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Abstract 

Implications of CO2 emission to the climate change and global warming, in addition to H2S toxicity and 
production of sulfur oxides (SOx) as well as achievement to clean fuel with enhanced energy content and 
prevent corrosion problems has driven the development of acid gas removal from gas streams. In this article, 
the selective and simultaneous separation of H2S and CO2 from CH4 was carried out in a hollow fiber membrane 
contactor (HFMC). The experimental results indicated that the absorption of both H2S and CO2 using aqueous 
solution of MDEA was almost completed and total amounts of acid gasses were removed. It was found that 
despite of the large difference between H2S and CO2 concentrations, the rate of H2S absorption was not 
significantly influenced by CO2 absorption. The independent effect and interactions of several process variables 
on separation performance of H2S and CO2 were investigated. The results indicated that the membrane 
contactor could be a very efficient choice for removal of almost all H2S content in presence of large CO2 content 
even at high gas/liquid flow ratio. The removal of H2S could be approximately completed with efficiency of > 
99%. The selectivity of H2S was about three times higher compare to the conventional absorption packed 
towers. 
Keywords: Hollow-fiber membrane contactor; MDEA; Hydrogen sulfide; Carbon Dioxide 
1. Introduction 

H2S and CO2 are the major impurities of effluent gasses from many industries which are acidic and 
their physical and chemical properties are similar in many aspects. The presence of them in natural 
gas causes several problems during process and usage of it. Due to its acidic character, the CO2 
content reduces the heating value of natural gas, leads to corrosion in equipment and it has been 
considered to be a main contributor to the global warming. On the other hand, H2S is one of the 
most harmful pollutants either to health or the equipment. Moreover, sulfur dioxide (SO2) can be 
produced from combustion of H2S and then reacts with H2O in the atmosphere to create acid rain 
[1,2]. 
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Therefore, in order to sustain economic growth besides achieving compliance with the 
environmental protection, it is very important to capture H2S and CO2 from natural gas.  

There are various technologies for H2S and CO2 removal from natural gas, such as adsorption, 
cryogenic, absorption, and membrane technology. However, these common processes are expensive, 
high energy consuming and have frequent problems such as foaming, flooding, entrainment and 
channeling which make them difficult to operate [2]. 

Hollow fiber membrane contactor (HFMC) is a novel alternative which has been one of research 
focuses for decades because of its advantages over the traditional gas absorption technologies, such 
as independent adjustment of liquid and gas flow rate, much larger gas–liquid contact area improved 
hydrodynamic distribution effects, diminished liquid losses and the easier scale up due to its 
modularity. The membrane contactor’s specific surface area is very high (500-5000 m2/m3) compared 
to the conventional contactors (200-500 m2/m3) [4,5]. 

Membrane contactor is a hybrid process which is created from combination of conventional gas-
liquid absorption with membrane separation processes. The gas and liquid streams flow on each side 
of the membrane without any direct contact for a gas–liquid absorption operation [6].  

In this process, the membrane actually acts as a physical barrier between gas and liquid phases which 
does not have any significant effect on process selectivity and consequently it does not change mass 
transfer coefficients. Furthermore, because of the two phases separated by the membrane, there is 
no phases mixing or dispersion occurred.  

The membranes prevent the penetration of liquid phase through the membrane pores and therefore 
the gas phase fills these pores. As diffusion coefficient through gases is higher than liquids, it means 
that in non-wetted membrane contactors, membrane mass transfer resistance is very small [3,4]. 
There is a great deal of increase in mass transfer rates and separation efficiency due to hydrophobic 
characteristics of membrane contactor. 

Nevertheless, the most important advantage of membrane contactors is a significant reduction of 
the size of installation without changing separation performance. An intensification factor up to 30 
has been reported in some articles for gas–liquid membrane contactors compared to packed 
columns [7]. 

