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Abstract 

 
The ever-growing need to reduce CO2 emissions has led to an increased emphasis on 

carbon capture technologies. MEA (monoethanolamine) is considered the benchmark 

solvent for CO2 capture due to its high rate of absorption. However, MEA is prone to 

degradation, forms toxic side products and its regeneration has a high energy demand. 

Another solvent with similar technological maturity is aqueous potassium carbonate 

(K2CO3) that is used in the so-called hot-potash carbonate (HPC) process. However, the 

rate of absorption in aqueous K2CO3 is low in comparison to MEA calling for the addition 

of rate promoters to enhance the absorption rate.  

This thesis investigates the effect of different rate promoters on the absorption rate of 

potassium carbonate. For this, absorption experiments on the laboratory scale were 

conducted in a stainless-steel autoclave reactor under controlled conditions. Various 

promoters have been explored, namely the organic promoters glycine, piperazine, and 

MEA, and the inorganic promoters boric acid and vanadium pentoxide. The promoter 

concentration was varied between 3 wt% to 7 wt% while keeping the concentration of 

K2CO3 constant at 25 wt%. The operating conditions, such as the initial partial pressure of 

CO2 and the temperature were 5 bar and 50°C, respectively. The inorganic promoters were 

studied alone as well as in blends with K2CO3 to understand the effect of each promoter. 

The organic promoters demonstrated a significant enhancement of the absorption rate 

compared to unpromoted K2CO3. Regarding the inorganic promoters, vanadium pentoxide 

showed comparable results to organic promoters with only 3 wt%. When looking at the 

results of vanadium and boric acid, increasing concentration of boric acid resulted in a 

decrease in the absorption rate. The experimentally measured absorption rate are fitted to a 

simple absorption model from which an apparent absorption rate for the promoted solvents 

was derived.  
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Sammanfattning 

 

Det ständigt växande behovet av att minska CO2-utsläpp har lett till en ökad tonvikt på 
teknik för avskiljning av koldioxid från rökgas. MEA (monoetanolamin) anses vara 
riktmärket för lösningsmedel för att fånga in koldioxid på grund av dess höga 
absorptionshastighet. MEA är dock benäget att brytas ner, bilda giftiga biprodukter och 
dess regenerering har ett högt energibehov. Ett annat lösningsmedel med liknande teknisk 
mognad är vattenlösning med kaliumkarbonat (K2CO3) som används i den så kallade hot-
potash carbonate (HPC)-processen. Emellertid är absorptionshastigheten i K2CO3-lösningen 
låg i jämförelse med MEA, vilket kräver tillsats av hastighetspromotorer för att öka 
absorptionshastigheten. 
Denna avhandling undersöker effekten av olika hastighetspromotorer på 
absorptionshastigheten av kaliumkarbonat. För detta utfördes absorptionsexperiment i 
laboratorieskala i en autoklavreaktor av rostfritt stål under kontrollerade förhållanden. Olika 
promotorer har undersökts, nämligen de organiska promotorerna glycin, piperazin och 
MEA, och de oorganiska promotorerna borsyra och vanadinpentoxid. 
Promotorkoncentrationen varierades mellan 3 vikt% till 7 vikt% samtidigt som 
koncentrationen av K2CO3 hölls konstant vid 25 vikt%. Driftförhållandena såsom det 
initiala partialtrycket av CO2 och temperaturen var respektiva 5 bar och 50 °C. De 
oorganiska promotorerna studerades enskilt såväl som i blandningar med K2CO3 för att 
studera effekten av varje promotor. 
De organiska promotorerna visade en signifikant förbättring av absorptionshastigheten 
jämfört med icke promoterad K2CO3. När det gäller de oorganiska promotorerna visade 
vanadinpentoxid jämförbara resultat med organiska promotorer med endast 3 vikt%. Ökad 
tillsatts av borsyra minskade absorptionshastigheten av lösningen promoterad av vanadin. 
Den experimentellt uppmätta absorptionshastigheten är anpassad till en enkel 
absorptionsmodell från vilken en skenbar absorptionshastighet för de främjade 
lösningsmedlen härleddes.
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1 Introduction 

The growing need to tackle global warming in recent years has led to an increased focus on 

mitigating the emissions released by the different sectors. The CO2 emissions from coal-

powered sources in significantly large amounts in the atmosphere are one of the primary 

reasons for global warming. Even today, almost 84% of the world's energy demands are 

met by fossil fuels. According to SCB, Sweden released around 48.7 Mton of CO2 in 2021, 

which is a 2.1% increase in emissions since 2020. The two major contributors to this 

number is the transport industry and the manufacturing industry which increased by 8.1% 

and 8.9% in 2021 [SCB, 2022]. To reduce the level of CO2 in the atmosphere it becomes 

necessary to capture the carbon dioxide emissions.  

The transport sector has developed many ways to switch to fossil-free fuels and thereby 

reduce the percentage of emissions. These include modifying engines to use HVO instead 

of diesel or completely switching to electric vehicles (BEVs).  

In the case of industrial flue gases, Carbon Capture and Storage (CCS) has come back into 

the spotlight for a few decades now. The overall concept is a simple procedure of capturing 

the carbon dioxide released and then compressing it to produce a dense, thick liquid that 

can be easily stored and transported. The compressed CO2 in the form of liquid is then 

injected into underground reservoirs or used in the manufacturing of different chemicals 

(Bandilla, 2020) 

This thesis project focuses on post-combustion processes, through chemical absorption 

using solvents. Potassium carbonate (K2CO3) is the solvent of choice. It presents as a more 

environmentally friendly choice since it is not toxic and, at the same time, it is cheap and 

readily available [(Todinca,2007), (Kohl,1997), (Rahimpour,2004)].  

 

1.1 Problem 

The current industrially established choice of solvent is monoethanolamide (MEA), due to 

its high rate of reaction and chemical capacity. It is also highly soluble in water and has a 

low molecular weight. It is also volatile and degradable with a high demand for 

regeneration energy. The major drawback with K2CO3 based solvents is that K2CO3 does 
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not have the same performance as MEA, i.e., K2CO3 has slow reaction 

kinetics[Savage,1984].  

To overcome the slow kinetics rate promoters are added into the solvent blend to improve 

the rate of absorption of K2CO3. Different kinds of rate promoters are being combined with 

K2CO3 to explore the differences in absorption rate enhancement. 

1.2 Purpose 

This project aims to reduce the disadvantage of the slow reaction kinetics of K2CO3 

[Savage,1984] so that it can be used as an alternative solvent to MEA. One of the main 

purposes of this project is to validate the experimental set-up to ensure that the results 

obtained could be reproduced. Apart from this the solvent was experimented on using 

various amounts of rate promoters to identify which combination would provide the most 

absorption rate enhancement. This would ultimately help provide a more sustainable 

solution of the same technology, thereby making the carbon capture process more 

attractive.   

1.3 Goals 

This project deals with exploring the carbon capture process using potassium carbonate as 

solvent. Different studies have demonstrated that chemicals have promotive behavior. In 

this project, CO2 is captured by using the same setup under the same conditions. This 

change of solvent would be more beneficial economically as well as less harmful to the 

environment. This has been done by: 

− Doing extensive research on the relevant background for this topic 

− Installing the set-up and optimizing the procedure for running experiments. 

− Conducting the experimental trials 

− Comparing results obtained by a standardized method 

− Analyzing the results to understand the differences in rate enhancements. 
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1.4 Delimitations 

The delimitations of this project are the scale of the experimental setup used to conduct the 

study and the availability of chemicals to experiment on. The setup in the lab does not 

allow for experiments with initial gas pressure above 6 bar, even though the stainless-steel 

autoclave can take up to 100 bar. And since the availability of different chemicals is not 

guaranteed, many other types of promoters could not be worked with. Finally, the heating 

bath used to control the temperature of the experiments required frequent monitoring, and it 

would be more efficient to replace it altogether for a better method for temperature control. 

The need for a more sophisticated temperature control was thereby demonstrated.  

