica (40 wt% SiO2 dispersed in water), l-ascorbic 
acid, and the various solvents used in this work, listed in Table 1, 
were all purchased from Sigma Aldrich. The syngas contained 
1CO: 2H2 (± 2%) and was purchased from Yara Praxair AS. All 
chemicals were used as received unless otherwise stated.

Methanol synthesis and some of the catalyst components 
were prepared in a 200 ml (60 mm diameter) stainless steel high 
pressure type hpm-020 autoclave batch reactor (Premex Reactor 
AG). The reactor was equipped with a dip tube for sampling,  
a pressure sensor, and a thermocouple inserted into the reac-
tor to measure internal pressure and temperature, respectively.  
A Nupro security valve attached to the reactor was set at 100 bar 
for safety. A magnetic stirrer head was attached to a stirrer 
equipped with oblique impeller blades (approximately 30° angle) 
and reaching near to the bottom of the reactor for adequate 
mixing. The magnetic stirrer head was externally attached to an 
electric BCH Servo Motor paired with a lexium 23 drive to give 
up to 3,000  rpm, with a high degree of precision. The reactor 
was heated in an oil block controlled by a Huber Ministat 230 
thermostat. The internal temperature and pressure in the reactor 
was independently logged by a PC.

“Once Through” System
Generally, about 3.6  mmol of Cu(OAc)2,18  mmol of dry NaH, 
and 50 ml solvent were placed in the reactor. This was set under 
1 bar N2 blanket and the mixture stirred at 3,000 rpm and heated 
to 100°C for 2 h. The resulting reaction mixture was cooled to 
ambient temperature (<30°C). After degassing the gaseous phase, 
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Figure 1 | Typical “once through” low-temperature methanol synthesis 
reaction, (A) 3.6 mmol Cu(OAc)2 + 18 mmol NaH in solvent, (B) rapid cooling 
in 50 ml solvent, (C) addition of 52 mmol MeOH, (D) 20 bar CO/2H2 charging, 
(E) rapid cooling, (F) sampled for further analysis.

Table 1 | List of Solvents used and their properties, adopted from CRC (2003–2004) and Wohlfarth (2008) (ɛ = dielectric constant).

Solvent Short form Formula ɛ Boiling point/oC % Purity

Methylbenzene Toluene C7H8 2.33 110.6 ≥99.5
Diethyl ether DEE C4H10O 4.19 35 ≥99.9
1-Methoxy-2-(2-methoxyethoxy)ethane Diglyme C6H14O3 7.23 162 ≥99.5
Tetrahydrofuran THF C4H8O 7.36 66 ≥99.9
1,2-Dimethoxyethane Glyme C4H10O2 7.55 84.5 99.5
2,5,8,11,14-Pentaoxapentadecane Tetraglyme C10H22O5 7.79 275 >99
Acetonitrile MeCN C2H3N 35.87 82 99.8
Dimethyl sulfoxide DMSO C2H6OS 47.13 189 ≥99
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52 mmol MeOH was added and stirred at ambient temperature 
for 30 min to ensure that all NaH had reacted to sodium meth-
oxide co-catalyst.

The reactor was purged with syngas and charged to about 
20  bar, then stirred at 3,000 rmp and heated to 100°C. After 
2 h, the reactor was cooled to about 25°C. Syngas conversion 
was determined by the difference in pressure between the start 
of reaction and after reactor cooling to room temperature 
(~25°C) at the end of reaction (Figure  1). The reactor was 
then degassed, and the liquid portion analyzed. Typically, the 
amount of carbon products in liquid reaction mixture after 
cooling as compared to the syngas pressure drop represented 
about 85% of the syngas consumed, assuming CO/2H2 were 
proportionally consumed.

The liquid portion of the sample as well as the gas phase were 
analyzed by a gas chromatograph equipped with both liquid and 
gas injection valves (Agilent 7890 A). The liquid injection port 
was connected to a CARBOWAX 007 series 20 M column with 
dimensions 60 m × 320 µm × 1.2 µm and was programmed as fol-
lows; the temperature was ramped at 15°C/min from 40°C initial 
temperature to 250°C and held at 250°C for 3 min, at 0.47 bar 
(6.8  psi) constant pressure. The liquid sample was injected via 
an Agilent 7683B autosampler. The products were identified 

and quantified by an Agilent 5975 mass spectrometer detector 
(MSD). 0.54 mg heptane was added to each sample vial as internal 
standard. The gas injection valve was connected to 2.7 m Porapak 
Q and 1.8 m Molecular Sieve 5 Å packed columns connected to 
a thermal conductivity detector for analysis of permanent gases 
including up to C2 hydrocarbons. This set-up was connected to a 
0.9 m Hayesep Q back flush column.

CuO/SiO2 Catalyst Preparation
CuO/SiO2 catalyst was prepared by similar steps as reported 
in Huang et  al. (2008) and Xiong et  al. (2011) albeit with 
some modifications. 100  ml of 0.5  M Cu(NO3)2⋅3H2O was 
prepared in a three-necked round bottomed flask. 100  ml of 
1 M l-ascorbic acid was added dropwise while stirring. 49 g of 
40 wt% SiO2 dispersed in water was added to the mixture. This 
was stirred at 100°C for 3 h. The cooled resulting mixture was 
then centrifuged and washed three times with distilled water 
and dried at 70°C in an oven. The dried particles were then 
calcined at 550°C for 3 h. The calcined CuO/SiO2 catalyst was 
used for LTMS reaction in a similar way as was done for the 
“once through” experiment.

MF Side Reaction Study
11  mmol sodium methoxide dissolved in 97  mmol methanol 
and 33  mmol MF were added to 20  ml of each solvent. The 
mixture was stirred under 1 bar N2 and heated to 100°C for 1 h. 
The cooled resulting liquid mixture was analyzed using Perkin-
Elmer Spectrum One FT-IR spectrometer and Agilent GC.

Catalyst Characterization
The Cu and CuO/SiO2 catalysts were analyzed by XRD and TEM. 
A Bruker D8 A25 powder diffractometer using Mo Kα radia-
tion with a wavelength, λ = 0.71076 Å and a Lynxeye detector 
with “hardened” chip for Mo radiation was used. Total Pattern 
Analysis Solution (TOPAS) software was employed for quantita-
tive Rietveld analysis of the diffractogram. This software operates 
by fitting theoretical diffraction pattern to a measured diffraction 
pattern using non-linear least square algorithms. The samples 
were analyzed as slurry which was pipetted into a capillary tube 
with 0.5 mm internal diameter. The tube was centrifuged at 2,000 
rmp for 10 min to settle the solid portion at the bottom. The capil-
lary was mounted on the capillary spinner such that the X-ray 
beam measured around the capillary bottom where the particles 
were concentrated. The X-ray diffractogram was determined at 
0.023° step/s for an interval of 15–35° 2 theta.
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Figure 2 | X-ray diffractogram of the slurry after the steps B, C, and D in 
Figure 1.
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The TEM imaging was performed with a Joel 2100F instru-
ment. Samples were diluted in methanol, and particles were 
dispersed in an ultrasound bath for 30  min. The solution was 
then deposited onto a carbon film on a copper grid. Cu particles 
were ascertained to be present using EDS and electron diffrac-
tion. Generally, particle size distributions were determined by 
measuring the diameters of the TEM images as the particles sizes 
using MATLAB assuming that the Cu particles were circular 
droplets. Typically, an average of 30-particle diameters  ±  SD 
from the TEM images for each sample was used for particle size 
determination.

RESULTS AND DISCUSSION

Typical “Once Through” LTMS
Figure 1 shows the steps involved in the LTMS reaction using 
diglyme as solvent. Typically, Cu nanoparticles were made by 
hydride reduction of Cu2+ (Cu(AOc)2) in steps A and B with NaH 
at 100°C (Glavee et al., 1994). Addition of MeOH at step C led to 
the formation of NaOCH3 (sodium methoxide) and H2 (g) which 
resulted in an increase in pressure. Syngas was added at step D, 
where after an induction period due to increase in temperature, 
pressure declined rapidly with time. After 2 h (E), the reaction 
was stopped by cooling to about 25°C at F. We deliberately 
stopped the reaction after 2 h and so the activity of the catalyst 
was not optimized for determining TOF or TON. Moreover, our 
batch reactor system did not allow for time on steam analysis of 
individual products except the changes in pressure and tempera-
ture, which were continuously monitored during the reaction. 
The pressure drop represented 89% syngas conversion. The liquid 
products composition after 2 h showed 96 and 4% C selectivity to 
MeOH and MF, respectively.

The slurry was further analyzed by XRD to determine oxida-
tion state and crystallite size of the Cu catalyst involved in the 
LTMS reaction. Figure 2 shows the X-ray diffractogram of the 
slurry at steps B, C and E as illustrated in Figure  1. The XRD 
samples were taken right after steps B, C, and D were completed, 

respectively. The diffractogram after step B showed mainly Cu2O 
and NaH phases, while that after step C showed Cu2O and Cu0 
phases [X-ray powder diffraction files referenced from Neuburger 
(1930), Wyckoff (1963), Smura et al. (2011)]. The diffractogram 
after E showed predominantly Cu0 oxidation state.

This indicated that reduction of the Cu2+ precursor took 
place during the process by hydride reduction during step B. 
Moreover, all NaH was reacted upon the addition of methanol 
since no NaH pattern was observed in the diffraction at step 
C. The steps C to D resulted in the pressure rise illustrated in 
Figure 1, as H2 was released in the process. Furthermore, the 
LTMS reaction under highly reducing environment of CO and 
H2 led to Cu0 oxidation state at E. The average Cu crystallite 
sizes were estimated by Reitveldt analysis. The slurry at step C 
was composed of about 50/50% Cu0/Cu2O with average crystal-
lite sizes of about 7.5 ± 0.7 nm. After the LTMS reaction, the 
Cu0 crystallite sizes at step E was 9.5 ± 0.9 nm. This showed 
about 2  nm increase in the average crystallite size of the Cu 
after methanol synthesis occurred. Figure 3 shows TEM image 
of the Cu particles. The Cu particle size was about 10 ± 3 nm. 
Electron diffraction also confirmed [111] and [311] Cu0 planes 
present.

