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ABSTRACT  
Mass transfer in membrane contactors for acid gas 

removal have been extensively reviewed and 

discussed. The gas absorption process can offer a 

high selectivity and a high driving force for transport 

even at low concentrations. Using hollow fiber gas–

liquid membrane contactors is a promising alternative 

to conventional gas absorption systems for acid gas 

capture from gas streams. The  results of the review 

indicated that the membrane resistance depends on 

membrane mode of operation (no wetted, wetted or 

partially wetted). Moreover, since the membrane 

contactor facilitates indirect contact between two 

phases, the application of hollow fiber model 

contactor can possibly be extended to liquid–liquid 

systems.  

NOMENCLATURE 
Ωµ , ΩD      dimensionless functions of temperature 
kmg , kml       mass transfer coefficient (non-wetted  

                   and wetted) 

Kw         overall mass transfer coefficient  

µ           gas dynamic viscosity (Pa s) 

km,n  reaction rate constant 

Dg,Kn Knudsen diffusion coefficient of the gas 

E enhancement factor  

Dl diffusion coefficient  

kw , km , ko   individual transfer coefficients 

rp pore radius (cm) 

CB,0  concentration of specie B in the inlet  

Φ packing density 

DA diffusion coefficient  

CA,I  concentration of specie 

T  temperature (K) 

Gz Gratez number 

Ha*  modified Hatta number 

k mass transfer coefficient(m/s) 

L fiber length (m) 

m distribution coefficient 

M molecular weight 

P  pressure (Pa) 

Re Reynolds number 

Sc Schmidt number 

Sh Sherwood number 

t   time(s) 

T  temperature (K) 

x  pore length wetted by liquid(m) 

x* wetting ratio Subscript 

A, B component A, B  

i   inside, at the interface, i component 

l  liquid 

Lm log mean 

m membrane  

d  diameter (m) 

 

INTRODUCTION 

  
Gas–liquid hollow fiber membrane contactors 

are devices that allow two phases to come into 

direct contact with each other, for the mass transfer 

without dispersion of one phase into the other. In the 

hollow fiber membrane contactors, the gas mixture 

flows in one side of a hydrophobic micro porous 

membrane while the liquid absorbent flows in the 

other side. A gas–liquid interface will be formed at 

the pores opening adjacent to the liquid absorbent 

when the membrane pores are not wetted with liquid 

but filled with gas. In the absorption process based 

on micro porous hollow fibers, gases diffuse from 

the gas phase to the gas–liquid interface through the 

pores and are absorbed in the liquid solvent. The 

rich solution may beset to another membrane 

contactor for stripping to separate the absorbed 

gases. The lean solution is then recycled to the 

absorption module. Recently, hollow fiber 

membrane contactors have attracted many 
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researchers’ attention as a new type process of gas 

absorption [1,2]. Compared with conventional tower 

absorbers, the mass transfer coefficient in hollow 

fiber membrane absorbers is not higher. However, 

hollow fiber membrane absorbers have some 

advantages such as larger interfacial area per unit 

volume, no flooding, foaming, entraining. So the 

hollow fiber membrane absorbers might be a 

promising technology for gas separation processes. 

Karoor and Sirkar [3] studied the separation of 

CO2 and SO2 from CO2 /N2 and SO2 /air gas 

mixtures, using water as an absorbent in a parallel 

flow module employing micro porous polypropylene 

hollow fiber membranes. A similar system has been 

reported by Zhang et al. [4] for co-current gas–liquid 

contact. In both works, the authors assumed 

negligible axial diffusion, which may not be a good 

assumption, especially for low gas velocity. Kim and 

Yang [5] studied the separation of CO2 /N2 mixtures 

using hollow fiber membrane contactors theoretically 

and experimentally. Although there is an agreement 

between the model predictions with experimental 

results, the authors assumed a linear decrease of gas 

velocity for the modeling. Thus, there is a definite 

need for a comprehensive mass transfer model that 

can provide a general simulation of the chemical and 

physical absorption in hollow fiber membrane 

contactors. 