In order to prevent flux reduction in this process, the membranes should be kept in non-wetted 
conditions. In practice, the chemical solvents can wet the membranes by potential penetration into 
the pores. The topic of membrane wetting has been widely discussed in literatures [3,5]. 

A large number of studies [6,8,9,10] dealing with H2S and CO2 absorption by membrane contactors 
involve hydrophobic microporous hollow fibers have been reported. The common chemical 
absorbents used in those studies were alkanolamine solutions, metal hydroxides and water.  

As it is mentioned in the literatures [11,12], H2S and CO2 transport mechanism in the packed towers 
are mostly controlled by the gas phase and liquid phase, respectively. The selectivity of H2S reported 
in that literatures was in the range of 10–30 [11]. So, in order to improve H2S/CO2 selectivity, the 
membrane contactor should be operated at high gas/liquid flow ratio, which improves H2S mass 
transfer coefficient in the gas phase compared to that of CO2 in the liquid phase.  

On the other hand, much shorter residence time in hollow fiber membrane modules compared to 
the conventional-packed towers plus lower absorbent flow rate, greatly reduce the amount of CO2 
absorption rate. 

The target of this research was an efficient, selective and economical removal of H2S from gas 
streams containing high concentrations of CO2 and H2S (up to 20 vol. % and 25000 ppm, respectively) 
using a conventional polypropylene hollow fiber membrane module. In this study a dilute (0.5 M) 



www.cet-journal.com  Page 3 Chemical Engineering & Technology 
 

 
This article is protected by copyright. All rights reserved. 

 
 

aqueous solution of methyldiethanolamine (MDEA) was used as chemical absorption in order to 
reduce the wetting probability.  

The liquid phase residence time in the membrane contactor was increased up to 2880 s which was 
much bigger than what reported in the literatures. The ratio of liquid/gas residence time also 
enhanced up to 2620, without any negative effect on separation performance. It significantly reduces 
the solvent consumption and consequently the size of re-generation unit. 

This study attempted to assess the influence of several parameters on H2S and CO2 removal 
efficiencies, overall mass transfer coefficients and H2S selectivity. The independent effect of each 
parameter and their interactions were also investigated. It was also tried to study the effect of liquid 
velocity on CO2 mass transfer coefficient in presence of H2S. And it was further examined its opposite 
effect to gas/liquid flow ratio.  

The maximum H2S selectivity obtained in this work was 82.7 which was a significant improvement 
from the values reported in past studies for membrane contactors. It is a particularly important 
achievement for sweetening of high sulfur content natural gases.  

 

2. Experimental 

2.1. Hollow fiber membrane contactor 
The shell-and -tube type asymmetric polypropylene hollow fiber membranes used in this study were 
obtained from Liqui-Cell. The membrane characteristics are porosity of approximately 25 percent and 
an average pore size of 0.05 micron. The fibers outer and inner diameters are 300 and 200 micron, 
respectively. The fibers inside volume is 150 cm3. The details specifications of hollow fiber membrane 
module are presented in Table 1. 

 

2.2. Experimental set-up 
A schematic of experimental set-up used in this study is shown in Figure 1. The feed gas mixtures of 
various concentrations of H2S, CO2 and CH4 were prepared by mixing pure gas streams from 
compressed gas cylinders. The flow rate of gasses were adjusted and controlled by the mass flow 
controllers (CO2 and CH4: Brooks Model SLA 5850, H2S: Brooks Model SLA 5851). The CO2, H2S and 
CH4 gas cylinders with purity of 99.9 % were prepared from Roham Gas Corp. The feed gas mixtures 
were passed through a mixing vessel and then a secondary mass flow controller (Brooks Model SLA 
5851) was used in order to adjust accurate gas flowrate. The feed gas stream was passed through the 
lumen side of the hollow fibers. A 0.5 M concentration aqueous solution of MDEA was used as 
absorbent. The 99% pure MDEA solution was prepared from Sarakhs petrochemical complex and 
deionized water was used for dilution of the alkaline solutions. An accurate PTFE diaphragm dosing 
pump (Jesco LJ-MINIDOS-A14) with a maximum flowrate of 14 lit/h was used as liquid pump. The 
liquid flowrates were controlled by a flow controller (Dwyer Model RMA-33) and then it was passed 
into the shell side of the module. The absorber liquid passed the module in once through mode. The 
flow was also in counter-current direction.  

