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Abstract 

The aim of this thesis was to examine the efficiency of CO2 capture by means of hollow-fiber 

membranes using potassium glycinate as the absorbent. The literature part presents the background 

for the thesis, conventional methods of CO2 capture technology for understanding the process 

principle. Membrane equipment, existing contactors and relevant problems are provided for 

reviewing the possible technological risks. Applications of membrane technology are presented to 

help to understand the maturity of technology. The experimental part of the work was conducted 

using a continuously operated pilot CO2 capture unit. The experimental part is divided into two 

parts, starting from baseline laboratory experiments to examine the basic parameters of hollow-

fiber membrane module and potassium glycinate absorbent in absorption – desorption processes. 

Next, the process was supplemented with vacuum pump and ultrasound bath to investigate the 

influence of vacuum and ultrasound on the desorption process. The CO2 flux, capture efficiency, 

overall mass transfer coefficient and energy consumption were obtained as the main results of data 

analysis. The results show the dominant influence of desorption temperature and vacuum pressure 

on the process performance. According to the results the highest CO2 recovery efficiency of 

94.24% was achieved at liquid desorption temperature of 80 °C and 500 mbar vacuum pressure. 

The largest CO2 molar flux and mass transfer coefficients are found 2.36 10–4 mol/m2s and 1.8 10–

4 m/s respectively. Purity of CO2 in the product stream varied within 90% - 95% due to impurities 

in the CO2 inlet gas stream. The lowest heater energy consumption of 4602 kJ/mol with 

maintaining the high efficiency was obtained at the lowest vacuum pressure of 500 mbar. 
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1. Introduction  

1.1  Background 

Carbon dioxide (CO2) emissions have been increasing annually starting from the 18th century with 

the Industrial Revolution. The reason was an increase in demand of fuel energy and the resulting 

burning of fossil fuels. During these three hundred years the CO2 concentration in the atmosphere 

of Earth has become higher from 270 parts per million volume (ppmv) to about 410 ppmv 

according to 2013 data. The increase in concentration has accelerated subsequently in the last 60 

years. The CO2 increase rate is presented in Figure 1. (CCS institute) 

 

Figure 1. Increase in CO2 in the Earth's atmosphere (CCS institute) 
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The concentration growth is becoming a big issue because of the apparent global warming effect 

of CO2. Taking care of lowering the amount of CO2 pollution is crucial for all human and nature 

future if we are going to deal with drastic temperature and climate change. (CCS institute) 

There are several approaches used by different countries to mitigate their CO2 emissions, 

including: 

• Increase energy consumption efficiency; 

• Increase usage of low carbon fuels, like nuclear power, hydrogen, or natural gas; 

• Develop and deploy renewable energy sources, such as solar and wind power; 

• Include geoengineering approaches; 

• CO2 capture, storage (CCS) and utilization (CCU). 

This work is dedicated to the CCS and CCU approach because among other approaches, CCS can 

capture CO2 with high efficiency (85% to 90%) directly from emission points such as electric 

power plants, refineries or chemical plants. 

 

Absorption is one of the mature and well-examined CO2 separation methods. Other separation 

methods are discussed in Chapter 2.1.1. In a chemical absorption process, a liquid sorbent forms 

a chemical bond with CO2, separating it from the gaseous stream such as flue gas. The solvent is 

then sent to the regenerator, where it gets treated by heating in a stripper releasing the CO2 from 

the solution. After that, the lean absorbent is circulated back to scrubber. The most popular 

absorbents for CO2 capture are monoethanolamine (MEA) and diethanolamine (DEA). 

 

Economically viable regeneration processes have three main limitations:  Solvent degradation, 

influence on equipment corrosion, and heat duty required for solvent regeneration. The main 

desorption methods are described in Chapter 2.1.2. In the conventional method, absorbent is heated 

to 80°C-90°C by steam and introduced to a desorption column to separate CO2 from the sorbent. 

(Leung Y.C., G. Caramanna et al. 2014) 

 

1.2 Objectives 

The aim of this work is to study the feasibility of an intensive and compact energy efficient 

technology for CO2 capture utilizing hollow-fiber membranes for gas-liquid contacting and to 

investigate the influence of desorption liquid temperature variation, absorption liquid temperature 

variation, vacuum pressure application, liquid flow rate variation, absorbent concentration 

variation over the CO2 molar flux, CO2 recovery efficiency, overall mass transfer coefficient and 
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energy consumptions. The solvent regeneration process will be supplemented with vacuum pump 

and ultrasound in order to minimize the regeneration duty. Detailed thesis structure is presented in 

Figure 2. 

 

Figure 2.  Structure of the thesis 

 

2. Literature review  

The literature review part contains an overview of conventional CO2 capture methods and 

advantages that every method provides, following by a review of CO2 separation technologies that 

currently exist in the industry, technology essence as well as conventional and newly developed 

stripping technologies that have the potential for industrial usage. 

 

2.1  Review of conventional CO2 capture and separation methods 

Decreasing CO2 emissions into the atmosphere is the primary goal of carbon dioxide capture and 

storage (CCS). Two essential approaches exist for the purpose. First, CO2 can be captured directly 

from point source emissions, such as emissions from coal-fired heat and power plants, chemical 

and petroleum plants and enterprises handling concentrated streams of CO2. The CO2 is separated 

and pumped into oceans or geographical formations for temporary or permanent storage. In oceans, 

CO2 can be dissolved at a depth of 1-3 kilometers, and on land, buried at a depth of more than 

three kilometers where it will be denser than sea water. (M. Benson, M. Orr 2008). 

 

• Introduction

• Conventional CO2 capture methods

• Stripping technology

• Membrane contactors for CO2 capture

Theoretical part

• Experimentation

• Results and discussions

• Conclusions

• Suggestion for future 
work

Experimental part
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Alternatively, CO2 can be captured directly from atmospheric air by performing reinforcement of 

biological processes which occur in marine sediments and plant soils (M. Benson, M. Orr 2008). 

There are well known existing technologies, for example employed by the Climeworks company. 

The Climeworks concept of CO2 capture from the atmosphere is shown in Figure 3.  

 

Figure 3. A concept of CO2 capture from air. (Climeworks 2019) 

 

2.1.1 CO2 capture methods 

This section describes three known CO2 capture methods: post-combustion capture, pre-

combustion capture and oxy-fuel combustion. 

 

Post-combustion capture 

The first approach for capturing CO2 from point sources is provided by the post-combustion 

capture method. In post-combustion capture, CO2 is captured following combustion and the 

resulting formation of carbon dioxide. (H. Herzog, J. Meldon et al. 2009) 

 

Post-combustion capture has great potential, because: (H. Herzog, J. Meldon et al. 2009) 

• It is compatible with and easily fitted to existing plant’s infrastructure without serious 

changes in burning technology 

• It is most convenient and suitable capture method for gas-fired power plants.  The other 

methods are usually less effective in this case. 

• It offers flexibility. In case the capture plant fails, the main power plant can be operated 

independently.  The other capture methods are not so flexible and are integrated with the 

power plant: in case of a failure, entire plant will be turned off. 
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Pre-combustion capture  

This capture method approach refers to the CO2 capture before the combustion takes place. In this 

method, syngas consisting of hydrogen and carbon monoxide is first formed by fossil fuel 

gasification. The syngas is converted to CO2 by reacting with steam in the water-gas shift reaction. 

After that, CO2 is separated, and nitrogen is added to hydrogen forming a diluted mixture, which 

is fed into a combined cycle gas turbine. The main advantage of this method is the simplified 

separation of CO2 due to the higher concentration in the CO2/H2 mixture. However, the method is 

not widely used and researched. (H. Herzog, J. Meldon et al. 2009) 

 

Oxy-fuel combustion  

After fossil fuel is burned, the flue gas contains a large amount of nitrogen, and post-combustion 

capture essentially consists of nitrogen-carbon dioxide separation. The presence of nitrogen 

decreases the capture efficiency by taking useful space in the equipment. This problem can be 

eliminated in the oxy-combustion capture method. Instead of air, fossil fuel combustion takes place 

in high purity oxygen environment, with the flue gas consisting of carbon dioxide and water that 

can easily be separated. The oxygen is produced separately from air which imposes high costs. (H. 

Herzog, J. Meldon et al. 2009) 

 

2.1.2 CO2 separation methods 

This section gives an overview of conventional and alternative existing CO2 separation 

technologies such as absorption, desorption, membrane separation, hydrate-based separation and 

cryogenic distillation. 

 

Absorption 

The absorption is most commonly used CO2 capture technology. First, the feed gas from the plant 

should be treated at the pretreatment stage in order to remove dust and dangerous particles such as 

SOx and NOx that can lead to absorbent degradation and absorption efficiency drop. The feed gas 

should be cooled to relatively low temperatures to lower absorbent loss by evaporation (M. Wang, 

A. Lawal et al. 2011). In the absorber, the gas passes through a liquid absorbent, which is 

specifically selected to dissolve carbon dioxide in it more preferably than nitrogen. Conventional 

absorption processes take place in tall absorption towers (scrubbers), where mass transfer occurs 

from gas to liquid under turbulent flow that stimulates the process. Density difference facilitates 

separation of the emerging gas and liquid.  
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The inlet gas is usually pumped to the bottom of the column and passes through the inner packing 

towards top of the column, while the absorbent goes to the opposite direction from the top. This 

type of flow is called counter-current and is considered as more effective than co-current. When 

the solvent meets the feed gas inside the column, the most of the CO2 gets absorbed by the solvent. 

 

After absorption, the rich solvent goes to the regenerator which is also the column equipped with 

trays or packing. The rich solvent is fed at the top of the column and is poured towards the bottom, 

where high – temperature steam from reboiler is injected in the opposite direction. Under the 

thermal influence of the steam, CO2 is released out of the absorbent and then pumped to the 

condenser together with a mixture of vapor from the top of the column. In the condenser, the steam 

is condensed and poured back to the column as a reflux and the CO2 is pumped to the product 

stream with purity of 99%. The lean solvent from the regeneration stage goes back to absorption 

column. 

 

 

Figure 4.  Basic chemical absorption flowsheet. (Yuan W., Li Zhao et al. 2017) 

 

Amine absorbents 

The systems that were first implemented for CO2 capture process from flue gas were based on the 

solution of potassium carbonate that was reacting with dissolved CO2 and forming potassium 

bicarbonate. Nowadays, amine solutions become commonly accepted solvents on the modern CO2 

capture plants (H. Herzog, J. Meldon et al. 2009). Amines are known as organic chemicals that are 
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soluble in water and include reactive nitrogen atoms. For CO2 capture, monoethanolamine (MEA) 

is a commonly used solvent. Other amines and their blends, such as monoethanolamine mixed 

with methyldiethanolamine (MDEA), are also widely used. 

 

MEA reaction with the CO2 is known as an exothermic reaction. For 1 CO2 mole that is absorbed, 

72 kJ of energy is released. Lower temperatures favor the absorption process and high temperatures 

are preferred for desorption. The lowest known reboiler duty is 4152 kJ per kg of CO2 for MEA. 

(Tongyan Li, Tim C. Keener 2016) 

 

The main reaction for CO2 absorption with primary amines, such as MEA, is given by Eq. 1: 

 

2RNH2 + CO2 ↔ RNHCOO− + RNH3
+

   (1) 

 

with secondary amines like DEA, by eq. 2 (H. Kierzkowska-Pawlak 2012): 

 

  RR’NH + CO2 ↔ RR’NH+COO-         (2) 

 

and with tertiary amines, such as MDEA, by eq. 3: 

 

R3N + H2O + CO2 ↔ R3NH+ + HCO-
3   (3) 

 

MDEA possess its own advantages. Comparing to other alkanolamines, MDEA has shown larger 

capacity for absorbing CO2 (1 mol of CO2/1 mol of MDEA). MEA capacity of 0.52 mol of CO2/1 

mol of MEA is inferior MDEA due to limitations by the stoichiometry. (F. Camacho, Sebastian S. 

et al. 2008) 

 

Sterically hindered amines could absorb more CO2 per mol of absorbent compared to MEA. 

However, the absorption rates are low compared to MEA. MEA can also be mixed with less 

corrosive amines or amines with decreased energy consumption in desorption. Also, the additive 

piperazine (PZ) could increase CO2 absorption rate when added to solutions with lower MEA 

concentrations. (H. Herzog, J. Meldon et al. 2009) 

 

Amines are appreciated for their rapid, selective and reversible CO2 absorption. However, the 

drawbacks are their corrosiveness, which has to be taken into account in material selection. 

Moreover, depending on the type of amine used, the volatility and potential degradation by oxygen 
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or sulfur dioxide and high stripping temperatures can be problematic. Typically, that degradation 

leads to loss of solvent. The losses are estimated around 0.35 to 2 kg per CO2 tonne captured (D. 

W. Bailey, P. H. M. Feron 2005). Degradation products often are more volatile than their parent 

amine leading to potential air pollution. 

 

Amino acid salts as absorbents 

Considering the degradation of the commonly used absorbent solutions, most of them can suffer 

from the high oxygen concentrations that are usually inherent to the industrial flue gas and thus 

making them less effective a vulnerable (Goff and Rochelle, 2006). This has led to increasing 

interest to amino acid salt solutions due to high resistance to oxidative degradation, significantly 

small volatilities and similar surface tension and viscosity properties to water (Holst et al., 2006). 

Amino acids are applied for CO2 capture on the plants in Netherlands (Feron and Jansen, 2002). 

Reaction chemistry for CO2 absorption with amino acid salt is given by Eq. 4 (Kumar et al., 2003). 

 

2RNH2 + CO2 ↔ RNH3
+ + RNHCOO-     (4) 

 

Solubility experimental data for the CO2 in the solution of the 1M potassium glycinate at 20°C is 

shown in Table 1 according to experimental values from (A.F. Portugal, J.M. Sousa et al. 2009). 