1.5 Structure of the thesis 

The structure of this thesis report is as follows. Chapter 2 discusses the relevant background 

information from published research works about post-combustion carbon capture through 

chemical absorption using different solvents and rate promoters. Chapter 3 elaborates on 

the project's methodology, where the experimental setup and procedure are described in 

detail. Chapter 4 talks about the results and how the necessary information was obtained 

from them. Chapter 5 presents the method for data processing. Finally, Chapter 6 features 

the conclusion and mentions the limitations of this project and recommendations for future 

work. 
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2 Background 

 

The method of capturing CO2 can be done through three technologies of carbon capture and 

storage categories developed over the years. These technologies are by (i) pre-combustion 

of the flue gas, (ii) post-combustion of the flue gas, or by (iii) oxy-fuel combustion. Pre-

combustion technologies involve stripping off CO2 from the gasified fuel before 

combustion. There are various technologies that have been commercialized for this purpose 

but the cost of retrofitting existing industries to accommodate these technologies makes it a 

less popular choice. In the case of post-combustion technology, CO2 is captured by 

separating it from the exhaust flue gases coming from the powerplants. This method is 

more widely used as modification of an existing plant for this purpose is more cost-

effective and less cumbersome. Lastly carbon capture through oxy-fuel combustion is 

performed by combusting the gasifying fuel in an almost pure-oxygen environment. This 

results in the release of a more concentrated stream of CO2 which is then easier to capture. 

Since this work is focused mainly on post-combustion methods, the other two types of 

carbon capture are not explored any further in this thesis. [Vincent, 2022] 

Various solvents have been investigated to determine their potential in capturing CO2 using 

post-combustion methods. These include multiple amines such as monoethanolamide 

(MEA), diethanolamine (DEA), di-isopropanol amine (DIPA), as well as alkaline solvents 

like potassium carbonate (K2CO3). Three major solvent-based processes used industrially 

today are the amine-based process, chilled ammonia process, and the potassium carbonate 

process. These solvents have also been used as mixtures to improve the process's absorption 

rates and overall efficiency. Below, a literature review of these solvents are presented. 

2.1 Amine based - MEA 

Currently, the most used amine-based solvent for industrial CO2 capture is MEA. It is 

considered the benchmark solvent for post-combustion carbon capture. The most 

significant advantage of MEA is that it has a fast reaction rate and hence absorbs CO2 fast 

compared to the other solvents. Drawbacks include, (i) MEA is very energy intensive and 

(ii) has a high heat of absorption of around 825 Btu/lb as well as toxic in nature. [Lu, 2011].  
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Using MEA as a solvent for post-combustion carbon capture on a global scale would 

reasonably require investment into the production of the chemical. The significant amount 

of carbon emissions released during the production of MEA is also a factor that needs to be 

examined. A comparison between the latter and the CO2 capacity of MEA reveals that the 

amount of CO2 absorbed by MEA can overcompensate for CO2 emissions released for its 

production stage. Nevertheless, the major disadvantage of MEA based absorption processes 

is its energy-intensity. Most of the research is focused on developing ways to reduce 

consumption or retrofit or redesign equipment to achieve the same. [Luis, P. (2016)] 

Working on this front, Mangalapally et al. discussed the application of two other solvents, 

CASTOR1 and CASTOR2, to replace MEA for its drawbacks. CASTOR1 and CASTOR2 

are basically amine solvents or blends of amine solvents under the umbrella of EU project - 

CASTOR. The solvents were studied in a pilot plant by maintaining a constant CO2 

removal rate while varying the solvent loading rate. The data of these experiments were 

compared to data from experiments conducted with MEA. It was shown that increase in 

CO2 removal rate beyond a point led to a drastic increase in the regeneration energy. This is 

because high removal rate requires very low loading of the lean solvent which in turn 

creates a need for a high amount of energy to achieve separation of CO2. In addition, it was 

found that with higher absorber column heights, solvents CASTOR1 and CASTOR2 have 

lower regeneration energy than MEA. [Mangalapally, 2009] 

Another research work with a similar focus by Im et al. studied the regeneration of rich-

MEA solvent using a rotating packed bed followed by modeling and simulation. The model 

was validated against experimental data from the literature. The study covered parameters 

like rotor speed (200-1200 rpm) and high MEA concentrations (32.6 wt%, 50 wt%, and 60 

wt%). The study demonstrated that rotary packed beds are more energy consuming in 

comparison to conventional packed beds for absorption using MEA. This is because of the 

energy requirement for the rotation as well. The study also suggests that further 

investigation on lower concentrations of MEA might yield results that would be less energy 

demanding. [Im, 2020]  

Apart from reducing energy consumption, much focus has been on comparing the 

performance of MEA with other solvents, such as methyldiethanolamine (MDEA) and 

diethanolamine (DEA), under various operating conditions to understand the behavior and 
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kinetics of the solvents in post-combustion carbon capture. In their simulation study, Hasan 

et al. compared flue gases in three different amine-based solvent solutions (MEA, DEA and 

MDEA) by analyzing the amount of CO2 reduction under various process conditions. 

Promax 5.0 was used to simulate the absorption column, under a temperature of 38°C, and 

concentrations of 10 - 15 wt%. It was concluded that MEA showed the most promising 

results regarding the amount of CO2 captured. However, the purity of the clean flue gas at 

the outlet was limited as it contained approximately 3.6% of CO2 and some of the amine 

blend as well. They claimed that improvements can be made by increasing the 

concentration of MEA or increasing the circulation rate of the solvent. [Hasan, 2020]  

Overall, MEA as a solvent is still widely accepted as the industrial standard for CO2 

capture. However, extra effort must be taken to optimize its energy demands.  

  

2.2 Chilled Ammonia Process (CAP) 

The chilled ammonia process (CAP) of using ammonia at temperatures between 2 – 10 °C 

is used as a solvent technology for post-combustion carbon capture. The absorption rate of 

ammonia is relatively less compared to amines like MEA but does not require as large 

amount of energy for the desorption process to take place. Ammonia as a solvent does not 

degrade and allows for high carbon dioxide capacity. Unlike amines, ammonia is not toxic 

and does not present corrosive properties. [Darde, 2009] 

Ammonia can be used at two different temperature ranges, one between 2 - 10°C which is 

referred to as CAP. This process is a precipitation-based process and allows for the 

precipitation of several ammonium carbonate compounds.  This technique of cooling down 

ammonia to such low temperatures decreases the ammonia slip (loss of gas phase) in the 

absorption tower. Secondly, ammonia can be used at ambient temperature. This process 

does not involve precipitation. Ammonia is not used at high temperatures as it becomes 

volatile and thereby escapes into the atmosphere. [Darde ,2009] 

Disadvantages to CAP include, (i) the energy consumed to chill the ammonia to such low 

temperatures and the problems caused (ii) due to precipitation of salts inside the absorption 

tower and in the pipes. Even still, much work has been done to understand the behavior of 

the ammonia-water system as part of post-combustion carbon capture. [Darde, 2009] 
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Darde et al. worked on describing the properties of the NH3- CO2-H2O system using an 

UNIQUAC electrolyte model. The operating conditions under which this study was 

performed varied from 0 to 110 °C and pressure up to 100 bar. The mass fraction of 

ammonia was fixed at 28 wt%. They discussed five different end products of this process: 

ammonium bicarbonate, ammonium carbonate, ammonium carbamate, sesqui-carbonate, 

and ice. The work also focused on studying the energy requirement. Upon investigation it 

was found to decrease in the initial mass fraction range, beyond which the regeneration 

energy demand increases again. This was attributed to the extra energy required to break 

down the precipitate formed at ammonia concentrations. However, even though it was 

proved that energy consumption is much less than for amines, the energy required to cool 

down ammonia can still be substantial. [Darde, 2009] 

A more recent work by Pérez et al. involved developing a model to find the optimal 

operating conditions that would provide the maximum absorption rate of CO2 using the 

chilled ammonia process while minimizing energy consumption. This work simulated 

results that could be applied to a cement plant which resulted in retaining the efficiency of 

the absorber while providing low values of reboiler duties; 2.1 MJ/kg CO2 captured. [Pérez-

Calvo, 2020]  

Bak et al. performed a laboratory-scale experimental study on carbon capture using chilled 

ammonia. They investigated the effect of the temperature of the feed gas and the solvent 

while keeping the concentration of the ammonia solvent fixed at 7 wt%. The ammonia slip 

and CO2 absorption efficiency were affected tremendously by varying the solvent 

temperature but not as much by gas temperature. The best-case scenario observed was 

when the gas temperature range was between 7 – 10°C and the efficiency achieved was 

85% while 1.43 mol/hr ammonia slip was minimized. [Bak, 2015] 

Some studies have also been conducted at the industrial scale to gauge the capacity of CO2 

captured per day. The chilled ammonia process was used in the We Energies Pleasant 

Prairie Plant. The tests were done to investigate the advantages of CAP, such as lower 

energy for regeneration and cooling to reduce the penetration of ammonia from absorber. 