Solvent Variation in “Once Through” 
Synthesis
As indicated in Table 1, different aprotic solvents were employed 
to study the influence of solvent polarity on the LTMS reaction. 
Aprotic solvents were used because of the presence of NaH, which 
can react easily with protons. Moreover, the NaOCH3 co-catalyst 
may be consumed in the presence of protic solvent. Five out of 
the chosen solvents were ethers with different chain lengths and 
polarity.

Figure 4 shows the activity of the catalyst system in the “once 
through” reaction plotted versus dielectric constant (ɛ) of the 
solvents. 51% syngas conversion was observed when diethyl ether 
(DEE) was used as solvent with the least ɛ = 4.19. In diglyme with 
ɛ = 7.23, 89% syngas conversion was observed. Then after, syngas 
conversion decreased to 85, 80, and 74% in tetrahydrofuran 
(THF), glyme, and tetraglyme, respectively, following the order 
of slight decreasing in ɛ. Thereafter, syngas conversion sharply 
declined to 30 and 14% in acetonitrile (MeCN) (ɛ  =  36) and 
dimethyl sulfoxide (DMSO) (ɛ  =  47), respectively. Despite the 
more noticeable changes in the syngas conversion in the various 
solvents, selectivity to MeOH was always >90% indicating that 
selectivity was barely affected by the solvents’ dielectric constant 
or polarity.

The chosen ether solvents differ in polarity (represented 
by their ɛ), boiling point, and chain length (or molar mass) 
which is shown in Table 1 [from CRC (2003–2004), Wohlfarth 
(2008)]. The dielectric constant is known to be proportional to 
the solvents polarity (Rabaron et al., 1993). Among these prop-
erties, the observed syngas conversion pattern followed the ɛ 
of the solvents with the optimum around ɛ = 7.2 for diglyme. 
Notably, slight differences in the ɛ with regards to diglyme, 
THF, glyme, and tetraglyme depicting the slight differences in 
their polarity, such that syngas conversion followed the order 
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Figure 4 | Syngas conversion and selectivity versus dielectric constant of 
solvent in the “once through” Cu nanoparticles catalyzed reaction.

Figure 3 | TEM image and electron diffraction of Cu from step F with 10 ± 2 nm particles sizes and [111] and [311] Cu0 planes.
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diglyme > THF > glyme > tetraglyme. On the other hand, the 
order of increasing solvent chain length as well as boiling point 
is THF < glyme < dilgyme <  tetraglyme. Clearly, the syngas 
conversion did neither follow solvent’s chain length nor their 
boiling point, but preferred less polar solvents among these 
ether solvents.

The solvent polarity range was extended beyond the ethers, 
such as MeCN and DMSO with ɛ  =  36 and 47, respectively. 
These two, which are more polar than diglyme showed a very 
sharp decline in syngas conversion. Solvents with higher polarity 
than that of diglyme led to even lower MeOH formation. On the 
contrary, DEE with lower ɛ (ɛ = 4.2) than diglyme also showed 
lower syngas conversion, suggesting that lower polar solvents 
than diglyme may also lead to lower amount MeOH formation 

in LTMS reactions. This, therefore, suggest that solvent polarity 
plays an important role in the “once through” LTMS reaction such 
that solvents with similar polarity with diglyme showed higher 
MeOH formation.

Solvent Effect on Cu Nanoparticles in the 
“Once Through” Reaction
Copper nanoparticles were synthesized as described in Section 
“Typical “Once Through” Low Temperature Methanol Synthesis” 
for the “once through” catalyst. However, since different solvents 
were involved, there is a possibility that nucleation and crystallite 
growth of Cu nanoparticles will differ in the different reaction 
media. It is also important to note that Cu nanoparticles size plays 
an important role in MF hydrogenolysis (Ohyama and Kishida, 
1998). This section, therefore, focuses on the effect of the different 
chosen solvents on Cu nanoparticles size.

Figure 5 shows the slurry X-ray diffractogram of the different 
solvents after LTMS reaction. Generally, a Cu0 phase was predom-
inately observed but with varying reflex intensity. The broadness 
of the reflexes confirm formation of nanoparticles in all employed 
solvents. Figure  6 shows the Cu nanoparticle TEM images of 
the different solvents. Figure 7 shows a summary of Figures 5 
and 6 in relation to the ɛ value of the solvents. Generally, the 
Cu crystallites and particles sizes in each particular solvent were 
about the same, considering the fact that the XRD measures the 
bulk average while the TEM images only show a few particles. On 
average, Cu particles in all ether solvents were within 9–10 nm, 
while in MeCN and DMSO solvents approximately 7 nm particle 
size was observed.

Cu particles sizes do not seem to have been influenced by the 
different ether solvents. Considering that, the ethers have differ-
ent chain lengths as well as different amounts of oxygen per mole 
capable of forming chelates around a Cu atom, one could expect 
the particle size to vary with chain length. However, this was not 
observed which could be due to the fact that, the excess amount 
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Figure 6 | TEM images of Cu nanoparticles after low-temperature methanol synthesis reaction in the different solvents, (A) diethyl ether, (B) glyme, (C) tetraglyme, 
(D) tetrahydrofuran, (E) acetonitrile, (F) dimethyl sulfoxide.

Figure 5 | X-ray diffractogram of the slurry after low-temperature methanol 
synthesis reaction for the different polar solvents.

6

Ahoba-Sam et al. Solvent Polarity Effect on LTMS

Frontiers in Energy Research  |  www.frontiersin.org July 2017  |  Volume 5  |  Article 15

of solvents used might have provided enough oxygen for dative 
bonding if chelate formation was necessary in tuning the particles 
sizes.

Cu nanoparticles sizes prepared in the non-ether solvents were 
smaller as compared to those made in ether solvents. DMSO with 
higher polarity (ɛ = 47) showed smaller Cu particles sizes than was 
observed for MeCN (ɛ = 36). The difference of the ether solvents  
ɛ values were relatively small (ɛ = 4.2–7.8) as compared to DMSO 
and MeCN. There is a possibility that the polarity difference in the 
solvents played a subtle role in the formation of Cu nanoparticles 
size, particularly when the polarity difference is larger. It has 

been reported that nucleation slows down with solvents polarity  
(Zhao et al., 2004; Wei et al., 2008). The consequence of slower 
rate of nucleation is that, larger crystals may be formed if longer 
growth time (>24 h) is allowed. However, we observed the oppo-
site, which might be due to an inadequate aging time of 2 h in 
our system.

The use of solvents with higher polarity in the LTMS reac-
tion, despite generating smaller Cu nanoparticles, led to the least 
amount of MeOH formation. However, it is expected that the 
smaller the Cu nanoparticles the faster the hydrogenolysis of MF 
which is usually the limiting step in the LTMS reaction. Smaller 
Cu nanoparticles should, therefore, lead to higher MeOH forma-
tion. This on the contrary was not the case when solvents polarity 
was varied, suggesting that the solvent polarity was the bottleneck 
in our case rather than just the Cu particles sizes.

Solvent Variation using CuO/SiO2 Catalyst
In Sections “Solvent Variation in “Once Through” Synthesis” 
and “Solvent Effect on Cu Nanoparticles in the “Once Through” 
Reaction,” the lowest methanol formation was observed in the 
more polar solvents despite the fact that the smallest Cu nano-
particles were made in these solvents. The two main components 
that varied before LTMS reaction were the type of solvent used 
and slight changes in Cu NP sizes. A dry CuO/SiO2 catalyst with 
larger particle size as compared to the 7–10  nm Cu NP slurry 
used above was prepared and used for the LTMS reaction as a 
control. This will help to differentiate between the influence of 
Cu nanoparticles size as against that of the solvents, as solvent 
polarity will be varied but with the same CuO/SiO2 catalyst size.

Figure  8 shows the XRD diffractogram of the calcined 
CuO/SiO2 catalyst. Crystalline CuO and amorphous SiO2 were 
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Figure 8 | X-ray diffractogram of calcined CuO/SiO2 catalyst.

Figure 7 | Comparison of the Cu particles sizes and dielectric constants in 
the different solvents after low-temperature methanol synthesis reaction.

Figure 9 | TEM image and an inserted electron diffraction of the calcined 
CuO/SiO2 catalyst.

Figure 10 | Syngas conversion and selectivity versus dielectric constant of 
solvent in the CuO/SiO2 catalyzed reaction.
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observed [powder diffraction files referenced from Barth (1932), 
Tunell et al. (1935)]. The line broadening analysis indicated that, 
the CuO crystallite size was 30 ± 5 nm. Figure 9 shows the TEM 
image and an inserted electron diffraction diagram of the CuO/
SiO2 catalyst. The TEM showed a good dispersion of the crystal-
line CuO on the SiO2 support. The electron diffraction showed 
mainly [110], [002], [11-2], and [112] planes of CuO.

The CuO/SiO2 catalyst was used for methanol synthesis, in a 
similar way to Section “Typical “Once Through” Low Temperature 
Methanol Synthesis,” except that, the very first step for making Cu 
nanoparticles (Figures 1A,B) was omitted since the synthesized 
CuO/SiO2 catalyst was used. Figure  10 shows catalyst activity 
versus ɛ value for solvents of various polarity. Syngas conversion 
increased from 28 and 39%, respectively, in toluene and DEE, to 

76% in diglyme but slightly decreased to 74% in THF and then 
sharply to 20 and 12% in MeCN and DMSO, respectively. Despite 
the large differences in syngas conversion, selectivity to methanol 
remained ≥90% and MF ≤10% in the different solvent.

Generally, syngas conversions were higher in the “once 
through” system for the Cu nanoparticles slurry as compared to 
the CuO/SiO2 catalyst system. This is not surprising since the Cu 
catalysts involved in the two scenarios were different in support 
material and particles sizes. The CuO in the CuO/SiO2 catalyst 
was about 30 nm compared with the ≤10 nm Cu particles made in 
the “once through” system. Moreover, our earlier report showed 
that within 7–21 nm sizes, methanol formation decreased with 
Cu particle size (Ahoba-Sam et al., 2017). Therefore, the observed 
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lower syngas conversion can be related to the larger Cu particle 
size. Despite this, selectivity to MeOH and MF as well as the trend 
in syngas conversion followed the same path as was observed in 
the Figure 4 for the “once through” system. A similar trend has 
been reported for a CuO/Cr2O3 system with varying solvent polar-
ity (Xing-Quan et al., 1999b). Therefore, solvent polarity plays an 
important role in LTMS reaction, such that solvents with ɛ values 
around 7.2 appear to give improved MeOH synthesis results.

