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Abstract  

Non-porous membrane contactor offers the possibility to reduce the amine emissions if the 

membrane layer is specifically designed to act as a barrier for the amine transport. In the 

present paper, the amine permeation through an AF2400 self-standing membrane, previously 

identified as the best dense layer material, have been investigated to evaluate the amine-

emission preventing capacity of the membrane for the first time. The transport properties of 

different amine-based aqueous solutions (monoethanolamine, 3-methylaminopropylamine 

and diethylethanolamine) through a 10µm-thick self-standing AF2400 membrane have been 

characterized through pervaporation experiments in a temperature range of a typical amine 

absorption step (25 – 60 ºC). Humid CO2 permeation tests were also carried out to simulate 

the real gas membrane absorption separation conditions. A limited decrease (up to 25%) of 

the CO2 permeability was observed from dry state to fully humidified conditions, suggesting 

that the membrane contactor can be operated with humid flue gas to prevent solvent 

dehydration. The amine fluxes were found at least two orders of magnitude lower compared 

with CO2, demonstrating the ability of the membrane to favor the transport of CO2 over the 

amines. 

 

 

Keywords: Membrane contactor; CO2 capture; Pervaporation; Amine 
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1. Introduction 

The latest bulletin from the World Meteorological Organization (WMO) [1] highlighted that 

in 2015 the CO2 concentration in the atmosphere reached a level of 400 ppm for the first time 

in human history, and the overall outlook suggests that this level will be maintained for years 

to come. The implementation of more efficient CO2 capture technologies has never been so 

urgent. Amine absorption is now the most applied technology in post-combustion CO2 

capture, but the high-energy requirements and serious environmental issues due to the solvent 

emissions result in a pressing need to develop CO2 absorbents with superior energy efficiency 

and a system that can prevent the amine emissions. Among the criteria used for the amine 

selection (cyclic capacity, regeneration energy requirement, corrosion, degradation, etc..), one 

important property is volatility, as large amounts of organic amines in clean flue gas lead to 

the formation of dangerous secondary components (e.g., nitrosamine) [2] and require 

additional water washing steps that can increase the cost of the overall capture process [3]. 

Aerosol formation related to amine emissions can also be a significant problem related to the 

absorption process [4], in particular when the size of the aerosol particles is too small (< 

2.5µm) to be captured by simple water washing [5]. It has been reported that mist formation 

accounts for a large part of amine emissions, which can be increased by two orders of 

magnitude (from 2 to 200 ppm) compared with the condition where only amine evaporation 

takes place [6].  

Recently, amine blends based on primary (or secondary) and tertiary amines have been 

proposed as a suitable solution to decrease the energy penalty associated with the capture 

process. For example, mixtures of N,N-Diethylethanolamine (DEEA) and 3-(Methyl-

amino)propylamine (MAPA) have up to 50% higher cyclic capacity than 30 wt% 

monoethanolamine (MEA), the typical reference for amine-based absorbents [7].  The overall 

mass transfer coefficient of unloaded DEEA-MAPA blends are twice as high as that of MEA 
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solutions [8]. Experimental data also show that at least some of the blends absorb CO2 faster 

than 30wt% MEA at the process relevant loadings and temperatures [9]. A short-cut 

evaluation based on vapor-liquid equilibrium and heat of absorption data indicates that 

DEEA-MAPA mixtures require reboiler duties around 2.6 MJ/kgCO2, much lower compared 

to the base case (30wt% MEA, requiring 3.5 MJ/kgCO2) [10]. Similar energy numbers has 

also been reached experimentally in a lab scale pilot [11], making the blends very interesting 

as energy efficient absorbents. The screening investigation also showed that mixtures of 

Triethylenetetramine (TETA) and DEEA represent a promising option to make post-

combustion capture more economically feasible [12], but in both cases the high volatility of 

the organic components limits their up-scaling to an industrial level. Table 1 shows that 

amine volatility can be very different depending on the nature of the amines. Typically it 

increases with the operating temperatures and the amine concentration in the liquid phase, but 

tends to decrease slightly with CO2 loading [13].  

Membrane contactors have been reported in the literature as an alternative to conventional 

absorption processes for CO2 capture. Recent publications have shown the feasibility of using 

membrane contactor technology for the absorption step in pre-combustion [14, 15] and post-

combustion [16-18] processes. Furthermore, attempts to use membrane contactors for the 

regeneration of liquid absorbents have been reported in recent years [19-21]. Compared to 

conventional absorption columns, membrane contactors offer several advantages, such as 

high operational flexibility in view of the possibility of managing fluid flows independently, 

more predictable performances due to the constant interfacial area, high modularity and a 

small footprint [22]. In addition, they are also able to prevent issues typically existing in 

absorption columns, such as foaming, flooding and channelling. However, the presence of a 

membrane represents an additional mass transfer resistance for CO2. To minimize the impact 

of a membrane on CO2 transport, porous membranes [17, 23, 24] were initially preferred as 
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they were able to ensure high transmembrane flux, but their long-term operation were often 

compromised due to wetting phenomena, which are reported to have frequently taken place 

[25-27]. Recently, the use of a thin composite membrane has been proposed as a solution to 

the wetting issue, and high free volume polymers have been chosen in order to minimize their 

effect on mass transfer resistance [16, 28, 29]. 

 

Table 1 – Volatility of various amines in aqueous-based solvents for operating conditions considered suitable for 

the absorption step. 