Based on the intended values of liquid and gas flowrates according to the design of experiments, the 
velocities of liquid and gas streams in the module were in the ranges of (2.2×10-4 - 1.2×10-3 m/s) and 
(0.19 – 0.25 m/s), respectively. So, the residence times for liquid and gas streams were in the ranges 
of (576 – 2880 s) and (1.1 – 1.5 s), respectively.  
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The experiments were conducted at a constant room temperature (25 °C). The feed gas pressure also 
was kept constant at 0.5 bar and the liquid pressures was consistently 1.5 bar higher than the feed 
gas pressure. 

Each experiments was conducted for 60 minutes after the set-up reached steady-state that took 
about 15 minutes. The membrane module then were rinse thoroughly with distilled water several 
times until the pH of spilled water reached in the range of 7.0-7.5. The membrane module then dried 
properly at 120 °C for 2 hours in order to remove all water in the fiber pores which might cause 
membrane wetting. 

The CO2 concentrations in feed and retentate streams were measured using Gas Chromatography 
(3800 Varian GC, TCD and FPD detector). The H2S concentrations in the feed and retentate streams 
were monitored using Tutwiler apparatus plus an online gas detector (GFG, Model Micro IV sensor 
type MK345-5) which presented accurate measurements of the gas concentration (± 1 ppm). After 
achieving the steady state (more than 15 minutes), the results were collected. 

At the final stage, for safety reason, the retentate stream exited from membrane module, was 
treated with NaOH aqueous solution in a packed gas absorbent column to remove the remaining 
toxic gasses. A H2S detector with the response range of  >1 ppm was also installed to detect any 
leakages and to ensure safe operation. 

 

2.3. Overall mass transfer coefficient 
Experiments were carried out to study the effects of several operation conditions on the overall 
performance of H2S and CO2 absorption process using the selected membrane-absorbent 
combination. The H2S and CO2 overall mass transfer coefficient from the gas phase to the absorption 
liquid (MDEA) can be described by measurements of the global resistance for each species 
corresponds to the sum of the resistances created by the gas phase, membrane and liquid phase [8]. 

In the case where the gas phase is circulated in the fibers lumen, the overall mass transfer 
coefficients (KCO2 and KH2S) could be expressed using Equation 1 [13]: 

𝐾𝑖 =  
𝑄𝑔

𝐴
 ln (

𝑋𝑖

𝑌𝑖
) (1) 

Where Ki is the overall mass transfer coefficient for either CO2 or H2S [m/s], A is the membrane area 
[m2], Qg is the feed gas flow rate [m3/s], Xi and Yi are the CO2 or H2S concentration in the gas feed and 
retentate streams, respectively. 

It should be noted that Equation 1 is written with two assumptions; (a) the CO2 or H2S concentrations 
in the liquid phase are negligible and (b) the non-wetted membrane is necessary (i.e. with the porous 
network filled with gas). The first assumption is generally true, as high-absorption alkanol amine 
(MDEA) is used in the absorption solution.  

So, in order to use Equation 1, the H2S and CO2 concentrations of the liquid absorbent at the 
entrance of module should be minimize. It also maximize the absorption capacity of liquid absorbent. 
In other word, its H2S and CO2 loads should be as less as possible. For industrial applications, it should 
be considered that the regeneration of absorbent liquid is required to include in a membrane 
contactor process [6].  

The average driving force could be derived from the gas phase pressure drop. For example, Equation 
2 can be used to estimate the overall mass transfer coefficient at both the shell and the lumen side 
[14]. 