The observed effect of solvent polarity on the LTMS reaction 
needs an explanation. What is the exact role of polarity in the 
LTMS reaction? Syngas is known to be less soluble in polar 
solvent compared to apolar solvents (Vogelpohl et al., 2014). This 
is so because strong interaction exists between polar molecules, 
which makes it difficult for relatively non-polar H2 and CO to 
enter. However, while solubility cannot be totally ruled out in 
gas–liquid systems, the solubility explanation may only hold 
for solvents with ɛ values >7. Syngas conversion decreased with 
decreasing solvents’ polarity in ɛ = 4.2 and 2.3 in DEE and toluene 
systems, respectively. Our recent results showed that increasing 
Cu nanoparticles sizes from 7 to 21 nm led to decrease in both 
conversion and selectivity to MeOH in diglyme. This coupled 
with similar trends observed for the different Cu sources sug-
gests that hydrogenation was not the main step responsible for the 
above observation. The Section “Influence of Solvent Polarity on 
Side Reactions of the LTMS Reaction,”therefore, seeks to address 
the possible side reactions, which could limit the LTMS reaction 
in the different solvents.

Influence of Solvent Polarity on Side 
Reactions of the LTMS Reaction
The LTMS reaction involves two major steps, carbonylation and 
hydrogenolysis of MF (illustrated in Eqs 2 and 3, respectively). 
However, the main intermediate product, MF can also undergo 
possible side reactions as shown in Eqs  4 and 5. It has been 
reported that the formation of MF from MeOH and CO (Eq. 2) is 
highly reversible (Christiansen, 1926; Liu et al., 1988). Moreover, 
it has also been observed that MF can react with NaOCH3, to 
form dimethyl ether (DME) and NaOOCH (sodium formate) 
(Christiansen, 1926; Jogunola et al., 2012). Therefore, during the 
LTMS reaction, if MF hydrogenolysis is not fast enough, MF can 
either decarboxylate back to CO and MeOH and/or react with 
NaOCH3 to give DME and NaOOCH.

	 CH OOCH CO CH OH3 3 + 	 (4)

	 CH OOCH NaOCH CH OCH NaOOCH3 3 3 3+ + 	 (5)

The influence of solvents’ polarity on the possible side 
reactions involved in the LTMS reaction was then studied. 
This was done by heating MF in the presence of NaOCH3 in 
a predetermined solvent under 1 bar N2 gas. The IR spectrum 
of the resulting liquid mixture is shown in Figure 11. The gray 
lines in Figure 11 (B–G) represent the pure solvent while the 
black lines represent the reaction mixture. These were com-
pared with MeOH, MF, and NaOOCH shown in Figure 11A. 
Typically, bands observed at 2,830, 2,770, 1,650, 1,570, 1,360, 
and 770 cm−1 were not observed in pure solvent or in metha-
nol and MF. These bands were typical NaOOCH bands when 

compared with standard spectra from NIST data base (Stein, 
2016). The NaOOCH bands appeared in all the spectra of the 
different solvents, which indicated that formate was formed in 
all the different solvents.

Table 2 shows the rise in pressure and relative amount of CO 
released for the different solvents tested. Although DME and 
methanol were present in the gas phase, it was difficult to separate 
them on the Porapak Q column as their peaks superimposed on 
each other leading to a shoulder peak. Therefore, only N2 and 
CO, which were well separated on the mol sieve column, were 
quantified for this analysis. The CO equivalence in these chro-
matograms should be regarded as a relative measure to N2 and 
not as an absolute measure. The amount of CO released generally 
decreased with increasing solvent polarity.

The amount of MF drastically decreased from 33  mmol 
initial amount to less than 4  mmol in the side reaction test 
for all solvents. Trace amounts of DME were observed in the 
liquid sample analysis (using the MSD) of all solvents. MF 
was, therefore, involved for all solvents in the two reactions;  
(i) decarbonylation into CO and MeOH and (ii) nucleophilic 
substitution to form DME and NaOOCH, as illustrated in Eqs 4 
and 5. Although DME and NaOOCH were observed, we were not 
able to quantify them. However, assuming that decarbonylation 
and nucleophilic substitution are the main MF side reactions 
occurring and considering the high MF reactivity in the solvent 
tests, the relative amount of CO released in these reactions can 
be used to determine which of the two pathways is predominant 
for the different solvents.

The released CO amount decreased with increasing polarity 
of the solvent. This suggested that decarboxylation was enhanced 
in less polar solvents. The decreasing amount of CO released 
with increased solvent polarity suggested that the nucleophilic 
substitution pathway is enhanced with increased solvent polarity 
which appears logical since this reaction pathway involves ionic 
salt formation which is expected to be stabilized by polar rather 
than non-polar solvents (Parker, 1969).

Maximum syngas conversion was observed for a solvent 
ɛ value around 7.2 (see Solvent Variation in “Once Through” 
Synthesis and Solvent Variation using CuO/SiO2 Catalyst). 
Considering the nucleophilic substitution pathway to be favored 
by polar solvents and the decarbonylation pathway to be favored 
by low polarity solvents, a relatively moderate polar solvent is a 
good compromise to supress unwanted side reactions, maximiz-
ing the MF hydrogenolysis pathway. The above results indicate 
that the different MF reaction pathways in the LTMS reaction,  
i.e., hydrogenolysis, decarboxylation, and nucleophilic substitu-
tion, may have comparable activation barriers. Changing the 
polarity might influence the path which intermediates are better 
favored by the polarity of the solvent. Hence, MF is a transient 
intermediate, which will always be present at relatively low con-
centration in the reaction mixture.

NaOOCH formation is detrimental to the overall catalytic 
cycle because NaOCH3, the co-catalyst, is consumed by this 
reaction. Previously, we observed Cu catalyst agglomeration to 
be a major source of LTMS reaction deactivation as Cu particles 
growth corresponded to a lower activity. Our current study 
indicates that the nucleophilic substitution side reaction is also 

http://www.frontiersin.org/Energy_Research/
http://www.frontiersin.org
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Table 2 | Solvent effect on side reaction, CO equivalent = CO/
(CO + N2) × Pressure rise, CO and N2 was determined from gas analysis while 
the MF was determined from liquid analysis.

Solvent Pressure rise/ 
bar

CO equivalent/ 
bar

MF remaining/ 
mmol

Toluene 3.00 1.91 3.43
Diethyl ether 2.94 1.66 2.12
Diglyme 2.46 1.23 1.77
Tetrahydrofuran 1.95 0.90 2.33
Acetonitrile 1.23 0.59 1.00
Dimethyl sulfoxide 0.82 0.32 0.41

Figure 11 | ATR-IR spectra of solvent (B–G in gray), and reaction mixture (B–G, black with *). The spectra A is for MeOH, methyl formate, and NaOOCH. The 
NaOOCH (in black) was adopted from NIST data base (Stein, 2016).
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a potential source of LTMS reaction deactivation which will 
increase in importance especially in more polar solvents.

CONCLUSION

The liquid-phase LTMS reaction is influenced by solvent polarity. 
Solvents with moderate polarity similar to diglyme with ɛ = 7.2 
give highest syngas conversion among eight different selected 
solvents covering a wide range of polarity. MeOH formation 
increased with increasing ɛ value until that of diglyme (7.2) and 
decreased thereafter with further increase of the ɛ value. This 
trend was independent of Cu catalyst nanoparticle size. Our 

results indicated that MF, the main intermediate LTMS reaction 
product undergoes two side reactions (i) decarbonylation to form 
CO and MeOH and (ii) a nucleophilic substitution reaction to 
form DME and sodium formate. Solvent polarity distinguishes 
between these side reactions such that decarbonylation is favored 
as solvent polarity decreases while nucleophilic substitution is 
favored as solvent polarity increases. Our results show that mod-
erate polarity solvents, e.g., diglyme favor MF hydrogenolysis by 
retarding the other two possible side reactions.

Safety Warning
Large amount of compressed CO and H2 gas were used, with 
potential poisoning and flammable hazards, respectively, and 
hence, the appropriate equipment and detectors must be used to 
avoid unwanted releases. The solvents used especially diglyme 
and glyme are toxic and must be handled with care.
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FIGURE 4 | Syngas conversion and selectivity versus dielectric constant of

solvent in the “once through” Cu nanoparticles catalyzed reaction.
FIGURE 10 | Syngas conversion and selectivity versus dielectric constant of

solvent in the CuO/SiO2 catalyzed reaction.
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Abstract: Cu nanoparticles are known to be very active for methanol (MeOH) synthesis at relatively
low temperatures, such that smaller particle sizes yield better MeOH productivity. We aimed to
control Cu nanoparticle (NP) size and size distribution for catalysing MeOH synthesis, by using the
spinning disk reactor. The spinning disk reactor (SDR), which operates based on shear effect and
plug flow in thin films, can be used to rapidly micro-mix reactants in order to control nucleation
and particle growth for uniform particle size distribution. This could be achieved by varying both
physical and chemical operation conditions in a precipitation reaction on the SDR. We have used the
SDR for a Cu borohydride reduction to vary Cu NP size from 3 nm to about 55 nm. XRD and TEM
characterization confirmed the presence of Cu2O and Cu crystallites when the samples were dried.
This technique is readily scalable for Cu NP production by processing continuously over a longer
duration than the small-scale tests. However, separation of the nanoparticles from solution posed a
challenge as the suspension hardly settled. The Cu NPs produced were tested to be active catalyst for
MeOH synthesis at low temperature and MeOH productivity increased with decreasing particle size.

Keywords: Cu nanoparticles; spinning disc reactor; methanol synthesis; low temperature

1. Introduction

Methanol (MeOH) is a multi-purpose molecule widely used as a base chemical, for energy,
and CO2 storage [1]. It is used as a solvent or as an intermediate for the production of formaldehyde,
methyl tert-butyl ether, acetic acid, methyl methacrylate, and other fine chemicals. MeOH can also
be used as fuel blend or directly converted to valuable hydrocarbons such as gasoline over acidic
microporous materials [2], thereby providing alternative sources of petrochemical feedstock used today.