Qi and Cussler [6] were the first to develop the idea 

of the hollow fiber membrane contactor for CO2 

absorption using a micro porous non-wetted 

polypropylene membrane where aqueous sodium 

hydroxide solution was used as an absorbent. Feron 

and Jensen [7] employed porous polyolefin 

membranes with the novel absorption liquids 

(CORAL) for removal of carbon dioxide from 

various feed gases. Ren et al. [8] prepared poly 

vinylidene fluoride (PVDF) hollow fiber membranes 

to make membrane contactors for CO2 capture. 

Although most of the researches are focused on the 

carbon dioxide removal some others were conducted 

on removal of the other acid gases [9–15]. Lee et al. 

[9] obtained SO2 removal efficienciesand mass 

transfer coefficients in the hollow fiber membrane 

contactors at various gas and liquid flow rates. 

Recently, some researchers have been done on the 

removal of H2S from gas streams by membrane 

contactors [14]. Applications, advantages and 

disadvantages of hollow fiber membrane contactors 

have been discussed in more detail by Gabelman and 

Hwang [16]. Li and Chen [17] have reviewed 

absorption of CO2 using chemical solvents in hollow 

fiber membrane contactors.  

 

Membrane characteristics 

In the last decades gas–liquid membrane contactors 

equipped with micro porous hydrophobic 

membranes were widely tested for separation 

processes especially gas absorption to replace 

conventional equipment. As shown in Table 1, the 

hollow fiber membrane contactor can offer a much 

larger contact area per unit volume than other 

conventional absorbers. Therefore, the membrane 

contactors can become more efficient for gas 

absorption than conventional equipment [18] and 

may reduce the size of gas absorber and stripper 

units by 63–65% [19]. 

 

Table 1 

Specific surface area of some contactors 
Contactor Specific surface 

area (m
2
/m

3
) 

Ref. 

Free dispersion column 1–10 [20] 

Packed column 100–800 [21] 

Mechanically agitated column 50–150 [20] 

Membrane contactor 1500–3000 [22] 

 

Principally different types of membrane such as 

symmetric hydrophobic porous membranes or 

asymmetric membranes with ultra-thin layer can be 

used as a gas–liquid membrane contactor [23]. In 

both case the membrane must be able to separate the 

contacting fluids. 

Typical membranes applied are prepared from 

hydrophobic polymer materials possessing a high 

porosity, a membrane thickness of 10–300 µm and 

providing microfiltration properties with pore size of 

0.1–1 µm. Table 2, shows the characteristics of 

hollow fiber membranes used in the gas absorption 

membrane contactors. 

Membrane materials 

The choice of membrane material affects 

phenomena such as absorption and chemical 

stability under condition of actual application. This 

implies that the requirements for the polymeric 

material are not primarily determined by the 

permeability and hydrophobicity but also by the 

chemical and thermal properties of the material. 

Among various hydrophobic polymers, poly-

propylene (PP), polyethylene (PE) and polytetra-

fluoroethylene (PTFE) are the most popular 

membrane materials. However since PE, PP and 

PTFE cannot be dissolved in solvents then the 
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membranes are usually provided by stretching and 

thermal methods. Therefore, relatively low porosity 

resulting membranes restrict a significant increase on 

absorption flux. Consequently the main advantage of 

the micro porous hollow fiber membrane i.e. a high 

area to volume ratio cannot be fully obtained. 

However, one of the significant properties of PTFE 

membrane is that it has a high resistance to wetting 

after several hours of operation. 

 

Table 2 

Characteristics of hollow fiber membranes used in 

gas absorption contactors 
Membrane Pore Size 

(µm) 

Process Ref. 