They used a development program called the EPRI monitoring program to conduct the 

testing. All the tests showed promising results, prompting Alstom to continue validating the 

Chilled ammonia process. [Kozak, 2009] 
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2.3 Potassium carbonate process 

The potassium carbonate technology in carbon capture is also an extensively known 

industrial process. It was first known as the Benfield process and was initially used to 

synthesize liquid fuel from coal. It also provides the additional benefit of removal of 

sulfides from the gas along with CO2. Compared to MEA as a solvent, potassium carbonate 

has some advantages, such as being more readily available and cheap to use as a solvent. It 

is also less toxic than other solvents and does not degrade. Ease of regeneration is another 

advantage of operating K2CO3 as a solvent. [(Borhani, 2015) (Todinca, 2007) (Kohl, 1997), 

(Rahimpour, 2004), (Smith, 2012)] 

K2CO3, like chilled ammonia, may lead to precipitation and crystallization in the pipelines 

at low temperatures [Fosbøl, 2013]. It also exhibits corrosive characteristics [Zhang, 2013], 

but still less when compared to MEA. But the biggest drawback of K2CO3 - the focus of 

this thesis - is that it has slow reaction kinetics [Savage, 1984]. The reaction rate is 

relatively slow especially when compared with amine-based solvents. In the next 

paragraph, the chemical reactions during the potassium carbonate solvent process are listed 

below. [Borhani, 2015] 

 

CO2(𝑎𝑎𝑎𝑎) + H2O + K2CO3(𝑎𝑎𝑎𝑎) ⇄ 2KHCO3(𝑎𝑎𝑎𝑎)                                                                     (1) 

 

Reaction 1 is the overall reaction and constitutes a sequence of parallel reactions, as shown 

below. [Borhani, 2015] 

CO2(g) ⇄  CO2(aq)    [Physical absorption]                                                                                                            

CO2 + OH− ⇄ HCO3
−                                                                                                         (2) 

HCO3
− + OH− ⇄ CO3

2− + H2O                                                                                           (3) 

CO2(aq) + 2H2O ⇄ HCO3
− + H3O+                                                                                   (4) 
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For pH>8, reaction (2) is the rate-controlling step. In this case rns. (3) and (4) are buffer 

reactions because of the HCO3
−/CO3

2− which replenishes and keeps the concentration of OH- 

constant. While for pH<8, reaction 4 is the rate-controlling step [Borhani, 2015]  

Much research has been conducted on the K2CO3 process to understand the behavior of the 

reactants and how the process takes place. Presently, much focus has been on investigating 

the effects of using different rate promoters to enhance K2CO3 absorption rate for carbon 

capture. 

2.4 Rate Promoters 

Rate promoters are any chemicals that can improve the rate of reaction, in this case the rate 

of absorption of CO2. They can be of 3 different types, namely (i) organic, (ii) enzymatic, 

and (iii) inorganic promoters. 

Organic promoters (amines and amino acids) like Glycine, Piperazine, MEA, DEA, etc., 

provide substantial rate enhancement. But they are considered toxic and have a high heat of 

absorption in comparison to the other types of promoters. Enzymatic promoters like 

carbonic anhydrase are expensive to produce but enhance the absorption rate even at low 

concentrations (~1 g/L). Finally, inorganic promoters like arsenic acid, boric acid, or 

vanadium-based compounds have been said to have moderate rate enhancement but are low 

in toxicity. In addition, experimental studies have been conducted on some of these 

promoters or a combination of these promoters to reduce the disadvantage of the slow 

reaction kinetics of K2CO3. [(Borhani, 2015), (Hu, 2017), (Borhani, 2019)] 

Thee et al. conducted experiments using a wetted wall column on amino acid promoted 

K2CO3 and studied the absorption kinetics of CO2 into these solutions. Amino acids like 

glycine, sarcosine, and proline at 1M were used along with 30 wt% K2CO3 at temperatures 

from 40 to 82 °C. Their results indicated that glycine, sarcosine, and proline enhanced the 

absorption rate by a factor of 22, 45, and 14, respectively. [Thee, 2014] 

Shen et al. also worked with amino acid promoted K2CO3 to see the effect on the absorption 

rate. The experiments were conducted by varying arginine from 1 to 7 wt% in a 35 wt% 

K2CO3 solution. The reaction rate expression for arginine was derived as 𝑟𝑟𝐶𝐶𝐶𝐶2−𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =

𝑘𝑘2,𝐾𝐾𝐾𝐾𝐾𝐾[𝐶𝐶𝐶𝐶2][𝐾𝐾𝐾𝐾𝑟𝑟𝐾𝐾]. The effects of arginine concentration and temperature on the rate of 
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absorption were investigated. The absorption rate as a function of temperature and solution 

concentration was also derived mathematically,  

−𝑟𝑟𝐶𝐶𝐶𝐶2 = �2.58 𝑥𝑥1016 exp �−
8645
𝑇𝑇

�𝐶𝐶𝑎𝑎𝐾𝐾𝐾𝐾 + 4.32 𝑥𝑥 1011 exp �−
6666
𝑇𝑇

�𝐶𝐶𝐶𝐶𝑂𝑂−� 𝐶𝐶𝐶𝐶𝐶𝐶2 

The results showed that the enhancement of absorption rate increased with increased 

arginine concentration. The absorption rate increased from 0.6 mol/s to 2.2 mol/s when 

arginine concentration was increased from 1 M to 5 M over a temperature range of 313 – 

343 K. [Shen, 2013] 

Experimental studies using amino acid salts as rate promoters were performed by Yifu Li et 

al., where potassium salts of glycinate, lysinate, and L-argininate were used. Both 

absorption and desorption of CO2 were studied, and the results showed that K2CO3 

promoted with potassium glycinate achieved the highest rate of absorption and desorption, 

namely 39.8 and 17.6 mol CO2/L.s, although the reason for the superiority of glycinate has 

not been clearly stated. They also demonstrated – in a hollow fiber contactor with simulated 

biogas – and glycinates performed best. [Li, 2019] 

 

In another work by Thee et al., the absorption kinetics of MEA-promoted K2CO3 was 

studied using a wetted wall column. The results show that at 63°C, the absorption rate was 

been enhanced by a factor of 16 and 45 with the addition of 5 wt% and 10 wt% of MEA, 

respectively. The results were used in the E-NRTL model, and a simulation of K2CO3 

promoted with MEA in a pilot plant scale was done. [Thee, 2012] 

 

Moving onto the enzymatic promoters, a recent work by Lu et al. investigated the role of 

biocatalysts as rate promoters for K2CO3 for absorption of CO2; in this case, carbonic 

anhydrase was used. In an STR (Stirred Tank Reactor) system, the experiments were 

conducted under Integrated Vacuum Carbonate Absorption Process (IVCAP) conditions, 

wherein potassium carbonate is used as solvent, low quality steam is used for CO2 stripping 

and a biocatalyst enzyme for promoting absorption. The temperature was fixed at 25°C, 