Currently, the technology for MeOH synthesis is based on conversion of synthesis gas
(composed largely of 2H2/CO with about 5% CO2) over CuO/ZnO/Al2O3 catalyst operating at around
250–300 ◦C and 50–100 bar [3]. Even though this process is highly optimized, the thermodynamics of
the reaction limit syngas conversion per pass, which, coupled with other operational costs, make the
process capital intensive. For example, more than 60% of the total capital cost in current MeOH
processes is associated with the syngas plant [4].The lowest cost of syngas production is by the use
of air rather than a pure cryogenic O2-blown autothermic reformer [3]. Syngas conversion to MeOH
is highly exothermic (shown in Equation (1)) and lower temperatures are required to achieve full
conversion per pass. A full conversion per pass process allows the use of N2 diluted syngas for MeOH
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production, which implies no need for recycling of unconverted reactants. Consequently, the carbon
footprint is reduced [5] as a result of the full conversion.

CO + 2H2 
 CH3OH ∆H = −90.6 kJ/mol (1)

Alternatively, low temperature MeOH synthesis (LTMS), which proceeds rapidly in liquid
medium at about 100 ◦C presents the possibility for full syngas conversion per pass [6]. This technology
is known to occur in two steps as shown in Equations (2) and (3). The carbonylation of MeOH to methyl
formate (Equation (2)) is catalysed by an alkali alkoxide, while a transition metal based compound
catalyses the hydrogenolysis of methyl formate (Equation (3)).

CO + CH3OH 
 HCOOCH3 (2)

HCOOCH3 + 2H2 
 2CH3OH (3)

The Cu-based catalyst is one catalyst which has received a lot of attention for LTMS [7–11].
Examples of Cu-based materials reported for the hydrogenolysis reaction include CuO/Cr2O3, Raney
Cu, Cu on SiO2, CuCl2, and Cu alkoxide. Prolonged milling of a physical mixture of CuO and Cr2O3,
for example, enhanced MeOH synthesis activity [7]. We have also observed that Cu nanoparticle
(NP) sizes influenced MeOH production, such that MeOH productivity increased with decreasing the
particle size [10]. In both instances, MeOH productivity correlated well with increasing total surface
area. This implies that producing the right-sized Cu particles as a catalyst for MeOH synthesis is
important. In general, different Cu NPs sizes can be synthesized by following different experimental
protocols and recipes [12]. Based on MeOH yield dependence on the Cu NP sizes, an on-purpose
physical method for making Cu NP catalyst of different sizes using a specific chemical recipe will
be a valuable contribution. In this work, we will focus on the use of spinning disk reactor (SDR),
a technique that can fine-tune the Cu NP catalyst size for MeOH synthesis.

The SDR is a continuous-flow process intensification reactor with enhanced production efficiency,
safety, minimal cost, and minimal waste technology [13,14]. A thin film liquid is formed in the SDR
due to centrifugal acceleration created by rotation of the disk. The key characteristics of the thin film
flow include rapid mixing, heat and mass transfer, plug flow, and short residence times in the order of
seconds [15]. For example, the residence time, tres of liquid reagents traveling with Q flow rate, from ri
to ro on the disk based on the Nusselt theory can be expressed by Equation (4), where µ is dynamic
viscosity and ω is angular velocity. Hence, increasing the flow rate and rotation speed for example
will lead to a shorter residence time and consequently affect crystallization process.

tres =
3
4

(
12π2µ

Q2ω2

) 1
3
(

r
4
3
o − r

4
3
i

)
(4)

The SDR can therefore be employed in sol-gel precipitation processes where homogenous mixing
of the reactants at the molecular level is essential for controlling crystallite and particle size. Recently,
the SDR has been used in several precipitation reactions for nanoparticles production [13,16–18].
Tai et al. [17], for example, used the SDR to produce 40–50 nm CuO nanoparticles using Cu(SO4) and
Na(CO3)2 as reactants for nanofluid application.

In this work, we have used the SDR to produce different Cu NP sizes and size distributions, in a
more environmentally friendly condition, using aqueous borohydride and Cu(NO3)2 as reactants.
Our aim was to find out if the SDR could be used to purposefully produce Cu NP catalysts for MeOH
synthesis. We found out that varying physical parameters of the SDR could fine-tune Cu NP catalyst
sizes using specific chemical recipe. Furthermore, we scaled-up the Cu NP production for catalytic
application in low temperature MeOH synthesis.
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2. Results and Discussion

The SDR technique involves continuous flow of reactant and product stream with short residence
time (in seconds) and therefore the process of producing fine nanoparticles must be a fast reaction.
In view of this, our Cu particles were made using borohydride reduction (Equation (5)) [19] which
occurs instantaneously when Cu2+ react with NaBH4. Our preliminary test in a flask stirred at 700 rpm
showed that when 0.011 M Cu2+ solution was added dropwise to 0.021 M BH4

− solution, a black
precipitation occurred instantaneously. Figure 1 shows the X-ray diffraction (XRD) and SEM images
of 70 ◦C oven dried samples. Although Cu0 was the expected product, the oven drying in air easily
leads to Cu0 surface oxidation. The XRD and SEM confirmed the formation of Cu2O with 9 ± 1 and
25 ± 1 nm crystallite sizes.

Cu(NO3)2 + 2NaBH4 + 6H2O→ Cu ↓ +7H2 + 2NaNO3 + 2B(OH)3 (5)

The following sections will however focus on the use of the SDR to control Cu particle size. Here,
the Cu salt and borohydride solution comes into contact at a shorter and easily controllable residence
time compared with the stirred tank approach described above. The resulting slurry from the SDR
was collected in starch to avoid settling and agglomeration of the particles after collection [16,20].
The starch serves as a capping agent to stabilize the Cu NPs made as well as to prevent further growth
of particles.
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Figure 2 shows the effect of the disk rotation speed on particle size distribution (PSD) for a 0.01 
M Cu(NO3)2 and 0.02 M NaBH4 solution at 5 mL/s total flow rate. The faster the rotation, the narrower 
the PSD, while the mean particle sizes decreased from 35 ± 2 to 7.6 ± 0.5 nm for the 0.01 M Cu(NO3)2, 
with increasing disk speed from 400 to 2400 rpm, respectively. This trend was the same at both 0.01 
and 0.05 M Cu(NO3)2 starting concentrations. Figure 3 shows the effect of the total flow rate on PSD, 
at constant 0.02 M NaBH4 flow to 0.01 M Cu(NO3)2 flow ratio of 2 and 2400 rpm disk rotation speed. 
Similarly, mean particle sizes decreased from 14 ± 1 to 3.2 ± 0.2 nm with narrowing PSD as the flow 
rate was increased from 3 to 9 mL/s, respectively. 
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Figure 1. XRD (a) and SEM ((b) = 30 min & (c) = 60 min) of Cu NP made in a stirred tank; 0.011 M
Cu(CH3COO)2 and 0.021 M NaBH4.

2.1. Effect of Rotation of Disk Speed and Flow Rate

Figure 2 shows the effect of the disk rotation speed on particle size distribution (PSD) for a 0.01 M
Cu(NO3)2 and 0.02 M NaBH4 solution at 5 mL/s total flow rate. The faster the rotation, the narrower
the PSD, while the mean particle sizes decreased from 35 ± 2 to 7.6 ± 0.5 nm for the 0.01 M Cu(NO3)2,
with increasing disk speed from 400 to 2400 rpm, respectively. This trend was the same at both 0.01
and 0.05 M Cu(NO3)2 starting concentrations. Figure 3 shows the effect of the total flow rate on PSD,
at constant 0.02 M NaBH4 flow to 0.01 M Cu(NO3)2 flow ratio of 2 and 2400 rpm disk rotation speed.
Similarly, mean particle sizes decreased from 14 ± 1 to 3.2 ± 0.2 nm with narrowing PSD as the flow
rate was increased from 3 to 9 mL/s, respectively.
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Figure 2. Effect of SDR spinning on (a) PSD for 0.01 M Cu(NO3)2 and (b) mean particle size, at 1.7 mL/s
of 0.01 M and 0.05M Cu(NO3)2; 3.3 mL/s of 0.02 M and 0.10 M NaBH4 (in 0.004 M NaOH).

The narrowing of particle size distribution with disk rotation speed and flow rate can be explained
by the degree of micromixing achieved under the tested conditions. It is expected that shear effect of
thin film formed on the disk and surface wave intensity both increase with increasing disk rotation
speed and flow rate [13,14]. Mohammadi et al. [13] for example, showed that higher rotation speed and
faster flow rate led to shorter micromixing time in the precipitation of titanium hydroxide. This results
in more rapid homogeneous mixing at the molecular level coupled with more uniform supersaturation
being attained. Short micromixing time favours nucleation over growth [21] leading to small particle
formation. Uniformly sized nuclei lead to narrow particle size distribution as observed at high disk
rotation speeds and faster flow rates.

Materials 2018, 11, 154 4 of 12 

 

(a) (b) 

Figure 2. Effect of SDR spinning on (a) PSD for 0.01 M Cu(NO3)2 and (b) mean particle size, at 1.7 
mL/s of 0.01 M and 0.05M Cu(NO3)2; 3.3 mL/s of 0.02 M and 0.10 M NaBH4 (in 0.004 M NaOH). 

The narrowing of particle size distribution with disk rotation speed and flow rate can be 
explained by the degree of micromixing achieved under the tested conditions. It is expected that shear 
effect of thin film formed on the disk and surface wave intensity both increase with increasing disk 
rotation speed and flow rate [13,14]. Mohammadi et al. [13] for example, showed that higher rotation 
speed and faster flow rate led to shorter micromixing time in the precipitation of titanium hydroxide. 
This results in more rapid homogeneous mixing at the molecular level coupled with more uniform 
supersaturation being attained. Short micromixing time favours nucleation over growth [21] leading 
to small particle formation. Uniformly sized nuclei lead to narrow particle size distribution as 
observed at high disk rotation speeds and faster flow rates. 

(a) 

 

(b) 

Figure 3. Effect of flow rate on (a) PSD and (b) mean particle size, 0.02 M NaBH4 (in 0.004 M 
NaOH)/0.01 M Cu(NO3)2 flow ratio = 2, disk speed = 2400 rpm. 