Partial pressure and liquid loading equations are described in the following sections. 
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Table 1. Experimental solubility of CO2 in aqueous solutions of 1M potassium glycinate.  

PCO2 · 10-2, Pa α (molCO2 /molS) 

1,15 0,36 

9,54 0,57 

13,1 0,59 

21,5 0,62 

29,8 0,64 

38,8 0,66 

55 0,69 

211 0,81 

617 0,92 

0,37 0,17 

1,34 0,42 

2,54 0,49 

9,62 0,56 

34,6 0,63 

 

Ammonia  

Ammonia is another potential absorbent component that can be implemented in CO2 capture 

processes. They provide higher stability and are less corrosive than the amine solutions. However, 

since ammonia is highly toxic, there should be taken additional measures to avoid the leakages of 

ammonia into the atmosphere. 

 

Ammonia solutions possess a great potential for CO2 capture process since the aqueous ammonia 

can absorb approximately 300% higher amount of CO2 per ammonia kg, comparing to MEA (Yeh 

and Bai, 1999). In addition, there are also economic benefits from applying ammonia solutions 

since the amount of energy required for ammonia regeneration is three times less than the one 

required with MEA (Cifernoet al., 2005). This leads to significant operating and capital cost 

savings compared to MEA (around 15% and 20% respectively). 

 

CO2 absorption process with ammonia solutions is more effective at low temperatures comparing 

to the ones with MEA solutions. The lower temperatures decrease the volatility of ammonia thus 

lowering the risk of leakage. However, the temperature is limited by ammonium bicarbonate 

precipitation and varies within 0 °C to 10 °C. CO2 absorption chemistry is usually similar to the 
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potassium carbonate solutions; the dissolved ammonium carbonate reacts with CO2 to form 

ammonium bi-carbonate. 

 

Since ammonia solution can be regenerated at lower temperatures, the low quality waste heat from 

power plants could be used for regeneration of CO2 from ammonia solution. Besides the energy 

consumption benefits, the ammonium carbonate reaction with SO2 and NOx leads to formation of 

ammonium sulfate and ammonium nitrate that are commonly accepted fertilizers and can have 

additional economic benefits (H. Herzog, J. Meldon et al. 2009). 

 

Adsorption  

Another popular CO2 capture technology is adsorption of CO2 from the gases by using solid 

sorbents and binding CO2 molecules on their surfaces. Common solid sorbents for CO2 adsorption 

are calcium oxides, activated carbon, molecular sieves and zeolites. Sorbent advantages are usually 

high selectivities, large specific surface area and high regeneration ability. 

 

One example of adsorbents are polymeric adsorbents that have potential in CO2 capture. They 

have an attached amine on their surface and thus show high performances because of their high 

CO2 adsorption capacities and adsorption rates regarding common flue gas temperature of 70 °C 

– 80 °C.  

 

One of the widely accepted supports is polymethyl methacrylate (PMMA) whose adsorption 

capacity can be improved by amine mix. CO2 molecules in such adsorbent are bounded on the 

support surface chemically and physically (S. Lee, T.P. Filburn et al. 2008). 

 

Regeneration of CO2 saturated adsorbent can be carried out by one of the technologies: pressure 

swing adsorption (PSA), vacuum swing adsorption (VSA) or temperature swing adsorption (TSA). 

PSA is available technology that could be implemented on the power plants and maintain high 

efficiency. It has shown a preferred CO2 adsorption on the adsorbent solid surface at high pressures 

and desorption at low pressures.  

 

TSA has the same principle. Desorption takes place at increased adsorbent solid temperature that 

can be supplied by hot air or steam. TSA technology has higher desorption time compared to PSA; 

however, CO2 product has higher purity and higher recovery efficiency are more likely to obtain 

(Leung Y.C., Giorgio C. et al. 2014). 
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Membrane separation  

An increasing interest in membrane gas separation has grown over last decades. In conventional 

membrane gas separation, the membranes are usually manufactured from composite polymers. 

Composite materials can be either single-layer or multi-layer composite membrane. In a single – 

layer composite membranes, selective and thin layer is placed on a microporous support which 

only gives mechanical strength and do not participates in separation. Separation is performed only 

by selective layer. In a multi – layer composite membranes, a microporous support has a number 

of layers made from different materials, where every layer has its own function.  

 

The membrane can be also utilized to separate other gases such as oxygen from nitrogen or CO2 

from methane. There are some polymeric membranes available from CO2 separation with 

efficiency over 88%, however many research works are directed towards development of ceramic 

and metallic membranes that could manage even higher efficiency higher thermal and mechanic 

stability. It should be noted, that membrane separation performance is dependent on feed gas 

conditions such as small CO2 concentrations and pressures (Leung Y.C., Giorgio C. et al. 2014). 

 

One significant advantage of membrane separation over the CO2 absorption process is that liquid 

solvents have tendency for degradation and have to be replaced continuously with a fresh portion 

of absorbent that leads to additional disposal and material costs. In membrane gas separation 

processes, membranes are operated without additional chemicals and provide high energy 

efficiencies operational flexibility and simple maintenance and operational possibilities (Kaldis et 

al., 2007). 

 

Hydrate based separation 

CO2 separation by forming hydrates is recently developed technology. The main principle is that 

flue gas is pumped into water under large pressures where hydrate formation takes place. 

According to (Ponnivalavan B., Praveen L. et al. 2015) the pressures may reach up to 366 MPa. 

The CO2 in the flue gas is immersed with the hydrates which correspondingly is separates CO2 

from the other gases. 

 

CO2 – rich gas is pumped under water with intensively high pressures which promotes the hydrate 

formation. According to (Ponnivalavan B., Praveen L. et al. 2015) the pressures may reach 366 

MPa. The CO2 molecules are enclosed inside the hydrate crystals or so called “cages” thus 
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separating them from the other gases. The driving force in this technology is considered phase 

equilibrium differences. 

 

One of the advantage of this technology is relatively low energy consumption required for CO2 

capture and can be around 0.58 kWh per kg of CO2 captured. CO2 capture efficiency via hydrate 

formation is dependent on rate of hydrate formation and pressure applied. Tetrahydrofuran (THF) 

represents a water-miscible solvent, which at low temperatures can react with water, forming solid 

clathrate hydrate structures. The presence of THF promotes the hydrate formation and is often 

used as a catalyst to facilitate the hydrate formation. According to Leung Y.C. et al, even a small 

presence of THF significantly lowers the pressure required for hydrate formation from an exhaust 

gas mixture (CO2/N2) and enables to capture CO2 at medium pressures. (Leung Y.C., Giorgio C. 

et al. 2014). 

 

Cryogenic distillation 

Cryogenic distillation is similar to traditional distillation processes, where liquids are separated 

based on their volatilities; however, in cryogenic distillation compounds of gaseous mixtures are 

being separated at very low temperatures and substantially high pressures. In order to separate 

CO2, the temperature of exhaust gas is lowered below CO2 desublimation temperature (-100 °C to 

-135 °C). After that, CO2 in solid form is separated from other light gases and stored and very high 

temperatures of around 150 atm. This technology can offer high recovery efficiency within 90% – 

95%. 

 

Cryogenic distillation requires high energy consumption, since it is performed at very low 

temperatures and extremely high pressures. It is estimated, that energy consumption can reach 600 

– 660 kWh per ton of CO2 captured (Leung Y.C., Giorgio C. et al. 2014). 

 

2.1.2. Alternative stripping technology 

In the conventional process, desorption is performed by heating and introduction to stripping 

columns, where CO2 is driven out from rich solvent solution. A disadvantage of conventional 

desorption method is the high energy consumption that is required for solvent regeneration. This 

leads to relatively high operational costs and is considered as one of the substantial economic 

challenges for industrial scale post-combustion CO2 capture. To improve existing regeneration 

technology and lower the energy consumption there are several methods under development that 

are reviewed below. 
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Acid addition 

One of the recently developed methods pursuing the lower the energy consumption of desorption 

process is so called pH swing method (Eimer et al., 2003). According to Feng et al. (Feng et al. 

2010) studies, addition of weak acids have intensified the CO2 desorption promoting faster rate of 

CO2 release from the solvent. In his research, CO2 – rich MEA solvent was used to investigate the 

influence of addition of three different acids (suberic acid, phthalic acid, and oxalic acid) on the 

solvent. It was found that higher amount of CO2 was released and the release rate was increased, 

 

Another study (Du et al. 2011) has provided the similar results. The effect of four acids was tested 

(suberic acid, sebacic acid, adipic acid and phthalic acid) on a three different alkanolamines used 

as solvents (MEA, DEA, MDEA). Acids were added to desorber to promote CO2 release, and after 

that the acids should be regenerated from the solvent to avoid affecting absorption performance 

with lean solvent. However, the acid recovery procedure has not been reported. 

 

Ultrasound assisted desorption 

Ultrasound assisted (US) CO2 desorption is immature technology that has a potential to reduce 

desorber duty required for CO2 regeneration out of loaded solvent and thus have attracts a lot of 

interest. An ultrasound application was studied by Gantert and Möller (Gantert, Möller 2012). The 

experiment performed with 2-tert-Butyl-1,1,3,3-tetramethylguanidine (BTMG)-1-Hexanol system 

was carried out at a constant wave frequency of 35 kHz. The wave frequency was found to have 

insignificant influence on desorption. Desorption experiments were carried out in a semi batch 

stirred reactor. According to the obtained results, US application has significantly improved the 

rate of CO2 desorption, increased amount of released CO2 and decreased regeneration time. 

Desorption was dynamic at the beginning and was accompanied by active bubble formation. This 

stripping technology is less studied and further research should be taken. (Ozge Y. O., Yasemin 

K. et al. 2017) 

 

Membrane desorption process 

Besides using membrane contactors in absorption processes due to their large active interfacial 

surface area, gas – liquid membrane contactors can be utilized also for CO2 desorption process. 

Hollow-fiber membrane module is commonly used for this purpose. Membrane contactor 

definition and different membrane contactor concepts are provided in the following sections. 
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The mechanism is basically the same as in membrane contactor absorption except the mass transfer 

direction is reversed from the liquid phase. Heated CO2 – loaded solvent is usually sent to tube 

side of the membrane. The stripping gas that could be hot air or steam is fed to the shell side of 

the membrane, thus forcing CO2 mass transfer occur under the CO2 partial pressure difference 

from the liquid solvent through a non-wetted porous membrane walls into the gas phase  (P. 

Kosaraju, A.S. Kovvali et al. 2005). 

 

Membrane flash process 

Compared to membrane desorption process, in the flash membrane process vacuum is applied to 

the shell side instead of stripping gas. The vacuum pressure promotes CO2 to permeate out from 

the liquid to the gas phase. The main benefit of using vacuum is to lower the energy consumption 

needed to release CO2 (Simioni et al., 2011). 

 

3.  Membrane contactors for CO2 capture 

Existing membrane types are presented in 3.1. The hollow-fiber membrane contactor for CO2 

capture purpose was first used in 1980s by Qi and Cussler (Z. Qi, E.L. Cussler 1985). In fact, 

membrane contactors can be widely used in absorption of many different gases such as SO2, H2S 

and other compounds, as well as CO2. Membrane contactors are successfully used in different 

projects and applications such as, such as production of ultrapure water, CO2 and O2 removal in 

beer production and membrane distillation (Zhao S., Feron P. H.M. et al. 2016). 

 

The membrane gas – liquid contactors themselves do not provide any selectivity properties but 

only acts like a barrier for separating liquid phase from the gas phase and provide large gas – liquid 

contact area for mass transfer. Membrane contactors have several significant benefits compared to 

the conventional absorption process carried out in the scrubber.  

 

Most important advantage is that membrane contactor can offer extremely high gas – liquid surface 

area which consequently leads to equipment size reduction. Membrane Interfacial area may be 30 

times higher compared to the conventional absorbers and 10 times smaller equipment size (Zhao 

S., Feron P. H.M. et al. 2016). The advantage and disadvantage summary are presented in Figure 

5. 
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Figure 5.  Summary advantages and disadvantages of membrane gas separation technology.  

  (Zhao S., Feron P. H.M. et al. 2016). 

 

The feed gas stream is transported to the membrane module where CO2 is separated by a liquid 

absorbent by mass transfer through a porous membrane. Mass transfer through a non-wetted 

membrane is shown in Figure 6. The mass transfer starts with diffusion from gas bulk to gas-

membrane interface, following by diffusion through membrane pores to the liquid-membrane 

interface, where physical or chemical absorption takes place and concentration decreases rapidly. 

Finally, mass is transferred from the liquid-membrane interface to the liquid bulk. The absorbent 

provides the CO2 selectivity instead of the membrane material, as is the case in conventional 

membrane separation of gases. The driving force in gas-liquid membrane absorption is CO2 

concentration difference (partial pressure) over the membrane. (E. Favre 2011) 
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Figure 6. Mass transfer mechanism through a porous membrane. (Zhao S., Feron P. H.M. et 

al. 2016). 

 

 

2.2.1 Performance indicators 

Gas flux (N) can be expressed by Eq. 5: 

 

𝑁 =
𝑉g(𝐶CO2.g.in−𝐶CO2.g.out) 

𝐴m
       (5) 

 

Where Vg is volumetric gas flow rate, CCO2.g.in and CCO2.g.out are CO2 concentrations in the absorber 

inlet and outlet gas respectively, Am is the membrane contactor mass transfer area. 

 

Each local mass transfer coefficient (kg, km and kl) can be estimated based on correlations. For kg 

and kl, expressions are based on the Sherwood number (Lin S.H., Hsieh C.F. et al. 2009): 

 

kg = Shg Dg/d         (6) 

 

kl = Shl Dl/d        (7) 

 

where Dg and Dl are the CO2 diffusion coefficients for different phases, and d is the diameter.  