40°C, and at 50°C and the concentration of carbonic anhydrase was varied from 300 mg/l to 

600 mg/l. The results showed that at 300 mg/L concentration of carbonic anhydrase, the 

activity of carbonic anhydrase as a rate promoter decreased even with increasing 
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temperature. But when the concentration was increased to 600mg/l, the enhancement of the 

rate of absorption was significant. [Lu, 2011] 

Ghosh et al. performed absorption experiments with boric acid promoted K2CO3 under 

pseudo-first-order reaction conditions in a wetted wall column. They used boric acid as a 

possible environmentally friendly alternative to the amine promoters. Experiments were 

conducted by varying the concentration of boric acid between 1 to 5 wt% in 30 wt% 

K2CO3. They also added 1:1 mol/mol of potassium hydroxide to increase the concentration 

of potassium in the solution. Results showed that at 60°C normalized flux increased by 

about 2.3x10-11 mol/cm2.s.Pa with an increase in the concentration of boric acid. They 

concluded that boric acid at 3 wt% increases absorption by a factor of 2, but it still gives 

lesser rate enhancement than the amines. [Ghosh, 2009] 

 

Nicholas et al. used V2O5 as a rate promoter for CO2 absorption using K2CO3. The 

absorption kinetics were studied by experimenting with 30 wt% K2CO3 in a wetted wall 

column at 40, 60, and 75°C at various concentrations of V2O5. The speciation of the 

vanadic species was studied using V NMR spectroscopy, and it was found that two species, 

HVO4
2- and HV2O7

3- help promote the absorption rate. The rate constants were also 

expressed mathematically in terms of temperature for the two species. 

kHVO4 = 2x1011 exp �−
4992

T
�  and kHV2O7 = 5x1018 exp �−

10218
T

� 

 

It was found that the addition of vanadium significantly improved the rate of absorption of 

CO2 and the rate constants of the two species were quite comparable to that of MEA. But it 

was also observed that the concentration of vanadium is quite crucial for its performance; 

hence, a primary promoter would be needed to obtain further enhancement. [Nicholas, 

2014] 

Just like the focus of all the research work mentioned above, this thesis project also aims to 

remove the drawback of the slow reaction rate of PC solvent by adding rate promoters to it. 

In this project, different types of promoters are compared to understand their variation in 

the enhancement of the rate of absorption of CO2. Organic promoters like piperazine, 

glycine, and MEA were chosen due to the ease of availability to use in the lab as well as to 



 

13 
 

see the effect they have on K2CO3. Apart from these, inorganic promoters like boric acid 

and vanadium pentoxide were also investigated separately and as blends, along with 

K2CO3, to understand the combined effect of both. Boric acid was chosen as one of the 

organic promoters as it is already quite commonly used as a promoter with K2CO3. Still, 

vanadium pentoxide and boric acid are reportedly used in conjunction, and the latter was 

chosen as it showed the rate of reaction like MEA.  

This comparison and discussion is a valuable contribution to the carbon capture technology, 

which is why this was the topic for the thesis. The following sections will describe this 

project in detail, the experimental methodology, and the lab scale setup used to conduct this 

investigation.  
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3 Methodology   

In this chapter an overview of the research method for this thesis is provided. Section 3.1 

describes the experimental setup. Section 3.2 lists the chemicals used and their respective 

grade of purity. Section 3.2 explains the experimental trials conducted during this research. 

This is followed by Section 3.4, which describes the procedure in detail. Section 3.3 details 

the research paradigm and explains more about solvent loading. Finally, Section 3.6 

describes the method used for the data processing and analysis. Finally, Section 3.7 

describes the method used to analyze the processed data. 

3.1 Experimental setup 

The absorption experiments were performed in the laboratory to investigate and understand 

the effects of various promoters in the potassium carbonate solvent absorption process. The 

experimental setup consists of three components for three different purposes. The actual 

absorption process was performed inside (i) a stainless-steel autoclave with a capacity of 

380 ml. The autoclave is manufactured by Büchiglas, Switzerland and is a part of the 

Miniclave series. It can withstand pressure up to 100 bar. The autoclave is connected to (ii) 

a stainless-steel CO2 storage unit from which the stored CO2 is charged into the reactor. 

The storage unit is a double-ended cylinder manufactured by Swagelok, USA with a 

capacity of 500 ml and a pressure rating of 124 bar.  

Apart from the autoclave reactor and the gas storage unit, there is a third part of the setup, 

which is (iii) the water bath (Model F3, Haake, Germany) used to monitor, regulate and 

ultimately control the temperature of the experiment. The autoclave reactor is immersed 

inside a container filled with water heated by the heating bath, and this ultimately allows us 

to perform experiments in the same operating conditions.  

Two pressure sensors (BD Sensors, Germany, Model DMP-331i with 0.1% FSO accuracy) 

were used to maintain the pressure inside the autoclave and the gas storage unit. One 

pressure sensor (HP) with rating of 0-10 bar was connected to both units via a three-way 

valve. The other sensor (LP, rating of 0-1 bar) measured below atmospheric pressure inside 

the autoclave for higher accuracy of the pressure measurements. These pressure 

measurements as well as temperature measurements by thermocouples located at the 

autoclave and storage units were recorded by using a data logger (National Instruments, 
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USA, Model USB – 6341). Labview was the software used for this purpose. Figure 1 below 

shows the schematic of the experimental set-up for this experimental study. 

 

Figure 1: Schematic of experimental setup 

 

To facilitate the control of the flow of gases and to measure different values with the same 

sensor, different types of valves (all manufactured by Swagelok) have been installed 

according to the need at the specific location. A valve (V1) is placed between the vacuum 

pump and the autoclave for removing the inert gases. Another valve (V2) was located 

between LP and the autoclave to protect the sensor from exposure to high pressure. Valve, 

V3 is placed between the autoclave and the gas storage unit allowed the charge of CO2 

from the storage unit.  

At the end of every experiment, a small sample (2-3 ml) of the loaded solvent was taken 

and titrated against HCl using an auto-titrator (Model Easy Plus, Mettler Toledo, 

Switzerland). This was done for validating the calculated amount of gas charged to the 

autoclave and the mass balances of the setup. Fig. 2 and Fig. 3 show photographs of the 

experimental setup and the auto-titrator, respectively. 
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Figure 2: Experimental setup 

 

 

 

Figure 3: Mettler Toledo Titrator 

 

3.2 Chemicals 

The chemicals used for the experimental studies were purchased from Sigma Aldrich (now 

Merck, Germany) and used as received without further purification. CO2 was taken from 

high pressure source and has purity ⩾98%. The standard 12 M HCl, from Sigma Aldrich, 
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was diluted to 1M for titrations. The chemicals used and their grade is listed in Table 1 

below. 

Table 1: List of Chemicals and their purity   
Name of chemical Grade Purity  CAS number 

Potassium carbonate  ACS reagent ⩾99.0% 584-08-7 

Potassium bicarbonate ACS reagent  ⩾99.7% 298-14-6 

Vanadium (V) oxide  ⩾98% 1314-62-1 

Boric acid ACS reagent  ⩾99.5% 10043-35-3 

Piperazine  Reagent Plus 99% 5625-37-6 

Monoethanolamine (MEA)  ⩾98% 141-43-5 

Glycine  Reagent Plus ⩾99% (HPLC) 56-40-6 

Hydrochloric acid  ACS reagent  37% 7647-01-0 

 

3.3 Experimental trials 

Table 2 : Design of experiments  

Experiment Solvent Solvent strength Promoters Pr-1 (wt%) Pr-2 (wt%) Temp (°C) 

