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Novel Process for the Synthesis of Dimethyl Carbonate  
via Urea Methanolysis

Joon Hyun Baik, Gook-Hee Kim, Jinsoon Choi, Dong Jun Koh

Recently, dimethyl carbonate (DMC) has attracted much attention as an 
environmentally friendly chemical. It is used as a ‘green’ solvent, an electrolyte 
within lithium ion batteries, and mostly as a raw material of polycarbonate which 
is produced via non-phosgene process. The commercialized processes for 
DMC synthesis are the transesterification of ethylene carbonate (or propylene 
carbonate) and the oxidative carbonylation. These conventional processes 
have disadvantage on the use of expensive and explosive petrochemical-based 
materials. On the other hand, the urea methanolysis is an emerging technology 
as an alternative process. The reactions are as follows: carbon dioxide reacts 
with ammonia to produce urea, which can be used for DMC synthesis under the 
reaction with methanol. During the course of the reaction, ammonia is produced 
as a byproduct, and then it can be sold or recycled to urea production plant.

In the present study, we developed novel process for the synthesis of DMC 
using urea and methanol as a raw material. The liquid-phase catalysts were 
developed and the reactor system has been optimized to maximize the yield 
of DMC. Based on the technology developed, pilot plant has been designed 
and operated. The pilot plant consists of reactor and distillation systems to 
produce and separate high purity of DMC. We operated the plant continuously 
for 600 hours and the DMC yield and purity was 85% and 99.9%, respectively. 
It has been demonstrated that this process is ready to commercialize in view 
of technical and economical analysis. It is believed that this process is one of 
promising way to utilize carbon dioxide for the production of high value added 
chemicals.

Clean Coal Chemicals 
Research Project,  
Research Institute of 
Industrial Science & 
Technology (RIST) 

Joon Hyun Baik

Industrial Biotechnology is the fi rst and longest-running peer-reviewed 
publication to report the science, business, and policy developments of
the emerging global bioeconomy.

Comprehensive coverage includes:
 



3 r d

34

Synthesis of Formic Acid by Enzymatic CO2 Reduction  
with in situ Cofactor Regeneration

Livia N. Corîci1, A.E. Frissen1, H. Verhoeven2, J. Beekwilder2, Carmen G. Boeriu1

Utilisation of carbon dioxide (CO2) as feedstock to produce chemicals, polymers 
and fuels represents, along with the use of renewable resources and waste, is one 
of the most promising technological solutions that contribute to carbon recycling 
and to reducing the use of fossil resources. In the past years, new technologies 
integrating chemistry and biotechnology were developed to produce alcohols 
and base chemicals from the carbon dioxide captured from flue gasses, industrial 
processes and directly from atmosphere.

In this paper, we describe the direct enzymatic conversion of CO2 into formic 
acid using NADH-dependent formate dehydrogenase (FDH) from Candida 
boidinii, with in situ regeneration of NADH. Two different cofactor regeneration 
systems were tested for enzymatic production of formic acid from CO2 catalyzed 
by FDH. NADH regeneration by glucose oxidation to gluconic acid catalyzed 
by glucose dehydrogenase (GDH) from Pseudomonas sp. was superior to 
regeneration of NADH by lactate oxidation catalyzed by lactate dehydrogenase 
(LDH). The reactions with NADH regeneration by GDH system produced three 
times more acid than the regeneration system using LDH and the experiment 
without regeneration, while the control reaction without enzyme showed no 
product formation. Glucose and gluconic acid showed no inactivation effects 
on FDH up to 900 mM. The FDH-catalyzed CO2 reduction to formate with in situ 
NADH regeneration using GDH was optimized in terms of temperature, pH, CO2 
concentration and pressure, NADH concentration and enzyme concentration. 
At optimal conditions, a molar ratio formate/NADH = 3.1 and a ratio formate/
glucose = 0.94 were obtained.

Formic acid is currently used as a feedstock chemical, as food preservative, 
in leather processing and in textile industry, but worldwide demand for formic 
acid is expected to increase due to its application as hydrogen storage material 
and in biomass refinery.