 

Generally, the membrane mass transfer coefficients are used as changeable properties to fit the 

experimental data. It can be determined from Eq. 8. 

km = Dmε/τδ       (8) 
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where Dm is the CO2 diffusion coefficient in gas phase in the membrane, ε is the membrane 

porosity, τ is the membrane tortuosity and δ the membrane thickness. 

Sherwood number is defined as: 

 

𝑆ℎ =
𝑘𝑑

𝐷
       (9) 

 

Where d is membrane fiber diameter, D is mass diffusivity; k is mass transfer coefficient. 

The Sherwood numbers for gas and liquid phase are obtained from specific experimental 

correlations. Correlation example is given by Murzin D. et al. 2005. 

 

CO2 partial pressure above the liquid at the equilibrium is linked to the CO2 concentration that is 

dissolved in the liquid. This comes from Henry’s law. (Eq. 10) (Wiesler F. 1996): 

 

P = HCi        (10) 

 

where H is the Henry's law constant and C is CO2 concentration in liquid. 

The overall mass transfer coefficient Kov based on the gas phase concentrations can be calculated 

from Eq. 11 (Lu J.-G, Zheng Y.-F. et al. 2009). 

 

𝐾ov =
𝑉g(𝐶CO2.g.in−𝐶CO2.g.out) 

𝐴m(∆Cm)
      (11) 

 

Where Vg is volumetric gas flow rate, CCO2.g.in and CCO2.g.out are CO2 concentrations in the absorber 

inlet and outlet gas respectively, Am is the membrane contactor mass transfer and ΔCm is the 

logarithmic mean driving force based on gas phase concentrations, calculated from: 

 

∆𝐶m =
(𝐶CO2.g.in−𝐶∗

g.in)−(𝐶CO2.g.out−𝐶∗
g.out)

ln [(𝐶CO2.g.in−𝐶∗
g.in)/(𝐶CO2.g.out−𝐶∗

g.out)]
    (12) 

 

Where C*
g.in and C*

g.out are the gas phase equilibrium concentrations at liquid inlet and outlet 

respectively. For cases, when liquid with zero CO2 concentration is fed continuously into the 

system, the C*
g.in is equal to 0 and C*

g.out = HCO2CCO2.L. 
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The selectivity of CO2 separation will be determined relatively to the flue gas composition. In 

experimental work, the selectivity can be calculated regarding nitrogen as the “flue gas” 

component in the feed. 

 

K = nCO2/nN2        (13) 

 

where nCO2 and nN2 are the absorption molar flow rates for CO2 and N2 respectively.  

 

Concentration is calculated from Eq. 14. 

 

C = nCO2/ Vtotal       (14) 

 

where nCO2 and Vtotal are CO2 molar flow rate and total volumetric flow rate respectively. 

 

Absorption efficiency is calculated from the molar flow according to Eq. 15 (Lars E. Ø., Per M. 

H. et al. 2017). 

 

𝐸𝐶𝑂2.
=

𝐧in−𝐧out

𝐧in
∗ 100     (15) 

 

Where nin and nout are CO2 molar flow rates at the inlet and outlet gas. 

 

The energy required for solvent desorption can be estimated from Eq. 16. 

 

Qreg = (Hreboiler – Hloss)/ ṁCO2       (16) 

 

Where, Qreg is the stripping energy required per mass of CO2, Hreboiler is reboiler’ energy, Hloss is 

the energy loss. Usually it can be disposed.  

The CO2 mass flow rate can be determined from Eq. 17 

 

ṁCO2 = ṁsolvent Camine (αCO2rich - αCO2lean) MWCO2  (17) 

 

Where, ṁsolvent refers to mass flow rate of loaded solvent, Camine amine concentration, MCO2 equals 

to CO2 molecular weight, αCO2rich and αCO2lean are the rich and lean absorbent loadings. (Xiaofei L, 

Shujuan W. et al. 2013) 
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A recent study has shown, that gas impurities such as SO2, vapor and others can be harmful to 

membrane material (Zhang L., Qu R. et al. 2015). Gas pretreatment is required to avoid risk of 

fouling – e.g. pore plugging with the fine particles which can be of a serious issue, leading to high 

mass transfer resistance in the membrane contactor. (Wang X., Chen H. et al. 2014).  

 

2.2.2 Membrane module types 

There exists 4 common types of membrane modules: tubular, plate & frame, hollow-fiber, and 

spiral-wound. The plate & frame module is the easiest concept. It is can be made of several end 

plates, the flat sheet membrane, and the spacers. In tubular membrane modules, the membrane 

itself is usually located on the inner part of the tube, and the inlet gas/liquid (depending on the 

usage) is pumped throughout the tube. Spiral-wound modules can be utilized in water purification 

application or conventional gas separation processes. Hollow-fiber membrane modules that are 

utilized in the industrial applications represent pressurized vessels with hundreds of small fibers 

packed inside. They can have either a shell-side feed concept or tube-side configuration. (Ghaffar 

M. A., Hossam A. 2017). 

 

Plate-and-frame  

Plate-and-Frame modules were among the first types of membrane concepts; the design comes 

from the traditional filters. It consists from membrane, gaskets for feed, and gaskets for product 

are compacted in layers between two end plates as illustrated in Figure 7. Plate & frame 

configurations are designed from flat-sheet membrane modules which are utilized in CO2 capture 

applications; however, the membrane area in this type of configuration is much lower compared 

to hollow-fiber module. (Ghaffar M. A., Hossam A. Tieama 2017) 
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Figure 7. Schematic of plate-and-frame membrane module. (Ghaffar M. A., Hossam A. 

Tieama 2017) 

 

Spiral wound 

Spiral-wound modules have found their application mostly in reverse osmosis process. The general 

concept shown in Figure 8 is made from a membrane envelope wound around a perforated central 

collection tube.  The wound module is located inside a tubular pressure vessel, and inlet gas is 

circulated axially between the membrane’ envelope. The product gas component, separated from 

the feed gas, permeates into the membrane envelope, where it spirals toward the center and exits 

through the collection tube. This membrane type is commonly used for conventional membrane 

gas treatment processes, however, the applications for membrane gas-liquid contacting is not 

mentioned. (Ghaffar M. A., Hossam A. Tieama 2017) 

 

Figure 8.  Schematic of Spiral-Wound membrane module (Ghaffar M. A., Hossam A. Tieama 

2017) 
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Hollow-fiber 

Hollow-fiber modules have basically two types of configuration. One of them is the shell-side feed 

configuration illustrated in Figure 9a. In this module, insulated bundle of fibers is gathered in a 

vessel. Inlet gas passes through the fiber walls and goes out from the fiber ends. These membrane 

configurations are relatively easy to manufacture and usually represent quite huge interfacial areas. 

In order to make it possible for the fibers to maintain high pressures, they are made by melt 

spinning technology and often have considerable small diameters. The diameter may be within 

150- 200 μm. The other hollow-fiber module configuration is the tube-side feed design illustrated 

in Figure 9b. The inlet gas passes through the fiber’ tubes and exits to the shell side. Inlet pressure 

limitations are below 1 MPa (Ghaffar M. A., Hossam A. Tieama 2017) 

 

Figure 9.  Two types of hollow-fiber modules. Shell-side configuration (a) and tube-side 

configuration (b) (Ghaffar M. A., Hossam A. Tieama 2017) 
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Cross-flow module 

Cross-flow membrane contactors were examined to find the effects of different operational 

parameters on the overall gas absorption system (V.Y. Dindore, G.F. Versteeg 2005). The cross-

flow and parallel-flow (longitudinal) contactor efficiencies were compared (S.R. Wickramasinghe, 

M.J. Semmens et al. 1992). According to the obtained results, the counter-current cross-flow 

module has proven to be more effective. The cross-flow membrane contactor examples, patented 

by Aker Kvaerner (Norway) and TNO (the Netherlands) are presented in Fig. 10A and Fig. 10B. 

 

 
Figure 10.  (A) Cross-flow membrane contactor modules developed by Aker Kvaerner (A. 

Hoff 2003) (B) the Netherlands Organization for Applied Scientific Research (V.Y. 

Dindore, G.F. Versteeg 2005) 

 

Tubular 

Tubular membrane designs are not that popular in terms of gas separation. The tubular membranes 

find their application in water treatment applications. The module consists of support, made from 

porous paper or fiberglass with the membrane placed on the inner part of the tubes, as shown on 

Figure 11 (Ghaffar M. A., Hossam A. Tieama 2017) 

 

 

 

Figure 11. Schematic of tubular membrane module. (Ghaffar M. A., 2017) 

 

Various membrane configurations have their prevailing characteristics. The characteristics for 

different membrane types are provided in Table 2 and should be considered before choosing the 

corresponding membrane type and install it into the gas or water treatment system.  
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Table 2. Characteristic of different module concepts. 

Parameter Plate & 

Frame 

Spiral 

wound 

Tubular  Hollow-

Fiber 

Reference 

Packing density 

(m2/m3) 

Moderate 

(200-500) 

High (500-

1000) 

Low-moderate 

(70-400) 

High (500-

5000) 

(A I Schäfer, 

A G Fane et 

al. 2005) 

 

Energy Usage Low-

moderate 

(laminar) 

Moderate 

(Spacer-

losses) 

High 

(Turbulent) 

Low 

(laminar) 

(A I Schäfer, 

A G Fane et 

al. 2005) 

 

Standardization No Yes No No (A I Schäfer, 

A G Fane et 

al. 2005) 

 

Replacement Sheet (or 

Cartridge) 

Element Tubes (or 

element) 

Element (A I Schäfer, 

A G Fane et 

al. 2005) 

 

Cleaning Moderate May be 

difficult 

Good – physical 

clean possible 

Backflush 

possible 

(A I Schäfer, 

A G Fane et 

al. 2005) 

 

Ease of manufacture Simple Complex 

(automated) 

Simple Moderate (A I Schäfer, 

A G Fane et 

al. 2005) 

 

Manufacturing cost 

($/m2) 

50-200 5-50 50-200 2-10 (Richard W. 

Baker 2004) 

 

Pressure drop Low Moderate Low High (Richard W. 

Baker 2004) 

 

Suitability for high-

pressure operation 

Marginal Yes Marginal Yes (Richard W. 

Baker 2004) 

 

Limitation to 

specific types of 

membrane material 

No No No Yes (Richard W. 

Baker 2004) 
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Many companies producing membrane modules are currently on the market. Examples include: 

 

• Markel – Pennsylvania, USA 

• Air Liquide – Paris, France 

• ASTOM Corporation – Tokyo, Japan 

• DuPont – Wilmington, USA 

• Berghof Membrane Technology GmbH & Co. KG – Eningem, Germany 

 

A well-accepted, commercially available hollow– fiber membrane example is Liqui-Cell Extra-

Flow membrane contactor, manufactured and distributed by 3M. The contactor is represented in 

Figure 12. A baffle in the center in the membrane contactor lowers the shell-side bypass and 

provides a radial flow direction towards the membrane surface. This leads to an increased mass 

transfer coefficient comparing the one with a parallel flow only. This bundle configuration enables 

both, perpendicular and counter-current gas flow to the hollow-fibers. The counter-current 

contacting has a significant increase in the number of transfer units participating in the separation 

process. The perpendicular flow provides over 5 times higher mass transfer coefficients. (K.L. 

Wang, E.L. Cussler 1993) 

 

 

Figure 12.  Liqui-Cel Extra-Flow membrane contactor. (Shuaifei Zhao, Paul H.M. Feron et al. 

2016) 

 

Examples of commercially available hollow-fiber modules and their characteristics are presented 

in Table 3 (Alan Gabelman, Sun-Tak Hwang 1999) 
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Table 3. Characteristics of commercially available parallel flow hollow-fiber modules 
Manufacturer Materials of construction Fiber 

diameter 

(mm) 

Surface 

area (m2) 

Pore 

size 

Module 

length (cm) Fiber Housing Potting 

A/G 

Technology 

(Needham, MA) 

PSU* PSU Epoxy 0.25-3 0.0015-

28 

 

1000 

NMW

Cb-

0.65 

µm 

 

18.5-120 

 

Koch 

membrane 

systems 

(Wilmington, 

MA) 

PSU, PAN*, 

inorganic 

carbon 

PVC*, PSU, 

316LSS, 

ARMYLOR 

 

Epoxy 0.5-3.2 

 

0.019-

69.7 

 

1000 

NMW

C-0.2 

µm  

17.8-182.9 

 

Microdyn 

Technologies 

(Wuppertal, 

Germany) 

PP*, SPES*, 

PE*, 

regenerated 

cellulose 

 

PP, 316LSS PUR*, PP 0.2-5.5 

 
0.02-25 

 

10000 

NMW

C-0.4 

µm  

25-304.9 

 

Millipore (New 

Bedford, MA) 

PSU PSU Epoxy, 

PUR 

0.5-1.1 

 

0.03-5 

 

3000 

NMW

C-0.1 

µm  

63.8-109.2 

 

*PSU – Polysulfone 

*SPES – Sulfonated polyethersulfone 

*PAN – Polyacrylonitrile 

*PE – Polyethylene 

*PP – Polypropylene  

*PUR – Polyurethane 

*PVC – Polyvinyl  chloride 

 

 

2.2.3 Membrane materials 

In membrane contactor applications, the membrane material has a significant role in absorption 

process, although the materials themselves may behave as non-dispersive barriers. In gas-liquid 

membrane absorption, parameters such as permeability and selectivity do not play that much 

important role as in conventional membrane gas separation. Generally, the materials used in 

membrane contactors are required to have thermal and chemical stability to operate in rough and 

aggressive conditions in long-term operations. 
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One of the major membrane parameter that definitely must be considered is hydrophobicity. 

Hydrophobicity is a physical property of a material that results in a repulsion force between the 

molecules in the material and water molecules. Hydrophobic molecules are usually nonpolar and 

therefore they prefer neutral molecules and nonpolar solvents. Since the water molecules are polar, 

hydrophobes do not dissolve well among them. The hydrophobicity of different materials is 

commonly measured by the contact angle. 