 

SOLVENT SYSTEM 
a
 AMINE TYPE 

b
 C

AMINE
 p

AMINE
 (40°C) p

AMINE
 (60°C) Ref 

- - mol% Pa Pa  

3.5m MEA MEA 6.3 4.2 13.2 [13] 

7m MEA MEA 12.6 10 27.1 [13] 

11m MEA MEA 19.8 12 40.2 [13] 

28.3m MEA MEA 50.9 34.8 138 [30] 

2m PZ PZ 3.6 2.2 6.78 [13] 

5m PZ PZ 9.0 5.1 17.2 [13] 

8m PZ PZ 14.4 - 37 [13] 

0.3m AMP AMP 0.5 1.6 7.1 [31] 

0.9m AMP AMP 1.6 4.2 18.1 [31] 

4.6m AMP AMP 8.3 13.9 63.4 [31] 

11.5m AMP AMP 20.7 28.4 124.2 [31] 

8m EDA EDA 14.4 24.1 166 [13] 

12m EDA EDA 21.6 57 430 [13] 

1M MAPA 5M DEEA DEEA 26 240.2 822.6 [32] 

1M MAPA 5M DEEA MAPA 5 9.7 41.2 [32] 

3M MAPA 3M DEEA DEEA 14 205.5 706.7 [32] 

3M MAPA 3M DEEA MAPA 14 29.6 135.7 [32] 

5M MAPA 1M DEEA DEEA 4 246.5 466.7 [32] 

5M MAPA 1M DEEA MAPA 20 56.1 147.5 [32] 

   p
AMINE

 (30°C) p
AMINE

 (40°C)  

2.5% NH3 NH3 2.5 3307 4961 [33] 

5% NH3 NH3 5 7087 10866 [33] 

10% NH3 NH3 10 16299 24094 [33] 

15% NH3 NH3 15 29764 45354 [33] 

2.5% NH3 0.41m Pz NH3 2.5 3602 5297 [33] 

5% NH3 0.43m Pz NH3 5 8686 11017 [33] 

10% NH3 0.45m Pz NH3 10 18008 27119 [33] 
a
m = molality; M = molarity.
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b
MEA = monoethanolamine; PZ = piperazine; AMP = 2-Amino-2-methyl-1-propanol; EDA = 

ethylenediamine; MAPA = 3-(methylamino)propylamine; DEEA = diethyletahnolamine; NH3 = 

ammonia. 

 

In addition to the above-mentioned advantages, the use of a non-porous thin composite 

membrane can also be an optimal solution to reduce the amine evaporation towards the gas 

phase, thus allowing the use of absorbents with better energy performance but cannot be used 

in absorption columns due to their high volatility. In particular, the thin dense layer in a 

composite membrane must be designed in order to have minimal impact on the CO2 mass 

transfer resistance, while functioning as a barrier to the amine transport (Figure 1). To 

understand the feasibility of this concept, the amine transport through the membrane must be 

quantitatively studied.  

 
Fig 1 – Membrane contactor schematic representation using porous membranes or thin composite membranes as 

the interface between the liquid absorbent and flue gas. 

 

A few literatures on non-porous membrane contactors have been published in recent years, 

but most of them only reported the CO2 mass transfer coefficient or the CO2 removal 

efficiency of the membrane contactors, and mainly focused on the MEA-based absorbents. 

To the best of the authors’ knowledge, amine evaporation from the liquid phase to the vapor 

phase through a dense membrane layer has never been documented. In this work, amine 
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evaporation through a thin, dense membrane layer has been investigated for the first time. In 

a membrane contactor the dense layer is in direct contact with the liquid phase, thus amine 

pervaporation tests were used to investigate the amine permeation, as they are closer to the 

real membrane contactor configuration compared with the permeation of amines in vapor 

phase. In addition, vapor and liquid permeation through the AF polymer family has been 

reported to differ [34]. The large kinetic size of amine molecules and their low concentration 

in the aqueous solution results in a low amine flux through the membrane. Therefore, 

pervaporation tests have been run for up to 5 days under the same experimental conditions in 

order to ensure the correctness of the results.   

In the present paper, in addition to the MEA solutions, some promising but highly volatile 

absorbents based on DEEA-MAPA blends were tested in the membrane contactors to 

represent a group of very volatile and aggressive absorbents. The compatibility tests in our 

early work [35] indicated that compared with MEA-based absorbents, the DEEA-MAPA 

blends required superior stability for the membrane interface, and the Teflon AF series 

appeared to be the most suitable choice for these absorbents. This family of polymers (e.g., 

AF1600 and AF2400) owns a high free volume, but compared with other known high free 

volume polymers (such as PTMSP), it has been reported to suffer less from physical aging 

[29, 36, 37], making it particularly attractive for long-term operations. Both AF1600 and 

AF2400 have been reported as a dense layer for membrane contactor applications using 

MEA-based solutions with good separation performance [16, 28, 29]. In particular, their 

rigidity associated with their glassy nature makes them attractive for separating light gases 

from long chain molecules [38].  

In this work amine pervaporation tests through Teflon AF2400 were carried out, and the 

amine flux and permeability through the membrane were quantified for different absorbents. 

Humid CO2 permeation tests were also performed to give a comparison of the expected CO2 
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flux with that of the amines under the same conditions, which reflects the ability of the 

membrane to favor CO2 transport over that of the amines. The characterization was carried 

out at a wide range of operative temperatures (25 – 60 °C) considered suitable for the CO2 

absorption step.  

2. Experimental 

2.1. Materials 

The Teflon AF2400 (amorphous copolymer, Tg = 240 °C) was purchased from Chemours 

Company (Wilmington, US); the FC-72 fluorosolvent was purchased from 3M (Kemi-

Intressen, Sweden). The diethylethanolamine (DEEA, > 99% purity), 3-

methylaminopropylamine (MAPA, > 97% purity) and monoethanolamine (MEA, > 98% 

purity) were purchased from Sigma Aldrich. All the solvents were used with no further 

purification. Deionized water was used for the liquid mixture preparation. The certified 

N2/CO2 gas cylinder (90 vol% N2, 10 vol% CO2) and pure CH4 (grade 3.5) were supplied by 

AGA Gas (AGA Gas Norge, Oslo, Norway). 

