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1. 1 Carbon dioxide and related concerns  

1. 1. 1 Actual context 

It is well-known that there is a continuously increasing trend in atmospheric carbon dioxide 

concentration when it comes to comparing the actual values with the ones recorded 50-60 

years ago. In the summer of 2014 NASA (National Aeronautics and Space Administration) 

launched its first dedicated satellite for measurement of atmospheric carbon dioxide, a heat-

trapping gas that represents the driving force for the well-known phenomenon of global 

warming. All the measurements are performed with the spacecraft named Orbiting Carbon 

Observatory-2, or OCO-2, which has as the main goal to locate Earth’s sources of and storage 

places for atmospheric carbon dioxide [1]. The concentration of CO2 in ppm across different 

regions can be seen from Figure 1.1. The continuous population growth, world energy 

demand and consumption in a tremendous change from year to year, a more and more 

modern lifestyle which requires people adapting to it, industrialization that led to a better living 

standard and countless discoveries over the centuries are all major contributors leading to 

increased carbon dioxide concentration. 

 

Figure 1.1 a. Artist rendition of the CO2 column that OCO-2 sees, and b. NASA satellite's 1st CO2 maps [1] 

Why does carbon dioxide deserve a lot of attention? Carbon dioxide (CO2) is the main 

greenhouse gas emitted through human activities. CO2 occurs in the atmosphere as part of 

the Earth's carbon cycle (the natural motion of carbon among the atmosphere, oceans, soil, 

plants, and animals). Human activities are acting upon the carbon cycle - both by adding more 

CO2 to the atmosphere and by influencing the ability of “natural sinks”, e.g. forests (by 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



Carbon dioxide and related concerns 
 

 3 

deforestation), to remove CO2 from the atmosphere. While CO2 emissions come from a variety 

of natural sources, human-related emissions are held responsible for the increase that has 

occurred in the atmosphere from the beginning of industrial revolution (end of 18th century – 

beginning of 19th century) onward.  

1. 1. 2 A guided walk throughout the history 

To be able to better understand the present and to predict the future of our society in a 

clearer manner, one needs to have a comprehensive view of the past and a realistic 

presentation on what is going on nowadays (Figure 1.2). There is strong evidence that climate 

change is occurring and that this is largely caused by human activities. We owe a better 

understanding of the whole process (natural and non-natural) and clear actions ought to be 

taken to reduce the energetic and environmental risks that hover over our lives, and more 

importantly over the future generations. 

 

Figure 1.2 CO2 problem – past and future 

1. 1. 2. 1 World energy demand and consumption statistics 

Life is all about energy. Life necessitates energy to survive and everything that happens 

around us is due to energy in all its forms. From the sun that gives light and heat energy, the 

cars that require gasoline or electricity to be powered to the food that we eat and which gives 

us the necessary amount of energy to perform our daily tasks, absolutely everything is 

centered on this sole term: energy. The world total primary energy supply (TPES) refers to the 

raw form of energy as it can be found in nature and that has never been subjected to any kind 

of transformation process. At a glance, the results presented in 2015 by the International 

Energy Agency (IEA) [2] – Key world energy statistics – indicate (Figure 1.3) that there are 

more energy resources in the world today than ever before. However, the major component 

of TPES is the fossil fuel, which forms more than 80% (in 2013) of the annual energy 
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production. Basically, a share around 82% comes from oil (~ 31%), natural gas (~ 21%), and 

coal (~ 29%): distinctly old energy sources. The vital thing to emphasize from this data set is 

that our society is completely dependent on this finite and non-renewable energy source i.e. 

fossil fuel. The real meaning of this statement is that we rely on a source of energy that will 

end at some point and cannot be regenerated on human life time-scale. 

 

Figure 1.3 World total primary energy supply (TPES) by resource (in 1997 and 2013). The graphs include 

international aviation and international marine bunkers. Peat and oil shale are aggregated with coal, while 

geothermal, solar, wind, heat, etc. are aggregated to renewables. Data represented in million tons of oil equivalent 

(Mtoe)  1 Mtoe = 11.63 TWh (terawatt-hours). Source: International Energy Agency (IEA) - Key world energy 

statistics from 2015 

As mentioned above, there are three major forms of fossil fuels: coal, oil and natural gas. 

Basically, hydrocarbons that are all formed from the remains of dead plants and animals 

millions and millions of years ago and have carbon atom as main component (hence the name 

of the age they all were formed, Carboniferous Period). The data from IEA regarding total 

world energy consumption (Figure 1.4) is unequivocal [2]. The values presented are 

consistent with the supplies that are available and we rely on, and so, out of the total energy 

consumption the biggest share (of ca. 67%) is represented by fossil fuel. According to the 

reports generated by EIA - Energy Information Administration, Independent statistics and 

analysis bureau by the end of 2012 [3] more than 50% of the energy consumed worldwide 

belonged to the industrial sector. At rather large distance it comes, on the second place, 

transportation sector with a share around 27%. With shares of around 14% - residential sector 

and 8% - commercial sector are completing the tableau that highlights what was already 

known. These all are clear indications that our society continuously grows and, consequently, 

its desire for more energy grows. We aim at better and better living standards, we consume 

more so we require more, and we need more and more industry to “produce” all the assets 

necessary to fulfill, or at least to improve, our great journey through life. 
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Figure 1.4 World total final energy consumption by resource (in 1997 and 2013). The graphs include international 

aviation and international marine bunkers. Peat and oil shale are aggregated with coal, while geothermal, solar, 

wind, heat, etc. are aggregated to renewables. The figures for renewables (biofuels and waste) final consumption 

have been estimated for a relevant number of countries. Data represented in million tons of oil equivalent (Mtoe) 

 1 Mtoe = 11.63 TWh (terawatt-hours). Source: International Energy Agency (IEA) - Key world energy statistics 

from 2015   

It is important to take a closer look at the World Energy Outlook Factsheet released in 

2014 by the IEA to understand the actual trends in energy demand and its consumption [4]. 

IEA clearly states that the total world energy demand will increase with 37% by year 2040. 

Also, it is expected that the energy demand growth will decisively shift away from OECD 

countries (Organization for Economic Co-operation and Development), an international 

economic organization of 34 countries founded in 1961 to stimulate economic progress and 

to encourage world trade. Other important facts state that by the mid-2020s China will 

dominate this economic growth and soon after (given that China’s population is leveling off) 

India will take over. Despite all the measures and policies aimed at promoting energy efficiency 

and fuel switching technologies, the coal, gas, and oil demand (fossil fuel) will still represent 

the major share of the market by 2040 (with an estimated value of around 55%). 

1. 1. 2. 2 Greenhouse gas generation 

Going back to the question regarding the implications of the large-scale consumption of 

fossil fuel and its decisive and irreversible touch on the world, it should be accentuated that 

upon consumption of fossils CO2 is generated, the most abundant of the greenhouse gases 

(GHGs) that later “generate” radiative forcing (RF) and finally contribute to global warming 

(Figure 1.5). 
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Figure 1.5 The greenhouse gas effect 

The effect that GHGs have on the climate change is depending upon three major factors, 

i.e. the gas concentration in atmosphere, their lifetime, and their direct impact on the Earth’s 

temperature, a measure given by the global warming potential. The basic rule is that the more 

energy they absorb, the more dangerous they are. The greenhouse gas footprint defines the 

amount of GHGs that are emitted during the manufacture of products or creation of services, 

whereas carbon footprint is the share that CO2 emissions contributes to GHGs footprint.   

According to NOAA’s - National Oceanic and Atmospheric Administration is a scientific agency 

within the United States Department of Commerce focused on the conditions of the oceans 

and the atmosphere - report on Annual Greenhouse Gas Index (AGGI) the following 

discussions have risen (from IPCC, Intergovernmental Panel on Climate Change – an 

international organism under the hood of United Nations) [5, 6]:  

 The issue – increasing concentrations of greenhouse gases in Earth’s atmosphere 

represent a long-term commitment by society to living in a changing climate and, 

ultimately, a warmer world (IPCC, 2014, Working Group I) 

 The problem – climate change has disruptive and uncertain consequences for 

agriculture, water supply, transportation, coastal communities, the economy, energy, 

ecosystems, and ultimately national security (IPCC, 2014, Working Group II) 

 The question – how much is the human influence on climate changing owing to 

continued emission of greenhouse gases? 

The recent global level of CO2 concentration is rising serious concerns about the direction 

we are heading to. With the last update done on the 5th of July (NOAA) 2016, it was find that 

in June 2016 the CO2 global level was 406.81 ppm which is more than the value presented in 
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June 2015, 402.80 ppm. Even more, data from co2now.org indicates that the atmospheric 

CO2 level for November 2014 was 397.13 ppm. The concentrations of CO2 in the atmosphere 

are increasing at an accelerating rate from decade to decade. The latest atmospheric CO2 

data is consistent with a continuation of this long-standing trend (it is enough to have a look 

at the Keeling curve, a graph which plots the ongoing change in concentration of CO2 in Earth's 

atmosphere since 1958, displaying an increasing trend in CO2 levels since the beginning of 

the time Appendix A, Figure 7.1). Adding on top of this that the upper safety limit for 

atmospheric CO2 is 350 ppm [7] and atmospheric CO2 levels have stayed higher than 350 

ppm since early 1988 one can get the full picture. We should act fast and it must be firm! 

"The science is sobering—the global temperature in 2012 was among the hottest since 

records began in 1880. Make no mistake: without concerted action, the very future of our 

planet is in peril." Christine Lagarde, Managing Director - International Monetary Fund 

An IEA report from 2012 states that the CO2 share on the global forcing greenhouse gas 

emissions was more than 75%. Also, a recent study released by NOAA on CO2 accumulation 

in the atmosphere from the burning of coal, oil, and natural gas (fossil fuels) over a two-year 

time period (2011-2012) indicates that the largest emitters are Eastern Asia, Western Europe, 

and the North East of North America - with a total accumulation of 9 to 10 ppm CO2 (equal to 

2.3% of increase in concentration) over the two-year period ([8], according to Open-source 

Data Inventory for Anthropogenic CO2). Over a ten-year period, these emissions would be 

equivalent to 45 ppm of CO2 or an increase of 11.5%. 

1. 1. 2. 3 Global climate change 

In 2010, the National Research Council concluded that "Climate change is occurring, is 

very likely caused by human activities, and poses significant risks for a broad range of human 

and natural systems" [9]. The climate change indicators are obvious and are presented 

worldwide: (average) temperatures are rising, snow and rainfall patterns are shifting (USA), 

four-season year (spring-summer-autumn-winter) became two-season year (winter-summer) 

in many of the European countries, along with a visible change in the precipitation patterns, 

more extreme climate events are taking place – record high temperatures, large flooding 

periods, heavy rainstorms or extended drought episodes, increased glacier melting, etc. 

Warming of the climate system is undeniable, and many of the observed changes are 

unprecedented over decades. The atmosphere and ocean have warmed, the amounts of snow 

and ice have diminished, sea level has risen, and the concentrations of greenhouse gases 

have increased. 

From the Intergovernmental Panel on Climate Change (IPCC Climate Change 2013: The 

Physical Science Basis - IPCC Working Group I Contribution to AR5), the globally averaged 
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combined land and ocean surface temperature data as calculated by a linear trend, shows a 

warming of 0.85 (0.65 to 1.06) °C, over the period 1880 to 2012. The projections are, 

depending on the future GHGs emissions and how the climate will respond to it, that the 

average global temperatures will increase worldwide by 1.1 to 6.4 °C by 2100. Warming is and 

will be greatest over land areas and higher latitudes. Natural processes such as changes in 

the sun's energy, shifts in ocean currents, and others affect Earth's climate. However, they do 

not explain the warming that we have observed over the last half-century. In their attempt to 

shed some light on the actual events more and more scientists are linking these changes in 

the global climate to the increased levels of CO2 and other greenhouse gases in our 

atmosphere, which are caused by human activities. In the same report signed by IPCC it is 

mentioned that total radiative forcing is positive, and has led to an uptake of energy by the 

climate system. The largest impact to total radiative forcing is produced by the increase in the 

atmospheric concentration of CO2 since 1750. What are the repercussions? Climate change 

has a direct impact on our lives, on our health (we are going to be exposed to more and more 

health risks), on the environment (e.g. water supply and water quality, soil properties), and 

economy (e.g. influence agricultural crop yields, or changes in forests). Ultimately it will affect 

humanity. We do have to learn how to adapt our life style to the changes that are expected to 

occur in the (near) future. 

1. 1. 2. 4 Climate change mitigation 

 United Nations Framework Convention on Climate Change (UNFCCC, signed in Rio 

de Janeiro in 1992, became effective in 1994)  

 The Kyoto Protocol (signed in Kyoto in 1997, became effective in 2005) 

 2015 United Nations Climate Change Conference (Paris, France) - COP 21/CMP 11 

meetings (effective after being signed in April, 2016 in New York. It came into force on 

4th November, 2016) 

Over the last century, global population and economic growth have been leading to 

increased emissions and concentrations of greenhouse gases. Although the impact of these 

increasing concentrations is not completely understood, concern is growing, and various 

means for reducing these emissions are being exploited. Advanced technology is an important 

component of any emissions reduction scheme, because it is potentially the key to lowering 

the costs of emissions reductions. It is of prime importance to mitigate the global climate 

change with long-lasting effects. Climate change mitigation defines the sum of actions 

necessary to limit the magnitude and (or) proportion of long-term climate change (B.S. Fisher 

et al. at  [5]). Before the Industrial Revolution in the 19th century, global average CO2 was 

about 280 ppm. During the last 800000 years, CO2 fluctuated between about 180 and 280 

ppm during ice ages and interglacial warm periods, respectively. Given that the CO2 level is 
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above the maximum admitted level since 1988 and that today’s rate of increase (Figure 1.6) 

is more than 100 times faster than the increase that occurred when the last ice age ended 

(NOAA media release dating from 2013), it comes as a natural consequence that actions have 

been taken. 

 

Figure 1.6 CO2 annual rate of increase (in ppm) since 1960 until the present days 

It started in 1992 (when the global CO2 level was already 356.38 ppm), when the United 

Nations Framework Convention on Climate Change (UNFCCC) was signed at the United 

Nations Conference on Environment and Development (UNCED) held in Rio de Janeiro, 

Brazil. The agreement represents an environmental treaty having as a main objective to 

“stabilize greenhouse gas concentrations in the atmosphere at a level that would prevent 

dangerous anthropogenic interference with the climate system” (Article 2. The United Nations 

Framework Convention on Climate Change. Retrieved 15 November 2005). Later, in 1997 in 

Kyoto, Japan the treaty with the same name was signed (Kyoto Protocol) as an extension of 

the UNFCCC agreement. It had the same major objective – to reduce GHGs emissions – and 

it was based on two premises: global warming exists and is affecting our life, and the global 

warming phenomenon has been caused and accelerated by the man-made CO2 emissions. 

192 parties signed the protocol.  

On 31 December 2012, the Protocol was expired. Negotiations were held in Paris in 2014 

to agree on a post-Kyoto legal framework that would force all major polluters to pay for CO2 

emissions but China, India, and the United States have all gave clear indications that they 

would not agree any treaty that would commit them legally to reduce CO2 emissions. It is 

difficult to judge to what extent Kyoto Protocol has been successful. The first remark to make 

is the GHGs emissions have showed no sign of slowing down. In that direction, only, the Kyoto 

protocol has been a failure. But the Kyoto Protocol was indubitably an important first step in 

terms of global climate diplomacy and awareness. In December, 2015 the United Nations 

Climate Change Conference (Paris, France) was held and substantial outcome is expected. 
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The conference negotiated the Paris Agreement, nothing more than a global agreement on 

the reduction of climate change (196 parties attended). Everyone awaits that this treaty will 

represent a turning point into reaching our objective of finally reducing the global warming 

effect. As from the 4th of November, 2016 it has been officially ratified. Table 1.1 presents a 

summary of the most important dates in the history of CO2 levels. 

Table 1.1 Important dates in CO2 levels 

Year 
CO2 level 

(ppm) 
Event 

2015 401.85 Paris Agreement on the reduction of climate change 

2009 387.37 Copenhagen Accord endorses the continuation of Kyoto Protocol 

1997 363.71 Kyoto Protocol – extension for UNFCCC treaty 

1992 356.38 Earth Summit in Rio de Janeiro – UNFCCC was signed 

1987 349.16 The last year when the annual CO2 level was less than 350 ppm 

1959 315.97 The first year with a full year of instrument data 

One difficult question is risen: is it too late to do anything about the climate change? It 

comes out with a simple answer: it is not too late to have a substantial influence on future 

climate change and its effects on us, nor to get ready for the changes we already know they 

are coming. With suitable actions by governments, communities, individuals, and businesses, 

we can diminish the amount of greenhouse gas pollution we release and lower the risk of 

much greater warming and more severe consequences. Bringing CO2 levels down will likely 

require a significant investment of money and resources (e.g. increasing transportation 

efficiency and transport conservation, building efficiency, or efficient electricity production). 

However, many of the actions that we can take to address climate change will later offer more 

important benefits, such as cleaner, healthier air, or fewer (human) tragedies caused by drastic 

climate changes. 

While they are offering important estimation over the reality near us, the numbers 

presented in the “CO2 and related concerns” aim at better understanding of the present and 

predicting the future. Having an exhaustive background on the energetic issues, fossil fuel, 

greenhouse gases, and global warming effect, it should be straightforward to understand why 

stabilizing the atmospheric CO2 concentrations (and implicitly reducing the GHGs) is one of 

the major concerns and challenges for the humanity. Despite sounding like a cliché, it is up to 

all of us making it happen. 
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1. 1. 2. 5 CO2 mitigation strategies 

With the actual level of CO2 on an increasing trend from decade to decade, finding the 

proper mitigation strategies is the key for a safer and sustainable environment. The easiest 

and the most effective way to reduce CO2 emissions is, no doubt, to reduce fossil fuel 

consumption, situation which will have a direct impact on another big problem of the century 

represented by the fossil fuel depletion. Even though nature has its own way to substantially 

reduce CO2 level in the atmosphere (via photosynthesis) this simply does not generate that 

level of CO2 consumption at such a rate so that the required balance can be created. It simply 

does not happen fast enough. The “mitigative” approach of the CO2 emissions generated from 

the use of fossil fuels gave rise to different strategies, technical solutions, and alternative 

options along with new questions, uncertainties, and doubts to tackle the problems: 

 Improve energy efficiency (e.g. improving the conversion efficiencies of fossil fuels to 

electrical and thermal energy reduces CO2 emissions; improving the insulation of 

buildings, traveling in more fuel-efficient vehicles, and using more efficient electrical 

appliances are all ways to diminish energy consumption, and thus CO2 emissions) 

 Energy conservation (e.g. reducing personal energy use by turning off lights and 

electronics when not in use reduces electricity demand; reducing distance traveled in 

vehicles reduces petroleum consumption) 

 Fuel switching technologies (e.g. the substitution of natural gas and oil for coal reduces 

the CO2 emissions) 

 Removal, recovery, and disposal of CO2 (e.g. CO2 can be recovered from fossil-fuel-

burning power plants and engines, captured, transported, and storaged into deep 

underground rock formations) 

 Utilization of CO2 (the recovered CO2 can be converted to materials of use to economy, 

including fuels, chemicals, and construction materials)  

 Decarbonization of fossil fuels (e.g. extracting carbon from fossil fuels and utilizing only 

the hydrogen-rich fraction of fossil fuels can reduce CO2 emissions significantly) 

 Use of non-fossil energy sources (nuclear energy, solar energy, hydroelectric power, 

or geothermal energy. Renewable energy in all its forms) 

 Reforestation (i.e. the planting of trees provides means of reducing atmospheric CO2 

through natural photosynthesis. Moreover, reforestation will improve the quality of 

human life by soaking up pollution and dust from the air) 

 Utilization of biomass energy (the use of wood and other agricultural biomass, 

including aquatic plants such as algae, will diminish CO2 emissions) 
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It can be concluded that the actual CO2 mitigation strategies are under the auspices of 

three leading pathways: CO2 emissions reduction, Carbon Capture and Storage 

(sequestration), and Carbon Capture and Utilization (recycling). The focus will be given to 

carbon capture and utilization, which implements CO2 use as a chemical feedstock.  The use 

of CO2 as a chemical feedstock has been under exhaustive studies for many, many years. 

However, most of the processes investigated are highly endothermic and so require large 

amounts of energy input for successful employment and use. This is rather easy to be 

imagined since it is well known that CO2 molecule is quite an unreactive one (very stable) 

under normal conditions (20 °C and 1 atm). 

Extensive research would be needed to transform CO2 into an important feedstock for the 

chemical industry worldwide. Otherwise, we have a very abundant natural feedstock, CO2, 

with huge potential and very offering at the same time, but difficult to activate for a chemical 

process. Nonetheless, over the time sustainable methods have been found to successfully 

transform CO2 molecule into valuable chemicals. Most of them are involving the use of a 

catalyst – hence the name, catalytic conversion process. Catalysis, a term that was firstly 

introduced by the Swedish chemist Jöns Jacob Berzelius back in 1835 (Figure 1.7), 

represents the increase in the reaction rate of a chemical process upon addition of a catalyst 

that makes the reaction to take place more rapidly and with less amount of energy required. 

 

Figure 1.7 Basics of catalysis 

One other important feature of catalysis is that the catalytic materials can be recycled and 

reused to obtain the desired products (thereby not being consumed in the reaction cycle). 

Among the most important chemical reactions that CO2 undergoes (summarized in Figure 

1.8) to produce valuable products it is worth mentioning the CO2 reforming of methane to 

produce syngas (mixture of carbon monoxide and hydrogen), methanol formation by CO2 

hydrogenation reaction, ammonia reaction with CO2 to produce ammonium carbamate in a 
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first step and then urea as a final product, propylene carbonate formation by the reaction of 

CO2 with propylene glycol, cyclic carbonates synthesis from CO2 and epoxides, etc. 

 

Figure 1.8 CO2 – most relevant chemical reactions 
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1. 2 Dimethyl carbonate: past and present. Future directions 

1. 2. 1 Description and relevance of the topic. Organic carbonates 

Human activities have been influencing climate changes. A good example is the significant 

increase in the emissions of greenhouse gases (as it has already been discussed in the 

previous section), and CO2 is the most important exponent of this situation. Emissions of CO2 

by human activities (anthropogenic emissions) are currently more than 130 times greater than 

the quantity emitted by volcanoes, amounting to about 27+ billion tons per year. Actually, 

according to Friedlingstein et al., human activities are responsible for 35 billion metric tons 

(gigatons) of CO2 emissions in 2010 [10], an amount that makes the CO2 emissions of the 

world’s degassing subaerial and submarine volcanoes seem petite [11]. 

Organic carbonates (also known as carbonate esters) are very important chemical 

compounds that can be classified in two main classes (Figure 1.9) linear carbonates and 

cyclic carbonates (such as dimethyl carbonate, diethyl carbonate, ethylene carbonate, 

propylene carbonate, and styrene carbonate – to mention only the simplest representatives). 

 

Figure 1.9 The simplest linear organic carbonate (dimethyl carbonate) and its cyclic correspondent (diphenyl 

carbonate) 

Organic carbonates are widely used as solvents for a variety of applications (paints, 

coatings) due to their low toxicity and biodegradability, as monomers for the preparation of 

polymers, as intermediates for the pharmaceutical industry, as lubricants, as electrolytes for 

lithium-ion batteries, etc. In addition, they can be used in the energy sector as they lead to a 

better gasoline combustion reduction emissions [12]. One of the major synthesis routes 

(Figure 1.10) for the production of acyclic carbonates involves the use of phosgene (COCl2) 

[13], whereas for the production of the cyclic carbonates the reaction between CO2 and 

epoxides is intensively used at industrial level since mid-1950s. To highlight the foregoing 

statements, one of the most intense studied reactions in the last decades of the 20th century 

is the coupling reaction of CO2 and epoxides to provide cyclic carbonates as final product. An 

entire series of catalytic systems [14-19] have been developed for the coupling of CO2 and 

epoxides, such as alkali metal salts [20], alkali metal salts combined with crown ethers or 

quaternary ammonium salts [21], organoantiomony halide [22], MgO [23] or Mg–Al mixed 

oxides [24], porphyrin [25], phenol- and organic-based or sodium iodide [26, 27], 

phthalocyanine [28], polyoxometalate [29], etc. Another interesting example is the direct 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



Dimethyl carbonate: past and present. Future directions 
 

 15 

oxidative carboxylation of styrene to styrene carbonate (in both single step and multistep 

experiment) [30-33]. It is quite a laborious reaction since styrene oxide, in comparison with 

other epoxides such as propylene oxide and ethylene oxide, is more difficult to convert to 

styrene carbonate as it has a less reactive β-carbon atom. This necessitates harsher 

conditions, longer reaction time and higher reaction temperatures, and in most of the cases it 

involves the use of a solvent, a phase-transfer catalyst, an oxidant, and a catalyst for the CO2 

cycloaddition to the epoxide. 

 

Figure 1.10 Several formation routes for various organic carbonates  

The increased use of carbonates as monomers for polymers formation may grow even 

sooner, leading to a large increase of their demand on the global market. If we ponder upon 

the current synthetic technology that uses phosgene (a very toxic chemical compound already 

banned in many countries) as a building block, then we will surely understand why the 
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development of new synthetic methodologies for organic carbonates is attracting much 

attention worldwide. The replacement of such toxic raw material with CO2 (or urea, the more 

active form of CO2) seems to be very challenging and interesting topic, answering at the same 

time to the “green chemistry” principles by using clean and safe technologies, and 

implementing the atom-economy strategy. 

1. 2. 2 Dimethyl carbonate: fine chemical from CO2 

CO2 emissions to the atmosphere can be reduced by chemical fixation in either organic or 

inorganic carbonates (giving rise to the so-called non-reductive CO2 transformations). Many 

compounds can be commercially produced on an industrial scale using CO2, thus allowing 

turning a waste gas into economic profit. Moreover, financial, legal, social and environmental 

factors promote the development of markets and technologies that make use of industrially 

CO2 as a chemical feedstock. Since the 1990s increasing amounts of fuels, polymers and 

other organic and inorganic products have been produced using new alternative routes. 

Besides a small contribution to CO2 emissions reduction such processes often have the 

benefit of higher energy efficiency, lower fossil fuel consumption, less pollution or the use of 

less toxic chemicals [34].  Different organic carbonates can be obtained from the CO2 such as 

the alkyl carbonates - dimethyl carbonate (DMC) and diethyl carbonate (DEC), polycarbonates 

(PC) and others - primarily cyclic - organic carbonates. It is very important the role of 

homogeneous (one-phase system) or heterogeneous (multiple-phase system) catalyst in the 

carbonate(s) synthesis. One of the key points for large-scale (industrially relevant) process 

development is to find heterogeneous catalysts to replace homogeneous catalysts because 

of product separation and catalysts recovery thereby drastically reducing the final cost of the 

process [35]. 

Development of the direct carboxylation reaction of alcohols such as methanol for the 

synthesis of alkyl carbonates is very attractive in terms of CO2 chemical fixation and green 

chemistry (not to mention the atom economy of the process), and this can also contribute to 

the substitution of phosgene with the harmless CO2 molecule. In this context, it is worthwhile 

exploring new ways to valorize CO2 by generation of fine chemicals such as carbonates. The 

dimethyl carbonate (DMC) is drawing attention as a safe, non-corrosive and environmentally 

acceptable alternative to methylating and carbonylating agents [36, 37]. Its extensive use 

worldwide in the last 20-25 years drove us into trying to find better options for its synthesis, 

mainly related on the “green chemistry” approach. 

DMC is an extremely versatile compound (Figure 1.11) which represents an attractive 

eco-friendly alternative to both methyl halides (CH3X) or dimethyl sulfate (DMS), and more 

important to phosgene (COCl2), which are toxic and corrosive methylating or carbonylating 
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agents [38-40]. The DMC is also used in the synthesis of polycarbonates, polyurethane among 

others fine chemicals, and even as a solvent for replacing: methyl ethyl ketone – MEK (gums, 

resins), tert-butyl acetate - tBuAc (lacquers, inks, adhesives, thinners), para-

chlorobenzotrifluoride - PCBTF (printing industry). Many of the properties of DMC make it a 

genuinely green reagent, particularly if compared with conventional alkylating agents. It has 

high octane number, low Reid vapor pressure (RVP), and low CO and NOx emissions. Finally, 

DMC is classified as a flammable liquid, smells like methanol and does not have irritating or 

mutagenic effects either by contact or inhalation (therefore, it can be handled safely and 

without any special precautions) [41]. Table 1.2 presents a concise summary of the most 

important properties of DMC. 

Table 1.2 Some physical and thermodynamic properties of DMC [42] 

 

Figure 1.11 DMC – main uses 

 

Appearance clear liquid Flashing point (°C) 21.7 

Molecular formula C3H6O3 Dielectric constant (ε25) 3.087 

Molecular weight 90.08 g/mol Dipole moment (µ, D) 0.91 

Melting point (°C) 4.6 ΔHvap(kcal/kg) 88.2 

Boiling point (°C) 90.3 
Solubility H2O (g/100 

g) 
13.9 

Density (D20
4) 1.07 Azeotropical mixtures 

water, alcohols, 

hydrocarbons 

Viscosity (µ20, cps) 0.625   
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DMC is known for exhibiting a versatile and tunable chemical reactivity, Scheme 1.1, such 

as a methoxy-carbonylating/carbonylating agent and methylating agent, depending on the 

experimental conditions (temperature, nucleophile (Y-), catalyst, etc.). Both reactions can be 

conducted in the presence of catalytic amounts of base to avoid the formation of unwanted 

inorganic salts as by-product and the related disposal problems. On the other hand, the 

methylation with methyl halides or DMS, and carbonylation with phosgene generate 

stoichiometric amounts of inorganic salts. In addition, the methanol produced in this process 

can be recycled for the production of DMC [43]. 

 

Scheme 1.1 Nucleophilic substitution of DMC 

Furthermore, DMC is also used as an oxygenate additive to diesel fuel because of its high 

oxygen content (around 53 wt% - three times the oxygen content of methyl tert-butyl ether, 

MTBE). The use of oxygenated fuels has the potential to reduce soot from diesel engines. 

Also, DMC has a good octane rating, it does not phase separate in a water stream like some 

alcohols do and it is both low in toxicity and quickly biodegradable. Diesel engine studies have 

shown that DMC addition to the fuel can significantly reduce smoke emissions [44-46]. 

All the current applications for DMC (Figure 1.12) would then yield a market volume of 

2000 Mt (2000 megatonne = 2 billion metric tons) annually as anticipated by Bertilsson and 

co-workers [47] with a potential market of 30 Mt/yr for DMC use as gasoline additive [48]. 

Although exact numbers can hardly be given (for example several plants have been/are being 

built in China and the market is in a continuous expansion), current DMC production capacity 

can be estimated to be around 0.1–0.5 Mt/yr [49]. In 2005, the worldwide consumption of DMC 

was about 100000 tons, with production concentrated only in USA, Europe and Japan. Yet, 

nowadays DMC production is expanding rapidly in other countries, with China forecasting a 

production capacity in the range of 20000 tons (before 2005).  In 2007, China produced 

120000 tons of DMC, twice the output of 2006 [50]. By the end of 2009, China had 12 major 
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DMC producers, with a combined capacity of 267000 tons/yr (mostly produced by 

transesterification process) [50]. 

 

Figure 1.12 Global DMC consumption by end use 

The current interest toward the development of DMC manufacturing processes and 

applications is witnessed not only by the increased demand for DMC but also by the growth 

of literature and patents references, mainly in the most recent years. The increasing demand 

of DMC has caused researchers to investigate new more sustainable and effective routes of 

synthesis avoiding the use of phosgene, briefly presented in the Scheme 1.2.  

 

Scheme 1.2. Alternative synthetic routes for DMC preparation 

 

24%

51%

25%

Solvent (incl. electrolyte in Li-Ion batteries) Polycarbonate Others
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1. 2. 2. 1 Processes for DMC synthesis 

Many of the current industrial synthesis of DMC with phosgene-free technologies are 

principally based on the oxidative carbonylation of methanol (i.e. Enichem and UBE 

processes).  As per Chemsystems Perp Program on dimethyl carbonate (PERP 2012S12 from 

December 2012) the commercial routes to produce dimethyl carbonate that are currently in 

operation include: 

 Liquid phase oxidative carbonylation (via cuprous methoxychloride intermediate) 

represented by Versalis (ENI group) and Lummus process (China and N.W. Europe) 

 Vapor phase oxidative carbonylation (via methyl nitrate intermediate) as illustrated by 

the Bayer (China and N.W. Europe) and UBE processes 

 Transesterification reaction of a carbonates with methanol, exemplified by the Asahi 

Kasei process using ethylene carbonate (early 2000s in China and later in N.W. 