 

Contact angle allows to quantitatively explain the surface hydrophobicity linking it to the water 

droplet profile placed on it. The tangential angle of a boundary between the solid surface, air and 

droplet determines contact angle which can vary between different materials. 

 (Law and Zhao, 2016). 

 

Figure 13. Contact angle at the boundary of solid-liquid-air. 

 

The contact angle can be determined from Eq. 18. 

 

 𝛾SV = 𝛾LV. cosθ + 𝛾SL (18) 

 

Where, 𝛾SV Surface tension for solid, 𝛾LV  surface tension of liquid, 𝛾SL  surface tension for 

solid liquid interface, 𝜃 contact angle  

 

If the membrane surface is hydrophilic, the solid-liquid-air contact angle will be relatively small 

and the droplet will spread on the membrane surface. However, on the opposite, a hydrophobic 

surface is showing large contact angles (Li et al., 2008). In CO2 capture, hydrophobic membrane 

contactor materials are preferred, since hydrophobicity determines the wetting resistance, thus 

increase the mass transfer affect absorption performance. 

 

Membrane degradation also may be a significant problem. Membranes are likely to be affected by 

chemical solvents (R. Wang, D.F. Li et al. 2004). After CO2 absorption, liquid solvents may 

become more aggressive in terms of corrosion activity, can affect membrane properties thus 

leading to membrane degradation (C. Saiwan, T. Supap et al. 2011). 
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Moreover, thermal degradation can be another problem. Polymers such as Membrane dimensional 

stabilities depend upon the glass transition temperature (Tg) or the melting temperature (Tm). 

Polymers such as polytetrafluoroethylene (PTFE) and polyether ether ketone (PEEK) with high Tg 

and Tm can be utilized as membrane contactor material to increase the thermal degradation 

resistance.  

 

Polymeric Membranes 

Membranes made from polymer materials provide polymeric interphase which presents some sort 

of polymeric layer that is selective for one chemical compounds and provides the mass transfer 

through it, and is unselective for others. 

 

Polymeric membranes play an important role in gas separation applications. The polymeric have 

several mechanisms for mass transfer determination such as solution diffusion and Knudsen 

diffusion. Permeability and selectivity are considered as major transport properties for 

characterization of polymeric membranes. Permeability determines membrane productivity and 

selectivity shows the separation efficiency. 

 

Non-porous polymeric membranes are utilized in gas separation applications regarding vapor-gas 

separation. The separation mechanism is based on different vapor and gas diffusivity and solubility 

properties in the polymers. The principle is, that polymers have local voids in their structure that 

were made by temperature motion and which molecules move along by. These are transient gaps 

inside the free volume, where thermal influence acts as a driving force that promotes the gas 

molecules to move. The sufficient micropore size distribution has significant impact on the 

membrane properties (Ahmad F. I., Kailash C. K. et al. 2015). 

 

Porous membranes are used in gas separation as well. In order to make it possible for molecules 

to diffuse, the pores should not exceed the gas molecule mean free path so that gas flux through 

the pore is proportional to the molecule’s velocity. This phenomena is called as Knudsen diffusion. 

Gas flux usually show higher results through a porous material nonporous one by 3–5 orders of 

magnitude (Ahmad F. I., Kailash C. K. et al. 2015) 
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Polytetrafluoroethylene (PTFE) 

This type of material possesses some uncommon property regarding the resistance to hostile 

chemical and thermal environments and has potential resistance to CO2 and hydrocarbon 

plasticization. The most popular perfluoropolymer is polytetrafluoroethylene (PTFE). 

 

One commercially available perfluoropolymer brand is Teflon or polytetrafluoroethylene (PTFE).  

This polymer has cycled chains of –(CF2–CF2)– and has a high resistance to a lot of chemicals 

such as ammonia, chlorine, hydrochloric acid, ozone and etc. The Teflon is vulnerable only to 

molten alkali metals and highly reactive fluorinating agents (Ahmad Fauzi Ismail, Kailash 

Chandra Khulbe et al. 2015). 

 

Polyvinylidene fluoride (PVDF) 

PVDF is a non-reactive, thermal resistant plastic produced through the polymerization of 

vinylidene difluoride. 

 

PVDF is highly accepted as one of the main components in manufacturing of hollow-fibers. PVDF 

is a semi-crystalline polymer which consists of a crystalline phase and an amorphous phase. These 

phases are responsible for thermal stability and for the versatility with regards to membranes. 

PVDF resistant to many aggressive chemicals and organic mixtures such as acids, alkaline, and 

strong oxidants. Moreover to that, the PVDF shows high hydrophobicity properties and thus can 

find a possibility as a membrane contactor material in membrane gas absorption applications 

(Ahmad Fauzi Ismail, Kailash Chandra Khulbe et al. 2015). 

 

A comparison of permeability, selectivity and contact angle (as a measure of hydrophobicity) for 

polymeric membranes is provided in Table 4. 
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Table 4. Permeability, selectivity and hydrophobicity comparison. 

Membrane 

material 

Permeability,  

1010
𝑐𝑚3 𝑐𝑚

𝑐𝑚2 𝑠 𝑐𝑚𝐻𝐺∗
 

Selectivity, 

CO2/N2 

Contact 

angle 

Reference 

PTFE (Teflon 

AF1600) 

 

520 

 

- 

 

118° 

(Benny Freeman, Yuri 

Yampolskii et al. 2006) and 

(Jilin Zhang, Jian Li et al. 

2004) 

PVDF/zeolite  

3.26 

 

33.1 

 

90° 

(Ahmad Fauzi Ismail, Kailash 

Chandra Khulbe et al. 2015) 

PEEK  

~1 

 

33 

 

~70° 

(J.C.Jansen, M.Macchione et 

al. 2005) and 

(DIVERSIFIED Enterprises 

2019) 

 

Polycarbonate 

(PC) 

40 15-25 82° (DIVERSIFIED Enterprises 

2019) 

 

Polyethylene 

(PE) 

 

~10 

 

31 

 

96° 

(Fay Butler ), 

(Chatrine Hogseth Olsen 

2017), 

(DIVERSIFIED Enterprises 

2019) 

 

Polypropylene 

(PP) 

 

8.4 

 

- 

 

102.1° 

(Fay Butler ), 

 

(DIVERSIFIED Enterprises 

2019) 

 

*cmHG - centimeter mercury.  

 

Inorganic Membranes 

Membranes for gas separation application are commonly made from amorphous glassy polymers. 

Glassy based polymer membranes usually provide good selectivity and permeability. However, 

they have a tendency for degradation thus the performance may decrease with time. In addition to 

that, the operating temperature often should not exceed 100 °C which leads to significant 

limitations regarding applications in industrial processes. Taking this fact into consideration, the 

new types of membrane materials that could be operated at higher temperature were developed, so 

called inorganic materials. There are 3 categories for inorganic materials – sol gel based, zeolites 

based and Pd-based and Perovskite-like dense membranes. 
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Two types of inorganic materials can be categorized in two types – porous and non-porous. Porous 

inorganic membrane examples are ceramic membranes which include silica, glass and alumina, 

and porous metal, like aluminum or stainless steel. The porous membranes usually possess 

improved permeability and limited selectivity. 

 

Dense membranes often have specific separation effect. For example, the membranes that are made 

from palladium have the property to enable only specific gases to permeate through solution-

diffusion mechanism and disable to other gases. Comparing to porous membranes, non-porous 

membrane has improved selectivities and low permeability.  

 

Inorganic membranes often use expensive precious metals or tough operation conditions. They are 

vulnerable to mechanical defects and thus may require high investment costs. However, silica 

membranes are found to be effective in separation based on molecule size e.g. molecular sieving 

due to accurate pore size control. The inherent disadvantages are, however, mechanical and 

chemical instability. (Ahmad F. I., Kailash C. K. et al. 2015) 

 

Ceramic Membranes 

Generally, ceramic membranes play the role of fine molecular sieves. They are commonly 

composite and are manufactured from different materials, number of layers and a support of 

different porosity where the selective layer is placed on. 

 

For gas separation, perovskite oxide-type ceramic membranes are used. The perovskite solid 

membranes derived from SrCoO3−δ by partial substitution of cobalt with higher valency transition 

metal cations (Fe, Cr, Ti) exhibited higher permeation fluxes in comparison with other mixed-

conducting ceramics such as brownmillerite, orthoferrite etc. 

 

Membrane parameters such as selectivity and permeation are usually related to the membrane 

microstructure properties such as porosity, pore size, etc. Separation of a gas mixture can take 

place based on differences in molecular mass, size or shape, or on differences in the affinity of the 

gas molecules to the membrane material. (Ahmad F. I., Kailash C. K. et al. 2015) 
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Silica Glass Membranes 

Silica (SiO2) has represented excellent parameters regarding to SiO4 tetrahedra element ability to 

interconnect, thus forming a high number of various crystallized or amorphous structures with 

different porosities. Silica consists of silicon oxide thus can be utilized as a chemical compound. 

Silica is generally found as a sand or quartz. 

 

Microporous silica based membrane structures have usually a relatively high flux and are made by 

sol gel dip coating processes. The structure is strongly dependent on the geometry and packing 

way of polymers. The pore network properties, such as pore size, porosity etc, also plays a great 

role in influencing membrane selectivity and permeation, and are dedicated to microstructure. 

 

Selectivity is determined as a difference function in the gas kinetic diameters. The best selectivity 

for He/CH4 was found to be more than 10,000 at 30 °C. Selectivity is dropping with the higher 

temperatures. (Ahmad F. I., Kailash C. K. et al. 2015) 

 

Zeolites 

Zeolite based membranes can provide high selectivity due to molecular interaction inside the 

membrane pores. In addition, zeolite based membranes has shown selective adsorption properties 

and catalytic abilities (Ahmad F. I., Kailash C. K. et al. 2015). 

 

Composite membranes 

Composite membranes are made from two or more structural elements that are manufactured from 

different materials. In a composite membrane with a single-layer, selective and thin layer is placed 

on a microporous support which only gives mechanical strength and not participating in separation. 

Separation is performed by selective layer. In a composite membrane with several layers, a 

microporous support has a number of layers made from different materials, where every layer has 

its own function. Composite membranes utilized in filtration and gas separation applications. 

Example of composite membrane composition is polymer inclusion membranes or porous 

ptainless steel (PSS) support with a Pd top layer. Advantages of the composite membranes are: 1) 

Materials for selective layer and for porous support can be selected independently, 2) Every 

structure element can be optimized independently form one another and 3) it is possible to use 

expensive materials since small amount is required to form thin selective layer. (Pinnau I. 2000). 
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3. Experimental work 

To achieve the objective of the research, several sets of experiments have been conducted using a 

CO2 capture pilot unit. The flow diagram of the unit is presented in Figure 14.  

This section describes the experimental equipment that the pilot plant consists of, the main 

experimental procedures and the final experimental plan that is followed.  

 

 

Figure 14.  Flow sheet of the CO2 capture pilot. 

 

3.1 Experimental equipment 

The key equipment in the CO2 capture pilot plant is the gas-liquid membrane contactor that 

separates the phases and enables mass transfer from gas phase to the liquid side. Every equipment 

in the unit with its description is listed in Table 5 
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Table 5. Pilot unit equipment list. 

Equipment Function Remarks 

3M™ Liqui-Cel™ 2.5 x 8 

EXTRA-FLOW Membrane 

Contactor (Polypropylene) 

Provides gas-liquid 

separation and enables CO2 

transfer from the flue gas to 

absorbent. 

Maximum temperature 80 °C 

Max. liquid pressure 2 bar 

Max. liquid flow rate 11.3 l/m 

Max. gas pressure 4.8 bar 

Membrane has limits for 

operating with certain 

chemicals i.e. MEA 

Heat exchanger Plate heat exchanger for 

heating the desorption stream 

and cooling the absorption 

stream. Allows to save 

energy consumption at the 

heating stage 

 

Heater Main source of energy. Heats 

the desorption stream. 

Consists of volume with 

internal tubes, and electric 

heater, and is filled with 

water in the shell side. 

Heater’s thermostat has a 

temperature limit of 80 °C. 

Lauda Cooler Main cooling system in the 

experimental unit. Cools the 

liquid to 20 °C before 

entering the membrane. 

 

SONORex Ultrasound bath Ultrasound source. Consists 

of bath filled with water, 

tubes and heater to heat the 

water. 

Ultrasound bath has max. 100 

W power and does not have 

adjustment options. Increases 

pressure drop by 0.1 bar. 

Desorber/Absorber tank 7-liter tank for absorbent 

storage. 
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Vacuubrand MZ 2C NT 

Vacuum pump 

Creates vacuum in the system 

and promotes CO2 desorption 

process. 

Consists of condensation 

system and two valves for 

condensate storage. 

Vacuum pump can create up to 

1 mbar vacuum in the system, 

but in fact the vacuum is 

limited by liquid boiling point. 

ECLIPSE® E12M Absorbent 

liquid pump 

Main driving force for liquid 

flow pumped through the 

unit. 

Magnetically driven, 

chemically resistant liquid 

pump. 

Max. Differential Pressure 10.3 

bar. 

Max. Temperature 232 °C 

Max. Flow rate 13.2 l/min 

Minimum flow rate is limited 

by heat transfer coefficient and 

is around 0.6 – 0.7 l/min at 80 

°C 

Vaisala CO2 inlet/outlet gas 

analyzer x2 

Two analyzers for measuring 

CO2 concentration at inlet 

and outlet gas. 

Analyzers are limited by 20% 

CO2 and can not be used to 

measure concentration at the 

stripping outlet, since CO2 

concentration there may reach 

100% 

Accuracy at 25 °C is ± 

0.2%CO2 for 0... 8%CO2 

CO2Meter® CO2 stripper 

gas analyzer 

Measures CO2 concentration 

at stripping gas outlet 

0-100% analyzer, accuracy for 

all ranges is ± 3%CO2 

AGA CO2 gas bottle Bottle of CO2 Bottle of 99% CO2 purity. 