2.2. Sample preparation 

The free-standing polymeric films of Teflon AF2400 were prepared using the solvent 

evaporation method. In particular, the polymer was dissolved in an FC-72 fluorosolvent 

(boiling point = 56 °C) in order to achieve a 1 wt% solution, and stirred overnight until a 

clear polymer solution was obtained. The solution was subsequently poured into a levelled 

glass petri dish and stored inside a fume hood overnight. The samples were then removed 

from the petri dish using a few water droplets and subsequently treated at 200 °C under 

vacuum conditions for 24h in order to completely remove the solvent. The membrane 

thickness was measured after the heat treatment procedure using a micrometer (Mituyoto 

Digimatic Indicator ID-H), and was found to be within the range of 10 – 20 µm. 
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The absorbent solutions were prepared by mixing different ratios of DEEA and MAPA with 

H2O to achieve different molar concentrations of amines. In particular, 1 M DEEA 5 M 

MAPA (subsequently referred to as 1D5M), 3 M DEEA 3 M MAPA (3D3M) and 5M DEEA 

1 M MAPA (5D1M) were prepared according to a previously reported procedure [39]. The 5 

M MEA aqueous solutions were prepared and used as a reference for the CO2 absorbents. 

The molar compositions of the absorbents are reported in Table 2. The contact angle between 

the AF2400 film and all the liquid solutions used in the present work has been reported in our 

prior publication [35]. 

Table 2 – Molar fraction (x) of the different absorbents considered in the study. 

 x
H2O

  x
MEA

 x
MAPA

 x
DEEA

 

5M MEA 0.889 0.111 - - 

1D5M 0.762 - 0.199 0.040 

3D3M 0.728 - 0.136 0.136 

5D1M  0.684 - 0.053 0.264 

 

2.3. Pervaporation tests 

The permeation of the liquid absorbents through the Teflon AF2400 membrane was tested 

using a homemade pervaporation setup. A diagram of the design is shown in Figure 2. The 

sample holder was placed inside a heating cabinet and the feed solution was continuously 

recirculated on top of the membrane using a magnetic gear pump with a suction-shoe design 

(GA Series, Micropump). The liquid flow was set to 100 ml/min, which is much higher than 

the transmembrane flux measured in the experiments, and thus able to ensure a constant 

concentration of the liquid at the liquid-membrane interface. Two heating coils were placed 

inside the heated cabinet before the sample holder in order to ensure that the liquid was able 

to reach the temperature of the cabinet. The liquid temperature was measured with a 

thermocouple and the port was placed next to the sample holder. The pressure on the liquid 

side was monitored with a pressure indicator (Wika, S-10) and kept at a constant atmospheric 
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pressure. On the downstream side of the membrane, a vacuum was continuously pulled using 

a diaphragm pump (MD-4C-NT, Vacuubrand) to maintain a stable vacuum pressure of 3 – 4 

mbar. The pressure on the downstream branch was monitored with an absolute pressure 

gauge (Type 626, 100 mbar, Baratron MKS). The permeate was collected inside a homemade 

glass trap (sampling LN2 trap) cooled with liquid nitrogen (LN2), whereas another cold trap 

(safety LN2 trap, KF54V, KGW Isotherm) was used to protect the pump and prevent the 

release of amines during the test.  

 

Fig 2 – Pervaporation setup (1: Liquid pump; 2: Heating coil; 3: Membrane module; 4: Heated cabinet; 5: 

Sampling LN2 trap; 6: Safety LN2 trap; 7: Vacuum pump; 8: Liquid purge). 

 

In a typical test the liquid is recirculated on top of the membrane overnight in order to 

achieve steady state conditions, bypassing the sampling LN2 trap (V5 open, V6 and V7 

closed). Subsequently, the permeate stream is forced through the sampling glass (V6 and V7 

open, V5 closed) and collected for a certain period of time. Depending on the operating 

conditions, a single test duration varied between 4 and 10 h. The sampling glass is measured 

before and after the experiment using an analytical balance (AB204-S/Fact, Mettler Toledo, 

readability 10
-4

 g) in order to quantify the amount of permeate. For a given liquid 

composition and temperature conditions, 5 repetitions were carried out in order to ensure the 
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achievement of steady state conditions. Initially, a test was carried out using water as a liquid 

phase in order to verify the ability of the sampling trap to avoid sample losses during the 

experiment. The test was performed by placing two consecutive sampling traps on the 

vacuum line during 3 different pervaporation experiments. The losses were quantified in an 

amount lower than 2 % of the sample collected in the main trap. 

Once all the data have been collected, the molar transmembrane flux per unit area (Ji, mol/(h 

cm
2
)) of the i-th penetrant are calculated as: 

    
               

       
                (1) 

where ṁperm is the total permeate mass flow (g/h), wperm,i is the mass ratio of the i-th 

penetrant, A is the membrane area (cm
2
) and MWi is the molecular weight (g/mol). 

Subsequently, the permeability (Pi, Barrer) can also be calculated according to: 

   
      

(               ) 
                (2) 

              (  (    )    ( )    )  (        )      (3) 

 

where ℓ is the membrane thickness (cm), while pi,up and pi,down are the partial pressure of the i-

th component on the upstream (or liquid feed) side of the membrane and on the downstream 

side (Pa), respectively. The upstream partial pressure is calculated as the pressure of the i-th 

component in equilibrium with the liquid mixture, considering the activity coefficient γi 

(T,xi), the saturation pressure at the given temperature pi
*
(T) and the concentration in the 

liquid xi. The downstream partial pressure is calculated as the overall downstream pressure 

pdown and the molar concentration of the i-th component in the permeate, as measured from 

the amine concentration analysis. The saturation pressures for the organic components are 

calculated according to the Antoine equation using the parameters reported in Table 3. 
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Table 3 – Antoine equation coefficients for MEA, DEEA and MAPA. 