𝐾𝑖 .  𝐴 =  
𝑅𝑎𝑏𝑠𝑖

∆𝑃𝑚
𝑚⁄

  (2) 



www.cet-journal.com  Page 5 Chemical Engineering & Technology 
 

 
This article is protected by copyright. All rights reserved. 

 
 

Where 𝑅𝑎𝑏𝑠𝑖
 is the rate of H2S or CO2 absorption per unit volume of the membrane module, A is the 

membrane area, and ΔPm is the logarithmic mean partial pressure of H2S or CO2 based on the 
logarithmic mean of the feed and retentate concentration in the gas phase and the average pressure 
in the lumen side. The process removal efficiency for H2S and CO2 were calculated using equation 3.  

𝑅𝑖 =  
𝑋𝑖− 𝑌𝑖

𝑋𝑖
 (3) 

Where Xi and Yi are the H2S or CO2 concentration in the feed and retentate streams, respectively and 
subscript i is either H2S or CO2. The H2S selectivity is defined by equation 4 [11]. 

𝑆𝐻2𝑆 =  
𝐾𝐻2𝑆

𝐾𝐶𝑂2
 (4) 

Where KH2S and KCO2 are overall mass transfer coefficient of H2S and CO2 respectively. 

 

2.4. Absorption in MDEA Solutions 
In this study aqueous solution of MDEA, H3C–N–(CH2–CH2–OH)2, was used as chemical absorber 
because it is a tertiary amine and is more selective for H2S than conventional amines such as MEA, 
DEA, and DIPA [4,21]. This selectivity arises because in MDEA, nitrogen is bonded to two ethanol 
groups and a methyl group. Whereupon, it does not have any hydrogen atom attached to the 
nitrogen which make it unable to react directly with CO2 to form carbamate [21]. The CO2 must first 
react with H2O to form bicarbonate (Equation 5). The produced bicarbonate then combines with the 
amine via an overall acid-base neutralization reaction (Equation 6).  

CO2 + H2O ↔ HCO3
- + H+  (5) 

CO2 + H2O + R2NCH3 ↔ HCO3
- + R2NHCH3+  (6) 

The formation of HCO3
- is slow and controls the reaction rate of CO2. The reaction rate constant of 

CO2 and MDEA has been determined previously by other researchers using a wetted wall column [4].  
It was found that the reaction of CO2 with MDEA is relatively slow compared with the primary and 
secondary amines. From the mechanism expressed above, it can be concluded that the rate-limiting 
step is Equation 5.  

On the other hand, MDEA reacts directly with H2S via the same instantaneous proton transfer 
mechanism that occurs in the reaction of H2S with primary and secondary amines (Equations 7 and 
8). 

H2S + R2NCH3 ↔ R2NCH3
+ + HS-  (7) 

HS- ↔ S2- + H+ (8) 

The above typical reaction between amines and H2S is instantaneously fast, with respect to mass 
transfer, and involves a proton transfer. H2S-Amine equilibrium exists everywhere in the liquid phase, 
including the interfacial liquid film. 

As a result, the rate of absorption of CO2 in MDEA solution is much slower than that of H2S and 
selective removal of H2S can be achieved by using MDEA as chemical absorber. It is very important to 
design the absorber so that provide enough residence time which permits most of the H2S to be 
absorbed. This time will be insufficient for significant reaction of CO2 with MDEA. 