Europe), and processes ran by several Chinese producers via propylene carbonate 

route 

 Urea methanolysis, patented by Catalytic Distillation Technologies (China and N.W. 

Europe) and the Institute of Coal Chemistry (ICC, Chinese Academy of Science)  

Stoichiometric reaction of methanol and phosgene – [Bayer AG and Group SNPE] 

The traditional synthesis of DMC used to require dangerous, toxic phosgene as a reagent, 

(1). The phosgenation of methanol was the most important method to produce DMC till 1980s 

[51]. The reaction is accelerated using an acid scavenger such as a tertiary amine or an 

inorganic base, e.g. NaOH.  

                    

The major drawbacks of the phosgene processes are: i. the high toxicity of phosgene, which 

is controlled by the international treaty concerning chemical weapons, and ii. the disposal of 

the co-produced hydrogen chloride [52]. In order to achieve the principles of “Green 

Chemistry” that aims at the lowest impacts on human health and environment, other synthesis 

routes have been investigated [53]. 

Methanol oxycarbonylation – [Enichem and Dow process] 

ENIChem’s process is the state of the art commercially proven process for DMC 

production. It is based on the oxidative carbonylation of methanol catalyzed by cuprous 

chloride (CuCl). The reaction is conducted in a slurry reactor or several slurry reactors in series 

at 120 °C and 27 atm [51]. Methanol and CO pass through the reactor or reactor train and are 
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only partially converted. The oxygen is the limiting reagent (4%) to avoid the potential 

explosion(s). The reaction proceeds in the next redox cycle of copper ions, (2) and (3) [53]. 

 

The CuCl catalyst was reported to be the best catalyst for this reaction. It provides excellent 

selectivity and very good reactions rates. However, the process has two principal problems: i. 

the low per-pass conversion (less than 20%) due to the catalyst deactivation, and ii. the difficult 

separation [54, 55]. 

On the other hand, Dow has patented a copper based catalyst, [Cu(OCH3)Py)Cl]2 or CuCl2, 

like that used by Enichem, impregnated on a DARCO active carbon support. The best initial 

per-pass conversions are comparable to that obtained by Enichem system with a selectivity 

of 65%. Anyway, the supported copper catalysts deactivate quickly. Catalyst deactivation 

results from both a loss in copper surface area and the formation of paratacamite (Cu2(OH)3Cl) 

as the only crystalline phase in the consumed catalyst. The activity of the catalyst could be 

partially regenerated by passing a 10% HCl in dry N2 gas bringing the catalyst to a Cl/Cu ratio 

around 1.2 [56]. The pyridinal copper complex provides a higher productivity than the CuCl2. 

Both the Enichem and Dow catalysts are susceptible to deactivation by water. 

Methylnitrite carbonylation – [UBE and Bayer AG process] 

Ube Industries, Ltd. [57] developed an excellent DMC synthesis process using a PdCl2 

and a second metal chloride (Bi, Fe, or Cu) co-impregnated on an active carbon support 

catalyst together with an alkyl nitrite promoter at 100 °C and at 1 atm of CO, (4). The catalyst 

gives high selectivity towards DMC (>92%) formation with very high productivity (0.3 L of 

DMC/h) which is 3 times the activity of ENIChem’s catalyst. High pressures favor the formation 

of the dimethyl oxalate (DMO) over the dimethyl carbonate (DMC). Under anhydrous 

conditions, the high catalytic activity is maintained for a longer time. In addition, the methyl 

nitrite used in the reaction is synthesized by the following reaction (5), which proceeds at room 

temperature without any catalyst [53]. 
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Trans-esterification between methanol and cyclic carbonates – [Texaco process] 

Texaco (Texas Company) and others (e.g. Asahi Kasei) have developed DMC production 

by two-step synthesis from ethylene oxide. First, cyclic carbonate is synthesized (6) and via 

trans-esterification process it reacts with methanol to give a mole of ethylene glycol for every 

mole of DMC produced, (7). The final reaction is equilibrium-limited and has been the subject 

of several acid-base catalysts patents assigned to Texaco [58-62]. The catalysts are a wide 

variety of acidic and basic polymeric resins and metal-containing catalysts. However, this is 

the least likely process for the industry because of low productivity and the ethylene glycol’s 

very strong market. 

 

Trans-esterification between methanol and urea   

Another possible route for DMC synthesis is the trans-esterification reaction between 

methanol and urea [37, 46].  It is a two-step process, which goes via a methyl carbamate 

intermediate, (8). In the second step, (9), the methyl carbamate intermediate reacts with 

methanol to give DMC and ammonia. The major shortcoming of this reaction is its high free 

enthalpy, resulting in a nonspontaneous (disfavored) chemical process. 

 

Based on this thorough analysis on the actual market and production premises (the 

potential demand for DMC could be much higher in the (near) future) one could easily 

conclude that more eco-efficient and economic pathways can and would be used instead of 
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the ones described above, including those based on the very abundant and easily affordable 

CO2.  

1. 2. 2. 2 Direct carboxylation reaction – DMC synthesis using CO2 

The development of the direct reaction between CO2 and alcohols (methanol, MeOH and 

ethanol, EtOH) for the synthesis of carbonic acid diesters (DMC or diethyl carbonate, DEC) is 

very attractive in terms of CO2 chemical fixation and green chemistry, and this can also 

contribute to the replacement of phosgene by CO2 as carbonyl source [39], (10). 

 

Although the carboxylation reaction using CO2 is very clean and it has a high atom-

efficiency (a measure of the conversion efficiency of a chemical process in terms of all atoms 

involved and the desired products obtained), the equilibrium for the formation of the linear 

carbonates from alcohols and CO2 is located on the left side of the reaction, (10). The 

thermodynamic barrier causes extremely low yields (1-2%) at the equilibrium. To avoid this 

thermodynamic limitation, it is necessary to remove the water formed as a by-product using 

an adequate agent, or (e.g.) increasing the CO2 concentration. The chemical water traps could 

be an option to displace the equilibrium to the right side of the reaction, (10). A well-known 

dehydrating agent is the molecular sieve. Unfortunately, it cannot be used at the carboxylation 

reaction temperature because of the formed surface –OH groups which are sufficiently acidic 

to protonate the carbonate and reverse the reaction. Organic water traps such as aldols, ketals 

and dicyclohexylcarbodiimide (DCC) are better suited to remove the water in the carboxylation 

reaction and favor the DMC formation. However, this approach is limited by the need of an 

efficient separation process [63]. 

The advantages of the direct carboxylation reaction of methanol with CO2 (Figure 1.13, 

speaking in terms of material cost and synthetic strategy involved) in front of the current 

methodologies for the synthesis of DMC have attracted the attention of the scientific 

community all over the world and the industry as well. 
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Figure 1.13 DMC synthesis from the carboxylation reaction of methanol and CO2 

In this context, several examples are present in the literature of both homogeneous and 

heterogeneous systems (batch and continuous operation) to study different catalysts for the 

direct synthesis of DMC, Table 1.3. The most important contributions will be briefly discussed 

in the following section, homogeneous and heterogeneous catalytic processes for DMC 

synthesis. 

Table 1.3 Some examples of catalysts used in the direct synthesis of DMC 

Homogeneous Heterogeneous 

Dialkoxydibutyltin ZrO2 

Sn(IV) and Ti(IV) alkoxides H3PO4/ZrO2 

Metal acetates H3PO4/V2O5 

Mg dialkoxide CeO2-ZrO2 

Observations and comments 

[-] Decompose with water [-] Equilibrium reaction is not favored 

[-] Use of expensive dehydrating agents [-] Low conversion 

[-] Difficult to recover and reuse [+] Easy to recover and reuse 

[+] High activity and high selectivity [+] Economic 
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Homogeneous catalysis 

A considerable effort has already been devoted to the production of DMC from methanol 

and CO2, and some of the reactions were catalyzed by a series of organo-tin compounds e.g. 

Bu2SnX2 where X = OMe, OEt, OBu, Cl Br, OPh, OOCMe, OOC(CH2)10Me) and X2 = O, (OH, 

Cl) or Bu2XSnOSnXBu2 where X = Cl, Br, OOCMe, OBu, n-Bu. The possible organotin-

catalyzed formation of DMC from CO2 was first proposed by Japanese research groups [64, 

65]. However, the catalytic activities obtained have been very low due to the decomposition of 

the catalysts by water, generating Bu2SnO and methanol. The best catalyst materials were 

proved to be the tin alkoxides Bu2Sn(OR)2 (R = Me, Et, Bu) which gave the carbonate in up to 

160 mole % yield (with respect to the tin compound) under suitable reaction conditions (low 

CO2 pressure, 130 - 190 °C, 6 h). Higher yields for carbonate formation (reaching up to 150 - 

330 mole %) have been obtained with the use of chemical water traps added to react with the 

water molecules formed during the reaction. It was also studied the synthesis of DMC from 

the carboxylation of methanol with CO2 in the presence of metal alkoxides and metal 

carboxylates. The best results have been reached with Ti(IV) and Sn(IV) alkoxides which at 

temperatures from 130 to 180 °C and low CO2 pressures resulted in a DMC yield of 30 to 100 

mole % or 40 to 130 mole % with respect to the metal alkoxides, dependent upon the CO2 

(gaseous or solid one). The reaction yields can be further increased up to 70 - 190 mole % 

and 90 - 270 mole %, respectively, using chemical scavengers of the reaction water [66-68]. 

With the purpose of improving the efficiency of the homogeneous catalytic synthesis of DMC, 

Sakakura et al. proposed the dehydration of methanol before the reaction with CO2 to produce 

DMC [69]. Typical dehydrated derivatives of methanol are trimethyl ortho ester, dimethyl ether 

and the dimethyl acetal (ketal), Scheme 1.3. The best results were obtained with trimethyl 

ortho ester as dehydrating agent, using the Bu2Sn(OMe)2 as catalyst at 180 °C and 300 atm, 

during 24 h of reaction (20% yield, 93% selectivity towards DMC). With the increasing of the 

CO2 pressure to 2000 atm the yield reached 88% after 24 h [70]. Therefore, the yields in this 

reaction showed a highly dependence on the CO2 pressure, attaining a maximum around the 

critical pressure of CO2. The reaction of ortho esters and CO2 is also promoted by several 

types of catalysts, including alkali metal halides and immobilized ammonium salts [71]. 

However, the principal considerations that this method brings along are: i. the ortho esters are 

relatively expensive as an industrial raw material, ii. co-production of esters, and iii. difficulty 

in regenerating ortho esters from esters. 
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Scheme 1.3. DMC synthesis from CO2 and the dehydrated derivatives of the corresponding alcohols 

Other than tin compounds, combinations involving titanium alkoxides and polyether 

ligands (e.g., crown ethers or polyethylene glycols) show relatively high catalytic activities. 

Under study was also the reaction of CO2 and methanol - investigated at near supercritical 

conditions using nickel acetate as a catalyst. DMC was synthesized as a unique product at a 

quite low temperature (around 32 °C) and the yield was twelve times higher than that obtained 

at non-supercritical conditions, a remarkable fact which proves once again (if necessary) that 

CO2 pressure plays an important role for shifting the equilibrium toward product formation. The 

maximum yield for DMC synthesis was reached at the pressure of 9.3 MPa. The formation 

mechanism of DMC in supercritical phase was also proposed, Scheme 1.4 a [72]. 

Furthermore, niobium complexes showed good catalytic activity in the carboxylation of 

alcohols following the presented reaction scheme, Scheme 1.4 b. [Nb(OR)5]2 compounds (R 

= Me, Et, allyl) can easily react with CO2 to provide the corresponding monomers 

Nb(OR)4[OC(O)OR]. Once the complex is formed, this represents the catalyst for DMC 

formation from CO2 and methanol. Another study on direct carboxylation of alcohol to organic 

carbonates mediated by the group 5 element alkoxides revealed that the trend of reactivity 

among the series V, Nb, Ta follows the next sequence: Nb >> Ta > V [73, 74].  
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Scheme 1.4. DMC synthesis over a. Ni and b. Nb based catalysts 

Kadokawa et al. [75] studied the direct condensation of CO2 with alcohols such as 

methanol using the tributyl-phosphine-carbon tetrabromide-CyTMG system (where CyTMG= 

tetrabromide-2-cyclohexyl-1, 1, 3, 3-tetramethylguanidine) as a condensing agent, Scheme 

1.5. The reaction of CO2 with primary alcohols led to the corresponding carbonates in high or 

moderate yields (~87% of DMC) after 2 h of reaction (and using DMF as a solvent). 

 

Scheme 1.5. DMC synthesis by direct condensation of CO2 with alcohols 

DMC synthesis by reacting CO2 and methanol in the presence of methyl iodide as 

promoter plus a base has been proposed by Fujimoto et al. [76]. Reactions were run for 2 h 

at moderate temperature (80-100 °C) and the yield of DMC based on CH3I consumption was 
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very large (up to 400% mole base). This means that methyl iodide is also involved in the 

catalytic cycle. It was shown that the crucial element of the reaction is represented using a 

base with an appropriate basicity, as for example K2CO3 and K3PO4, which provided the best 

results. In the Scheme 1.6, a possible catalytic cycle is presented. 

 

Scheme 1.6. DMC synthesis in the presence of methyl iodide as a promoter  

Heterogeneous catalysis 

Solid acid-base catalysts such as zirconia (ZrO2) catalyse DMC formation from methanol 

and CO2 [77]. More precisely, this is one of the first heterogeneous catalysts displaying some 

activity for DMC production starting from CO2 and methanol. Tomishige et al. have studied the 

use of zirconia materials as heterogeneous catalysts in the carboxylation of methanol [53, 77]. 

Although the selectivity of DMC over these catalyst materials is very high (ca. 100%), 

unfortunately, the methanol conversion is very low (less than 1%). The highest amount of DMC 

formation was obtained from zirconia synthesized by calcination of zirconium hydroxide at 400 

°C - at a reaction temperature of 160 °C (for 2 h reaction time) and 5 MPa initial CO2 pressure 

(at room temperature). It was also suggested that there is a direct correlation between the 

acid-base sites from the surface of the catalyst and the catalytic activity response (the key 

element is the ratio between the tetragonal and monoclinic zirconia from bulk/surface; the bulk 

of the zirconia had mainly tetragonal phase, while near the surface the monoclinic phase was 

dominant, with an important fraction of tetragonal phase). A reaction pathway was also 

proposed, Scheme 1.7, being among the first papers to support that DMC synthesis from CO2 

and methanol requires the presence of both acid and basic sites (bi-functional materials).  
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Scheme 1.7. Reaction mechanism for DMC synthesis over ZrO2 materials 

Using ZrO2, the reaction mechanism has been investigated by Bell and co-workers via 

Raman and Infra-Red spectroscopy [78-82]. DMC (as concluded from IR data, Scheme 1.8) 

is produced through the following steps: i. dissociative adsorption of methanol to form 

methoxide species, ii. CO2 insertion resulting in the formation of monomethyl carbonate 

(MMC), and iii. the transfer of a methyl group from previously adsorbed methanol to the 

monomethyl carbonate to form DMC. Every step proceeds more rapidly (twice as fast) on 

monoclinic zirconia compared with tetragonal zirconia (later studies). Consequently, DMC 

formation rate was dependent on the structure of ZrO2. The catalytic activity is attributed to 

the higher Brønsted basicity of hydroxyl groups and Lewis acid/base pairs presented on the 

surface of zirconia. 

 

Scheme 1.8. Proposed mechanism for the formation of DMC from CO2 and CH3OH (from IR studies) 

A similar study conducted via Raman spectroscopy confirmed the main steps shown in the 

previous papers. Reaction mechanism, Scheme 1.9, goes via i. methanol adsorption leading 

to the formation of adsorbed methoxide groups, ii. CO2 adsorption leading to the formation of 

carbonate groups, and iii. formation of monomethyl carbonate species by the reaction of the 
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pre-adsorbed methoxide groups i. and monodentate carbonate species ii.; lastly, iv. DMC 

formation results from the reaction of pre-adsorbed monomethyl carbonate and methanol. 

Interestingly enough, titania (TiO2) did not display any catalytic activity for DMC production 

[83]. 

 

Scheme 1.9. Reaction mechanism (from Raman data) in DMC synthesis over ZrO2  

Modifying zirconia by acidic compounds such as phosphoric acid (H3PO4/ZrO2) [84, 85] 

and ceria (CeO2-ZrO2) [86-88] promotes the catalytic activity. The modification of ZrO2 

catalysts with phosphoric acid was performed to boost the surface acidity of ZrO2. It was found 

to be effective for the enhancement of the catalytic activity in DMC synthesis from methanol 

and CO2. Also, by modifying the surface acidity, an important decrease in the reaction 

temperature as compared to the unmodified ZrO2 was observed. Both ZrO2 and H3PO4/ZrO2 

have Lewis acid sites, though only H3PO4/ZrO2 has weak Brønsted acid sites. The optimum 

composition of H3PO4/ZrO2 was reported at P/Zr ratio between 0.025-0.1. Using a P/Zr ratio 

of 0.025 and a temperature of 170 °C the equilibrium level was reached; decreasing the 

temperature to 150 °C afforded the formation of a DMC amount which is about four times 

larger as compared to that from ZrO2. Finally, the same amount of DMC was reported when 

using H3PO4/ZrO2 at 130 °C and ZrO2 at 170 °C, while decreasing the temperature to 110 °C 

showed no catalytic activity for ZrO2 whereas H3PO4/ZrO2 led to (some) DMC formation.  

Tomishige et al. suggested that the presence of weak Brønsted acid sites (formed upon the 

direct interaction between Zrtetragonal and P) in the modified-ZrO2 could be more effective than 

the Lewis acid sites on ZrO2 for the CH3OH activation. And this fact was very important in the 

selective DMC synthesis since the expected by-product, dimethyl ether (DME), is easily 

formed on the rather strong acid site. It was also reported a model for the reaction mechanism, 

Scheme 1.10, which concluded that the presence of both acid and basic sites is required so 

that the direct carboxylation reaction of methanol to proceed towards DMC production.  

Moreover, the methyl-carbonate formation, which is the direct intermediate for DMC synthesis, 

proceeds via the terminal methoxy species (reacting further with CO2) rather than bridged 

methoxy species which seem to give no reaction with CO2.  
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Scheme 1.10. DMC synthesis over H3PO4 / ZrO2 catalyst materials 

In addition to zirconium–based catalysts, vanadium-based catalysts such as H3PO4/V2O5 

and Cu-Ni/V2O5-SiO2 have been tested in the gas-phase reaction [89, 90]. In the case of the 

modified vanadium-based catalyst (H3PO4/V2O5), the yield and selectivity of DMC, as well as 

the methanol conversion, increased with increasing H3PO4 content at low P/V ratios (the 

optimum ratio proved to be P/V = 0.15–0.50). The DMC yield and selectivity reached a 

maximum value at P/V = 0.20 (1.9% of yield at 140 °C) and then decreased with further 

increasing H3PO4 content. On the other hand, the direct interaction between V and P is 

essential for the formation of weak Brønsted acid sites. As in the case of zirconium, the 

Brønsted acid sites on H3PO4/V2O5 were more effective than Lewis acid sites on V2O5 for the 

CH3OH activation [89]. Lu et al. also reported the use of Cu-Ni/VSO (VSO = V2O5-SiO2) as 

catalyst for direct DMC synthesis in gaseous phase using a continuous tubular fixed-bed 

micro-gaseous reactor.  The optimal reaction conditions for both increased methanol 

conversion and good selectivity toward DMC production were found to be 140 °C and a 

pressure of 0.6 MPa [90]. 

The CeO2-ZrO2 (ratio (Ce/Ce + Zr) = 0.2) solid-catalyst has proved to be an even more 

effective catalyst (at lower temperature) for the direct DMC synthesis from CO2 than ZrO2 and 

H3PO4/ZrO2. The catalyst showed a high selectivity towards DMC (ca. 100%) under the 

reaction conditions (110 °C, 2-16 h, 6/12/21 MPa CO2 pressure, and with the catalyst pre-

calcined at 1000 °C even though this results in a rather low surface area material).  However, 
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the methanol conversion continues to be very low because of the reaction equilibrium (Figure 

1.13). For the removal of H2O from the reaction system it was studied the addition of the 

dehydrating agent, 2, 2-dimethoxy propane (DMP), to the carboxylation reaction system which 

was very effective for the increasing of the conversion. DMP addition enhances the DMC 

formation rate above the equilibrium level, while the reaction between DMP and water formed 

during the reaction takes place to produce methanol and acetone. This discovery opens a new 

path of a chemical water trap usage in the direct carboxylation reaction of methanol for the 

synthesis of DMC. However, the addition of larger amounts of DMP was not suitable due to 

the fact that it leads to a decrease of DMC formation rate and the by-production of the dimethyl 

ether (DME) [86, 87]. 

The catalytic properties of different CeO2 materials were also investigated in the direct 

synthesis of DMC from methanol and CO2. The various ceria catalysts calcined at 600 °C and 

above showed a proportional relation between surface area and the amount of DMC formation 

in the carboxylation reaction. Suggestions have been made that the active sites for this 

reaction are on a stable crystal surface such as (1 1 1) of CeO2. The CeO2-HS calcined at 600 

°C exhibited the highest activity in the whole series of CeO2 catalysts (0.71 mmol of DMC), 

whereas decreasing the calcination temperature to 400 °C led to a considerable amount of 

amorphous phase [91]. Aresta et al. have studied the cerium oxide modification by the addition 

of a hetero-atom for direct DMC synthesis in a batch reactor [92]. It is stated that the reduction 

of Ce (IV) to Ce (III) (as resulted from the XPS analysis performed on the catalysts before and 

after the reaction) associated with methanol oxidation towards other C1 molecules and some 

surface modifications (crystal conglomeration) are the reasons for the ceria catalyst 

deactivation. Al and Fe were loaded on ceria catalysts to check for changes in methanol 

conversion or DMC selectivity, and to seek for any improvement during the stability tests. All 

the catalysts were synthesized from the corresponding nitrate salts (or iron standard solution) 

by co-precipitation method. Al-loaded CeO2 offered the most interesting results in terms of 

lifetime and activity with 3% Al/Ce mixed oxide (calcined for 3 h at 650 °C) leading to a 

methanol conversion around 0.4%, and a DMC production of 0.4 mmol DMC per mmol of 

catalyst used (under the reaction conditions: 3 h at 135 °C, and 5 MPa CO2 pressure). Loading 

the catalyst with an Al content between 3 to 10% has a positive effect on CeO2, stabilizing it 

and at the same time reducing or even cancelling the causes that lead to ceria deactivation. 

Later, in a more in depth study [93] of the methanol carboxylation reaction with Al/Ce mixed 

oxide it was found that the equilibrium conversion can be reached after ca. 8 h of reaction in 

the conditions above mentioned. A very comprehensive reaction mechanism was also 

presented, gathering together the new findings with the generally assumed mechanistic steps 

already presented in DMC synthesis. It was concluded that the DMC formation occurs via the 
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gas phase methanol attack onto the surface bound intermediate, monodentate methyl 

carbonate (MMC), Scheme 1.11 C. Looking for an improvement in the mixed ceria-zirconia 

catalysts for the carboxylation of methanol Lee and co-workers [94, 95] conducted a study on 

the acidity/basicity of such materials enriched by the addition of Ga2O3 (and other transition 

metal oxides, but the former proved to be the best one). First, mixed ceria-zirconia catalysts 

were synthesized by sol-gel method and second Ga2O3 on mixed ceria-zirconia catalysts was 

prepared using the incipient wetness impregnation method and a convenient salt precursor. 

They found that Ce0.6Zr0.4O2 was the best support for Ga2O3 oxide. It was proven that all the 

catalysts impregnated with Ga2O3 (xGa2O3/Ce0.6Zr0.4O2 with x from 1 to 15 wt%) showed an 

enhanced catalytic activity as compared with pure ceria-zirconia catalysts. The activation of 

methanol toward methyl and methoxy species, plus the formation of methoxy carbonate anion 

intermediated by the reaction of CO2 with methoxy species, was facilitated even more by the 

presence of Ga2O3, which provides enhanced acid and basis sites for the reaction to take 

place. Finally, it was stated that the amount of DMC production was directly related with an 

increase in both acidity and basicity of the catalyst. The catalyst showing the highest amount 

of acid and basic sites (5 wt% Ga2O3) was the one providing the best catalytic results [94]. 
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Scheme 1.11. Possible steps in DMC synthesis from methanol and CO2 
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Following the path of the ceria catalyst already identified as a working material for direct 

DMC synthesis, Tomishige and co-workers tried to use this material while taking advantage 

of a water scavenger, since it was already demonstrated that the water formed during the 

reaction is seriously shifting the equilibrium towards reactant formation (10). And they came 

out with some outstanding results, being able to find a new compound, 2-cyanopyridine (2-

CP), which showed its great effectiveness for the direct DMC production from methanol and 

CO2 under mild reaction conditions [96]. 2-CP (a nitrile) acts as a dehydrating agent and reacts 

with the water formed during the reaction (being already known that ceria is a very good 

catalyst for the nitrile hydrolysis) [97] to afford the corresponding amide, 2-picolinamide (2-

PA). Under the optimized reaction conditions (12 h, 120 °C, and 5 MPa CO2 pressure – with 

the catalyst pre-calcined at 600 °C) a 94% methanol based yield of DMC was obtained along 

with a 95% 2-CP based yield of 2-PA. Small amounts of methyl-picolinate (Me-PCN) and 

methyl-carbamate (Me-CBM) were detected and identified as by-products and were attributed 

to the following reactions: i.  2-PA (2-CP hydrolysis product) with the methanol, and ii. DMC 

with the residual NH3 from (i). The complete reaction scheme is presented below, Scheme 

1.12. 

 

Scheme 1.12. DMC synthesis from CO2 and methanol in the presence of a dehydrating agent, 2-CP 

In addition, the recyclability of the dehydrating agent is confirmed by the dehydration of 2-

PA back to 2-CP using a Na2O/SiO2 catalyst, which resulted in a conversion around 85% 

towards 2-CP, and a selectivity of almost 100% for the desired product. The same system 

(CeO2 as an active catalyst and 2-CP as a dehydrating agent) has been proven effective for 

the synthesis of a wide variety of organic carbonates starting from alcohols and carbon dioxide 

[98] with high or very high alcohol - based yield. Also, direct cyclic carbonate synthesis from 

CO2 and diols has been achieved with very good catalytic results [99]. This discovery stays as 
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an extremely solid proof for Le Chatelier’s principle (the equilibrium law), underlining the 

importance of removing the undesired side product(s) (e.g. water) from the reaction mixture 

to shift the equilibrium towards the formation of the product of interest (e.g. DMC). An in-depth 

investigation on the use of various nitriles as chemical water traps revealed that the most 

appropriate compound to be used is the one having a cyano (-CN) group at the 2-position 

relative to nitrogen (N) atom of the 6-membered ring hetero-aromatic compounds. Another 

important aspect is that due to an intramolecular hydrogen bonding - between the H atom in 

the amide group and N atom in the pyridine ring (that results in a reduction in the acidity of the 

amide, so weakening the adsorption forces to CeO2 surface) - the amide can easily desorb 

from the surface and avoid the poisoning of the active sites. The proposed reaction 

mechanism for DMC synthesis [A] along with the nitrile hydrolysis [B] is carefully described in 

Scheme 1.13 [98].  

 

Scheme 1.13. Methanol carboxylation (A) and nitrile hydrolysis (B) over ceria based materials 

Various metal oxide catalysts or acidic zeolites (SiO2, Al2O3, TiO2, H-ZSM5, H-USY, H-

MOR, ZnO, MoO3, and Bi2O3) have also been studied in the heterogeneous carboxylation 

reaction of methanol to produce DMC. In those cases, it was obtained only some dimethyl 

ether (DME) – for alumina, titania, and the acidic zeolites – and the DMC formation was not 

observed at all [53, 77]. Other oxides remained completely inactive: MgO, Y2O3, HfO2, La2O3, 

Pr2O3, Ga2O3, GeO2, In2O3, and Sb2O3 [77, 83]. Besides ZrO2, CeO2, and V2O5, only one metal 

oxide was reported to produce DMC from CO2 and methanol namely the stannic oxide, SnO2. 
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Nonetheless, the amount of carbonate formed by the latter is not comparable with the one 

obtained using ceria or zirconia [100, 101]. 

1. 3 Aim and overview of the thesis 

The aim of the present thesis is to bring the dimethyl carbonate (DMC) synthesis via 

methanol carboxylation reaction to a better level of knowledge and understanding. The 

principal objective of the project is to find a catalytic system capable to perform the DMC 

synthesis in a continuous manner by direct transformation of CO2 over heterogeneous 

catalysts (which represent an eco-friendly and economic alternative to homogeneous 

counterparts), while taking advantage of the high-pressure approach. With this purpose, 

various acid-base bi-functional catalyst materials will be subjected to testing in reaction 

systems with different design (batch or continuous configuration). Ultimately, the goal is to be 

able to circumvent the thermodynamic limitations and to make the direct DMC synthesis more 

enticing and relevant for the chemical industry of today. Special emphasis will be given to 

study the stability / lifetime of the catalysts, and to the use of some in situ / operando 

spectroscopic characterization tools (e.g. IR, Raman, Xanes) to get a better grasp over the 

mechanistic aspects associated with the formation of DMC from CO2 and methanol. 

Chapter 2 describes in detail the materials, methods, and systems that have been used for 

the present research project. Remarkable attention is given to the high-pressure laboratory 

scale micro-reactor setup for the continuous catalytic CO2 conversion to organic carbonates 

using an appropriate organic dehydrating agent, and the corresponding analytical system. 

Chapter 3 presents some preliminary attempts for the DMC synthesis. Outstanding results 

were obtained once the appropriate dehydrating agent (2-cyanopyridine, 2-CP) was employed 

in the continuous DMC formation over CeO2 materials. Further on, this chapter continues with 

unravelling the mechanism of catalyst de- and re-activation, study that was made possible by 

using an optically transparent fused quartz tubular reactor (allowing visual and spectroscopic 

investigation). 

Chapter 4 deals with the impact of the rare-earth metal (La, Pr, Gd) promoters on CeO2 in the 

long term continuous DMC synthesis from CO2 and methanol in the presence of a dehydrating 

agent. Thorough investigation of the catalyst materials and their physical-chemical properties 

will provide good leads on how the acidity, basicity, and surface reducibility of CeO2 materials 

affect the catalytic activity and long-term stability of CeO2 based catalysts. 

Chapter 5 shows some discoveries made from the in situ / operando spectroscopic studies 

(DRIFTS, Raman, Xanes, and MS) on DMC synthesis. The possible reduction of Ce in CeO2, 

from 4+ to 3+ oxidation state, is discussed. Also, some mechanistic aspects (dealing with the 
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possible existence of a transient species uncovered by using sensitivity enhancement and 

dynamic behavior analysis) will be addressed. The importance of multivariate curve resolution 

(MCR) as a very powerful blind source and spectral separation method will be highly 

acknowledged.  

Chapter 6 concludes the thesis by summarizing the most relevant results and offering a brief 

outlook on the catalytic CO2 conversion to organic carbonates. 
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2. 1 Catalyst materials 

The goal of the preparation of catalytic materials that can be employed at an industrial 

scale is to obtain a final product with high activity, selectivity, stability and regenerability. In 

the first chapter (Introduction), it was shown that both acid and basic sites are required to 

activate carbon dioxide (weak acid) and methanol (that can dissociate into either methoxy 

CH3O- or methyl CH3
+ species depending on the acidity/basicity of the environment) molecules 

towards dimethyl carbonate formation. The heterogeneous catalysts prepared and 

used/tested for the present research work are materials, typically oxides and mixed-oxides, 

displaying both acid-base properties (amphoteric materials). In most of the cases, these 

materials present Lewis acid-base pair, as for example ZrO2, where Zr+4 acts as a Lewis acid 

and can accept a pair of electrons, while O-2 is a Lewis base and can donate a pair of electrons. 