 A B C Ref 

MEA
a
 7.8709 1819.8 194.62 [40] 

DEEA
b
 13.92 3198 -89.9 [32] 

MAPA
b
 14.86 3530.43 -67.82 [32] 

a   (  )     (   )⁄   p in Torr, T in K 
b     (  )     (   )⁄     p in kPa, T in °C  

 

In the case of MEA, the permeate samples obtained from every single pervaporation test were 

analyzed through titration analysis (Metrohm 702 SM Titrino) to determine the amine 

concentration. In the case of the DEEA-MAPA blends, the permeate samples were analyzed 

by Ion Chromatography (Thermo Scientific Dionex ICS-5000) in order to measure the 

concentration of every single amine in the permeate stream (DEEA and MAPA). In addition, 

titration was performed on some samples to confirm the results obtained from IC and to 

minimize errors. As at room temperature the permeate samples collected after a reasonable 

experimental interval was too small to be analyzed with IC, the temperature range was fixed 

within 40 and 60 °C. More information on the instruments and methods used to determine the 

amine concentration can be found in [41, 42]. 

 

2.4. Gas permeation tests 

According to theory, in a membrane contactor where chemical absorbents are used as the 

liquid phase, the main mass transfer resistance is placed in the membrane [22]. In particular, 

if a thin composite membrane is used as the interface between the liquid and gas, the dense 

coating is believed to offer a major contribution to the resistance to the mass transfer. In this 

way the CO2 permeability of the polymer chosen as the dense layer is a crucial parameter for 

the design of the membrane contactor [28]. For this reason the effect related to the presence 

of water vapor in the AF2400 matrix on the CO2 permeability was investigated using the 
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system reported in Figure 3 [43]. The membrane was placed inside a sample holder and 

continuously flushed with a gaseous stream. A calibrated CO2/N2 (10/90) cylinder was used 

to supply the feed gas, whereas pure CH4 was used as the sweep gas. The pressures were kept 

constant at 1.6 bar for the feed side and at 1.05 bar for the sweep side for all the experiments. 

The feed and sweep flows were set at 400 ml/min and 100 ml/min. The value of the feed flow 

was chosen in order to have negligible differences between the gas composition of the feed 

and the retentate stream.  

The permeability (Pi) of the i-th component was measured using the following formula: 

   
      (      )         

    (〈                  〉          )
             (4) 

where Nperm is the total permeate flow measured with the bubble flow meter (mol/s), yH2O is 

the molar fraction of the water in the permeate flow calculated according to the RH value and 

the vapor pressure at the given temperature, yi is the molar fraction of the i-th penetrant in the 

permeate as measured through the GC, ℓ is the membrane thickness (cm), A is the permeation 

area (cm
2
), and pi,feed, pi,ret and pi,perm are the partial pressure of the i-th component in the feed, 

retentate and permeate (Pa), respectively.  

All the permeability coefficients are reported in Barrer (1 Barrer = 3.348 × 10
-16

 mol/(m s 

Pa)). 
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Fig 3 – Mixed gas permeation rig (1: MFC-safety trap; 2: Humidifier; 3: Droplet trap; 4: Membrane module; 5: 

Heated cabinet; 6: Water knockout; 7: Bubble flowmeters; MFC: mass flow controller; NV: Needle valve; BPR: 

Back pressure regulator; PI: Pressure indicator; HT: Humidity and temperature sensor; MWV: Multi-way valve; 

GC: Gas chromatograph). 

 

Furthermore, the literature data show that the effect of water vapor on the gas permeability of 

polymeric membranes is strictly related to the vapor sorption [44]. Therefore, to better 

understand the effect of vapor on CO2 permeation across the membrane layer, sorption 

experiments were carried out using a pressure decay setup that is frequently reported in the 

literature [45, 46]. With this technique the mass uptake is evaluated by measuring the 

pressure decrease associated with the uptake in a calibrated volume. The pressure is 

monitored using an absolute pressure gauge (Type A122, 100 mbar, Baratron MKS). The 

system is placed inside a cabinet equipped with a temperature control system. Initially, the 

sample is evacuated in order to ensure the removal of the dissolved penetrants. Subsequently, 

a certain amount of vapor is expanded into the sample chamber, and the pressure decrease is 

monitored until the equilibrium conditions are reached, thus allowing the calculation of the 

uptake. 
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2.5. CO2/amine transport selectivity 

According to the results obtained from the humid permeation experiments and the 

pervaporation tests for the liquid absorbents, it is possible to evaluate the ability of the 

membrane to favor the CO2 permeation over that of the organic penetrants. It must be 

considered that the amine flux and the CO2 permeation take place counter-currently across 

the membrane, and different driving forces apply. For this reason, the typical selectivity 

characterizing gas separation membranes cannot be used, and a new term ‘CO2/Amine 

Transport Selectivity’ (α) has thus been defined. This quantity describes the extent to which 

the membrane selectively allows the transport of CO2 compared to amines, and is defined as 

the ratio between fluxes of CO2 and amine (which take place counter-currently) in the given 

process conditions. Therefore, it is calculated as the ratio of the fluxes of CO2 and amines, 

according to the following equation: 

 ( )  
    ( )

∑   ( ) 
 
    (    )        
∑   (    )       

            (5) 

                        (  (    )    ( )    )          (6) 

where the index j refers to the amine components present in the liquid absorbent (MEA for 

the 5M MEA, DEEA and MAPA for the phase change solvent blends). The CO2 driving 

force (ΔpCO2
) is calculated assuming a flue gas with a CO2 concentration of 13 vol% released 

at atmospheric pressure, which represents the driving force in real process conditions. If 

different process conditions are used, the transport selectivity value will be consequently 

changed. In the case of amines, the permeability value is the one measured in the 

pervaporation tests of the amine-based mixtures and the driving force corresponds to the 

partial pressure of the amine in the equilibrium with the liquid solution at the given 

temperature condition. Therefore, the proposed quantity describes a property of the material 

that is valid for a process with a low stage cut. 



