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Abstract 

 Anthropogenic carbon dioxide (CO2) emissions have become a critical 

environmental issue because a large amount of CO2 releasing into the 

atmosphere, particularly from the massive use of fossil fuels, is the major factor 

promoting the global warming and climate change. To mitigate the CO2 

emissions, Carbon Capture, Utilization and Storage (CCUS) can be one of 

important solutions. Inspired by the CCUS approach, the aims of this thesis are 

to develop materials for CO2 capture (Papers I, II) and conversion of CO2 to 

value-added chemicals (Papers III, IV) such as dimethyl carbonate (DMC) and 

cyclic carbonates (CCs). The main idea was to focus on nitrogen-containing 

materials because basic nitrogen sites can increase the chemical affinity towards 

CO2, which is a weak Lewis acid gas. 

 In practice, aqueous monoethanolamine (aq MEA) is widely used to 

capture CO2 from flue gases in CCUS projects. However, this solvent suffers from 

several major drawbacks such as high energy consumption for regeneration of 

MEA, degradation and evaporation. In Paper I, aq pentaethylenehexamine 

(PEHA) was proposed as an alternative solvent for chemical absorption of CO2. A 

comprehensive study was performed, including the influence of water content on 

CO2 capacity, chemical composition of absorption products, viscosities before 

and after absorption, regeneration of PEHA, correlation between CO2 capacity 

with Kamlet-Taft parameters, comparison with aq MEA. In Paper II, aq PEHA 

was further studied for CO2 capture from bio-syngas resulting from pilot-scale 

gasification of biomass to investigate the influence of other compositions on the 

capture performance. Additionally, this solvent was simultaneously used as a 

reagent for chemical pretreatment of biomass to investigate the influence of 

pretreatment on biomass gasification and CO2 capture.  

 The conversion of captured CO2 to value-added chemicals gains increasing 

attentions in both academia and industry because CO2 represents a renewable, 

virtually inexhaustible, and nontoxic building block. In addition, this approach 

can provide economic incentives for CO2 capture facilities by selling their 

captured CO2 to other interested users or by benefiting from their own additional 

facilities using the CO2. In Paper III, 1,8-diazabicyclo[2.2.2]undec-7-ene (DBU) 

was used to capture and subsequent conversion of CO2 to DMC at ambient 

conditions. In Paper IV, mesoporous melamine-formaldehyde resins were 

prepared, characterized and studied as heterogeneous catalysts for synthesis of 

CCs from epoxides and CO2. These low-cost polymeric catalysts were reusable 

and demonstrated excellent performance in a flow reactor under industrially 

relevant conditions (120 °C, 13 bar, solvent-free/co-catalyst-free).  
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 Applications of ionic liquids (ILs) in capture and conversion of CO2 to 

organic carbonates were briefly reviewed in Paper V. The viscosity of ILs for CO2 

capture and the mechanism involved in the CO2 binding were also discussed. 

 In conclusion, this thesis will hopefully contribute to the sustainable 

development of society in the fields of reducing anthropogenic CO2 emissions and 

production of chemicals. 
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Enkel sammanfattning på svenska 

Antropogena koldioxidutsläpp (CO2) har blivit en kritisk miljöfråga eftersom den 

stor mängd koldioxid som släpps ut i atmosfären, särskilt från den massiva 

användningen av fossila bränslen, är den viktigaste faktorn för den globala 

uppvärmningen och klimatförändringen. För att mildra koldioxidutsläppen kan 

koldioxiduppagning, användning samt lagring, “Carbon Capture, Utilization and 

Storage” (CCUS) vara en av de viktiga lösningarna. Inspirerad av CCUS-metoden 

är syftet med denna avhandling att utveckla material för CO2-avskiljning 

(artiklarna I, II) och omvandling av CO2 till förädlade kemikalier (artiklarna III, 

IV) såsom dimetylkarbonat (DMC) och cykliska karbonater (CC). Huvudidén var 

att fokusera på kväveinnehållande material eftersom basiska kväveställen kan 

öka den kemiska affiniteten mot CO2, som är en svag Lewis-syragas. 

I praktiken används idag vattenhaltig monoetanolamin (aq MEA) i stor 

utsträckning för att fånga CO2 från rökgaser i CCUS-projekt. Detta lösningsmedel 

har emellertid flera stora nackdelar, såsom hög energiförbrukning för 

regenerering av MEA, nedbrytning och avdunstning. Vattenlösning av 

pentaetylenhexamin (PEHA) föreslogs som ett alternativt lösningsmedel för 

kemisk absorption av CO2. En omfattande studie genomfördes, inklusive 

vatteninnehållets påverkan på CO2-kapacitet, kemisk sammansättning av 

absorptionsprodukter, viskositeter före och efter absorption, regenerering av 

PEHA, korrelation mellan CO2-kapacitet och Kamlet-Taft-parametrar samt 

jämförelse med vattenlösningar av MEA. Vattenlösningar av PEHA studerades 

vidare för CO2-upptagning från biosyngas till följd av pilotförgasning av biomassa 

för att undersöka påverkan av andra kompositioner på prestandan. Dessutom 

användes detta lösningsmedel samtidigt som ett reagens för kemisk 

förbehandling av biomassa för att undersöka påverkan av förbehandling på 

biomassaförgasning och CO2-avskiljning. 

Omvandlingen av fångad koldioxid till förädlade kemikalier får ökad 

uppmärksamhet i både den akademiska världen och industrin eftersom CO2 

utgör en förnybar, praktiskt taget outtömlig och icke-toxisk byggsten för kemisk 

industri. Dessutom kan detta tillvägagångssätt ge ekonomiska incitament för 

koldioxidavskiljningsanläggningar genom att sälja sin fångade koldioxid till 

andra intresserade användare eller genom att dra nytta av deras egna ytterligare 

anläggningar som använder koldioxid. Vidare, 1,8-diazabicyklo [2.2.2] undec-7-

en (DBU) användes för att fånga och efterföljande omvandling av CO2 till DMC 

vid omgivande förhållanden samt mesoporösa melamin-formaldehydpolymerer 

framställdes, karakteriserades och studerades som heterogena katalysatorer för 

syntes av CC från epoxider och CO2. Dessa billiga polymera katalysatorer var 

återanvändbara och uppvisade utmärkt prestanda i en flödesreaktor under 
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industriellt relevanta betingelser (120 °C, 13 bar, lösningsmedelsfri / fri från 

andra katalysatorer). Ännu, tillämpningar av joniska vätskor i upptagning och 

omvandling av CO2 till organiska karbonater granskades kort. Viskositeten hos 

jonvätskor för CO2-infångning och mekanismen som är involverad i CO2-

upptagning diskuterades också. 

Sammanfattningsvis kommer denna avhandling förhoppningsvis att bidra till 

hållbar utveckling av samhället genom minskning av antropogena 

koldioxidutsläpp och produktion av kemikalier. 
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1. Introduction 

1.1. Carbon dioxide emissions and related problems 

 Fossil fuels (coal, petroleum, natural gas) have been used as the 

main source of energy in human activities. However, carbon dioxide (CO2) 

emissions into the atmosphere from intensive combustion of fossil fuels 

are contributing to unfavorable changes in climate as well as global 

warming [1]. In 2020, an increase of global temperature of at least 1.0 oC 

since 1970s was recorded by the Goddard Institute for Space Studies [2]. 

This increasing trend in temperature is clearly seen in parallel with the 

accumulation of the greenhouse gas CO2 in the atmosphere (Figure 1) [2-

4]. 

 

Figure 1. The trends in temperature change and CO2 concentration from 1880 to 2020. The 

temperature change means the change in global surface temperature relative to 1951-1980 

average temperatures. (Data for temperature change [2], CO2 concentration 1880-2010 [3], 

CO2 concentration 2011-2020 [4]). Adapted from ref. [2-4]. 
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 The rapid increase in atmospheric CO2 level is not natural, but 

human-induced. According to the International Energy Agency (IEA), the 

global CO2 emissions from fuel combustion have dramatically increased 

from about 3 gigatonnes of CO2 (GtCO2) in 1900 to 13.9 GtCO2 in 1971 and 

33.4 GtCO2 in 2019 (Figure 2) [5-7]. Although there was a sharp decline 

to 31.5 GtCO2 in 2020 due to the impacts of the Covid 19 crisis [5,7], the 

global CO2 emissions will again start rising due to the increasing energy 

demand of the societies. Therefore, it is urgent to fix the CO2 emissions 

problem as soon as possible to avoid unprecedented negative impacts to 

humanity and the biosphere such as sea level rise, more intense heat waves, 

extreme weather, species extinction [8]. 

 

Figure 2. Annual global CO2 emissions from fuel combustion in the period 1971-2020. (Data 

for 1971-2018 [6], 2019-2020 [7]). Adapted from ref. [6,7]. 

 In 2015, the Paris Agreement on climate change was adopted 

worldwide by 196 parties. The long-term goal of this agreement is to limit 

global warming to well below 2 oC, preferably to 1.5 oC, compared to pre-

industrial levels [9]. According to the special report on global warming of 

1.5 °C (in 2018) of the Intergovernmental Panel on Climate Change (IPCC), 

global temperature is likely to reach 1.5 °C above pre-industrial levels in 

the period of 2030-2052 if it continues to increase at the current rate [10]. 
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Therefore, to achieve the climate goal, countries are expected to establish 

their carbon-neutral targets as soon as possible. Considering the extensive 

use of fossil fuels for energy demand in the short-to-medium term, Carbon 

Capture, Utilization and Storage can be an important approach to reducing 

anthropogenic CO2 emissions, especially in conventional power plants and 

industries. 

1.2. Carbon capture, utilization and storage 

 Carbon capture, utilization and storage (CCUS) relates to a set of 

technological solutions that involves capturing carbon dioxide (CO2) either 

directly from the atmosphere or large point sources such as power plants 

and industrial facilities [11]. The captured CO2 can be used for an industrial 

purpose or injected into deep geological formations (onshore or offshore) 

for permanent storage. CCUS technologies can play an important role in 

supporting energy security and climate goal. Firstly, existing fuel-fired 

power stations and industrial plants as well as those under construction 

can retrofit CCUS technologies to address CO2 emissions [11,12]. These 

retrofits enable us, especially in developing countries, to continue using 

fossil fuels to meet their energy needs and climate goal in the near and 

medium term when renewable energy sources are still not economically 

feasible and reliable enough. Secondly, in the long term, CCUS 

technologies can combine with biomass-based power generation 

(bioenergy) to enable negative emissions [11,12]. Basically, biomass 

absorbs CO2 from the atmosphere during its growth; and when it is 

combusted for energy, the absorbed CO2 from the biomass can be stored 

permanently by CCUS leading to negative CO2 emissions. This carbon 

removal approach can potentially offset residual emissions from sectors 

where emissions are hard to abate due to their high cost or technological 

limitations. 

 In 2020, there were 21 large-scale commercial CCUS projects 

worldwide in operation with a total capacity to CO2 capture up to 40 

Mt/year (Table 1) [11]. The CO2 source from natural gas processing plants 

accounts for two-thirds of the global CO2 capture capacity at large-scale 

facilities. The captured CO2 is used in Enhanced Oil Recovery (EOR) 

purpose or simply permanently stored (dedicated). Almost half of these 

projects are deployed in the United States (US). However, in the last 

decade, large-scale CCUS facilities have also been operated in other 

countries including Norway, Canada, Australia, Brazil, Saudi Arabia, the 
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United Arab Emirates and China. In addition to 21 operating facilities, 

plans for more than 30 new large-scale CCUS projects have also been 

announced since 2017. Even though most of them are in the US and 

Europe, new projects are also planned in Australia, China, Korea, the 

Middle East and New Zealand. The increasing number of large-scale 

projects around the world indicates the important role of CCUS 

technologies for reducing CO2 emissions, but it is not the whole CCUS 

story.  There are also a large number of operating pilot and demonstration 

scale CCUS facilities as well as a growing number of facilities making use 

of CO2. All of them together will push the technology to develop further and 

reduce the cost in the future. 
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Table 1. Large-scale commercial CCUS projects in operation in 2020 (redrawn from [11]). 

Country Project 
Operation 

date 

Source of 

CO2 

CO2 capture 

capacity 

(Mt/year) 

Primary 

storage 

type 

US 

Terrell natural gas 

plants (formerly 

Val Verde) 

1972 
Natural gas 

processing 
0.5  EOR 

US Enid fertilizer 1982 
Fertilizer 

production 
0.7 EOR 

US 
Shute Creek gas 

processing facility 
1986 

Natural gas 

processing 
7.0 EOR 

Norway 
Sleipner CO2 

storage project 
1996 

Natural gas 

processing 
1.0 Dedicated 

US/Canada 

Great Plains 

Synfuels 

(Weyburn/Midale) 

2000 
Synthetic 

natural gas 
3.0 EOR 

Norway 
Snohvit CO2 

storage project 
2008 

Natural gas 

processing 
0.7 Dedicated 

US Century plant 2010 
Natural gas 

processing 
8.4 EOR 

US 

Air Products 

steam methane 

reformer 

2013 
Hydrogen 

production 
1.0 EOR 

US 
Lost Cabin Gas 

Plant 
2013 

Natural gas 

processing 
0.9 EOR 

US 
Coffeyville 

Gasification 
2013 

Fertilizer 

production 
1.0 EOR 

Brazil 

Petrobras Santos 

Basin pre-salt 

oilfield CCS 

2013 
Natural gas 

processing 
3.0 EOR 

Canada 
Boundary Dam 

CCS 
2014 

Power 

generation 

(coal) 

1.0 EOR 

Saudi Arabia 
Uthmaniyah  

CO2-EOR demonstration 
2015 

Natural gas 

processing 
0.8 EOR 

Canada Quest 2015 
Hydrogen 

production 
1.0 Dedicated 

United Arab 

Emirates 
Abu Dhabi CCS 2016 

Iron and steel 

production 
0.8 EOR 

US Petra Nova 2017 

Power 

generation 

(coal) 

1.4 EOR 

US Illinois Industrial 2017 
Ethanol 

production 
1.0 Dedicated 

China 
Jilin oilfield  

CO2-EOR 
2018 

Natural gas 

processing 
0.6 EOR 

Australia 
Gorgon Carbon 

Dioxide Injection 
2019 

Natural gas 

processing 
3.4-4.0 Dedicated 

Canada 

Alberta Carbon 

Trunk Line (ACTL) with 

Agrium CO2 stream 

2020 
Fertilizer 

production 
0.3-0.6 EOR 

Canada 

ACTL with North 

West Sturgeon 

Refinery CO2 

stream 

2020 
Hydrogen 

production 
1.2-1.4 EOR 

Note: Large-scale is defined as involving the capture of at least 0.8 MtCO2/year for a coal-based power plant and 0.4 

MtCO2/year for other emissions-intensive industrial facilities (including natural gas-based power generation).  

US = United States; EOR = Enhanced Oil Recovery; CCS = Carbon Capture and Storage 
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1.3. Carbon dioxide capture technologies  

 There are several technologies for CO2 capture such as chemical 

absorption, physical separation and membrane separation. In practice, the 

most appropriate capture technology for a given application depends on 

CO2 concentration in feed gases, desired separation efficiency, plant size, 

operating pressure and temperature, composition and flow rate of the gas 

stream, integration with the original facility, and cost considerations 

[11,13]. 