However, according to 

calibration that was done, 

actual gas purity is around 96%  
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LMX Litre meter Liquid flow meter Limits: 30 bar pressure and 100 

°C temperature. 

Accuracy is ± 2% 

Bronkhorst® EL-PRESS Gas pressure controller Operating temperatures are -

10°C … +70 °C 

Pressure up to 400 bar 

Accuracy: ±0.2% of full scale. 

 

3.2 Experimental plan 

The objective of the experiments is to study the feasibility of an intensive and compact energy 

efficient membrane technology and to examine the effect of different process variables on the 

overall CO2 absorption process and their influence on mass transfer coefficients and energy 

consumption. 

The whole experimental plan is divided into three main categories: Runs by using the basic 

equipment, i.e. with neither vacuum pump nor ultrasound; runs with utilizing vacuum pump, but 

not the ultrasound bath; runs with utilizing both vacuum pump and ultrasound bath. 

The basic process conditions are shown in Table 6. Default parameter values are used as a starting 

point for each experimental run, where only one variable is going to be varied at the same time. 

During each run, a data log is recorded and samples are taken for liquid loading analysis. 

 

The experimental plan of this work is shown in Table 6. 
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Table 6. Experimental variables. 

Variables 

 

Varied 

variable 

Liquid flow 

rate, l/min 

Inlet gas 

composition, 

vol% CO2 

Absorbent 

concentration, 

mol/L 

Absorption 

temperature,  

°C 

Desorption 

temperature, 

°C 

Vacuum 

pressure

mbar 

Default 1.00 10.0 1.00 20.0 80.0 off 

L
iq

u
id

 f
lo

w
 r

at
e 

v
ar

ie
d

 0.75 10.0 1.00 20.0 80.0 off 

1.25 10.0 1.00 20.0 80.0 off 

1.50 10.0 1.00 20.0 80.0 off 

C
O

2
 

co
n

ce
n

tr
at

io
n
 

v
ar

ie
d
 

1.00 5.00 1.00 20.0 80.0 off 

1.00 15.0 1.00 20.0 80.0 off 

A
b

so
rb

en
t 

co
n

ce
n

tr
at

io
n
 

v
ar

ie
d
 

1.00 10.0 2.00 20.0 80.0 off 

1.00 10.0 3.00 20.0 80.0 off 

A
b

so
rp

ti
o

n
 

te
m

p
er

at
u

re
 

v
ar

ie
d
 

1.00 10.0 1.00 10.0 80.0 off 

1.00 10.0 1.00 30.0 80.0 off 

D
es

o
rp

ti
o

n
 

te
m

p
er

at
u

re
 

v
ar

ie
d
 

1.00 10.0 1.00 20.0 60.0 off 

1.00 10.0 1.00 20.0 70.0 off 

 

Temperature tests are repeated for different vacuum pressures and ultrasound separately as shown 

in Tables 7-8. 
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Table 7. Experimental variables including vacuum tests. 

Variables 

 

Varied 

variable 

Liquid flow 

rate, l/min 

Inlet gas 

composition, 

vol% CO2 

Absorbent 

concentration, 

mol/L 

Absorption 

temperature,  

°C 

Desorption 

temperature, 

°C 

Vacuum 

pressure, 

mbar 

Default 1.00 10.0 1.00 20.0 80.0 600 

L
iq

u
id

 f
lo

w
 r

at
e 

v
ar

ie
d

 0.77 10.0 1.00 20.0 80.0 600 

1.25 10.0 1.00 20.0 80.0 600 

1.50 10.0 1.00 20.0 80.0 600 

C
O

2
 

co
n

ce
n

tr
at

io
n
 

v
ar

ie
d
 

1.00 5.00 1.00 20.0 80.0 600 

1.00 15.0 1.00 20.0 80.0 600 

A
b

so
rb

en
t 

co
n

ce
n

tr
at

io
n
 

v
ar

ie
d
 

1.00 10.0 2.00 20.0 80.0 600 

1.00 10.0 3.00 20.0 80.0 600 

T
em

p
er

at
u

re
 v

ar
ie

d
 a

t 
d

if
fe

re
n
t 

v
ac

u
u

m
 p

re
ss

u
re

s 

1.00 10.0 1.00 20.0 60.0 800 

1.00 10.0 1.00 20.0 70.0 800 

1.00 10.0 1.00 20.0 80.0 800 

1.00 10.0 1.00 20.0 60.0 600 

1.00 10.0 1.00 20.0 70.0 600 

1.00 10.0 1.00 20.0 60.0 500 

1.00 10.0 1.00 20.0 70.0 500 

1.00 10.0 1.00 20.0 80.0 500 
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Table 8. Experimental variables including ultrasound tests. 

Variables 

 

Varied 

variable 

Liquid 

flow 

rate, 

l/min 

Inlet gas 

composition, 

vol% CO2 

Absorbent 

concentration 

mol/L 

Absorption 

temperature,  

°C 

Desorption 

temperature 

°C 

Ultrasound Vacuum 

pressure 

mbar 

T
em

p
er

at
u

re
 v

ar
ie

d
 

1.00 10.0 1.00 20.0 60.0 off off 

1.00 10.0 1.00 20.0 70.0 off off 

1.00 10.0 1.00 20.0 80.0 off off 

1.00 10.0 1.00 20.0 60.0 on off 

1.00 10.0 1.00 20.0 70.0 on off 

1.00 10.0 1.00 20.0 80.0 on off 

T
em

p
er

at
u

re
 

v
ar

ie
d

 a
t 

v
ac

u
u

m
 

p
re

ss
u

re
 

1.00 10.0 1.00 20.0 60.0 on 600 

1.00 10.0 1.00 20.0 70.0 on 600 

1.00 10.0 1.00 20.0 80.0 on 600 

 

3.3 Experimental procedure 

For this experimental work potassium glycinate absorbent was utilized. Description of the sorbent 

preparation and analysis is provided in the following sections. 

 

3.3.1 Absorbent preparation 

Potassium glycinate solution was prepared in a stirred glass vessel with a cooling jacket from 

potassium hydroxide and glycine. The main reaction equation is presented in Eq. 19. 

 

OH- + -OOC-CHR-NH3
+ →-OOC-CHR-NH2

+ + H2O    (19) 

 

With regards to 1 M potassium glycinate solution, the following process steps and chemical 

proportions were used: 

1. Stirred tank is rinsed with water to ensure there is no impurities left on the tank walls.  

2. Tank is filled with 2 liters of pure water in which the chemical components are dissolved. 
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3. Potassium glycinate dissolution in the water is an exothermic reaction and is accompanied 

by heat generation. KOH is added to the water gradually to avoid temperature rise of the 

solution.  

4. After KOH is fully dissolved, glycine is added.  

For a single experimental run, a total of 6 liters of absorbent is required, so steps 2-4 are repeated 

three times. The concentration of the prepared solutions was verified by means of potentiometric 

acid-base titration with 1 M hydrochloric acid solution. The titration is repeated with 3 samples 

with 5 ml of analyte per sample. 

 

3.3.2 Absorbent loading analysis 

During each experiment, liquid samples are taken from the system from the absorption side and 

the stripping side to analyze the CO2-loading of the rich and lean absorbent. For this purpose, the 

method described by the Association of Official Analytical Chemists (Horwitz W., 2000) using 

the Chittick apparatus was adopted. A scheme of the apparatus is presented in Figure 15. 

 

 

Figure 15.  Scheme of Chittick apparatus. (Norouzbahari S, et al. 2016). Where (1) - magnetic  

stirrer, (2) - Erlenmeyer flask, (3) - burette, (4) – Stopcock, (5) – Graduated glass 

tube, (6) – Fluid reservoir. 

 

This method is based on hydrostatic pressure measurement. 5 ml of liquid sample is added to the 

flask, which is placed on a magnetic stirrer with methyl red added as an indicator. The HCl solution 

with concentration of 1 mol/L is added to the liquid sample from a burette. Upon addition of HCl, 

CO2 is released as a gas and flows upward and exits the flask through the tube fitted in the rubber 
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stopper and displaces the non-reactive liquid level in the graduated gas measuring glass tube with 

2 mL accuracy. The CO2 loading of the liquid sample αCO2 is then obtained using the ideal gas law 

as follows: 

 

𝛼CO2
=

𝑛CO2

𝑛PG
=

[
(𝑉gas−𝑉HCl)(𝑃)

𝑅𝑇
]

𝐶l𝑉l
     (20) 

 

Where nPG and nCO2 are potassium glycinate and CO2 molar amounts, Vgas denotes the volume of 

the displaced liquid in the graduated gas measuring tube; VHCl refers to the volume of HCl solution 

added to the flask to release the absorbed CO2; R designates the universal gas constant equal to 

8.314; P and T represent the atmospheric pressure and the room temperature, respectively. C1 and 

V1 stand for the aqueous PG solution concentration and the liquid sample volume, respectively. 

 

4. Results and discussion 

This section contains the experimental measurement data gained during experimental runs as well 

as discussion and proposals for possible further improvements and modifications. Performance 

indicators are calculated and shown to represent process variable dependency. Results presentation 

follows the same order in which the experimental plan was presented in section 3.2 

 

4.1 Measurement data 

Table 9 shows the results from inlet and outlet gas analyzers as well as absorbent liquid loading 

for each experimental run. The measurements are taken during steady-state operation. It should be 

noted, that gas flow rate was kept at 5 l/min during all experiments due to issues regarding gas 

pressure control. 
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Table 9. Measurement data under atmospheric pressure. 

V
ar

ie
d

 

v
ar

ia
b

le
  

V
ar

ia
b

le
s 

 L
iq

u
id

 f
lo

w
 r

at
e,

 

l/
m

in
 

In
le

t 
g

as
 c

o
m

p
o

si
ti

o
n

, 

v
o

l 
%

 C
O

2
 

A
b

so
rb

en
t 

co
n

ce
n

tr
at

io
n
 m

o
l/

L
 

A
b

so
rp

ti
o

n
 

te
m

p
er

at
u

re
, 
 °

C
 

D
es

o
rp

ti
o

n
 

te
m

p
er

at
u

re
, 

°C
 

V
ac

u
u

m
 p

re
ss

u
re

, 

m
b

ar
 

A
b

so
rp

ti
o

n
 o

u
tl

et
 g

as
 

co
m

p
o

si
ti

o
n

, 
v

o
l%

 

C
O

2
 

D
es

o
rp

ti
o

n
 o

u
tl

et
 g

as
 

co
m

p
o

si
ti

o
n

, 
v

o
l%

 

C
O

2
 

L
iq

u
id

 

lo
ad

in
g

, 

m
o

l/
m

o
l 

R
ic

h
 

L
ea

n
 

Default 1.00 10.5 1.00 20.0 80.0 off 4.16 93.5 0.52 0.50 

L
iq

u
id

 f
lo

w
 r

at
e 

v
ar

ie
d

 

0.75 10.3 1.00 20.0 80.0 off 4.95 95.2 0.51 0.49 

1.25 10.3 1.00 20.0 80.0 off 3.45 93.6 0.51 0.50 

1.50 10.3 1.00 20.0 80.0 off 3.05 90.6 0.52 0.51 

C
O

2
 

co
n

ce
n

tr
at

io
n
 

v
ar

ie
d
 

1.00 5.30 1.00 20.0 80.0 off 1.82 92.8 0.50 0.49 

1.00 15.3 1.00 20.0 80.0 off 7.30 95.0 0.51 0.49 

A
b

so
rb

en
t 

co
n

ce
n

tr
at

io

n
 v

ar
ie

d
 

1.00 10.3 2.00 20.0 80.0 off 3.16 

 

94.4 0.46 0.44 

1.00 10.2 

 

3.00 20.0 80.0 off 3.66 

 

93.9 0.44 0.43 

A
b

so
rp

ti
o

n
 

te
m

p
er

at
u

r

e 
v

ar
ie

d
 

1.00 10.3 1.00 10.0 80.0 off 3.31 93.0 0.53 0.52 

1.00 10.3 1.00 30.0 80.0 off 4.75 89.3 0.53 0.52 

D
es

o
rp

ti
o

n
 

te
m

p
er

at
u

re
 

v
ar

ie
d
 

1.00 10.6 1.00 20.0 60.0 off 9.80 35.8 0.58 0.57 

1.00 10.4 1.00 20.0 70.0 off 7.54 87.9 0.56 0.54 

 

Temperature test results are carried out for different vacuum pressures separately as shown in 

Table 10. 
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Table 10. Measurement data under vacuum pressure. 