The SDR mean residence time and its residence time distribution (RTD) also have a significant 
influence on the final particle size and PSD respectively [13,22–24]. Increasing the rotation speed and 
flow rate leads to shorter residence time of the nuclei formed on initial contact of the reactants on the 
disk, thereby limiting the extent of particle growth and agglomeration in the SDR. It is also well-
established that under conditions of high disk speeds and high flowrate, the RTD of the film 
approaches a near plug flow profile [23]. Under a plug flow regime, practically all particles will be 
subjected to the same mean residence time and processing conditions due to minimal radial 
dispersion and will exit the disk with a uniform particle size, resulting in tight PSDs. Clearly, the 
beneficial effects of high disk speeds and reagent flowrates on the film hydrodynamics are wide 
ranging and have a considerable impact on the formation of Cu NPs in this work. The best operating 
conditions are found to be 2400 rpm and 9 mL/s total flow rate. 

Figure 4a shows X-ray diffraction of the NPs made at the 0.05 M Cu(NO3)2 starting concentration 
(in Figure 2) oven dried at 70 °C. The XRD showed predominantly Cu2O phase with some Cu phase 
(plus some NaNO3 reflections). The crystallite sizes estimated using the TOPAS software for the Cu2O 

0 20 40 60 80 100
0

5

10

15

20

25

30

Fr
eq

ue
nc

y 
(%

)

Particles size (nm)

 2400 rpm
 1400 rpm
 1000 rpm
 400 rpm

400 800 1200 1600 2000 2400
0

10

20

30

40

50

60

M
ea

n 
pa

rt
ic

le
s 

si
ze

 (n
m

)

SDR Speed (rpm)

 Cu(NO
3
)
2
=[0.01 M]

 Cu(NO
3
)
2
=[0.05 M]

5 10 15 20 25 30
0

5

10

15

20

25

30

Fr
eq

ue
nc

y 
(%

)

Particles size (nm)

Total flow rate
 9 ml/s
 7 ml/s
 5 ml/s
 4 ml/s
 3 ml/s

Figure 3. Effect of flow rate on (a) PSD and (b) mean particle size, 0.02 M NaBH4 (in 0.004 M
NaOH)/0.01 M Cu(NO3)2 flow ratio = 2, disk speed = 2400 rpm.

The SDR mean residence time and its residence time distribution (RTD) also have a significant
influence on the final particle size and PSD respectively [13,22–24]. Increasing the rotation speed
and flow rate leads to shorter residence time of the nuclei formed on initial contact of the reactants
on the disk, thereby limiting the extent of particle growth and agglomeration in the SDR. It is also
well-established that under conditions of high disk speeds and high flowrate, the RTD of the film
approaches a near plug flow profile [23]. Under a plug flow regime, practically all particles will be
subjected to the same mean residence time and processing conditions due to minimal radial dispersion
and will exit the disk with a uniform particle size, resulting in tight PSDs. Clearly, the beneficial effects
of high disk speeds and reagent flowrates on the film hydrodynamics are wide ranging and have a
considerable impact on the formation of Cu NPs in this work. The best operating conditions are found
to be 2400 rpm and 9 mL/s total flow rate.
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Figure 4a shows X-ray diffraction of the NPs made at the 0.05 M Cu(NO3)2 starting concentration
(in Figure 2) oven dried at 70 ◦C. The XRD showed predominantly Cu2O phase with some Cu phase
(plus some NaNO3 reflections). The crystallite sizes estimated using the TOPAS software for the Cu2O
phase were 10 ± 1, 9.5 ± 0.7, and 9.5 ± 0.5 nm for 400, 1400, and 2400 rpm respectively. The crystallite
sizes were similar for the three rotations despite their particle sizes and distribution differences.
Figure 4b shows the XRD and TEM image of the NP made at 9 mL/s flow rate and 2400 rpm disk speed
(in Figure 3). Similarly, Cu2O phase was predominant with 4± 1 nm crystallite size. Furthermore, TEM
image of the sample showed about 3–5 nm spherical shaped crystals surrounded by large amorphous
materials likely to be the starch used to keep the particles from agglomerating. The XRD and TEM
confirmed that Cu2O NPs were made in the process with representative PSD as reported using the
dynamic light scattering method.
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the 9 mL/s sample in Figure 3.

2.2. Effect of Rotation Speed on Particles Using Different Cu Precurors

Figure 5 shows the effect of the rotation speed on the particles size and PSD of different Cu
precursors. Considering the error margin, the three precursors appear to show similar mean particles
sizes with a slight distinction at 1400 rpm, where Cu(CH3COO)2 gave the smallest particle of 8.1 nm.
Nevertheless, the mean particle size decreased and PSD narrowed with the increasing SDR rotation
speed. Overall, the mean particle size ranged between 24 ± 2 to 6.8 ± 0.7 nm with increasing rotation
speed. The trend was similar to what was observed and discussed earlier with the Cu(NO3)2 precursor.
This suggested that the micromixing, residence time, and RTD of the SDR dictated the mean particles
and PSD size as discussed earlier rather than the source of the Cu precursor.
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2.3. Effect of Reducing Agent and pH of the Reducing Agent

Figure 6 shows the effect of the reducing agent on the particle size and PSD. As illustrated
in Figure 6a, the mean particle size decreased with reducing flow ratio of Cu(NO3)2/NaBH4

(i.e., increasing NaBH4 flow at the expense of Cu(NO3)2 flow), from 17 ± 1 to 7.6 ± 0.5 nm then
the sizes levelled off after ratio of 0.5. Figure 6b illustrates that increasing the concentration of NaBH4

at a constant Cu(NO3)2 concentration led to an initial decrease in mean particle sizes, and then levelled
off after 0.04 M NaBH4 concentration. However, when Cu(NO3)2 and NaBH4 concentration and flow
rates were kept constant and the amount of NaOH was varied, PSD widened and mean particle sizes
increased linearly with pH (Figure 6c).
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Figure 6. Effect of reducing agent on PSD (left) and mean particle size (right), (a) Effect of flow ratio,
(b) Effect of NaBH4 concentration, (c) Effect of pH, (by varying only NaOH concentrations); 0.01 M
Cu(NO3)2, 0.02 M NaBH4 (in 0.004 M NaOH), at 2400 rpm disk speed, 5 mL/s total flow rate.

Equation (5) showed that the Cu2+ reduction involves NaBH4 hydrolysis. Since NaBH4 is both soluble
and reactive in water, NaOH was added to keep the NaBH4 in solution for the reduction process. It has
been reported that the rate of NaBH4 hydrolysis increases with decreasing pH [25]. Ingersoll et al. [26]
also reported that the amount of hydrolysis of NaBH4 can be enhanced catalytically, such that in the
presence of NiCl2 and CoCl2 salts, the rate of hydrolysis decreased with increasing NaOH concentration.
Considering the relatively short residence time for the reagents on the SDR, any factor that affects the
reactivity and accessibility of the BH4

− can have consequence on the precipitation reaction to affect the
particle size and PSD. This was evident when particle size linearly increased with pH (Figure 6c) as the
amount of OH− increased supressing the reactivity of the NaBH4.
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Furthermore, the stoichiometry of the reaction (Equation (5)) requires that the amount of NaBH4

should be more than the Cu(NO3)2 to reduce all the Cu precursor towards precipitation. When NaBH4

becomes the limiting reagent, the amount of reactive NaBH4 readily available for the Cu2+ reduction is
decreased, thereby increasing the time to attain homogeneity of the mixture. Subsequently, this leads
to less uniform nuclei formation and there is delay in adequate micromixing, leading to patchy growth.
Considering the short retention time involved in the process, wider PSD with bigger particles occurs
as the amount of NaBH4 decreased. On the other hand, when the amount of NaBH4 increases to a
certain maximum (for e.g., 0.04 M BH4

−:0.01 M Cu2+), the relative increase in reactive NaBH4 reaches
a saturation point and all the Cu reacts with NaBH4 in a shorter time such that excess NaBH4 will have
no further effect.

2.4. Scaling up Cu NP Production and Methanol Synthesis

To apply the Cu NP as catalyst for MeOH synthesis, a larger amount of NP production was
required over a longer continuous processing time. Firstly, 1 L of different starting Cu(NO3)2

concentrations were used at a 2400 rpm rotation speed and 1Cu(NO3)2:2NaBH4 flow rate. Figure 7a,b
shows the PSD and X-ray diffraction for 0.01, 0.025, and 0.050 M starting Cu(NO3)2 concentrations.
The mean particle sizes increased from 7.6 ± 0.5 to 22 ± 2 nm and the PSD widened when the
Cu(NO3)2 concentration was increased. Separation of the NP from solution was challenging and
we resorted to oven drying at 90 ◦C. Mainly Cu2O and Cu crystallite (+ some NaNO3 phase) were
observed and the crystallite sizes slightly increased from 8.6 ± 0.2 to 10.8 ± 0.3 nm with increasing
concentration even though the mean particle sizes were generally larger. A similar observation was
made by Chang et al. [17] where mean particle size increased from 48.3 to 93.0 nm when Cu(SO4)2

concentration was increased from 0.01 to 0.40 M. As concentration increased, the probability of nuclei
colliding with each other increased leading to agglomeration and larger particles size as well as
wider PSD.

Figure 7c shows the TEM image and electron diffraction of the Cu NP made at 0.01 M Cu(NO3)2

starting concentration. The spherical shaped polycrystalline Cu2O observed in the TEM image,
which showed particle sizes around 10 nm, confirmed that the method can be scaled-up. The challenge
however, is the separation of the particles from the starch, as the starch gelatine used was no more
soluble in water. Given that the resulting slurry was colloidal in nature, it was difficult to use a
centrifuge to isolate the NPs. As a result, the slurry was dried at 90 ◦C, which could lead to possible
increase in agglomeration of particles. If the reaction were carried out in solvent of interest for further
processes or the catalysis in our case, then there would not be any need for separation or drying.
However, our equipment at the time of this study was not materially compatible with ether solvents
and we resorted to the use of water as a solvent.
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Furthermore, based on our knowledge of controlling Cu NP from the above, three tailored Cu NP
with different mean particle sizes collected in starch were used for MeOH synthesis. Figure 8 shows
XRD and TEM characterization for some 90 ◦C oven dried samples. These particles were spherical
and polycrystalline, with mainly Cu2O and Cu0 phases. The crystallite sizes were 8.6 ± 0.5, 9.0 ± 0.6,
and 9.5 ± 0.7 nm with 21± 1, 26± 2 and 29± 2 nm particles sizes for B1 S, B 4 S, and B 5 S respectively
(S = with starch, see Figure 9). In addition, for comparison, B1 was repeated without starch (NS),
where CuO was the predominant phase with 9.4 ± 0.7 nm crystallite and 38 ± 2 nm mean particle
sizes. This suggested that aside from reducing agglomeration of the particles, the starch also reduced
the amount of surface oxidation of the resulting NPs.