Polysulfone (PS) 0.102 H2S absorption with 

NaOH solution 

[24] 

Polyether sulfone 

(PES) 

_ H2S absorption with 

NaOH solution 

[24] 

Polyethylene  (PE) _ CO2 absorption with 

MEA solution 

[25] 

Polytetrafluoroethy

lene (PTFE) 

_ CO2 absorption with 

MEA solution 

[25] 

PP 0.265 CO2 absorption with 

CORAL 20 solution 

[26] 

PP 0.02-0.2 CO2 absorption with 

PG, MEA and MDEA 

solutions 

[27] 

Poly vinylidene 

fluoride (PVDF) 

_ CO2 absorption with 

pure water 

[23] 

PVDF 0.04 H2S and CO2 

absorption with 

Na2CO3 solution 

[13] 

PP _ CO2 absorption with 

MEA and AMP 

[28] 

PTFE _ CO2 absorption with 

MEA and AMP 

[29] 

 

 

A study by Falk-Pederson and Dannstorm [30] 

suggested that polytetrafluoroethylene (PTFE) is the 

only suitable membrane for use with alkanolamines. 

An inorganic membrane could be used as an 

alternative barrier which provides better chemical 

and thermal stability as well as high mechanical 

strength. Ceramic membrane is another option for gas 

absorption membrane contactors. However, most of 

ceramic materials are hydrophilic in nature, because 

of the presence of its hydroxyl (–OH) group. This 

characteristic is considered to be a disadvantage as 

the wetted membrane has much higher membrane 

resistance than that of non-wetted membrane. Thus 

membrane surface modification is required to 

improve its hydrophobicity. Koonaphapdeelert and Li 

[31] prepared ceramic hollow fiber membranes from 

aluminum oxides (Al2O3) using a phase inversion-

sintering method. 

 

Overall mass transfer coefficient Kw 

In the extraction process via a micro porous 

hydrophobic membrane, the solute transfer from the 

aqueous to the organic phase encounters three 

resistances according to the resistance insures model 

(e.g. [29]): first, the diffusion step through the 

boundary layer at the shell-side, then through the 

solvent-filled membrane pores and finally through 

the boundary layer in the lumen. The relation 

between the overall mass transfer coefficient Kw and 

the individual transfer coefficients (kw , km and ko), if 

the aqueous phase is fed in the shell-side and the 

organic solvent in the lumen, is given as 

 

However, if the partition coefficient: 

 

Which corresponds to equilibrium conditions 

between the two immiscible phases, is sufficiently 

large the shell-side resistance is the controlling one, 

while the other two are considered to be negligible? 

 A sketch of a hollow fiber, indicating concentration 

profiles and coordinates, is shown in Figure 1. 

 

 

Figure 1 

 Sketch of a hollow fiber indicating mass transfer 

steps, concentration profiles and coordinates 

employed. 
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Mass transfer through the membrane 

In some gas absorption cases, the absorption rate is 

mainly controlled by diffusion across the membrane. 

Qi and Cussler [6] studied NH3 absorption in water, 

H2S and SO2 separately into aqueous NaOH and 

found that the membrane resistance to mass transfer 

in the case of air–NH3 –water system is about 85% of 

total resistance. The membrane resistance depends on 

membrane mode of operation (no wetted, wetted or 

partially wetted). In the non-wetted (gas filled pores) 

and wetted (liquid filled pores) cases, the membrane 

mass transfer coefficients (kmg and kml ) are given by 

the following equations respectively. 

 

 

 
 

The molecular self-diffusion coefficient of the gas, 

Dg,m (m
2
/s), is calculated from the kinetic gas theory 

[27,28]: 

 

Where M is the gas molecular weight and µ is the gas 

dynamic viscosity in (Pa s). The collision integrals 

Ωµ and ΩD are dimensionless functions of 

temperature and they are calculated from the Neufeld 

et al. empirical equations [32. The Knudsen diffusion 

coefficient of the gas, Dg,Kn(m
2
/s), is obtained from 

Ref. [33]: 

 

Where rp is the pore radius in cm. The effective 

diffusion coefficient of the gas in the gas-filled 

membrane pores, Dg,eff (m
2
/s), is estimated using 

the following equation [34]: 

 

The diffusion coefficient of the gas in the pores filled 

with the liquid absorbent, Dl , is determined by the 

interactions between the molecules. Dl (m
2
/s) can be 

estimated using Versteeg and Van Swaaij equation 

[33]: 

 

 

For partially wetted pores, the membrane 

resistance is a function of the resistance of pores 

filled with gas, the resistance of pores filled with 

liquid and the wetting ratio, x
*
 , i.e. the pore 

length wetted by liquid, x, to the overall pore 

length, Lm, shown schematically in Figure. 2. 