A review of literatures indicated that using of MDEA in membrane contactor process has made it 
possible to eliminate almost all H2S content. An optimum combination of selectivity and both CO2 
and H2S removal can be established by proper selection of residence time, gas/liquid flow ratio and 
solution concentration. 
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2.5. Experimental design 
The experimental design used in this work, was modified for examination of the individual effects 
and interactions of following five parameters on the selective removal of H2S and CO2 from CH4. It 
was tried to select the most important operational parameters based on what reported in the 
literatures; 

1. liquid absorbent flow rate, Qf (lit/h) 

2. feed gas flow rate, Qg (lit/h) 

3. H2S concentration in the feed, CH2S (ppm) 

4. CO2 concentration in the feed, CCO2 (vol. %) 

5. gas/liquid flow ratio, F 

The effects of above operational parameters upon the following properties of the product were 
investigated; 

1- H2S retentate concentration (ppm) 

2- CO2 removal (%) 

3- H2S selectivity 

The other effective operational conditions were kept constant in all experiments including 
concentration of chemical solvent, pressures of liquid and gas phases and feed temperature. The 
values of above parameters are presented in Table 2. 

 

2.6. Statistical verification of the effects (ANOVA) 
The analysis of variance (ANOVA) was used in order to determine the error variance and estimate the 
weight of evaluated parameters significance. The ANOVA analysis clarifies that the response’s 
alteration were due to variations of level adjustments or experimental standard errors. ANOVA 
procedure results in calculation of several statistical functions including sum of squares (SS), mean 
square (Variance), degree of freedom (DOF), error variance (Ve) and associated F-test of significance 
(F). The above parameters for operational parameters were calculated using equations provided in 
detail in the literatures [27].  

The F values obtains in two different ways, usingVe and extracted initially at various risks () from 
statistical tables. If the calculated F value is bigger than the extracted one, the significance of effect 
will statistically be concluded. Calculated F values for evaluated parameters are presented in Table 3. 
In this table, factor P represents the contribution percent of each factor on the response. 

ANOVA indicated that calculated F values exceed the tabulated F values which was equal to 18.50 for 
α = 0.05. It means that compared to variance of error, variances of all factors were significant enough 
to consider them as important parameters in membrane contactor process.  

In order to ensure the reliability of the experimental results, all experiments performed with 
replicates. The mean error of replicated results are also shown in Table 3. As it is observed, the 
maximum errors were approximately 12 percent for Fg. 
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3. Results and discussions 

3.1. Effect of H2S feed concentrations 
The effect of H2S feed concentrations on the percentage of CO2 removal and H2S retentate 
concentration for different feed flow rates are shown in Figure 2. These experiments were carried 
out using 0.5 M aqueous MDEA solution with the flow rate of 1.5 lit/h at pressure of 1.5 bar. The CO2 
concentration in the feed was kept constant at 4 vol %. All other operation conditions were adjusted 
as the same as what explained previously at section 2.2. 

Experimental results indicated that with an increase in H2S concentration from 5000 to 25000 ppm, 
the retentate concentration steadily increased from 1 to 136.5 ppm and from 159 to 375 ppm for 
360 and 480 lit/h gas flow rates respectively. The results also indicate that the maximum H2S 
retentate concentration was measured for feed contained 25000 ppm H2S and highest gas flow rate 
(480 lit/h). At these conditions the minimum CO2 removal percentage was achieved (43.75 %). Figure 
2 also shows that with increasing in H2S concentration in the range of 5000 to 25000 ppm, the CO2 
removal declined from 100 to 67.5 % and from 98.75 to 43.75 % for 360 and 480 lit/h feed flow rates 
respectively.  

Increase in H2S concentration resulted in a negative effect on general separation performance and 
caused a decrease in both of the H2S and CO2 removal efficiencies and the mass transfer coefficients. 
The effects of increasing H2S feed concentration on overall mass transfer coefficient for CO2 and H2S 
(Ki) using Equation 1 in logarithmic scale is presented in Figure 3. It can be found from Figure 3 that 
increasing H2S content in the feed, intensely reduced CO2 mass transfer coefficient. 