Syngas conversion over the selected samples ranged from about 50% to 70% conversion per batch,
which is around the same range achieved in other Cu-alkoxide systems [8,27]. However, for comparison
reasons, the amount of MeOH produced per amount of Cu (in mol/(mol·h)) is presented. Figure 9
shows the MeOH productivity compared with particle sizes. The MeOH productivity generally
increased with decreasing particles sizes. This has already been attributed to the increase in total
surface area as particle sizes decreased [7,10].
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The B1 NS sample showed a higher MeOH productivity than all the smaller particles collected
in the starch. This sample differed from the other starch containing specimens by particle size and
Cu phases present. Previous results have shown that in the presence of 20 bar CO/2H2 at 100 ◦C,
reduction of Cu2+ is rapid [10,28], and that the active Cu phase for the MeOH synthesis is assumed
to be in the Cu+/Cu◦ oxidation state [29]. This implies that it is not likely that the Cu phase in the
B 1 NS catalyst contributed to the difference in the activity but rather the absence of starch. Hence,
the lower activity of the catalyst samples containing starch could be due to mass transfer limitations
of the substrate in accessing the surface of the Cu NP. This is in contrast to the B 1 NS catalyst where
no starch is present on the surface. Nevertheless, the scaled-up Cu materials made with the SDR
were active for MeOH synthesis either with or without starch present and can be further explored
for optimization.
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Figure 9. Low temperature MeOH synthesis of scale-up Cu NP; 2H2/CO = 20 bar, THF solvent = 30 mL,
for MeOH synthesis.

3. Materials and Methods

3.1. Spinning Disk Reactor

The set-up used in this work is shown in the schematic diagram in Figure 10 similar to the one
described elsewhere [13,14]. The 10 cm diameter smooth surfaced stainless steel disk was driven by
a 125 W electric motor, coupled with a digitally controlled rotating disk. A temperature controlled
water-bath was circulated beneath the disk to ensure constant disk temperature (at 25 ◦C). Cu(NO3)2

solution in one line and NaBH4 dissolved in NaOH solution in another line were fed onto the centre of
the spinning disk. A Watson Marlow 323 peristaltic pump coupled with a dampener at the discharge
end was used to control smooth flow of the two reagents. Each feed tube made of Viton, with 3.2 mm
hole ends was set at a distance 6 mm perpendicular to the centre of the spinning disk. The reaction
was carried out in a N2 blanket to minimize direct contact of the reaction with air.

As shown in the Equation (5), Cu particles were precipitated by borohydride reduction. Typically,
0.01–0.05 M standard solutions of Cu(NO3)2 was reacted with 0.02–0.20 M NaBH4 dissolved in about
17 w/w % NaOH. Since NaBH4 is both soluble and reactive in water, adding the NaOH was necessary
to keep NaBH4 in solution. To avoid agglomeration and settling of the particles after collection from
the SDR, samples were collected in starch as has been used elsewhere [16]. Thus, the resulting product
was collected in 1 wt % starch gelatine solution. The starch gelatine was prepared by dissolving 10 g
starch in 1000 mL water heated to 90 ◦C. The influence of starch on the particle size distribution for a
period is shown in the supplementary material Figure S1.
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3.2. Characterization of Cu Nanoparticles and Methanol Synthesis

Mean particle sizes and particles size distributions were analysed using dynamic light scattering
(Malvern instrument, Model HPPS) with a He-Ne laser as light source (λ = 633 nm) and measured
at 25 ◦C. Samples to be used for MeOH synthesis were dried at 90 ◦C for further characterization.
A Bruker D8 discover powder diffractometer using Cu K-α-1 radiation (λ = 1.5 Å) selected by a Ge
(111) Johansen monochromator and a Lynxeye detector were used. The diffractogram was measured
at 0.025◦ steps per second. Total Pattern Analysis Solution (TOPAS) software was employed for
quantitative Rietveld analysis of the diffractogram. This software operates by fitting a theoretical
diffraction pattern to a measured diffraction pattern using non-linear least square algorithms [30].
The SEM imaging was performed using SU8230 ultra-high resolution cold-field emission SEM from
Hitachi. The TEM imaging was performed with a Joel 2100F instrument. Diluted samples were
dispersed in an ultrasound bath for 30 min and then deposited onto a carbon film on a copper grid.

MeOH synthesis was done similar to the process described in [10,31] in a 200 mL stainless high
pressure hpm-020 autoclave batch reactor (Premex Reactor AG), equipped with a pressure sensor and
thermocouple inserted. Weighed Cu NP and sodium methoxide (NaCHO3) were added to 50 mL
diglyme placed in the reactor. The reactor was charged to about 20 bar syngas (1CO:2H2), then stirred
at 3000 rpm and heated to 100 ◦C. The cooled liquid products were analysed using Agilent 7890 A
GC with Agilent 7683B autosampler coupled with Agilent 5975 mass spectrometer detector (MSD).
A CARBOWAX 007 series 20 M column with dimensions 60 m × 320 µm × 1.2 µm was used and
programmed at 15 ◦C/min temperature ramp from 40 ◦C to 200 ◦C and held at 200 ◦C for 3 min,
at 0.47 bar (6.8 psi) constant pressure. 0.54 mg heptane was as an internal standard.

Dry powdery sample was used for most of the characterization (XRD and TEM) and MeOH
synthesis. Given that the collected sample from the SDR was colloidal in nature when collected in
starch, it was difficult to use centrifuge for isolating the Cu NP. Slurry samples in smaller proportions
were oven dried at 90 ◦C overnight. The dry samples were used for the MeOH synthesis without
purification. MeOH productivity was calculated as shown in Equation (6).

Productivity =
amount o f MeOH (mol)

amount o f Cucatalyst (mol)× reaction time (h)
(6)

4. Conclusions

The SDR was used for making varying copper NP sizes based on copper borohydride reduction
reaction. The Cu NP sizes and distributions were varied by changing physical and chemical parameters
involved in the precipitation reaction. Particle size distribution narrowed with a corresponding
decrease in particle size when micro-mixing time was shortened by, for example, increasing SDR
rotation speed and total flow rates. Particle sizes in the range of 3 to 55 nm were obtained, which upon
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oven drying at 70 or 90 ◦C showed predominantly polycrystalline Cu2O and Cu phases. The advantage
of the current technique is that it provides a faster approach to fine tuning Cu NP sizes for MeOH
synthesis by varying physical parameters but using the same chemical recipe. The NPs were tested to
be active for MeOH synthesis at low temperature (100 ◦C) and MeOH productivity increased with
decreasing particle sizes.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/11/1/154/s1, Figure S1:
Effect of starch concentration on PSD.
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Figure S1. Effect of starch concentration on PSD (a) and mean particles size (b),  0.01 M Cu(NO3)2/0.02 M NaBH4, flow 

ratio=2, flow rate=5.5 ml/s  disk speed= 2400 rpm 

 
In order to keep the Cu nanoparticles from agglomerating, corn-starch was dissolved in 90 oC hot 

water to form starch gelatine. Fig S1 shows the effect of varying starch concentration on the particles 

size after 1 day. When no starch was added, wider particles size distribution (PSD) was observed, 

with varying mean particles sizes, ranging from 10 to 15 nm. However when the particles were 

collected in starch gelatine, narrow PSD was observed and the mean particles size was about 6±1 nm. 

Moreover, no significant difference in both the PSD and the mean particle sizes were observed from 

the 1 to 33.3 1 g/L starch. As a result, the Cu nanoparticles made with the SDR were collected directly into 10 

ml of 1 wt  % (10g/L) starch gelatine.  
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Abstract 
 

Methanol (MeOH) synthesis at low temperature (100 
oC) presents an opportunity for full syngas conversion 

per pass. This presents a cheaper alternative for MeOH 

synthesis using an air-blown autothermal reformer 

(ATR) rather than the conventional high temperature 

(>250 oC) MeOH synthesis approach which requires an 

expensive cryogenic O2-blown ATR. The aim of this 

work was to use the process simulation program Aspen 

HYSYS to simulate and optimize the reactor conditions 

for a complete MeOH process design using an air-blown 

ATR. Our results revealed that, while syngas produced 

from ‘normal’ air-blown ATR (syngas composition 

0.20CO:0.40H2:0.39N2) required 100 bar to obtain full 

conversion per pass, syngas produced from enriched air-

blown ATR (syngas composition 0.31CO:0.62H2:0.07 

N2) required 60 bar total syngas pressure to achieve the 

same. Even though the energy generated in both 

processes was enough to cover the heating demand in 

the total process with surplus, the enriched air-blown 

system provides a better energy recovery if the surplus 

energy is not used for extra power generation. The total 

process energy demand due to compression was 

estimated to be 2270 and 983 MJ/ton MeOH product for 

the normal air-blown and enriched air-blown systems 

respectively. A process design was proposed based on 

the optimized conditions for the enriched air-blown 

process.  

 

Keywords: Air-blown reformer, syngas, methanol, low 
temperature, simulation, Aspen HYSYS  

1 Introduction 

Methanol (MeOH) is a multi-purpose molecule widely 

used as a base chemical, and for storage of energy and 

CO2 (Olah, 2005). MeOH can be used as a fuel blend or 

directly converted to valuable hydrocarbons such as 

gasoline over acidic microporous materials (Olsbye et 

al., 2012), thereby providing an alternative source of 

petrochemical feedstock used today.   