BR2.X25.B7 K2CO3 25 B(OH)3 7 n/a 47.82 

BR3.X25.V3 K2CO3 25 V₂O₅ 3 n/a 52.06 

BR4.MEA25 MEA 25 n/a n/a n/a 53.21 

BR5.X25.B7 K2CO3 25 B(OH)3 7 n/a 46.61 

BR6.X25.B6.V3 K2CO3 25 B(OH)3 & V₂O₅ 6 V₂O₅ - 3 48.48 

BR7.X25.B7 K2CO3 25 B(OH)3 7 n/a 47.76 

BR8.X25.B3.V3 K2CO3 25 B(OH)3 & V₂O₅ 3 V₂O₅ - 3 49.18 

BR9.X25.PZ7 K2CO3 25 Piperazine 7 n/a 48.62 

BR10.X25 K2CO3 25 n/a n/a n/a 48.18 

BR11.X25.MEA7 K2CO3 25 MEA 7 n/a 49.22 
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BR12.X25.GE7 K2CO3 25 Glycine 7 n/a 48.62 

BR13.X25 K2CO3 25 n/a n/a n/a 47.28 

BR15.X25.V3 K2CO3 25 V₂O₅ 3 n/a 47.37 

BR16.X25.V5 K2CO3 25 V₂O₅ 5 n/a 46.87 

 

Table 2 above summarizes the experimental trials performed throughout this study. The 

experiments are listed in order of how they have been performed, and the operational 

parameters that were considered for them. The experiment tag “BR**.X**.**” (where BR 

stands for Batch Reactor) describes the blend of solvent with the first number (the number 

after “BR”) giving the experimental index, the mass fraction of K2CO3 (X** for mass 

fraction) followed by the promoters and their mass fractions which are delimited by dots. In 

the case of double promoters, each promoter has been distinguished by the (.) sign.   

The base solvent in most solvents was K2CO3, as the study's primary purpose was to 

understand the absorption of CO2 in K2CO3. In most of the experiments, the solvent 

strength was taken constant as 25% with only the concentration and type of promoters 

varied.  

A variety of different promoters and their enhancement rate on the absorption of CO2 were 

explored (all experiments except BR4, BR10 and BR13). Organic amine promoters like 

MEA and piperazine, as well as the inorganic promoters, such as boric acid and vanadium 

pentoxide, were used in these trials. Apart from the obvious comparison of rate 

enhancement between the different promoters under more or less same conditions, this 

design of experiments also studies two other effects. One is the overall interactive effect of 

two promoters in BR6 and BR8 while the other is to understand the effect on absorption 

rate with increase in amount of the promoter.  

The temperature of all the experiments was controlled by the water bath in which the 

reactor was placed. It was intended to maintain all the experiments at 50°C so that it would 

provide the common grounds for comparing the results of the experiments. However, since 

controlling the water bath's temperature was not so straightforward, the temperature of all 

the different experiments varied slightly. This was because the water bath that the autoclave 
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was immersed in, was open to the atmosphere and thereby exposed to the ambient 

temperature. Hence the precision of the temperature could not be controlled and varied by 

about 4 to 5°. The temperatures mentioned in table 2 show the mean temperature over the 

entire duration of the experiment.  

Another factor that was also controlled for this investigation was the amount of CO2 that 

was injected into the reactor per injection. Mostly about 3.4 to 3.8 bar of CO2 was injected 

into the reactor, allowing us to compare the experiments.  

The data obtained after doing these experiments is in the form of the pressure sensor 

readings, the thermocouple readings, and the inflection points obtained after titration. This 

combination of pressure readings and how the other data was processed is discussed in 

detail below.  

 

3.4 Procedure 

In a typical experiment the reactor was filled with a known volume of unloaded solvent and 

then closed. The whole system was evacuated for approximately five minutes. After 

applying vacuum, the stirring and heating were turned on and the solvent was allowed to 

equilibrate. This would take a minimum of 2 hours.  

At the same time the storage tank was filled with CO2 up to a pressure of 5.5 – 6 bar. 

Following the equilibration of the solvent the valve between the storage tank and the 

autoclave was opened. This caused the CO2 in the pressurized storage tank to flow into the 

autoclave. After a few seconds the pressure observed on the two units would be the same. 

At this point the valve located between the units was closed and the solvent was allowed 

absorb the CO2 charged to the autoclave to reach a new equilibrium. During this absorption 

process, which typically took around 60 min to stabilize, the pressure in the autoclave and 

the storage unit were monitored by Labview. At the end of each experiment, the new loaded 

solvent was titrated as described below. 
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3.5 Determination of solvent loading 

To better characterize the solvent and understand parameters such as loading and solvent 

strength, potentiometric titration was performed. Using this technique, the chemical 

reaction taking place can be understood better, and the concentration of the K2CO3 and 

loading can be derived practically.  

Since there are two components in the system (carbonate and bicarbonate), the titration of 

the solvent with 1M HCl has two significant dips, which are referred to as volumetric 

equivalence points (VEP) or volumetric inflection points (VIP). Both inflection points 

indicate the consumption of one component and inherent conversion to another product. 

The first inflection point indicates that all the carbonates (CO3
2−) in the solution have been 

converted to bicarbonates by the strong acid, HCl. The second inflection point shows the 

conversion of both the pre-existing bicarbonates (HCO3
−) in the solution and the newly 

converted bicarbonates to carbonic acid. Carbonic acid is an unstable product; it breaks 

down to form carbon dioxide and water. The reactions taking place during the titration are 

given below (the reactions are written with arrows in one direction to indicate that 

carbonate and bicarbonate are converted during the titration) 

CO3
2− +  H+ → HCO3

−                                                                                                        (1) 

HCO3
− +  H+ → H2CO3 → H2O + CO2                                                                              (2)                                                  

The above phenomenon can also be written mathematically using simple mass balance 

relations to derive the desired values.  

For reaction 1 (from 0 ml – VIP1), 

CHCl VIP1 =  nCO32−   

∴ CHClVIP1 = [CO3
2−] Vsoln                                                                                                (3) 

 

For reaction 2 (from VIP2 – VIP1), 

CHCl (VIP2 − VIP1)  =  nCO32− + nHCO3−    = (moles of CO3
2−conv. to HCO3

− +
moles of original HCO3

−in the solution)   
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∴ CHCl (VIP2 − VIP1)  = ([CO3
2−] + [HCO3

−])Vsoln                                                          (4) 

 

Substituting equation 3 in 4: 

 CHCl(VIP2 − VIP1) = �CHCl
VIP1
Vsoln

+ [HCO3
−]�Vsoln   

 

∴ CHCl(VIP2 − 2VIP1) = [HCO3
−]Vsoln                                                                             (5) 

 

Hence, given the concentration of HCl and the sample volume, we can derive the 

concentrations of [CO3
2−] , [HCO3

−] from Eqs. (4) and (5). 

Moving onto the loading of a solution, it is defined as the amount of carbon dioxide 

absorbed by the solvent. It can be written as the ratio of the concentration of carbon dioxide 

to the concentration of the solvent.  

θ = CCO2,abs
Ck2

                                                                                                                       (6) 

 

Before exploring that, the solvent strength or the concentration of K2CO3 must be defined 

and determined. 

In a typical run using unpromoted PC solutions, carbonate conversion to bicarbonates 

occurs. The absorption of CO2 into unpromoted K2CO3 occurs according to the following 

stoichiometry, 

K2CO3 + CO2 + H2O ⇌ 2 KHCO3                                                                                       

 

At Ɵ = 0, no HCO3
− are present, i.e, the only constituents of the solvent are K+ and CO3

2-. At 

higher loading, HCO3
− will also be present at the expense of CO3

2-. For X amount of CO2 

absorbed, stoichiometry dictates,  

[CO3
2−] = cK2 − X 
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[HCO3
−] = 2X ⟹ X = [HCO3

−]
2� = cCO2,abs                                                                   (7) 

 

A charge balance provides a relation between the different species: 

∴ 2cK2 + [H+] = 2[CO3
2−] + [HCO3

2−] + [OH−] ⟹ cK2 =  [CO3
2−] + [HCO3

2−]
2�                   (8) 

 

Since [H+] and [OH−] are very low in concentration, they can be neglected.  