15 
 

 

3. Results and discussion 

3.1. Pervaporation of liquid absorbents 

In order to investigate the amine transport through the Teflon AF2400, pervaporation tests 

were carried out on a 10 µm-thick self-standing membrane sample using pure H2O, 5M MEA 

and different DEEA-MAPA blends. All the liquids were used unloaded (i.e., no CO2 was 

absorbed). The pervaporation tests of all the samples were performed over 5 days of 

continuous operation, thus ensuring the achievement of a real steady state.  

3.1.1 Water permeation 

Figure 4 shows the water vapor flux and permeability for the 5 different liquids considered in 

this study, within a temperature range from room temperature to 60 °C. At room temperature, 

the H2O permeability was measured as being equal to 3985 Barrer, similar to the value 

reported in the AF2400 datasheet from the producer. On increasing the temperature to 40 and 

60 °C the fluxes increase exponentially. This is related to the enhancement of the driving 

force of the penetrant with the increase in temperature, due to the exponentially increased 

saturation pressure of the penetrant. Nevertheless, the permeability coefficient showed an 

opposite trend compared with the flux, with values of 2771 and 2292 Barrer obtained at 40 

and 60 °C, respectively. This clearly suggests that that the flux increases to a less extent if 

compared with the enhancement of the driving force, likely due to the fact that the solubility 

coefficient plays a major role in the H2O permeation in the Teflon AF2400. In view of the 

high free volume of the membrane matrix, the diffusion of the penetrants with a small kinetic 

size (such as H2O) is not hindered by the glassy nature of the AF2400, therefore it is 

reasonable to assume that an increase in temperature has a limited effect on the diffusion 

coefficient.  



16 
 

For the sake of completeness, the pure H2O value measured in this work at room temperature 

is slightly different from the one reported in our prior work [35], but this difference is 

believed to be related to the different experimental conditions. In particular, the use of 

dynamic rather than static conditions for the liquid feed can affect the performance: the 

dynamic conditions in the current work ensure better contact between the liquid and 

membrane, and reduce possible temperature drops at the liquid membrane interface due to 

water evaporation.  

 

Fig 4 – H2O flux (A) and permeability (B) obtained from pervaporation experiments for pure H2O and various 

absorbents (5M MEA, 1D5M, 3D3M and 5D1M) at different temperatures. 

 

When the 5M MEA solution was tested as a liquid absorbent, a lower water flux was 

observed as compared with the one obtained for pure H2O, throughout the entire temperature 

range. This effect may be attributed to the lower water concentration in the liquid and to the 

reduced activity coefficient (Table 4). However, the lower H2O permeability compared with 

that of the pure H2O clearly suggests that other phenomena took place. One possible 

explanation could be related to the competitive sorption between the MEA molecules and 

H2O molecules inside the membrane matrix. Furthermore, amine aqueous solutions are non-

ideal solvents, where the molecules interactions can have a significant effect on the sorption 

and diffusion across the membrane layer. Similar to this observation, it has been reported that 

the diffusion coefficients of some low molecular weight alcohols in AF2400 decrease with 
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the penetrant concentration in the polymer matrix, the main reason being related to their 

tendency to form clusters that hinder the molecule diffusion through the highly hydrophobic 

matrix [47]. However, this effect becomes less important at higher temperatures, and at 60°C 

the H2O permeability for the pure component and that in the MEA-based mixture are found 

to be similar.  

 

Table 4 – Liquid molar composition (x), H2O and MEA activity coefficient (γ) of the 5M MEA solution. The 

activity coefficient was calculated through the NRLT model using the literature parameters [48]. 

 25 °C 40 °C 60 °C 

γ
H2O

 0.991 0.990 0.990 

γ
MEA

 0.319 0.365 0.421 

 

 

A further decrease in the H2O flux can be observed in the case of the DEEA-MAPA blend 

aqueous solutions, which can be related to the lower water molar fraction in the liquids 

(Table 2) and to the H2O activity coefficient (Table 5). For the highest concentration of 

MAPA in the solvent mixtures the lowest water transmembrane flux has been detected, 

whereas minor changes can be observed for the other two solvent compositions. Despite the 

fact that in the case of 1D5M the water molar fraction is higher compared with the other 

compositions, the activity coefficients appeared to be always below 0.89, thus affecting the 

driving force of the water transport. In the case of the permeability, the values appeared to be 

lower compared with that of the pure H2O, but in the case of 3D3M and 5D1M the values 

appeared similar to the one obtained for MEA. Only in the case of 1D5M does the H2O 

permeability remain constantly below 2000 Barrer. DEEA-MAPA blends are non-ideal 

solutions where clustering may take place [49, 50], which consequently affects the 

permeation of water molecules across the membrane layer. 
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Table 5 – H2O, DEEA and MAPA activity coefficient (γ) and total pressure (ptot) of the DEEA-MAPA blends 

considered (1D5M, 3D3M, 5D1M) within the temperature range 40 – 60 °C. The activity coefficient was 

calculated through the UNIQUAC model according to the literature parameters [32]. 