The current technology for MeOH synthesis is 

based on conversion of syngas and operate around 250-

300 oC and 50-100 bar (Hansen & Højlund Nielsen, 

2008). While this technology is highly optimized, the 

relatively high operating temperature limits conversion 

to barely 20 % per pass due to thermodynamics of the 

exothermic MeOH synthesis reaction (Equation (1)). As 

a result, the current process requires several recycling 

steps to optimize production (Lange, 2001). 

Furthermore, the low conversion per pass of this 

process requires the use of a rather ‘pure’ syngas other 

than a N2-diluted syngas for the MeOH synthesis. Such 

pure syngas production alone accounts for more than 

half of the total operation and capital cost in current 

methanol processes (Marchionna, Di Girolamo, 

Tagliabue, Spangler, & Fleisch, 1998). This is due to the 

use of expensive cryogenic O2 for partial oxidation of 

hydrocarbons. The lowest cost of syngas production is 

by the use of either an ordinary air or an O2 enriched air 

rather than cryogenic O2-blown autothermic reformer 

(ATR) (Hansen & Højlund Nielsen, 2008). The highly 

exothermic syngas conversion to MeOH requires a 

relatively low temperature to achieve a full conversion 

per pass. Hence, such low temperature process will 

allow for the use of N2 diluted syngas for MeOH 

production, with reduced capital and operation cost as 

there will be no need for recycling.  

𝐶𝑂 + 2𝐻2 ⇌ 𝐶𝐻3𝑂𝐻       𝛥𝐻 = −90.6 
𝑘𝐽

𝑚𝑜𝑙
        (1) 

Alternatively, a low temperature MeOH synthesis 

(LTMS) process which proceeds rapidly in a liquid 

medium at about 100 oC presents the possibility for full 

syngas conversion per pass (Christiansen, 1919). The 

LTMS process is known to occur in two steps 

(Equations (2) and (3)), via a methyl formate 

intermediate (Ohyama & Kishida, 1998). Typically 

alkali alkoxide is known to catalyse the carbonylation 

step (Equation 1) and Cu based materials catalyse the 

hydrogenolysis step (Equation 2). Cu nanoparticles due 

to largely exposed surface area accelerates the 

hydrogenolysis step in the LTMS process (Ahoba-Sam, 

Boodhoo, Olsbye, & Jens, 2018). For example, in 

diglyme solvent, Cu nanoparticles in combination with 

sodium methoxide led to up to 92 % conversion per 

batch with 20 bar syngas composed of 0.33CO:0.67H2, 

at 100 oC (Ahoba-Sam, Olsbye, & Jens, 2018).    

𝐶𝑂 + C𝐻3OH ⇌ HCOO𝐶𝐻3                               (2) 

𝐻𝐶𝑂𝑂𝐶𝐻3 + 2𝐻2 ⇌ 2𝐶𝐻3𝑂𝐻                          (3) 

In this paper, our focus was to design a complete process 

for the LTMS reaction using Aspen HYSYS simulation 
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program. Considering that the LTMS process can 

tolerate N2 diluent, the use of ordinary air and other O2 

enriched air can be simulated for the syngas production, 

and subsequently be used to design a complete MeOH 

plant. Even though the concept has been described as a 

‘dream reaction’ (Hansen & Højlund Nielsen, 2008), the 

current work demonstrates that the suggested concept is 

feasible. The specific aim of this work was to simulate 

and optimize the reactor conditions in order to propose 

a complete design of the LTMS process using an air-

blown ATR. Different parameters such as chemical 

compositions, temperature and pressure in the reactors 

were varied to optimize the process parameters. 

2 Process Description 

2.1 Principles of the Syngas Production 

The syngas production process involved partial 

oxidation of methane (CH4) using air, illustrated in 

Equation (4). The Figure 1 shows a syngas production 

process using air as the source of O2. The process 

consists of a reactor (ATR), compressor and heat 

exchangers. Compressed air was used to make-up for 

the stoichiometry between CH4 to O2. The CH4 feed 

used was assumed to be pure, without any sulphur or 

heavier hydrocarbon present, while the air feed 

consisted of only O2 and N2 to simplify the simulation. 

The compressed air together with the CH4 feed were 

pre-heated and fed directly into the reactor.  

𝐶𝐻4 +
1

2
𝑂2 ⇌ 𝐶𝑂 + 2𝐻2   𝛥𝐻 = −36 

𝑘𝐽

𝑚𝑜𝑙
  (4) 

 

Figure 1.    Principle for the syngas production process  

 

 
Figure 2. Principle for the low temperature MeOH 

synthesis process 

2.2 Principles of the MeOH Synthesis 

Process 

Figure 2 shows the MeOH synthesis process using N2 

containing syngas as feed. The LTMS process involved 

a MeOH reactor and a mixing unit. Since this step is 

highly exothermic (see Equation (1)) and requires lower 

operating temperature, the process is often carried out in 

liquid medium to absorb excess heat to minimize 

adiabatic rise in temperature beside other solvent’s 

polarity role for the catalysis (Ahoba-Sam, Olsbye, & 

Jens, 2017). The syngas feed is mixed with a liquid 

solvent and fed into the MeOH reactor. For simplicity 

of the model, we have taken MeOH as a solvent and due 

to the 100 % thermodynamic syngas conversion, we 

have neglected the effect of MeOH solvent in the 

equilibrium calculations. 

3 Models 

All the simulations were performed using the Aspen 

HYSYS (version 8.6) program. Gibbs reactors were 

employed for both the syngas production and LTMS 

processes. A Gibbs reactor calculates the composition 

with the theoretical free energy minimum, which is the 

theoretical equilibrium composition. The Peng-

Robinson equation of state (Peng & Robinson, 1976) 

fluid package was used in all the simulations. The 

equilibrium for the partial oxidation of CH4 was 

calculated for the process in the ATR reactor, while CH4 

was assumed to be inert in the MeOH reactor. After the 

individual reactors were optimized, an overall system 

was designed.  

Separating units were added in the overall system to 

represent, (i) a pressure swing adsorber (PSA) and (ii) 

H2O/CO2 absorber. The PSA was included to help 

regulate the O2/N2 composition that is fed into the ATR. 

The H2O/CO2 absorber was used to separate the H2O 

and CO2 from the syngas effluent before the MeOH 

reactor. After establishing reasonable pressure and 

temperature conditions in the individual reactors, the 

total compression, and heating requirements were 

simulated, to find out whether additional heating was 

necessary for the total process. 

4 Process Simulations 

4.1 Simulation and Optimization of the 

ATR for Syngas Production 

To optimize the feed composition, different mole 

fractions of the CH4: air (containing O2 and N2) were fed 

into the ATR reactor. The O2/N2 ratio was kept constant 

at air composition of 21/79. The Figure 3 shows the 

effect of the ratio of CH4/O2 on the syngas produced at 

600 oC. The highest amount of CO + H2 coupled with 

the least H2O and CO2 side product (3 and 1 % 

respectively) was observed at CH4/O2=2. While H2O 

and CO2 side products increased below the CH4/O2=2 
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ratio due to increase in oxidation, lower CH4 conversion 

was observed at higher CH4/O2 ratio as the amount of 

O2 became limiting. When the ratio of CH4/O2 was kept 

constant and O2/N2 ratios were varied (not shown), no 

variation was observed in the composition of the 

products. Overall CH4/O2=2 was chosen as a reasonable 

composition as this gave the highest amount of syngas 

(CO+H2) with H2/CO=2.    

The temperature was varied to determine a 

reasonable temperature required for the feed inlet. 

Figure 4 shows the effect of temperature on the syngas 

produced between 600 to 1600 oC. This was done at 

0.30CH4:0.15O2:0.55N2 feed composition set to 20 bar. 

Generally, the overall CH4 conversion increased while 

side products decreased with increasing temperature. 

After 1200 oC, subtle changes were observed in the main 

products such that both the amount of syngas and 

H2/CO=2 were similar. The amount of H2O and CO2 

side product at 1200 oC decreased from 0.36 and 0.06 % 

to 0.06 and 0.01 % respectively at 1600 oC. 

Nevertheless, considering the exothermic nature of the 

process and its significance on the reactor material, 1200 
oC was the temperature of choice for the syngas 

production.   

   

 
Figure 3. Effect of feed composition on the syngas 

production, at 600 oC and 10 bar. 

 
Figure 4. Effect of temperature on the syngas production, 

20 bar 

Furthermore, the total inlet pressure was varied to 

determine a reasonable pressure required for the optimal 

feed inlet. Figure 5 shows the effect of pressure on the 

syngas produced between 10 to 100 bar. This was done 

using similar syngas composition as was done for the 

temperature (0.30CH4:0.15O2:0.55N2) at 1200 oC. The 

overall CH4 conversion increased while side products 

decreased with decreasing pressure. After 30 bar, no 

significant changes were observed as both the amount of 

syngas produced and H2/CO=2 remained the same. 

Therefore 20 bar was a reasonable pressure of choice for 

the syngas production.   

 
Figure 5. Effect of pressure on the syngas production 

4.2 Simulation and Optimization of the 

MeOH Synthesis Process 

The operating conditions for MeOH production was 

simulated to optimize the LTMS process. Figure 6 

shows the effect of temperature on conversion at 20 and 

100 bar syngas pressure. This was calculated using 

syngas ratio of 0.21 H2 : 0.41 CO : 0.39 N2. The syngas 

conversion rose exponentially from 300 oC to 120 oC 

and then increased slightly with decreasing temperature. 

The optimum temperature however depends on the 

operating pressure as the 20 and 100 bar syngas 

pressures showed similar trend but different 

conversions.   

 
Figure 6. Effect of temperature on the LTMS process 
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Figure 7 shows the effect of pressure with and 

without N2 at 100 oC. The conversion with N2 was 

calculated using 0.21H2:0.41CO:0.39 N2 syngas ratio 

while the conversion without N2 was calculated based 

on 0.67H2:0.33CO composition. The syngas without N2 

showed more than 99 % conversion from 5 to 100 bar 

total syngas pressure. The syngas with N2 however 

exponentially increased with pressure such that about 99 

% conversion was achieved at 100 bars. This indicated 

the importance of N2 diluent on the partial pressures of 

the syngas composition required for optimal conversion. 

Nevertheless, a reasonable pressure chosen for 

achieving optimal conversion in the presence of 39 % 

N2 syngas diluent was 100 bar. 