V
ar

ie
d

 

v
ar

ia
b
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V
ar

ia
b

le
s 

L
iq

u
id

 f
lo

w
 r

at
e,

 

l/
m

in
 

In
le

t 
g

as
 

co
m

p
o

si
ti

o
n

, 
v

o
l%

 

C
O

2
 

A
b

so
rb

en
t 

co
n

ce
n

tr
at

io
n
, 

m
o

l/
L

 

A
b

so
rp

ti
o

n
 

te
m

p
er

at
u

re
, 
 °

C
 

D
es

o
rp

ti
o

n
 

te
m

p
er

at
u

re
, 

°C
 

V
ac

u
u

m
 p

re
ss

u
re

, 

m
b

ar
 

A
b

so
rp

ti
o

n
 o

u
tl

et
 

g
as

 c
o

m
p

o
si

ti
o

n
, 

v
o

l%
 C

O
2
 

D
es

o
rp

ti
o

n
 o

u
tl

et
 

g
as

 c
o

m
p

o
si

ti
o

n
, 

v
o

l%
 C

O
2
 L
iq

u
id

 

lo
ad

in
g

, 

m
o

l/
m

o
l 

R
ic

h
 

L
ea

n
 

Default 1.00 10.1 1.00 20.0 80.0 600 0.95 94.6 0.48 0.45 

L
iq

u
id

 f
lo

w
 r

at
e 

v
ar

ie
d
 

0.77 10.3 1.00 20.0 80.0 600 1.66 94.7 

 

0.44 0.42 

1.25 10.3 1.00 20.0 80.0 600 0.72 93.3 0.43 0.42 

1.50 10.3 1.00 20.0 80.0 600 0.64 93.0 0.42 0.41 

C
O

2
 

co
n

ce
n

tr
at

io
n
 

v
ar

ie
d
 

1.00 5.20 1.00 20.0 80.0 600 0.29 93.0 

 

0.41 0.40 

1.00 15.2 1.00 20.0 80.0 600 1.71 96.5 0.45 0.42 

A
b

so
rb

en
t 

co
n

ce
n

tr
at

io
n
 

v
ar

ie
d
 

1.00 10.5 2.00 20.0 80.0 600 0.62 94.1 0.38 0.37 

1.00 10.2 3.00 20.0 80.0 600 0.97 94.7 0.42 0.42 

T
em

p
er

at
u

re
 –

 v
ac

u
u

m
 p

re
ss

u
re

 v
ar

ie
d

 

1.00 10.5 1.00 20.0 60.0 800 8.84 82.9 0.57 0.57 

1.00 10.3 1.00 20.0 70.0 800 5.51 86.8 0.55 0.53 

1.00 10.2 1.00 20.0 80.0 800 1.90 88.2 0.50 0.48 

1.00 10.6 1.00 20.0 60.0 600 8.13 89.9 0.56 0.56 

1.00 10.3 1.00 20.0 70.0 600 3.38 88.8 0.52 0.51 

1.00 10.6 1.00 20.0 60.0 500 7.32 91.7 0.55 0.53 

1.00 10.1 1.00 20.0 70.0 500 2.42 85.5 0.52 0.50 

1.00 10.1 1.00 20.0 80.0 500 0.58 84.0 0.42 0.44 

 

Experimental results containing ultrasound bath tests are presented in the following table. 
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Table 11. Measurement data including ultrasound tests. 
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1.00 10.6 1.00 20.0 60.0 off 9.73 0.57 0.57 

1.00 10.6 1.00 20.0 70.0 off 7.69 0.55 0.53 

1.00 10.4 1.00 20.0 80.0 off 4.08 0.50 0.48 

1.00 10.4 1.00 20.0 60.0 on 9.60 0.56 0.56 

1.00 10.4 1.00 20.0 70.0 on 7.55 0.52 0.51 

1.00 10.4 1.00 20.0 80.0 on 3.74 0.55 0.53 

 

4.2 Performance indicators 

The key performance indicators, by which the overall efficiency can be evaluated in this research, 

are the CO2 recovery efficiency, CO2 molar flux, overall mass transfer coefficients and energy 

consumption. 

 

4.2.1 CO2 recovery efficiency 

The CO2 recovery determines the overall carbon dioxide molar percentage that is captured from 

the flue gas and stripped as high purity product gas. CO2 recovery efficiency is calculated using 

Eq. 15.  

 

According to the gained experimental results, CO2 recovery depends on experimental variables 

(section 3.2) as shown in the following figures. Error bars are based on relative standard deviation 

(RSD) from repeated experiments. All the repeated experiments are provided in appendix 1, Table 

12. RSD is calculated from Eq. 21. For non-repeated experiments, 5% error is assumed. 

 

𝑅𝑆𝐷 =
 √

1

𝑛−1
∑ (𝑥𝑖−𝑥̄)2𝑛

𝑖=1  ×100

𝑥̄
      (21) 
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Where xi is an individual result value, n is number of individual results, x̄ is mean value of 

individual results. 

 

Figure 16 represents the CO2 recovery dependency on heating. Efficiencies at the same conditions 

are found to be higher when vacuum is applied. In these experiments, vacuum is an absolute 

pressure. This is due to equilibrium constant for CO2 distribution between liquid and gas phase is 

shifted towards greater quantity of CO2 in the gaseous phase. CO2 recovery efficiency growth 

decreases when reducing every additional 200 mbar of the vacuum pressure. The efficiency growth 

between the four given pressures used in the experiment is approximately 40% – 30% – 15%. The 

application of vacuum is limited by the liquid boiling point which is around 82 °C at 500 mbar 

vacuum. 

 

 

Figure 126. CO2 recovery vs. desorption liquid temperature. Liquid flow rate 1 l/min, gas flow 

rate 5 l/min, absorption liquid temperature 20 °C, absorbent concentration 1 mol/L, 

CO2 inlet concentration 10 vol-%. 

 

Increased temperature also changes the equilibrium constant of CO2 between liquid and gas to 

greater concentration of CO2 in the gaseous phase. Higher temperatures have the most significant 

influence on the stripping process. The temperature is limited by the heater capacity. The heater 
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thermostat limit for the specific heater used in this thesis is 80 °C. The efficiency growth when 

heating from 60 °C to 70 °C and from 70 °C to 80 °C is around 65% and 35% respectively. 

 

As follows from Figure 8 above, with this specific equipment, the best experimental variables  are 

using 500 mbar vacuum pressure at 80 °C temperature. However, as was revealed during the 

experimental runs, 80 °C temperature lies too close to absorbent boiling point, and may cause 

excessive pump wear. Thus lowering the vacuum to 600 mbar is recommended as an optimal 

pressure, since the temperature has greater effect. 

 

The CO2 recovery efficiency achieved during the experimental work are comparable with the 90% 

efficiency, achieved at the CO2 recovery plant in Malaysia with 14.1 v-% CO2 gas concentration. 

(Masaki I., Shojiro I. et al. 2007).  

 

Liquid temperature where the absorption occurs plays definitely an important role in CO2 capture. 

Figure 17 shows the absorption temperature influence on CO2 absorption in the experimental unit. 

 

Figure 17.  CO2 recovery vs. absorption liquid temperature. Liquid flow rate - 1 l/min, gas 

   flow rate – 5 l/min, desorption liquid temperature – 80 °C, absorbent  

   concentration – 1 mol/L, CO2 inlet concentration – 10 vol-%, atmospheric  

   pressure. 
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The phenomenon in this case is opposite to the high stripping temperatures. Low temperatures 

changes the equilibrium constant of CO2 between liquid and gas to greater concentration of CO2 

in the liquid phase. The higher the absorption temperature, the lower is the CO2 recovery from the 

flue gas. Decrease in efficiency is linear and is around 10% per 10 °C increase in absorbent 

temperature.  

 

Low temperatures are limited by absorbent solidification temperature and economic feasibility.  

Flue gas from industrial source may reach high temperatures and cooling the gas to 5°C -10 °C 

may not be economically viable. The highest temperature in the experimental unit in this research 

is 80 °C after the stripping stage. Taking this fact into account, 20 °C has been selected as an 

optimal temperature for absorption. Solidification temperature in the current experiments is around 

0 °C. 

 

Figure 18 gives an observation of liquid flow rate influence on the CO2 recovery efficiency. Liquid 

flow tests have ambiguous results. On one hand CO2 recovery is found to be more effective at 

higher PG concentrations and lower liquid flow rates due to higher liquid absorption capacity that 

compensate the small flow rates. However, increased liquid flow increases also the total amount 

of gas that can be absorbed under similar conditions and raises the efficiency. At higher liquid 

flows the absorbent concentration starts to play insignificant role and, considering the relative 

measurement error, can be neglected. In the framework of this research work, the minimum liquid 

flow rate is limited by the specific equipment used and is around 0.6-0.7 l/min.  
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Figure 18.  CO2 recovery vs. liquid flow rate. Desorption liquid temperature – 80 °C, gas flow 

   rate – 5 l/min, absorption liquid temperature – 20 °C, absorbent concentration – 1 

  mol/L, CO2 inlet concentration – 10 vol-%, vacuum pressure - 600 mbar. 

 

Figure 19 represents absorbent concentration impact on CO2 recovery efficiency. An increase in 

absorbent concentration generally leads to an increase in overall mass transfer (Aroonwilas A., 

Tontiwachwuthikul P. et al. 1997). This is due to higher amounts of absorbent molecules per unit 

volume available for absorbing more CO2 at the gas–liquid interface. It increases the amount of 

CO2 to contact and react with the active absorbent. However, it was found that potassium glycinate 

solution does not follow the expected rule the higher the concentration the better.  The growth of 

recovery efficiency with 2 mole PG solution was 12% without vacuum and 4% with 600 mbar 

vacuum pressure compared to 1 mole PG solution. 
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Figure 19.  CO2 recovery vs. absorbent concentration. Liquid flow rate - 1 l/min, gas flow rate 

   – 5 l/min, absorption liquid temperature – 20 °C, desorption liquid temperature – 

  80 °C, CO2 inlet concentration – 10 vol-%. 

 

Despite the positive effect of increase to 2 mol/l concentration, the efficiency of the 3 mol/l PG 

concentration goes down and shows 8% and 4% efficiency decrease without and with vacuum 

respectively. The credibility of this phenomenon was proved by the repeated tendency at two 

pressure conditions, which makes the 2 mol/l PG solution the optimal absorbent concentration for 

the absorption process. However, the dependency is relatively weak within the studied range of 

absorbent concentrations. The explanation could be that there is no actual dependency between the 

absorbent concentration and recovery efficiency, since the experimental curves may be more or 

less straight lines within 5% error bar. 

 

Figure 20 shows CO2 recovery dependency from inlet gas CO2 concentration. An increase in the 

inlet gas CO2 concentration is found to lead to CO2 recovery efficiency decrease. The efficiency is 

decreased on approximately 10% with every 50% inlet concentration increase. This is explained 

with a constant amount of absorbent that participates in absorption per time unit and 

simultaneously increased CO2 molar flow that needs to be absorbed. The CO2 capture rate is lower, 

however, more CO2 is captured. 
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Figure 20.  CO2 recovery vs. CO2 inlet concentration. Liquid flow rate - 1 l/min, gas flow rate 

   – 5 l/min, absorption liquid temperature – 20 °C, desorption liquid temperature – 

   80 °C, absorbent concentration – 1 mol/L 

 

Figure 21 represents the impact of ultrasound on the absorption process. Ultrasound leads to 

cavitation and nucleation in the liquid and thus the formation of bubbles and was expected to have 

a significant impact on reduction of the CO2 loading in the absorbent (Ying J., Eimer D. A. et al. 

2014).  

 

Despite the positive experience in the referenced experiments, the experimental results conducted 

in this research are not meeting the expectations. It can be seen from the figure, that the efficiency 

difference between two comparing points – with and without ultrasound applied is within 0.15% 

- 0.2% and can hardly be distinguished on the graph. From the gained results it can be concluded 

that ultrasound influence has an insignificant impact on the process and can be neglected. 
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Figure 21.  Ultrasound bath test. Liquid flow rate - 1 l/min, gas flow rate – 5 l/min, absorption 

   liquid temperature – 20 °C, CO2 inlet concentration – 10 vol-%, atmospheric 

   pressure, absorbent concentration – 1 mol/L 

 

The possible reason for the negligible effect may be insufficient ultrasound bath power applied to 

the liquid volume rate it is treating and losses of ultrasound fading on the pipe walls. As a 

contributing factor, small surface area of the bath tubes may also play their role in insufficient 

ultrasound application.  

 

Further ultrasound bath usage was not been considered due to its inefficiency. For further 

experiments, it is recommended to install ultrasound rod directly into the liquid tank. According 

to Ying J. et al. research (Ying J., Eimer D. A. et al. 2014), direct ultrasound influence may have 

significantly improved results. 

 

4.2.2 CO2 molar flux 

CO2 molar flux is defined in the literature review part in Eq. 5. Figure 22 shows the dependency 

of CO2 molar flux from different desorption conditions and follows the similar pattern as in the 

Figure 16. The higher temperature forces the CO2 molecules to leave the absorbent thus increasing 

the CO2 mole flow. Vacuum pressure pushes the equilibrium constant towards separating the CO2 

molecules from liquid to gas phase and increasing mole flow at the same temperature conditions 
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Figure 22.  CO2 molar flux vs. desorption temperature. Liquid flow rate - 1 l/min, gas flow 

   rate – 5 l/min, absorption liquid temperature – 20 °C, CO2 inlet concentration –  

  10 vol-%, absorbent concentration – 1 mol/L 

 

Figure 23 shows CO2 molar flux dependency on the desorption temperature. According to Figure 

17 the CO2 recovery from the feed gas is the highest at low absorption temperatures and 

consequently drops at the higher temperatures, it can be concluded that molar flow, which basically 

indicates the direct amount of the product gas, follows the same dependency. 
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Figure 23.  CO2 molar flux vs. absorption liquid temperature. Liquid flow rate - 1 l/min, gas 

   flow rate – 5 l/min, desorption liquid temperature – 80 °C, CO2 inlet concentration 

   – 10 vol-%, atmospheric pressure. 

 

Figure 24 is referred to CO2 molar flux dependency from the liquid flow rate. In the liquid flow 

rate test, the amount of gas that is captured is in direct ratio with recovery efficiency and molar 

flux. The higher the liquid flow rate, the higher is the liquid volume that can participate in 

absorption process and lower the liquid-side resistance, leading to higher overall mass transfer 

coefficient. Absorbent concentration effect between 1 mole and 2 mole concentrations is 

significant and equals to around 10%. This dependency seems logical, because of the absorbing 

capacity at 2 mole concentration is higher than that at 1 mole concentration. However, the 

difference between 2 moles and 3 moles seems to be insignificant and may be neglected. Reason 

for that may be that even at 2 moles, concentration of absorbent is enough to absorb all the 

incoming CO2 gas.  
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Figure 24.  CO2 molar flux vs. liquid flow rate. Gas flow rate – 5 l/min, desorption 

   temperature – 80 °C, absorbent concentration – 1 mol/L, absorption liquid 

   temperature – 20 °C, CO2 inlet gas concentration – 10 vol-%, vacuum pressure - 

   600 mbar. 