 

Substituting equations 6 and 7 in 5: 

θ =
[HCO3−]

2�

�CO32−�+
[HCO3−]

2�
   ⟹ θ = [HCO3−]

2�CO32−�+[HCO3−]                                                                       (9) 

 

According to eqn. (9), the loading of unpromoted K2CO3 is related to [CO3
2−] , [HCO3

−]. 

Hence by combining equations (4) and (5), solvent loading can be related to the inflection 

points of the titration curve. 

                   θ = CHCl∗(VIP2−2VIP1)/Vsoln
CHCl∗VIP2/Vsoln

⟹ θ = VIP2−2VIP1
VIP2

                                              (10) 
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3.6 Data processing 

All data processing has been done in Matlab version R2022a. The data obtained from 

LabVIEW consists of four sets of readings that come from the four sensors, namely the low 

pressure sensor, the high pressure sensor, the thermocouple inside the storage tank, and the 

thermocouple in the reactor. The data from the experiment was imported to Matlab for 

processing.  

Figure 4 shows the raw data obtained from LabVIEW. All the graphs show the overall 

process taken place during the experiments and shows readings from both the storage tank 

as well as what happens inside the reactor. Roughly every experiment was conducted over 6 

to 8 hours during which several injections of CO2 into the autoclave took place. Fig 4 a., the 

high-pressure vs. time graph on the top left-hand side shows the readings from the high-

pressure sensor from the time of vacuum until the solvent reaches equilibrium after the final 

injection. The first large hike in fig 4 a. represents the filling of the storage tank with CO2 

from the main source, to approximately 5.5 bar of CO2. The CO2 pressure in the tank is then 

measured for an extended period. The flat pressure signal indicates that the storage tank is 

leak-free. This is followed by a sharp drop, which indicates the valve is opened towards the 

reactor. CO2 is transferred from the storage tank to the reactor unit. From this point 

onwards, the graph shows the absorption of CO2 into the solvent occurring in the reactor. 

The absorption process is observed as a gradual exponential decay in the pressure inside the 

reactor.  

The high-pressure sensor is not so sensitive to show accurate values when the pressure is 

below 1 bar; hence, when it gets below 1 bar, the high-pressure sensor is turned off, and the 

low-pressure sensor is turned on. This is seen by the sharp decrease in fig 4 a. and the sharp 

increase in fig 4 b, the low-pressure vs. time graph. The second hike in fig 4 a demonstrates 

that the high-pressure sensor is measuring pressure inside the storage tank. At this point the 

pressure becomes constant indicating the storage tank pressure after injection. Once the 

solvent attains equilibrium as seen in figure 4 b, the storage tank is filled with CO2 again 

which is indicated by the next hike in figure 4 a. The whole process is repeated as another 
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injection of CO2 is performed. 

 

Figure 4: An example of raw data obtained from experiments. 

 

Fig 4 c, lower left-hand side shows the temperature of the gas phase inside the reactor, 

while fig 4 d shows the gas temperature in the storage tank (which oscillates around 

ambient temperature).  

Figure 4 a shows that the high-pressure sensor shows readings from both the storage unit 

and the reactor, making it difficult to understand or visualize the absorption process only. 

To represent the absorption process alone, the data from the two sensors were combined 

into one graph as shown in figure 5. 



26 | Methodology 

 
 

 

Figure 5: Absorption process for single injection, produced by combining the data collected from the PI. 

 

Figure 5 shows the graphical representation of the absorption process inside the reactor 

prior to a charge till the equilibration of the solvent. The flat line observed before the sharp 

increase (charge of CO2 to the reactor) at t=0 indicates the solvent at equilibrium prior to 

the injection of CO2. And to visualize the overall absorption cycle, these two graphs 

indicating the two charges were stitched together to produce the graph in Figure 6 below.  

 

Figure 6: Overall absorption cycle 
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3.7 Analysis of processed data – Mass balances for validation of experiments   

Now that the raw data has been processed, an analysis can be made to determine the 

absorption rate of each solvent blend so that a final comparison and conclusion can be 

drawn.  

The absorption rate of the solvent translates to the amount of CO2 (or moles of CO2) 

absorbed per unit of time. In this case, the amount of CO2 absorbed per injection can be 

determined by the difference in the moles of CO2 charged to the autoclave and the moles of 

CO2 remaining after the solvent has attained equilibrium. The amount of CO2 charged in 

one injection can be calculated using the ideal gas law. These mass balances have been 

developed below to validate the experiments conducted. 

At the storage unit: 

�Pi,s − Pf,s� ∗ Vs = nCO2,charged ∗ R ∗ Ts   (Using Ideal gas law)                                                     

⇒ nCO2,charged = �Pi,s − Pf,s� ∗ 𝑉𝑉𝑠𝑠
R ∗ Ts
�                                                                                           (10) 

 

Pi,s and Pf,s indicate the pressure inside the storage tank before and after an injection in Pa 

and Vs, R, and Ts respectively refer to the volume of the storage tank in m3, gas constant in 

Pa.m3/mol. K, and temperature of the gas side in the storage tank in K.  

Similarly, the moles of CO2 in the gas phase of the autoclave after equilibrium can be 

estimated using the ideal gas law, 

PCO2,eqVg = nCO2,eqRTr 

nCO2,eq =
PCO2,eqVg

RTr
�                                                                                                                          (11) 

 

PCO2,eq indicates the gas pressure in the autoclave at equilibrium (Pa). Vg and Tr represent 

the volume of the gas phase in the autoclave in m3 and the temperature of the gas phase in 

the autoclave (K).  

The moles of CO2 absorbed by the solvent can then be calculated by a mass balance: 

𝑛𝑛𝐶𝐶𝐶𝐶2𝑎𝑎𝑎𝑎𝑠𝑠 = 𝑛𝑛𝐶𝐶𝐶𝐶2𝑐𝑐ℎ𝑎𝑎𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 − 𝑛𝑛𝐶𝐶𝐶𝐶2𝑎𝑎𝑎𝑎                                                                                                         (12) 
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These three equations were calculated for each cycle individually and then summed up to 

obtain the final moles of CO2 absorbed by the solvent blend throughout the experiment. 

Table 3 below shows the list of the parameters used for these calculations.  

Table 3: Specifications of experimental setup and conditions 

Parameter Symbol Value 

Volume of storage tank Vs 500 x10-6 m3 

Volume of reactor Vr 386 x 10-6 m3 

Volume of solvent added Vl 135 x 10-6 m3 

Volume of the gas phase in reactor (Vr-Vl) Vg 251 x 10-6 m3 

Gas constant R 8.314 

Concentration of solvent CK2 2300 (mol/m3) 

 

The values of Pi,s, Pf,s, and PCO2,eq are determined throughout the pressure measurement 

(Section 3.6). These parameters are derived from the raw data in Figure 4 . The value of Pi,s 

and Pf,s is taken as the mean of values over the corresponding regions (i.e, storage tank -

before and after injection). Pi,s  is taken as the mean over the flat region which occurs after 

the first peak in Figure 4 a. Similarly Pf,s is taken from region where the curve starts to 

exponentially decline in Figure 4 a. The mean of that small transitional region is the value 

of Pf,s. Apart from these, PCO2,eq is determined using equation 13, where Pinf and Pvapour are 

taken also as the mean values of the regions indicated in Figure 4 b. Pinf  is the mean value 

of the range showing the solvent equilibration and Pvapour is the small region which occurs 

before the first incline. 

PCO2eq = Pinf − Pvapor                                                                                                                              (13) 

The value of Ts is taken as the mean of the temperature readings in the storage tank 

throughout the experiment, and the value of Tr is taken individually for each cycle as the 

mean value of the temperature of the gas phase in the reactor over time duration of each 

cycle. The value of Ts is taken over the entire duration of the cycle as there is not much 

difference throughout the experiment.  
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Another significant value found from this analysis is the loading of CO2 in the solvent 

represented as Ɵ. Solvent loading is calculated using the following equations 14 and 15, 

where nK2 is the moles of potassium, Vl is the volume of the solvent added to the reactor in 

m3, and cK2 is the concentration of K2 in the solvent blend in mol/m3.  

nK2 = Vl ∗ cK2                                                                                                                                          (14) 

𝜃𝜃 = 𝑛𝑛𝐶𝐶𝐶𝐶2,𝑎𝑎𝑎𝑎𝑠𝑠/𝑛𝑛𝐾𝐾2                                                                                                                                    (15) 

The loading value is also calculated by cumulating the values for every charge cycle, and at 

the end, the final value of loading is obtained. This value, for unpromoted K2CO3 solvents 

can be compared with that measured using titration (Section 3.5) allowing us to validate 

these mass balances as well as the use of ideal gas law and the estimated reactor volumes. 