This can be explained because of the additional H2S is accumulated in the transfer path. Regarding to 
the mass transfer coefficient, the reaction rate of H2S with the alkanolamine aqueous solutions can 
be considered instantaneous, whereas the reaction rate of CO2 with these solutions shows a 
significant decline, going from primary to secondary to tertiary amine types [18]. Thus, in cases that 
MDEA (as a tertiary amine) is used, the CO2 molecules are not absorbed fast and accumulate in the 
gas–liquid interface at the entrance of the membrane pores. In this situation the increase of H2S feed 
concentration reduces the rate of CO2 absorption. 

On the other hand, the increase of CO2 feed concentration accelerates the accumulation of CO2 
molecules inside the membrane pores.  

According to the literatures [9], in the absence of CO2, an increase in H2S feed concentration do not 
result in significant negative effect on removal efficiency, while, in the presence of CO2, an increase 
in concentrations of each acid gases, strongly decreases removal efficiency. It should be note that the 
negative effect of CO2 feed concentration, is more effective on CO2 removal efficiency compare to 
that of H2S. So, it can enhance the H2S selectivity despite of reduces its removal efficiency. 

As a result, it can be concluded that aqueous MDEA solution because of its ability to absorb H2S in 
the presence of CO2 could be a suitable choice for selective separation of H2S from natural gas 
streams which do not have too much CO2 content. The increase in gas flow rate also had negative 
effect on separation performance. As it is observed from Figure 2, increasing gas flow rate from 360 
to 480 lit/h, strongly increased H2S retentate concentration.  

For example, an increase of 25% in gas flow rate increased the H2S retentate concentration by 64 to 
99 % (depend on feed concentration). Further increase in gas flow rate, resulted in much faster 
enhancement in the H2S retentate concentration. 
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3.2. Effect of CO2 feed concentrations 
The effect of CO2 feed concentrations (from 4 to 20 vol. %) on the CO2 removal percentage and H2S 
retentate concentration was studied using MDEA 0.5 M as the absorbent with liquid flow rate of 2.5 
lit/h and gas flow rates of 360 and 480 lit/h contained 15000 ppm H2S (Figure 4).  

The increase of CO2 feed concentrations in the range of 4-20 vol. %, obliviously decreased CO2 
removal performance from 100 to 64 % and from 50 to 19 % for gas flow rates of 360 and 480 lit/h 
respectively. However, in the case of H2S retentate concentration, it remained approximately 
constant in the range of 0 – 2 ppm at gas flow rate of 360 lit/h, while it increased slightly from 24.5 to 
68.5 ppm at gas flow rate of 480 lit/h. 

The comparison of CO2 removal efficiency in Figures 2 and 4 revealed that in the presence of H2S, the 
CO2 removal efficiency decreases. This is because of the competition between H2S and CO2 for being 
absorbed by the absorbent. As it is found from literatures [5,19], the increase of H2S concentration 
decreases the CO2 overall mass transfer coefficient. So, with increasing H2S partial pressure 
(concentration) in the feed, more H2S molecules dissolve and react with the amine absorbent which 
results in more consumption of MDEA. The increased consumption of the absorbent results in a 
decrease of CO2 absorption which was occurred even at higher concentrations.  

According to what explained in section 2.4, the chemical reactions (Equations 5-9) determine the 
composition of the different ions in the liquid phase and as a result, the enhancement of the mass 
transfer. The equilibrium reactions are fast enough to ensure chemical equilibrium throughout the 
entire liquid phase. This assumption is acceptable if reaction kinetics is significantly faster than mass 
transport in the liquid phase. A certain number of equilibrium reactions occur in the CO2 - H2S - 
alkanol amines system [17]. 

 

3.3. Effect of gas/liquid flow ratio 
In order to evaluate the effects of gas/liquid flow ratio on H2S and CO2 absorption performances, a 
gas mixture containing three different CO2 (4, 12 and 20 vol. %) and H2S (5000, 15000 and 25000 
ppm) concentrations at pressure of 0.5 bar with various flow rates of 360, 420 and 480 lit/h were 
used as feed stream. A 0.5 M MDEA aqueous solution at flow rates of 0.5, 1.5 and 2.5 lit/h at 
pressure of 1.5 bar also were used as absorbent liquid. As a result, the gas/liquid flow ratios were 
varied in three different regions of (144, 168 and 192), (240, 280 and 320) and (720, 840 and 960). All 
these gas/liquid flow ratios are much higher than that applied in conventional packed towers.  