By properly tuning of a metallic oxide with a suitable reagent (e.g. H3PO4), the properties of 

the synthesized material can be easily enhanced and obtain, along with the Lewis acid-base 

pair, some Brønsted acid sites that are capable of donating protons [1]. As for the synthesis 

methods, two of the handiest procedures, namely coprecipitation and wetness impregnation 

have been chosen. For the obtaining of the metal oxide materials (i.e. CeO2, ZrO2, CeO2-ZrO2, 

etc.) or hydrotalcites (HTs) the first method has been elected. N.B. HTs, also known as layered 

double hydroxides (LDHs) - represent a family of natural and artificial minerals that have 

positively charged layers with compensating anions in the interlayer space; for this work some 

Mg:Al HT and Zn:Al HT with different metal to metal ratio have been synthesized. On the other 

hand, to prepare the metal supported materials (i.e. precious metals – PM: Rh, Ru, Pt, Pd – 

on Al2O3, ZrO2, CeO2, SBA-15 or rare earth metals – REM: La, Gd, Pr – on CeO2) the wetness 

impregnation method was preferred. 

Coprecipitation (Figure 2.1 a) is a widespread synthesis method due to its ability of 

providing high chemical homogeneity catalyst materials and occurs when two or more 

solutions are mixed in a suitable, more intimate way. It consists of a simultaneous addition of 

an aqueous metal(s) solution and a base solution and it is usually done at constant pH, hence 

the role of the base incorporation. Both pH and the concentration of the mixed metal solution 

have a crucial effect on the chemical, structural and textural properties of the final catalyst 

material. Other critical parameters are represented by the temperature, mixing rate (rotation 

per minute, rpm), the order and rate of addition of one solution into the other, type of solvent 

used during coprecipitation and the chemical environment (e.g. use of inert atmosphere or 

not). The duration and type of ageing of the resulted gel (i.e. temperature, mixing rate, time) 

also present a very high importance. Finally, the as-synthesized solid material is filtered, 

washed, dried at appropriate temperature and lastly calcined to obtained the desired active 

phase component. 
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Figure 2.1 a. Schematic representation of coprecipitation method and b. incipient wetness impregnation method 

Impregnation (Figure 2.1 b) is the most used preparation technique for the supported 

metal catalyst systems [2-4]. Many catalysts employed on an industrial scale consist of an 

active component (or components) deposited on a support (such as e.g. silica, alumina, active 

carbon). The role of the support may be to improve the properties (e.g. stability) of the active 

component(s), or to participate directly in the catalytic reaction (e.g. by providing more active 

sites). The principal catalyst-preparation protocol comprises of two stages. The first step 

consists of rendering a metal-salt component into a finely divided form on a support (followed 

by ageing and drying to remove excess solvent). Later, the conversion of the supported metal 

salt to a metallic or oxide state is reached via calcination or reduction protocols. Given that the 

impregnation is achieved by filling the pores of the support with a solution of the metal salt 

precursor, two different synthesis ways depending on the amount of solution used in the first 

step (dispersion) can be distinguished, namely the incipient wetness or dry impregnation 

because the volume of the solution containing the precursor does not exceed the pore volume 

of the support, and wet or soaking method, which involves the use of an excess of solution 

with respect to the pore volume of the support. Various factors such as type and concentration 

of precursor salt, solvent, temperature, type of support and contact time with support could be 

controlled to obtain optimum distribution of active species. The main advantages of the 

impregnation technique are that is fast and facile, simpler when compared to other more 

complicated synthesis methods (while it takes less time), and it offers good reproducibility of 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



2 | Materials and methods 

 46 

the synthesized materials. Also, good metal dispersion is achieved while there is no loss of 

material within the support phases. 

Commercially available high surface area CeO2 powder (>100 m2/g) and CeO2-ZrO2 solid 

solutions (78-22, 50-50, and 25-75 wt%, respectively) were kindly supplied by Daiichi Kigenso 

Kagaku Kogyo Co. Ltd. (Japan) and used without any further treatment. High surface area 

ZrO2 (1/8” pellets) was purchased from Alfa Aesar and used as received. 

2. 2 Reaction setup for continuous production of DMC 

Heterogeneously catalyzed reactions are thoroughly studied under both batch (i.e. 

autoclaves) and continuous flow (i.e. stainless tube reactors) approaches. Nowadays, the use 

of continuously operated tubular reactors (and micro-reactors) has gained more and more 

interest owing to various advantages, such as the swift sample collection, better heat transfer 

capacities, smaller size (less space required) which leads to higher mixing rates, increased 

flexibility due to possibility of varying the space time yield. For most of the industry applications 

continuous flow operation saves time, energy and costs (if it is correctly and efficiently 

implemented).  

For the initial catalyst screening and the assessment of reaction parameters, several 

systems (both batch and continuous configuration) have been tested in the direct DMC 

synthesis starting from CO2 and methanol. Since the reaction is thermodynamically limited 

and the equilibrium conversion is lower than 1% even at high pressure conditions, thorough 

investigation of the important reaction parameters (i.e. type of material, amount of 

catalyst/particle size, temperature, pressure, space velocity, CO2 to methanol ratio, etc.) is 

required to set better grounds and clear boundaries for the DMC process. Several different 

types of reaction setups were tested for this process and the main components of each 

reaction setup are briefly described in the following section with special emphasis given to the 

continuous – in-house built – high pressure setup. 
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2. 2. 1 Preliminary studies 

2. 2. 1. 1 Microactivity Reference catalytic system 

The Microactivity-Reference (PID Eng&Tech) unit is an automated and computer-

controlled laboratory reactor for catalytic testing. A schematic of the reaction setup is 

presented in Figure 2.2. The reaction system consists of a tubular stainless steel (SS, internal 

diameter of 9 mm and length 305 mm) reactor (by Autoclave Engineers) equipped with a 2 μm 

porous plate where the catalyst is placed. The flow through the reactor is up-down, thereby 

the reactant mixture is fed through the upper part of the reactor and the reaction products are 

obtained at the lower part. The gas manifold allows the introduction of up to 6 different gases 

at a time (by means of a system of mass flow controllers from Bronkhorst). For the methanol 

carboxylation reaction, only the high pressure (max working pressure of 60 bar) CO2 line was 

used. At the same time, one liquid component can be added to the system. It permitted to feed 

a known amount of methanol to the reactor. For this Microactivity setup the liquid delivery 

system was not dosed using a typical high pressure liquid pump (HPLC, GILSON, INC). 

Instead, the liquid was introduced by means of a MFC for liquids (properly calibrated for 

methanol) from Bronkhorst. This creates a certain disadvantage as it requires the use of a 

“pushing gas” (helium, high pressure) on one side and, on the other side, one carrier gas 

(helium, high pressure) to retrieve and carry the liquid once it comes out of the MFC. The 

problem here is that even when working at low methanol flows (e.g. 0 – 5 ml min-1) it requires 

rather large values for the carrier gas (e.g. He carrier from 50 – 100 ml min-1) to reach stable 

flows. Finally, this contributes to an increased total flow through the reactor (add CO2 flow to 

the previous example). This implies certain limitations in the screening process risen from 

“imposed” values for the gas hourly space velocity (GHSV = reactant gas flow rate/reactor or 

catalyst volume, indicating how many reactor volumes of feed can be treated in a unit time). 

Just before entering the reactor, the liquid methanol is passing through a controlled 

evaporator mixer (a mixing chamber for liquid and carrier gas with heat exchanger which 

ensures complete evaporation of the liquid). Further on, the liquid and gaseous flows are 

introduced into the hot box system (a temperature controlled closed space where the reactor 

is located – max temperatures of 160 °C to 180 °C, to avoid possible condensation in the 

system). Once the gases have been preheated and liquids evaporated, these streams merge 

and flow to a 6-port valve, and later it can either go towards the reactor or by-passing it. At the 

outlet of the reactor a Peltier cell (cooling system  liquid-gas separator) will ensure the proper 

separation of the liquid products from the gaseous ones. The gas phase products will move 

forward via the heated transfer line (ca. 150 °C) until reaching the analytical system – gas 

chromatograph equipped with both flame ionic detector (FID) and thermal conductivity 

detector (TCD) for proper identification and analysis of the products. All the experiment 
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scheduling and analysis part is PC controlled via a very flexible and user-friendly graphical 

user interface (GUI). 

 

Figure 2.2 Schematics of high pressure Microactivity Reference reactor setup 

2. 2. 1. 2 Low pressure setup 

A simple low-pressure home-made continuous methanol carboxylation reactor system 

was designed and built (Figure 2.3). It consists of a quartz reactor (placed inside of a 

temperature controlled oven) having a 3 μm porous plate at the middle position of tube on 

which the catalyst was placed. The flow through the reactor is up-down, thereby the reactant 

mixture is fed through the upper part of the reactor and the reaction products are obtained 

through the lower part. The gas manifold allows the introduction of up to 3 different gases at 

a time (by means of a system of mass flow controllers from Alicat Scientific), namely CO2, an 

inert carrier gas (helium) that is passing through a glass saturator filled with liquid methanol 

(the inside of the saturator contains some glass Raschig rings for better interaction between 

liquid and gas or vapors), and air for catalyst pre-treatment (calcination) before the reaction. 

To control the methanol vapor pressure (thereby the amount of methanol added to the 

reaction) the glass saturator was placed in a cooling (liquid nitrogen based) / hot (oil) bath. 

The product identification and analysis was done using a gas chromatograph equipped with 

and FID detector and a mass spectrometer (if product identification is required). 
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Figure 2.3 Representation of the low pressure (home-made) methanol carboxylation reaction system. Methanol 

concentration is changed by varying its vapor pressure (i.e. glass saturator temperature). Black = room temperature 

(ca. 25 °C), blue = ice-salt cold bath (0 °C), and red = oil bath (for higher temperature) 

2. 2. 1. 3 AMTECH SPR16 

Apart from the typical batch reactors (autoclaves), the automated slurry phase reactor 

system AMTECH SPR16 (Advanced Machinery & Technology Chemnitz GmbH) was used for 

efficient screening of both catalytic materials and reaction conditions (i.e. rapid process 

optimization). The system comprised of 16 independently operable batch (stainless steel, 15 

ml volume) reactors as shown in Figure 2.4. The process parameters such as, temperature 

(up to 220 °C), pressure (up to 150 bar) and stirrers (from 0 to 2000 rotations per minute, rpm) 

were individually adjustable. The SPR16 can be employed to investigate sixteen materials at 

common conditions or one material under sixteen different conditions. 

In a typical experiment, the catalysts were placed in the respective autoclaves, the lines 

were purged with inert gas and the system was subjected to the pressure test. After successful 

pressure testing, the liquid methanol is injected at the top part of the reactor (aided by a 

transfer line) and the reaction can be started. A pressure sensor is used in combination with 

a MFC to supply CO2 and to control the pressure inside the reactors. All the experiment 

scheduling and analysis part was PC controlled via a very flexible and user-friendly graphical 

user interface (GUI). 
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Figure 2.4 AMTECH SPR16 slurry phase reactor for high throughput experimentation 

2. 2. 2 High-pressure (50 bar) methanol carboxylation reactor setup 

2. 2. 2. 1 Reactor system 

The schematic representation of the high-pressure reactor setup (aiming at following the 

chemistry presented in Scheme 1.12) constructed and used in this work for studying the direct 

DMC synthesis from CO2 and methanol (up to 50 bar) is shown in Figure 2.5. A real-life 

representation of the reactor setup is shown in Appendix B, Figure 7.2. As depicted, a high 

pressure thermal mass flow controller (Bronkhorst) was used to flow high purity CO2 

(>99.9993%) gas (purchased from Abelló Linde, Spain). Just before the mass flow controller 

a stainless-steel container (extra volume 300 ml) was placed. The idea behind this extra 

volume was to prevent the small fluctuations, ensuring stable CO2 flow. The liquid (methanol 

HPLC grade or methanol + 2-cyanopyridine mixture, both >99% purity, Sigma Aldrich, Spain) 

delivery system consists of a HPLC pump, model PU-2080 Plus (Jasco, Japan). 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



Reaction setup for continuous production of DMC 

 51 

 

 

 

 

 

 

 

 

 

 

 

F
ig

u
re

 2
.5

 S
c
h

e
m

a
ti
c
 p

ro
c
e

s
s
 f

lo
w

 d
ia

g
ra

m
 o

f 
th

e
 r

e
a

c
ti
o

n
 s

y
s
te

m
 f

o
r 

th
e

 c
o

n
ti
n

u
o
u

s
 p

ro
d
u

c
ti
o

n
 o

f 
D

M
C

 

(l
o

w
e

r 
p

a
n

e
l:
 s

a
m

p
le

 p
re

p
a

ra
ti
o

n
 a

n
d

 g
a
s
 c

h
ro

m
a

to
g

ra
p

h
) 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



2 | Materials and methods 

 52 

A non-return valve was connected in between the CO2 mass flow controller and the mixing 

valve (MV-1) to ensure one directional flow. The micro-reactor system consists of a 1/8” 

stainless steel tube (Swagelok) with an inner diameter (ID) of 1.75 mm and ca. 20 cm in length 

mounted horizontally, as shown in Figure 2.6 together with the heating system. For the in situ 

/ operando studies 3 mm fused quartz reactor (ID: 2 mm) was used (Technical Glass Products, 

Inc. USA). The heating system consists of two aluminium bodies having length of ca. 15 cm. 

A groove in the bottom of the aluminium body was machined to embed the reactor tube in it. 

Another L shaped groove, touching the reactor tube one was made for thermocouple (Type 

K, Watlow) embedment. Two resistive heating cartridge with capacity of 150 W were inserted 

into the bottom body. The temperature control was achieved by a PID controller from Jumo 

(Imago 500 Multichannel Process Controller and Program Controller). The heating assembly 

was covered with ceramic insulation material and the ceramic insulation was wrapped in 

aluminium foil. 

 

Figure 2.6 Reactor tube (both SS and fused quartz, for comparison purpose) with heating system and insulation 

The pressure in the reactor system was maintained and controlled with a back-pressure 

regulator (BPR), model BP-2080 Plus (Jasco, Japan). One of its most important feature is very 

small dead volume (10 μL or less). An inline 10 µm filter frit F-2 was placed in the 1/8” fittings 

after the reactor tube to prevent the catalyst particles entering into back pressure regulator. 

Initially, all the transfer lines and components after the reactor were heated at 180 °C to avoid 

solid formation. Further on, the product stream coming out of the back-pressure regulator flows 

through the in-house built separation system. Moreover, given the very delicate and 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



Reaction setup for continuous production of DMC 

 53 

challenging chemistry (Scheme 1.12), in this specific reactor system configuration the BPR 

was also used as a pressure measurement tool. This was achieved by removing the pressure 

indicator located at the inlet of the BPR and placing it at the inlet of the stainless-steel reactor 

(complete and detailed explanation in the following section, Separation system).  

2. 2. 2. 2 Separation system 

Studies involving organic dehydrating agents have been performed in high pressure batch 

reactor setup. It is of great interest to implement the approach of using dehydrating agents in 

continuous flow processes due to obvious advantages. It is expected that the reaction time 

will be significantly reduced (as compared to a batch process), thereby avoiding (diminishing) 

the by-product formation that would reduce the desired product yield. Using the organic 

dehydrating agent (2-cyanopyridine, 2-CP) in a flow system was found to be a very challenging 

task due to the formation of high melting point products such as 2-picolinamide (2-PA). Table 

2.1 presents extended information about all the compounds involved in the process. 

Table 2.1 Hot trap / cold trap separation system (r.t. = room temperature) [5] 

Number Compound Melting point / °C Boiling point / °C 

Hot trap (2-cyanopyridine – [heavier] – derived products) 

1 2-Cyanopyridine 24-27 212-215 

2 2-Picolinamide 110 284.1 

Cold trap (methanol – [lighter] – derived products) 

3 Methanol -98 64.7 

4 Dimethyl carbonate 2-4 90 

5 Methyl carbamate 56-58 176-177 

6 Methyl picolinate liquid / r.t. 95 / 1 mmHg 

7 Methyl nicotinate 42-44 204 

8 Methyl isonicotinate 8-8.5 207-209 

9 Ethyl-2-picolinate 2  240-241 

10 n-Octane −57 125-127 

 

2-PA is the hydrolysis product of 2-CP and is solid at room temperature and atmospheric 

pressure (Table 2.1). To avoid the clogging of reaction system due to the solid formation all 

the components after the reactor were heated at temperature high enough to melt the formed 

solid. The proper heating of the back-pressure regulator (for increased functionality) was of 

tremendous importance, and a modification to the BPR was made to allow sufficient heating 
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at the position where the fluid passed through. In consequence, the pressure sensor has been 

re-positioned as mentioned in the earlier section. 

The reaction products (along with the reactants) for the continuous DMC production using 

2-cyanopyridine as a dehydrating agent are divided into two categories (Table 2.1, entries 7-

9 – presenting similar chemical structures – are shown as supporting information), namely the 

ones originating from 2-cyanopyridine (unreacted 2-cyanopyridine and 2-picolinamide) having 

high melting (2-picolinamide) and boiling points, and the methanol derived ones (unreacted 

methanol, dimethyl carbonate, methyl carbamate, and methyl picolinate) having lower melting 

and boiling points. Moreover, the significant difference in melting and boiling points of the 

reactants and products led to another major challenge, i.e. obtaining the reaction products in 

suitable and well separated forms, ready for the analytical system. Using our very innovative 

home-made hot trap – cold trap system, the separation of methanol derived products was 

achieved by maintaining the hot trap at 180 °C where high boiling compounds such as 2-

cyanopyridine and 2-picolinamide were trapped (discharging of the heavy products is done by 

opening of the BV-2). Following the hot trap, the outlet stream (gas phase) was passed to a 

U-shaped glass condenser maintained at ca. −40 °C by means of an acetonitrile and liquid N2 

cooling bath. Later, the liquid is collected, filtered and stored in the freezer.  

2. 2. 2. 3 Reaction protocol  

Prior to starting the reaction, the CO2 mass flow controller was properly calibrated using a 

volumetric flow meter (e.g. Agilent ADM 2000). This operation was usually repeated once per 

month to ensure the proper functioning of the MFC. The dehydrating agent, 2-cyanopyridine, 

was dissolved in methanol at the desired molar ratio (most of the cases the stoichiometric 

molar ratio, 2-cyanopyridine to methanol = 1:2). The liquid mixture was always kept in the 

fridge to avoid any change in composition (unless in use). For catalytic activity tests, the 

catalyst was loaded inside a 1/8” tube having inner diameter of 1.75 mm (and outer diameter 

of 3.17 mm). Beforehand, the catalyst powder was pelletized with ca. 4-5 tons of pressure to 

form a pellet of 1.6 cm in diameter and 2-3 mm thickness (depending on the exact amount of 

powder catalyst and the type of material used). The pellet was then broken using mortar and 

pestle into smaller particles and sieved to particle size of 200-300 µm. As it depends a lot on 

its density, the required amount of catalyst was always carefully weighed. Figure 2.7 depicts 

how the placement of the catalyst inside the reactor tube looks like. Before charging the 

catalyst into the reactor tube, a small piece of SS hollow tube having length of ca. 3-4 cm was 

inserted from the bottom of reactor tube. This tube acts as a support for catalyst inside the 

reactor tube and prevents the moving of catalyst bed caused by pressure / flow. This hollow 

tube was bent at different positions (against the reactor’s walls), so that it was held inside the 

reactor under pressurized condition. A small portion of this tube was left outside of the reactor 
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to allow the easy withdrawal after the reaction. Above this support tube, quartz wool was 

inserted carefully to form a packed bed of length ca. 4-5 mm. The catalyst particles were then 

poured inside the tube while tapping the reactor tube to ensure uniform distribution of particles 

inside the tube. The catalyst bed length could be anywhere between 2-14 cm depending on 

the material and the studied space time. To ease the removal of the catalyst after the reaction, 

the reactor tube above the catalyst bed was kept empty. Afterwards, the reactor tube was 

placed inside the furnace and was connected to the system using 1/8” compression fittings. 

 

Figure 2.7 Catalyst placement inside the reactor tube 

To begin with, the reactor was pressurized under CO2 flow to the desired reaction pressure 

and then required flow rates of CO2 and methanol+2-cyanopyridine mixture were passed over 

the catalyst bed. Feed stabilization takes ca. 2-2.5 h and it also represents the time required 

for the liquid stream to travel the whole system under reaction conditions. The moment that 

methanol was observed at the outlet of the hot trap coincides with the moment that the first 

sample is taken. The long time span to reach the system stabilization was attributed to the 

very low reactant flow rate at high pressure conditions. Unless mentioned otherwise, the time 

for collecting one sample was ca. 2 h. 

2. 2. 2. 4 Analytical system 

After the liquid sample was collected (2 h sampling time is long enough to collect the 

desired amount of liquid at the cold trap glass condenser) the product analysis and 

identification was performed by GC-MS (Scion 436-GC, Bruker) using ethanol as solvent and 

1-hexanol as a GC internal standard. Additionally, n-octane was introduced in the reactant 

stream as an internal standard to minimize the errors in quantification of the products due to 

evaporation and condensation. Figure 2.5 carefully describes the adequate sample 

preparation protocol used in the present work. 50 μL liquid sample (analyte) from the glass 

condenser was mixed with 450 μL ethanol (solvent) and 500 μL 2% 1-hexanol in ethanol 

solution (1-hexanol was the internal standard). The as prepared sample (suitable for analysis, 

in 1.5 mL GC vial provided with septum) was then loaded into the GC-MS sample rack. 
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Injections were aided by the automated robotic arm (auto sampler) equipped with a 10 μL 

syringe for liquids (injection volume was 1 μL).  

The GC-FID channel was equipped with an BR-Swax capillary column (length 30 m, ID 

0.32 mm, film thickness 1.0 μm, Cat #: BR89346, Serial #: 1142258). Helium was used as a 

carrier gas. The injector of FID channel was operated in split mode with split ratio of 1:200. 

The column oven was kept at constant temperature of 45 °C for 3 min to allow better 

separation of the lighter components, followed by increasing the oven temperature to 200 °C 

at the rate of 10 °C/min and it was held 14 min to ensure complete removal of all the heavier 

components. The total analysis time was 32.50 min. For the data acquisition and analysis, MS 

Workstation 8 software was used. To determine the response factor and retention time in GC 

analysis, the following commercially available reagents from Sigma Aldrich were used: 

methanol (HPLC grade), dimethyl carbonate (99%), methyl picolinate (99%) and methyl 

carbamate (98%). The calibration of all detected components was carried out by using external 

standard method. Liquid mixtures of known composition were injected to generate a calibration 

curve (usually a 5-points calibration curve). Data treatment was performed using Microsoft 

Excel or OriginLab 9.0 software. As in the case of the reaction samples, for the calibration 

curves each injection was repeated at least three times for reproducibility purposes.  Herein 

only the products directly or indirectly originated from methanol above the trace level were 

quantified and discussed; hence the product selectivity was calculated based on methanol. 

2. 2. 2. 5 Maintenance and troubleshooting 

Aside from offering numerous advantages, the high-pressure setup presented in the 

section 2. 2. 2. came with some major technical difficulties that we had to learn how to 

overcome. Mostly, back pressure regulator related problems were generated by the 

continuous usage under harsh reaction conditions (formation of very high melting and boiling 

point compounds led to implementation of the high-temperature hot trap, see section 2. 2. 2. 

2 Separation system). Despite being a reliable and extremely precise laboratory equipment, 

the Jasco back pressure regulator is especially designed for being used with gases and/or 

supercritical fluids (for complete functionality, the BPR is equipped with a heating jacket that 

provides a maximum working temperature of 80 °C). Long time exposure to high temperatures 

(> 180 °C) and to a series of chemical compounds that do not comply with the equipment’s 

compatibility led to the appearance of certain problems with a rigorous periodicity. Figure 2.8 

shows a typical cross section view of the back-pressure regulator used in this work. To control 

the pressure inside the system, a valve rod oscillates repeatedly to open and close the valve 

(the system is composed of: valve rod, needle valve 1, seal 2 and seat 3). The pressure is 

maintained by changing the time interval of needle oscillation. The common problems 

encountered while performing continuous DMC synthesis in the high-pressure setup relates 
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to the operation of above mentioned components. Thus, back pressure regulator might not be 

able to perform the important functions such as closing or opening the valve completely. To 

summarize, the major issues and the attempts to tackle them were represented by: 

 Stainless steel needle valve (1). The needle was often getting contaminated/dirty when 

small dust/catalyst particles deposited on its polished surface. It was observed that the 

tip of needle may also get deformed (slightly bent) over the time. Attempts have been 

made to micro-polish the needle but, despite of re-gaining the initial aspect (visually), 

finally it had to be replaced.  

 Teflon sealing (2) is by far the most delicate and malleable of all the spares. It was 

observed that with increasing the time of use the seal was clearly getting deformed 

and the needle hole became larger. Replacing it was the only workaround. 

 Polyether ether ketone (PEEK) seat (3) was also prone to getting contaminated. The 

visible color change (seat is getting darker) could be removed by polishing it with very 

fine sand paper. Nevertheless, this did not provide proper functioning and the seat had 

to be replaced. 

 Metallic valve rod is the part that holds the system together. Sometimes, due to long 

term use (thereby long time exposure to high temperatures), it was getting blocked, 

resulting in malfunctioning of the equipment. Therefore, it had to be completely taken 

out and thoroughly cleaned for proper functioning (e.g. small dust particles, hardened 

grease, etc.). 

Other actions that helped us to keep the system in a proper shape for longer periods of 

time include: i) thorough washing with methanol in between the catalytic tests  to maintain 

the system clean (long-term flush with methanol at temperature from 30-150 °C with or without 

applying pressure), ii) the use of porous frit after the reactor (just before BPR inlet, to prevent 

the solid particles from going in) helped in certain cases, but it did not represent a critical point 

in the present case, and maybe the most important point iii) proper optimization of the hot-trap 

temperature is required (the lower the temperature, the better. Nevertheless, chemistry is 

dictating!). Since at the beginning the hot trap was constructed by simply wrapping it in heating 

wire, introducing the hot-trap in a home-made temperature-controlled oven helped to reduce 

the temperature @ BPR inlet/outlet (from 180-200 to 130-140 °C). This action had significant 

consequences over the back-pressure regulator lifetime, offering the possibility of working 

under proper conditions for longer time. Besides, a ventilation system (cooling) for the solenoid 

(i.e. controlling the movement of the needle valve) was added. However, when (if) something 

was too damaged to be re-used (after repairing attempt), it would likely be replaced by new 

spares. 
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Figure 2.8 Cross section view of the Jasco back pressure regulator (BPR) 

2. 3 In situ studies 

Better understanding of physical and chemical processes, with both fundamental and 

industrial relevance, represents one of the most challenging task in today’s “research world”. 

The use of in situ experimental techniques has gained more and more attention over the last 

couple of decades, providing a useful tool for studying heterogeneous catalysts and reaction 

mechanisms [6]. Gaining advantages of sophisticated techniques enabled the rational 

development of catalytic systems. It is of great importance to understand the significant steps 

of a heterogeneous catalyzed reaction. We can distinguish between fundamental catalytic 

processes that can occur extremely fast (e.g. nanosecond scale), like the formation of the 

reaction intermediates, or processes that can usually require a larger amount of time (e.g. 

from minutes to hours) like the different stages in a catalyst’s lifetime, such as 

activation/deactivation/reactivation. By applying the appropriate characterization technique 

(e.g. X-ray absorption spectroscopy (XAS) for characterization of local geometry, electronic 

and structural properties of catalysts, X-ray diffraction techniques (XRD) for structural 

characterization of materials, microscopy and morphological studies, or techniques for 

studying the interaction of adsorbates with catalyst surfaces, such as infrared spectroscopy 

(IR), Raman spectroscopy, electron paramagnetic resonance (EPR), and X-ray photoelectron 

spectroscopy (XPS), etc.) or by properly integrating a several techniques as combined 
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approach it is possible to obtain the information about the material structure that can be 

correlated with the catalytic activity.  

Along with the in situ approach, operando methodology (in situ spectroscopy and 

simultaneous activity measurements under technically relevant catalytic reaction conditions) 

has been extensively used over the last years for better understanding of catalytic materials 

and reaction mechanisms [7]. 

2. 3. 1 Synchrotron studies 

A synchrotron is an extremely powerful source of X-rays and many of the techniques 

mentioned in the introductory part of this section can be implemented at a synchrotron facility. 

The X-rays are produced by high energy electrons moving in a circular path. The entire 

synchrotron world floats around this principle: when a moving electron changes direction, it 

emits energy. When the electron is moving fast enough, the emitted energy is at X-ray 

wavelength. Thereby, a synchrotron machine is used to accelerate electrons to very high 

energy level and then to make them change direction periodically. The major component parts 

of any synchrotron facility are briefly presented in the Figure 2.9 b. First, free electrons are 

produced (1, electron gun) which are accelerated in linear accelerator (2, LINAC). The LINAC 

feeds the electrons into the booster ring (3, pre-accelerator), an element that uses magnetic 

fields to force the electrons to travel in a circle. Following the booster ring, the electrons go 

into the storage ring (4, a giant donut) where they circle for hours at a velocity close to the 

speed of light. The tube is maintained at very low pressure (around 10-9 mbar). The X-ray 

beams emitted by the electrons are directed towards beamlines (5) that surround the storage 

ring in the experimental hall (6, application room serving for different type of research 

depending on the available techniques).  

Among others, X-ray absorption fine structure (XAFS) is one of the most important 

spectroscopic techniques used to characterize heterogeneous catalysts [8, 9]. By analyzing 

the XAFS data, information can be acquired on the local structure and on the unoccupied local 

electronic states (e.g. coordination chemistry or oxidation states) [10]. X-ray absorption 

measurements are very straightforward, provided one has an intense and energy-tunable 

source of X-rays - which usually means a synchrotron facility. XAFS is element-specific, in 

that sense the x-rays are chosen to be at and above the binding energy of a core electronic 

level of an atomic species. XAFS spectra are divided into two regimes, namely XANES (X-ray 

Absorption Near-Edge Spectroscopy) and EXAFS (Extended X-ray Absorption Fine-

Structure). XANES is the region of x-ray absorption spectrum within ~50eV of the absorption 

edge and EXAFS contains related but slightly different information about an element’s local 

coordination and chemical state. XANES is strongly sensitive to formal oxidation state and 
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coordination chemistry of the absorbing atom whereas EXAFS can be used to determine the 

distances, coordination number, and species of the neighbors of the absorbing atom. Since 

all atoms have core level electrons, XAFS spectra can be measured for essentially every 

element on the periodic table. More importantly, crystallinity is not required for XAFS 

measurements making it one of the few available techniques for non-crystalline and highly 

disordered materials. Since X-rays are fairly penetrating in matter, XAFS is not intrinsically a 

surface-sensitive technique though special measurement approaches can be applied to 

enhance its surface sensitivity.   

Given the intense use of CeO2 related materials in the present project, various synchrotron 

measurements have been performed to understand the role of catalyst in DMC synthesis 

starting from CO2 and methanol. A priori: CeO2 is a catalyst well-known for its acid-base 

properties (Ce+4 is a Lewis acid, while O-2 is a Lewis base), but also very famous for its redox 

potential, being able to rapidly switch from Ce+4 to Ce+3 and vice versa, under the proper 

experimental conditions. To get better insights on the Ce oxidation state during DMC synthesis 

and to understand the extent of redox process (if any) in this process, synchrotron 

measurements have been performed. All the experiments were performed at European 

Synchrotron Radiation Facility (ESRF, Grenoble – France) at the Swiss Norwegian Beamline 

(SNBL). The workstation is equipped with two monochromators, a channel-cut (CC) 

monochromator for diffraction experiments and a double-crystal monochromator (DCM) for 

XAFS measurements. They can be easily and rapidly interchanged. Besides these two-

traditional synchrotron-based techniques, the experiments can also be followed by Raman 

scattering. The Raman instrument, a Renishaw RA100 – green laser at 532 nm and a red 

laser at 785 nm, is located outside the experimental hutch. More information about the optics, 

beamline layout, monochromators design, and Raman probe design can be found in [11] and 

[12]. 

XANES experiments targeting Ce L3 (5.7234 keV) and K (40.4430 keV) edges have been 

conducted in both gas and liquid phase. Figure 2.9 a briefly describes the experimental setup. 