[1]	 Wageningen UR Food & Biobased Research, Bornse Weilanden 9,  
6708 WG Wageningen, the Netherlands

[2]	 Wageningen UR Plant Research International, Droevendaalsesteeg 1,  
6708 PB Wageningen, the Netherlands

Wageningen UR Food & 
Biobased Research 

Carmen Boeriu



3 r d

35

PROFACTOR GmbH 

Marianne Haberbauer

Conversion of CO2 to Liquid Fuels and Chemicals by 
Acetogenic Bacteria

J. Lindorfer*, V. Leitner*, S.E. Weich*, M. Haberbauer

Biological conversion of CO2 using acetogenic microorganisms offers the 
possibility to generate renewable and valuable chemicals and fuels at once. 
Acetogenic bacteria convert CO2 and H2 via the Wood-Ljungdahl pathway into 
numerous metabolites like alcohols (for example ethanol, 2-propanol, butanol, 
acetone and hexanol) and organic acids (for example acetate, butyrate, lactate, 
propionate, acrylate) within moderate conditions 1,2,3.

However, to bring this technology to a market level certain challenges have 
to be solved. The aim of this work is to screen a diversity of acetogenic 
bacteria to determine the capability of this process, to analyse the produced 
organic compounds and to choose the most applicative reactor type for these 
experiments.

Clostridium autoethanogenum, Clostridium carboxidivorans, Clostridium 
ljungdahlii and Clostridium ragsdalei were all obtained from DSMZ. Enrichment 
of the pure cultures was performed in the corresponding medium according 
to DSMZ under N2/CO2 atmosphere. For adaptation the sugar components in 
the modified ATCC media were omitted and the gas phase was exchanged 
to a mixture of CO2 and H2 (20%vol CO2 and 80%vol H2). Batch experiments 
were performed in one liter transfusion bottles filled with 200 mL medium at 
37 °C and 100 rpm.

Clostridium autoethanogenum was used as model bacteria for the mesophilic 
fermentation (at 37 °C) in a trickle bed reactor. Medium circulated with a rate 
of 150 mL/min. The counter current flow of the gas mixture of 80%vol H2 and 
20%vol CO2 was constant at 100 mL/min.

References
[*]	 Energieinstitut an der Johannes Kepler Universität, Altenberger Strasse 69, 4040 Linz; Austria

[1]	 Schiel-Bengelsdorf B, Dürre P, Pathway engineering and synthetic biology using acetogens. 
FEBS Lett. 2012 Jul 16;586(15), 2191-8

[2]	 Tracy B. P. et al., Current Opinion in Biotechnology 2011, 23, 1–18.

[3]	 Munasinghe P. C. und Khanal S. K., Bioresource Technology 2010, 101, 5013-5022
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Comparison of GWP between Conventionally Produced 
and CO2-based Natural Gas used in Transportation versus 
Chemical Production 

Wieland Hoppe1, Stefan Bringezu1,2, Yang Liu1

Today both car transport and the production of organic chemicals are largely 
based on fossil fuels. In Germany, against the background of the “Energiewende” 
(transformation of the energy system) and policies to enhance resource efficiency 
and substitution of fossil carbon sources in industry, the capacities for renewable 
SNG (synthetic natural gas) are going to be expanded significantly. Pilot plants 
are underway to use surplus renewable power, mainly from wind, for electrolysis 
and the production of hydrogen, which is methanised or directly fed into the 
existing extended gas pipeline grid. The most advanced pilot projects aim at 
the energetic use of the SNG for households and for transport in particular gas 
fueled cars. On the other hand, it could be used in the chemical industry for the 
production of platform chemicals. 

This raises the question of whether SNG should be better used for mobility needs 
or the production of chemicals. The presentation focusses on the comparison 
of the global warming potential of the production of natural gas and CO2-based 
natural gas and its usage for mobility needs or chemical products, for the 
example of synthesis gas. The power supply for electrolysis was assumed to 
come from wind converters. The CO2 was assumed to be sequestered from a 
biogas plants fermenting waste.