1.3.1. Chemical absorption  

 This approach is the most advanced CO2 separation option, mainly 

based on the reaction between CO2 from flue gases and an aqueous amine 

solvent to form carbamate and/or bicarbonate. The amine can be 

regenerated for further operation by doing thermal treatment of these CO2-

adduct species [14]. Currently, aqueous monoethanolamine (MEA) 

solution (30 wt%) is one of the solvents extensively used in the post-

combustion capture (PCC) technology due to fast CO2 absorption rate, 

reasonable capacity, and low cost of the solvent [14]. The PCC refers to 

capturing CO2 from a flue gas generated after combusting a fossil fuel.  A 

typical application of this PCC technology is in conventional fossil fuel 

power plants, where coal or natural gas is burned with air to generate heat 

energy which is converted to electricity. To perform the CO2 capture 

process, firstly, CO2 from a flue gas (8-15 vol% of CO2) is absorbed into an 

aqueous amine solvent in an absorber column at near ambient conditions 

[15,16]. Then, the CO2-rich solvent is passed to a stripper/regenerator 

column, where the amine is regenerated for another cycle by stripping with 

a stream of water vapour at around 100-120 °C, releasing pure CO2 for 

further compression and storage/utilization. The amine process can 

typically capture about 90% of the CO2 in a flue gas in an absorber for 

economic reason, and can produce pure CO2 for further compression in a 

stripper with very high purity (greater than 99%) [17]. However, it also 

suffers from several major drawbacks such as high energy consumption for 

amine regeneration, amine degradation, and equipment corrosion [18]. 

There are two large-scale capture projects in power generation applying 

this technology in operation, namely Boundary Dam (capture 1.0 

MtCO2/year) in Canada and Petra Nova (capture 1.4 MtCO2/year) in the 

US [11]. In addition, there are also a number of small and large-scale 

projects using chemical absorption technology for CO2 capture both in 
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operation and in plan worldwide in other fields such as fuel transformation 

and industrial production. 

1.3.2. Physical separation  

 This approach is based on either physical absorption, physical 

adsorption, cryogenic separation or dehydration and compression [11]. 

Physical separation is currently used mainly in natural gas processing as 

well as ethanol, methanol and hydrogen production, with nine large plants 

currently in operation in the US only [11]. Physical absorption relies on 

physical driving forces, such as solubility, to absorb CO2 into a liquid 

solvent such as cold methanol (the RectisolTM process) or a mixture of the 

dimethyl ethers of polyethylene glycol (the SelexolTM process) [19]. 

Physical absorption is suitable for removing CO2 from high-pressure gas 

streams, but not for atmospheric flue gases due to small driving force [17]. 

While physical absorption makes use of liquid solvents, physical 

adsorption utilizes porous solids with high specific surface area such as 

silica (SiO2), zeolites (aluminosilicates), or activated carbon [17]. In the 

adsorption process, CO2 is captured in a container filled with an adsorbent 

(fixed bed). Once the bed is saturated, the captured CO2 is removed by 

raising the temperature or lowering the pressure, or both. Cryogenic 

separation offers another route to CO2 separation. Basically, the gas stream 

is cooled down to a very cold temperature (cryogenic) to condense and 

separate CO2 as a liquid out of other gases. On the one hand, the major 

disadvantages of this process are the large amount of energy required to 

provide the refrigeration and the formation of solid CO2 (dry ice) under a 

low temperature, which can cause several operational problems [20]. On 

the other hand, this process is straightforward (only need electricity) and 

has the potential to capture other pollutants such as SO2, NOx and mercury 

[17]. The dehydration and compression process is used for the separation 

of wet CO2. For example, in the Illinois Industrial Project for ethanol 

production (capture 1.0 MtCO2/year), the wet CO2 (water content less than 

3% by weight) will be collected at atmospheric pressure from corn-to-

ethanol fermenters via pipelines, and send to a dehydration and 

compression facility, where triethylene glycol is used to dehydrate high-

pressure CO2 to less than 0.005% moisture by weight [21]. 
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1.3.3. Membrane separation 

 This separation is based on polymeric or inorganic devices 

(membranes) with high CO2 selectivity, which allow CO2 molecules to pass 

through and act as a barriers to retain the other gases in the gas stream 

[11]. This approach offers several advantages since the process is simple, 

consists of a compact equipment, it is easy to operate and control and 

facilitates a clean process [20]. However, a major challenge with 

membrane processes in post combustion capture is often too low driving 

force for CO2 separation from atmospheric flue gases. There is currently 

only one operating large-scale capture plant (capture 3.0 MtCO2/year) for 

natural gas processing based on membrane separation in Brazil [11]. 

1.4. Carbon dioxide utilization  

 The utilization or recycling of captured CO2 for industrial purposes 

instead of permanent storage can provide economic incentives for CO2 

capture facilities. In other words, they can diversify their revenue portfolio 

by selling their captured CO2 to other interested users or by benefiting from 

their own additional facilities utilizing the CO2. Although most of the large-

scale CCUS projects have relied on revenue from the sale of CO2 to oil 

companies for enhanced oil recovery (EOR) [11], there are still many other 

potential applications of the CO2 to exploit either in the direct use of CO2 

or in the conversion of CO2 to useful products [22,23]. The CO2-based 

products can be classified into three groups: synthetic fuels, value-added 

chemicals and building materials. 

1.4.1. Synthetic fuels  

 CO2 can be a potential renewable carbon source to convert hydrogen 

into high-energy-density fuels such as methanol and hydrocarbons, which 

are safer and easier to handle [24-28]. The production of such synthetic 

fuels is currently expensive due to highly energy-intensive consumption; 

hence, it cannot compete with low-price fossil fuels. However, considering 

the development of low-cost renewable energy sources, the need for 

convenient high-energy-density fuels as well as the increasing awareness 

of carbon-neutral emissions, this approach of CO2 conversion could be 

economically viable and become more popular in the near future. The 

George Olah plant in Iceland (Carbon Recycling International) is currently 

the first and largest operating facility related to production of renewable 
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methanol from CO2 at industrial scale, which could recycle up to 5.5 

MtCO2/year captured from an adjacent geothermal power plant to produce 

methanol using “green” hydrogen produced by electrolysis of water  

[29,30]. In addition, the new largest CO2-to-methanol facility with an 

expected recycling capacity of 150 MtCO2/year, the Shunli plant, is under 

construction in Anyang city, Henan Province, China [29]. 

1.4.2. Value-added chemicals  

 CO2 can also be used as a feedstock to produce industrial chemicals 

such as polymers, urea, salicylic acid and organic carbonates, to name a 

few. Considering as a principal agricultural fertilizer, the production of 

urea in the fertilizer industry is currently the largest CO2 consumer 

globally, with 125 MtCO2/year [11]. The production of organic carbonates 

from CO2 is also interesting because these chemicals find many industrial 

applications such as aprotic polar solvents, electrolytes for lithium-ion 

batteries, fuel additives and synthetic building blocks to produce 

polycarbonates and pharmaceutical compounds [31,32]. Moreover, this 

approach could be an alternative to the hazardous route using phosgene. 

Organic carbonates can be classified into linear carbonates (e.g. dimethyl 

carbonate, diethyl carbonate, diphenyl carbonate) and cyclic carbonates 

(e.g. ethylene carbonate, propylene carbonate, styrene carbonate). Several 

valuable polymers such as polycarbonates and polyurethane could also be 

synthesized from CO2 [33-36]. For example, the Covestro Company in 

Germany uses CO2 from the exhaust gas stream of a neighbouring chemical 

plant as a co-monomer to produce 5 kt/year of polyol for application in 

flexible polyurethane foams [35,37]. In Japan, the Asahi Kasei Corporation 

has commercialized a phosgene-free production of an aromatic 

polycarbonate with a capacity up to 50 kt/year using CO2, ethylene oxide 

and bisphenol-A as starting materials [38]. 

1.4.3. Building materials 

 CO2 could be used in the production of building materials via 

mineral carbonation processes in the construction industry [11,39]. For 

example, CO2 could be used instead of water in a process called CO2 curing 

to regulate properties of concrete. There are two leading companies, 

CarbonCure and Solidia, in CO2-curing technology in North America. In 

addition, CO2 could be also used as a raw material to produce synthetic 
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construction aggregates and cement via carbonation reaction with 

industrial wastes (e.g. steel slags, coal fly ash) or silicate minerals. 
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2. Background 

2.1. Aims of the thesis 

 Inspired by the Carbon Capture, Utilization and Storage (CCUS) 

approach, the aims of the present doctoral thesis are to develop materials 

for CO2 capture (Papers I, II) and conversion of CO2 to value-added 

chemicals such as dimethyl carbonate (Paper III) and cyclic carbonates 

(Paper IV). The main idea is to focus on nitrogen-containing materials 

because basic nitrogen sites can increase the chemical affinity towards CO2, 

which is a weak Lewis acid gas. 

2.2. Aqueous PEHA for CO2 capture (Papers I, II) 

 Aqueous monoethanolamine (MEA) solvent (30 wt%) is widely used 

to capture CO2 from flue gases at large point sources such as coal-fired 

power plants in the CCUS projects. This amine process was actually 

invented in 1930 for removing acidic impurities (H2S, CO2, etc.) from 

natural gas [16]. Using MEA as a chemical solvent finds several advantages 

such as low-cost, fast absorption rate of CO2 and reasonable CO2 capacity. 

However, it also suffers from several major drawbacks such as high energy 

consumption (3.6-4.0 GJ/tCO2), solvent loss due to degradation and 

evaporation [40,41]. Therefore, considering the drawbacks of the 

traditional amine process and the increasing awareness of CO2 emissions 

problem, the investigation of advanced solvents for CO2 capture processes 

is needed to replace MEA. 

 

Figure 3.  Chemical structure of PEHA. The pKa values given here are in water [42]. 

 Pentaethylenehexamine (PEHA), which has two primary and four 

secondary amine groups in the structure (Figure 3), could be a potential 

candidate for chemical absorption of CO2. Firstly, PEHA is available in bulk 

scale in the industry market due to many applications such as agricultural 

chemicals, fungicides, bactericides, wood preservatives, chelating agents, 
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surfactants, mineral processing aids, and polymers [43]. The production of 

PEHA is mainly via the ethylene dichloride (EDC) process, where EDC is 

reacted with an excess of ammonia to form a mixture of ethyleneamines in 

the form of hydrochloride salts. The next step is neutralization of the salts 

with caustic soda to generate free amines. The individual free amines 

including PEHA are isolated by fractional distillation.  Secondly, PEHA 

appears as a liquid form in a broader range of temperature (from -35 oC to 

380 oC) compared with MEA (from 10 oC to 170 oC). Therefore, the loss of 

PEHA solvent due to degradation and evaporation during CO2 absorption 

and amine regeneration processes could be much lower. Although MEA 

has a low vapour pressure, about 225 tonnes/year are still lost due to 

evaporation [44]. Evaporative loss of amine in flue gas scrubbing will make 

the process costly and cause a negative influence on the environment. 

Thirdly, PEHA has a greater amount of nitrogen sites per unit mass 

compared with MEA (36 wt% vs. 23 wt%), which can react with CO2, 

leading to the improvements in CO2 uptake, absorption rate, and energy 

consumption [45-49]. Furthermore, based on these advantages, the size of 

absorber column could also be reduced by using PEHA as a new solvent for 

similar performance of CO2 capture like using MEA. 

 Until now, PEHA has been used as the modifier to prepare solid 

amine-based sorbents for CO2 adsorption with high CO2 capacity and high 

selectivity either by chemical grafting or physical impregnation using 

various supports such as mesoporous carbon [50], solid waste from coal-

fired power plants [51], mesoporous polymer [52], mesoporous silica [53] 

or metal-organic framework [54]. In addition, aqueous PEHA has been 

reported as the most efficient medium compared with other aqueous 

amines for CO2 capture and subsequent conversion to methanol via 

hydrogenation reaction with ruthenium or iron complex as a catalyst 

[42,55-58]. However, there is little detailed information available on the 

CO2 capture studies of aqueous PEHA. 

 To investigate the CO2 absorption behaviour of aqueous PEHA, a 

comprehensive study on aqueous PEHA for CO2 capture was performed 

systematically in this thesis including the influence of water content on CO2 

capacity, chemical composition of absorption products, viscosities before 

and after CO2 absorption, regeneration ability of PEHA, correlation 

between CO2 capacity with Kamlet-Taft parameters (α, β, and π*) [59-62], 

comparison with a reference industrial solvent (aqueous MEA) (Paper I). 

In another study, aqueous PEHA was also studied as a chemical solvent for 
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dual purposes: (1) chemical pretreatment of biomass with aqueous PEHA 

before providing it for gasification in order to investigate the influence of 

pretreatment step on gasification and CO2 removal processes, and (2) CO2 

removal from bio-syngas resulting from pilot-scale gasification of biomass 

to investigate the influence of the impurities and gas components other 

than CO2 from gasification on the performance of CO2 removal (Paper II). 

2.3. Organic superbase DBU for conversion of CO2 to 

dimethyl carbonate at room temperature (Paper III) 

 Dimethyl carbonate (DMC) is considered as an eco-friendly 

industrial chemical due to its low toxicity and high biodegradability [63]. 

This chemical finds many applications such as fuel additive [64], 

electrolyte in lithium-ion batteries [65], green solvent and reagent in 

organic synthesis [66]. Traditionally, DMC is produced via the reaction 

between phosgene and methanol. However, this process is now banned in 

the United States and Europe due to the hazardous properties of phosgene 

[67]. Until now, there are several phosgene-free routes for the production 

of DMC such as oxidative carbonylation of methanol, transesterification of 

ethylene/propylene carbonate, methanolysis of urea, direct synthesis from 

CO2 and methanol [67-70]. However, these processes still suffer from 

several drawbacks such as using toxic raw materials, harsh reaction 

conditions, low conversion and selectivity. Therefore, the development of 

new processes operating at mild conditions is needed. In addition, the use 

of CO2 as feedstock is of great interest because CO2 is renewable, non-toxic 

and non-flammable. To activate CO2 at ambient conditions and 

subsequently convert to DMC, a synthesis route via switchable ionic liquid 

(SIL) could be a potential approach [71-74]. 

 In this thesis, a two-step synthesis of DMC from CO2 at ambient 

conditions was proposed. Firstly, CO2 was reacted with an equivalent 

mixture of organic superbase 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) 

and methanol in the presence of a solvent such as dimethyl sulfoxide 

(DMSO) or methanol to form a SIL [DBUH][CH3CO3]. Then, this SIL was 

further reacted with methyl iodide (CH3I) to form DMC. The relative 

amounts of DMC, [CH3CO3]- anion, and by-product methanol were 

reported. The side reaction was also discussed. Although this two-step 

process is not a catalytic conversion of CO2 and still has a problem with 

product separation, this study is the first step towards the production of 
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DMC from CO2 at ambient conditions without using any toxic chemicals 

like phosgene or carbon monoxide. 