 
Figure 7. Effect of pressure on the LTMS process 

 

Figure 8. Effect of N2 diluent concentration on LTMS 

process at different pressures 

Furthermore, the importance of N2 diluent was 

determined by varying its composition in the syngas. 

Figure 8 shows the effect of N2 composition in the 

MeOH synthesis at 100 oC at different syngas total 

pressures. Syngas conversion increased with decreasing     

the amount of N2 diluent in the syngas. Interestingly, a 

slight decrease of the amount of N2 in the syngas from 

39 % (from normal air composition) to 20 %, leads to 

full conversion even at 60 to 100 bar. Further N2 

reduction below 7 % in syngas will thermodynamically 

allow more than 99 % conversion at 100 oC and 20-100 

bar. PSA for example can easily be used to enrich air up 

to 90 % O2 content in air (Rao & Muller, 2007). Hence 

for the enriched air, 7 % N2 in syngas, which can achieve 

full conversion per pass at 60 bar was chosen for the 

LTMS process.  

4.3 Simulation of the Overall LTMS 

Process   

The optimized operation conditions for the two reactors 

were put together as an overall LTMS process.  Two 

scenarios were considered; one involving ‘normal’ air-

blown ATR (0.21 O2:0.79 N2) and the other involving 

an O2 enriched air-blown-blown (0.70 O2:0.30 N2) 

system.  Figure 9 shows the Aspen HYSYS flow-sheet 

for the overall standard LTMS process for an enriched air-

blown ATR. The set-up in the Figure 9 differs from the 

normal air-blown system by the inclusion of a PSA unit for 

enriching the air.  

The details of the selected operating conditions used for 

the calculation is tabulated in Table 1. The partial oxidation 

was carried out at 1200 oC and effluent from the ATR 

cooled down to 30 °C in both systems.  The 20 bar N2 

containing syngas produced was compressed to either 

60 or 100 bar in the compressor where adiabatic 

efficiencies were specified to 75 %.  Starting with 3990 

kmol/h CH4 flow, the normal air-blown system yielded 

3842 kmol/h MeOH at 100 bar syngas pressure while that 

with the enriched air-blown yielded  3919 kmol/h MeOH 

at 60 bar. 
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Figure 9. Aspen HYSYS flow-sheet for the overall standard LTMS process

Table 1. Specifications of Operation Conditions for the Overall LTMS Process as used in Figure 9 

 Air-blown ATR system Enriched air-blown ATR system 

Parameter Molar flow 

(kmol/h) 

Pressure 

(bar) 

Temperature 

(oC) 

Main 

composition 

Molar flow 

(kmol/h) 

Pressure 

(bar) 

Temperature 

(oC) 

Main 

Composition 

CH4Feed 3990 20 20 1 CH4 3990 20 20 1 CH4 

CH4Feed2 ‘’ ‘’ 1200 ‘’ ‘’ ‘’ 1200 ‘’ 

AirFeed 9500 1.01 20 0.21 O2 : 0.79 N2 14250 1.01 20 0.21 O2:0.79 N2 

AirPress - - - - ‘’ 1.50 66.5 ‘’ 

O2Enrich - - - - 2850 1.10 67 0.70 O2:0.30 N2 

AirFeed2 9500 20 515 0.21 O2 : 0.79 N2 ‘’ 20 595 ‘’ 

AirFeed3 ‘’ ‘’ 1200 ‘’ ‘’ ‘’ 1200 ‘’ 

Syngas1 19375 ‘’ 1356 0.20 CO : 0.40 H2 

: 0.39 N2 

12727 ‘’ 1439 0.31 CO:0.62 

H2:0.07 N2 

Syngas2 ‘’ ‘’ 652 ‘’ ‘’ ‘’ 687 ‘’ 

Syngas3 ‘’ ‘’ 30 ‘’ ‘’ ‘’ 30 ‘’ 

Syngas3pure - - - - 12678 20 33.5 ‘’ 

Syngas4 19375 100 265 0.20CO:0.40H2:0.

39N2 

‘’ 60 186 ‘’ 

Syngas5 ‘’ ‘’ 30 ‘’ ‘’ 60 100 ‘’ 

Mix1 ‘’ ‘’ ‘’ ‘’ ‘’ ‘’ ‘’ ‘’ 

MeOH out 

(Liquid+Gas) 

11642 ‘’ 100 0.33CH3OH: 

0.64N2 

4839 ‘’ ‘’ 0.81CH3OH: 

0.18 N2 

Table 2. Heat/Energy flow for the overall LTMS process 

in reference to Figure 9 

The heat/energy flow for the two systems is shown in 

Table 2. The negative signs in the table represent heating 

demands, while the positive represented heat release. For 

the normal air-blown system, a surplus (after recovery) of 

7.68x108 kJ/h heat was released as calculated from the 

heating and cooling. The total energy demand for the 

compressors was estimated to be 2.80x108 kJ/h or 2270 

MJ/ton MeOH product for the air-blown system. For the 

enriched air-blown system, a surplus (after recovery) of 

6.10x108 kJ/h heat was released when the heating and 

cooling streams were considered. The energy demand due 

to compression was estimated to be 1.23x108 kJ/h or 983 

MJ/ton MeOH product required for the enriched air-blown 

system. Overall the heat demand is covered by the surplus 

heat in both air-blown ATR systems. 

5 Discussion of the Process 

The air-blown ATR process for LTMS technology differ 

from conventional MeOH synthesis technology by the 

inclusion of N2 diluent. The use of normal air for syngas 

production presents a cheaper alternative rather than a 

cryogenic O2 which is more capital intensive. 

Alternatively, cheaper O2 enrich air can be produced 

either by PSA or membrane separation technologies. 

PSA was preferred for the model since membrane 

separation is usually economical only at small scale (e.i 

< 20 ton/day). When an enriched air is used, the cost of 

production using a PSA will be cheaper than the use of 

a cryogenic air separation (Rao & Muller, 2007) 

considering the 70 % O2 (in air) purity estimated for the 

partial oxidation in this work.   

Heating  Air-blown 

(106kJ/h) 

Enriched-air 

(106kJ/h) 

CH4HEATER (-) 306 306 

AIRHEATER (-) 219 60.2 

DUTY1AFTERATR (+) 451 315 

DUTY2AFTERATR (+) 366 252 

DUTY3AFTERCOMPR (+) 141 32.2 

HEAT1 (+) 335 377 

Compression  

PSAEFFECT - 19.4 

AIRCOMPREFFECT 144 47.6 

SYNGASCOMPREFFECT 135 56.4 
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The exothermic partial oxidation reaction for the 

syngas production generates excess energy. The 

reaction specified at 1200 oC indicates outlet 

temperatures between 1350-1440 oC. This can raise 

concerns about the choice of the reactor material. 

Nevertheless, a typical ATR reactor has a burner 

operating above 2000 oC (Dybkjaer, 1995), and hence a 

1440 oC stream outlet with a good heat transfer does not 

pose extra danger compared to the existing reactors. It 

also important to note that the partial oxidation process 

is already a commercial process in ammonia plants 

(York, Xiao, & Green, 2003) and considering the high 

operating temperature, the conversions obtain are 

practically close to equilibrium. 

Furthermore, the difference in energy input and 

output due to heating indicated surplus of 7.68x108 and 

6.10x108 kJ/h released in the normal air-blown and the 

enriched air-blown processes respectively. This 

indicated that heat generated in the process was enough 

to cover the heating demand in the total process. If the 

surplus energy is not recovered, the heat lost will be 

higher in the normal air-blown system. The surplus 

energy can however be used for power production for 

example in steam turbines (Ganapathy & Faulkner, 

2002). The energy demand will therefore be due to feed 

compression, which can be reduced by the power 

generated from the surplus energy. 

Thermodynamically, a full conversion per pass can 

be attained at lower temperatures below 120 oC. This 

however, depended on the partial pressure of the syngas 

components. When 39 % N2 (from normal air-blown) in 

syngas was used as feed, full syngas conversion was 

possible at 100 bar. One disadvantage is the need for 

larger reactor volumes due to the space occupied by the 

N2 diluent. However, with the enrichment of the air, 

same conversion could be attained with 7 % N2 in 

syngas at 60 bar. The energy demand from compression 

relative to MeOH production was therefore estimated to 

2270 and 983 MJ/ton MeOH product for the normal air-

blown and the enriched air-blown systems respectively. 

The optimized LTMS process was put together and a 

complete process design proposed. The Figure 10 shows 

a simplified diagram of the proposed air-blown LTMS 

process. Even though full syngas conversion can be 

achieved at 100 oC and 60 bar, there are a few 

experimental drawbacks. H2O and CO2 for example are 

catalyst poisons, and are required to be less than 10 ppm 

(Liu, Tierney, Shah, & Wender, 1988; Ohyama, 2003). 

The amount of methoxide diminishes by reacting with 

H2O and CO2 to produce hydroxide and carbonate 

respectively. As a results, there is a need to have an 

absorbing unit to remove H2O and CO2 from the syngas. 

Moreover, as MeOH is separated from the product 

stream some of the catalyst system which has undergone 

recycling can be reintroduced into the reactor.  Overall, 

the air-blown ATR for a complete LTMS process design 

is a promising process for cheaper MeOH production.  

 
Figure 10. Simplified flow diagram of a complete LTMS 

process design 

6 Conclusion 

Simulations and optimizations of air-blown ATR and 

MeOH synthesis were performed to design a complete 

LTMS process. A normal air and an O2 enriched air-

blown ATR were optimized for syngas production in the 

low temperature MeOH synthesis process. Overall, the 

air-blown system containing 39 % N2 (from air) in the 

syngas required about 100 bar to achieve full 

conversion, while the enriched air-blown system which 

contained 7 % N2 in syngas could achieve same 

conversion at 60 bar. In both cases, the energy generated 

in the process was enough to cover the heating demand 

in the total process. When the surplus energy is not 

recovered, the heat lost will be higher in the normal air-

blown system than the enriched air-blown system. The 

energy required for compression was therefore 

estimated to be 2270 and 983 MJ/ton MeOH product for 

the normal air and enriched air-blown systems 

respectively. An overall design was proposed based on 

the optimized conditions for the air-blown process. 
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