The assessment is preliminary, as it was mainly based on a literature review, 
data from Ecoinvent 3.0, and data from documented industrial processes. The 
calculation was done by Umberto NXT LCA.

The results indicate that both in mobility and in chemical production less CO2-
equivalents would be emitted in the life-cycle of SNG compared to natural gas. 
The preliminary data indicate slightly higher savings for the use as a car fuel, 
however, sensitivity analysis shows a potentially wide variation, and further 
analysis is conducted to validate the key factors. 

The research aims to contribute to a higher security of sustainable supply of 
material and energy resources and increased independence from fossil raw 
materials.

References
[1]	 Center for Environmental Systems Research, University of Kassel

[2]	 Wuppertal Institute, Wuppertal
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Novel Process of Catalytic Hydrogenation of Carbon  
Dioxide to Methanol

Carbon capture and utilization (CCU) is an ingenious manner to answer the 
rise of CO2 concentration in the atmosphere and as well the depleting of oil 
reserves if CO2 is transformed in an “energetic material”. Methanol, the simplest 
alcohol, can be used as a chemical, an additive to gasoline or directly as a fuel 
corresponding to a novel methanol economy.

The hydrogenation of CO2 to methanol through syngas is a well know process 
but require high pressure and temperature (200 – 320 °C, 40 – 120 bar). Milder 
conditions are possible with homogeneous catalysis. We developed a two-
step homogeneous hydrogenation process to synthesize methanol from CO2 
absorbed on a secondary amine. In the first step using a Cobalt catalyst we 
synthesized the corresponding formamide. This formamide is isolated and further 
hydrogenated to methanol with a ruthenium catalyst (Figure 1). We obtained an 
overall yield of 48% of pure methanol from CO2 on multi-gram scale.

Our new process has the great advantage of using captured CO2 instead of 
pure and compressed CO2.

Novel process of catalytic hydrogenation of carbon dioxide to methanol

Pauline Sanglard, Ennio Vanoli, Roger Marti*

HES-SO Haute école spécialisée de Suisse occidentale, Ecole d’ingénieurs et d’architectes de 
Fribourg, Institute ChemTech, Bd Pérolles 80, CH -1700 Fribourg, Switzerland, www.eia-fr.ch

Carbon capture and utilization (CCU) is an ingenious manner to answer the rise of CO2 concentration 
in the atmosphere and as well the depleting of oil reserves if CO2 is transformed in an “energetic 
material”. Methanol, the simplest alcohol, can be used as a chemical, an additive to gasoline or 
directly as a fuel corresponding to a novel methanol economy. 

The hydrogenation of CO2 to methanol through syngas is a well know process but require high 
pressure and temperature (200-320°C, 40-120 bar). Milder conditions are possible with homogeneous 
catalysis. We developed a two-step homogeneous hydrogenation process to synthesize methanol
from CO2 absorbed on a secondary amine. In the first step using a Cobalt catalyst we synthesized the 
corresponding formamide. This formamide is isolated and further hydrogenated to methanol with a 
ruthenium catalyst (Figure 1). We obtained an overall yield of 48% of pure methanol from CO2 on 
multi-gram scale.

Our new process has the great advantage of using captured CO2 instead of pure and compressed 
CO2.

Figure 1 : Carbon dioxide to methanol hydrogenation cycle Figure 1: Carbon dioxide to methanol hydrogenation cycle
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Naresh Susarla

Performance Benchmarking and Process Development for 
Converting CO2 into useful Chemicals

It is now a consensus that CO2 capture and utilization is imperative to prevent 
the anthropogenic climate change. In this regard, utilization of CO2 as a carbon 
feedstock in the chemical production chain is a promising approach to reduce 
emissions of greenhouse gasses. Among the available options, converting CO2 
to fuels is an attractive alternative as it has a significant potential to reduce CO2 
emissions. However, synthesis of fuels such as methanol (MeOH) and di-methyl 
ether (DME) from CO2 are both difficult and energy intensive. Thus, the intuitive 
environmental benefits are not obvious and require detailed analysis through 
performance benchmarking and developing efficient process alternatives.