2.4. Mesoporous melamine-formaldehyde resins for 

catalytic conversion of CO2 to cyclic carbonates (Paper IV) 

 Cyclic carbonates are useful chemicals in industry, which are applied 

as aprotic polar solvents, electrolytes for lithium-ion batteries, lubricants, 

and also as synthetic building blocks in the production of polycarbonates 

and pharmaceutical compounds [31]. The synthesis of cyclic carbonates 

from epoxides and CO2 is one of the most promising routes for catalytic 

conversion of CO2 practiced on the industrial scale due to 100% atom 

economy and widespread utility of products. Considering the advantages 

in separation of product and reusability of catalyst, heterogeneous catalysis 

is preferable for large scale production of chemicals. Until now, various 

heterogeneous catalysts have been developed for the direct production of 

cyclic carbonates from CO2, including supported metal halides [75], 

supported ionic liquids [76], metal-organic frameworks (MOFs) [77], N-

doped carbons [78], and N-containing organic polymers [79]. However, 

most of these processes still require the use of hazardous organic solvents 

and/or co-catalysts (e.g., tetraalkylammonium halides) to achieve a high 

catalytic performance under mild reaction conditions (temperature < 150 
oC, pressure < 50 bar), leading to complicated separation of product and 

high cost. Therefore, it is highly desired to develop a new heterogeneous 

catalyst which is low-cost, reusable, metal-free, selective and active at mild 

reaction conditions when aiming at improving the process economics as 

well as sustainability of large-scale production of cyclic carbonates. 

 Mesoporous N-containing polymers could act as potential catalytic 

materials as they enable high accessibility of active Lewis basic N-sites for 

CO2 activation. In order to develop a commercially attractive 

heterogeneous catalyst, low-cost commercial melamine and 

paraformaldehyde were used as starting materials to prepare mesoporous 

melamine-formaldehyde resins, which were subsequently applied for the 

catalytic conversion of CO2 to cyclic carbonates in this thesis. For the first 

time, water was used as agent to create mesopores for melamine-

formaldehyde through hydrothermal method, which makes the synthesis 

of catalyst inexpensive, scalable and environmentally benign compared 

with other reported methods in the literature such as soft-templating [80], 

hard-templating [81], and solvothermal templating/treatment [82]. The 
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materials were comprehensively characterized and the catalytic potential 

was evaluated upon the solvent-free and co-catalyst-free production of 

cyclic carbonates in both batch and continuous flow reactors under 

industrially feasible conditions. The structure−activity relationship, 

reaction kinetics, and mechanism of catalyst activation-deactivation were 

also discussed in this thesis. 

2.5. Ionic liquids for capture and conversion of CO2 to 

organic carbonates (Paper V, mini review) 

 Ionic liquids (ILs) are ionic compounds or salts that melt at 

temperatures below 100 oC [83].  Their structures mainly consist of organic 

cations and organic/inorganic anions. Due to strong ionic interactions 

within ILs, they possess unique characteristics over the volatile organic 

compounds (VOCs) such as negligible vapor pressure, high thermal 

stability and non-flammability. Moreover, a myriad of IL structures with 

different properties can be designed through the combination of a broad 

variety of cations and anions. Therefore, ILs can be potential materials for 

capture and conversion of CO2 to value-added chemicals. 

 For CO2 capture applications, viscosities of ILs before and after 

being saturated with CO2 are important parameters since highly viscous 

system will limit the mass transfer of CO2. For example, highly viscous gels 

or solids were formed during the absorption of CO2 by amine-

functionalized ILs when the viscosity of ILs increased dramatically [84]. 

The increase in viscosity is due to the increasing hydrogen-bonding 

networks in the system. To reduce the viscosity of ILs, there are several 

reported approaches such as incorporating ether functionalities [85] or 

using imidazolate anions [86]. Further, understanding mechanisms of CO2 

capture in ILs is also important for designing potential ILs. Theoretical 

studies suggested that a 1:1 CO2:IL molar ratio (equimolar) is achievable 

when the amine is a part of the anion while a 1:2 CO2:IL molar ratio (semi-

molar) is promoted when the amine is a part of the cation [87]. Several 

experimental work also supports this suggestion [84,88]. In addition, a 

multi-molar interaction (CO2/IL >1) can be reached in the presence of 

stabilizing group in the vicinity of an amine site of the amine-

functionalized ILs [89]. Together with amine-functionalized ILs, other 

types of ILs such as phenolate-based ILs and superbase-derived ILs were 

also reported for CO2 capture [90,91]. 
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 ILs were reported for the first time as a catalysts for synthesis of 

propylene carbonate from propylene oxide and CO2 by Peng and Deng in 

2001 [92]. In this study, [Bmim][BF4] showed the highest catalyst activity 

with 100% yield under optimal conditions (110 ◦C, 6 h, 2.5 MPa of CO2, 2.5 

mmol of [BmIm][BF4] per 100 mmol of epoxide). Until now, numerous 

other ILs including new generations such as task-specific ILs were also 

investigated [93]. In order to separate and reuse the catalysts efficiently, 

ILs were immobilized on solid supports such as silica, and subsequently 

used as heterogeneous catalysts for production of cyclic carbonates [93]. 

ILs were also used as catalysts to synthesize dimethyl carbonate (DMC). 

For example, several imidazolium hydrogen carbonate ILs 

([CnCmIm][HCO3]) were used (recyclable catalyst and dehydrant) upon 

straightforward synthesis of DMC from CH3OH and CO2, at room 

temperature and 1 MPa of CO2 [94]. Under optimal conditions, a 

combination between [BmIm][HCO3] and Cs2CO3 in the presence of 

CH2Br2 solvent showed the highest conversion of CH3OH (74%) and was 

easily reused. 
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3. Materials and Methods 

3.1. Materials 

 Pentaethylenehexamine (PEHA, technical grade, Sigma-Aldrich), 

D2O (99.9 at.% D, Sigma-Aldrich), Monoethanolamine (MEA, >99%, 

Sigma-Aldrich), K2CO3 (99%, Sigma-Aldrich), Reichardt’s dye (90%, 

Sigma-Aldrich), 4-Nitroaniline (≥99%, Sigma-Aldrich), Methyl iodide 

(99.5%, Sigma-Aldrich), 1,8-Diazabicyclo-[5.4.0]-undec-7-ene (DBU, 

99.0%, Sigma-Aldrich), CDCl3 (99.96 at.% D, Sigma-Aldrich), Melamine 

(99%, Sigma-Aldrich), Paraformaldehyde (reagent grade, crystalline, 

Sigma-Aldrich), Sodium hydroxide (≥98%, Sigma-Aldrich), Sand (50−70 

mesh, Sigma-Aldrich), Epichlorohydrin (≥99%, Sigma-Aldrich), Styrene 

oxide (97%, Sigma-Aldrich), 1,2-Butylene oxide (99%, Sigma-Aldrich), 

KHCO3 (>99%, J. T. Baker), CO2 (≥99.9 mol.%, AGA AB, Linde Group), 

Synthetic syngas (34.80 mol% H2, 18.50 mol% CO, 31.80 mol% CO2, 5.00 

mol% CH4, 9.90 mol% N2, AGA AB, Linde Group), Methanol (≥99%, 

VWR), Dimethyl sulfoxide (≥99%, VWR), Acetone (≥99%, VWR), 

Hydrochloric acid (fuming, 37%, Merck KGaA),  CO2/He Gas mixture 

(9.935% CO2, Air Liquid Gas AB). 

3.2. Methods 

3.2.1. Paper I 

CO2 absorption capacity (pure CO2, ambient conditions)  

 A CO2 gas stream (30 mL/min) was bubbled into the solution using 

an immersed needle while it was stirred mechanically at ambient 

temperature and pressure. The CO2 capacity was determined by 

gravimetric method. Various aqueous PEHA solutions (11–100 wt% of 

PEHA) were used for this measurement. 

Viscosity  

 A viscometer (Brookfield RV DV1) was used to measure the viscosity 

of sorbents before and after CO2 capture at 30 °C. 
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Kamlet−Taft parameters (α, β, π*)  

 Reichardt’s dye, 4-nitroaniline, and N,N-diethyl-4-nitroaniline were 

used as solvatochromic dyes in this study. Typically, the stock solution (dye 

in methanol, 10-2 M) was transferred into a glass vial first, and then 

methanol was removed by blowing with nitrogen. Next, 2 mL of aqueous 

PEHA was added in the vial. After mixing, the resultant solution was 

transferred to a quartz cuvette for UV measurement at room temperature 

to identify λmax value. Various polarity parameters (ET(30), α, β, and π*) 

were obtained by using empirical equations given in Table 2. 

Table 2. Empirical equations to determine the ET(30) and Kamlet-Taft parameters. 
Polarity parameters Empirical equations 

Electronic transition energy [ET(30)] 

ET(30) (kcal mol-1) = hcmax = 28591/max (nm) = 

2.8591 max (equation 1), where max is the 

maximum wavelength of lowest energy band of 

Reichardt’s dye,  max is the maximum wave 

number in kiloKaiser or kK (1 kK = 1000 cm-1) 

Hydrogen-bond donor acidity (α) 
α = [ET(30) – 14.6 (π* – 0.23) – 30.31]/16.5 

(equation 2) 

Hydrogen-bond acceptor basicity (β) 

(2) max = 1.035 (3) max  – 2.8β + 2.64 (equation 

3), where (2) max and (3) max are the maximum 

wave number of the 4-nitroaniline and N,N-

diethyl-4-nitroaniline respectively 

Polarity index (π*) (3) max = 27.52 – 3.182π* (equation 4) 

 

Relative amounts of CO2-derived species 

 The relative amounts of carbamate, bicarbonate, and carbonate 

species in PEHA-H2O-CO2 systems were determined by using a calculation 

method based on the 13C NMR analyses introduced by Holmes et al. [95] 

as shown in the following equations: 

𝑛𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 =  
𝛿−160.47

(167.85−160.47)∗(1+𝑅)
∗ 𝑛𝐶𝑂2 (equation 5) 

𝑛𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 =  
167.85− 𝛿

(167.85−160.47)∗(1+𝑅)
∗ 𝑛𝐶𝑂2 (equation 6) 

𝑛𝑐𝑎𝑟𝑏𝑎𝑚𝑎𝑡𝑒 =  
𝑅

1+𝑅
∗ 𝑛𝐶𝑂2 (equation 7) 

𝑅 =  
𝑛𝑐𝑎𝑟𝑏𝑎𝑚𝑎𝑡𝑒

𝑛𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒+𝑛𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒
=  

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑟𝑏𝑎𝑚𝑎𝑡𝑒 𝑝𝑒𝑎𝑘𝑠

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 (𝑏𝑖)𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑝𝑒𝑎𝑘
 (equation 8) 



 

19 

where δ (ppm) denotes the chemical shift of the HCO3
−/CO3

2− peak in the 

investigated system (only one single peak was represented both the 

bicarbonate and carbonate species in the 13C NMR spectra because of the 

fast proton exchange between them); nCO2 corresponds to the total moles 

of CO2 absorbed in the PEHA-H2O-CO2 system; the values 167.85 and 

160.47 are the chemical shifts of solely K2CO3 and KHCO3, respectively, in 

aqueous solutions (1 M) used in this work. R gives the ratio of the peak area 

for the carbamate species and the peak area for the carbonate/bicarbonate 

species, respectively, in the 13C NMR spectra.  

 Based on the mass balance of carbon, nCO2 can be expressed as 

follows (physically absorbed CO2 is supposed to be negligible): 

n(CO2) = n(carbonate) + n(bicarbonate) + n(carbamate) (equation 9) 

Regeneration of PEHA  

 Firstly, the solvent with greatest CO2 capacity (56 wt% of PEHA) 

after being saturated with CO2 was heated at 100 oC and 120 oC for both 1 

and 3 h. The resulting samples were further characterized and compared 

to pure PEHA by means of 13C NMR (in D2O) spectroscopy to identify the 

extent of decomposition of CO2-derived species. Other aqueous PEHA 

solutions as well as pure PEHA after being saturated with CO2 were also 

heated at 120 oC for 4 h and then characterized at the same way to confirm 

regeneration ability of PEHA. 

Comparison between PEHA and MEA  

 The evaluation in this study is based on several criteria including 

CO2 capacity, thermal stability of amine, volatility of amine, and 

regeneration ability of amine. Aqueous PEHA (30 wt%) and aqueous MEA 

(30 wt%) were selected to compare their CO2 capacity as well as amine 

regeneration using methods mentioned above. To compare amine volatility 

and thermal degradation, about 7 g of pure amine (PEHA, MEA) was 

heated in an open system (a 16 mm diameter – 8 mL vial) at high 

temperature (120 oC, 140 oC) using aluminum block for 20 h. The amine 

weights were recorded before and after heating using an analytical balance 

to evaluate the amine volatility. The amine samples after heating for 20 h 

at 120 oC and 140 oC were mixed with water to make 30 wt% amine 

solutions for CO2 capture experiments to evaluate the amine recyclability 
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as well as degradation. The samples after heating were also analyzed using 
1H and 13C NMR (in D2O). 

3.2.2. Paper II 

Chemical pretreatment of birch stem wood 

 Typically, about 0.6 kg of sawdust of birch stem wood (Betula ssp.) 

was mixed with 5 L of aqueous PEHA solution (20 vol% of PEHA) in the 

pressurized cooker equipped with thermocouples and a temperature 

controller box. Then, the chemical pretreatment was performed at 110 oC 

for 2 h. After that, the mixture was filtered, and the solid material was 

washed with hot water, then air-dried overnight in the fume hood, and 

finally oven-dried at 100 oC for 5 h. The procedure was performed several 

times to get enough dry pretreated materials for gasification experiments 

(~10 kg). 

CO2 absorption capacity (pure CO2 or synthetic gas, different 

pressures, 25 oC)  

 The apparatus used for this measurement consists of two main 

parts: the absorption cell with a magnetic stirrer (65.6 ml) and the gas cell 

(141.2 ml). The temperature of both cells was fixed at 25 oC using a water 

bath. During the absorption process, the pressures of the absorption cell 

and the gas cell were recorded by a computer. Once the pressures remained 

constant over time, the equilibrium state was reached. These pressures 

were used to calculate the amount of gas dissolved in the precisely known 

amount of solvents. Aqueous PEHA solutions (15–30 wt% of PEHA) were 

measured with this apparatus. 

CO2 absorption capacity (syngas from gasification, 25 oC)  

 The setup for this measurement is shown in Figure 4. At first, the 

syngas produced from the pilot-scale gasifier was flowed through a gas 

wool filter to remove particles. Then, the filtered syngas was bubbled into 

the aqueous PEHA (20 wt%) solution at 25 oC under stirring. The flow rate 

of outlet gas was controlled by the gas flowmeter. The composition of the 

outlet gas was detected with the Agilent 490 Micro-gas chromatography 

(GC) with a measuring interval of 140 s. 
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Figure 4. Flowsheet of the set-up of CO2 capture from bio-syngas generated from the pilot-

scale gasifier. 

3.2.3. Paper III 

Synthesis of DMC  

 Firstly, [DBUH][CH3CO3] was synthesized by bubbling CO2 into a 

solution containing DBU (0.75 mL, 4.9 mmol), methanol (0.2 mL, 4.9 

mmol) and DMSO (4 mL), at room temperature for 20 min. In another 

experiment without using DMSO, an alcoholic solution of DBU (0.5 mL or 

1 mL of DBU in 1.5 or 1 mL of methanol, respectively) was used for CO2 

bubbling instead. In the next step, depending on DMSO or methanol 

solvent, the amount of CH3I was added from 1 to 5 equivalents based on 

the amount of used DBU to synthesize DMC. The NMR spectroscopy was 

used to monitor the synthesis processes. 