Figure 7 below shows the comparison of loading calculated by titration as well as derived 

from the mass balances. It is seen that most experiments are very close in comparison and 

this agreement demonstrates the validity of the trials conducted. A systematic difference in 

every case can be seen which is that the loading by mass balance is always smaller than 

loading by titration.  
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Figure 7: Comparing values of loading to validate experiments. 
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4 Results 

In this section, the focus will be on analyzing the results, discussing the behavior shown by 

various blends, and comparing them. To better understand the absorption rates and to easily 

discuss this pattern between various blends, the trials have been grouped together in figures 

as shown below. 

4.1 Reproducibility  

The setup's reproducibility was tested to ensure the credibility of the results and the 

robustness of the experimental procedure. Figure 8 below illustrates the repeated 

experiments of the solvent promoted with 3 wt% V2O5. The blue curve shows the data from 

experiment BR3 and the red curve represents BR15. It can be noted that the two data sets 

are very close and describe a similar exponentially declining curve. It is also worthwhile to 

mention that the two experiments were done at different times, with the time-span between 

BR3 and BR15 being ca. 6 weeks. This repeatability was also checked with B(OH)3 

promoted solvent and the unpromoted solvent, and it showed similar results as Figure 8, 

thereby demonstrating that the setup could produce reproducible and reliable results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 8: Reproducibility of experiments. 
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In Figure 8, BR3 also shows a decay in pressure before t=0. This is not of much 

significance as this is due to unstabilised temperatures in the initial steps for BR3 and does 

not have much relevance to the topic of our discussion. 

4.2 Effect of promoters 

Figure 9 shows the absorption curves for the first charge for trials with solvent blends of 

organic promoters piperazine, glycine and MEA and the base solvent as 25 wt% potassium 

carbonate. As seen from Figure 9, using MEA as promoter has the sharpest decay and 

thereby demonstrating higher absorption rate enhancement compared to the other blends. 

The blend with glycine shows almost an exponential decay, while piperazine and MEA are 

linearly declining. The difference in the final pressure for piperazine compared to MEA and 

glycine is due to the inconsistent control of temperature throughout an experiment. While 

the overall average temperature of all three experiments was very close, the temperature of 

piperazine over the injection is higher in magnitude compared to the others. The order of 

absorption rates, according to Figure 9, is MEA>Piperazine>Glycine, but this will be 

discussed in further detail below.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 : Absorption rate curves for organic promoters corresponding with BR9, BR11 and BR12 from 
Table 2 
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Figure 10 below shows three trials: unpromoted potassium carbonate, potassium carbonate 

with 3 wt% V2O5, and potassium carbonate with 7 wt% B(OH)3. It can be observed that the 

decaying curves of the unpromoted case and the trial with 7 wt% of B(OH)3 almost fall on 

top of each other, indicating that B(OH)3 has negligible rate enhancements as a promoter. 

The solvent blend with V2O5, however, is significantly faster than the unpromoted case and 

the B(OH)3 promoted trial. This is even though the concentration of V2O5 is lower than 

B(OH)3 (both in terms of mass concentration and molar concentration). Even though there 

are temperature differences between these two experiments, the effects of B(OH)3 at this 

concentration are negligible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Combinations of organic promoters were additionally investigated. Figure 11 below shows 

the absorption curves for solvent blends containing 3 wt% V2O5 and various weight 

fractions of B(OH)3. Varying the amount of B(OH)3 while keeping the amount of V2O5 

constants allows for exploring the effect of B(OH)3 as a promoter along with V2O5. The 

three different experiments, B6V3 (BR6), B3V3 (BR8), and V3 (BR15), have a constant 

amount of V2O5, i.e., 3 wt%, and the amount of B(OH)3 is 6 wt%, 3 wt%, and 0 wt% 

respectively.  

As shown in Figure 11, a clear distinction can be observed between the three curves. The 

rate of absorption experiment with no B(OH)3 as a part of the solvent blend seems to be 

Figure 11:  Figure 10: Absorption curves for unpromoted K2CO3 and promoted with B(OH)3 and V2O5 
 



34 | Results 

 
 

faster than the other two trials. It can be observed that the less the amount of B(OH)3 in the 

solvent blend with V2O5, the faster the rate of absorption of CO2. The experiments suggest 

B(OH)3 counteracts the rate enhancement of V2O5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since V2O5 showed promising results as a promoter with 3 wt%, another experiment was 

conducted where V2O5 was increased to 5 wt% to understand if increasing the amount 

positively affects the rate of absorption. Figure 12 below compares the two trials where the 

solvent is promoted with 3 wt% and 5 wt% V2O5. The base solvent is kept at 25 wt% 

K2CO3. Figure 12 clearly shows that the increase in the amount of V2O5 did not affect the 

rate enhancement, and the curve falls almost exactly over the curve with 3 wt% of V2O5 as 

promoter. There may be some shifts because of temperature, but the increase in 

concentration of V2O5 from 3 wt% to 5 wt%has negligible effects on the absorption rate. 

Figure 12:  Figure 11: Absorption curves of vanadium and boron blends with potassium carbonate 
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5 Analysis and Discussion  

In this section, the rate promoters will be compared and analyzed according to their 

performance to conclude which promoter would be more effective in combination with 

K2CO3. After having gone through the various graphs above, it becomes a little tricky to 

portray which promoter is more effective clearly, and more than that, how much more 

effective are they compared to the rest? 

To get to that answer more efficiently, the derivative of the slope was taken so that a 

nominal value could be assigned to each curve and therefore allows for a more obvious 

comparison.  

dP
dt

= k(P − Pinit.)                                                                                                           (16) 

ln(P − Pinit.) = kt + b                                                                                                   (17) 

Eqn 17, is of the same form as y=mx+b (equation for slope of line) where m is the slope 

and b is the intercept. Here, the slope k was calculated using the Polyfit function on Matlab. 

The values for the slope and a corresponding bar graph are shown below in table 4 and 

Figure 13.  

Table 4:  Apparent absorption rate coefficient from Eq. (18) 

Experiment Name k Apparent absorption 
rate (1/s) 

BR5.X25.B7 0.001 
BR6.X25.B6V3 0.0012 

Figure 12: Absorption curves of solvent promoted with Vanadium of 3wt% and 5wt% 
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BR7.X25.B7 0.0011 
BR8.X25.B3V3 0.0013 

BR10.X25 0.001 
BR12.X25.GE7 0.0012 

BR13.X25 0.0009 
 

 

 

 

 

Figure 13: Apparent absorption rates for the experiments 

 

The apparent absorption rates for blends in BR2, 3, 4, 9, 11, 13, 15 and 16 are not reported 

as they demonstrated linear decline rather than exponential. The same calculation cannot be 

done for a linearly declining line. The trials containing V2O5, piperazine or MEA show 

steep linear decaying trend; hence, the absorption rates of these experiments has not been 

expressed in a nominal value. The reason why these trials do not have an exponential curve 

is that the rate promoter in these cases performs rapidly in these operational conditions and 

consumes the available CO2 quickly.  

However for experiments that allow for calculating the slope derivative, some interesting 

points can be noted. The first point to be noted is that the apparent rates of absorption are 

close to each other in their values. So, addition of any of the promoters did not bring any 

drastic enhancement in k when compared to each other. Also, considering the lack of 
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control on the heating bath, the slopes also validate the experimental setup's reproducibility 

to a certain extent as seen by the repeated experiments showing close results (i.e, BR5 and 

BR7 as well as BR10 and BR13). And looking at the overall list, the experiment that shows 

the highest absorption rate is the trial with the solvent blend of K2CO3 at 25 wt% and 

B(OH)3 at 3 wt%, and V2O5 at 3 wt%. This is seen in Figure 11 in the results section, 

where the curve for B3V3 shows better rate enhancement than for others.  