 

Figure 25 shows the dependency of CO2 molar flux from the inlet gas CO2 concentration. A quite 

logical captured molar flow dependency upon CO2 inlet concentration and follows the 

expectations. The molar flux basically indicates the amount of CO2 gas that is absorbed. Thus, a 

100% increase in the CO2 concentration from 5% to 10% results in a 100% increase in the molar 

flux and a 50% increase in the concentration from 10% to 15% results in a 50% increase in the 

molar flux. 

Figure 25.  CO2 molar flux vs. CO2 inlet concentration. Liquid flow rate - 1 l/min, gas flow 

   rate – 5 l/min, desorption temperature – 80 °C, absorbent concentration –  

  1 mol/L, absorption liquid temperature – 20 °C. 
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4.2.3 Overall mass transfer coefficient 

The overall mass transfer coefficient is defined in the literature review part in Eq. 11. The 

magnitude of the overall mass transfer coefficient can be calculated from the experimental data 

using Eq. 12 and logarithmic concentration difference. 

 

Since in the current experimental unit the solvent is circulating and the liquid at the inlet has a 

relatively high CO2 loading. C*
g.in is calculated based on the solubility data from A.F. Portugal  et 

al. 2009. The exponential curve is fitted with a trendline to the gas phase concentration at the data 

points with similar gas pressures that were used during experiments. Exponential curve is shown 

on Figure 26. 

 

  

Figure 26.  The equilibrium of CO2 in 1 M potassium glycinate solution at 20 °C according to 

Portugal et al. 2010. 

 

Thus, the gas phase equilibrium concentration at liquid inlet and outlet for 20 °C is determined 

from Eq. 22. 

 

𝐶g,i
∗ = 1.40 ∙ 10−4e0.014𝐶i    (22) 

 

Where Ci is the concentration of CO2 dissolved in the absorbent, calculated from the analyzed 

CO2-loading. 

 

Figure 27 shows the indirect influence of the desorption temperature on the overall mass transfer 
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and not by desorption temperature. However, when the mass transfer coefficient is calculated with 

accordance to Eq. 22, which considers the lean absorbent loading that is dependent on desorption 

conditions, an indirect apparent effect on a mass transfer coefficient is observed. 

 

 

Figure 27.  Overall mass transfer coefficient vs. desorption liquid temperature. Liquid flow 

   rate - 1 l/min, gas flow rate – 5 l/min, absorbent concentration – 1 mol/L, 

   absorption liquid temperature – 20 °C, CO2 inlet gas concentration – 10 vol-%. 

 

Figure 27 visually represents this indirect desorption temperature dependency in combination with 

vacuum application. Vacuum decreases partial pressure of CO2 in the gaseous phase during 

desorption and the lower the pressure the higher is the driving force of CO2 desorption from liquid 

to the gaseous phase. Therefore, an indirect influence on the mass transfer coefficient is obtained. 

This could be explained by changes in unloaded glycinate concentration in the absorption film, 

which influences chemical reaction rate thus enhancing mass transfer coefficient. From the graph 

it can be concluded, that the highest mass transfer coefficient corresponds to the strongest vacuum 

and highest temperature.  

 

Figure 28 represents dependency of the overall mass transfer coefficient from the liquid flow rate. 

A rather weak, but clear dependency for the overall mass transfer coefficient from the liquid flow 

rate is found. Again, the mass transfer coefficient has higher values with vacuum pressure and 

absorption concentration rise. 
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Figure 28.  Overall mass transfer coefficient vs. liquid flow rate. Desorption liquid 

   temperature - 80 °C, gas flow rate – 5 l/min, absorbent concentration – 1 mol/L, 

   absorption liquid temperature – 20 °C, CO2 inlet gas concentration – 10 vol-%. 

 

Generally, with higher liquid flow rates, the absorbent is changed from saturated to lean faster, 

which causes an indirect effect, and liquid side boundary layer becomes thinner which leads to an 

increased mass transfer coefficient. However, in the conducted experiments, the vacuum pressure 

and desorption liquid temperatures have a strong indirect influence. 2 mol/l absorbent shows 

significantly improved mass transfer compared to 1 mol/l. This is due to higher absorbent 

concentrations having larger capacities, thus they are able to absorb more CO2 per volume, 

comparing to the weaker solution. 

 

Figure 29 is referred to overall mass transfer coefficient dependency from the inlet gas CO2 

concentration. It is found that the overall mass transfer coefficient has an apparent 20% drop with 

the doubled CO2 feed concentration. Higher gas concentrations generally may influence the 

reaction between CO2 and glycinate in the liquid side and enhance liquid side mass transfer. 

However, in this particular case, it is most likely that the mass transfer coefficient is affected by 

uncertainties in the lean absorbent loading analysis. 
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Figure 29.  Overall mass transfer coefficient vs. CO2 inlet concentration. Desorption liquid 

temperature - 80 °C, gas flow rate – 5 l/min, absorbent concentration – 1 mol/L, 

absorption liquid temperature – 20 °C, liquid flow rate - 1 l/min. 

 

4.2.4 Energy consumption 

Energy consumption data acquired by the measurement system was written to a pilot unit log file 

directly. The energy consumption data includes heating and cooling powers from the heater and 

the cooler and the electricity consumption by absorbent and vacuum pumps. Energy consumption 

is calculated from Eq. 23. 

 

𝑄 = 𝑐∆𝑇      (23) 

 

Where c is specific heat capacity of the liquid, and ∆T is temperature difference of the liquid.  

Energy consumption per CO2 mole is calculated from Eq. 24. 

 

𝑄𝑚 =
𝑄

𝑛
     (24) 

 

Where Q is the heating energy and n is the CO2 molar flow rate.  
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Figure 30 provides an observation of heater power consumption dependency from desorption 

liquid temperature. The reverse side of the high efficiency at high desorption temperatures is the 

fact that it also requires large amounts of power. The higher the temperature to which the liquid 

has to be heated, the higher is the power consumption. This dependency also follows from Eq. 23. 

The heater power consumption rises approximately by 15%-20% per every 10 °C growth.  

 

Figure 30.  Heater power consumption vs. desorption liquid temperature. Liquid flow rate – 1 

   l/min, gas flow rate – 5 l/min, absorbent concentration – 1 mol/L, absorption 

   liquid temperature – 20 °C, CO2 inlet concentration – 10 vol-%. 

 

Lower vacuum pressure assists the CO2 molecules to be separated from the liquid to gas phase 

thus generally lowering the energy requirement to remove CO2 by means of temperature. Figure 

30 generally follows this rule, except for some of the experimental points that lie within 5% relative 

error. Application of vacuum generally lowers the power consumption by 1.5% - 2% per additional 

200 mbar. 

 

Figure 31 shows the effect of specific energy consumption required at different desorption 

conditions. 
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Figure 31.  Specific energy consumption at different temperatures. Liquid flow rate - 1 l/min, 

   gas flow rate – 5 l/min, absorbent concentration – 1 mol/L, absorption liquid 

   temperature – 20 °C, CO2 inlet concentration – 10 vol-%. 

 

Energy consumption per CO2 mole is linked to the CO2 molar flux that is changing with different 

temperatures and pressures. From Figure 22 it can be concluded that the higher the temperature, 

the higher the mass that is separating from the liquid and go to the gas phase. Thus, the better the 

conditions for CO2 desorption in temperature and pressure, the larger the number of moles that 

leaves the liquid phase and the lower the energy per each stripped CO2 mole that is consumed. 

Vacuum in this case also plays a positive role by promoting more CO2 molecules to leave the 

liquid phase thus lowering the stripping energy required per mole of CO2. 

 

Experiments regarding determination of specific energy consumption at lab-scale stripping column 

have been conducted in literature (Xiaofei Li, Shujuan W. et al. 2013). The gained experimental 

results show that the average energy required for absorbent regeneration varies around 200 – 300 

kJ/mol. These values are 40 times lower than the ones received in the present research. However, 

the results are not comparable. This large difference indicates inefficiency in the stripping stage in 

the pilot unit. The possible reason for that could be the short residence time of the liquid before 

going back to the recycle. The short residence time limits the CO2 molecules to fully leave the 
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liquid phase and to realize the whole high-temperature potential. Furthermore, the interfacial area 

and mass transfer in the stripping unit are low compared to the absorption unit. 

 

As observed in Figure 32, the absorption efficiency is higher at low temperatures and lowers with 

temperature increase. However, the lower the liquid temperature in absorption, the larger will be 

the temperature difference that is needed to achieve a desired desorption temperature, which thus 

increases the energy required for the heating. 

 

 

Figure 32.  Heater power consumption and Specific energy consumption vs. absorption 

temperature. Liquid flow rate - 1 l/min, gas flow rate – 5 l/min, desorption liquid 

temperature 80 °C, CO2 inlet concentration – 10 vol-%, atmospheric pressure, 

absorbent concentration – 1 mol/L 

 

A clear inverse energy-per-mole dependency can be observed. At low temperature the molar flow 

is the highest as can be seen from Figure 23, therefore energy consumed per CO2 mole is the 

lowest. The opposite situation is at the higher temperatures. Since the molar flow decreases 

significantly, the energy-per-mole is rising respectively. 

 

Figure 33 represents power consumption and specific energy consumption dependency from the 

liquid flow rate. High liquid flow rate increases the volume of liquid passing through the heater 

per time unit. It is obvious, that in order to maintain the necessary temperature at the heater’s 
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outlet, more energy should be consumed in this case. The electric power consumption of the liquid 

and vacuum pumps varies within 30 – 50 W for the absorbent pump and 200 – 215 W for the 

vacuum pump and have not been depicted in separate figure because of the relatively small energy 

consumption contribution comparing to heater energy consumption. 

 

 

Figure 33.  Heater power consumption and specific energy consumption vs. liquid flow rate. 

Desorption liquid temperature – 80 °C, gas flow rate – 5 l/min, desorption liquid 

temperature – 80 °C, CO2 inlet concentration – 10 vol-%, atmospheric pressure. 

 

Figure 34 show the energy consumption per mole depending on inlet CO2 gas concentration. 

Compared to Figure 25, the energy per mole in Figure 34 is inversely proportional to CO2 inlet 

concentration. A power consumption graph has not been provided because of insignificant change 

in power consumption and tendency to remain constant. However, the molar CO2 flow changes, 
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thus affecting the energy-per-mole dependency. The curve has the expected form. Lower 

concentrations at the inlet corresponds to low molar flow rate, therefore high energy-per-mole is 

achieved. At higher concentration, molar flow increases, entailing the energy-per-mole drop. 

 

 

Figure 34.  Specific energy consumption vs. CO2 inlet concentration. Desorption liquid 

temperature - 80 °C, gas flow rate – 5 l/min, absorbent concentration – 1 mol/L, 

absorption liquid temperature – 20 °C, liquid flow rate - 1 l/min 

 

Figure 35 shows the overall contribution to the CO2 capture process for every variable in this 

study. Variable contribution is determined as a mean value of CO2 recovery efficiency increase 

during every variable variation, the same way as in Eq. 15, where instead of CO2 molar flow rates 

in the inlet and outlet gas, the lowest and the highest efficiencies are used. 
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Figure 35.  Contribution of variables to CO2 capture efficiency increase. 

 

The figure visualizes the contribution of different variables studied in this research to overall CO2 

capture process. It can be observed, that the regeneration temperature has the highest influence 

(36.7%) on a CO2 capture process following by vacuum pressure application (28.5%). Liquid flow 

rate has third place (11.6%) among the studied variables. Absorption liquid temperature vary has 

shown only 9.7% contribution to the absorption process. CO2 inlet concentration change and 

absorbent concentration change have 7.2% and 6.3% contribution respectively. 

 

5. Conclusion 

The main objective of this work was to study the feasibility of an intensive and compact energy 

efficient technology for CO2 capture by utilizing hollow-fiber membranes for gas–liquid 

contacting. Additionally, absorption process intensification research was carried out with in 

overall 6 different variables that were varied in order to monitor the CO2 capture unit performance. 

The performance indicators to monitor were the CO2 capture efficiency, CO2 molar flux, overall 

mass transfer coefficient and the energy consumption indicators. Variable contribution to the CO2 

absorption process is shown on the Figure 35. 

 

The high temperatures in the stripper play the most significant role, since the temperature shifts 

the equilibrium constant to greater CO2 quantity in the gaseous phase. This leads to increased CO2 

molar flow into the product side and higher mass transfer coefficients. However, the cost is also 

high due to large energy consumption required for heating. 

 

Application of vacuum has also a great effect on the process. It promotes the CO2 molecules to 

transfer from the liquid phase to the gas phase thus increasing the molar flow and indirectly 
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influence the overall mass transfer coefficient with relatively low vacuum pump electric power 

consumption (around 200 W). 

 

According to the gained results, the liquid flow rate has 11.59% effect on the overall process 

efficiency. High flow rates show improved performance with regards to efficiency, molar flow, 

mass transfer coefficient, but increased energy consumption. However, the flow rate influence 

should be studied in more details within more experimental points at 70 °C at lower and higher 

flow rates. 

 

Absorbent temperature has demonstrated a great effect on the capture efficiency, but can not be 

considered as a good solution at industrial scale plants, due to the relatively high flue gas 

temperature at the source outlet. 

 

Different absorbent concentrations have shown a large increase in CO2 absorption per volume; 

however, the liquid loading slightly decreases. Recovery has weak dependency from 

concentration, and can be considered as a non-dependent inside the error bar in most cases. The 

repeatability of the liquid loading analysis in the overall experimental work has been found 

acceptable, with maximum deviations of 0.03 mol/mol found in repeat analyses. However, 

absorbent concentrations and desorption temperatures had around 10% impact on the loading. 