Regeneration of DBU  

 Firstly, DBU salts ([DBUH][I] and [DBUCH3][I]) formed in the 

synthesis of DMC were separated from the product mixture for the 

recovery of DBU. Ethyl acetate was used as an anti-solvent to precipitate 

DBU salts out of the product mixture. These salts were filtrated and washed 

with ethyl acetate several times. Then, they were dried at room 

temperature under high vacuum, and further analyzed using NMR 

spectroscopy (in D2O or CDCl3).  The DBU was recovered from DBU salts 

by using NaOH (4 wt%) in NaCl saturated aqueous solution following a 

previously reported procedure [96,97]. This alkaline NaCl saturated 

solution was added to DBU salts under stirring for 30 min at room 

temperature. Then, ethyl acetate was used to extract DBU from the 

aqueous phase. The DBU was recovered after removing ethyl acetate using 
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rotation evaporator and the structure was confirmed by NMR 

spectroscopy. 

3.2.4. Paper IV 

Synthesis of mesoporous melamine-formaldehyde resins  

 Typically, melamine (15.1 g, 0.12 mol), paraformaldehyde (10.8 g, 

0.36 mol) and aqueous NaOH (40 mL, 0.125 M) were mixed together at 70 
oC for 20 min. Then, the obtained mixture (clear solution) was cooled down 

and transferred to a 300 mL Teflon cup. Next, aqueous HCl (47 mL, 1.78 

M) was added to this solution. An opaque gel (denoted as 0 h MMFR) was 

obtained after mixing about 30 min. Subsequently, the Teflon cup 

containing the gel was put into a stainless-steel autoclave and cured at 150 

°C for 4, 12 and 24 h (denoted as 4 h MMFR, 12 h MMFR and MMFR, 

respectively). A reference sample (denoted as MMFR*) was also prepared 

by thermal treatment of the melamine-formaldehyde gel (0 h MMFR) in 

an open container under N2 atmosphere at 150 oC for 24 h. All solid 

samples were crushed into powder, washed thoroughly with methanol 

overnight using Soxhlet, and dried at 110 oC. The MMFR (2.6 g) was also 

treated at 250 oC (ramping rate: 5 oC/min) for 5 h under N2 atmosphere 

(50 mL/min) in a tube furnace to improve the stability. The obtained 

material was denoted as MMFR250. 

Characterization of polymeric catalysts  

 N2 adsorption–desorption was measured at liquid nitrogen 

temperature (-196 oC) using a TriStar 3000 from Micromeritics 

Instrument Corporation. Before measurement, samples were outgassed at 

120 °C for 3 h under N2 flow. The specific surface area was calculated by 

the Brunauer–Emmett–Teller (BET) method. The pore volume, average 

pore size and pore size distribution were derived from the desorption 

isotherms using the Barrett-Joyner-Halenda (BJH) model.  

 The surface basicity of polymer catalysts was determined by 

Temperature-Programmed-Desorption (TPD) method using CO2 as a 

probe molecule on a BELCAT Ⅱ instrument (MicrotracBEL Corp., Japan) 

equipped with a Thermal Conductivity Detector (TCD). Prior to all 

measurements moisture and other adsorbed gases were removed by 

pretreating the sample at 100 oC for 2 h under a flow of He (50 mL/min). 
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Subsequently, the sample was cooled down to 35 oC, and exposed to 

CO2/He gas mixture for 2 h. After that, the excess CO2 in the line and 

physically adsorbed CO2 were removed by purging with He flow (50 

mL/min) for 15 min. Thereafter, the TPD was carried out from 35 to 250 

°C at a heating rate of 5 °C/min under He flow, then the sample was kept 

at 250 oC for 30 min. The desorbed CO2 was detected by a TCD. The amount 

of CO2 chemisorbed was calculated from the calibration curve obtained 

from varying volumes of CO2 in He. The CO2 basicity values in this study 

were calculated based on TCD signals at a temperature range 35-150 oC 

[98]. Kinetic CO2-TPD experiments were also carried out at different 

heating/desorption rates (keeping the sample mass and inert gas flow rate 

constant) for determining the activation energy of CO2 desorption (Ed) on 

these polymeric materials. To evaluate the thermal stability of the surface 

functional groups on the polymeric materials, blank TPD experiments 

without CO2 pretreatment were also conducted using the BELCAT II 

instrument (MicrotracBEL Corp., Japan). 

 An STA 449C Jupiter (NETZSCH, Germany) thermal analyzer was 

used for Thermal Gravimetric Analysis (TGA). Portion (about 5-10 mg) of 

the films was subjected to STA analyzer and heated under an argon gas flow 

from 35 to 700 °C with a 5 °C/min heating rate. 

 The surface morphology and surface elemental composition of the 

polymers were studied on a Carl Zeiss Merlin Field Emission Scanning 

Electron Microscope (FE-SEM) operating at a 30 kV equipped with an 

Energy-Dispersive X-ray spectroscopy (EDX, Oxford Instruments X-MAX 

80 mm2 X-ray Detector). A 5 nm Pt film was sprayed on the samples before 

the SEM measurement. 

 The pore structure of the polymeric materials were studied by 

Transmission Electron Microscopy (TEM) on a JEOL JEM-1230 electron 

microscope operating at 80 kV. Samples were suspended in ethanol 

(99.99%) and deposited on a copper grid for analysis. 

 The element composition and chemical state of the different surface 

functionalities on catalysts were examined by means of X-ray 

Photoelectron Spectroscopy (XPS). All of the XPS spectra were recorded 

with a Kratos Axis Ultra electron spectrometer equipped with a delay line 

detector. A monochromated Al Kα source operated at 150 W, hybrid lens 

system with magnetic lens, providing the analysis area of 0.3 x 0.7 mm2, 



 

24 

and charge neutralizer were used during all of the measurements. The 

binding energy (BE) scale was referenced to the C1s line of aliphatic 

carbon, set at 285.0 eV. Further, the processing of the spectra was 

accomplished with the Kratos software. 

 Fourier Transform Infrared (FT-IR) spectra were recorded on a 

Bruker IFS 66 v/S FT-IR spectrometer equipped with a vacuum bench, 

diffuse reflectance carousel and a DTGS detector. Dry solid samples were 

diluted with KBr powder before measurement. 

 The X-ray Powder Diffraction (XRD) patterns were recorded in the 

2θ angle range of 10-70o with scan rate of 1°/min on a Panalytical X’Pert3 

Powder diffractometer using Cu Kα radiation. 

 The Cross-Polarization Magic Angle Spinning (CP-MAS) 13C NMR 

spectra were recorded using a Bruker Avance III 500 MHz spectrometer 

with 4 mm zirconia rotors spun at a magic angle of 10 kHz. 

Experiments in batch reactor 

 Typically, 20 mmol (ca. 1.44-2.40 g) of epoxide (epichlorohydrin, 

styrene oxide and 1,2-butylene oxide) and 50 mg (2.04-3.35 wt%) of 

catalyst (MMFR/MMFR250) were added into a stainless steel mini 

autoclave (~13 mL excluding line volume) containing a magnetic stir-bar. 

Figure 5 shows the picture of the batch reactor, which was assembled 

from high pressure Swagelok fittings and equipped with a pressure gauge, 

emergency relief, inlet and outlet valves. After loading catalyst and 

epoxide, the reactor was sealed and purged 3 times with CO2 gas to remove 

air and/or moisture. Then, the reactor was pressurized to the desired initial 

CO2 pressure (20-50 bar or ~30-75 mmol). Finally, the reaction mixture 

was heated to the desired temperature (100-140 oC) in a sand bath under 

magnetic stirring (500 rpm) and held at this temperature for an 

appropriate time (0.25-24 h). After the reaction, the reactor was cooled 

under tape water (ice-bath in the case of 1,2-butylene oxide). The residual 

CO2 gas was released carefully. The spent catalyst was separated from the 

liquid reaction mixture by using centrifuge and then washed several times 

with methanol, acetone, followed by drying at 105 oC overnight in an oven. 

The recovered solid catalyst was directly used for subsequent runs in batch 

reactor to test reusability. These spent catalysts were also extensively 

characterized to evaluate the changes of structure and chemical surface. 
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The reaction product was diluted with acetone and analyzed by using GC-

FID, GC-MS, NMR. 

 

Figure 5. The tailor-made high pressure batch reactor assembled from Swagelok parts 

(vessel volume ~13 mL and total volume ~36 ml). 

Experiments in continuous flow reactor 

 In order to demonstrate the potential of these catalytic polymer 

materials for large scale production of cyclic carbonates, the direct 

carbonation of epoxides (epichlorohydrin and 1,2-butylene oxide)  with 

CO2 under industrially feasible reaction conditions was further studied in 

a down-flow vertical fixed-bed reactor (12 mm tube, inner diameter 10 mm, 

length 16 cm) assembled from high pressure 316 stainless-steel tubing, 

fittings and valves purchased from Swagelok. The reactor column was 

packed with catalyst (1.95 g for MMFR, 1.5 g for MMFR250) and it was 

supported from both ends by 1 mm glass beads separated by quartz wool 

(Figure 6). In a typical procedure, epoxide was continuously pumped into 

the reactor at different flow rates (0.01-0.04 mL/min) using a HPLC pump 

(Perkin Elmer series 200 micro pump) while the gaseous CO2 was 

simultaneously supplied (15 mL/min) into the reactor using a mass flow 

controller (Bronkhorst). The reaction was performed in reactor at 120 oC 

(using band heaters) and at 13 bar total pressure adjusted by using a back-

pressure regulator (Equilibar U3L Series Precision Back Pressure 

Regulator). Similar to the batch experiments, the spent catalyst was 

recovered and washed several times with methanol, acetone, followed by 

drying at 105 oC overnight in an oven and characterized. 
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Figure 6. Schematic diagram of the lab-scale fixed bed reactor used in the continuous 

carbonation of epoxides with CO2 to cyclic carbonates. 

Analysis of the reaction product 

 The reaction product was diluted with acetone and analyzed by GC-

FID (Agilent 6890N) equipped with a Agilent J&W HP-5ms column (30 m 

length, 0.25 mm internal diameter, 0.25 μm film thickness). Epoxide 

conversion and cyclic carbonate quantification were based on calibration 

curves obtained with commercial or lab-made standard compounds. The 

cyclic carbonates were also confirmed by GC-MS (Agilent 5579N) equipped 

with a HP-5MS capillary column (30 m length, 0.25 mm internal diameter, 

0.25 μm film thickness) and occasionally by 13C and 1H NMR on a Bruker 

Avance 400 MHz instrument using CDCl3 as the solvent.  

 The following formulas were used to calculate the conversion of 

epoxide and the selectivity of cyclic carbonate in this study: 

conversion (mol%) =
C0−Ct

C0
∗ 100% (equation 10) 

selectivity (mol%) =
C carbonate

C0−Ct
∗ 100% (equation 11) 

where, C0 and Ct represent the concentration of epoxides (mol/L) at 0 h 

and t h, respectively, while Ccarbonate represents the concentration (mol/L) 

of cyclic carbonate formed at the specified time. 
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 The catalyst turnover frequency (TOF) value for batch experiments 

was calculated as: 

TOF =  
𝑘𝑖𝑛𝑖∗𝑛𝑒𝑝𝑜𝑥𝑖𝑑𝑒

𝑛𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠
  (equation 12) 

where kini is the initial rate constant (based on initial rate of epoxide 

conversion), nepoxide is the amount of epoxide (in mmol) loaded into the 

batch reactor and nactive sites is the amount of basic sites (in mmol) on the 

catalyst loaded into the batch reactor. 

 In case of continuous flow experiments, weight hourly space velocity 

(WHSV) was calculated as: 

WHSV =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑒𝑒𝑑 (𝑒𝑝𝑜𝑥𝑖𝑑𝑒) 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 (equation 13) 
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4. Results and Discussion 

4.1. Aqueous PEHA for CO2 capture (Papers I, II) 

 A series of aqueous pentaethylenehexamine (PEHA) solvents (11-

100 wt% of PEHA) were prepared for CO2 absorption measurements. It 

was observed (Figure 7) that the CO2 absorption capacity increased 

gradually together with increasing PEHA concentration, and reached the 

peak (0.25 g of CO2/g of solvent) at 56 wt% of PEHA in water. With further 

increasing concentration of PEHA, the trend reversed and the capacity 

decreased to 0.18 and 0.16 g of CO2/g of solvent, respectively, in cases of 

72 wt% of PEHA and pure PEHA. As reported previously in the literature, 

the forming products between CO2 and amine usually cause an increase in 

viscosity of the reaction mixture because of an extended hydrogen-bonding 

network [99-101]. This increasing viscosity led to a limited CO2 diffusion 

and, therefore, there could remain a certain amount of unreacted amine in 

the highly viscous system. Consequently, the CO2 absorption capacity of 

aqueous amine solvents was reduced. Although PEHA with amine sites is 

mainly responsible for chemisorption of CO2, water also plays an 

important role in reducing viscosity of the system during the course of CO2 

absorption. Therefore, the CO2 capacity of aqueous PEHA depends on 

PEHA content and viscosity of PEHA-H2O-CO2 system. Viscosity 

measurements of aqueous PEHA solvents showed that the viscosity of the 

system increased more rapidly after CO2 capture in the system containing 

less amount of water (Table 3). The optimum solvent (56 wt% of PEHA) 

still remained at a liquid form after being saturated with CO2 while solvents 

with greater amount of PEHA turned to highly viscous gel, indicating a 

significant amount of amine sites still unreacted. 
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Figure 7. CO2 capacity of PEHA and various aqueous PEHA solutions, measured at CO2 flow 

rate of 30 mL/min, at ambient temperature and pressure. 

 

Table 3. Viscosity at 30 oC of absorbents with different wt% of PEHA. 

Absorbent 

Viscosity (cP) 

Absorbent 

Viscosity (cP) 

Before 

absorption 

After 

absorptiona 

Before 

absorption 

After 

absorptiona 

PEHA 105.2 
Highly 

viscous gelb 

aq PEHA  

(39 wt%) 
14.66 45.95 

aq PEHA  

(92 wt%) 
235.2 

Highly 

viscous gelb 

aq PEHA  

(30 wt%) 
6.14 11.46 

aq PEHA  

(72 wt%) 
318.7 

Highly 

viscous gelb 

aq PEHA  

(20 wt%) 
2.75 3.65 

aq PEHA  

(56 wt%) 
100.1 

Highly 

viscous 

liquidb 

aq PEHA  

(11 wt%) 
1.47 1.73 

aAfter being saturated with CO2. bNot measured 

 

 

 

 



 

30 

 To identify the chemical species derived from CO2 in the solvent 

systems after chemical absorption of CO2, these samples were further 

characterized by means of the 13C NMR (in D2O) spectroscopy. Figure 8 

shows that only one single carbamate peak was found in water-lean 

solvents (92-100 wt% of PEHA) after CO2 capture. With further increase in 

the water amount, 72 wt% of PEHA showed multiple broad peaks of 

carbamate species appearing in the range from 163 to 165 ppm, indicating 

more amine sites reacted with CO2 to form various different carbamates. 