 1D5M  3D3M  5D1M  

 40 °C 50 °C 60 °C 40 °C 50 °C 60 °C 40 °C 50 °C 60 °C 

γ
H2O

 0.8331 0.8592 0.8834 0.9558 0.9885 1.0181 1.143 1.1802 1.2126 

γ
DEEA

 5.6613 5.6298 5.5696 2.5034 2.4928 2.4737 1.4598 1.4766 1.4891 

γ
MAPA

 0.1795 0.221 0.2679 0.1489 0.1808 0.217 0.1215 0.1444 0.1704 

p
tot (mbar) 49.4 85.6 142.8 54.4 94.5 157.7 60.5 104.9 174.6 

 

 

3.1.2 Amine permeation 

Figure 5, 6 and 7 report the results obtained in terms of flux (A) and permeability (B) of the 

different amines and amine solutions considered in the liquid phase. For all the amines the 

flux was detected to be three orders of magnitude lower compared with that of water (Figure 

4), which is probably related to two aspects: the lower amine concentration (Table 2) and the 

larger kinetic size of amines compared with H2O. The first factor directly affects the driving 

force of the permeation, whereas the second one influences the ability of the amine molecules 

to diffuse across the dense layer. In particular, within the rigid molecular chains of glassy 

polymers, the larger the kinetic size of the penetrant, the larger the energy requirement to 

overcome the transport barrier. Similar to the H2O case, the fluxes of all amines increase at 

increasing operating temperature due to the increase of the driving forces with temperature. 

For example, the MEA flux (Figure 5A) shows an 8-fold variation within the tested 

temperature range.  
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 Fig 5 – MEA flux (A) and permeability (B) obtained from pervaporation experiments using 5M MEA as a 

liquid feed at various temperatures. 

  

Fig 6 – MAPA flux (A) and permeability (B) obtained from the pervaporation experiments using various 

DEEA-MAPA blends as a liquid feed at various temperatures. 

  

Fig 7 – DEEA flux (A) and permeability (B) obtained from the pervaporation experiments using various DEEA-

MAPA blends as a liquid feed at various temperatures. 
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As shown in Figure 6A, the MAPA flux increases along with both the temperature and the 

concentration of the amine in the liquid feed, and both factors are believed to be resulted 

from the increase in the driving force, with the effect of temperature appearing to be more 

significant.  

DEEA is the most volatile compound among the amines investigated in the present work, and 

is characterized to have a large activity coefficient (see Table 5) when mixed with water [32]. 

As can be observed in Figure 7, the DEEA transport properties are strongly affected by the 

amine concentration in the liquid feed, with more notable variations compared with those 

observed in the above-mentioned penetrants. The DEEA flux (Figure 7A) is shown to be one 

order of magnitude lower than MAPA and MEA for the low DEEA concentration (xDEEA = 

0.04 mol/moltot), but the values become similar for DEEA of higher concentrations. As 

shown in the figure, the increase in the operating temperature still has a positive effect on the 

DEEA transport across the membrane layer, but it is less significant compared with the 

effects associated with the change of amine concentrations. 

The MEA permeability coefficient value of 7656 Barrer was obtained at room temperature, 

but a drop to 3795 and 2032 Barrer was observed at 40 and 60 °C, respectively. This is 

believed to be related to the solubility coefficient, which plays a dominant role in the MEA 

permeation across the dense layer. Interestingly, a different effect is observed for the 

permeability of MAPA (Figure 6B) and DEEA (Figure 7B), as the temperature showed a 

negligible impact on the permeation coefficient for all the DEEA-MAPA blends tested. The 

solubility decrease was probably compensated by the increase in the diffusion coefficient, 

considering the much larger kinetic size of these amines. In the case of 1D5M, the MAPA 

permeability was within the range 646 – 830 Barrer, increasing to 1108 – 1531 for 3D3M, 

and to 2464 – 2826 for 5D1M. The results obtained in terms of permeability were also within 

the same range of the value obtained for pure MAPA (1320 Barrer [35]) at room temperature.  
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In the case of DEEA, the amine concentration played a much stronger role in the 

determination of its permeation coefficient. For 1D5M, the DEEA permeability is within the 

range 11 – 32 Barrer, which is increased to 183 – 278 Barrer for 3D3M and to 484 – 650 

Barrer for 5D1M. The permeability trend with the DEEA concentration in the liquid feed 

identified in the present work is also consistent with the value obtained for pure DEEA (1440 

Barrer [35]) in room temperature conditions in our previous work. 

 

3.2. CO2 permeation under humid conditions 

The CO2 permeability of the polymer used as a coating layer material is an important 

parameter for the non-porous membrane contactor, as it is expected to be the main mass 

transfer resistance for the CO2 transport. Competitive sorption phenomena will likely take 

place between CO2 and compounds from the liquid absorbents, which may lead to a decrease 

in the gas permeability coefficient [44, 51]. For this reason, the CO2 permeability under 

different operating conditions (25 to 60 °C) within the entire relative humidity range has been 

investigated, as shown in Table 6. According to the literature [52], the CO2 permeability of 

the Teflon AF2400 is greater than the majority of glassy polymers in view of its high free 

volume. At room temperature and in dry conditions, a value of 4115 Barrer was obtained in 

our test, similar to the values reported in the literature [52]. However, the N2 permeability 

was also high (1290 Barrer), resulting in a selectivity value not attractive for direct CO2/N2 

separation. As can be seen in Table 6, by increasing the operating temperature the CO2 

permeability decreases markedly (3313 and 2495 Barrer at 40 and 60 °C, respectively), 

suggesting that the solubility of the penetrant is dominating in the CO2 permeation, as in the 

case of H2O and MEA. Similar trends were also observed for the N2 permeation. According 

to these results, the activation energy of the permeation is negative, and the value for CO2 (-

11.1 kJ/mol) is determined. Despite the high hydrophobicity of the polymer, the water vapor 
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had an effect on the gas transport. At room temperature, the permeability coefficient 

decreased with the increasing relative humidity of both the feed and sweep gas, with an 

overall reduction of 7% in the dry value at the maximum RH (Figure 8). A similar effect has 

also been reported for the other polymer in the AF series, the AF1600 [53].  