 

Before the discussion on the experiments with a linear trend, a brief description on the 

process of absorption is required. Absorption of CO2 takes place through two phenomena, 

physical and chemical absorption. Physical absorption consists of 2 steps; the diffusion of 

gas through the gas film, dissolution into liquid phase and finally the chemical reaction 

takes place. The chemical reaction between the solvent and the gas leads to the product, 

which is bicarbonate in this case. The driving force is the difference in partial pressure of 

the gas phase and, thereby, the chemical potential or the concentration difference. This can 

be better understood from eqn 19 below,  

NCO2 = K(PCO2 − P∗)                                                                                                         (19) 

When rate promoters are added to the solvent, the rate of reaction gets affected, and 

absorption takes place faster. The experiments with V2O5, Piperazine or MEA show a 

different qualititative behavior than the other trails where absorption is slower. Almost as 

soon as the gas phase enters the liquid phase, it gets consumed, and the pressure of the gas 

phase is not enough driving force here. It is clearly seen that CO2 gets absorbed relatively 

fast and attains the absorption equilibrium soon. To make a proper estimation the initial 

partial pressure of CO2 should be much lower, which was not explored in this study.  
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6 Conclusions and Future work 

In this section, the final findings of the thesis will be presented, and recommendations for 

future work will be discussed along with the limitations of the project.  

6.1 Conclusions 

The main aim of this project was to qualitatively assess the performance of various rate 

promoters along with K2CO3 as the solvent to capture CO2 effectively. The aim was to 

determine which promoter, or a blend of promoters provided the most rate enhancement for 

the absorption of CO2. Various organic promoters, namely MEA, Glycine, and Piperazine, 

as well as inorganic promoters, i.e., B(OH)3 and V2O5, were included in this investigation. 

For this the experimental conditions, i.e, amount of CO2 injected, temperature, solvent 

concentration and loading were kept constant while the promoters were varied. These 

conditions were characterized by rather high CO2 pressure, unloaded solvents, high 

promoter concentrations and relatively lower temperatures (50 °C) for a potassium 

carbonate process. 

The results indicated for the above-mentioned conditions that out of the different organic 

promoters, MEA had the fastest absorption rate, followed by piperazine and glycine. 

B(OH)3 on its own showed negligible change in absorption of CO2 from the standard 

reference case of unpromoted potassium carbonate solvent, which is quite contrary to the 

findings of another research work [Smith, 2012]. But this could also be due to the 

difference in the amount of K+ ions (the main solvent was a blend of 1:1 K2CO3: KOH in 

other research), available for reaction. Further trials demonstrated that increasing B(OH)3 in 

the solvent blend in the presence of V2O5 reduced the rate of absorption and that the solvent 

blend with the highest concentration of B(OH)3 (6 wt%) had the slowest absorption rate.  

At the same time, the presence of 3 wt% V2O5 visibly enhanced the absorption rate. 

Furthermore, most of the rate enhancement that V2O5 could provide was attained with the 3 

wt%, and higher concentration of V2O5 did not lead to an increase in the absorption rate of 

CO2. This is because vanadium undergoes speciation into 4 or 5 different species (namely 

HVO4
2- , V2O7

4–, HV2O7
3–, V3O10

5–/V4O13
6– and K4V2O7 ) , and only two active species 

allow for maximum rate enhancement (HVO4
2- and HV2O7

3-) [Nicholas, 2014]. With 

increase in the concentration of vanadium, the pH level changes, and the type of active 
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specie present changes. This is because different species get activated in different pH 

ranges. Therefore, the overall performance of vanadium gets reduced or, in other words, 

hits a peak at the pH range where HVO4
2- and HV2O7

3- are active and then diminishes as 

the reaction continues. Thereby it should be used along with another component to achieve 

maximum rate enhancement [Nicholas,2014]  

The exponentially declining curves were analyzed by calculating the time derivative of the 

pressure decay so that a quantitative comparison could be made of the trials providing an 

apparent rate of absorption. This could not be performed on absorption experiment where 

the pressure decay exhibited a linear trend, so they could not be included in this 

comparison. Nevertheless, according to the apparent rate values, the solvent blend with 

equal amounts of V2O5 and B(OH)3 promoter (3 wt%) showed the best rate enhancement. 

To conclude, all the organic promoters showed high-rate enhancement, particularly MEA, 

as seen in Figure 9. Meanwhile, V2O5 demonstrated faster absorption rate than B(OH)3. 

Qualitatively the blend without B(OH)3 and with only V2O5 are the best performing among 

the inorganic blends investigated. To draw a clear comparison, some changes (discussed 

below) in the setup and operating conditions could be made so that all experiments can be 

analyzed quantitatively.  

6.2 Limitations 

The main limitations of this thesis were caused due to the extreme operating conditions: 

high pressure, zero loading, high promoter concentration, etc. This did not allow room for 

derivation of kinetic constants. Even though the experiments are conducted on a lab scale, 

several factors affect the results obtained. Uniform temperature control over the entire 

duration of the experiment was challenging to maintain due to the turbulence of the flow of 

water from the heat exchanger. Also, the thermocouple placed inside the stainless-steel 

autoclave needed to be in contact with the liquid phase for accurate temperature recording, 

but most likely it was just close to the interface. And as the autoclave was pumped with 

vacuum initially, no convection would take place, therefore the heat exchange to the liquid 

phase would have been slow. The heat exchanger itself needed to be fixed manually from 

time to time to maintain uniform conditions. These limitations prohibit accurate 

measurements of vapor-liquid equilibrium as well as kinetic rate constants.  

 



 

41 
 

6.3 Future work 

The next step to follow up on the work done for this project would be to broaden the scope 

of the experimentation conducted. The experiments could be conducted with different set of 

operating conditions such as lower promoter concentrations and lower initial pressure of 

CO2. And with a much better-regulated heat exchanger, ensuring uniform temperature 

distribution a better understanding can be drawn about the effect of temperature in this kind 

of study.  

Apart from this, other kinds of promoters can be investigated, such as enzymatic promoters 

or other organic promoters, or even blends of different organic promoters, to see the 

difference in behavior on the rate of absorption of CO2. The concentration of K2CO3 can 

also be altered to understand if there might be any performance change with that as well. 

Another addition to this study could be to conduct an environmental and economic study of 

addition of different promoters with K2CO3. 

6.4 Reflections 

The usage and development of carbon capture with the current growth in the manufacturing 

industries, to me feels like a necessity rather than a regulation to be followed. It is 

necessary to reduce the widely known dangers of global warming, and working on 

developing the most efficient version of this process is crucial for the environment and 

society. The technology of carbon capture using MEA is reasonably well-established 

industrially but still has some aspects such as its toxicity and high energy consumption that 

needs to be improved to make it an even more attractive choice. Using potassium carbonate 

to capture CO2 reduces the expenses as K2CO3 is readily available and is cheap to purchase. 

It is also non-toxic, and hence K2CO3 is a promising solvent when looking into the 

environmental and economic considerations. [(Borhani, 2015) (Todinca, 2007) (Kohl, 1997), 

(Rahimpour, 2004), (Smith, 2012)] But as discussed at the beginning of this thesis report, it 

does not have the same reaction kinetics as MEA, thereby introducing rate promoters into 

the scene. Even though the performance of rate promoters with K2CO3 has been widely 

researched, I feel that it still requires an in-depth study of kinetics to realize which 

combination or type of promoter works most effectively in the industry standard conditions. 

I believe that even though the carbon capture technology using K2CO3 with rate promoters 
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is a path that must be walked upon, there are still factors that need to be worked out to 

make this a preferable choice than it is presently.  
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