The reaction cell (7) consisted of commercially available quartz capillary tubes as a 

transparent tubular reactor for continuous flow process and it is shown in Figure 2.10. The 

reactor tubes were purchased from Hilgenberg GmbH (Germany) with standard length of 80 

mm and various outer diameter (OD of 0.7 and 1.0 mm, depending upon the experiment). The 

wall thickness of the capillary tube is very small, 0.01 mm, making it appropriate for the desired 

experiments. One end of the capillary was funnel-shaped to aid the catalyst loading, while the 

other one remain closed until the start of reaction. The closed end of tube was opened by 

using GC capillary column cutter once the system is mounted. The catalyst bed consists of 

CeO2 particles sieved to the desired size (μm) and placed properly in between two layers of 
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quartz wool. Since all the experiments were run at atmospheric pressure, the main purpose of 

the quartz wool was to keep the catalyst bed at fixed position under the continuous flow or 

when changing from one flow to the other. The reactor tube is glued with two-component high 

temperature epoxy to a stainless-steel bracket equipped with 1/8” fittings which serves as 

holder as well as provides connections to flow the gases (Figure 2.10).  

 

Figure 2.9 European Synchrotron Radiation Facility (ESRF), Swiss Norwegian Beamline (SNBL - Grenoble, 

France, Station B). a. Schematics of the experimental setup used to monitor the DMC synthesis using CeO2 

materials. Both gas and liquid phase experiments have been performed. Raman (green laser) and MS (Pfeiffer, 

Omnistar) were used to follow the surface species and gas phase products formation, respectively and b. 

Synchrotron light source – component parts  

Two high precision slides ensure that the fittings remain perfectly coaxial and allows the 

easy alignment relative to the X-ray beam and to the hot air blower (properly controlling the 

reaction temperature) placed below the capillary. 
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Figure 2.10 Capillary cell with stainless steel bracket equipped with 1/8” fittings. The tube is glued with two-

component high temperature epoxy into the bracket frame. The catalyst is placed in between two quartz wool layers 

for increased stability under the reaction (flow) conditions 

Gas flows were remotely controlled by mass flow controllers (Bronkhorst). To introduce 

methanol (gas) into the reaction cell, an inert gas (helium) was passed through a glass 

saturator (kept at room temperature) containing liquid methanol. Hydrogen and oxygen were 

used to perform the reduction and oxidation cycles. For experiments using liquid reactants 

(water and 2-cyanopyridine), two syringe pumps were used (Chemyx Fusion 100 and KDS 

Scientific 100, both equipped with glass syringe), combining precision with simplicity and 

reproducibility even at micro-flow rates. The syringe filled with 2-cyanopyridine (solid at normal 

conditions of 20 °C and 1 atm) was properly wrapped into heating wire and heated to 40-50 

°C, to ensure its transformation into liquid and normal flow towards the reaction cell.  

One of the main elements of the setup is the switching valve. The switching valve allowed 

rapid switching between two gas lines (e.g. H2 and O2). The pressure in both lines (sample 

and blank) was adjusted to 1.2 bar by back pressure controllers (Bronkhorst). Equalizing the 

pressure in both lines is very important as it enables a sharp and clean switching front between 

the gases. At the outlet of the capillary cell a quadrupole mass spectrometer (Pfeiffer, 

Omnistar) capable of separating fragments with molecular mass to charge ratio (m/e) up to 

100 was connected to analyze the gas phase products coming out of the reactor. To avoid 

condensation of the liquid phase when introducing vapors into the capillary, the transfer line 

connecting the reactor with the MS was continuously heated at 150 °C.  The outlet gases were 

analyzed by connecting the MS inlet to a 1/16” stainless steel tee (open to the atmosphere) 

on the exhaust tube. 

All the instruments and equipment presented above (i.e. XANES data collection, MS and 

Raman spectrometer, temperature controller, MFCs and back pressure regulators, switching 

valve, etc.) are connected to a hub and further on they are remotely controlled using a powerful 

computer unit located in the analysis room near the experimental hutch. 
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2. 3. 2 In situ DRIFTS-MS and Raman-MS studies 

Infra-red spectroscopy (vibrational spectroscopy) is one of the most sensitive, useful and 

important analytical techniques used for the investigation of the active species and sites in 

catalysis. All organic molecules absorb infra-red (IR) radiation at characteristic vibrational 

frequencies. The amount of absorbed radiation and the frequency at which the event occurs 

varies with the presence of various functional groups (e.g., OH, NH, C=O, COCl, C-C, C=C, 

etc). Basically, infrared spectroscopy is a technique entirely built on the vibrations of the atoms 

of a molecule. An infrared spectrum is commonly obtained by passing infrared radiation 

through a sample and determining what fraction of the incident radiation is absorbed at a 

certain energy level. Hence, any peak in an absorption spectrum appears at certain energy 

level and corresponds to the vibration frequency of a specific part of a molecule. Many times, 

the IR measurements are done in transmission mode, where samples should be prepared as 

thin films or diluted in non-absorbing matrices (to avoid strong absorption generated by most 

of the materials). On the other hand, reflectance techniques may be used for samples that are 

difficult to analyze by the conventional transmittance method as they require minimal sample 

preparation and provide reliable results. The reflectance methods include:  

 Attenuated Total Reflectance (ATR) Spectroscopy (utilizing the phenomenon of total 

internal reflection) 

 Specular Reflectance Spectroscopy (external reflectance; ideally for smooth surfaces) 

 Diffuse Reflectance Spectroscopy (DRIFTS) (combining internal and external 

reflectance phenomena; ideally for rough surfaces) 

DRIFTS is of high interest for the heterogeneous catalyzed gas phase reactions since 

spectra of powders presenting rough surfaces can be rapidly recorded by illuminating the 

catalyst surface and collecting enough scattered radiation. The valuable information such as 

mechanistic pathway or formation of active reaction intermediates can be obtained by using 

in situ DRIFTS experiments. 

In situ DRIFTS setup (Figure 2.12): all the experiments were performed using a BRUKER 

IR instrument (FTIR-Vertex 70V) equipped with a liquid-nitrogen-cooled mercury cadmium 

telluride (LN-MCT) detector with a home-made stainless steel cell mounted in a Praying Mantis 

(Harrick). The Praying Mantis accessory consists of an optical system equipped with a series 

of mirrors for redirection and collection of diffuse reflected light as well as minimizing the 

detection of specularly reflected light (Figure 2.11). Detailed description of the experimental 

setup is shown in Figure 2.12. The cell design included gas inlet-outlet ports as well as 

thermocouple entrance to measure the catalyst bed temperature. The temperature of the cell 

was controlled with a programmable PID temperature controller. In a typical experiment, the 
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catalyst in powder form or sieved to the desired particle size (µm) was placed in the cell (in 

the special designed notch) in between two quartz wool layers (sandwich structure like, 

horizontally placed). A flat zinc selenide (ZnSe) crystal serving as IR transparent window was 

placed on top of the catalyst bed. The graphite sheet was placed between the window and the 

main body for sealing purpose. The optical window was then covered with another layer of 

graphite sheet and a stainless-steel top lid which finally fixed to the cell body by using screws. 

The gases (i.e. carbon dioxide, helium) were fed to the reaction cell by the means of four 

calibrated ALICAT mass flow controllers. Methanol in gas phase was supplied using a liquid 

methanol saturator and helium as carrier gas. A 4-way switching valve (VICI, Valco 

Instruments) allowed rapid switching between two gases (e.g. CO2 and methanol). 

 

Figure 2.11 a. Photograph of a Praying Mantis (Harrick) and b. schematic diagram of the optical system 

All the spectra were acquired with OPUS Spectroscopy Software package at a resolution 

of 4 cm-1. The experiments were performed at various temperatures and atmospheric 

pressure, and all the gas phase effluents were analyzed online with the mass spectrometer 

equipment having the transfer line temperature set to 200 °C to avoid condensation problems. 

Before starting the experiment, the whole system was purged with helium for at least half an 

hour or until complete stabilization was observed on the MS detector.  
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Figure 2.12 a. In situ DRIFTS-MS setup. The gas manifold allows feeding the reactants to the DRIFTS cell. IR 

measurements are done using b. Vertex 70V (Bruker) and the gas phase products are analyzed with Omnistar MS 

Along with DRIFTS, Raman spectroscopy is among the most powerful and versatile 

analytical techniques used for chemical analysis and characterization of many different 

chemical species and reactions. Raman spectroscopy is a type of vibrational spectroscopy, 

pretty much alike infrared spectroscopy where IR bands arise from a change in the dipole 

moment (change in polarizability) of a molecule. Like the FT-IR, Raman spectroscopy is highly 

selective, which allows to identify and differentiate molecules and chemical species that are 

very similar. Nevertheless, certain vibrations that are allowed in Raman are forbidden in IR 

and vice versa, whereas other vibrations may be observed by both techniques although at 

significantly different intensities; thus, these two techniques can be often seen and referred as 

complementary ones. 

The Raman effect was initially introduced by the famous Indian physicists C.V. Raman and 

K.S. Krishnan back in 1928 and it involves shining a monochromatic light source (i.e. laser) 

on a sample and detecting the scattered light. Most of the light that scatters off is unchanged 

in energy (also known as Rayleigh scattering), whereas a small portion of it has lost or gained 

energy (also known as Raman scattering). Depending on either the energy is lost (*) or gained 

(**), the process is called Stokes Raman scattering (*) or anti-Stokes Raman scattering (**). 

In comparison to other vibrational spectroscopy methods, such as FT-IR and NIRS (near-

infrared spectroscopy), Raman presents several major benefits. These advantages are 

consequences of the fact that the Raman effect manifests itself in the light scattered-off from 
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a sample as opposite to the light absorbed by a sample. Thus, Raman spectroscopy requires 

little to no sample preparation and is not sensitive to aqueous absorption bands (i.e. no special 

accessories are needed for measuring aqueous solutions). This property of Raman facilitates 

the measurement of samples that may come in the form of solids (particles, pellets, powers, 

films, fibers), liquids (gels, pastes), and gases not only directly, but also through transparent 

windows/reactors made from glass, quartz, and even plastic. This makes the Raman 

spectroscopy a very suitable and versatile technique for in situ/operando measurements which 

can be performed under high pressure and temperature conditions. In addition, CO2 vapors 

are very weak scatterers and system purging is unnecessary.  

In situ Raman setup: a thorough description of the experimental setup used for the in situ 

Raman measurements is presented in Figure 2.13. All the experiments were carried out using 

a BWTEK dispersive i-Raman portable spectrometers equipped with 532 and or 785 nm 

excitation lasers and a TE-cooled linear array detector. 

 

 

Figure 2.13 a. In situ Raman-MS setup. The gas manifold allows feeding the reactants to the Raman cell. Raman 

measurements are carried out using the b. BWTEK portable i-Raman. The gas phase products are analyzed with 

an Omnistar MS 

The system is very like the one presented above (see in situ DRIFTS setup), relying on 

the same gas manifold to feed the reactants to the reaction cell. The major differences arise 

from the usage of a capillary reaction cell comparable to the one described in the section 2.3.1 

Synchrotron studies and a different heating system, based on a commercially available high 
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temperature (up to 500 °C) hot air gun. All the spectra were acquired with the BWSpec4.0 

software and the gas phase effluents were analyzed online with a mass spectrometer, an 

Omnistar MS equipment having the transfer line temperature set to 200 °C to avoid any 

condensation issues. 

2. 3. 3 Modulation excitation spectroscopy (MES) and multivariate curve 

resolution (MCR). Theory and applications 

Given the increased complexity presented by a heterogeneous catalyzed reaction system 

(described in detail in Figure 2.14), involving liquid and gaseous reactants and products and 

a solid catalyst separated by a phase boundary, it is of high difficulty to properly understand 

how this surface process controls essential steps ongoing from reactants to product formation. 

There are physical transport phenomena of substrates and products to (and from) the active 

sites, reaction intermediates formation, and inactive species interfering with the reaction 

medium. It also presents high relevance to improve the control over all the reaction parameters 

that can significantly influence the overall reaction rate and process selectivity by suppressing 

the unwanted secondary reactions. To do this, we should own a complete understanding of 

the whole catalytic process. Finally, the objective will be attained by designing better catalyst 

materials able to overcome the transport limitations while providing enhanced activity and 

stability over time. 

Although the power of in situ/operando spectroscopic techniques (part of which have been 

presented in the section 2.3 In situ studies) is highly acknowledged, some important 

challenges stand still in the attempt to explain and correlate the signals originating from the 

catalytic interfaces with the activity and selectivity results. Among the most important problems 

encountered when dealing with in situ measurements it is worth to enumerate that the resulting 

spectra are often very crowded, bringing together information from reactants, products, 

reaction intermediates, solvents and even inactive species (spectators) that are not involved 

in the reaction directly. The main issue here is that the signals originating from spectators are 

frequently stronger than those of the active species, thus crucial information for the catalytic 

process may be hidden or lost. 
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Figure 2.14 Schematic representation of the complex system represented by a heterogeneous catalyzed reaction 

taking place in a fixed bed reactor 

Also, the highly dynamic nature of the reaction system under real working conditions (i.e. 

catalytic processes usually require high temperatures and/or pressures), the time-resolution 

(i.e. sensitivity and noise  signal-to-noise ratio), and selectivity (i.e. being able to certainly 

assign that what we see is due to species actively involved in the reaction mechanism and not 

just spectators) are other factors that will have a huge impact in interpreting the data. To tackle 

these challenges, transient response techniques (e.g. temporal analysis of products, TAP and 

ultrafast laser spectroscopy, ULS) are widely applied in the analysis of reaction intermediates 

and active species or of reaction kinetics. Modulation excitation spectroscopy (MES) is another 

powerful and well-known tool that allows sensitive and selective detection and monitoring of 

the dynamic behavior of species directly involved in a chemical reaction [13, 14]. The basic 

principles of the modulation excitation spectroscopy are summarized in Figure 2.15. Basically, 

when a system is perturbed by a periodic change of a parameter, such as concentration, pH, 

light flux, or temperature, this will selectively be reflected upon the species actively involved 

in the reaction and, in consequence, they will be offering a periodic response. Further on, this 

response can be sensitively monitored and the signal-to-noise ratio can be significantly 

enhanced by a phase-sensitive detection (PSD), a mathematical model used by MES to obtain 

better spectral separation of the signals. As illustrated in the Figure 2.15, a realistic situation 

(i.) is pictured by an unclear and noisy image, where the active species and the spectators 

can barely be distinguished. A more desirable situation (ii.) can be achieved if an ideally 

sensitive technique has been used. 
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Figure 2.15 Modulation excitation spectroscopy (MES) – basic principles 

Nevertheless, the signals of the active species are still largely interfering with the unwanted 

spectator signals. An ideal situation and the ultimate objective of applying such transient 

techniques (MES in the current case) is depicted in (iii.) and it shows that only the active 

species can be monitored with high temporal and spatial resolution so that its dynamic 

behavior can be closely observed. In a typical MES experiment two kinds of stimulation are 

generally used, namely sinusoidal- and square-wave stimulations. While sinusoidal-wave 

stimulation is simpler to treat theoretically for the quantitative analysis of the responses, the 

square-wave stimulation is easier to implement experimentally, precisely for the case of 

concentration stimulation, which is achieved by simply switching between two flows of different 

concentrations. 

Alternatively, we combined the MES experiments with a chemometric method to realize 

better data processing and deconvolution of the complex spectra down to individual 

components. Chemometrics is a branch of the chemistry that employs mathematical and 

statistical methods to design or select optimal procedures and experiments, and to provide 

maximum chemical information by evaluating chemical data. As such, multivariate curve 

resolution (MCR) has become very popular in the last 40-50 years and has gained increased 

attention due to its improved ability to deliver the pure response profiles (e.g. spectra, pH 

profiles, time profiles, elution profiles) of the chemical constituents or species of an unresolved 

mixture when no previous information is available about the nature and composition of these 

mixtures [15]. Nowadays, MCR is heavily used as a blind-source separation method (without 

having any reference spectra a priori) to efficiently process large data sets coming from the in 

situ measurements performed in labs and at synchrotron facilities all over the world [16]. 
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Herein, a brief description of the MCR-ALS (Multivariate Curve Resolution Alternating Least 

Square) method is presented. A more detailed description of the method and software used 

can be found in various literature reports and tutorials [17-25]. 

For MCR (Figure 2.16) analysis in a multicomponent system, two main requirements must 

be fulfilled, namely i) the experimental data should be structured as a two-way data matrix (or 

a multiset structure) and ii) this data set should be explained well enough by a bilinear model 

using a limited number of components. The MCR bilinear model is usually described by the 

equation D = CST + E, where D is the raw data set (initial spectroscopic data table; the rows 

of matrix D are the spectra measured during the experiment), and ST (rows) and C (columns) 

are the matrices corresponding to the pure spectra and the related concentration profiles, 

respectively, for each of the compounds encountered in the system (the superscript T denotes 

the transpose of matrix S). E is the matrix of residuals and ideally it should be close to the 

experimental error.  

 

Figure 2.16 Multivariate curve resolution (MCR) – efficiently solving the mixture analysis problem (e.g. 

spectroscopic data set) 

With the purpose of improving the data treatment and solve the MCR bilinear model and 

to realistically interpret and extract the profiles of C and ST, a constrained Alternating Least 

Squares (ALS) algorithm is also implemented. MCR-ALS solves iteratively the equation 

presented in Figure 2.16 by using the Alternating Least Squares algorithm which calculates 

the concentration and pure spectra matrices to optimally fit the experimental data matrix. To 

carry out the optimization procedure, a series of steps must be followed, namely i) estimation 

of the initial number of components in the system (can be done either manually or by using 
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single value decomposition algorithm), ii) preliminary estimation of both C and ST (realized 

manually or by means of using the evolving factor analysis method or by a purest variable 

detection method), iii) the choice of constraints: several constraints can be applied to model 

the shapes of the C and ST profiles (separately), such as non-negativity, unimodality, closure, 

trilinearity, selectivity or/and other shape or hard-modeling constraints, and iv) ALS 

optimization: convergence is achieved after a predefined number of iteration cycles or when 

there is no longer a visible difference in the standard deviations of the residuals between two 

consecutive iterative cycles. 

In the end, the MCR-ALS algorithm is a very flexible mechanism which, by proper selection 

and application of the constraints that are fully fulfilled by the raw data set, can deal with huge 

amounts of datasets resulted from the most diverse situations. The final goal is to learn more 

about a certain chemical system behavior and to come up with meaningful results from both 

mathematical and chemical point of view. 
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Catalysis under microscope 
 

 

Unraveling the mechanism of catalyst de- and re-activation in the 

continuous dimethyl carbonate synthesis from CO2 and methanol in 

the presence of a dehydrating agent 
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3. 1 Introduction 

Human activities have been influencing climate changes by the significant increase in the 

emissions of greenhouse gases, among which carbon dioxide (CO2) is the main exponent. 

According to a study by Friedlingstein et al., human activities are responsible for 35 billion 

metric tons (gigatons) of CO2 emission in 2010 [1], an amount that makes the CO2 emissions 

from the world’s degassing subaerial and submarine volcanoes seem rather small [2]. In this 

context, exploring new ways to valorize CO2 in a form of chemicals such as fuel [3] and organic 

carbonates, has gained great attention. Among them, development of the direct carboxylation 

reaction of alcohols such as methanol and ethanol with CO2 for the synthesis of alkyl 

carbonates is attractive in terms of CO2 chemical fixation and green chemistry (organic 

carbonates are well known for their low toxicity, non-corrosivity and biodegradability) [4, 5]. 

Also, the reaction can contribute to the substitution of toxic phosgene by abundant and less 

harmful CO2 molecule. 

Dimethyl carbonate (DMC) has attracted much attention in the last few decades due to its 

unique chemical properties as a safe, non-corrosive and environmentally acceptable 

alternative to methylating and carbonylating agents (CH3X, DMS, COCl2) [4-8]. Also, DMC has 

been used in the synthesis of polycarbonates and polyurethane, and even as a solvent, 

replacing methyl ethyl ketone, butanone, or tert-butyl acetate [4, 9]. Moreover, due to its high 

oxygen content (around 53 wt%; three-times more oxygen-rich than methyl tert-butyl ether, 

i.e. MTBE), DMC has been employed as an oxygenate additive to diesel fuel, thus increasing 

the potential to reduce soot from diesel engines [10]. 

Both batch and continuous operations have been reported for the direct DMC synthesis 

using heterogeneous catalysts from carbon dioxide and methanol as a safer and cleaner way 

for DMC production, eliminating the use of the toxic phosgene or CO required for the 

conventional DMC synthesis. The reaction can, in principle, provide an extremely high atom 

efficiency (Reaction 1). 

 

Zirconia and ceria are the catalyst materials widely reported for the methanol carboxylation 

reaction [11-20]. Even though the selectivity towards DMC (SDMC) was very high (almost 100% 

in some cases), the methanol conversion (XMeOH) was limited by the reaction equilibrium. Other 

attempts have been made with vanadium-based catalysts such as H3PO4/V2O5 and Cu-

Ni/V2O5-SiO2 [21, 22], without improving the methanol conversion and DMC yield to a large 

extent. Different oxides like SiO2, Al2O3, TiO2, H-ZSM5, H-USY, H-MOR, ZnO, MoO3, and 
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Bi2O3 were tested in the reaction, but mainly dimethyl ether (DME) was produced instead of 

desired DMC [12]. 

Several researchers have examined different ways to improve the thermodynamically-

limited equilibrium conversion to shift towards DMC formation, because DMC yield is <1% 

even at thermodynamically favorable high pressure conditions [23, 24]. The uses of high 

pressure conditions [25], both chemical or physical water traps (dehydrating agents) [16, 26], 

and catalytic membrane reactors (CMR) [27] did not show a great improvement for the direct 

carboxylation reaction of methanol. Recently, Tomishige et al. first reported the use of 2-

cyanopyridine (2-CP) as a dehydrating agent in the direct DMC formation from methanol and 

carbon dioxide in a batch system, demonstrating outstanding results in terms of methanol 

conversion and DMC selectivity (Reactions 2-4) as well as recycling of 2-picolinamide (2-PA) 

by dehydration reaction to 2-CP [28, 29]. 

 

Inspired by the work of Tomishige, our group reported the direct DMC synthesis in a fixed 

bed reactor over ceria (CeO2) catalysts in the presence of 2-CP with >90% methanol 

conversion and >95% DMC selectivity [25]. Excellent results were obtained, but at the same 

time a drop in methanol conversion by ca. 50% was observed after ca. 200 h of continuous 

operation and the origin of the deactivation remains unclarified. 

Operando methodology (in situ spectroscopy and simultaneous activity measurements 

under technically relevant catalytic reaction conditions) has been increasingly used over the 

last years for better understanding of catalytic materials and reaction mechanisms [30]. The 

use of traditional tubular quartz reactors as spectroscopic cells [31-36] is an extremely 

powerful and efficient approach since a wide range of temperatures and pressures can be 

easily studied. On the other hand, visually inspecting catalysts in real time using such an 
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optically transparent reactor can possibly offer new perspectives on catalytic reaction 

mechanism, catalyst functionality, and process optimization. There are several reports where 

visual observations were made on the basis of the use of capillary quartz reactors (or 

windows), such as working under high pressures (250 bar) and temperatures (500 °C) for 

biomass gasification [37], coke identification in the conversion of biomass in hot compressed 

water [38], assessment of the mixing behavior in a reformer prototype for hydrogen production 

[39], and evaluation of the temperature profile during the efficient reheating of a reverse-flow 

reformer [40]. 

The present study aims at first demonstrating the continuous DMC synthesis using CeO2 

as catalyst and 2-CP as dehydrating agent in a fused quartz reactor operated up to the 

optimum reaction pressure of 30 bar [25] and then at shedding light on critical parameters that 

can help better understand and improve the process by visual and spectroscopic inspections. 

Particularly, focuses are given to gain new insights into the origin of deactivation and its 

mechanism to propose effective conditions for catalyst reactivation. Furthermore, our first 

attempts to visualize the complexity of the catalytic interface consisting of three-phase 

boundaries (gas-liquid-solid) under operando conditions will be presented. 

3. 2 Experimental 

3. 2. 1 Materials 

High surface area CeO2 powder (>100 m2/g) was kindly supplied by Daiichi Kigenso 

Kagaku Kogyo Co. Ltd., Japan and used without any further treatment. Methanol (>99%) and 

2-cyanopyridine (2-CP, 99%) were purchased from Sigma Aldrich. High purity CO2 

(>99.9993%) gas was purchased from Abelló Linde, Spain. 

3. 2. 2 Reaction system 

The details of the reaction set-up, protocols used, and analytical methods for the 

identification and quantification of reaction products were described in our previous work [25]. 

The reaction set-up used in this work is a simplified and improved version of the system [25]. 

The present system differs in product separation efficiency by means of an improved hot trap 

design. This was achieved by introducing the hot trap into a home-made metallic oven. The 

temperature of the oven was kept at 130-140 °C so that high separation efficiency between 

low and high boiling-point compounds could be assured. The temperature range is enough to 

reach the proper separation of compounds with low boiling-points, while minimizing the high 

boiling-point compounds traveling from the hot to the cold trap. The product analysis was 

performed by GC-MS (Scion 436-GC, Bruker) using ethanol as solvent and 1-hexanol as an 

internal standard. Additionally, n-octane was introduced in the reactant stream as an internal 
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standard to minimize the errors in quantification of the products due to evaporation and 

condensation. 

In a typical experiment, 300 mg of the CeO2 catalyst (pelletized, crushed, and sieved to 

200-300 µm particle size) was loaded into the reactor tube (fused quartz reactor with ID: 2.0 

mm, and OD: 3.0 mm, purchased from Technical Glass Products, Inc. USA), resulting in the 

catalyst bed length of ca. 6.0 cm (Figure 3.1).  

 

Figure 3.1 Fused quartz reactor with regular compression fittings. Fresh CeO2 catalyst is loaded inside the reactor 

The flow of CO2 was kept at 6 NmL/min while the HPLC pump was operated at constant 

flow rate of 10 μL/min to pump the mixture of methanol and 2-CP at 2:1 molar ratio (see 

Appendix C, Chapter 3 for the estimation of the space time [25]). The quartz reactor tube 

was connected to the reaction system using regular compression fittings, using the approach 

like that described to achieve the high-pressure sealing [41]. The compression fittings for 

quartz reactor included SS 316 nuts and Valcon polyimide ferrules (high temperature graphite-

reinforced polyimide composite), purchased from Swagelok® and Valco (VICI® AG 

International) respectively. 

For the study of pressure and temperature effects, the reaction system was first stabilized for 

2.5 h before starting the sample collection. Pressure effects on the reaction performance were 

examined from 1 to 30 bar at two temperatures (70 and 120 °C) by starting from 30 bar and 

step-by-step decreasing the pressure in the reactor. Temperature effects were investigated at 

30 bar in the range of 80-160 °C. The first sample was collected at the lowest examined 

temperature of 80 °C and then the reaction at higher temperatures were studied. For all the 

cases (after switching from the initial conditions) 30 min of system stabilization and 

subsequent 45 min of sample collection period were applied. 
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3. 2. 3 Visual inspection and spectroscopic analysis 

For the video recording of the catalyst under working conditions, the reactor furnace was 

modified by opening a channel of ca. 6 cm (long enough to see the whole catalyst bed) in the 

center of aluminum cover along the catalyst bed (Figure 3.2). This channel was covered by a 

glass window (above the aluminium cover) during the operation to minimize the heat loss while 

recording the catalyst under working conditions. The image/video recording was performed by 

two different video cameras: (i) a Panasonic Handy-Cam model SDR-S50 with a 78x 

enhanced optical zoom to record the overall picture of the furnace and quartz reactor and (ii) 

an USB digital microscope (800-1000x magnification) – to obtain zoom-in images and videos 

at the level of the catalyst particles. 

 

Figure 3.2 Home-made Al cover plate for the reactor furnace with ca. 6 cm channeling to allow the recording of 

the experiments 

In situ and operando Raman measurements were performed with BWTEK dispersive i-

Raman spectrometers equipped with 532 and 785 nm excitation lasers and a TE-cooled linear 

array detector. Ex situ Raman measurements were carried out on a Thermo Scientific™ 

Nicolet™ iS™50 FT-IR Spectrometer equipped with the Raman module with a 1064 nm near-

infrared laser. FT-IR measurements were performed at 2 cm-1 resolution on a Bruker Alpha 

spectrometer equipped with a DTGS detector and a KBr beam splitter using a single-reflection 

ATR accessory with a diamond internal reflection element. Transmission FT-IR 

measurements were performed at 2 cm-1 resolution on an Agilent Technologies Cary 630 FTIR 

spectrometer equipped with a DTGS detector and a DialPath accessory with ZnSe windows 

at the path length of 100 μm.  

Band assignments of IR and Raman spectra were assisted by quantum chemical 

calculations of vibrational frequencies and intensities and normal mode analysis. They were 

performed with density functional theory (DFT) using B3PW91 functional [42, 43] with 6-

311G(2d,2p) basis sets using Gaussian 09 [44] as an isolated molecule without solvent 

effects. The simulated IR and Raman spectra are shown as the sum of Lorentzian lines taking 

the calculated IR/Raman intensity of a normal mode as the height at each vibrational 

frequency. The vibrational frequencies were empirically scaled by 0.98. 
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3. 3 Results and discussion  

3. 3. 1 Verification of the fused quartz tubular reactor for the continuous 

DMC synthesis 

To test the capabilities of the fused quartz tube as a truly operando reactor, catalytic tests 

were performed and the catalytic results were evaluated under different reaction conditions. 

Figure 3.3 shows the effects of reaction pressure on methanol conversion and product 

selectivity at 70 °C. As expected from the low reaction temperature, a very low methanol 

conversion was observed. Still, the use of the highly efficient dehydrating agent (2-CP) 

afforded 8% methanol conversion at 1 bar, much higher than the value observed at higher 

temperature at 400 bar without dehydrating agent (ca. 1%) [25]. The level of methanol 

conversion increased from 8.3% at 5 bar up to 12.4% at 30 bar. The DMC selectivity remained 

very high in the range of 96.3% (30 bar) – 98.2% (1 bar). The formation of the undesired side 

products (Me-PCN and Me-CBM, Reactions 3 and 4) increased at higher pressures. In fact, 

Me-CBM formation was only observed under the most DMC-productive condition (70 °C and 

30 bar). This is likely a consequence of the enhanced NH3 formation by increased Me-PCN 

selectivity (Reaction 3) from 1.8% (at 1 bar) to 2.7% (at 30 bar) as well as the enhanced DMC 

yield (at 30 bar) since products are required for Me-CBM formation (Reaction 4). 

 

Figure 3.3 Effects of reaction pressure on methanol conversion (XMeOH) and product selectivity (Si: i = DMC, Me-

PCN, Me-CBM) at 70 °C 

Figure 3.4 presents the effects of reaction pressure on methanol conversion and product 

selectivity at 120 °C. The methanol conversion follows the same profile as that reported in our 

previous study using a tubular reactor made of stainless steel [25]. The methanol conversion 

was strongly impacted by the increase in the reaction pressure. Even at 1 bar, 27.6% methanol 
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conversion, more than three times higher compared to the value obtained at 70 °C, was 

observed. Increasing the pressure from 1 to 5 bar resulted in a drastic increase in methanol 

conversion (72.4%) and the prominent importance of 2-CP in the reaction was once again 

confirmed. Further increase in methanol conversion from 83.5% (10 bar), 88.6% (20 bar), to 

>92% (30 bar) was observed in good agreement with our previous work [25]. The increase in 

reaction pressure resulted in an increase in DMC selectivity by suppressing the formation of 

by-products. At 1 bar the selectivity towards DMC was 91.2% (with more than 7% Me-PCN 

selectivity, and ca. 1.5% Me-CBM selectivity), while at 30 bar DMC was produced with >99% 

selectivity with high methanol conversion (92%). The positive influence of higher reaction 

pressure is ascribed to the suppression of NH3 formation which is likely preferred at lower 

pressure conditions. When NH3 formation is suppressed, both Me-PCN and Me-CBM 

formation will be minimized (vide supra). 

 

Figure 3.4 Effects of reaction pressure on methanol conversion (XMeOH) and product selectivity (Si: i = DMC, Me-

PCN, Me-CBM) at 120 °C 

Figure 3.5 depicts the effects of reaction temperature on methanol conversion and product 

selectivity at 30 bar. At 80 °C, methanol conversion was low (17.6%) whereas high DMC 

selectivity (98.7%) was observed. DMC selectivity became very high and reached the 

maximum (>99%) at 120 °C. Above the temperature, both methanol conversion and DMC 

selectivity went down. On the contrary, the selectivity towards Me-PCN (3.2% at 140 °C, and 

11.4% at 160 °C) and Me-CBM (1.8% at 140 °C, and 6.1% at 160 °C) greatly increased. These 

results indicate that Reaction 3 and consequent NH3 formation become more favorable at 

higher temperatures. This is most likely related to phase change of the reactants, especially 

methanol, which become gaseous above the temperature and therefore the suppression 

effects by the higher-pressure conditions of Reaction 3 as discussed above are less effective. 
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The above studies of the reaction temperature and pressure clearly assure that the catalytic 

reactor made of optically transparent fused quartz can be used as a routine laboratory reactor 

with the advantages of possible operando visual and spectroscopic inspections as described 

below. 