In this presentation, we focus on two primary objectives: developing efficient 
process alternatives for converting CO2 into MeOH and DME, and compare them 
against the established processes to quantify the environmental benefits. For 
this, we investigate a number of potential synthesis routes for these valuable 
products using CO2 as a feedstock. We compute the energy and process 
efficiencies of the identified process alternatives. Through life cycle assessment 
technique, we determine their environmental impact. In addition, we present a 
set of important performance indicators, which reflect the environmental impact 
of a typical CO2 utilization process. Finally, we establish benchmark values for 
such performance indicators from the relatively mature industrial technologies.
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Unprecedented halide-free Aluminium Catalyst for the 
Synthesis of Cyclic Carbonates from Epoxides and CO2

Carbon dioxide is a cheap, abundant and non-toxic sustainable carbon source 
for chemical industries. Therefore, the development of new catalytic processes 
that use carbon dioxide as feedstock has generated great attention in recent 
years [1]. Among these processes, the reaction of epoxides 1 and carbon dioxide 
can afford either polycarbonates 2 or cyclic carbonates 3 and is a 100% atom-
economic transformation (Scheme 1). Cyclic carbonates are the thermodynamic 
product of the reaction and have many applications including as electrolytes 
for lithium ion batteries, solvents and chemical intermediates [2]. 

	
  Scheme 1: Synthesis of poly- and cyclic carbonates

In this contribution, we describe kinetic studies on the use of the bimetallic 
aluminium(salen) complex 4 and tetrabutylammonium bromide as a catalyst 
system for the synthesis of glycerol carbonate 3g at temperatures of 25 – 100 oC, 
carbon dioxide pressures of 1 – 100 bar and catalyst loadings of 0.1 – 2.5 mol%. 
A key finding of this study was that there was an optimal carbon dioxide pressure 
(50 bar) for the reaction (Figure 1). Under these optimal conditions, we were able 
to show that complex 4 is catalytically active in the absence of any cocatalyst. 
To demonstrate the utility of this process, eight cyclic carbonates 3a – 3h have 
been prepared from terminal epoxides 1a – 1h and carbon dioxide under solvent 
free conditions, at temperatures of 50 to 100 oC, carbon dioxide pressures of 
10 – 50 bar and complex 4 concentrations of 0.5 – 2.5 mol%. The importance 
of these results is that they simplify the catalyst system for cyclic carbonate 
synthesis and avoid the cost, corrosion and purification issues associated with 
the use of ammonium halide or basic cocatalysts.

Green Chemistry Centre  
of Excellence,  
Department of Chemistry, 
University of York 

Michael North 
Jose A. Castro-Osma 
Xiao Wu
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Scheme 2: Synthesis of cyclic carbonates 3a – 3h using catalyst 4
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Figure 1: Influence of CO2 pressure on reaction rate

References:
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Bio Base Europe  
Pilot Plant 

Saskia Vander Meeren

Carbon Capture and Utilisation: the Role of proper Piloting

Since the industrial revolution, human activities contributed to the climate change 
by adding carbon dioxide to the atmosphere faster than natural processes can 
remove it. Different green house gases exist, like carbon dioxide (CO2), methane 
(CH4), nitrous oxide (N2O) and fluorinated gases, but carbon dioxide is by far 
the most abundant. The main source of this carbon dioxide is the combustion 
of fossil fuels (coal, natural gas and oil) for energy and transportation.

To lower this amount, logically the amount of fossil fuel consumption needs 
to be reduced. Other extra measurements are carbon capture and storage 
(CCS) or carbon capture and utilisation (CCU). The goal of carbon capture is 
capturing waste carbon dioxide from large point sources, such as fossil fuel 
power plants. This can be transported to a storage site for a long term, for 
example in deep geological formations or in the form of mineral carbonates. 
However, economically it is more interesting to use the waste carbon dioxide 
to produce valuable products, like bulk chemicals or bio-fuels. The conversion 
can take place with a chemical catalyst, via electrolysis or with micro-organisms.