 

Ultrasound bath has shown negligible performance impact, thus it is considered non-successful. 

 

Suggestions for further work 

First of all, it is worth to outline that the ultrasound application potential has not been disclosed 

fully. The ultrasound bath did not justify the expectations. However, ultrasound bar installed 

directly to the liquid tank could show better results due to higher power and direct contact with the 

liquid phase. 

 

Secondly, the CO2 capture unit is designed in the way that the saturated liquid from the heater goes 

directly to the bottom of the storage tank; where the lean absorbent is stored before recycle. This 

way, the residence time of the liquid path before it reaches the lean solvent and overall surface 

area through which the mass transfer happens is extremely short and leads to losses in recovery 

efficiency and may be the reason for increased energy consumption per mole. 
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The residence time, in which the liquid reaches the solvent is the main moment when desorption 

process takes place. One proposal for improvements is to equip the tank with additional 

installations (trays, packing) to increase mass transfer surface and to increase the liquid residence 

time. Another way is to install a hollow–fiber membrane contactor module after the heater, put the 

liquid to the tube–side and vacuum to the shell-side. Membrane surface area is usually high and 

the residence time would be significantly longer. 
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Appendix 1 

Table 12. Experimental repeats and relative standard deviations. 
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Rich Lean 

Default 1,003 10,83 19,99 80,36 off 3,81 83,89 64,82 1,62 10-04 5,33 10-05 2457,02 0,51 0,48 

0,999 10,25 19,89 80,13 off 3,78 87,72 64,44 1,53 10-04 5,30 10-05 2476,11 0,53 0,52 

0,995 10,52 20,06 79,98 off 4,16 93,20 60,50 1,47 10-04 4,90 10-05 2485,22 0,52 0,50 

1,017 10,55 20,06 80,39 off 4,20 85,72 58,18 1,42 10-04 4,93 10-05 2199,22 0,53 0,52 

1,002 10,37 20,00 80,13 off 3,91 93,44 62,26 1,49 10-04 4,98 10-05 2414,85 0,53 0,52 

RSD, % 0,83 2,06 0,35 0,22 - 4,96 4,90 4,47 4,90 4,14 4,94 2,00 
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 0.996 10,25 10,05 79,89 off 3,31 93,03 67,69 1,62 10-04 - 2595,12 - - 

0.999 10,55 10,10 79,93 off 3,56 93,23 62,82 1,53 10-04 - 2410,71 - - 

RSD, % 0,15 2,01 0,36 0,03 - 5,12 0,15 5,28 3,77 - 5,21 - - 
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 1,003 10,25 30,024 79,955 off 4,75 89,25 53,69 1,26 10-04 - 2259,54 - - 

0,999 10,55 30,026 80,130 off 5,09 89,22 50,17 1,21 10-04 - 2127,71 - - 

RSD, % 0,28 2,01 0,01 0,15 - 4,87 0,02 4,80 3,19 - 4,25 - - 
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1,001 10,6 19,98 59,97 off 9,80 35,77 7,80 1,60 10-05 - 1834,66 0,58 0,57 
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 1,001 10,38 19,92 70,02 off 7,59 - 27,37 6,34 10-05 - 2214,42 - - 

0,999 10,68 20,03 69,92 off 8,15 - 25,87 5,93 10-05 - 2078,7 - - 

RSD, % 0,13 2,02 0,39 0,10 - 5,01 - 3,97 4,68 - 4,47 - - 
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1,000 10,29 19,92 80,04 600 0,92 89,97 92,95 2,29 10-04 1,44 10-04 2439,42 0,42 0,42 

0,997 10,07 20,04 80,09 600 1,02 83,72 87,35 2,09 10-04 1,40 10-04 2186,55 0,47 0,46 

0,999 10,52 19,99 80,03 593 0,97 94,63 90,80 2,28 10-04 1,29 10-04 2391,85 0,45 0,43 

1,000 10,30 20,00 80,03 594 0,92 94,73 93,01 2,30 10-04 1,44 10-04 2444,88 0,47 0,46 

RSD, % 0,13 1,80 0,24 0,03 0,61 5,28 5,72 2,92 4,39 4,91 5,15 4,78 4,76 
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1,000 10,64 20,09 60,00 597 8,13 89,92 23,64 5,57 10-05 1,40 10-05 1721,46 0,56 0,56 
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1,000 9,96 19,94 59,95 500 6,79 83,95 34,88 7,93 10-05 2,19 10-05 1735,00 0,57 0,55 

0,999 10,64 20,06 59,99 498 7,32 91,71 31,20 7,42 10-05 1,94 10-05 1656,92 0,55 0,53 

RSD, % 0,09 4,69 0,41 0,04 0,22 5,37 6,26 7,88 4,75 8,78 3,26 3,42 1,52 

D
es

o
rp

ti
o

n
 

te
m

p
. 

re
p

ea
t,

 

7
0

 °
C

 +
 v

ac
. 

1,001 10,29 19,95 70,24 600 3,38 88,80 67,18 1,61 10-04 - 2164,16 - - 

1,000 10,57 20,08 70,05 596 3,64 94,21 61,89 1,46 10-04 - 2117,06 - - 

RSD, % 0,05 1,93 0,44 0,19 0,48 5,32 4,18% 5,80 6,86 - 1,56 - - 
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D

es
o

rp
ti

o
n

 

te
m

p
. 

re
p

ea
t,

 

7
0

 °
C

 +
 v

ac
. 1,001 10,29 19,95 70,24 500 3,38 88,80 67,18 1,61 10-04 - 2164,16 - - 

1,000 10,57 20,02 70,02 497 2,90 94,92 72,54 1,79 10-04 - 1932,52 - - 

RSD, % 0,08 1,93 0,24 0,22 0,48 10,66 4,71 5,43 7,69 - 8,00 - - 

D
es

o
rp

ti
o

n
 

te
m

p
. 

re
p

ea
t,

 

8
0

 °
C

 +
 v

ac
. 

1,001 10,07 20,07 79,92 500 0,58 83,99 94,24 2,28 10-04 - 1467,28 - - 

0,999 10,57 20,01 80,07 498 0,51 96,85 95,17 2,42 10-04 - 1581,03 - - 

RSD, % 0,14 3,48 0,21 0,13 0,23 8,94 10,06 0,69 4,23 - 5,28 - - 

D
es

o
rp

ti
o

n
 

te
m

p
er

at
u

re
 r

ep
ea

t,
 

6
0

 °
C

 +
 v

ac
u

u
m

 

1,001 10,47 19,30 59,90 800 8,84 82,89 15,63 3,60 10-05 8,37 10-06 1865,80 0,57 0,57 

0,999 10,09 19,92 60,01 800 8,62 78,31 14,59 3,25 10-05 8,42 10-06 1854,21 0,58 0,58 

1,000 10,68 19,99 59,95 798 9,15 79,44 14,37 3,36 10-05 8,38 10-06 1702,73 0,57 0,57 

RSD, % 0,11 2,87 1,91 0,08 0,17 2,99 2,98 4,52 5,27 0,30 5,03 1,71 1,21 

D
es

o
rp

ti
o

n
 

te
m

p
er

at
u

re
 r

ep
ea

t,
 

7
0

 °
C

 +
 v

ac
u

u
m

 

1,001 10,33 19,91 70,11 800 5,51 86,81 46,63 1,10 10-04 - 2192,71 - - 

1,001 10,68 20,02 70,21 795 6,38 92,76 40,26 9,70 10-05 - 1931,37 - - 

RSD, % 0,01 2,40 0,40 0,10 0,46 10,35 4,69 10,36 8,63 - 8,96 - - 
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D

es
o

rp
ti

o
n

 

te
m

p
er

at
u

re
 r

ep
ea

t,
 

8
0

 °
C

 +
 v

ac
u

u
m

 

0,999 10,15 20,07 80,00 800 1,90 88,23 81,28 1,95 10-04 - 2457,97 - - 

1,000 10,68 20,14 80,13 792 2,20 94,27 77,54 1,95 10-04 - 2198,80 - - 

RSD, % 0,03 3,63 0,25 0,11 0,71 10,32 4,68 3,33 0,10 - 7,87 - - 

 

Appendix 2 

Table 13.Relevant patents 
Patent number Patent name Short description Main claim Status 

CN101766947B Composite 

absorber for 

catching CO2 gas 

of membrane 

contactor 

The invention discloses a composite absorber for 

catching CO2 gas of a membrane contactor; the composite 

absorber is composed of amino alkane sulfonate and 

polyamide organic amine; the total concentration of the 

amino alkane sulfonate and polyamide organic amine in 

the composite absorber is 0.1-4.0mol/L, and the mole 

ratio of the amino alkane sulfonate and the polyamide 

organic amine is 1:0.5-1.2. 

A membrane contactor for trapping 0) 2 absorbent composite 

gas, characterized in that an amino alkane sulfonates solute and 

an organic amine composed of multiple amino; amino alkane 

sulfonates according to: amino methane-sulfonate, 2-sulfonate 

ko, I- ko amino sulfonates, I- amino propane-sulfonate, 2-

propanesulfonate, 3-propanesulfonate any of species ーthe 

potassium or sodium salts; organic amine of the poly-amino 

compound is: ko amine Ni, Ni ko ene triamine, any three kinds 

ー ko ene tetra-mine, tetra-ethylene penta-mine in ko alkenyl. 

Active 

CN101766948B Solution for 

composite 

membrane 

contactor capture 

CO2 gas 

The present invention discloses a solution for a composite 

membrane contactor capture CO2 gas from the solution of 

the amino compound and cyclic alkane sulfonates bis-

amino organic amine composition, and cyclic amino 

alkane sulfonates bis amino-organyl amine in the aqueous 

solution the two components a total concentration of 0.1 ~ 

5.0mol / L, the molar ratio of amino alkane sulfonates and 

cyclic organic amine is bis-amino-0.5 to 1.5. 

A composite membrane contactor for trapping the CO2 gas 

solution, wherein the aqueous solution of amino alkane 

sulfonates bis cyclic amino group composed of an organic 

amine; amino alkane sulfonate of formula is = H2N -R-SO3-

M+, where in R is an alkyl group having 1 ~ 3 carbon atoms, M+ 

= K+ or Na+; formula either a cyclic bis-amide of formula the 

organic amine compound is: 

Active 
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EP3412356A1 Method for CO2 

capture with a 

membrane 

contactor 

The invention relates to an improved method for CO2 

capture from a gas stream, using a membrane that is 

permeable to CO2, and using aqueous solution 

comprising ammonia (NH3). It also relates to an 

improved method to use a membrane contactor such as 

Hollow-fiber Membrane Contactor (HFMC) or Spiral 

Membrane Contactor or Plate and Frame Membrane 

Contactor. 

A method for removing at least part of carbon dioxide (CO2) 

from a gas stream using a membrane that is permeable to CO2, 

having a first surface and a second opposing surface, said 

method comprising bringing the gas stream in contact with the 

first surface of the membrane, and bringing the second surface 

of the membrane with an aqueous solution comprising ammonia 

(NH3) so that at least part of the CO2 of the gas stream is 

removed from the gas stream and transferred through 

the membrane to the aqueous solution 

Active 

US6402818B1 Degassing a liquid 

with a membrane 

contactor 

The present invention is directed to degassing a liquid 

with a membrane contactor. A liquid having a dissolved 

gas is introduced into a contactor which is connected to a 

vacuum source. The contactor has a perforated core, a 

plurality of hollow-fiber membranes, a tube sheet affixing 

each end of said fibers, and a shell having a liquid egress. 

The shell encloses the fibers, the tube sheet, and the core. 

The hollow-fiber lumens are in fluid communication with 

the vacuum source. Liquid enters the contactor via the 

core's open end radially exits the core, crosses over the 

membranes within the shell, and exits the contactor by the 

liquid egress. The dissolved gas thereby diffuses from the 

liquid across the membrane into the lumen. The liquid 

exiting may have a dissolved gas content to less than 1 

ppb 

A contactor for degassing a liquid comprising: a perforated core 

having an open end and a closed end; a plurality of hollow-fiber 

membranes, each said fiber having a lumen, said fibers 

surrounding said core, each said fiber having two ends; a tube 

sheet affixing each said fiber end; and a shell having a liquid 

egress, said shell enclosing said fibers, said tube sheets, and said 

core; whereby said lumens being adapted for communication 

via said fiber end with a vacuum source; said core being 

adapted for radially distributing a liquid containing a dissolved 

gas transversely across said fibers so that the dissolved gas shall 

diffuse into said fibers; said egress being adapted for 

discharging the liquid from the contactor with <1 ppb dissolved 

gas; and the contactor being adapted for a minimum liquid flow 

rate of 20 liters per minute. 

Active 

CN101804285A Activated solution 

for trapping CO2 

gas by membrane 

contactor 

The invention provides an activated solution for trapping 

CO2 gas by a membrane contactor, which has favorable 

compatibility with an organic membrane, has strong 

capability of absorbing the CO2 gas and can stably run in 

the membrane contactor. The activated solution is a water 

solution containing amino acid salt and annular double-

amino organic amine, wherein the total concentration of 

the water solution of the amino acid salt and the annular 

double-amino organic amine is 0.1 to 5.0mol/L, and the 

molar ratio of the amino acid salt to the annular double-

amino organic amine is 1:0.1 to 1.2. 

A membrane contactor capture CO2 gas for activating solution 

is an aqueous solution containing salts and cyclic bis-amino 

acid organic amine; total concentration of said bis cyclic amino 

acid salts and the organic amine is 0.1 ~ 5.0mol / L the molar 

ratio of the acid salt of organic amine and the cyclic amino 

group is a bis 1:0.1 to 1.2. 

The activating solution used in the CO2 capture membrane 

contactor according to claim 1, wherein said amino acid salt is 

of the formula: image see original document page 2 1 wherein R 

is an ~ 3 alkyl carbon atoms, M + = K + or Na +. 

Inactive 

 