 

Figure 3.5 Effects of reaction temperature on methanol conversion (XMeOH) and product selectivity (Si: i = DMC, 

Me-PCN, Me-CBM) at 30 bar 

3. 3. 2 Catalyst deactivation-reactivation studies assisted by visual 

inspection 

While the advantages of the heterogeneous catalysts over the homogeneous ones are 

widely recognized (e.g. in terms of product separation, re-use and scale up), one of the major 

problems that heterogeneous catalysts confront with is catalyst deactivation which become 

serious when the reaction scale is large. Even though the issue has not been clearly reported 

when the DMC synthesis was operated in the batch system (the catalyst was regenerated for 

three consecutive runs by calcination at 550 °C [28]), catalyst deactivation was confirmed 

when the reaction was run continuously [25]. 

The first striking observation that has drawn our attention during the catalytic tests using 

the fused quartz reactor was the color change of the ceria catalyst (from original light yellow 

color to dark marron or even more blackened one) within the first hours of the reaction. Figure 

3.6 shows the catalysts after ca. 24 hours of reaction and subsequent drying in the furnace at 

80 °C. Along with the color change, we could easily observe the formation of small crystallites 

that agglomerated and covered the surface of the catalyst.  
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Figure 3.6 Photograph of the CeO2 catalyst in the fused quartz reactor after 24 h of the reaction and subsequent 

drying 

The presence of a color gradient along the axial direction of the catalyst bed should be 

noted as the color change was much more pronounced at the inlet of the reactor and less 

prominent towards the outlet. In addition, the color change was more accentuated under the 

condition where high methanol conversion was observed (Figure 3.7).  

 

Figure 3.7 Color change of CeO2 during the DMC synthesis. Snapshots of the catalyst bed close to the inlet of the 

reactor taken during the verification of the performance of the fused quartz reactors with the Panasonic handy-cam 

We suspected that this color change of the catalyst and/or the formation of the substance 

(looks crystallites) covering the catalyst may be related to or cause the catalyst to deactivate 

over days of reaction. Hence, some attempts were made to identify the origin of the catalyst 

deactivation and an optimum condition for catalyst reactivation.  

Our first attempt as a reactivation strategy was to wash the catalyst with the polar reactant, 

methanol. Initially, the washing was performed at room temperature under a small methanol 

flow at 0.1-0.3 mL/min. Visually no drastic change could be observed with this mild washing 

condition, resulting only in some surface cleaning of the accumulated crystallites (Figure 3.8 

b). As the next attempt, methanol was passed through the reactor at a higher flow rate (1-3 

mL/min) at 120 °C. This treatment lightened the color of the catalyst remarkably after 30-60 

min (Figure 3.8 c). 
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Figure 3.8 Photograph of the CeO2 catalyst at three different locations along the axial direction of the catalyst bed: 

a. before the reaction, b. after the DMC synthesis for 35 h and a short (5-10 s) methanol washing at room 

temperature to remove the crystallites (Figure 3.6), c. subsequent methanol washing at 120 °C for 1 h, and d. after 

calcination of (c) under the flow of air at 300 °C for 12 h 

Encouraged by the great color change, catalytic tests were performed after methanol 

washing treatments at 120 °C and the catalytic activity expressed in terms of methanol 

conversion was compared with that without methanol washing (Figure 3.9). Without the 

methanol washing treatment, the activity dropped monotonously from 92.4% to ca. 70% in 70 

h. To compare with this profile and check the influence of the washing treatment, the reaction 

was terminated after 20 h (Figure 3.9, run 1) and the catalyst was washed with methanol 

thoroughly for 4 h at 120 °C. Then the catalytic test was resumed for another 24 h (Figure 3.9, 

run 2). The catalytic activity was found to follow the trend of the unwashed catalyst. This 

procedure was repeated another time with increased washing time (40 h) and the reaction 

was tested for another 24 h (Figure 3.9, run 3). There was an apparent increase in methanol 

conversion after the second thorough washing but the increase was minor and followed the 

reaction profile of the unwashed catalyst. It is worth mentioning that the selectivity towards 

DMC was stably high (98-99%, not shown) during the catalytic tests after methanol-washing. 

On the other hand, in the catalytic test without methanol washing the DMC selectivity was 

slowly decreasing over 70 h of the reaction, reaching the final value around 90%. Even though 
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the methanol washing protocol does help to improve the stability of DMC selectivity over time, 

it does not virtually improve the general aspect of the catalyst deactivation. 

 

Figure 3.9 Deactivation-reactivation study using CeO2 at 120 °C and 30 bar. Methanol conversion profile a. during 

long-term catalytic test for 70 h (black line) and b. three consecutive catalytic runs (red lines) of ca. 20 h with 

methanol washing between the runs (4 h washing between runs 1 and 2 and 40 h washing between runs 2 and 3, 

both at 120 °C). The blue star symbol shows the methanol conversion value after calcination of the methanol-

washed catalyst at 300 °C 

Another strategy of catalyst reactivation by thermal treatment in air was evaluated since 

this is a general protocol for reactivation, especially to regain reactivity after coking. Thanks to 

the optically transparent fused quartz reactor, we monitored the color change during the 

thermal treatment (see video at the online version of the article [45]). The catalyst material got 

slightly brighter when the temperature of the reactor was raised from 120 to 200 °C under air 

flow (20 mL/min). Then the temperature was further increased to 300 °C. As soon as the 

temperature approached ca. 280 °C the color of the catalyst turned lighter into more and more 

orange. It was just a matter of few seconds (while going from 280 to 290 °C) for the material 

to turn to light orange. The thermal treatment at 300 °C was sufficient to observe the material 

completely turning back to the yellowish color close to that of the original material (Figure 3.8 

d). Remarkably, the catalytic test of this material after the thermal treatment at 300 °C 

exhibited the identical performance as the original one (Figure 3.9) with methanol conversion 

(91.6%) and DMC selectivity (99.5%). This shows that the simple reactivation protocol under 

the relatively mild condition is sufficient for full recovery of the catalytic activity.  

The textural properties (Table 3.1) of i) the catalyst before the reaction, ii) catalysts after 

the reaction and washing, and iii) after the thermal treatment at 300 °C are in very good 

agreement with the visual observations and catalytic performance. The material after reaction 
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and washing showed a drastic decrease in the BET surface area and pore volume, while they 

were recovered after the thermal treatment. 

Table 3.1 BET surface area and pore volume of the CeO2 catalyst i) before the reaction, ii) after the reaction and 

washing, and iii) after calcination. Two different batches/experiments are presented for comparison purposes 

Property / 
material 

CeO2 
(initial) 

after reaction 
and washing 

(batch 1) 

after reaction 
and washing 

(batch 2) 

after 
calcination 
(batch 1) 

after 
calcination 
(batch 2) 

SBET (m2/g) 150 108 119 141 130 

Pore volume (cc/g) 0.197 0.135 0.148 0.146 0.156 

 

3. 3. 3 Spectroscopic investigation of the origin of catalyst deactivation 

The use of optically transparent fused quartz reactor is ideal to perform spectroscopic 

studies, e.g. Raman and UV-Vis spectroscopy for which optical fiber-based spectrometer 

systems can be conveniently used. Therefore, besides visual inspection of the catalytic 

reactor, we have performed operando Raman study; however, it failed because of the 

compatibility of the excitation lasers of our mobile Raman systems (532 and 785 nm). Under 

the reaction conditions, strong fluorescence was observed likely due to the products 

originating from 2-CP. This was the case also after the thorough methanol washing. Therefore, 

we have investigated the catalyst materials in the reactor under different conditions 

(before/after the reaction, after methanol washing, and after air calcination) but ex situ using 

the Raman system equipped with a 1064 nm laser, with which the sample did not show 

fluorescence. 

Figure 3.10 a shows the Raman spectrum of the CeO2 catalyst after the methanol 

washing. The spectral features are clearly defined, indicating that the species residing on the 

catalyst surface is not coke but a more well-defined molecular entity. Also, the intensity due to 

the surface species increased towards the inlet of the catalyst bed, showing a larger 

accumulation of the surface species towards the front position as indicated by the darker color 

(Figure 3.8 c). After comparing with Raman spectra of different molecular species, we 

identified that the Raman spectrum resembles that of 2-PA (Figure 3.10 b). The band 

assignments of 2-PA were made based on the previous reports for the molecule [46-50], the 

characteristic vibrational frequencies of the carboxamide group [47] and the DFT calculation 

(Figure 3.10 c and normal mode analysis). Table 3.2 summarizes the observed Raman bands 

as well as the proposed assignments. 
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Table 3.2 Raman band assignments of 2-picolinamide (solid reference), surface species on ceria after the reaction 

and methanol washing (after subtracting pristine ceria spectrum), and theoretical (DFT) vibrational frequencies of 

2-picolinamide. * ν - stretching, δ - in-plane bending, γ - out-of-plane bending, ρ - rocking, sh. – shoulder, ~ – hardly 

identifiable. The notion of assignments is in accordance with Otero et al. from J. Colloid. Interf. Sci., 396 (2013) 95 

 2-PA solid 
Surface species on CeO2 
after methanol washing 

    2-PA (DFT)    Assignments* 

1656 1658 (~) 1750 Amide I 

1587 1589 1611 (sh.1593) 8a; νring 

1569 1574 (~) 1557 8b; νring 

1470 1479 1478 19a; νring 

1447 1444 1445 19b; νring 

1399 1390 1363 Amide III 

1289 1295 1299 3; δ(CH) 

1254 1245 1280 14; νring 

1167 1172 1160 13; ν(C-X) 

1142 1148 1143 9a; δ(CH) 

1099 1102 (~) 1092 (?) 15; δ(CH) 

1081 1091 1073 ρ(NH2) 

1043 1048 1045 18a; δ(CH) 

998 1008 1000 12; δring 

824 - 826 10a; γ(CH) 

782 847 767 1; νring 

750 715 (~) 753 (sh.) 10b; γ(CH) 

642 634 (~) 628 6b; δ ring 

 

The 600–1800 cm-1 region of the Raman spectrum of 2-PA (Figure 3.10 b) is dominated 

by the two very strong bands at 998 and 1587 cm-1 assigned to δring and νring modes, 

respectively. Three significant bands observed at 782, 1167 and 1399 cm-1 are assigned to 

νring, ν(Cring-Camide group), and Amide III (mainly ν(C-N)) vibrations, respectively. The theoretical 

spectrum of 2-PA (Figure 3.10 c) resembles the features of the experimental Raman spectrum 

of 2-PA with a few exceptions, e.g. the band at 1750 cm-1 (theory) corresponding to Amide I 

(mostly C=O stretching) which appears ca. 95 cm-1 red-shifted (experiment), the band at 1611 

cm-1 (theory, corresponding to νring) which appears ca. 25 cm-1 red-shifted (experiment), and 

the band at 1363 cm-1 (theory, corresponding to Amide III) which appears ca. 35 cm-1 blue-

shifted (experiment). These bands are mainly related to the vibrations of the amide functional 

group in 2-PA and they are likely shifted in the experimental spectrum because 2-PA 

molecules are packed in a form of crystallites within the sample via inter-molecular interactions 

via the amide group. 
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Figure 3.10 Raman spectra of a. the CeO2 catalyst after the reaction and after the methanol-washing treatment 

(Figure 3.8 c) and after subtracting spectral contribution of CeO2, b. 2-PA powder, and c. 2-PA calculated by the 

DFT method 

The Raman spectrum of the surface species over the methanol-washed CeO2 after the 

reaction (Figure 3.10 a) can be easily correlated with the bands of 2-PA (Figure 3.10 b and 

3.10 c) with a few notable differences. The band at 847 cm-1 of the surface species appeared 

much more broadened and blue-shifted by 65 cm-1 compared to the band at 782 cm-1 of 2-PA. 

The band is assigned to the vibration involving a combined contribution of δring and ν(Cring-

Camide group) [49]. Remarkably, the band corresponding to Amide I is hardly observable or red-

shifted to the extent that merged with the band at ca. 1590 cm-1. The great band shifts of the 

two bands indicate that 2-PA is adsorbed on the surface via the amide group. 

A very similar shift of the first band (combined δring and ν(Cring-Camide group)) was observed in 

the SERS spectra of benzamide [51, 52] and 2-PA [46, 50], undergoing a blue-shift of the 

same magnitude with respect to the Raman band of the solids of the respective molecule (53 

and 48 cm-1, respectively). The observed blue-shift has been attributed by Otero and co-

workers [50, 52] to the adsorption of benzamide or 2-PA molecule on the metal surface in its 

azanion (Ar-CONH-/Py-CONH-, Ar = aryl and Py = pyridyl ring) form, that is, with the 

carboxamide group partially deprotonated. While the formation of the azanion goes via 

deprotonation of the tautomeric carboxamide and carboximidic forms of the corresponding 

amides (Scheme 3.1), the high stability of the deprotonated amide could be due to electron 

delocalization along the π–system of the functional group and the pyridyl ring. 
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Scheme 3.1 Formation of the azanion by deprotonation of the tautomeric carboxamide and carboximidic forms of 

2-PA [50] 

Furthermore, Figure 3.11 shows a similar study by IR spectroscopy. For the IR study, the 

2-PA spectrum was measured in transmission mode in a diluted manner in an apolar solvent 

(toluene) to minimize the intermolecular interactions which were observed for the solid sample 

(not shown). The IR spectrum of the catalyst after the methanol washing was recorded by 

removing the sample from the reactor and in the ATR sampling configuration to minimize light 

absorption by CeO2 and to maximize signals from surface species. The band assignments of 

2-PA are based on those previously proposed for this molecule [48, 49, 53, 54] as well as by 

the DFT calculation. Table 3.3 summarizes the observed IR bands as well as the proposed 

assignments. 

The 600–1800 cm-1 region of the IR spectrum of 2-PA (Figure 3.11 b) is dominated by 

four important features at 750, 1368, 1557, and 1700 cm-1 assigned to δring, ν(C-N), δ(NH2), 

and ν(C=O) modes, respectively. The theoretical IR spectrum of 2-PA (Figure 3.11 c) is in 

good agreement with the experimental one (Figure 3.11 b) except the band at 1750 cm-1 

which corresponds to ν(C=O), indicating that the vibrational mode is still, upon dilution in 

toluene, mildly interacting intermolecularly via the N-H group of the amide group. 
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Table 3.3 IR bands assignments for 2-picolinamide (0.1 M in toluene), surface species on ceria after the reaction 

and methanol washing (after subtracting pristine ceria spectrum), and theoretical (DFT) vibrational frequencies of 

2-picolinamide. * ν - stretching, δ - in-plane bending, γ - out-of-plane bending 

2-PA liquid 2-PA on CeO2 2-PA (DFT) Assignments* 

1700  – 1750 ν(C=O) – Amide I 

1590 1597 1612 νring 

1569 1582 1593 νring 

1557 1562 1557 δ(NH2) – Amide II 

– 1476 1478 νring + δ(CH) 

– 1443 1445 νring 

1386, 1368 1393 1363 ν(C-N) – Amide III 

1289 1293 1299 δ(CH) 

1250 1254 1280 νring 

1160 1170 1160 νring 

1042 1046 1044 δring 

998 1007 1001 δring 

820 849 825 γ(C=O) 

750 750 753 δring 

705 700 711 γ(CH) 

 

The IR spectrum of the surface species on CeO2 after the reaction (Figure 3.11 a) can be 

again correlated with the characteristic bands of 2-PA (Figure 3.11 b and 3.11 c). The notable 

difference is the absence or rather likely a significant red-shift of the ν(C=O) mode. 

Furthermore, two broad bands at ca. 1393 and ca. 1562 cm-1 are observed. The broadness of 

the bands as well as the suspected large red-shift of ν(C=O) bands indicate that the surface 

species (likely 2-PA) interact with the heterogeneous structure of the CeO2 surface via the 

amide group in a flexible manner or via various configurations of adsorption. According to 

literature, the existence of the CON functional group and the formation of 2-PA monoanion 

(Py-CONH-) on CeO2 surface can be suggested [55-61]. Moreover, no trace of nitrile group (-

CN, characteristic absorption around 2200-2300 cm-1) was observed on the IR spectrum of 

CeO2 after the reaction and washing. This clearly indicates that not 2-CP but 2-PA-like species 

are responsible for poisoning the catalyst by strongly binding over the active sites of the CeO2 

surface. 
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Figure 3.11 IR spectra of a. the CeO2 catalyst after the reaction and after the methanol-washing treatment (Figure 

3.8 c) and after subtracting spectral contribution of CeO2, b. 0.1 M 2-PA in toluene (toluene contribution subtracted), 

and c. 2-PA calculated by the DFT method 

In the direct DMC synthesis from CO2 and methanol in the presence of 2-CP in a batch 

system, Tomishige et al. reported that the presence of an effective nitrile will lead, upon 

hydration, to amides that can weakly adsorb on CeO2 surface via intramolecular H bonding 

and that they can easily desorb from the surface, thereby not causing catalyst poisoning [28, 

29]. At the same time, mechanistic studies of the nitriles hydration to amides over CeO2 

catalysts confirm the presence of an amide anion intermediate (Scheme 3.2) [29] which was 

resulted via the interaction of both N and O atoms of this ionized amide group with the surface 

Ce atom as the key step of the reaction [60]. This intermediate is similar to the species 

indicated by the Raman and IR studies and likely causing deactivation. 

 

Scheme 3.2 a. A proposed mechanism for nitrile hydration on CeO2 going via the amide anion intermediate 

(adapted from [61] with permission from The Royal Society of Chemistry) and b. the suggested adsorption state of 

2-PA in direct DMC synthesis from CO2 and methanol (batch system) in the presence of 2-CP (adapted from [29] 

with permission from Elsevier) 

The visual inspection (Figure 3.8) and catalyst reactivation study (Figure 3.9) indicated 

that the reactivation takes place, judging from the color change, in the temperature interval 
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between 280-290 °C and completes below 300 °C. Very interestingly, this temperature 

matches with the boiling point of 2-PA (284.1 °C at 760 mmHg; see Section 2.2.2.2 

Separation system for complete data). Taking the Raman and IR spectroscopic results into 

account, we attribute that 2-PA is adsorbed via the amide group over CeO2 and it causes the 

catalyst to deactivate. 

3. 3. 4 Operando visual inspection 

Using the fused quartz reactor, we have finally attempted to shed light on the catalyst 

surface under operando conditions where gas (CO2 and methanol) and liquid (2-CP and 2-

PA) are mixed over the catalyst surface at the optimum temperature (120 °C). According to 

our previous study, the residence time of the reactants was roughly estimated to be ca. 20 s 

at 30 bar [25]. It is of great interest and importance to understand how the catalytic interface 

of the three-phase boundary looks like to gain insights into the mass transfer and key factors 

enabling the high methanol conversion and DMC selectivity within such a short residence time 

in comparison to the batch reaction cases (in the order of hours). 

Occasional traveling of liquid droplets through the catalyst bed could be observed at 70 °C 

(not shown), but this was not the case at 120 °C. Although at first glance the catalyst under 

the optimum condition (30 bar, 120 °C) looked dry, a closer look at the magnified level of the 

catalyst particle clarified that the surface of the catalyst was constantly wet. This indicates that 

2-CP, 2-PA and possibly methanol cover CeO2 catalyst as liquid and CO2 gets dissolved into 

the liquid to get in contact with the reactants as well as the catalyst surface for the reaction to 

take place. Also, there was a formation of white islands (likely the crystallites of 2-PA) growing 

with time over the catalyst surface. The color of the islands and coating changed darker upon 

drying and this was the coating removed by hot-methanol washing as described above. 

Apparently, the surface become more dry at lower pressure conditions (Figure 3.12) probably 

due to the higher actual flow rate of gas phase CO2 and methanol at lower pressures, which 

facilitated the removal of the liquid phase coating over the catalyst surface. This could have 

positively impacted on the reaction performance by improving the contact of CO2 with the 

reactants and with the catalyst surface, but it was not the case and higher pressure condition 

(where the catalyst surface was more wet) was favorable for the catalytic performance (Figure 

3.4). Longer residence time at higher pressure conditions may also contribute to the enhanced 

catalytic performance. 

The catalyst deactivated but not completely after some days of the reaction. This implies 

that the active sites of the catalyst are still accessible when the catalyst surface is covered by 

coating of some crystallites. The visual inspection has elucidated the accessibility of the bulk 

region of the catalyst particle. The video (see online version of the article [45]) shows that 
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when liquid droplets (mainly products and 2-PA) travels back through the reactor upon a 

sudden set-pressure decrease, the whole catalyst particle gets soaked by the droplets as 

evidenced by the color change. This clearly indicates the accessibility of catalytic sites in the 

bulk, thus maintaining the catalytic activity over some days of operation without full 

deactivation by the surface coating with the crystallites. 

 

Figure 3.12 Operando visualization of the CeO2 catalyst during the DMC synthesis from CO2 and methanol in the 

presence of 2-CP. The experiment was started under the optimized reaction condition (30 bar, 120 °C) and the 

reaction pressure was lowered. The darker color at lower pressures is caused by the time-sequence of the 

experiment 

3. 4 Conclusions  

The present study shows a successful demonstration on how one can employ fused quartz 

reactors to gain unique insights into the continuous dimethyl carbonate (DMC) synthesis from 

carbon dioxide and methanol over CeO2 catalysts in the presence of a dehydrating agent (2-

cyanopyridine). The catalytic performance was identical to that using a conventional stainless 

steel reactor. The fused quartz reactor can offer new perspectives on the catalytic process 

and design by the verified idea that a picture is worth a thousand words (or numerous 

experiments without seeing inside). It allowed the visual inspection of the catalyst under 

working conditions and it was possible to observe the drastic color change of the ceria 

materials (from light yellow to dark maroon) even within the first few hours of reaction. These 

observations were correlated with the methanol conversion drop. Based on the Raman and 

IR studies, it was identified that 2-picolinamide (and not coke formation) is the main source of 

catalyst deactivation by strongly binding to and thus poisoning the catalyst surface. The ex 

situ space resolved spectroscopic studies along the catalyst bed revealed the existence of a 

gradient reflecting how much the catalyst was poisoned (more intense towards the inlet and 

less intense towards the outlet of the reactor) in good agreement with the color gradient 

visually observed. Complete catalyst reactivation was achieved under mild conditions, just by 

using in situ methanol washing coupled with a moderate thermal treatment at the temperature 

slightly above the boiling point of 2-picolinamide. Moreover, the use of quartz reactors afforded 

the observation of the complete synergy between the solid catalyst, the liquid methanol and 

2-cyanopyridine mixture, and gaseous CO2. The reaction is taking place in both bulk and 

surface of CeO2 catalyst. This study opens new opportunities in heterogeneous catalysis on 
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how to investigate continuous processes with involved deactivation processes at three-phase 

boundaries and how to take advantage of the visual observations for better understanding and 

optimization of heterogeneously catalyzed reactions. 
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4. 1 Introduction 

One of the major global challenges urged by the climate change and the desired paradigm 

shift from the fossil-fuels dependent society to a more sustainable one is the carbon 

management, i.e. how to efficiently utilize carbon dioxide (CO2) being emitted and 

accumulated in the atmosphere. Catalytic transformation of CO2 into useful chemicals such 

as organic and inorganic carbonates via non-reductive CO2 transformations has been widely 

investigated for that aim [1-3]. Among others, the synthesis of alkyl carbonates through direct 

carboxylation reaction of alcohols like methanol (Reaction 1, synthesis of dimethyl carbonate 

(DMC)) is very attractive in terms of atom economy [1, 4]. 

 

DMC is a versatile chemical and represents an ecologically benign alternative to toxic and 

corrosive methylating or carbonylating agents such as methyl halides (CH3X), dimethyl sulfate 

(DMS), and phosgene (COCl2) [1, 4-7]. DMC is used in the synthesis of polycarbonates and 

polyurethanes, as solvent replacing methyl ethyl ketone, butanone, and tert-butyl acetate, and 

as electrolyte in lithium ion batteries [1, 2, 4]. Furthermore, DMC has gained wide attention as 

an oxygenate fuel additive due to its high oxygen content, thus increasing combustion 

performance [8]. 

In the methanol carboxylation reaction with CO2, many heterogeneous catalysts have been 

investigated to date. ZrO2, SiO2, Al2O3, TiO2, H-ZSM5, H-USY, H-MOR, ZnO, MoO3, Bi2O3, 

MgO, Y2O3, HfO2, La2O3, Pr6O11, Ga2O3, GeO2, In2O3, Sb2O3, and hybrid ones (e.g. 

H3PO4/V2O5 and Cu-Ni/V2O5-SiO2) have been tested, but without or with very low activity (e.g. 

0.3 mmol DMC gcat.
-1 h-1 for zirconia (ZrO2) materials) [9-13]. Occasionally, dimethyl ether 

(DME) instead of DMC was produced via dehydration reaction of methanol, which is commonly 

catalyzed by acidic sites, especially at high temperatures (>150 °C). According to previous 

studies, ZrO2 and ceria (CeO2) are the unique materials effectively catalyzing the DMC 

formation [9, 10, 14-21]. However, the major challenge is associated with the thermodynamics 

of Reaction 1, which is generally unfavorable due to equilibrium limitation. Even under 

thermodynamically favorable high-pressure conditions (>150 bar), DMC yield is ca. 1% in 

accordance with the thermodynamic expectation [22-24]. Therefore, it is imperative to employ 

an effective mean to shift the equilibrium to the product side for potential commercialization of 

DMC synthesis from CO2 and methanol. It is well known that water removal can shift the 

equilibrium improving DMC yield. Chemical (e.g. 2,2-dimethoxy propane (DMP)) or physical 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



Introduction 

 99 

water traps [17, 25] and catalytic membrane reactors [26] have been employed for this 

purpose but the improvement had been relatively minor. 

In 2013, Tomishige et al. described the DMC synthesis over CeO2 in a batch reactor using 

a nitrile (2-cyanopyridine, 2-CP) as an organic dehydrating agent and reported an 

exceptionally high DMC yield of 94%. In the reaction, CeO2 functioned as an effective catalyst 

for both DMC synthesis and nitrile hydrolysis, with 2-CP forming the corresponding amide (2-

picolinamide, 2-PA, Reaction 2) [27, 28]. 

 

They also verified the recyclability of 2-PA by dehydrating 2-PA back to 2-CP with 

Na2O/SiO2 as catalyst. Together with the formation of DMC and 2-PA, very small amounts of 

methyl picolinate (Me-PCN) and methyl carbamate (Me-CBM) were found as byproducts. Me-

PCN is co-produced with NH3 because of the reaction between 2-PA and methanol, while Me-

CBM originates from the reaction between DMC and NH3 (3.1 Introduction Reaction 3 and 

4).  

Inspired by the work of Tomishige et al., our group reported continuous DMC synthesis 

over CeO2 in a fixed-bed reactor in the presence of 2-CP under low-to-high pressure 

conditions (up to 300 bar) [24]. Although striking DMC yields >90% were achieved during the 

continuous operation above 30 bar, a severe catalyst deactivation was noticed, resulting in 

more than 50% drop in methanol conversion in 10 days with a small loss (8-9%) in DMC 

selectivity. Our following investigation unravelling the cause of the catalyst deactivation by 

visual and spectroscopic inspections using an optically transparent fused quartz reactor. Most 

importantly, results showed molecularly adsorbed 2-PA over the deactivated CeO2 catalyst. 

However, the catalyst could be reactivated when the adsorbed 2-PA was removed from the 

surface by a simple thermal treatment in air at 300 °C [29]. 

Motivated by the previous results and the superior DMC yield in the presence of 2-CP in 

comparison to other dehydrating agents [17, 30, 31] using CeO2 as catalyst, the present study 

seeks for stable and active CeO2-based catalysts in the reaction under continuous operation 

as well as to understand the material factors influencing the catalytic performance. The 

uniquely high catalytic activity of CeO2 in this reaction may originate from the redox capabilities 

of the cerium oxide in conjunction with its acid-base properties [32-36]. Therefore, in this work 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



4 | Effects of REM promoters 

 100 

common strategies to modify the chemical properties of CeO2 such as the addition of metal 

and metal oxides to CeO2 to influence the oxygen storage capacity, defect stability, and 

mobility of oxygen atoms were examined and their impacts on catalyst stability were 

thoroughly investigated. Specifically, Zr4+ [37, 38], La3+ [37, 39, 40], Gd3+ [41, 42], and Pr4+/3+ 

[43-46] promoters were chosen to influence the oxygen defects/mobility of CeO2 based 

materials and Rh [47, 48], Ru [49-52], and Pd [53, 54] promoters were chosen to enhance the 

catalytic activity by the strong interaction with CeO2. Besides the use of an ordinary stainless-

steel tubular reactor, an optically transparent fused-quartz tubular reactor was employed in 

order to visually assess the deactivating state of the catalysts under the optimized reaction 

conditions (30 bar and 120 °C) [29]. Subsequently, the catalysts before and after the reactions 

were characterized by several techniques to identify critical material factors determining the 

catalytic activity and stability of the materials. 

4. 2 Experimental 

4. 2. 1 Materials  

High surface area powders of CeO2 and CeO2-ZrO2 solid solutions (78-22, 50-50, and 25-

75 wt%) were kindly supplied by Daiichi Kigenso Kagaku Kogyo Co. Ltd., Japan and used 

without any further treatment. High surface area ZrO2 (1/8” pellets) was purchased from Alfa 

Aesar and used as received. Precious metals (1 wt% Ru, Rh, Pd) and rare earth metals (REM) 

promoted ceria materials (x wt% M on CeO2, where x = 0.25, 1, and 5 and M = La, Gd, and 

Pr) were synthesized by the incipient wetness impregnation of the pristine CeO2 with an 

aqueous solution of the metal precursor (chloride precursors for the precious metals and 

lanthanum (III) nitrate hexahydrate, gadolinium (III) nitrate hydrate, and praseodymium (III) 

nitrate hydrate, respectively for REM). The metal nitrates and chlorides (99.9% purity) were 

purchased from Alfa Aesar. The impregnated materials were dried overnight at 80-90 °C in an 

oven and calcined at 400 °C for 4 h in a static air after a temperature ramp of 2 °C min-1. 

Methanol (≥99.9%, HPLC grade) and 2-cyanopyridine (2-CP, 99%) were purchased from 

Sigma Aldrich. High purity CO2 gas (>99.9993%) was purchased from Abelló Linde, Spain. 

4. 2. 2 Reaction system 

The details of the reaction set-up and analytical method for the identification and 

quantification of reaction products were described in our previous works [24, 29]. In a typical 

experiment, 300 mg of the catalyst (pelletized, crushed, and sieved to 200-300 µm particle 

size) was loaded into the reactor tube (a stainless-steel tube with ID: 1.74 mm and OD: 3.17 

mm). For the visual inspection experiments, a fused quartz reactor (ID: 2.0 mm and OD: 3.0 

mm) was used [29]. The CO2 flow rate was kept at 6 NmL min-1. The mixture of methanol and 
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2-CP at 2:1 molar ratio (methanol:CO2 = 1:2.5, molar ratio) was passed to the reactor at 10 

µL min-1 by means of an HPLC pump (Jasco, PU-2080 Plus). 

All catalytic tests were performed under optimized reaction conditions where the DMC 

yield is high while the reaction pressure is relatively mild (30 bar and 120 °C) [29]. We aimed 

to perform the reaction for over 100 h, but occasionally the reaction had to be stopped before 

due to the sealing issue of back pressure regulator (Jasco, BP-2080 Plus) caused by the high-

temperature kept at the regulator and the clogging or damage of the sealing materials [29]. 

Nevertheless, the reaction was performed more than 48 h to observe a clear trend in catalytic 

activity, evaluate catalyst deactivation, and calculate its rate.  

4. 2. 3 Characterization 

X-ray diffraction (XRD) measurements were made using a Siemens D5000 diffractometer 

(Bragg-Brentano parafocusing geometry and vertical θ-θ goniometer) fitted with a curved 

graphite diffracted-beam monochromator, incident and diffracted-beam Soller slits, a 0.06° 

receiving slit and scintillation counter as a detector. The angular 2θ diffraction range was 

between 5 and 70°. The data were collected with an angular step of 0.05° at 9 s per step 

(which resulted in a scan rate of 1°/3 min) and sample rotation with Cu-Kα radiation at 40 kV 

and 30 mA.   