On increasing the operating temperature to 40 and 60 °C, the effect of water became more 

evident, determining a drop of 15% and 25% with respect to the dry value, respectively. The 

explanation for this may be related to the competitive sorption of water in the free volume of 

the polymer, which acts to the detriment of the ability of CO2 to solubilize in the matrix. 

However, the variation is rather limited, especially if compared with other hydrophobic 

polymers, such as polyimides [44, 51], fluorinated polymers [54] and polymers of intrinsic 

microporosity (PIM) [55], where the reduction can be higher than 50% of the dry value in a 

high humidity region. 

 

Table 6 – Gas permeability coefficient and activation energy of the permeation process (Ea) obtained for a 

Teflon AF2400 self-standing membrane (upstream total pressure 1.6 bar, gas composition: 10 vol% CO2 in N2) 

 P CO2 (Barrer)   P N2 (Barrer)  

RH (%) 23 °C 40 °C 60 °C Ea (kJ/mol)  23 °C 40 °C 60 °C Ea (kJ/mol) 

0 4115 3313 2495 -11.1  1290 1040 797 -10.7 

30 4065 3106 2339 -12.3  1264 969 768 -11.0 

60 4009 3032 2121 -14.1  1206 937 705 -11.9 

95 3827 2816 1871 -15.9  1095 809 579 -14.1 
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Fig 8 – Relative variation of CO2 permeability at different RH compared to the dry value (Pdry). For the 

numerical values refer to Table 2. 

 

The limited reduction in CO2 permeability in the presence of water vapor suggests that it 

would be possible to operate with a humid flue gas stream with no significant effect on the 

overall mass transfer resistance in the membrane phase. In this way, problems related to the 

dehydration of the solvents can be avoided, as the presence of water vapor in the flue gas 

would consistently reduce the driving force of the H2O permeation and suppress the H2O 

evaporation from the liquid phase. 

3.3. Sorption test 

In order to have a better idea of the possibility effect of H2O or amine sorption in the AF2400 

matrix, sorption tests of pure vapors (H2O, DEEA and MAPA) were performed using a 

pressure decay technique. The results are reported in Figure 9. The water uptake is extremely 

low throughout the entire activity range, which is in agreement with the high hydrophobicity 

of the polymer. If compared with other hydrophobic polymers (e.g., polyimides [44, 54, 56], 

polymerized ionic liquids [57], poly(methyl methacrylate) [58]), the concentration of water in 

the polymer matrix is one order of magnitude lower. The MAPA appeared to be more soluble 

than the DEEA, but they both showed a similar uptake compared to water, suggesting that 
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they tend to occupy a similar part of the fractional free volume of the polymer if a similar 

activity is considered. The concentration measured for both the DEEA and MAPA is found to 

be rather low if compared with non-polar organic compounds (e.g., toluene, acetone, 

chloroform [29]), but within the same range of the one measured for lower alcohols 

(methanol, ethanol [29]), suggesting that the hydrophobic nature of AF2400 limits the uptake 

of hydrophilic penetrants. Finally, the limited uptake obtained for the considered penetrants 

also confirms the negligible weight variation observed after the immersion of the AF2400 

samples in pure liquids [35]. 

  

Fig 9 – Uptake of pure H2O, DEEA and MAPA in the Teflon AF2400 at 35 °C. 

 

 

3.4. CO2/amine transport selectivity 

In order to prevent amine evaporation in a membrane contactor, the major requirement for the 

membrane interface is to minimize amine transport towards the gas phase without enhancing 

the additional CO2 mass transfer resistance. For this reason the term ‘CO2/amine transport 

selectivity’ is defined and given as Equation 5. To have a realistic estimation of the CO2 

transmembrane flux in real process conditions, the influence of relative humidity on CO2 

permeability was taken into account. In particular, in order to prevent the solvent 
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dehydrating, we opted to work with a wet flue gas stream, where the partial pressure of the 

water corresponds to the value at the equilibrium with the liquid absorbent, thus preventing 

any water flux through the membrane. Therefore, the CO2 permeability value was chosen 

according to the variations reported in Figure 8 in the various operating conditions. This 

concept is summarized in Equation 7: 

       [    (    )]            
    (    )

    
 ( )

         (7) 

where xL refers to the liquid composition (5M MEA or DEEA-MAPA blends), and 

p
H2O

(xL ,T ) is the partial pressure of the water in equilibrium with the liquid absorbent for the 

given liquid composition and temperature. The presence of amines should play a minor role 

in the CO2 permeation, in view of the low uptake shown in Figure 9. 

Figure 10 shows the results obtained when 5M MEA is used as the liquid feed. At room 

temperature the CO2/amine transport selectivity is close to 6000, suggesting that the 

membrane strongly favors CO2 transport over that of amines. However, the increase in the 

operating temperature corresponds to an exponential decrease in this parameter, which 

reaches a value of 1650 and 428 at 40 and 60 °C, respectively. This is related to the fact that 

the temperature increase has a negative impact on CO2 permeability and does not correspond 

to any enhancement of the driving force, thus decreasing the transmembrane flux. On the 

other hand, the MEA flux increases along with the operating temperature, despite the 

decrease in the permeability coefficient (Figure 5). The combination of these two effects 

generates a sharp decrease in the CO2/amine transport selectivity, suggesting that the ability 

of the membrane to prevent amine evaporation will be reduced at higher temperatures.  
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Fig 10 – CO2/amine transport selectivity offered by the Teflon AF2400 at various temperatures when 5M MEA 

is considered as a liquid absorbent. 