Bio Base Europe is mostly focused on the microbiological conversions, to 
produce bio-chemicals in an efficient way starting from carbon dioxide. This 
is a rather new technology and brings a lot of problems and questions like: 
What is the requested purity of the gas? How can the solubility of the gas be 
increased? What about the safety? Etc. These conversions ask for specialized 
and expensive equipment, which are typically available in pilot facilities. The role 
of piloting is diverse in developing such a process from scratch. First, the idea 
needs to be evaluated on lab scale, tested in a small fermentor and optimized 
and subsequently thoroughly validated on a pilot and demonstration scale. 
Furthermore, the isolation and purification of the product out of an aqueous 
environment such as a fermentation broth is also a challenge that can be tackled 
by a pilot plant, by using the flexible and large amount of available equipment. 
In addition, pilot tests will provide accurate date in order to be able to make a 
techno-economical evaluation of the process. 

Although the CO2 accumulation in the atmosphere has been heavily debated in 
recent years and is considered as being one of the most important environmental 
threats for the current generation, little efforts have been made so far to bring CCU 
technologies that are being developed at laboratory scale to a demonstration 
scale. Action needs to be taken.
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Ionic Liquids, Key to sustainable Energy Production?

The level of CO2 in the atmosphere is rising dramatically, reaching for the first 
time in May 2013 the level of 400 ppm in Mauna Loa (Hawaii). Thus a great 
effort is made to find solutions to reduce greenhouse gas (GHG) emissions and 
especially its major contributor, CO2. Instead of treating CO2 as a waste, it can 
also be considered as a chemical raw material. For example it can be recycled 
in the food industry or used as chemical feedstock in the synthesis of chemicals 
(urea, salicylic acid, cyclic carbonates). This approach is known as carbon 
capture and utilization (CCU) and it is the most promising and energetically 
“useful” approach.

Conventional solvents for the capture of CO2 (amines solutions such as 
monoethanolamine – MEA, methyldiethanolamine – MDEA, or diethylamine – 
DEA) allows the sequestration of CO2 but high energy is needed to recover CO2 
from them and they lack stability over time because of the evaporation of water

Ionic liquids (ILs) are efficient solvents for the selective removal of CO2 from flue 
gas. Conventional, off-the-shelf ILs are limited in use to physisorption, which 
limits their absorption capacity. Adding a chemical functionality, like amines 
or alcohols, allows chemisorption of CO2. By carefully choosing the anion and 
the cation of the IL, equimolar absorption of CO2 is possible (instead of a 2:1 
for amine solutions).

We synthesized different ILs in the purpose of capturing CO2 and transforming 
it in methanol by hydrogenation. For its price, availability and greenness we 
chose choline as cation and prepared a variety of ILs with anions, such as amino 
acids and phenol derivatives. All these ILs were tested on their CO2 absorption 
capacity. Stability and viscosity were the two main qualities that we looked for 
in our ILs as this is important for further industrialization.

We obtained up to 20 weight percent CO2 absorption in our ILs, which is among 
the highest reported in literature.

HES-SO Haute école 
spécialisée de Suisse 
occidentale, Ecole 
d’ingénieurs et d’architectes 
de Fribourg, Institute 
ChemTech 

Ennio Vanoli 
Pauline Sanglard
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Ionic Liquids, key to sustainable energy production?
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Project illustration

Research Topic
Green energy

Requirements for the IL :
- Low price
- Easy to synthesize
- High CO2 chemisorption capacity (Table 1)
- Easy desorption
- Good stability
- Low viscosity

Choice of cation:
Choline: low price, large availability, good stability

Choice of anion:
Amino acid: not stable for absorption if water:

p-methoxyphenolate (Figure 2): good absorption 
(Table 1), stable upon recycling (Figure 3), but high 
viscosity  → dissolution in PEG