Temperature programmed desorption (TPD) experiments were performed using a Thermo 

Scientific™ TPDRO 1100 Advanced Catalyst Characterization System equipped with a flow-

through quartz reactor and a thermal conductivity detector with a tungsten filament. In a typical 

experiment a catalyst material (100-150 mg) was firstly subjected to the following 

pretreatments, (i) drying / thermal treatment under He at 400 / 600 °C for 1 h, (ii) CO2 (4% CO2 

in He) / NH3 (5% NH3 in He) saturation at 80 °C for 30 min, and (iii) flushing under He at 80 

°C for 30 min. A TPD experiment consisted of ramping the temperature from room temperature 

to 800 °C at a ramp of 10 °C min-1 under He flow at 20 mL min-1. The effluent gases were 

analyzed by a mass spectrometer (Pfeiffer Omnistar GSD 301 C). An anhydrous magnesium 

perchlorate (Mg(ClO4)2) trap was used for CO2-TPD experiments to absorb mainly H2O, 

whereas no trap was used for NH3-TPD experiments. 

Temperature programmed reduction experiments with hydrogen (H2-TPR), were 

performed using the same apparatus as in the TPD experiments. 50-70 mg of a sample was 

first pretreated at 100 °C for 1 h under N2 stream and subsequently heated from 50 to 800 °C 

at the ramp rate of 5 °C min-1 under the flow of 5% H2 in N2 at 20 ml min-1. A soda lime (CaO 

+ Na2O) trap was used to remove H2O and CO2. 
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The textural properties (BET surface area and BJH pore size distribution) of the materials 

were determined by N2 physisorption experiments using Quantachrome Instruments, 

AUTOSORB iQ. The material (100-150 mg) was firstly outgassed at 150 °C at 4 mbar to clean 

the sample surface and pores prior to the measurements.  

Ex situ Raman measurements were carried out on a Thermo Scientific™ Nicolet™ iS™50 

FT-IR spectrometer equipped with 1064 nm near-infrared excitation laser. The instrument was 

preferably used to avoid the strong fluorescence shown by the samples after the catalytic test 

with 532/785 nm laser [29]. 

FT-IR measurements of the samples before and after the reaction were performed on a 

Bruker Alpha spectrometer equipped with a DTGS detector at 2 cm-1 resolution in an ATR 

sampling configuration with a diamond internal reflection element. 

Thermogravimetric analysis (TGA) of the samples before and after the reaction was 

performed on a Mettler Toledo TGA/SDTA 851 equipment. In a typical experiment, 3-5 mg of 

a catalyst placed in an alumina crucible were subjected to heating from 25 to 800 °C at a ramp 

rate of 5 °C min-1 under a flow of synthetic air at 50 mL min-1.   

4. 3 Results and discussion  

4. 3. 1 Direct methanol carboxylation: Stability studies 

Various catalyst materials and approaches (e.g. reactor design and operation mode) have 

been reported for the direct DMC synthesis from CO2 and methanol [9, 12, 13, 17, 24-26]. 

Nevertheless, the combination of CeO2 as catalyst and 2-CP as dehydrating agent is the only 

one that proved to be the highly effective in terms of methanol conversion and DMC selectivity 

under both batch and continuous operations [24, 27, 29]. Despite the superb catalytic 

performance, a significant catalyst deactivation has been observed during the continuous 

operation on the time-scale of days. Herein, we examine the effect of the acidity, basicity, and 

reducibility of the CeO2 materials on DMC yield and especially on the catalyst stability by 

surface modification (precious metal or REM addition) or bulk modification (ZrO2 addition as a 

solid solution with CeO2). 
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Effect of Zr and precious metal (PM) 

Figure 4.1 a shows the catalytic performance in terms of methanol conversion (XMeOH) and 

DMC selectivity (SDMC) during the initial phase (0-2 h) and at 24-26 h of the DMC synthesis 

using CeO2, ZrO2 and CeO2-ZrO2 solid solutions. The reaction time, more precisely time on 

stream, is shown as 2 h interval due to the residence time of the liquid solution in the reaction 

system. The liquid sample was analyzed every 2 h when enough liquid product (ca. 1 mL) was 

collected (when one number is shown for the reaction time, the initial value of the interval is 

taken). Although the addition of Zr to CeO2 has been reported to positively affect the catalytic 

activity [16-18, 55, 56] for the reaction, in this work negative effects of Zr incorporation were 

obvious. Regarding the initial activity (0-2 h), the decrease in XMeOH became consistently more 

prominent at higher Zr content, decreasing from 92.4%, 88.4%, 72.9% to 37.3% for 0, 22, 50, 

and 75 wt% ZrO2 amount in the solid solution, respectively. Moreover, the use of high surface 

area ZrO2 gave only a trace amount of DMC. After 24 h, catalyst deactivation was observed 

for all catalysts and it was more pronounced for Ce-Zr [50/50] (ca. 21% activity drop compared 

to 6-8% drops of the other samples). On the other hand, the drop in catalytic activity did not 

affect SDMC significantly, showing >95% with the formation of small amounts of Me-PCN (from 

1.0 to 4.3%) and Me-CBM (0.4 to 1.6%). Interestingly, at higher ZrO2 content in the solid 

solutions, the decrease in SDMC was smaller over 24 h (ca. 5% SDMC decrease for Ce-Zr [100/0], 

while only ca. 1% decrease for Ce-Zr [25/75]), indicating positive influences of Zr promotion 

on the catalyst stability in terms of DMC selectivity.  

Figure 4.1 b presents the catalytic performance using CeO2-supported Ru, Rh and Pd 

catalysts. Clearly, these results indicate strongly negative influences of the PMs on the 

performance. For 1 wt% Pd-CeO2 and 1 wt% Rh-CeO2, ca. 63% XMeOH was initially observed, 

while the addition of 1 wt% Ru resulted in much lower activity of 34% XMeOH. Regarding the 

catalyst stability, it is very striking to note that both 1 wt% Rh-CeO2 and 1 wt% Ru-CeO2 

catalysts showed a tremendous loss in activity after 24 h (XMeOH of ca. 7 and 12%, 

respectively). In contrast, a slight increase in XMeOH (from 63 to 70%) was detected for 1 wt% 

Pd-CeO2. The incorporation of the PMs consistently impacted negatively on DMC selectivity, 

showing ca. 75-80% SDMC for the three catalysts. Interestingly, unlike CeO2 and CeO2-ZrO2 

solid solutions, all ceria-supported PM catalysts displayed an increase in SDMC by ca. 10% 

after 24 h of the reaction. Still, SDMC values were considerably lower compared to that observed 

for CeO2 and the by-products were 1.6-20.4% Me-PCN and 1.1-5.4% Me-CBM. The high 

selectivity to Me-PCN indicates that 2-PA is formed via the hydration reaction of 2-CP and that 

the reaction between 2-PA and methanol (3.1 Introduction Reaction 3 and 4) is promoted 

by the PMs or by the sites created by the specific interactions between CeO2 with the PMs. 

The reaction is similar to urea methanolysis where -NH2 group is replaced by -OCH3 group 
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and both acidic and basic catalysts are known to catalyze the reaction [57, 58]. CeO2-based 

materials are known to be active in the reaction [59, 60], and it is implied that promotion of 

CeO2 by the PMs can be highly effective for methanolysis reactions. 

 

Figure 4.1 Methanol conversion and DMC selectivity during the continuous DMC synthesis at 120 °C, 30 bar at 

time on stream of 0-2 and 24-26 h using a. Ce-Zr mixed oxides and b. precious metal-CeO2 as catalyst. Black and 

grey columns represent methanol conversion and DMC selectivity, respectively 

Generally, both Zr and PMs incorporation showed negative influences on the catalytic 

performance, especially on the reactivity (XMeOH). The lower reactivity of the catalysts at higher 

Zr contents implies that the reactivity originates from CeO2 and its surface. In case of PMs 

addition, the impacts on the reactivity was drastic despite the relatively low amount of the PMs 

(1 wt%) with respect to CeO2. Considering the much lower initial reactivity and the very low 

catalytic stability of Rh-CeO2 and Ru-CeO2 compared to CeO2, it can be concluded that the 

PMs alter the chemical surface properties (e.g. acid-base, redox) completely, as confirmed 

later. Nonetheless, the effects of incorporating both Zr and PMs in CeO2 were found negative 

for the activity and stability in the reaction. 
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Effect of rare earth metal (REM) 

Figure 4.2 a depicts the effects of La addition to CeO2 (0.25, 1, and 5 wt% La) on the long-

term stability of the catalytic activity (XMeOH and SDMC) in the continuous DMC synthesis. 

Initially, slightly lower XMeOH values (ca. 88%) were detected for all La-promoted CeO2 

materials as compared to that of the bare CeO2 (92.5%). However, all La-containing catalysts 

performed better than CeO2 after 60 h. About 74% XMeOH was observed for 0.25 wt% La-CeO2 

at 71 h and 5 wt% La-CeO2 showed ca. 75% XMeOH at 86 h of the reaction. Remarkably, the 

most stable catalyst in La-series was 1 wt% La-CeO2 which maintained a high activity (>80% 

of XMeOH) even at 120 h, in contrast to ca. 60% XMeOH with CeO2 at the same time on stream. 

The La addition also impacted on the DMC selectivity. Initially, the higher the La loading, the 

poorer the SDMC (>99% for bare CeO2 and ca. 85% for the 5 wt% sample). The SDMC values 

leveled off with time to ca. 92-93% and the most stable sample, 1 wt% La-CeO2, displayed 

94% SDMC at 120 h of reaction.  

The effects of Gd addition (0.25, 1, and 5 wt% Gd) to CeO2 on the long-term reactivity are 

compared in Figure 4.2 b. 0.25 and 1 wt% Gd catalysts exhibited a higher level of initial XMeOH 

compared to the La-promoted catalysts and at the same level as that of CeO2. However, 

further increase of Gd loading to 5 wt% lowered the initial XMeOH to 87%. Importantly, all the 

Gd-containing catalysts displayed better long-term stability than CeO2. 81-82% XMeOH was 

observed for 0.25 and 5 wt% Gd-CeO2 at 68 and 50 h of the reaction, respectively. Similarly 

to the case of the La-promoted CeO2, the most stable catalyst was 1 wt% Gd-CeO2 which 

maintained a very high activity (84% XMeOH) even at 100 h of the reaction, which is significant 

considering 63% XMeOH using CeO2 at 100 h.  Furthermore, Gd addition resulted in high and 

stable SDMC (mostly >98%) at all loadings over the reaction time tested. Based on the superior 

stability in catalytic activity at high SDMC, 1 wt% was found to be the optimal Gd loading for the 

DMC synthesis. 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



4 | Effects of REM promoters 

 106 

 

Figure 4.2 Effects of REM promoters on the stability of methanol conversion (XMeOH, lower panels) and DMC 

selectivity (SDMC, upper panels) in the DMC synthesis from CO2 and methanol in the presence of 2-CP at 120 °C, 

30 bar for a. La-CeO2 (left panels), b. Gd-CeO2 (middle panels), and c. Pr-CeO2 (right panels). Different symbols 

are used to distinguish the data points of catalyst materials as follows: black circles - bare CeO2, red squares – 

0.25 wt% REM, green stars – 1 wt% REM, and blue triangles – 5 wt% REM. The dashed lines represent the trend 

lines to guide eyes for SDMC and to calculate deactivation rates of XMeOH (Figure 4.3) with a linear fitting 

Furthermore, the effect of Pr addition (0.25, 1, and 5 wt% Pr) to CeO2 on the reactivity was 

investigated (Figure 4.2 c). The initial XMeOH slightly decreased more notably at increased Pr 

loading, i.e. 92% (0.25 wt%), 90% (1 wt%), and 88% (5 wt%). However, similar to Gd-

promoted catalysts, XMeOH for all Pr-promoted catalysts became higher than that of CeO2 after 

ca. 30 h due to the higher long-term stability. 83% XMeOH was observed for 0.25 wt% Pr-CeO2 

at 60 h, while 5 wt% Pr-CeO2 showed 80% XMeOH at 88 h. As in the case of the other REM 

addition, the most stable catalyst was once again confirmed to be the one with 1 wt% loading. 

The catalyst could maintain remarkable 82% XMeOH in comparison to 50% observed for CeO2 

at ca.150 h. Moreover, Pr addition showed similarly stable SDMC as observed for the Gd-

promoted catalysts. 0.25 and 1 wt% Pr catalysts were highly selective to DMC (>98% at ca. 

150 h of the reaction for the 1 wt% sample), whereas 5 wt% Pr catalyst showed comparably 

lower SDMC, especially during the initial phase.  

The above study of REM (La, Gd, Pr) promotion to CeO2 clearly shows the positive 

impacts, leading to higher stability in both activity (XMeOH) and DMC selectivity, thus 

significantly improving the overall performance. When 1 wt% Pr-CeO2 and CeO2 are 

compared, an increase of around 35% in the DMC yield for the Pr-promoted catalyst was 

obtained at ca. 150 h, which is significant and of high relevance in practice.  
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Figure 4.3 summarizes the results on catalyst stability in terms of deactivation rate, 

expressed by the drop in XMeOH (%) per hour. Since the deactivation was reasonably linear for 

all REM-promoted samples (Figure 4.2), the slope was calculated with the least squares 

method assuming a linear trend line of XMeOH. Obviously, the incorporation of REM was 

positive in terms of long-term catalytic activity and the positive effects were more evident for 

Gd- and Pr-CeO2. As noted above, the best materials were 1 wt% REM catalysts, showing the 

lowest rate of deactivation (0.080, 0.075, and 0.055 % h-1 for La-, Gd-, and Pr-CeO2 

respectively) in comparison to 0.253 % h-1 of CeO2. In addition, it should be reminded that 1 

wt% Gd- and Pr-promoted catalysts were also the best ones in terms of long term stability in 

SDMC. 

 

Figure 4.3 Rate of deactivation during the DMC synthesis (120 °C, 30 bar) expressed by the drop in XMeOH (%) per 

hour for pristine CeO2 and REM-promoted CeO2 materials 

4. 3. 2 Characterization of pristine and as-synthesized catalysts 

The stability studies presented in 4.3.1 showed the positive effects of REM as promoter of 

CeO2 in the DMC synthesis in the presence of 2-CP, especially at 1 wt% loading. To identify 

the origin of the enhanced stability of the REM-promoted catalysts, the chemical and structural 

properties of the pristine and as-synthesized catalysts as well as spent catalysts were 

investigated in detail. 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



4 | Effects of REM promoters 

 108 

Structural and textural properties 

The XRD patterns of the pristine CeO2, CeO2-ZrO2 solid solutions, and ZrO2 are presented 

in Figure 4.4. The results for as-synthesized materials incorporating PM and REM are shown 

in Appendix D, Figure 7.3. CeO2 showed the peaks corresponding to (111), (200), (220), and 

(311) planes of cubic fluorite phase, while ZrO2 exhibited the peaks for a monoclinic phase 

with a small amount of a tetragonal phase. CeO2-ZrO2 solid solutions preserved a single cubic 

fluorite phase characteristic of CeO2 without a detectable monoclinic/tetragonal phase 

characteristic of ZrO2. It should be noted that the characteristic XRD peaks of CeO2-ZrO2 solid 

solutions slightly shifted to higher angles compared to the peaks for cubic fluorite phase of 

CeO2. This can be explained by the insertion of zirconium atoms in the CeO2 cubic matrix with 

the shrinkage of its unit cell (Ce4+ ionic radius is 0.97 Å, whereas Zr4+ ionic radius is 0.82 Å 

[61]) and by the deformation of the cubic phase to be transformed into the tetragonal phase 

for higher zirconium loading [61]. The materials with PM and REM showed negligible structural 

changes, indicating that metal promoters were finely dispersed on the surface of the support. 

This is consistent with other studies reporting materials synthesized by impregnation of an 

active metal over various supports (e.g. Al2O3, CeO2-ZrO2 solid solution, ZnO-CeO2) [55, 56, 

60]. 

 

Figure 4.4 X-ray diffraction (XRD) patterns of the pristine CeO2, CeO2-ZrO2 solid solutions, and ZrO2 

The BET surface area and pore volume of all materials are presented in Table 4.1. Higher 

amount of incorporated Zr or REM to CeO2 consistently decreased the surface area, although 

there was no clear trend in the pore volume with the type and loading of REM. In case of the 

PM-loaded materials, the surface area was also reduced and it was most pronounced for Pd-
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CeO2. The pore volume of the three PM-CeO2 samples were similarly reduced by ca. 10%. 

Importantly, the changes in the textural properties and bulk structure of the materials are not 

correlated with the catalytic activity and stability. 

Table 4.1 The BET surface area (m2 g-1) and pore volume (cm3 g-1) of the pristine CeO2, CeO2-ZrO2 solid solutions, 

ZrO2 and as-synthesized materials incorporating precious metal and rare earth metal promoters 

Material type 
BET surface area  

(m2 g-1) 
Pore volume  

(cm3 g-1) 

CeO2-ZrO2 solid 
solutions 

CeO2 160 0.197 

CeO2-ZrO2 [78-22] 75 0.247 

CeO2-ZrO2 [50-50] 59 0.199 

CeO2-ZrO2 [25-75] 58 0.230 

ZrO2 97 0.320 

Precious metals 
(PM) – CeO2 

1 wt% Rh-CeO2 141 0.173 

1 wt% Ru-CeO2 147 0.176 

1 wt% Pd-CeO2 123 0.177 

Rare earth 
metals (REM) – 

CeO2 

0.25 wt% La-CeO2 149 0.175 

1 wt% La-CeO2 135 0.186 

5 wt% La-CeO2 122 0.172 

0.25 wt% Gd-CeO2 156 0.198 

1 wt% Gd-CeO2 146 0.199 

5 wt% Gd-CeO2 123 0.177 

0.25 wt% Pr-CeO2 152 0.180 

1 wt% Pr-CeO2 139 0.184 

5 wt% Pr-CeO2 126 0.173 

Basicity and acidity of the catalysts 

As mentioned in 4.1 Introduction, several acid-base heterogeneous catalysts have been 

tested in the direct carboxylation of methanol with CO2. While the basic sites are required to 

activate CO2 molecule, both acidic and basic sites are generally reported to be mandatory for 

methanol activation (CH3O- and CH3
+ formation). It has been widely reported that ZrO2, CeO2, 

and CeO2–ZrO2 solid solution show both acidic and basic characters [62]. CeO2 possesses 

both Lewis acidic (Ce4+) and basic (O2-) sites and the material may have exactly the right 

acidity-basicity balance to catalyze the reaction, more precisely the two reactions of DMC 

synthesis and hydration reaction of 2-CP [27, 28]. Besides the acid-base property, the unique 

feature of the CeO2 material compared to many other oxides is the reducibility of the catalyst 

and lattice/surface oxygen mobility. It is not yet clear but the latter features may play pivotal 

roles in DMC synthesis and related to the catalyst stability. Similarly, it has been previously 

suggested that addition of Cu in low amount (0.1 to 0.5 wt%) may work cooperatively with 

CeO2 catalysts to accelerate the partial reduction of Ce4+ sites to Ce3+, enhancing the DMC 

yield by 20-60% [63]. For these reasons, acidity and basicity characterization by NH3- and 
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CO2-TPD and material reducibility by H2-TPR were performed to evaluate possible 

correlations between material properties and catalytic performance. 

According to Hutter et al. [64] who investigated the adsorption mechanism of CO2 on CeO2 

(111) by DFT calculations, three stable configurations of CO2 on the CeO2 surface have been 

identified: (i) monodentate carbonate, (ii) bidentate carbonate, and (iii) linearly adsorbed 

species. Among these three configurations, the linear species are represented as physically 

adsorbed CO2 (no hybridization of the CO2 gas phase orbitals) and the monodentate species 

are the most stably adsorbed ones. On the other hand, both mono- and bi-dentate carbonate 

species are represented by bent CO2 configurations having the C atom chemically bonded to 

O atom on the surface. The stronger the interaction of CO2 with the CeO2 surface, the higher 

its desorption temperature, i.e. the low (20-200 °C), medium (200-450 °C), and high 

temperature (>450 °C) desorption peaks are assigned to linear, bidentate and monodentate 

carbonates, respectively [65]. In the same manner, the low (20-200 °C), medium (200-450 

°C), and high temperature (>450 °C) desorption peaks in NH3-TPD measurements will be 

attributed to the weak, medium, and strong acid sites, respectively. 

CO2- and NH3-TPD profiles of all catalysts are presented in Figure 4.5 (CeO2-ZrO2 solid 

solutions and PM-CeO2) and Figure 4.6 (REM-CeO2) and the amounts of adsorbed-desorbed 

CO2 and NH3 are summarized in Table 4.2, respectively. Generally, the addition of a foreign 

atom on/in the CeO2 structure reduced the amount of adsorbed CO2/NH3, thus the total 

number of acidic and basic sites. In other words, the bare CeO2 material is more acidic and 

more basic compared to the doped/promoted CeO2 materials, judging from the number of the 

sites. The exceptions were CeO2-ZrO2 solid solutions and ZrO2 for which the weak acidity was 

greatly enhanced when the ZrO2 content was >50 wt% due to more pronounced influence of 

highly acidic ZrO2 [66-69] in the solid solutions (Figure 4.5). Zr-addition to CeO2 resulted in 

weakening of the strong acidity/basicity as indicated by the small amount of adsorbed 

NH3/CO2, respectively, at temperature above ca. 500 °C. 
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Figure 4.5 Temperature programmed desorption (TPD) profiles of the CeO2-ZrO2 solid solutions and precious 

metals (PM) promoted CeO2 materials. Upper panels correspond to those of CO2-TPD, whereas the lower ones to 

those of NH3-TPD 

 

Figure 4.6 Temperature programmed desorption (TPD) profiles of the rare-earth metals (REM) promoted CeO2 

materials. Upper panels correspond to those of CO2-TPD, whereas the lower ones to those of NH3-TPD 

On the other hand, PM addition to CeO2 induced remarkable changes in the acidity/basicity 

of the material (Figure 4.5). Upon Rh and Ru addition to CeO2, weak and moderate acidic 

sites were decreased, but mildly strong acidic sites (desorption at ca. 520 °C) became less 

and, in contrast, highly strong acidity (desorption at ca. 700 °C) was enhanced. For Rh- and 
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Ru-CeO2, the number of strong basic sites were reduced significantly, although the formation 

of stronger basic sites characterized by the desorption peaks at 680 and 760 °C was observed 

for Ru-CeO2. Pd addition resulted in very different changes in both acidity and basicity from 

those of Rh and Ru addition. Notably, the weak-moderate basicity of CeO2, characterized by 

the broad CO2 desorption peaks in the range of 100-450 °C, was largely suppressed and, 

instead, strong basic sites (desorption at ca. 640 °C) were formed. The similarity of acid-base 

properties of Rh- and Ru-CeO2 in comparison to Pd-CeO2 was consistently reflected in the 

catalytic activity and stability trend (Figure 4.1 b). This implies that acid-base properties are 

playing roles in the DMC synthesis from CO2 and methanol in the presence of 2-CP. 

Table 4.2 The amounts of adsorbed-desorbed CO2 and NH3 expressed in μmol gcat.
-1 (a measure of the basicity 

and acidity of the materials) tested in the long-term studies of DMC synthesis 

Material type μmol CO2 gcat.
-1 μmol NH3 gcat.

-1 

CeO2-ZrO2 solid 
solutions 

CeO2 520.8 396.2 

CeO2-ZrO2 [78-22] 140.1 511.2 

CeO2-ZrO2 [50-50] 137.7 710.0 

CeO2-ZrO2 [25-75] 149.0 316.3 

ZrO2 313.6 1410.8 

Precious metal 
(PM) – CeO2 

1 wt% Rh-CeO2 259.6 255.8 

1 wt% Ru-CeO2 176.8 299.5 

1 wt% Pd-CeO2 118.1 360.1 

Rare earth 
metal (REM) – 

CeO2 

0.25 wt% La-CeO2 411.7 259.3 

1 wt% La-CeO2 380.3 317.9 

5 wt% La-CeO2 399.0 308.7 

0.25 wt% Gd-CeO2 410.8 364.3 

1 wt% Gd-CeO2 377.1 243.0 

5 wt% Gd-CeO2 386.2 286.1 

0.25 wt% Pr-CeO2 414.5 213.8 

1 wt% Pr-CeO2 374.4 317.6 

5 wt% Pr-CeO2 400.6 293.4 

There were clear and consistent trends in the changes of acidity and basicity by the 

addition of REM to CeO2 (Figure 4.6). In all cases, the total number of acidic and basic sites 

became smaller, and the degree of the decrease was less at lower REM loading without 

affecting the characteristics of the strength of acidity and basicity, as evident from the similar 

desorption profiles of CO2- and NH3-TPD for the 0.25 wt% REM-CeO2 to those of CeO2. Upon 

increasing the REM loading to 1 and 5 wt%, there were notable changes in the nature of the 

strong acidic and basic sites with the formation of two types of strong basic sites (desorption 

at ca. 500 and 700 °C). For acidic sites, mildly strong sites (desorption at ca. 500 °C) were 

reduced but strong sites (at ca. 750 °C) were enhanced. Thus, it can be concluded that higher 

loading of REM reduces the number of weak-moderate acidic/ basic sites but increases that 

of strong acidic/basic sites. 
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With the aim to identify the role of acidity, basicity and their synergy in the reaction, we 

evaluated the relations between acidity, basicity, or a unifying parameter (basicity/acidity ratio 

calculated from the total amount of the adsorbed probe molecules) of the examined materials 

and their catalytic performance and stability. The reactivity represented by DMC yield showed 

a reasonable trend with the ratio of basicity/acidity (Figure 4.7). When the ratio is larger than 

1 (i.e. more basic catalysts; CeO2 and REM-promoted CeO2), the materials display good 

catalytic activity at the initial phase of the reaction (0-2 h). In contrast, at the basicity/acidity 

ratio <1 (i.e. more acidic) the materials such as CeO2-ZrO2 solid solutions, ZrO2 and PM-CeO2 

series exhibited lower activity with one exception of Ce-Zr [78/22] likely due to the high CeO2 

content and negligible influence of Zr. It should be noted, however, that Ce-Zr [78/22] exhibited 

a remarkable decrease (ca. 10%) in XMeOH after only 24 h of the reaction despite its high initial 

DMC yield. This implies that both the catalyst stability and reactivity cannot be properly 

correlated with the basicity/acidity ratio. 

 

Figure 4.7 Initial DMC yield against basicity/acidity ratio for all examined materials of this study at 120 °C, 30 bar. 

Different symbols are used to distinguish the data points of catalyst materials as follows: squares for pure CeO2 

(green), pure ZrO2 (red), and CeO2-ZrO2 solid solutions (orange), blue stars for PM-CeO2, and the black circles for 

REM-CeO2 

It is widely reported that DMC synthesis from CO2 and methanol requires the presence of 

both acidic and basic sites [10]. This study comes as a confirmation to that statement as well 

as an indication of the importance of a proper balance between acidity and basicity of catalyst 

material. Weak acidity is important in the selective DMC synthesis since the formation of 

common by-product, dimethyl ether (DME), is more easily catalyzed over strong acid sites, 

especially at higher temperatures [70]. Moreover, 2-PA (weak base) adsorption over the acidic 

sites of CeO2 leads to a severe catalyst deactivation [29]. Importantly, basicity seems to be 

playing more important roles by activating the CO2 molecule and formation of CH3O- species 

and monodentate methyl carbonate (MMC, CH3OCOO-metal atom) as possible reaction 
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intermediates [9, 19, 71]. The relatively high basicity of CeO2 against its acidity (Figure 4.7) is 

negligibly influenced by the addition of REM unlike the materials with comparably lower 

basicity when Zr and PM are added (Table 4.2). This basicity/acidity ratio is thus a good 

indicator to evaluate the activation capability of catalyst for the reaction and it should be higher 

than the threshold (in our case >1, Figure 4.7). 

Furthermore, possible correlations of the rate of deactivation with the parameters related 

to acidity or basicity were sought for, especially for the promising REM-promoted materials. 

Figure 4.8 presents the rate of deactivation for CeO2 and REM-CeO2 as a function of the 

basicity and acidity expressed by the total number of sites determined by the CO2- and NH3-

TPD experiments. Albeit no clear correlation was found for the deactivation rate with acidity, 

the influence of the basicity on the deactivation was consistent; the lower the basicity, the 

lower the rate of deactivation. This implies that basicity induces the surface poisoning and 

thus deactivation, which is rather non-intuitive due to the expected stronger interaction of 2-

PA with acidic sites. This point will be discussed in more detail later with the identification and 

quantitative analysis of surface adsorbed species during the reaction. 
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Figure 4.8 Rate of deactivation in the DMC synthesis plotted against a. acidity and b. basicity of CeO2 and REM-

CeO2 materials. Filled circles are for pristine CeO2, while the half-empty circles correspond to the REM promoted 

CeO2  

Reducibility of the catalysts 

The reducibility of the CeO2-based catalysts reflected by the oxygen mobility [72-74] was 

studied by H2-TPR. The H2-TPR profiles are presented in Figure 4.9 for pristine CeO2, in 

Figure 4.10 and 4.11 for the Zr and PM incorporated catalysts, and in 4.12 and for the REM-

promoted catalysts. Table 4.3 summarizes the H2 uptake of all the samples investigated. 

The reduction of CeO2 is known to proceed in two steps; the first one at ca. 500 °C, 

corresponding to the reduction of surface Ce (IV) atoms more relevant for the catalytic 

processes, and the second one at ca. 800 °C, corresponding to the bulk reduction of the 

material (elimination of O2- from the lattice and formation of Ce2O3) [34, 74, 75]. The reducibility 

of ceria is known to be strongly dependent on the CeO2 crystallite size [33, 76]. The CeO2 

used in this study has a high surface area with a crystallite size of ca. 10 nm (as calculated 

from the Scherrer equation using the (111) reflection peak) and it presents clearly the two 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



4 | Effects of REM promoters 

 116 

major peaks assignable to surface reduction (peak at 487 °C) and bulk reduction (peak at 816 

°C) processes (Figure 4.9).  

 

Figure 4.9 H2-TPR profiles of the high surface area CeO2 used throughout this study. Both surface (low 

temperature) and bulk (high temperature) reduction peaks can be clearly identified 

As well known, Zr addition to CeO2 induced drastic changes in the reducibility of CeO2 [77-

79] (Figure 4.10). The TPR profiles of the CeO2-ZrO2 solid solutions displayed only one main 

broad reduction peak in the region between 500–580 °C at different peak positions (507, 543, 

and 576 °C for CeO2-ZrO2 [78-22], [50-50], and [25-75], respectively). In contrast, the high 

surface area ZrO2 used in the present study showed no reduction peaks under the condition 

investigated (Figure 4.10). Although the overall reducibility of CeO2-ZrO2 is enhanced by 

facilitating the bulk reduction compared to CeO2, it should be noted that the reduction of 

surface Ce atoms is more facile for CeO2 than CeO2-ZrO2 at lower temperatures (<400 °C, 

Figure 4.10). The catalytic tests clearly showed that CeO2 and not ZrO2 is responsible for 

activation of CO2 and methanol (Figure 4.1), and this indicates that the reducibility of surface 

Ce may play important role in the reaction mechanisms besides the balance between 

basic/acidic sites. The importance of redox sites in the catalytic cycle have been investigated 

by operando spectroscopic means and will be communicated separately. 
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Figure 4.10 H2-TPR profiles of the CeO2-ZrO2 solid solutions (black for pure CeO2 and orange for pure ZrO2) 

PM addition to CeO2 resulted in totally different TPR profiles (Figure 4.11). The three 

catalysts are characterized by the appearance of a new large peak in the TPR profiles at very 

low temperatures around 100-180 °C, characteristic of Ru, Rh, and Pd oxides reduction. The 

peak corresponding to the CeO2 surface reduction was reduced drastically for the three PM-

CeO2 materials. As in the cases of the catalytic activity (Figure 4.1) and TPD results (Figure 

4.5), the reducibility of Ru- and Rh-CeO2 presented some similarities, showing the reduction 

peak at ca. 100 °C, while a higher reduction peak ca. 180 °C was observed for Pd-CeO2. This 

indicates possible correlations among catalyst reducibility, acidity-basicity, and catalytic 

performance. Based on the H2-TPR profiles of PM-CeO2, the H2 consumption is high at low 

temperatures below 200 °C considering that it is the reduction of 1 wt% PM. This observation 

together with lowered reduction peak at ca. 500 °C imply the promoted reduction of surface 

Ce by the catalytic function of PM, facilitating the reactivity of surface oxygen of CeO2. 