 

Figure 11 shows the CO2/amine transport selectivity with various DEEA-MAPA blends as 

liquid absorbents. In view of the greater volatility of the solvents based on DEEA and MAPA 

and the higher amine concentration, the CO2/amine transport selectivity appears to be lower 

than that of the 5M MEA for all of the three different liquid compositions considered in this 

work. In addition, the larger the amount of the most volatile amine (i.e., DEEA), the less the 

ability of the membrane to favor CO2 transport over amines. At 40 °C a CO2/amine transport 

selectivity of 776 is obtained for 1D5M, which decreases to 406 and 276 in the cases of 

3D3M and 5D1M, respectively. Furthermore, similar to the MEA case, the parameter is 

negatively affected by the increase in the operating temperature. In this case, the permeability 

coefficient of both amines appears to be negligibly affected by temperature, meaning that a 

greater enhancement of the flux takes place at higher operating temperatures. At 60 °C, the 

CO2/amine transport selectivity showed a value higher than 100 (161) only for 1D5M, 

whereas values of 69 and 44 were obtained in the cases of 3D3M and 5D1M, respectively. 

Furthermore, better selectivity was obtained with respect to the values calculated from the 

permeation of pure components at room temperature [35]. This is mainly related to the fact 
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that amine-based aqueous solutions are systems that are far from ideal, and for this reason 

their behavior is difficult to predict, even for the properties of pure compounds.  

From the present results it is clear that for the membrane contactor, operating at lower 

temperatures is preferable to limit amine evaporation, suggesting a trade-off between the 

optimum operating conditions for the CO2 absorbent and to prevent amine evaporation by 

using the membrane contactor. However, we expect that differences can arise in terms of CO2 

permeation through the thin composite membrane between a gas separation operation or a 

membrane contactor operation, perhaps due to pore condensation in the porous support [29]. 

Therefore, membrane contactor tests using phase change solvents will be performed to 

validate the present results in a future work.  

 

Fig 11 – CO2/amine transport selectivity offered by the Teflon AF2400 at various temperatures when DEEA-

MAPA blends (1D5M, 3D3M and 5D1M) are considered as liquid absorbents. 

 

3.5. Amine evaporation prevention 

The amine evaporation prevention capacity of a non-porous membrane contactor using 

AF2400 polymeric membrane was estimated using the CO2 and amine flux results obtained 

from this study and compared with the amine evaporation rate of a typical absorption column. 

A simplified model was developed for the estimation. More information about the simplified 
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model and the assumptions made for the estimation can be found in the supplementary 

material.  

The results obtained in term of evaporation prevention (EP) index are reported in Figure 12. 

EP is calculated as the amount of the amine emissions avoided by means of using a 

membrane contactor instead of an absorption column: 

      
         

        
                      (8) 

where namine,MC and namine,C represent the amine released from the membrane contactor and at 

the top of the absorption column, respectively. 

It is clear that for all the absorbents the EP index decreases at higher operating temperatures, 

due to the decrease of both the CO2/amine transport selectivity and CO2 permance through 

the AF2400 membrane. The reduced permeability leads to an increase of the surface area 

necessary to achieve the 90% capture goal, and thus larger amine emissions. According to the 

simulation, in the considered temperature range the membrane contactor is able to prevent the 

evaporation up to 80% compared to the absorption column when using highly volatile 

absorbents (DEEA-MAPA blends). It can be also seen that the EP index of a membrane 

contactor is significantly lower for low volatile absorbents (5M MEA), and the membrane 

contactor appeared to be only able to prevent amine evaporation in the low temperature range 

(up to 32%).   

It is worth mentioning that in the present analysis the performances of the membrane 

contactor and the absorption column are compared at the same operating temperature. 

According to experiments, the optimum operating temperature for a membrane contactor can 

be lower compared with the absorption column. In this case a further increment of the 

evaporation prevention index could be expected. 
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Fig 12 – Evaporation prevention estimated for a non-porous membrane contactor compared to an absorption 

column for the different absorbents (the dotted lines are intended only to guide the eye). 

 

4. Conclusions 

In the present work the pervaporation of several liquid absorbents through a dense membrane 

layer was investigated to evaluate the amine evaporation through a non-porous membrane 

contactor. The amine transport through a thin Teflon AF2400 dense layer was measured and, 

compared to traditional columns, the membrane showed great potential to reduce amine 

evaporation from highly volatile solvents.  

High CO2/amine transport selectivity with the CO2 flux up to 3 orders of magnitude higher 

than those of the amines were achieved by using the selected membrane. Among the highly 

volatile solvents tested, the highest CO2/amine transport selectivity (776) was obtained for 

1D5M at 40 °C. However this parameter was negatively affected to a great extent by an 

increase in the operating temperature, as all the amine fluxes increase with the operating 

temperature. Furthermore, the prevention of the absorbent dehydration through the membrane 

layer can be achieved by operating the membrane contactor with humid flue gas, since a 
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limited effect of water vapor on the CO2 permeation (up to 25% decrease), has been observed 

in the humid permeability tests on AF2400. A preliminary estimation of the evaporation 

prevention was performed to compare the membrane contactor and an absorption column. In 

the case of high volatile absorbents (DEEA-MAPA blends), the membrane contactor is able 

to limit the amine emissions to a significant extent (up to 80%), but the effectiveness is 

significantly reduced if low volatile absorbents (e.g., 5M MEA) are considered. A more 

rigorous model is under development in order to take into account a more detailed module 

performance (e.g., variation of driving forces along the contactor length) and the effect of the 

CO2 absorption on the VLE equilibrium for the amine absorbent, allowing a more accurate 

estimation of the emissions from the membrane contactor. This will be reported in a future 

work.   
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Highlights 

 Amine transport through a AF2400 membrane was studied through pervaporation experiments 

 Different amine-based solvents were investigated with a focus on high volatile solvents 

 The CO2 permeability of AF2400 membrane was measured at various temperature and humidity 

 High CO2/amine transport selectivity in membrane contactor using AF2400 membrane was 

documented 

 The effect of increasing temperature on the CO2/amine transport selectivity is negative 

 

 