Along with carbamate peaks, an extra (bi)carbonate peak in the range from 

160 to 162 ppm was clearly observed in samples with lower PEHA 

concentrations (11-65 wt%), Figures 8 and 9. This extra single peak 

represents for both bicarbonate and carbonate species in the 13C NMR 

spectra because of the fast proton exchange between them. The chemical 

shift values of carbamate and (bi)carbonate species shown in this work 

were in a good agreement with the literature [42,56]. 

 

Figure 8. The 13C NMR spectra of pure PEHA and PEHA-CO2 and H2O-PEHA-CO2 (wt% of 

PEHA in aqueous solutions = 92, 72, 68, 65 and 61%) in the 168-158 ppm region. 
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Figure 9. The 13C NMR spectra of reaction mixtures after bubbling CO2 in the aqueous 

solutions of PEHA (wt% of PEHA in aqueous solutions = 56, 39, 30, 20 and 11%) in the 168-

158 ppm region. 

 The relative amounts of carbamate/bicarbonate/carbonate species 

in PEHA-H2O-CO2 systems were further determined by using a calculation 

method based on 13C NMR chemical shifts [95]. Overall, almost no 

carbonate could be found in the product mixtures, and the bicarbonate 

species was the favored one in the carbonate-bicarbonate equilibrium 

(Figure 10). The carbamate species was always the major component 

even though an increasing amount of bicarbonate was observed together 

with an increase in water content in solvent system. However, in dilute 

systems (11-39 wt% of PEHA), the bicarbonate/carbamate ratio remained 

stable with approximately 30 mol% of CO2 chemisorbed in the form of 

bicarbonate. With enough water in the solvent system, PEHA could be 

hydrated to form protonated PEHA and hydroxide ion to some extent. 

Therefore, when aqueous PEHA is exposed to CO2, the hydroxide ion in 

solvent is responsible for the formation of bicarbonate ion. 
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Figure 10. The relative amounts (mol%) of carbamate/bicarbonate/carbonate species in 

PEHA-CO2 and PEHA-H2O-CO2 systems. 

 The knowledge of solvent’s polarity is an important criterion for 

choosing the most appropriate solvent for a particular application. In order 

to understand polarity properties of solvents, Kamlet-Taft parameters (α, 

β, and π*) of aqueous PEHA were measured using the solvatochromic 

probe molecules: Reichardt’s dye, 4-nitroaniline, and N,N-diethyl-4-

nitroaniline. These parameters are hydrogen-bond acidity (α), hydrogen-

bond basicity (β), and dipolarity/polarizability (π*). It can be seen from 

Table 4 that together with an increase in water content of H2O-PEHA 

solvents, α values increase and β values decrease as expected. Meanwhile, 

dipolarity/polarizability values (π*) increase steadily from 0.95 (92 wt% of 

PEHA) to 1.32 (56 wt% of PEHA) and remain similar as the value of water 

(π* = 1.33) for the remaining dilute solvents (<56 wt% of PEHA). 

Table 4. ET(30), Kamlet-Taft parameters (α, β, π*) and CO2 capacity values for aqueous PEHA 

solvents . 

Wt% of PEHA in 

water 

ET(30) 

(kcal/mol) 
α β π* 

CO2 capacity 

(g CO2/g solvent) 

92 42.7 0.06 0.89 0.95 0.17 

72 47.4 0.23 0.70 1.13 0.18 

56 51.7 0.37 0.50 1.32 0.25 

39 56.2 0.65 0.45 1.34 0.18 

30 58.1 0.73 0.30 1.41 0.14 

20 59.4 0.83 0.25 1.39 0.10 

11 60.4 0.93 0.24 1.36 0.05 

0 63.1 1.12 0.18 1.33 - 
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 A correlation between CO2 capacities with Kamlet-Taft parameters 

(α, β, and π*) of corresponding solvents was performed by using the Linear 

Solvation Energy Relationship (LSER) equation to investigate the effect of 

polarity properties of aqueous PEHA solvent on its CO2 capacity [102]. The 

most common form of the Kamlet-Taft LSER for identifying and 

quantifying solvent effects on solute is shown in the following equation: 

XYZ = XYZo + a.α + b.β + s.π* (equation 14) 

where XYZ denotes the solvent-dependent property under study (in this 

work, the CO2 capacity at ambient conditions); XYZo, a, b and s are solvent-

independent coefficients, which are derived from a multiparameter fit to 

solvent-dependent parameters (α, β, π*).  

 The LSER analyses were carried out using Microsoft Excel applying 

multiple linear regression analyses. The error associated with each 

coefficient (XYZo, a, b, s) was appraised by using the p-value, and it was 

decided to accept the correlation equation if each individual coefficient had 

statistical significance (all p-values<0.01). The acceptable result along with 

the associated statistical data and R square value are shown in Table 5. 

Table 5. Acceptable result of Kamlet-Taft LSER method for reactions of aqueous PEHA 

solvents with CO2. 

LSER equation R2 

CO2 capacity = -1.51(0.0045) + 0.81(0.0021).β + 1.00(0.0037).π* 0.93 

The numbers in parentheses represent the p-values for each coefficient 

 

 The CO2 capacity shows a positive dependence on both β and π* 

values of solvent, but π* is slightly more significant. Based on the result, 

the optimum CO2 capacity of aqueous PEHA could be reached if both the 

π* value of solvent is similar to water (π* = 1.33) and the β value of solvent 

is as high as possible. It is obvious that the CO2 capacity is proportional to 

basicity index (β) of solvent due to Lewis acid property of CO2. In addition, 

with the possession of quadrupole moment and polarizability of CO2, the 

CO2 capacity is also proportional to dipolarity/polarizability index (π*) of 

solvent. However, it should be noted that the greater π* value of the solvent 

in this study is related to the greater amount of water in the system, hence, 

as already discussed, the positive effect of water for reducing viscosity 

during the course of chemical absorption could be the main contributor for 
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enhancing CO2 capacity rather than benefited from increasing 

dipolarity/polarizability only.  

 To investigate the regeneration ability of PEHA, at first, the solvent 

with greatest CO2 capacity (56 wt% of PEHA) after being saturated with 

CO2 was heated at 100 oC and 120 oC for a certain time. The resulting 

samples were further characterized and compared to pure PEHA by means 

of 13C NMR spectroscopy. Figure 11 shows that PEHA can be regenerated 

completely via thermal decomposition of both carbamate and bicarbonate 

species at 120 oC, which is similar as the temperature used in industry to 

regenerate MEA. Meanwhile, only bicarbonate can be degraded at 100 oC, 

not carbamate, indicating that carbamate is more thermally stable than 

bicarbonate, and the appropriate temperature for PEHA regeneration is 

120 oC. Further, solvents other than 56 wt% of PEHA after capturing CO2 

were also tested at the selected temperature (120 oC) and gave the same 

observation, confirming the regeneration ability of PEHA. 

 

Figure 11. The 13C NMR spectra obtained in regeneration process of CO2 saturated aqueous 

PEHA solution (56 wt% of PEHA) to pure PEHA at 100 oC and 120 oC for both 1 and 3 h. 

 Aqueous MEA (30 wt%) is currently one of the solvents used widely 

in industry for CO2 capture, especially in flue gases from coal-fired power 

stations. In this thesis, aqueous PEHA (30 wt%) was selected for 

comparison with aqueous MEA (30 wt%) in several criteria including CO2 

capacity, rate of absorption, thermal stability of amine, volatility of amine, 

and regeneration ability of amine. 
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Figure 12. CO2 capacity of aqueous PEHA (30 wt%) and aqueous MEA (30 wt%) from fresh 

amines (PEHA, MEA), amines after heating at 120 oC for 20 h (PEHA*, MEA*) and amines 

after heating at 140 oC for 20 h (PEHA**, MEA**). 

 Figure 12 shows that under similar experimental conditions, 

aqueous PEHA (30 wt%) showed a similar initial absorption rate, but 

approximately 20% greater capacity in terms of CO2 capacity at ambient 

conditions (0.138 vs. 0.117 g of CO2/g of solvent) compared to aqueous 

MEA (30 wt%). This superior performance of PEHA could be due to greater 

amount of amine sites per unit mass (PEHA 6/232 vs. MEA 1/61) and 

stronger basicity (PEHA, pKa = 9.7 and 11; MEA, pKa = 9.16). Further, in 

a regeneration study, both amines (PEHA, MEA) can be regenerated at 120 
oC as shown in Figures 13 and 14. However, even after heating for 4 h at 

120 °C, there still were some remaining MEA carbamate species that could 

not be reversed into MEA while almost no PEHA carbamate could be 

detected by NMR after heating for 2 h at 120 °C. These observations 

indicate that less energy could be needed to regenerate PEHA compare 

with MEA under similar experimental conditions. 
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Figure 13. 1H and 13C NMR (in D2O) spectra: a) MEA(30 wt%)-H2O-CO2; b) 120 oC, 1 h; c) 

120 oC, 2 h; d) 120 oC, 3 h; e) 120 oC, 4 h; f) Pure MEA. 

 

Figure 14. 1H and 13C NMR (in D2O) spectra: a) PEHA(30 wt%)-H2O-CO2; b) 120 oC, 1 h; c) 

120 oC, 2 h; d) 120 oC, 3 h; e) 120 oC, 4 h; f) Pure PEHA. 

 To evaluate the volatility, amines were heated in open containers at 

high temperatures (120 and 140 °C) for 20 h. The resulting amines were 

further analyzed using NMR and measured for their CO2 capacities in order 

to evaluate thermal stability of amines. As expected, with much higher 

boiling point (380 vs. 170 oC), Figure 15 shows that evaporative loss of 

PEHA is much lower and it is better than 25 times at 120 oC (20 h) and 

better than 17 times at 140 oC (20 h) compared with evaporative loss of 

MEA, indicating PEHA is more environmentally friendly in terms of amine 

volatility. In addition, PEHA turned from colorless to amber and dark 
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amber at 120 and 140 °C, respectively, while MEA turned to deep brown in 

both cases (Figure 16). Based on the discoloration of amines, those 

results proved indirectly that MEA has lower thermal stability compared 

with PEHA. Amines after heating were further used to make aqueous 

solutions (30 wt%) for CO2 capture and compared to 30 wt% solutions 

from corresponding fresh amines to test the amine recyclability. The 

results show that CO2 capacities of both amines after heat treatment are 

lower compared to corresponding fresh ones at different degrees (Figure 

12). However, this decline in capacity is less significant in the case of PEHA 

compared with MEA under similar experimental conditions. Most 

importantly, PEHA after heat treatment at 120 oC for 20 h showed a 

comparable CO2 capacity to fresh PEHA, indicating the thermal stability of 

PEHA could be appropriate for regeneration process at 120 oC in industry. 

From NMR spectra of amines after heating, there are some small signals of 

degradation products in both amines. Unfortunately, no more information 

could be drawn based on these NMR results. 

 

Figure 15. Evaporative loss of amine (PEHA, MEA) after heating 7 g amine in a 16 mm 

diameter – 8 mL vial at 120 oC and 140 oC for 4 h and 20 h. 
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Figure 16. Amines (PEHA, MEA) before and after heating in open 8 mL vials at (a) 120 oC 

and (b) 140 oC for 20 h. 

 Furthermore, aqueous PEHA was also studied as a chemical solvent 

for CO2 removal from bio-syngas resulting from pilot-scale biomass 

gasification to investigate the influence of the impurities and gas 

compositions other than CO2 from gasification on the performance of CO2 

removal. Firstly, among several PEHA concentrations (15-30 wt%), 20 wt% 

of PEHA was identified as the best option for further study due to its 

highest CO2 absorption capacity per gram of PEHA based on experiments 

with pure CO2 (Figure 17b) and its low viscosity even after being 

saturated with CO2. Then, aqueous PEHA (20 wt%) was tested with 

synthetic gas (34.80 mol% H2, 18.50 mol% CO, 31.80 mol% CO2, 5.00 

mol% CH4, and 9.90 mol% N2) at different pressures (up to 500 kPa) and 

25 oC to investigate the influence of impurities on CO2 absorption. The 

synthetic syngas was used as an inlet gas, and the gas composition after 

absorption at each pressure was analyzed by Micro-GC. The results showed 

that the influence of the species other than CO2 for CO2 removal was 

negligible (Figure 18). 

 

Figure 17. CO2 absorption capacity of aqueous PEHA solution from 15 to 30 wt% of PEHA 

at 25 oC and different pressures in (a) mg-CO2/g-solvent; (b) mg-CO2/g-amine. 
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Figure 18. Gas absorption capacity of aqueous PEHA solution (20 wt% of PEHA) at 25 oC in 

case of synthetic gas. 

 In experiments with real syngas from biomass gasification, the gas 

compositions of the raw bio-syngas (inlet gas) and the outlet gas stream 

after CO2 absorption were recorded by two individual Micro-GCs. The 

syngas from gasification of birch wood at λ = 0.33 (λ = 1 means fuel is 

oxidized completely) was selected as an example for investigation of 

impurities effect on CO2 absorption. In order to compare the efficiency of 

different gases captured by aqueous PEHA (20 wt%) over time, the gas 

capture efficiency was introduced and defined with Equation 15. It 

should be mentioned that during the absorption process, the tracer gas He 

was assumed to be an inert gas to the solution. 

𝐺𝑎𝑠 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑛𝑖

𝑖𝑛−𝑛𝑖
𝑜𝑢𝑡

𝑛𝑖
𝑖𝑛 = (1 −

𝑦𝐻𝑒
𝑖𝑛

𝑦𝐻𝑒
𝑜𝑢𝑡 ∗

𝑦𝑖
𝑜𝑢𝑡

𝑦𝑖
𝑖𝑛 ) ∗ 100% (equation 15) 

where y is the gas composition, n is the gas mole flow rate, the subscripts i 

and He represent gas i and the tracer gas helium, respectively, and the 

superscripts in and out represent the gas inlet and outlet of the set-up in 

Figure 4, respectively. 
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Figure 19. (a) The change of gas composition and (b) gas capture efficiency from bio-syngas 

using birch wood at λ = 0.33 (negative time: stabilization stage in gasification unit; positive 

time: CO2 capture stage in absorption unit). 

 Figure 19b shows that the gas capture efficiency of gases other than 

CO2 is negligible, consistent with the results from testing aqueous PEHA 

with synthetic gas. The fluctuation of values of CH4 could be due to its low 

content in the gas stream (0.5-3.1 vol%) and the time delay between the 

two measurements from two separated Micro-GCs in the raw syngas and 

after absorption. Additionally, aqueous PEHA (20 vol%) solution was also 

tested as a biomass pretreatment agent. Unfortunately, chemical 

pretreatment of birch wood with aqueous PEHA shows no benefit in terms 

of the gasification application. 