Nevertheless, this high reducibility of surface CeO2 did not positively affect the catalytic 

performance of PM-CeO2 (Figure 4.1) and further investigation is required to elucidate the PM 

effects on the reactivity and product selectivity. 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



4 | Effects of REM promoters 

 118 

 

Figure 4.11 H2-TPR profiles of the precious metals (PM) promoted CeO2 materials (surface reduction region) 

On the other hand, clear and more consistent changes in the material reducibility were 

observed for the REM promoted CeO2 materials (Figure 4.12). At 0.25 wt% REM loading, the 

changes in reducibility were not pronounced. At 1 and 5 wt% REM loading, the appearance of 

highly reducible features of the materials was evident with a new shoulder-peak at ca. 310-

380 °C for all REM types (5 wt% La displayed two shoulders). Interestingly, the presence of 

such a shoulder-peak near the low temperature CeO2 reduction has been attributed to the 

existence of Ce4+ located in different chemical environment, such as the subsurface region 

[77, 80, 81]. Even more importantly, in the case of the catalysts with high stability during the 

reaction (i.e. 1 wt% REM loading) the surface reduction peak was shifted to slightly lower 

temperatures as compared to CeO2. Precisely, the low temperature peak which started to rise 

at 235 °C for CeO2 shifted to lower reduction-onset temperature of 210, 170, and 220 °C for 1 

wt% La-, Gd-, and Pr-CeO2, respectively. Among 5 wt% REM-CeO2 materials, only the La-

CeO2 showed the same behavior reducing the onset temperature of surface reduction at ca. 

160 °C, whereas for Gd- and Pr-CeO2 showed higher onset temperature compared to the 

corresponding 1 wt% REM-CeO2. Also, it is worth noting that 0.25 and 1 wt% REM loading 

did not affect considerably the shape of the surface reduction peak, while at 5 wt% REM 

loading, the materials displayed a small decrease of the latter. This is in a good agreement 

with the textural properties where increasing the REM loading to 5 wt% resulted in a decrease 

of ca. 25% in the SBET, indicating less CeO2 available on the surface. In summary, the 

reducibility of CeO2 is enhanced at 1 wt% REM loading while retaining the good reducibility of 

surface CeO2 which may be responsible for the catalysis as discussed above. The relation 

between the reducibility and catalyst stability will be discussed further in the next section. 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



Results and discussion 

 119 

 

Figure 4.12 H2-TPR profiles (corresponding to the surface reduction region) for CeO2 and REM-CeO2 materials 

Table 4.3 H2 uptake (μmol gcat.
-1) of the CeO2-ZrO2 solid solutions, precious metals (PM) promoted CeO2, and rare 

earth metals (REM) promoted CeO2 catalysts used in long-term DMC synthesis. For the PM and REM promoted 

materials only the surface reduction has been included 

Material type 
H2 consumption  

in μmol gcat.
-1 

CeO2-ZrO2 solid 
solutions 

CeO2 376 (surface + bulk = 733) 

CeO2-ZrO2 [78-22] 401 

CeO2-ZrO2 [50-50] 532 

CeO2-ZrO2 [25-75] 408 

ZrO2 no reduction 

Precious metals 
(PM) – CeO2 

1 wt% Rh-CeO2 355 

1 wt% Ru-CeO2 274 

1 wt% Pd-CeO2 533 

Rare earth 
metals (REM) – 

CeO2 

0.25 wt% La-CeO2 372 

1 wt% La-CeO2 434 

5 wt% La-CeO2 472 

0.25 wt% Gd-CeO2 406 

1 wt% Gd-CeO2 479 

5 wt% Gd-CeO2 369 

0.25 wt% Pr-CeO2 404 

1 wt% Pr-CeO2 420 

5 wt% Pr-CeO2 371 

4. 3. 3 Characterization of pristine and 1 wt% REM-CeO2 before and 

after the reaction 

The long-term stability of CeO2 catalyst in the direct DMC synthesis in the presence of 2-

CP was markedly improved using REM promoters (i.e. La, Gd, and Pr), but there was still a 

gradual and substantial deactivation of the catalyst materials over more than 100 h of reaction. 

To better understand and explain the effects of the REM promoters and their functions during 

the reaction, bare CeO2 and 1 wt% REM-CeO2 after the reaction were characterized by visual, 

spectroscopic and thermal analyses. The reactions (120 °C, 30 bar, for 30 h) were performed 

in a fused quartz reactor to enable visual inspection and Raman spectroscopy of the materials 

within the reactor. Prior to the analyses, the catalysts were thoroughly washed with methanol 
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at 120 °C at 3 mL min-1 for 15 min in the reactor to remove some crystallites of 2-PA deposited 

over the catalyst surface, accordingly to our previous study [29]. This washing procedure is 

necessary to identify strongly adsorbed surface molecular species causing catalyst 

deactivation by Raman and ATR-IR spectroscopic studies [29]. 

Visual inspection and spectroscopic investigation 

Figure 4.13 shows the photographs of the catalysts before and after the reaction with 

subsequent hot methanol washing. Initially, all materials displayed a light-yellow color 

characteristic of pristine CeO2 except Pr-CeO2 in a reddish tint. After the reaction, all the 

materials turned darker and there seems to be a correlation between the degree of catalyst 

deactivation and the degree of the color change. This tendency is the most noticeable for 

CeO2 turning into dark maroon and less color change was observed for 1 wt% La-CeO2. Even 

less change in color was observed for 1 wt% Gd-CeO2. 1 wt% Pr-CeO2 changed its color to 

brick-red due to the reddish color of the as-synthesized material. Interestingly, the degree of 

the color changes was in good agreement with the changes in the surface area (SBET) and 

pore volume of the materials after the reaction (Table 4.4). 32.5% SBET loss was observed for 

CeO2, while La, Gd, and Pr promoted samples showed ca. 29% (La and Gd) and 24% (Pr) 

SBET loss. On the other hand, the decrease in the pore volume of the materials was perfectly 

in accordance with the rate of deactivation (Figure 4.3); CeO2 losing 31.5% of its pore volume 

and La, Gd, and Pr samples losing 18.3%, 12.1%, and 9.2%, respectively. No structural 

change in the crystallinity of the materials was detected by XRD after 30 h of the reaction 

(Appendix D, Figure 7.4). 

 

Figure 4.13 Photographs of CeO2 and REM-CeO2 materials before (top) and after (below) the reaction at 120 °C, 

30 bar for 30 h and a subsequent hot methanol washing for 15 min 

 

UNIVERSITAT ROVIRA I VIRGILI 
UNLIMITING THERMODYNAMIC CONSTRAINTS IN CONTINUOUS CATALYTIC TRANSFORMATION OF CARBON DIOXIDE 
AND METHANOL TOWARDS DIMETHYL CARBONATE 
Dragos Constantin Stoian 
 



Results and discussion 

 121 

Table 4.4 BET surface area and pore volume of CeO2 and REM-CeO2 before and after the reaction (120 °C, 30bar, 

for 30 h) and subsequent hot methanol washing 

Material 
Surface area (m2 g-1) Decrease 

(%) 

Pore volume (cm3 g-1) Decrease 

(%) Before After Before After 

Pristine 

CeO2 
160 108 32.5 0.197 0.135 31.5 

1 wt% La-

CeO2 
135 97 28.1 0.186 0.152 18.3 

1 wt% Gd-

CeO2 
146 104 28.8 0.199 0.175 12.1 

1 wt % Pr-

CeO2 
139 106 23.7 0.184 0.167 9.2 

 

Ex situ Raman and ATR-IR measurements have been performed to clarify the cause of 

the catalyst deactivation by identifying the surface adsorbed species (Figure 4.14). Both 

Raman and IR studies indicate that 2-PA-like species (more precisely 2-PA monoanion, Py-

CONH-) are adsorbed on the surfaces in accordance with our previous study of bare CeO2 

[29], implying that the REM promoters do not influence the adsorption mode and origin of 

deactivation. Based on the intensity of the Raman bands, the amount of 2-PA adsorbed on 

the surface of the pristine CeO2 was suggested to be higher than that on the surface of REM-

CeO2 materials. This is in good agreement with the catalytic activity studies; catalyst 

deactivation is more pronounced when surface is more poisoned by the larger amount of 

adsorbed 2-PA. It is important to mentioned that the four materials re-gained their initial color 

and catalytic activity as demonstrated for CeO2 upon mild calcination treatment at 300 °C in 

air [29]. 
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Figure 4.14 Raman (left) and ATR-IR (right) studies of the catalysts after the reaction and methanol washing. The 

spectral contribution due to CeO2 has been subtracted and the Raman spectra have been normalized with respect 

to CeO2 F2g mode at ca. 460 cm-1 

TGA  

Moreover, thermogravimetric analysis (TGA) was performed for the catalyst materials 

before and after the reaction and the results are summarized in Table 4.5 (TGA profiles are 

shown in Appendix D, Figure 7.5). All the materials before the reaction showed only one 

desorption peak, assigned to the removal of surface impurities (i.e. physically adsorbed water). 

On the other hand, an additional feature of a peak slightly below 300 °C was observed for the 

materials after the reaction. This peak corresponds to the 2-PA elimination from the CeO2 

surface as the boiling point of 2-PA is 284.1 °C. It is interesting to note that the peak slightly 

shifts towards lower temperatures (ca. 270 °C) for 1 wt% REM-CeO2 promoted materials as 

compared that of pristine CeO2 (ca. 280 °C), as determined by peak calculation taking the 1st 

derivative of the weight loss curve. This is a good indication of weaker interaction between the 

2-PA and the catalyst surface when CeO2 is promoted with 1 wt% REM. The lower amount of 

2-PA adsorption indicated by the Raman study (Figure 4.14) was also confirmed by TGA 

(Table 4.5) where the REM promotion clearly reduced the degree of weight loss for the 

catalysts after the reaction. These results agree with the changes of surface area and pore 

volume; the less 2-PA adsorbed, the less changes in the surface area and pore volume. REM 

promotion at the effective amount (1 wt%) leads to the reduction in basicity (Figure 4.8) and 

decreases the interaction between 2-PA and the catalyst surface. This results in reducing the 

rate of poisoning by 2-PA, thus enhancing the catalyst stability when 2-CP is used as 
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dehydrating agent. When the basicity is sufficiently high compared to the acidity (Figure 4.7), 

the activity of the catalyst is also enhanced and become ideal for this reaction. 

Table 4.5 Summary of TGA for the materials (CeO2 and 1 wt% REM) before and after the reaction 

Material Peak no. 

Before reaction After reaction 

Weight 
loss / % 

Peak 
max / °C 

Weight 
loss / % 

Peak 
max / °C 

CeO2 
1 7.23 50.8 2.83 31.5 

2 - - 5.21 277.5 

1 wt% La-CeO2 
1 5.34 41 2.01 30.5 

2 - - 4.64 272.9 

1 wt% Gd-CeO2 
1 5.77 38.9 2.83 30.5 

2 - - 3.59 268.5 

1 wt% Pr-CeO2 
1 5.49 41.7 3.02 39.3 

2 - - 3.39 268.5 

 

Another important factor influencing the catalyst stability is the reducibility of the catalyst 

surface, which was promoted by REM, especially at 1 wt% for all REM types as discussed 

above. Redox properties change the charge state of atoms and this can consequently 

modulate the acid-base properties. When the reducibility is enhanced while retaining the active 

CeO2 sites by REM (presumably those characterized by the H2-TPR peak <500 °C), it is 

possible that the catalyst surface poisoned by 2-PA may change its redox state (Ce4+  Ce3+) 

flexibly under the reaction condition and create an environment facilitating 2-PA desorption 

from the surface. This would be naturally positive for the catalyst stability and it is speculated 

that 1 wt% Gd or Pr promotion is particularly effective in inducing such a function while 

retaining the active catalytic sites of CeO2. 

4. 4 Conclusions  

Effects of three types of promoters, namely Zr, precious metals (PM; Rh, Ru, Pd), and rare 

earth metals (REM; La, Gd, Pr), to CeO2 on the long-term behavior of catalytic performance 

in continuous DMC synthesis from CO2 and methanol in the presence of a dehydrating agent 

(2-CP) were evaluated. Among these, 1 wt% REM-promoted catalysts, especially Gd-CeO2 

and Pr-CeO2, exhibited outstanding catalyst stability while retaining the high catalytic 

performance of CeO2. The visual, spectroscopic (IR and Raman) and TGA investigations 

clarified that the surface adsorption of 2-PA produced by the hydration reaction of 2-CP is the 

cause of the catalyst deactivation and there was a clear relation between the amount of 2-PA 

adsorbed and the degree of catalyst deactivation. The origins of the promoter effects were 

studied in detail by characterizing the textural properties, acidity-basicity, and reducibility of 

the catalyst materials. The right balance in basicity and acidity, especially sufficiently high 
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basicity/acidity ratio thus more basic nature, is found necessary to achieve excellent catalytic 

activity. The pure CeO2 has the right acidity-basicity balance and it is retained for REM-

promoted CeO2 materials, while Zr and PM incorporation induced the reduction in basicity and 

this resulted in lower catalytic performance of these materials. On the other hand, it was 

indicated that the catalyst deactivation is correlated with the basicity as well as the reducibility 

of catalyst materials. When the basicity is lower and the catalyst reducibility is higher (i.e. 

easier to create surface defects), there was a clear improvement in the catalyst stability. The 

enhanced surface redox properties of the REM-promoted catalysts, especially at 1 wt% Gd/Pr, 

may have resulted in reduced basicity and assist facile desorption of 2-PA, thus improving the 

long-term stability. Remarkably, compared to CeO2, 1 wt% Pr-CeO2 and 1 wt% Gd-CeO2 

exhibited 35% higher DMC yield after 150 h and 25% higher DMC yield after 100 h of time on 

stream, respectively. This greatly enhanced catalyst stability by the REM promoters in the light 

of the previously found reactivation strategy (calcination at 300 °C in air) render the process 

more attractive in practice to produce DMC from CO2 and methanol. 
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Mechanistic insights  
 

 

Catching the surface intermediate and elucidating the redox 

contribution of CeO2 during dimethyl carbonate synthesis from CO2 

and methanol 
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5. 1 Background and motivation 

The increasing interest in dimethyl carbonate (DMC) has been witnessed in the last 

decades for its usefulness: polar solvent for paints and coatings, methylating and 

carbonylating agent in organic synthesis, electrolytes in Li-ion batteries, and an appropriate 

substitute for methyl tert-butyl ether (MTBE) as a fuel additive owing to its high oxygen content 

[1-7]. While one of the major synthesis path of DMC is via the reaction between phosgene and 

methanol, nowadays the industrially recognized processes involve either oxidative 

carbonylation reactions using CO (Enichem, Ube and Bayer AG), transesterification reactions 

of organic carbonates with methanol (Asahi Kasei), or a two-step urea methanolysis method 

developed by Catalytic Distillation Technologies, Inc [8]. Despite the improvements, it can be 

easily understood why a safer, more eco-efficient and economic pathway for DMC synthesis 

is desired. Urged by the concerns on the global warming, the development of the direct 

reaction between CO2 and short chain alcohols, particularly methanol (MeOH) and ethanol 

(EtOH), for the synthesis of organic carbonates such as DMC or diethyl carbonate (DEC) 

(Reaction 1, DMC synthesis) has drawn great attention in the light of CO2 chemical fixation, 

green chemistry (high atom efficiency), and safety by replacing phosgene which is a toxic and 

corrosive reagent with CO2 as carbonyl source.  

 

In the last 20 years, various homogeneous and heterogeneous catalysts were reported for 

the direct carboxylation reaction of methanol using CO2. Heterogeneous catalysts are more 

widely investigated and different materials have been tested under both batch and continuous 

operation. Among them, zirconia (ZrO2), ceria (CeO2), and ZrO2-CeO2 solid solutions [9-11] 

have been reported as the most effective catalysts in DMC synthesis, while other materials 

afforded no or very little formation of DMC [12]. Generally, the presence of both acidic and 

basic sites is required for the activation of both CO2 and the methanol molecules. This is in 

good agreement with the reports supporting that ZrO2, CeO2 and CeO2-ZrO2 solid solutions 

present both the acidic and basic properties [13]. In practice, the reaction is highly 

thermodynamically limited and the DMC yield can be enhanced only up to about 1% even 

under thermodynamically favorable high-pressure conditions (ca. 400 bar) [14]. Recently, a 

drastic improvement in DMC yield (>90%) was reported by Tomishige et al. by in situ 

dehydration using 2-cyanopyridine (2-CP) as organic dehydrating agent over CeO2 to remove 

the water byproduct (Reaction 1). CeO2 functions as catalyst for both DMC synthesis and 

dehydration reaction optimally at ca. 120 °C. This strategy has been demonstrated for batch 

as well as continuous operation [14-17]. It is noteworthy that the reaction mechanism is 
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unaltered by the presence of 2-CP and understanding the simpler system without dehydrating 

agent can lead to the understanding of more complex yet practically relevant system in the 

presence of the dehydrating agent [16]. 

The unique catalytic performance of CeO2 in this reaction may originate from the 

outstanding synergy between its acid-base properties together with its redox capabilities which 

include high lattice and surface oxygen mobility. Izumi et al. studied the reducibility of Cu (0.1 

to 0.5 wt%)-promoted CeO2 by X-ray absorption spectroscopy (XAS) by high temperature 

reduction treatment (400 °C) and subsequent CO2 adsorption. They suggested that the partial 

reduction of Ce4+ sites to Ce3+ may be beneficial for DMC formation [18]. Also, Aresta et al. 

correlated by ex situ XPS the origin of catalyst deactivation, thus the activity, with the oxidation 

state of Ce [19, 20]. Despite of these indications, the contribution and importance of the redox 

properties of CeO2 in the reaction has not been proven under working reaction (operando) 

conditions. Particularly, the reaction is commonly performed at relatively low temperatures 

(100-150 °C) where the reduction of surface and bulk CeO2 is unlikely to occur according to 

temperature programmed reduction studies [21-23]. Furthermore, no operando spectroscopic 

investigation has been reported bridging the type of surface species present under reaction 

conditions with DMC formation by simultaneous detection of the product concentration.  

Following the background, in this work we aim at capturing the surface intermediate 

species leading to DMC by diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) and also at elucidating the contribution of redox properties by XAS and Raman 

spectroscopy under working, operando, conditions. Transient techniques by periodical 

concentration perturbation were utilized to highlight the signals due to reactive species and 

the change in the oxidation state. These were later correlated with the product concentrations 

which was measured by mass spectrometry (MS). Importantly, multivariate analysis (here 

multivariate curve resolution (MCR) [24-26] was used) on the sets of large, complex 

spectroscopic data was employed to facilitate the spectral analysis by detecting subtle spectral 

changes in a blind-source manner without the necessity of reference spectra. 

5. 2 Experimental 

High surface area CeO2 powder (>100 m2/g) was kindly supplied by Daiichi Kigenso 

Kagaku Kogyo Co. Ltd., Japan and used without any further treatment. Methanol (>99%, 

HPLC grade) was purchased from Sigma Aldrich. High purity He (>99.999%) and CO2 

(>99.9993%, purchased from Abelló Linde) gas was used. A reaction setup similar to that 

already presented in the literature was employed for the in situ/operando XAS/Raman/MS 

measurements [25]. Synchrotron experiments were performed at the Swiss Norwegian Beam 

Line (SNBL) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. 
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More information about the optics, beamline layout, monochromators design, and Raman 

probe design can be found in literature [27, 28]. Gaseous CO2 and He were passed to the cell 

by means of mass flow controllers. The He flow was saturated with methanol and thus about 

16.5 vol% of methanol was contained in the flow.  

Operando DRIFTS-MS setup: all experiments were performed on a Bruker Vertex 70V IR 

spectrometer equipped with a liquid-nitrogen-cooled mercury cadmium telluride (LN-MCT) 

detector with a home-made temperature controlled stainless steel cell mounted in a Praying 

Mantis optical accessory (Harrick). The DRIFTS cell mimics the action of plug flow and the 

design is described elsewhere [29]. The measurement was performed at the center of the 

catalyst bed consisting of CeO2.  The Praying Mantis accessory consists of an optical system 

equipped with a series of mirrors for redirection and collection of diffuse reflected light as well 

as minimizing the detection of specularly reflected light. Spectra were collected at 4 cm-1 

resolution.  

Operando Raman-MS experiments were carried out using Renishaw inVia spectrometer 

with 532 nm excitation laser (at SNBL, ESRF) as well as a BWTEK dispersive i-Raman 

portable spectrometers equipped with 532 and 785 nm excitation lasers and a TE-cooled 

linear array detector. A gas manifold was used to feed the reactants to the reaction cell (quartz 

capillary reactor, (Hilgenberg GmbH) with 0.7 mm OD and 10 µm wall thickness) and the 

heating system consisted of a commercially available high temperature (up to 500 °C) hot air 

gun.  

A more detailed description of all the setups employed in the present study together with 

an exhaustive presentation of the multivariate curve resolution (MCR) technique can be found 

in Chapter 2 (Materials and methods).  

Theoretical IR spectra calculation: band assignments of IR spectra were assisted by 

quantum chemical calculations of vibrational frequencies and intensities and normal mode 

analysis. They were calculated with density functional theory (DFT) using B3PW91 functional 

[30, 31] with 6-311++G(2d,2p) basis sets using Gaussian 09 [32] as an isolated molecule 

without solvent effects. The simulated IR spectra are shown as the sum of Lorentzian lines 

taking the calculated IR intensity of a normal mode as the height at each vibrational frequency. 
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5. 3 Results and discussion 

Figure 5.1 presents time-resolved operando DRIFT spectra and DMC concentration 

profile under a periodic concentration change of methanol (16.5 vol% in He, the first half period 

of 128 s) and CO2 (the second half period of 128 s) performed at 120 °C and averaged over 

8 periods to improve S/N. According to the MS signal (Figure 5.1, left), DMC was formed 

under the studied condition. The production level of DMC increased upon switching from CO2 

to methanol, reaching a constant level after ca. 40 s. Interestingly, the DMC production was 

boosted by ca. 5 times upon switching to CO2 and then gradually ceased with time almost 

completely under the flow of CO2. The differential DRIFT spectra (Figure 5.1, right; the last 

spectrum of the period, i.e. at the end of the CO2 period, was used as the background) shows 

the characteristic C-O stretching vibrations of bridged and terminal methoxy species 

appearing at ca. 1060 and 1120 cm-1, respectively, [10] as positive bands (in red) when the 

atmosphere was switched to methanol. At the same time, several negative bands 

characteristic of carbonates/bicarbonates were prominently observed in the region from 1150-

1800 cm-1 under the flow of CO2. According to literature, these bands likely originate from 

carboxylate and protonated carboxylate species on the surface of the catalyst (at 1695 cm-1), 

bridged (bi)carbonates (1235 and 1645 cm-1), and monodentate and bidentate carbonates 

(1336, 1458 cm-1 and 1282, 1548 cm-1, respectively) [10, 33-36]. These results clearly indicate 

that carbonates/bicarbonates formed under CO2 atmosphere were replaced (thus the bands 

appear negative) by methoxy under methanol atmosphere and vice versa under CO2 

atmosphere. At first glance, the DRIFT spectra do not show clear signatures of transient 

surface species whose concentration is similar to that of DMC, except a few slightly positive 

signals at ca. 1310 and 1630 cm-1 appearing upon switching to CO2. This sort of 

ambiguousness in spectral analysis is often encountered and arises from overlapping peaks 

and also impossibility to deconvolute the spectral contributions of different chemical species 

due to the unavailability of proper reference spectra of the chemical species that are only 

present/detected under reaction conditions and/or under transient conditions. 
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Figure 5.1 (left) MS signal of DMC (m/z = 59) and (right) time-resolved DRIFT spectra taken during methanol (the 

first half period) vs. CO2 (the second half period) concentration perturbation experiment performed at 120 °C at 7 

ml min-1. The DRIFT spectra were calculated taking the last spectrum in the CO2 atmosphere as background 

To overcome this limitation, MCR analysis was employed to disentangle overlapping 

peaks into the spectra of “kinetically pure” components (i.e. surface species). Besides the 

spectral separation, it yielded conveniently the concentration profiles of the components. 

Figure 5.2 shows the results of MCR analysis on the DRIFT spectra shown in Figure 5.1. The 

analysis found three kinetically-distinct components. Most strikingly, the analysis could 

separate the spectral component (Figure 5.2, green) with the concentration profile well-

matching with that of DMC (Figure 5.1, left), which is indicative of surface species leading to 

DMC upon further transformation. The other two components show characteristic features of 

(i) methoxy species (Figure 5.2, black) and (ii) carbonate/bicarbonate species (Figure 5.2, 

red). The corresponding concentration profiles of these components (Figure 5.2, right) 

obviously reflect the atmosphere of the gas phase. The absorbance of the spectra appears 

with positive values because of the constraints employed (negative concentration was 

allowed), thus permitting more facile and direct interpretation of the disentangled component 

spectra. 
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Figure 5.2 (left) Three components spectra and (right) the corresponding concentration profiles obtained by MCR 

analysis applied on the DRIFT spectra shown in Figure 5.1 (the first half is methanol and the second half is CO2 

atmosphere). To ease the data analysis and improve component separation, MCR has been performed on two 

separate regions of methoxy (below 1170 cm-1) and carbonates (above 1180 cm-1). Both spectra and concentration 

profiles are normalized for clarity  

In situ infrared and Raman studies reported by Tomishige, Bell and their co-workers over 

ZrO2 materials suggested the formation of monomethyl carbonate (MMC, CH3O-COO-Zr) as 

possible intermediate species through the reaction between methoxy species (CH3O-) and 

CO2 [37-39]. MMC further reacts with another molecule of methanol (methoxy) to afford DMC. 

Later, it was indicated that the reaction proceeds via the same intermediate (i.e. MMC) over 

CeO2 catalysts [10, 16]. Besides, there are also reports supporting the existence of a different 

intermediate like carbomethoxide (CH3OCO-Ce) species as suggested by Wang et al. [33]. 

The spectral characteristics of the captured intermediate (Figure 5.2, green) whose 

concentration profile resembles that of gas phase DMC generally show the mixed features of 

methoxy (1060 and 1120 cm-1) and (bi)carbonates (e.g. 1200-1800 cm-1), although they are 

somehow different especially in the region of 1200-1600 cm-1 where the characteristic bands 

of MMC are expected to appear according to the literature [10, 20, 33, 40]. More precisely, 

Lavalley et al. assigned the two bands we observed at ca. 1330 and 1460 cm-1 to a coupling 

between the bending mode of CH3 and the stretching vibration of OCO [41]. This clearly 

indicates that the captured intermediate is MMC or species alike. The spectral features of the 

intermediate (Figure 5.2, green) in the methoxy region appear similarly to those of methoxy 

species (Figure 5.2, black). A closer look verifies that they are similar but there are noticeable 

differences especially in the band of terminal methoxy at ca. 1120 cm-1, showing a broadening 

and a small shift towards lower vibrational frequency. This implies that the terminal methoxy 

has reacted or interacting with the CO2 molecule trapped on the surface, resulting in the red 

shift. Also, it is interesting to note that the species responding to the gas-phase methanol 

concentration (Figure 5.2, black) show the spectral features of (bi)carbonates in the region 
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1200-1800 cm-1. This is indicative of the formational correlation of methoxy species with 

specific surface (bi)carbonate species which are not replaced but uniquely generated by the 

formation of methoxy species. The dissociation of MeOH into MeO and H is expected to take 

place upon methanol adsorption over CeO2 and this H may lead to more pronounced formation 

of bicarbonates from carbonates and the spectral feature of the methoxy species may reflect 

the accompanied formation of bicarbonate surface species since MCR cannot disentangle 

spectral components behaving kinetically identical. 

The nature of the intermediate species was examined by means of the identical study with 

MCR analysis using 13C-labeled CO2 and 13C-labeled methanol. Figure 5.3 presents the 

component spectra whose concentration profile follows that of DMC formation (Figure 5.2, 

green) for the three cases (unlabeled, 13CH3OH, and 13CO2). 

 

Figure 5.3 The component spectra of the identified intermediate leading to DMC formation for the three cases 

using unlabeled CO2 and methanol (top, i.e. Figure 5.2, green), 13CH3OH (middle), and 13CO2 (bottom) obtained 

by the MCR analysis  

When 13C-labeled methanol was used, in the region of methoxy bands (1020-1150 cm-1) 

there were clear red-shifts of both terminal and bridged bands by ca. 30 and 10 cm-1, 

respectively. According to a DFT calculation, about 25 cm-1 red-shift of C-O stretching is 

expected upon 13C-labeling of methoxy carbon in MMC anion (see Appendix E, Figure 7.6 

for DFT results). This degree of shift is in good agreement for the terminal methoxy but not for 

the bridged one. This difference may originate from the more distorted state of the C-O bond, 

in other words a stronger influence of CeO2 surface to the bond, in the methoxy group upon 

bridge adsorption over CeO2. Interestingly, with 13CH3OH the band at ca. 1120 cm-1 was 

unshifted. This indicates that the carbonate-like moiety of the intermediate may have an 

infrared-active vibration at that position, which is naturally unbiased upon methanol-carbon 

labeling. Tomishige et al. also related the presence of a band around 1110 cm-1 to the 
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existence of the MMC intermediate [10]. The experiment with 13CO2 supports this view since 

the two band positions do not change obviously but there are bands arising at ca. 1080 and 

1100 cm-1, indicating that the carbonate-like moiety of the intermediate may have a band at 

the frequency close to the C-O stretching of the terminal methoxy.  

There were also clear 30-50 cm-1 red-shifts of (bi)carbonate bands appearing at 1600-

1800 cm-1 when 13CO2 was used. This shift is in good agreement with the DFT calculation (ca. 

50 cm-1) where the carbon of the carbonate in MMC anion was labelled (see Appendix E, 

Figure 7.6 for DFT results). The most drastic change was observed in the region of 1150-

1800 cm-1 when 13CH3OH was used. Even the generally assigned carboxylate vibrations 

mentioned above (1600-1800 cm-1) underwent great changes apparently with more distinct 

spectral features compared to the unlabeled case. This is a clear indication of a coupling of 

oxygen atoms of adsorbed CO2 as (bi)carbonate with the carbon of methanol molecule present 

in methoxy. 

Furthermore, under similar transient conditions we looked into the change in the oxidation 

state of Ce by XAS at Ce K and L3-edges and in associated structural changes by Raman 

spectroscopy. Under oxidation (O2) and reduction (H2) treatment at high temperature (350 °C), 

the MCR analysis on the XAS and Raman data could clearly extract the redox features of 

CeO2 (see Appendix E, Figure 7.7 – 7.9), whereas these redox features could not be 

observed at the reaction temperature of 100-150 °C which was obviously too low for the redox 

to take place as expected. Although we could not detect spectral changes in the bulk-sensitive 

XAS under the transient reaction conditions of MeOH vs. CO2 flow, there was a clear change 

in the F2g Raman active mode at ca. 460 cm-1, corresponding to the symmetric breathing of 

O2- atoms vibrations around the Ce4+ cations (Figure 5.4). The width and position of this band 

is known to be extremely sensitive to any structural disorder of the O-sublattice [42]. MCR 

analysis on the Raman data disentangled the two spectral components with contrasting 

concentration profiles: one increasing upon CO2 exposure which is obviously assigned to the 

band associated with the Ce4+ state (Figure 5.4, Component 1, red), and the other increasing 

with methanol with the band feature slightly red-shifted and broadened (Figure 5.4, 

Component 2, black). These changes are in accordance with the reports on CeO2-based 

materials under reduction-oxidation cycles [43-45]. This subtle change took place on the 

surface of the material and therefore could not be measured by XAS. Likewise, the change 

was less obvious when a longer wavelength excitation laser (785 nm) was used in Raman 

since in this case we sample more bulk of the material (see Appendix E, Figure 7.10). 

Recently, Tomishige et al. reported the redox properties of CeO2 catalysts in organic reactions 

(i.e. synthesis of imines from alcohols and amines) at temperature as low as 30 °C [46]. This 
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study further confirms that redox property of CeO2 plays key roles in the catalytic cycle of the 

DMC synthesis from CO2 and methanol. 

 

 

Figure 5.4 MCR applied for F2g band of CeO2 during DMC synthesis experiment (CO2 vs. methanol) at 140 °C. 