Figure 2 : Reaction of CO2 capture by [Cho][p-MeO-PhO]
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Cation Anion Absorption
(mol CO2/mol IL)

PBu4 Lys 1.0
PBu4 2-cyano-Pyr 0.9
PBu4 p-methoxy-PhO 0.9
PrMIM Lys 1.0
PrMIM p-Cl-PhO 0.6
PrMIM p-methoxy-PhO 0.7
PrMIM Ala 0.7
PrMIM Gly 0.9
Cho Gly 0.8
Cho Ala 0.8
Cho Pro 0.7
Cho Sar 0.6
Cho Lys 1.3
Cho Met 1.3
Cho p-methyl-PhO 0.9
Cho p-methoxy-PhO 0.9
Cho Pyr 0.8

Figure 1 : Evolution of CO2 concentration in the air 
in Hohenpeissenberg (D)

ftp://ftp.cmdl.noaa.gov/ccg/co2/flask/event/

• CO2 concentration is rising in the atmosphere! 
(Figure 1)

• Need to find sustainable energy supply

Goal
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→ Ionic liquid (IL) as the vector of CO2

Extending the carbon life cycle

2
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Figure 3 : Cycles of CO2 absorption by [Cho][p-methoxy-PhO 
in PEG 400

Ionic Liquids – basics 

Using CO2 as building block will stabilize its
concentration in the atmosphere
ILs permits to bring CO2 to a liquid phase which
facilitate subsequent conversions

 For energy production
 For chemical synthesis

Valorization

• Salts that melt below 100°C
• Very low vapor pressure
• Physical and chemical properties

depend on anion and cation

Advantages of ionic liquids (ILs) for
CO2 capture:
• No losses of ILs through

evaporation
• Stability

Two modes of absorption:
1. Physisorption

CO2 weakly bound to the IL
Low absorption capacities 

2. Chemisorption
CO2 chemically bound to the IL
Equimolar absorption possible

In the two cases, the anion plays a
major role

Table 1: CO2 absorption capacitiy of the ILs synthesized
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High Temperature Electrolysis, Power Cycle, Methanol 
production and Diffusion Bonded Technology

This paper includes heat exchanger technology that is key technology for 
the process combining three individual processes i.e. hydrogen and oxygen 
production using high temperature steam electrolysis; Power cycle that use 
oxygen produced by the high temperature steam electrolysis providing heat to 
the high temperature steam electrolysis reducing electricity requirement and 
methanol production where CO2 produced by Power cycle is used as feedstock 
that enable methanol and electricity production with 100% carbon capture.

Industrial hydrogen has been used in many different applications e.g. oil 
refineries, ammonia and methanol production with demand that has been 
increasing continuously and expect to rise in days to come. To date, Steam 
Methane Reforming (SMR) process where methane (natural gas) reacts with 
steam at high temperature in an endothermic reaction has been adopted as 
the conventional way to produce industrial hydrogen.

However, there are other processes developed to produce hydrogen with 
electrolysis of steam being one of them. Steam electrolysis includes few different 
cell types with Solid Oxide Electrolysis Cell (SOEC) that operates at high 
temperatures being considered in this paper. It needs to be noted that hydrogen 
produced by steam electrolysis is of highest purity.

As steam electrolysis requires electricity which can be provided by either 
renewable or non-renewable energies, this paper is considering electricity 
provided by renewable energies (wind, solar or hydro), so hydrogen is produced 
without Green House Gas (GHG) emission.

To reduce electricity requirement for steam electrolysis a diffusion bonded 
heat exchanger is employed to use heat from exhaust gas after combustion 
of natural gas (Power cycle) and heat realized during hydrogenation of CO2 in 
methanol production.

Keywords: Hydrogen, Printed Circuit Heat Exchanger (PCHE), Formed Plate 
Heat Exchanger (FPHE), Hybrid Heat exchanger (H2X), High Temperature Steam 
Electrolysis, Power Cycle, Methanol

Heatric,  
Division of Meggitt 
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