4.2. Organic superbase DBU for conversion of CO2 to 

dimethyl carbonate at room temperature (Paper III) 

 A metal-free, one-pot synthesis of dimethyl carbonate (DMC) at 

ambient conditions from CO2 was also reported in this thesis. Firstly, CO2 

was reacted with an equivalent mixture of organic superbase 1,8-

diazabicyclo-[5.4.0]-undec-7-ene (DBU) and methanol in the presence of 

solvent such as dimethyl sulfoxide (DMSO) or methanol to form a 

switchable ionic liquid (SIL) [DBUH][CH3CO3]. Then, this SIL was further 

reacted with methyl iodide (CH3I) to form DMC (Figure 20). 
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Figure 20. Synthesis of (a) switchable ionic liquid [DBUH][CH3CO3], and (b) DMC. 

 

Figure 21. Chemical species were used and formed during DMC synthesis. 

 The one-dimensional (1D) and two-dimensional (2D) NMR analyses 

were used to monitor and explain the reactions. Figure 21 shows chemical 

structures and their numbering of several compounds used and formed 

during DMC synthesis. The results from Figure 22 show that along with 

the main reaction between CH3I and methyl carbonate anion [CH3CO3]- to 

form DMC and [I]- anion, there is also an unexpected reaction between 

CH3I and protonated DBU cation [DBUH]+ to form methylated DBU cation 

[DBUCH3]+ and HI, which subsequently decarboxylates [CH3CO3]- anion 

to form methanol, CO2 and [I]- anion. Figure 23 summarizes proposed 

reactions happened during DMC synthesis. 
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Figure 22. 13C NMR for the synthesis of DMC from [DBUH][CH3CO3] and CH3I in DMSO. 

(a) DBU and methanol; (b) [DBUH][CH3CO3]; reaction mixture after addition of (c) 0.25; (d) 

0.50; (e) 0.75 and (f) 1.2 equivalents of CH3I in DMSO solution of [DBUH][CH3CO3]. (NMR 

analyses with D2O capillary). 

 

 

Figure 23. Main and possible side reactions during DMC synthesis. 

 

 The synthesis of DMC was accompanied with the in-situ formation 

of by-product methanol as well as consumption of [CH3CO3]- anion. Based 

on peak areas of methyl carbons from 13C NMR results, the relative 

amounts (in mol%) of DMC, methanol and [CH3CO3]- anion in the mixture 

were calculated using equations as follow: 

%𝐷𝑀𝐶 =  
𝐼𝐷𝑀𝐶

2
∗100

𝐼𝐷𝑀𝐶
2

 + 𝐼𝐶𝐻3𝑂𝐻 + 𝐼𝐶𝐻3𝐶𝑂3

 (equation 16) 
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%𝐶𝐻3𝑂𝐻 =  
𝐼𝐶𝐻3𝑂𝐻∗100

𝐼𝐷𝑀𝐶
2

 + 𝐼𝐶𝐻3𝑂𝐻 + 𝐼𝐶𝐻3𝐶𝑂3

 (equation 17) 

%𝐶𝐻3𝐶𝑂3 =  
𝐼𝐶𝐻3𝐶𝑂3∗100

𝐼𝐷𝑀𝐶
2

 + 𝐼𝐶𝐻3𝑂𝐻 + 𝐼𝐶𝐻3𝐶𝑂3

 (equation 18) 

where IDMC, ICH3OH and ICH3CO3 represent the peak area of the methyl carbon 

of DMC, CH3OH and CH3CO3
-, respectively in 13C NMR spectra. These 

equations were used to calculate the reactions occurring in the DMSO 

solvent. However, when methanol was used as the reagent as well as 

solvent or co-solvent with DMSO co-solvent, the alternative value for 

methanol was the peak area of the methyl carbon in [DBUCH3][I] salt since 

we observed that the peak area of methyl carbon of in situ formed methanol 

is always similar to peak area of methyl carbon of [DBUCH3][I] salt in case 

of DMSO solvent (Figure 22). 

 

Figure 24. Relative amounts (mol%) of DMC, CH3OH and CH3CO3
- anion in the reaction 

mixture after addition of different amount of CH3I in case of DMSO solvent.   

 It can be seen from Figure 24 that [CH3CO3]- anion was completely 

consumed after addition of 1.2 equivalents of CH3I to form both DMC (62 

mol%) and methanol (38 mol%). In order to investigate the influence of 

the solvent, DMSO solution of SIL was further diluted with methanol 

before adding CH3I to get a series of diluted solutions (6, 12, 25, 50 vol% of 

methanol). Then, 3 equivalents of CH3I (based on DBU) were added into 

these diluted solutions. After 1 h of reaction, product mixtures were 

analyzed by NMR analyses. Figure 25 shows that the relative amount of 
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DMC increased from 76 mol% to 86 mol% in case of 6 and 25 vol% of 

methanol while the relative amount of by product methanol decreased 

from 24 mol% to 13 mol%, respectively. However, only 16 mol% of DMC 

was obtained in case of 50 vol% of methanol and 76 mol% of [CH3CO3]- 

anion remained unreacted, indicating that inefficient interaction between 

[CH3CO3]- anion and CH3I in this case. 

 

Figure 25. Relative amounts (mol%) of DMC, CH3OH and CH3CO3
- anion in the reaction 

mixture containing different amounts of methanol and DMSO, 3 eq. of CH3I, 1 h of reaction 

time.   

 

Figure 26. Relative amounts (mol%) of DMC, methanol and CH3CO3
- anion formed in case 

of (a) 25 vol% of DBU, and (b) 50 vol% of DBU in alcoholic solution. 3 eq. of CH3I. 
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 Experiments with DMSO-free reactions were also performed. 

Typically, 25 or 50 vol% of DBU in methanol were prepared and used for 

CO2 capture to form SIL. Then, 3 equivalents of CH3I was added. Product 

mixtures were analyzed by NMR after 1 or 5 h of reaction time. Figure 26 

shows that the optimum conditions were: 50 vol% of DBU in methanol and 

5 h of reaction time, resulting in a 86 mol% of DMC and 10 mol% of 

methanol. Longer reaction time (10 h) only slightly improve the amount of 

DMC (89 mol%). Overall, the use of methanol as a solvent instead of DMSO 

could hamper the side reaction and, hence, improve the amount of DMC 

(up to 89 mol%). However, a longer reaction time and excess amount of 

CH3I are needed to reach a good yield of DMC. 

 The reaction mixture with 89 mol% of DMC (50 vol% of DBU, 3 eq. 

of CH3I, 10 h) was further added to the ethyl acetate to precipitate the salts 

of DBU formed during the reaction. In order to recover the DBU from the 

mixture of salts, the 4 wt% NaOH in saturated solution of NaCl was used, 

following the procedure already mentioned in the experimental section. 

The purity and recovery of DBU were measured by 1H NMR analysis and 

gravimetric method, respectively. About 86% of the initial DBU was 

recovered from the DBU salts. 

4.3. Mesoporous melamine-formaldehyde resins for 

catalytic conversion of CO2 to cyclic carbonates (Paper IV) 

4.3.1. Characterization of catalysts 

Structure and surface chemistry 

 Table 6 indicates that materials (MMFR, 4 h MMFR, 12 h MMFR) 

obtained under hydrothermal treatment for different times (4-24 h) in 

closed autoclave showed large specific surface area, large pore volume, and 

very large mesopore (17-28 nm). MMFR250 showed a comparable textural 

properties to MMFR, indicating that the polymer framework was still 

maintained after treatment of MMFR at 250 oC for 5 h under N2 flow. In 

contrast with the hydrothermal treatment, the direct thermal treatment 

method in open system produced a nonporous material (MMFR*) similar 

to commercial melamine and the intermediate melamine-formaldehyde 

gel (0 h MMFR). The TEM images (Figure 27) revealed the highly 

disordered structure of mesoporous materials. This observation was also 
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consistent with results of the wide-angle powder XRD (data not shown), 

where only one broad diffraction peak centered at 2θ = 15-30° can be seen. 

 The FT-IR spectra (Figure 28a) of different synthetic melamine-

formaldehyde resins exhibited similar patterns, including the O-H and N-

H stretch (3402 and 3325 cm-1), aliphatic C-H asymmetric stretch (2972 

cm-1), the characteristic triazine ring vibrations (quadrant ring stretch: 

1563 cm-1, semicircle ring stretch: 1488 cm-1, and triazine ring sextant out-

of-plane deformation: 813 cm-1), amine C(aromatic)-N stretch (1350 cm-1), 

and amine C(aliphatic)-N stretch/ether C-O-C asymmetric stretch (1192 

and 1151 cm-1) [103]. The peak at ~1715 cm-1 could be assigned to carbamic 

acid esters resulting from the chemisorption of CO2 on adjacent surface 

amine and hydroxyl/alkoxyl groups under anhydrous conditions [104]. 

 

Table 6. Surface and textural properties of polymeric materials obtained under different 

conditions in comparison to melamine. 

sample 

specific 

surface 

area 

(m2/g) 

pore 

volume 

(cm3/g) 

pore 

size 

(nm) 

aCO2 

uptake 

(mmol/g) 

bCO2 

basicity 

(µmol/g) 

cEd 

(kJ/mol) 

Melamine 0.28 - - n.d 9 - 

MMFR 328 2.05 24.2 5.8 172 92.1 

MMFR250 290 2.21 24.3 2.78 56 64.5 

0 h MMFR 

(gel) 
0.5 0.007 54 n.d n.d n.d 

4 h MMFR 481 2.02 17.22 n.d n.d n.d 

12 h MMFR 404 2.67 27.73 n.d n.d n.d 

MMFR* 0.5 0.001 14.45 n.d n.d n.d 
abased on CO2 uptake (volumetric) at 25 oC and 40 bar  
bbased on CO2-TPD (35-150 oC) 
cactivation energy of CO2 desorption 

MMFR*= sample obtained by thermal treatment in open environment at 150 oC for 24 h   

n.d= not determined 
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Figure 27. TEM images (scale bar 50 nm) of melamine-formaldehyde polymers obtained 

under different synthetic conditions (a) 0 h MMFR gel, (b) 4 h MMFR, (c) 12 h MMFR, (d) 

MMFR, (e) MMFR250 and (f) MMFR* (open). 

 

 

a 
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Figure 28. (a) FT-IR spectra and (b) CP-MAS 13C-NMR spectra (asterisks mark denotes 

rotational sidebands, black: MMFR and red: MMFR250) of melamine-formaldehyde 

polymers obtained under different synthetic conditions. 

 

 

(a) 

(b) 
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 The CP-MAS 13C-NMR profile (Figure 28b) indicated that MMFR 

contained a network of melamine rings (intense peak at 166 ppm and small 

peak at 156 ppm) [80] which were covalently cross-linked via a large 

amount of methylene bridges (-N-CH2-N-, two intense peaks between 42 

and 64 ppm) and a minor amount of ether bridges (-N-CH2-O-CH2-N-, a 

weak signal in the range of 64-82 ppm) [105,106]. Meanwhile, after 

thermal treatment at 250 oC, the CP-MAS 13C-NMR spectrum of 

MMFR250 only showed the presence of methylene linkages (almost no 

signal at 64-82 ppm), indicating that ether linkages could be converted to 

methylene linkages under thermal treatment by removing means of 

removal of HCHO [107]. Figure 29 illustrates the important steps 

involved in the formation of two linkages in melamine-formaldehyde 

resins from melamine and formaldehyde. 

 

Figure 29. A simplified scheme depicting the formation of ether and methylene linkages in 

melamine-formaldehyde polymers. 

 Elemental composition results of EDX analyses (Table 7) showed 

N is the main element (47.47-57.21 wt%) in the synthetic polymers, 

followed by C and O. In addition, the EDX elemental mapping (Figure 

30) revealed a homogeneous distribution of these elements without any 

clusters. Other than that, a small amount of Cl (2.02-7.9 wt%) was also 

incorporated into the melamine-formaldehyde structure, most likely 

through an acid-base interaction between HCl and basic N-sites during the 

synthesis process to form chloride salt. 
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Table 7. EDX elemental composition and the XPS composition of surface N-species of the 

polymeric materials. 

Composition Component MMFR MMFR250 MMFR* 

Elemental 

composition 

(EDX) 

O, wt% 4.29 2.76 3.48 

Cl, wt% 7.9 3.32 2.02 

C, wt% 39.89 43.58 37.29 

N, wt% 47.47 50.34 57.21 

Composition of 

surface N-

species (XPS) 

triazine, % 39.72 45.56 n.d 

amine N, % 52.14 51.4 n.d 

protonated N, 

% 
8.14 3.04 n.d 

n.d= not determined 

 

    

    
Figure 30. EDX microelement mapping (C, N and O) of MMFR (top) and MMFR250 

(bottom). 

 

 Surface elemental composition results of the XPS analyses (Figure 

31) were also in agreement with EDX. Further, the high-resolution XPS 

profiles of the N1s branch of MMFR and MMFR250 revealed two major 

peaks at binding energies (BE) of 398.5 and 399.7 eV corresponding to 

triazine N (pyridine-like, N-6) and amine N configurations, respectively, 

along with a minor peak at 400.9 eV corresponding to the protonated N 

configuration [108]. The (triazine-N/protonated-N) ratio in MMFR250 

increased approximately 3 times compared with MMFR, indicating that 

partial regeneration of triazine-N species could happen through thermally 

induced dehydrochlorination of protonated-N. This assumption was also 

consistent with the appearance of a strong peak of Cl- (ammonium) salt at 

∼197.3 eV in the Cl2p3/2 spectra [109]. The C1s spectra showed four peaks 

at 285.0, 286.6, 287.8, and 289.4 eV corresponding to C−C/C−H, 

N−C−O/N−C−N (linkages), N−C=N (triazine rings), and 
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−O−C=O/−N−C=O functional groups, respectively [110]. Triazine carbon 

is the main C1s peak while the appearance of the small C1s peak at 289.4 

eV could be due to the presence of carbamic esters. The O1s peak at 531.4 

eV in MMFR also confirmed the presence of chemisorbed CO2 in the form 

of carbamic acid esters, which is in agreement with results of FT-IR already 

discussed. Meanwhile, the other O1s peak at 532.4 eV in MMFR could be 

assigned to ether/alcohol O and is consistent with the presence of ether 

linkages in the polymer matrix, as also observed in CP-MAS 13C-NMR. 
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Figure 31. High resolution (a) N1s, (b) Cl2p, (c) C1s, and (d) O1s XPS spectra of 

representative polymer catalysts (MMFR and MMFR250). 

 

CO2 basicity and thermal stability 

 The CO2 basicity values of melamine-formaldehyde resins based on 

CO2-TPD are enlisted in Table 6. The trend of these values can be seen as 

following MMFR > MMFR250 > MMFR* > melamine, which is consistent 

with effects of porous structure and surface chemistry of materials. Both 

MMFR and MMFR250 have large specific surface areas and large amount 

of CO2-philic sites (N, O), hence, their CO2 basicity values outperform 

clearly the values of nonporous materials. Meanwhile, the reducing 
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basicity of MMFR after further thermal treatment at 250 oC (MMFR250) 

could be due to the loss of unreacted methylol groups (>N−CH2−OH), 

conversion of secondary amine to tertiary amine, and the transformation 

of ether linkages to methylene linkages. This assumption is consistent with 

the reducing basicity strength in MMFR250 compared with MMFR and 

MMFR* based on the CO2 desorption temperature (~93 vs. ~108 oC), 

Figure 32a. Further, calculations for the activation energy of CO2 

desorption (Ed) showed values of MMFR (92.1 kJ/mol) and MMFR250 

(64.5 kJ/mol), clearly confirming the presence of stronger basic sites in the 

former material. 
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Figure 32. (a) CO2-TPD and (b) TGA patterns of representative polymeric catalysts. 