The Raman measurement was performed with a 532 nm laser (green). Both spectra (left) and concentration (right) 

profiles are normalized for clarity 

5. 4 Conclusions 

In summary, the present study showed the involvement of CeO2 redox properties in the 

gas phase DMC synthesis from CO2 and methanol. While methanol acts as a reducing agent 

for CeO2, CO2 behaves as an oxidizing agent. Furthermore, a boost in DMC production is 

observed when CO2 is passed over methoxy covered surface accompanying the oxidation of 

CeO2. The surface intermediate species directly correlated with DMC formation was 

elucidated by operando DRIFTS with the aid of MCR analysis. It showed the feature of both 

methoxy and (bi)carbonates, in accordance with the reported structure of monodentate methyl 

carbonate (MMC). The isotopic labeling study indicated that the carbon in methyl/methoxy 

group of MMC strongly interacts with the CO bond of the carbonate moiety, implying that the 

methyl group may be delocalized around the carbonate (anion) even within the time-scale of 

IR spectroscopy, thus strongly coupling with the carbonate vibrations. 
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6. 1 Summary of the thesis 

The subject of this thesis was the continuous dimethyl carbonate (DMC) synthesis via 

direct carboxylation reaction of methanol (CH3OH) with carbon dioxide (CO2). The major 

challenge that comes together with this highly equilibrium limited process lies in the extremely 

low methanol conversion (≤ 1%) and DMC yield values even under thermodynamically 

favorable high-pressure conditions. Consequently, a high-pressure laboratory scale 

microreactor setup (up to 300 bar) for the continuous catalytic transformation of CO2 towards 

DMC was successfully designed and implemented, achieving the major task of the present 

research project. To overcome the thermodynamic limitations (endergonic process with ∆rGθ 

@ 298 K = 26.21 kJ/mole  non-spontaneous under normal conditions of pressure and 

temperature), the use of an appropriate organic dehydrating agent was employed (2-

cyanopyridine, 2-CP). It is mandatory to efficiently remove the water formed during the DMC 

production and shift the equilibrium on the product side. The known role of 2-CP as a 

dehydrating agent for a batch reaction system has been successfully employed in a 

continuous process. Moreover, the in situ dehydration presents a highly important practical 

aspect since the separation of a water-methanol-DMC ternary mixture is extremely difficult to 

realize at industrial scale. Particularly, the heating of the back-pressure regulator (BPR) with 

ensured proper functionality was vital, and a modification to the BPR was made to allow 

adequate heating at the position where the fluid passed through. To reach a good separation 

between the high boiling point compounds (originating from 2-CP) and the low boiling point 

ones (mostly methanol and DMC), the outlet of the BPR was connected to the in-house built 

hot trap-cold trap separation system. Only the products directly or indirectly originated from 

methanol above the trace level were quantified and discussed in the present study. The 

reaction product identification and analysis was carried out by a gas chromatograph (GC) 

equipped with a flame ionic detector (FID) coupled with a mass spectrometer (MS) from 

Bruker. The GC method for product separation was successfully developed.  

The reactor setup was used for CO2 valorization towards DMC. It is well known that very 

few metal oxides are catalytically active for the direct carbonate synthesis from alcohol and 

CO2 (i.e. zirconia, ZrO2, CeO2, and ceria-zirconia mixed oxides/solid solutions). Despite 

offering good selectivity for DMC, in conditions without any dehydrating agents their activity is 

very poor. After an exhaustive screening of materials, conditions, and reactors design, 

throughout this project it was strengthen the idea that ceria (CeO2) is one very special and 

unique material for this reaction. The ideal synergy between this rather abundant rare earth 

metal oxide and the organic dehydrating agent (2-CP) has proven extremely efficient under 

both batch and continuous operations. Especially, by implementing the protocol in a 

continuous flow system high DMC yield with a much shorter reaction time than in a batch 
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operation has been achieved. Under this approach, side-reactions involving the dehydrating 

agent and the hydrated products could not be avoided. Deactivation of the catalyst by the 

dehydrating agents or the corresponding derivatives is also a commonly encountered issue in 

this field. More than 50% methanol conversion drop was observed by using CeO2 catalyst 

during ca. 10 days of time on stream (TOS). Importantly, Tomishige et al. (2013) have shown 

the recyclability of the dehydrating agent, a very significant observation in view of practical 

use, over Na2O/SiO2 catalyst.  

First, the cause of the catalyst deactivation was deeply investigated. For that purpose, the 

common stainless steel (SS) reactors were replaced by optically transparent, fused quartz 

reactors. They were meant to allow visual and spectroscopic inspection of the catalyst under 

operando conditions. Initially, the verification of the quartz reactors (at temperatures ranging 

from 70 to 160 °C and pressure from 1 to 30 bar) afforded good functionality of the system 

and good reproducibility of the results obtained with SS reactors. Moreover, it has been 

demonstrated that there is an optimum condition (30 bar, 120 °C) to achieve high catalytic 

performance in terms of methanol conversion (XMeOH) and DMC selectivity (SDMC). The first 

striking observation while using the fused quartz reactors was related with the severe color 

change of the light yellowish CeO2 catalyst which turns dark maroon within the first hours of 

the reaction. The color change of the catalyst could be correlated with the XMeOH drop. 

The great advantage of using optically transparent quartz reactors is that they are ideal to 

perform spectroscopic studies (e.g. Raman and UV-Vis spectroscopy). However, our attempts 

to run operando Raman (lasers with excitation wavelength at 532 and 785 nm) analysis failed 

due to strong fluorescence observed under the reaction conditions. This was most likely a 

consequence of the products originating from 2-CP. To disentangle the cause of CeO2 

deactivation, a combined ex situ ATR-IR and Raman approach was employed. Based on the 

Raman and IR studies (supported by DFT calculations), it was identified that 2-picolinamide 

(2-PA, and not coke formation as it was initially speculated) is the main source of catalyst 

deactivation by strongly binding to and thus poisoning the catalyst surface at increased time 

on stream. The space resolved spectroscopic results along the catalyst bed showed the 

existence of a gradient reflecting how much the catalyst was poisoned (more intense towards 

the inlet and less intense towards the outlet of the reactor) in very good agreement with the 

color gradient visually observed.  

Most importantly from practical point of view, complete catalyst reactivation was achieved 

under mild conditions, just by using in situ methanol washing coupled with a moderate thermal 

treatment at 300 °C in air (in less than 1 h). Furthermore, the use of quartz reactors afforded 

the observation of the complete synergy between the solid catalyst, the liquid methanol and 
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2-CP mixture, and gaseous CO2 – the reaction is taking place in both bulk and surface of CeO2 

catalyst. This would explain the higher conversion efficiency of the continuous system in 

comparison with the batch one, likely occurring due to a much better mixing of CO2, methanol, 

and the dehydrating agent over the catalyst.  

After addressing the catalyst deactivation issue, an even bigger challenge arose. For a 

catalyst to be industrially relevant there are many requirements that must be fulfilled. A 

successful catalyst should allow the reaction to proceed at a fast rate under conditions that 

are economically advantageous (i.e. low temperature and low pressure) and it must also be 

long lasting and selective. In this context, the effects of three types of promoters, namely Zr, 

precious metals (PMs; Rh, Ru, Pd), and rare earth metals (REMs; La, Gd, Pr), to CeO2 on the 

long-term behavior of catalytic performance in continuous DMC synthesis from CO2 and 

methanol in the presence of a dehydrating agent (2-CP) were investigated. Reactions were 

run under previously optimized conditions of 120 °C and 30 bar. Among the tested materials, 

1 wt% REM-promoted catalysts, especially Gd-CeO2 and Pr-CeO2, exhibited outstanding 

catalyst stability while retaining the high catalytic performance of bare CeO2. In the present 

study, Zr incorporation into CeO2 as well as PMs promotion of CeO2 showed rather poor 

catalytic results. Nevertheless, CeO2-ZrO2 solid solutions displayed high and stable SDMC. 

Unfortunately, the catalyst poisoning by 2-PA adsorption could not be completely 

prevented. However, the results of the visual, spectroscopic (ex situ ATR-IR and Raman) and 

TGA investigations of the pristine CeO2 and 1 wt% REM promoted CeO2 before and after a 

30 h catalytic test clarified that there was a clear relationship between the amount of 2-PA 

adsorbed and the degree of catalyst deactivation. The better the catalyst, the less 2-PA 

adsorbed over its surface. Clearly, small amounts of REMs finely dispersed over CeO2 

promote the long term catalytic activity and stability. To better understand the origin of the 

promoter effects, they were thoroughly investigated by characterizing the textural properties, 

acidity-basicity, and reducibility of the catalyst materials. It was discovered that the right 

balance in basicity and acidity, especially at sufficiently high basicity/acidity ratio (>1) thus 

more basic nature, is essential to achieve excellent catalytic activity. It is confirmed that the 

pure CeO2 has the right acidity-basicity balance that is retained for REM-promoted CeO2 

materials, while Zr and PM incorporation induced the reduction in basicity and this resulted in 

lower catalytic performance of these materials. Additionally, there are indications that correlate 

the catalyst deactivation with the basicity and the reducibility of the materials. When the 

basicity is lower and catalyst reducibility is higher (i.e. easier to create surface defects and 

increased surface oxygen mobility), there was a clear improvement in the catalyst stability. 

The enhanced surface redox properties of the REM-promoted catalysts, especially at 1 wt% 

Gd/Pr, may have resulted in reduced basicity and assist facile desorption of 2-PA (or directly 
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hindering 2-PA adsorption), thus improving the long-term stability. Nevertheless, deeper 

investigation is required to completely comprehend the implications of REMs over CeO2.  

Remarkably, the total cooperation between acidity, basicity and reducibility in the case of 

REM promoted CeO2 led to great catalytic results. Compared to CeO2, 1 wt% Pr-CeO2 and 1 

wt% Gd-CeO2 exhibited 35% higher DMC yield after 150 h and 25% higher DMC yield after 

100 h of time on stream, respectively. In the light of the previously mentioned reactivation 

protocol, this great enhancement in the catalyst stability by addition of REM promoters render 

the process much more attractive in practice to produce DMC from CO2 and methanol. 

To gain better insights into the reaction pathway, a mechanistic study of the gas phase 

direct DMC synthesis from CO2 and methanol was conducted. This was achieved by using a 

combined operando approach (XAS/Raman/MS and DRIFTS/MS) coupled with the adequate 

chemometric method (multivariate curve resolution, MCR). It was the first attempt ever to 

capture by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) the surface 

intermediate species leading to DMC formation and to elucidate the contribution of redox 

properties of CeO2 by XAS and Raman spectroscopy under working, operando, conditions. At 

the same time, the product concentration was continuously followed by using mass 

spectrometry (MS). Transient techniques by periodical concentration perturbation were 

employed to highlight the signals due to reactive species and the change in the oxidation state 

of Ce in CeO2. To overcome the common limitations arose from in situ/operando spectroscopic 

measurements, i.e. overcrowded spectra, overlapping peaks and impossibility to deconvolute 

the spectral contributions of different chemical species, MCR was utilized as a very powerful 

blind source and spectral separation method. It allowed disentangling overlapping spectral 

features into the spectra of kinetically pure components and the corresponding concentration 

profile without any a priori information or the need for external spectral libraries. 

The surface intermediate species directly correlated with DMC formation was elucidated 

by operando DRIFTS with the aid of MCR analysis. It is formed by the reaction between pre-

adsorbed methanol (i.e. as terminal methoxy species) and (bi)carbonates arising from CO2 

molecules. It showed the feature of both methoxy and (bi)carbonates, in accordance with the 

previously reported structure of monodentate methyl carbonate (MMC) intermediate. More 

importantly, the isotopic labeling experiments together with the DFT calculations indicated that 

the carbon in methyl/methoxy group of MMC strongly interacts with the CO bond of the 

carbonate moiety, implying that the methyl group may be delocalized around the carbonate 

(anion), thus strongly coupling with the carbonate vibrations.     

CeO2 is a very well-known acid-base catalyst. It is also a famous material for its oxygen 

storage/release capacity (OSC) due to swiftly switching between 4+ and 3+ oxidation states 
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(Ce4+  Ce3+) under proper reaction conditions. Traditionally, the partial reduction of CeO2 is 

known to promote electron-donating type of catalysis. Up to date there were no clear proofs 

resulted from in situ/operando studies relating the redox properties of CeO2 with the catalytic 

activity in the methanol carboxylation reaction. In the present study, it was discovered that 

despite running at moderate temperatures from 100 to 150 °C, CeO2 shows clear and direct 

redox involvement in DMC synthesis. While methanol can act as a reducing agent for CeO2 

and inhibiting the DMC formation, CO2 behaves as an oxidizing agent preventing the methanol 

oxidation and CeO2 reduction. Importantly, the manifestation of the redox behavior covers only 

a small portion of the catalyst surface as it could be unraveled by operando Raman studies 

but not from XAS measurements. Furthermore, a boost in DMC production is observed at low 

CO2 coverage, whereas this one rapidly goes to zero at higher coverage.  
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6. 2 Open challenges and outlook  

In the context of fossil fuel depletion and CO2 accumulation in the atmosphere directly 

linked to the increasing global temperature of the earth and severe climate changes, this thesis 

dealt with the activation of CO2, a thermodynamically stable and highly unreactive molecule, 

towards the production of organic carbonates (i.e. dimethyl carbonate). As already mentioned, 

dimethyl carbonate is a very good polar solvent for paints and coatings, methylating and 

carbonylating agent in organic chemistry synthesis, electrolytes in Li-ion batteries, and an 

appropriate substitute for methyl tert-butyl ether (MTBE) as a fuel additive owing to its very 

high oxygen content. Replacing old-fashioned and much more dangerous routes, such as 

phosgene (COCl2) path or carbonylation (requiring CO / NO) reactions, with processes such 

as carboxylation of alcohols, alcoholysis of urea, and transesterification of cyclic carbonates 

for the synthesis of linear organic carbonates represents a great challenge for both academia 

and industry. Nonetheless, the direct carboxylation of alcohols has strong limitations due to 

the thermodynamics (the equilibrium concentration at 100–200 °C is around 1%) and to the 

water formation that may destroy the catalysts and shift the equilibrium on the reactants side. 

Implementing such technologies on a larger scale while using heterogeneous catalysts, which 

can be easily recovered, reactivated (if necessary), and reused is even a more difficult task. 

Now, the direct synthesis of DMC starting from methanol and carbon dioxide is less promising 

than the other CO2-based routes due to its higher Gibbs free energy values and lower product 

yields. The results shown in this thesis are highly relevant as CO2 mitigation strategy as well 

as to utilize the carbon which is found in CO2 for the synthesis of valuable chemicals. 

Regardless of the spectacular improvement by the usage of 2-CP against other approaches 

(i.e. catalytic membrane reactors, CMR, other chemical or physical water traps, or high 

pressure-high temperature conditions), further research is still required for the regeneration 

reaction of 2-PA back to 2-CP. This is obvious since the recovery of 2-CP from 2-PA takes 

more than 400 hours over a Na2O/SiO2 catalyst to afford ca. 84% yield of 2-CP. Only if this 

reaction can be carried out on a large scale, the direct methanol carboxylation reaction could 

be a promising alternative for the continuous DMC synthesis. 

Theoretically, there are many critical factors that have a huge impact on the non-reductive 

conversion of CO2 into DMC, as it is the case for any other heterogeneously catalyzed 

reactions. To mention only a few of them, the catalyst material employed in the process and 

its physical-chemical properties (e.g. particle size, pore volume/size-distribution and structure, 

surface area, acidity and basicity, oxidation and reduction capabilities); the effect of the 

calcination temperature over the final material; different synthesis methods that can highly 

influence both the support and the support-metal interaction along with metal dispersion on 

the catalyst surface; reaction conditions (reactants ratio, reaction temperature, pressure, and 
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time, operation under batch or continuous approach). However, in practice all this extensive 

work in search for the best results (in terms of methanol conversion and DMC selectivity) has 

been narrowed down to the system composed CeO2 and 2-CP, the only one capable of 

performing methanol carboxylation and 2-CP hydrolysis while providing high yields towards 

DMC.  

One of the major challenges of this work, the important loss in the catalyst activity at higher 

time on stream due to strong 2-PA adsorption over CeO2 surface has been addressed, and 

partially solved, by a simple and effective promotion of CeO2 with rare earth metal elements 

(i.e. La, Gd, and Pr). A good catalyst must possess both high activity and long-term stability. 

Not to mention that its selectivity towards the desired product reflects its ability to directly 

convert the reactants along a specific reaction pathway. In the pursuit of bringing this process 

one step closer to being more relevant for the chemical industry of today and having acquired 

solid information regarding the fast and easy to get implemented reactivation protocol, we 

have been seeking for possible solutions/mechanisms to further improve the process. 

Preliminary results from the experiments carried out in our laboratories have shown that even 

after more than 100 h of time on stream, a small increase in the reaction temperature (from 

120 to 140 °C) can recover the catalyst activity (DMC yield) via what we hypothesize it is 

easiness of 2-PA removal. On the other hand, decreasing the temperature to only 100 °C 

leads to a considerable decrease in the productivity of the reaction, as already reported for 

the case of pristine CeO2. Figure 6.1 shows the catalytic results for two of the best materials 

tested so far (i.e. rare earth promoted CeO2, 5 and 1 wt% La, respectively). 

 

Figure 6.1. Long-term stability study on direct DMC synthesis from CO2 and methanol in the presence of a 

dehydrating agent. Effect of reaction temperature at high time on stream for 5 (left) and 1 (right) wt% La promoted 

CeO2 materials   
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Reactions have been run at 30 bar and 120 °C. It can be observed how, after ca. 100 h 

for the 5 wt% La and 120 h for 1 wt% La, respectively, an increase of 20 °C in the reaction 

temperature allowed complete recovery of the initial DMC yield. This has a huge importance 

in practice and further investigation should be performed. A deeper mechanistic understanding 

is desirable to completely clarify the involvement of 2-CP in the reaction mechanism, and to 

assess the exact effect/role of the rare-earth metal promoters in the catalytic process. And this 

brings us to our last contribution on the topic. Given the outstanding improvement made by 

doping the CeO2 catalyst with rare earth metals, the rapid and reliable catalyst reactivation 

protocol and the catalytic results disclosed above, we came up with a new reactor design 

presented in Figure 6.2. The setup would, in principle, be capable of continuously producing 

DMC from CO2 and methanol in the presence of a dehydrating agent (2-CP). It consists of 2-

parallel reactors. While Reactor 1 is running the methanol carboxylation reaction, the catalyst 

in the Reactor 2 is subjected to regeneration protocol (under air). When the catalyst in the 

Reactor 1 displays important decrease in activity, the process automatically switches from 

Reactor 1 to Reactor 2, where reaction continues running, while the catalyst in the Reactor 1 

gets reactivated. The feasibility of such a design would require more attention as soon as 

proper 2-PA regeneration protocol back to 2-CP could be implemented.  

 

Figure 6.2. Proposed reactor scheme for continuous DMC synthesis from CO2 and methanol in the presence of a 

dehydrating agent (2-CP). While reaction is carried out in the Reactor 1, regeneration of the catalyst (in a flow of 

air) is performed in the Reactor 2 and vice-versa   
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This last chapter of the thesis summarizes the most important findings encountered 

throughout the project, i.e. continuous DMC synthesis from CO2 and methanol. It presents a 

good way on how moderate pressure approach offers new opportunities in heterogeneous 

catalysis and investigation of reactions in a continuous manner using microreactors. Despite 

the difficulties, this research field is new and rapidly growing over the last couple of years. CO2 

mitigation strategies are the key for a better, greener, and safer future. Moreover, efficient use 

of this very abundant molecule (CO2) to produce important and highly relevant chemical 

products (e.g. organic carbonates) is a vital part of the CO2 abatement long-term plan.  
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Appendix A Supplementary information Chapter 1 

Full Mauna Loa CO2 record 

 

Figure 7.1 Monthly mean atmospheric carbon dioxide measurements at Mauna Loa 

Observatory, Hawaii. The red curve depicts the longest record of direct measurements of CO2 

in the atmosphere, whereas the black curve represents the seasonally corrected data. Image 

from http://www.esrl.noaa.gov/gmd/ccgg/trends/full.html (full reports and extra info at 

NOAA Earth System Research Laboratory, Global monitoring division) 
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Appendix B Supplementary information Chapter 2 

High-pressure methanol carboxylation reactor setup 

 

Figure 7.2 High-pressure in-house built methanol carboxylation reactor setup. CO2 (gas) is 

fed to the reactor by means of a high-pressure mass flow controller (MFC) from Bronkhorst 

High-Tech B.V., whereas the liquid mixture (methanol and 2-cyanopyridine, 2-CP) using a 

HPLC pump (Jasco). A Jasco back pressure regulator (BPR) is used to hold the pressure in 

the reactor system. At the outlet of the BPR, the products are separating based on their boiling 

points (°C) via the home-made hot-trap and cold-trap separation system 
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Appendix C Supplementary information Chapter 3 

Estimation of space time (adapted from Bansode and Urakawa, ACS 

Catalysis, 2014, 4 (11), pp 3877–3880) 

The exact space time is a difficult parameter to evaluate because of the multiphase mixture 

and the dependence of its volume on temperature and pressure besides uncharacterized void 

space in the reactor. Nevertheless, the experimental space time was estimated with some 

assumptions, namely (i) the volume of the reaction mixture can be expressed by the simple 

sum of those of the fluid components (methanol, CO2, 2-cyanopyridine), (ii) methanol and 2-

cyanopyridine are not compressive and the density does neither vary with temperature nor 

with pressure, (iii) no volume change by the reaction, (iv) the gas and supercritical CO2 density 

can be expressed by the Bender equation of state (Fluid Phase Equilibria, 45 (1989) 7). 

With the experimental flow rates of 6 NmL min-1 CO2 and 10 µL min-1 methanol+2- 

cyanopyridine, the catalyst bed length of 75 mm, reactor ID of 1.74 mm, and with an 

assumption of void fraction of the fixed bed to be 0.5, we can estimate the space time under 

the employed reaction conditions. As representative conditions, we calculated the total 

reactant flow rate and space time at 30 and 300 bar at 80 and 160 °C (Table 7.1). 

Table 7.1 Space time estimation 

Pressure / bar Temperature / °C 
Reactant flow rate / 

mL min-1 
Space time / s 

30 80 0.251 21 

30 160 0.321 17 

300 80 0.026 206 

300 160 0.036 151 

 

The volume of gaseous/supercritical phase can drastically reduce by the reaction. Hence, 

the actual space time would be higher than the values shown above. At high conversion, the 

effluent stream contains mainly DMC and 2-picolinamide, whose volume could be like those 

of methanol and 2-cyanopyridine mixture (10 µL/min). 

By only assuming this flow rate and calculating the space time, one can estimate the 

maximum space time using our reactor system. The value is 534 s, nearly 9 min. Therefore, it 

can be concluded that the mean residence time of the reactants are rather small and can be 

in the order of 10 s to close to 10 min. These values are much smaller compared to the case 
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of batch operation (>10 h). This higher conversion efficiency of continuous system is likely due 

to the better mixing of CO2, methanol, and the dehydrating agent over the catalyst because 

they may coexist or exist in proximity in continuous operation, whereas in batch operation 

methanol, the dehydrating agent, and the catalyst would stay in the liquid phase while CO2 

would be present in the gas/supercritical phase. Efficient dissolution and mass transfer of CO2 

into the liquid phase would be critical for better catalytic performance in batch operation. 
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Appendix D Supplementary information Chapter 4 

X-ray diffraction and thermogravimetric analysis supplementary results 

 

Figure 7.3 XRD patterns of the as-synthesized rare-earth metals (REMs, i.e. La, Gd, and Pr) 

promoted CeO2 materials (0.25, 1, and 5 wt%, respectively) and precious metals (PMs) doped 

CeO2 (i.e. 1 wt% Pd, Ru, and Rh, respectively)   
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Figure 7.4 XRD patterns for pristine CeO2 (green) and 1 wt% REM promoted CeO2 (i.e. La in 

pink, Gd in blue, and Pr in red) after 30 h reaction time. No structural change in the crystallinity 

of the materials was detected (CeO2 before the reaction in black) 

 

Figure 7.5 TGA profiles (weight loss vs. temperature) for CeO2 and 1 wt% REM (i.e. La, Gd, 

and Pr) promoted CeO2 before and after 30 h reaction time 
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Appendix E Supplementary information Chapter 5 

Theoretical IR spectra calculation and in situ XAS/Raman results  

 

Figure 7.6 Direct DMC synthesis from CO2 and methanol. Theoretical IR spectra of 

monomethyl carbonate anion (MMC) obtained by a DFT method (B3PW91/6-311++G(2d,2p)) 

without solvent effect. The image presents the 1800-1000 cm-1 region for the three cases, 

namely (i) unlabeled, (ii) 13C-methanol, and (iii) 13C-CO2 

 

Figure 7.7 Ce L3-edge: H2 vs. O2 concentration perturbation experiment performed at 350 °C.  

MCR analysis has been applied to disentangle the two component spectra (upper panel, S) 
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and the corresponding concentration profiles (lower panel, C), respectively. N.B. Component 

1 (black, Ce3+ under H2) and component 2 (red, Ce4+ under O2) 

 

Figure 7.8 Ce K-edge: H2 vs. O2 concentration perturbation experiment performed at 350 °C.  

MCR analysis has been applied to disentangle the two component spectra (upper panel, S) 

and the corresponding concentration profiles (lower panel, C), respectively. N.B. Component 

1 (black, Ce3+ under H2) and component 2 (red, Ce4+ under O2)  

 

Figure 7.9 MCR applied on the region of F2g band of CeO2. Raman spectra were collected for 

a H2 vs. O2 concentration perturbation experiment performed at 350 °C. Raman 

measurements done with 532 nm laser (green) at SNBL, ESRF (Grenoble, France). Both 
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spectra (left) and concentration (right) profiles are normalized for clarity. N.B. Component 1 

(red, Ce4+ under O2) and component 2 (black, Ce3+ under H2) 

 

Figure 7.10 MCR applied on the region of F2g band of CeO2. Raman spectra were collected 

during CO2 vs. methanol concentration perturbation experiment performed at 120 °C (DMC 

synthesis). Raman measurements done with 785 nm Raman laser (red). N.B. Component 1 

(red, Ce4+ under CO2) and component 2 (black, Ce3+ under methanol) 
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SHORTHAND AND GLOSSARY 

 

ΔrHϴ
298K Standard enthalpy of reaction   

ΔrGϴ
298K Gibbs free energy 

2-CP  2-cyanopyridine 

2-PA  2-picolinamide  

AGGI  Annual Greenhouse Gas Index 

Ar   Aryl ring  

ATR-IR Attenuated Total Reflectance Infrared Spectroscopy  

BET  Brunauer–Emmett–Teller theory employed for the measurement of the 

specific surface area of a material (m2 g-1) 

BJH  Barrett-Joyner-Halenda method employed for pore size (nm) and 

volume analysis (cm3 g-1)  

BPR  Back pressure regulator  

BV  Ball valve 

CC  Channel-cut monochromator for diffraction experiments  

CCS  Carbon Capture and Storage (sequestration) 

CCU  Carbon Capture and Utilization (recycling) 

CH3X  Methyl halides 

CMR  Catalytic membrane reactors  

COP21/CMP11 United nations conference on climate change held in Paris, 2015 

CV  Check Valve  

DCC  Dicyclohexylcarbodiimide (dehydrating agent) 

DCM  Double-crystal monochromator for XAFS measurements 
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DEC  Diethyl carbonate 

DFT  Density functional theory  

DMC  Dimethyl carbonate 

DME  Dimethyl ether 

DMP  2,2-dimethoxy propane 

DMS  Dimethyl sulphate 

DRIFTS Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

DTGS  Deuterated triglycine sulfate (IR detector) 

Ea  Activation energy. Term coined by the Swedish scientist Svante 

Arrhenius 

EIA  U.S. Energy Information Administration (U.S. Federal Statistical System) 

EPR  Electron Paramagnetic Resonance 

ESRF  European Synchrotron Radiation Facility in Grenoble, France 

EtOH  Ethanol 

EXAFS Extended X-Ray Absorption Fine Structure 

F  Filter (reactor setup) 

FID  Flame ionic detector (gas chromatography)  

FT-IR  Fourier Transform Infrared Spectroscopy 

GC  Gas chromatography (chromatograph)  

GC-MS Gas chromatography coupled with mass spectrometry   

GHGs  A greenhouse gas is a gas that both absorbs and emits radiation 

commonly called thermal radiation or heat 

GHSV  Gas hourly space velocity 

GUI  Graphical user interface  

HPLC pump High pressure liquid chromatography pump 
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HTs  Hydrotalcites  

ID  Inner diameter (reactors) 

IEA  International Energy Agency (autonomous intergovernmental 

organization) 

IPCC  Intergovernmental Panel on Climate Change – an international organism 

under the hood of United Nations 

IR  Infrared Spectroscopy (vibrational spectroscopy) dealing with the 

infrared region of the electromagnetic spectrum 

IS  Internal standard (GC chromatography) 

LDHs  Layered double hydroxides 

LINAC Linear accelerator (synchrotron facility)  

LN-MCT Liquid-nitrogen-cooled mercury cadmium telluride (IR detector) 

MCR-ALS Multivariate Curve Resolution Alternating Least Square  

Me-CBM Methyl carbamate 

Me-PCN Methyl picolinate 

Megatonne A million tons, SI unit of mass (Mt) 

MeOH  Methanol  

MEK  Methyl ethyl ketone 

MES  Modulation excitation spectroscopy  

MFC  Mass flow controller  

MMC  Monomethyl carbonate 

MS  Mass spectrometry (or mass spectrometer)  

MTBE  Methyl tert-butyl ether 

MV  Mixing valve 

NASA  National Aeronautics and Space Administration 
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NIRS  Near-Infrared Spectroscopy 

NOAA  National Oceanic and Atmospheric Administration is a scientific agency 

within the United States Department of Commerce 

NOX  Generic term for NO and NO2 

OCO-2 Orbiting Carbon Observatory-2 

OD  Outer diameter (reactors) 

Odiac  Open-source Data Inventory for Anthropogenic CO2   

OECD  Organization for Economic Co-operation and Development 

(intergovernmental economic organization with 35 member countries, founded in 1961 

to stimulate economic progress and world trade) 

PC  Polycarbonates  

PCBTF para-chlorobenzotrifluoride 

PCV  Pressure control valve 

PEEK  Polyether ether ketone 

PI  Pressure indicator  

PID  A proportional–integral–derivative controller (PID controller) is a control 

loop feedback mechanism (controller) commonly used in industrial control systems 

PMs  Precious metals 

ppm  parts-per-million, 10−6 

PSD  Phase-sensitive detection (mathematical model)  

Py   Pyridyl ring  

Raman Raman spectroscopy technique named after Sir C. V. Raman 

REMs  Rare earth metals   

RF  Radiative forcing. Describes the change in energy in the atmosphere due 

to GHGs emissions  

RPM  Rotations per minute 
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RT  Retention time (min) in GC 

RVP  Reid vapor pressure is a common measure of the volatility of gasoline 

SDMC  DMC selectivity (%) 

S/N  Signal-to-noise ratio 

SI  International System of Units 

SNBL  Swiss Norwegian Beam Line at ESRF 

SS  Stainless steel  

TAP  Temporal analysis of products 

tBuAc  tert-butyl acetate  

TCD  Thermal conductivity detector (gas chromatography) 

TE-cooled detector  Thermoelectrically cooled detector (Raman) 

TGA  Thermogravimetric analysis 

TPD  Temperature programmed desorption (e.g. CO2 and NH3) 

TPES  The world total primary energy supply. Expressed in million tons of oil 

equivalent (Mtoe); 1 Mtoe = 11.63 TWh (terawatt-hours) 

TPR  Temperature programmed reduction (e.g. H2) 

UNCCC United Nations Climate Change Conference held in Paris, France 

UNCED United Nations Conference on Environment and Development held in 

Rio de Janeiro, Brazil 

UNFCCC United Nations Framework Convention on Climate Change 

ULS  Ultrafast laser spectroscopy 

VSO  V2O5-SiO2   

WEC  The world total final energy consumption by resource. Expressed in 

million tons of oil equivalent (Mtoe); 1 Mtoe = 11.63 TWh (terawatt-hours) 

3-WV  3-Way valve 
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XMeOH  Methanol conversion (%) 

XAFS  X-ray Absorption Fine Structure 

XANES X-ray Absorption Near Edge Structure 

XAS  X-ray Absorption Spectroscopy 

XPS  X-ray Photoelectron Spectroscopy 

XRD  X-ray Powder Diffraction  

ZnSe  Zinc Selenide (material used for IR windows) 
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