 
Figure 2 

Membrane pore partial-wetting by liquid [35] 

 
When the liquid intrusion into the membrane pore 

increases with time, the ratio x* also changes, and 

consequently, the membrane mass transfer 

coefficient, km (t), will change according to [35]: 

 

 

kmg and kml are the mass transfer coefficient values 

of the totally gas-filled and the totally liquid-filled 

membrane pores, defined by Eq (3) and (4), 

respectively. It was observed that although the gas 

was only in contact with the liquid at the pore 

entrances, the total membrane area had to be used 

for the determination of mass transfer coefficient. 

This is because the distance between the pores is 

extremely small compared to the fiber diameter. In 

fact, in previous studies, the total membrane area is 

generally assumed as the overall gas–liquid 

interfacial area. 

 

Shell side mass transfer 

Shell side mass transfer performances of various 

contactor configurations have been calculated for 

parallel and transverse flow across the fibers to 

compare the efficiency of the modules. Physical 

mass transfer has been accounted by the form of Sh 
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= f (φ, Re, Sc). Where φ is packing density and Re, 

Sc are Reynolds and Schmidt number, respectively. 

Shell side mass transfer correlations for hollow fiber 

modules have been determined in a number of 

studies. 

  

Mass transfer with chemical reaction 
Considering gas–liquid mass transfer, in the absence 

of chemical reaction, the gas phase resistances are 

usually negligible and the liquid boundary layer 

resistance controls mass transfer. However, if a 

chemical reaction occurs between the absorbed gas 

species and the solvent, the liquid side resistance is 

reduced and the gas phase resistance may actually 

control mass transfer [29]. So, the mass transfer can 

be enhanced when chemical reactions are present. 

The enhancement factor (E) describes the effect of 

chemical reaction on the mass transfer rate. 

Generally, the enhancement factor is defined as the 

ratio of absorption flux in presence of chemical 

reaction (chemical absorption) to the absorption flux 

in absence of chemical reaction (physical absorption) 

for identical mass transfer force: 

 

 
 

The enhancement factor affects the mass transfer rate 

significantly and thus the design of membrane gas–

liquid contactors will be the subject of further 

discussion. 

At higher Graetz numbers (Gz>1000), the 

enhancement factor in the case of gas absorption in a 

liquid flowing through a hollow fiber can be given by 

the traditional mass transfer theories. At this case, the 

dimensionless Hatta number and asymptotic 

enhancement factor, adopted for a hollow fiber can be 

described based on surface renewal theory and the 

conditions at the liquid inlet (z = 0): 

 

 

Where m and n are the partial reaction order with 

respect to ‘A’ and ‘B’ respectively and km,n is the 

reaction rate constant. DA and CA,i are the diffusion 

coefficient and concentration of specie ‘A’ to the 

liquid and CB,0 is the concentration of specie B in the 

inlet of fiber.  

 

CONCLUSIONS 
It was observed that although the gas was only in 

contact with the liquid at the pore entrances, the 

total membrane area had to be used for the 

determination of mass transfer coefficient. This is 
because the distance between the pores is extremely 

small compared to the fiber diameter. In fact, in 

previous studies, the total membrane area is 

generally assumed as the overall gas–liquid 

interfacial area. For the acid gas capture, the module 

configuration can play an important role to improve 

mass transfer in gas side and liquid side. Therefore, 

development of new module for improving mass 

transfer can be a subject of future research with the 

important given to features such as the regularity of 

fibers, packing density and the relative flow 

directions. 
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