 

 The TGA curves of MMFR and MMFR250 (Figure 32b) indicated 

that both materials possess good thermal stability. However, MMFR250 

showed a better thermal stability than MMFR, consistent with blank TPD 

results. A small weight loss observed below 150 °C could be attributed to 

the removal of adsorbed moisture and chemisorbed CO2 from the polymer 

network. Meanwhile, the weight loss in the range between 150 and 350 oC 

could be mainly due to elimination of HCHO from the conversion of ether 

linkages to methylene linkages [111]. The extensive degradation at above 

350 oC could be attributed to the thermal polymerization of melamine to 

carbon nitride. 

Mechanism of mesoporous melamine-formaldehyde resin 

formation 

 Large mesoporous melamine-formaldehyde resins were synthesized 

for the first time through a simple, template-free, organic solvent-free, 2-

step method. At first, melamine-formaldehyde gel was formed through an 
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HCl-catalyzed organic sol-gel process where water was used as a solvent 

media. During the gelation process, water was trapped uniformly within 

the gel structure due to intermolecular hydrogen bonds with the partially 

cross-linked melamine-formaldehyde network. When this gel was further 

treated at 150 oC for 24 h in a closed autoclave in the next step, water played 

a role as a pore-forming agent leading to a large mesoporous melamine-

formaldehyde (Figure 33). The important role of water as a pore-forming 

agent was confirmed from the nonporous structure of the initial gel (dried) 

and melamine-formaldehyde resin obtained by thermal treatment at 150 

°C in an open vessel. To improve stability, MMFR was further treated at 

250 oC for 5 h under N2 atmosphere. This new material (MMFR250) was 

obtained in ~90% solid yield and showed similar textural properties but a 

lower concentration of basic sites. 

 

Figure 33. Plausible mechanism depicting the formation of porous melamine-formaldehyde 

resins MMFR and MMFR250 under hydrothermal conditions. 

4.3.2. Catalytic tests 

Batch experiment results  

 Some selected results from batch experiments are presented in 

Table 8. Overall, porous melamine-formaldehyde resins (MMFR and 

MMFR250) outperformed commercial melamine, nonporous melamine-

formaldehyde resin (MMFR*), and the previously reported N-doped 

carbons in catalytic activity. The trend of TOF values was MMFR250 > 

MMFR > melamine > MMFR* > N-doped C, in agreement with the 

combined effects of surface textural properties and concentration and 

strength of surface basic sites. Most importantly, cyclic carbonates were 

the only product and no by-products were detected by means of GC-FID. 

To investigate the influence of different epoxides, MMFR was used as a 

catalyst.  The results showed that epichlorohydrin was the most active 
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epoxide, followed by 1,2-butylene oxide and styrene oxide. With similar 

structures, epichlorohydrin was more active than BuO due to containing 

an electron withdrawing group (Cl), which activated the epoxide ring for 

the nucleophilic attack by the activated CO2 complex or adsorbed CO2. 

However, styrene oxide was the least active epoxide even though it had an 

electron-withdrawing group (phenyl) in the structure. In this case, the 

steric effect of phenyl ring could also take into account. The reduced 

selectivity observed upon carbonation of 1,2-butylene oxide was associated 

with the evaporation/loss of unreacted epoxide during sampling due to its 

high volatility. 

Table 8. Summary of batch catalytic experiments conducted upon direct carbonation of 

epoxides with CO2. 

Catalyst Epoxide 
Temp. 

(oC) 

Time 

(h) 

Conv. 

(%) 

Sel. 

(%) 

bkini        

(h-1) 

TOF 

(h-1) 

blank 

Epichlorohydrin 

120 24 0 - - - 

Melamine 120 4 14 41 0.037 1680 

MMFR250 120 4 80 >99 0.291 2147 

MMFR 120 4 96 >99 0.819 1884 

MMFR* 120 4 16 40 0.043 587 
a N-doped C 125 n.r n.r n.r 0.7 302 

MMFR 

1,2-Butylene 

oxide 
140 24 90 88 0.095 222 

Styrene oxide 140 24 
88 

(94) 

99 

(>99) 

0.089 

(0.119) 

207 

(278) 

Epichlorohydrin 140 2 >99 >99 3.40 7918 

Conditions: 50 mg of catalyst, 20 mmol of epoxide, 20 bar of CO2 (50 bar CO2), 500 rpm 
a (100 mg catalyst) data adapted from ref. [78],  
b based on initial rate of epoxide conversion 

n.r = not reported 

 

 The plots of epichlorohydrin conversion vs normalized time (time × 

active sites) in Figure 34a indicated that the conversion trends were 

consistent with TOF values, confirming the catalytic superiority per active 

site of MMFR250 over MMFR especially at temperatures ≥120 °C. 

However, at 100 °C, MMFR outperformed MMFR250 (conversion trend 

and TOF value), most likely due to its enhanced CO2 basicity and the ability 

to activate CO2 under milder conditions. The plots of selectivity of 

chloropropylene vs. epichlorohydrin conversion carbonate in Figure 34b 

indicated that the reduced selectivity (< 100%) was found at low 

conversion of epichlorohydrin (< 40%) even though only one product 

(chloropropylene carbonate) was detected. This observation could be 

attributed to the strong adsorption of oxygenated product (cyclic 



 

55 

carbonate) molecules on the polymer catalyst surface (due to hydrogen 

bonding, dipole−dipole, or electrophile−nucleophile interactions). 

However, in case of a small amount of catalyst and at high conversions of 

epichlorohydrin, the adsorbed product was insignificant compared to the 

total obtained product and, hence, the observed selectivity was still close 

to its stoichiometric value (100%) based on GC-FID analysis. This strong 

adsorption phenomenon was also observed in our previous report but the 

reduced selectivity in that report could be seen even at high conversions of 

epichlorohydrin [78]. The difference in selectivity observation compared 

to previous study could be due to several reasons such as double amount 

of catalyst (100 mg), long reaction time (5-15 h) and the presence of 

abundant oxygen functionalities on the carbocatalyst surface. 
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Figure 34. (a) epichlorohydrin conversion vs. normalized time (TOF values in 

parentheses), (b) cyclic carbonate selectivity vs. epichlorohydrin conversion as a function 

of temperature, (c) Arrhenius like plots (ln(kini) vs. 1/T) and (d) catalyst reuse as a function 

of reaction rate constant (kini based on initial rate of epoxide conversion) at different initial 

CO2 pressures for MMFR and MMFR250. Reaction conditions: 20 mmol epichlorohydrin, 

50 mg catalyst, 20 bar initial CO2, 500 rpm stirring rate. 
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 To investigate the reusability of polymeric catalysts (MMFR and 

MMFR250), these materials were recovered by centrifugation, mild 

solvent washing (acetone, methanol), drying (100 °C in static air), and 

tested for reuse experiments under selected conditions (120 oC, 20 and 40 

bar of initial CO2 pressure) in a batch reactor. The operational stability of 

these materials were evaluated based on the plots between initial rate 

constant (kini) and number of catalyst recycle cycles (Figure 34d). The 

results showed that kini values of MMFR decreased gradually with each 

recycle rotation at 20 bar. On the other hand, MMFR250 showed a 

negligible activity loss after the 1st recycle. Interestingly, at 40 bar 

condition, the activity loss was less significant in MMFR compared to 20 

bar, and even the activity remained unchanged during multiple recycle 

experiments in MMFR250. This observed deactivation of catalysts could 

be attributed to the poisoning of active sites due to strong adsorption of 

cyclic carbonates products similar to our previous work [78]. Under higher 

pressure of CO2, a competitive adsorption of CO2 and cyclic carbonates 

inhibits catalyst poisoning. The possibility of N (active site) leaching was 

unlikely as GC−MS analyses of liquid products did not reveal the presence 

of N-compounds (e.g., amines or N-heterocycles). 

Continuous experiment results 

 Table 9 summarizes main results of continuous flow experiments 

using polymer catalysts (MMFR and MMFR250). Overall, both materials 

exhibited high conversions of epoxide (76-100%) and a high selectivity of 

cyclic carbonate (>99%) under operational conditions (120 oC, 13 bar). The 

trends for catalytic activity of catalysts as well as reactivity of epoxides were 

consistent with results in batch mode. Figure 35a presents the long-term 

catalytic stability test using MMFR as a catalyst in continuous flow reactor. 

It should be noticed that the stability tests were conducted under 

equilibrium conditions (80−100% conversions, non-kinetic regime) to 

ensure a high concentration of cyclic carbonates (catalyst poison) in the 

product stream and accelerate catalyst deactivation. At first, 

epichlorohydrin was used as the substrate. It can be seen that conversion 

of epichlorohydrin was always 100% during 109 h of time on stream. 

However, this observation could be misleading about the catalytic stability 

of MMFR due to the high reactivity of epichlorohydrin. Therefore, in the 

next step, the less reactive 1,2-butylene oxide was subsequently used to 

replace epichlorohydrin while the continuous flow experiment was 

performed without replacing or regenerating the catalyst. The results 
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showed that the conversion of 1,2-butylene oxide decreased gradually from 

100% to 86%, at first 133 h, and then remained constant at 86 ± 1% for next 

70 h (about 312 h in total including previous time on stream of 

epichlorohydrin). The reason for this deactivation again could be due to 

the strong adsorption of cyclic carbonates on the catalyst surface but with 

a lower degree compared to batch mode.  The unchanging conversion of 

1,2-butylene oxide at last period indicated that the equilibrium between 

adsorption and desorption of cyclic carbonates and CO2 on the catalyst 

surface was reached, hence, no more blocking of active sites occurred and 

the catalyst activity was remaining constant. 

Table 9. Summary of continuous flow catalytic experiments conducted upon direct 

carbonation of epoxides with CO2. 

Catalyst Epoxide 
Temp. 

(oC) 

Epoxide 

flow 

(mL/min) 

aWHSV 

(h-1) 

CO2 flow 

(mL/min) 

bConv. 

(%) 

Sel. 

(%) 

c mass 

balance 

MMFR 

Epichlorohydrin 120 0.01 0.36 15 100 >99 96 

1,2-Butylene 

oxide 
120 0.01 0.26 15 100 >99 92 

MMFR250 

Epichlorohydrin 120 0.02-0.03 
0.95-

1.42 
15 100 >99 100 

Epichlorohydrin 120 0.04 1.9 15 80 >99 n.d 

1,2-Butylene 

oxide 
120 0.01 0.33 15 76 >99 100 

1,2-Butylene 

oxide 
140 0.01 0.33 15 100 >99 n.d 

Conditions: 13 bar pressure,  n.d = not determined 
a weight hourly space velocity (WHSV) based on epoxide flow,   
b steady state conversion (20-25 h time on stream),  
c  based on liquid products and reactants 
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Figure 35. Epoxide conversion as a function of time on stream for (a) MMFR (total time 

on stream was 312 h) and (b) MMFR250 (total time on stream was 170 h). Conditions: 120 

°C, 13 bar of total pressure, CO2 flow rate (15 mL/min), epoxide weight hourly specific 

velocity (WHSV) was varied in the range of 0.26-1.9 h-1, catalyst bed was used without 

regenerating or replacing for epoxide change, cyclic carbonate selectivity was >99% in all 

cases. 
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 Similarly, the long-term catalytic stability test using MMFR250 as 

the catalyst in the continuous flow reactor (Figure 35b) was also 

investigated under the non-kinetic regime (equilibrium conditions) at 120 

°C and 13 bar pressure. However, now 1,2-butylene oxide was used as the 

epoxide substrate at the beginning, then epichlorohydrin was subsequently 

used in the continuous flow experiments without regenerating or replacing 

the catalyst. The results showed that the conversion of 1,2-butylene oxide, 

unlikely MMFR, remained stable at 76 ± 2% for 105 h of time on stream. 

In addition, in the next operation, irrespective of the flow rate of 

epichlorohydrin (0.02−0.04 mL/min), conversion still remained stable 

during 60 h of operation, confirming the exceptional stability of the 

MMFR250 catalyst for continuous production of cyclic carbonates from 

CO2. The enhanced stability of MMFR250 can be explained mainly in terms 

of the differences in the strength and concentration of basic sites in the two 

polymeric catalysts whereupon the weaker (lower value of Ed) and less 

abundant basic (Table 6) and oxygen sites of MMFR250 interacted more 

weakly (or reversibly) with the cyclic carbonates and CO2, thereby partially 

inhibiting catalyst poisoning during continuous operation.  

4.3.3. Characterization of spent catalysts 

 In other to gain insights into the changes of structure and chemical 

surface of MMFR and MMFR250, spent catalysts were extensively 

analyzed using the analytical techniques described above. The results 

confirmed the hypothesis regarding the presence of cyclic carbonate 

impurities on the surface of spent polymeric materials. The intensity of a 

new absorption peak of cyclic carbonate carbonyl at about 1800 cm-1 in the 

FT-IR spectra of spent polymer catalysts (Figure 36a) was a good 

indication of the surface concentration of such species. Further analysis in 

the high-resolution XPS spectra of spent MMFR and MMFR250 (Figure 

37) revealed the appearance of the adsorbed cyclic carbonate carbon peaks 

in the C1s branch (new O-CO-O peak at 289.8-290.5 eV, enhanced C-O 

peak at 286.5-286.7 eV, and enhanced C-C/C-H peak at 285.0 eV) [78,112]. 

New signals at 534.1 eV (O-CO-O) in O1s [112] and 200.6 eV (C-Cl) in 

Cl2p3/2 branch [109] in both spent MMFR and MMFR250 also confirmed 

the chloropropylene carbonate contaminant on the surface of the spent 

catalysts. The CP-MAS 13C-NMR spectra also revealed the signals of 

chloropropylene carbonate in batch spent catalyst as well as the signals of 

both chloropropylene carbonate and 1,2-butylene carbonate in the fixed 

bed spent catalyst. The TGA patterns of spent polymers (Figure 36b) also 
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showed a shift of the decomposition peak near 400−600 °C toward the 

lower temperatures (300−600 °C) which is in agreement with the presence 

of high-boiling-point cyclic carbonate impurities on the surface of spent 

polymer catalysts (boiling point of 315 ± 15 °C for chloropropylene 

carbonate [113] and 251 °C for 1,2-butylene carbonate [114]). The results of 

N2-soprtion (reduced pore size, pore volume, and specific surface), CO2-

TPD (decreased chemisorbed CO2) and EDX (decreased N and increased 

C) also indicate the presence of carbonaceous impurities filling the pores 

of spent catalysts (Table 10). However, these spent materials still retained 

their textural properties (80-90% of specific surface area and pore 

volume), large mesoporous structure and morphological features. 
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Figure 36. (a) FT-IR spectra and (b) TGA of spent polymer catalysts. 
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Figure 37. High resolution (a) C1s, (b) N1s, (c) O1s and (d) Cl2p XPS spectra of spent 

MMFR (fixed bed) and spent MMFR250 (fixed bed). 

 

Table 10. EDX elemental composition and XPS composition of surface N-species of the 

spent polymer catalysts recovered from batch and continuous experiments. 

Property Component 
Spent MMFR 

(batch) 

Spent 

MMFR 

(fixed bed) 

Spent MMFR250 

(batch) 

Spent MMFR250 

(fixed bed) 

Textural 

properties and 

surface 

basicity 

Specific surface 

area (m2/g) 
260 236 251 177 

pore volume 

(cm3/g) 
1.84 1.61 1.88 1.22 

pore size (nm) 24.7 22.7 23.9 22.3 

CO2 basicity 

(µmol/g) 
76 18 51 14 

EDX elemental 

composition 

O, wt% 4.63 12.43 3.93 8.03 

Cl, wt% 2.42 5.02 1.76 3.27 

C, wt% 46.85 53.93 45.15 52.72 

N, wt% 46.1 28.62 49.15 35.98 

XPS 

composition of 

surface N-

species 

triazine, % 36.97 29.86 42.21 31.44 

amine N, % 59.43 64.4 51.3 62.95 

protonated N, % 3.6 5.74 6.49 5.61 
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4.3.4. Activation and deactivation of catalysts 

 The mechanism of CO2 activation on the solid N-doped polymer 

surface and its subsequent conversion to cyclic carbonate in the presence 

of epoxide can be interpreted in terms of the hard−soft acid−base (HSAB) 

theory [32,115-117]. Basically, the chemical entities could be classified into 

hard and soft Lewis acids or bases; and the acid-base interaction will be 

favored if acid and base are within the same class, namely soft-soft or hard-

hard interaction. Figure 38 summarizes the electrophilic and 

nucleophilic sites of the polymer catalysts and the substrate/product 

molecules involved in the reaction along with the plausible mechanisms for 

the deactivation of these polymeric catalysts. 

 The FT-IR spectra (Figure 39a) show that under low-pressure 

anhydrous conditions, CO2 molecules from atmosphere are chemisorbed 

on a surface amine and hydroxyl/alkoxyl group adjacent to each other 

forming stable carbamic acid esters (IA, 1715 cm-1) during synthesis, 

washing and drying processes. Under reaction conditions (high CO2 

pressure), additional CO2 molecules are adsorbed on the polymer surface 

forming the carbamic acids intermediate (IB, 1686 cm-1). In the step 2, this 

intermediate rearranges to II, whose carbamate anions >NCO2
− (hard 

nucleophilic) subsequently attack the epoxide molecules (soft electrophile) 

leading to the opening of the epoxide ring in the step 3. In the last step, the 

cyclic carbonate molecule is formed via an intramolecular nucleophilic 

attack on the carbamate carbon (hard electrophile) in intermediate III by 

the neighboring RO− (hard nucleophile) group. In an ideal case, the formed 

cyclic carbonates are desorbed and the active amine sites are vacated for 

the next reaction cycle. However, it is also important to highlight that in 

practice, during the final step (step 4), the formed cyclic carbonate 

molecules are not readily desorbed and a significant amount of them 

remains chemisorbed or physisorbed on the catalyst surface, which leads 

to the slow deactivation or poisoning of these polymer catalysts (MMFR 

and MMFR250). As already discussed, the presence of such adsorbed 

organic carbonates was clearly evident from the characterization (FT-IR, 

XPS, TGA, 13C NMR, and CO2-TPD) of spent MMFR and MMFR250 

catalysts [104,118-120]. 
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Figure 38. (a) The electrophilic and nucleophilic sites of the melamine-formaldehyde 

polymers catalyst and the different substrate/product molecules involved in the reaction and 

(b) the plausible mechanisms for the deactivation of polymeric catalysts by the strong 

adsorption of oxygenated molecules.   
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Figure 39. (a) FT-IR patterns showing key intermediates involved in carbonation of butylene oxide with CO2 over melamine-formaldehyde polymers 

and (b) plausible mechanisms for the carbonation of epoxides with CO2 to cyclic carbonates over the melamine-formaldehyde polymers. 
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5. Conclusions  

In this thesis, we introduced successfully aqueous pentaethylenehexamine 

(PEHA) as an alternative solvent to aqueous monoethanolamine (MEA) for 

chemical absorption of CO2 in coal-fired power plants and industries 

(Paper I). We conducted a systematic study to evaluate this solvent for 

CO2 capture processes. Most importantly, aqueous PEHA outperformed 

aqueous MEA in terms of CO2 capacity, regeneration ability, thermal 

stability and volatility. The efficient performance for CO2 capture of 

aqueous PEHA was further confirmed with bio-syngas from pilot-scale 

gasification of biomass (Paper II). The results showed that this solvent 

captured CO2 at high efficiency while other gas components in syngas did 

not affect the performance of solvent.  

Not only studies on CO2 capture, this thesis is also included studies on 

conversion of CO2 to value-added chemicals such as dimethyl carbonate 

(DMC) and cyclic carbonates (CCs). A one-pot, metal-free synthesis of 

DMC from CO2 at room temperature was proposed (Paper III). Although 

this procedure is not a catalytic conversion of CO2 and still has a problem 

with product separation, this study is the first step towards production of 

DMC from CO2 at ambient conditions without using any toxic chemicals 

like phosgene or carbon monoxide. In another study, we introduced 

successfully mesoporous melamine-formaldehyde resins as low-cost and 

efficient heterogeneous catalysts for catalytic conversion of CO2 to CCs 

(Paper IV). We performed a comprehensive study, including synthesis 

and characterization of catalysts, catalytic tests in batch and continuous 

flow reactors, analysis of reaction products, characterization of spent 

catalysts. The results showed that these polymeric catalysts can be applied 

for continuous production of CCs from epoxides and CO2 under 

industrially relevant conditions (120 °C, 13 bar, solvent-free/co-catalyst-

free). In addition, the structure-activity relationship, reaction kinetic 

aspects, and mechanism of catalyst activation-deactivation were also 

discussed in this study. 

Finally, the influence of cations, anions, and functional groups residing in 

the ionic liquids (ILs) in terms of their physicochemical properties and 

their impact on CO2 uptake were briefly reviewed in Paper V (mini 

review).  
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[45] Schäffer, A.; Brechtel, K.; Scheffknecht, G. Comparative study on 

differently concentrated aqueous solutions of MEA and TETA for CO2 

capture from flue gases. Fuel 2012, 101, 148−153. 

[46] Choi, S.Y.; Nam, S.C.; Yoon, Y.I.; Park, K.T.; Park, S.J. Carbon dioxide 

absorption into aqueous blends of methyldiethanolamine (MDEA) and 

alkyl amines containing multiple amino groups. Ind. Eng. Chem. Res. 

2014, 53, 14451−14461. 

[47] Kim, Y.E.; Moon, S.J.; Yoon, Y.I.; Jeong, S.K.; Park, K.T.; Bae, S.T.; 

Nam, S.C. Heat of absorption and absorption capacity of CO2 in aqueous 

solutions of amine containing multiple amino groups. Sep. Purif. Technol. 

2014, 122, 112−118. 



 

72 

[48] Fan, W.; Liu, Y.; Wang, K. Detailed experimental study on the 

performance of monoethanolamine, diethanolamine, and 

diethylenetriamine at absorption/regeneration conditions. J. Cleaner 

Prod. 2016, 125, 296−308. 

[49] Muchan, P.; Narku-Tetteh, J.; Saiwan, C.; Idem, R.; Supap, T. Effect 

of number of amine groups in aqueous polyamine solution on carbon 

dioxide (CO2) capture activities. Sep. Purif. Technol. 2017, 184, 128−134. 

[50] Peng, H.-L.; Zhang, J.-B.; Zhang, J.-Y.; Zhong, F.-Y.; Wu, P.-K.; 

Huang, K.; Fan, J.-P.; Liu, F. Chitosan-derived mesoporous carbon with 

ultrahigh pore volume for amine impregnation and highly efficient CO2 

capture. Chemical Engineering Journal 2019, 359, 1159–1165. 

[51] Chang, J.; Hou, C.; Wan, D.; Zhang, X.; Xu, B.; Tian, H.; Wang, X.; 

Guo, Q. Enhanced CO2 adsorption capacity of bi-amine co-tethered flue gas 

desulfurization gypsum with water of hydration. Journal of CO₂ Utilization 

2020, 35, 115–125. 

[52] Zheng, W.-T.; Huang, K.; Dai, S. Solvothermal and template-free 

synthesis of N-Functionalized mesoporous polymer for amine 

impregnation and CO2 adsorption. Microporous and Mesoporous 

Materials 2019, 290, 109653. 

[53] Goeppert, A.; Zhang, H.; Sen, R.; Dang, H.; Surya Prakash, G.K. 

Oxidation-resistant, cost-effective epoxide-modified polyamine 

adsorbents for CO2 capture from various sources including air. 

ChemSusChem 2019, 12, 1712 – 1723. 

[54] Li, H.; Wang, K.; Feng, D.; Chen, Y.-P.; Verdegaal, W.; Zhou, H.-C. 

Incorporation of alkylamine into metal–organic frameworks through a 

Brønsted acid–base reaction for CO2 capture. ChemSusChem 2016, 9, 

2832 – 2840. 

[55] Kar, S.; Sen, R.; Kothandaraman, J.; Goeppert, A.; Chowdhury, R.; 

Munoz, S.B.; Haiges, R.; Surya Prakash, G.K. Mechanistic insights into 

Ruthenium-pincer-catalyzed amine-assisted homogeneous hydrogenation 

of CO2 to methanol. J. Am. Chem. Soc. 2019, 141, 3160−3170. 



 

73 

[56] Kar, S.; Sen, R.; Goeppert, A.; Prakash, G.K.S. Integrative CO2 capture 

and hydrogenation to methanol with reusable catalyst and amine: Toward 

a carbon neutral methanol economy. J. Am. Chem. Soc. 2018, 140, 

1580−1583. 

[57] Ribeiro, A.P.C.; Martins, L.M.D.R.S.; Pombeiro, A.J.L. Carbon 

dioxide-to-methanol single-pot conversion using a C-scorpionate iron(II) 

catalyst. Green Chem. 2017, 19, 4811–4815. 

[58] Kothandaraman, J.; Goeppert, A.; Czaun, M.; Olah, G.A.; Prakash, 

G.K.S. Conversion of CO2 from air into methanol using a polyamine and a 

homogeneous ruthenium catalyst. J. Am. Chem. Soc. 2016, 138, 778−781. 

[59] Reichardt, C. Solvatochromic dyes as solvent polarity indicators. 

Chem. Rev. 1994, 94, 2319−2358. 

[60] Taft, R.W. and Kamlet, M.J. The solvatochromic comparison method. 

2. The α-scale of solvent hydrogen-bond donor (HBD) acidities. J. Am. 

Chem. Soc. 1976, 98 (10), 2886−2894. 

[61] Kamlet, M.J. and Taft, R.W. The solvatochromic comparison method. 

I. The β-scale of solvent hydrogen-bond acceptor (HBA) basicities. J. Am. 

Chem. Soc. 1976, 98 (2), 377−383. 

[62] Kamlet, M.J.; Abboud, J.L.; Taft, R.W. The solvatochromic 

comparison method. 6. The π* scale of solvent polarities. J. Am. Chem. Soc. 

1977, 99 (18), 6027−6038. 

[63] Tundo, P. and Selva, M. The chemistry of dimethyl carbonate. Acc. 

Chem. Res. 2002, 35, 706-716. 

[64] Pacheco, M.A. and Marshall, C.L. Review of dimethyl carbonate 

(DMC) manufacture and its characteristics as a fuel additive. Energy Fuels 

1997, 11, 2–29. 

[65] Wang, J.; Yamada, Y.; Sodeyama, K.; Chiang, C.H.; Tateyama, Y.; 

Yamada, A. Superconcentrated electrolytes for a high-voltage lithium-ion 

battery. Nat Commun. 2016, 7, 12032–12041. 



 

74 

[66] Tundo, P.; Musolino, M.; Aricò, F. The reactions of dimethyl 

carbonate and its derivatives. Green Chem. 2018, 20, 28–85. 

[67] Kumar, P.; Srivastava, V.C.; Štangar, U.L.; Mušič, B.; Mishra, I.M.; 

Meng, Y. Recent progress in dimethyl carbonate synthesis using different 

feedstock and techniques in the presence of heterogeneous catalysts. 

Catalysis Reviews 2019. DOI: 10.1080/01614940.2019.1696609. 

[68] Huang, S.; Yan, B.; Wang, S.; Ma, X. Recent advances in dialkyl 

carbonates synthesis and applications. Chem. Soc. Rev. 2015, 44, 3079—

3116. 

[69] Tamboli, A.H.; Chaugule, A.A.; Kim, H. Catalytic developments in the 

direct dimethyl carbonate synthesis from carbon dioxide and methanol. 

Chemical Engineering Journal 2017, 323, 530–544. 

[70] Tan, H.Z.; Wang, Z.-Q.; Xu, Z.-N.; Sun, J.; Xu, Y.-P.; Chen, Q.-S.; 

Chen, Y.; Guo, G.-C. Review on the synthesis of dimethyl carbonate. Catal. 

Today 2018, 316, 2–12. 

[71] Phan, L.; Chiu, D.; Heldebrant, D.J.; Huttenhower, H.; John, E.; Li, 

X.; Pollet, P.; Wang, R.; Eckert, C.A.; Liotta, C.L.; Jessop, P.G. Switchable 

solvents consisting of amidine/alcohol or guanidine/alcohol mixtures. Ind. 

Eng. Chem. Res. 2008, 47, 539-545. 

[72] Anugwom, I.; Ma¨ki-Arvela, P.; Virtanen, P.; Damlin, P.; Sjo¨holm, 

R.; Mikkola, J.-P. Switchable Ionic liquids (SILs) based on glycerol and 

acid gases. RSC Adv. 2011, 1, 452–457. 

[73] Jessop, P.G.; Heldebrant, D.J.; Li, X.; Eckert, C.A.; Liotta, C.L. 

Reversible nonpolar-to-polar solvent. Nature 2005, 436, 1102. 

[74] Jessop, P.G.; Mercer, S.M.; Heldebrant, D.J. CO2-triggered switchable 

solvents, surfactants, and other materials. Energy Environ. Sci. 2012, 5, 

7240–7253. 

[75] Bondarenko, G.N.; Dvurechenskaya, E.G.; Ganina, O.G.; Alonso, F.; 

Beletskaya, I.P. Solvent-free synthesis of cyclic carbonates from CO2 and 

epoxides catalyzed by reusable alumina-supported zinc dichloride. Appl. 

Catal., B 2019, 254, 380−390. 



 

75 

[76] Sainz Martinez, A.; Hauzenberger, C.; Sahoo, A.R.; Csendes, Z.; 

Hoffmann, H.; Bica, K. Continuous conversion of carbon dioxide to 

propylene carbonate with supported ionic liquids. ACS Sustainable Chem. 

Eng. 2018, 6, 13131−13139. 

[77] He, H.; Perman, J.A.; Zhu, G.; Ma, S. Metal-organic frameworks for 

CO2 chemical transformations. Small 2016, 12, 6309−6324. 

[78] Samikannu, A.; Konwar, L. J.; Mäki-Arvela, P.; Mikkola, J.-P. 
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