The effect of gas/liquid flow ratios on the H2S retentate concentration for various feed compositions 
are presented in Figure 5. As it is observed, the H2S retentate concentration increases rapidly with 
increasing gas/liquid flow ratio all over the investigated regions.  

Because of an increase in gas/liquid flow ratio, increases the relative gas to liquid velocity and as a 
result decreases the contact time between the gas and liquid phases, the results showed that 
reactions of the acid gases with amine solution were limited. This observation is also reported in the 
literatures [5,20] which reduces the removal performance of both H2S and CO2. 

On the other hand, it is found from the equation of overall mass transfer coefficient which is 
reported in the literatures (equation 4) [5], the increase of gas/liquid flow ratio increases the 
gas/liquid relative velocity and enhanced the mass transfer coefficient in gas phase in comparison 
with liquid phase. So, the resistance against mass transfer in gas phase was reduced [21]. 

1

𝐾𝐺.𝑑𝑖
 =  

1

𝐻𝐸𝐾𝐿
0𝑑𝑖

+  
𝑅𝑇

𝐾𝑀𝑑𝑙𝑛
+  

𝑅𝑇

𝑘𝐺𝑑𝑜
 (10) 
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where KG is the overall mass transfer coefficient (mol/m2.s.atm), kL
0, kG and kM are the mass transfer 

coefficients of liquid phase, gas phase and membrane (m/s), do, di and dln are the outer, inner and 
log-mean diameters of the tubes (m), respectively. H represents Henry’s constant (mol/m3.atm), E is 
the enhancement factor and R is gas constant (m3.atm/mol.K). 

At the opposite side, an increase in liquid absorbent flow rate enhances the concentration gradients 
of acid gasses in the liquid phase and as a result the mass transfer rate of them into the liquid phase 
increase. It turn results to reduction of the outlet concentrations of H2S and CO2 in the gas phase. It 
can also be observed that the rate of increasing H2S and CO2 outlet concentration is much sharper at 
lower gas/liquid flow ratios. 

The effect of gas/liquid flow ratios on the CO2 removal percentage versus feed concentration are 
shown in Figure 6. The experiments were carried out with H2S feed concentration of 5000 ppm using 
0.5 M MDEA aqueous solution. The figure is divided into three region with different liquid flow rates 
of 0.5, 1.5 and 2.5 lit/h.  

As would be expected, in each region, the CO2 removal increased rapidly with decreasing gas/liquid 
flow ratio. It was because of enhancement of relative gas to liquid velocity and reducing the contact 
time between gas and liquid phases. 

It can be seen from Figure 6 that, at low liquid flow rates (Region 3), the increasing rate of CO2 
removal via decreasing gas/liquid flow ratio is lower than that of for high liquid flow rate (Region 1). 
In other words, the intensity of the effect of reducing gas/liquid flow ratio on CO2 removal strongly 
depends on liquid flow rate. 

Many experimental results showed that at higher liquid velocities, the liquid far from the gas–liquid 
interface stays intact which leads to lower CO2 concentration in the liquid phase [4,16,24]. In this 
cases the CO2 concentration gradient between gas and liquid phases enhances. It is because of 
reducing the liquid phase boundary layer due to increasing the liquid velocity at constant gas 
velocity. Therefore, the absorption rate of CO2 into the liquid phase improves, resulting in the decline 
of the outlet CO2 concentration and growth in the CO2 removal. At the opposite side, at low liquid 
flow rates, the CO2 transfer was limited due to the increase in liquid film resistance.  

In current case, the liquid velocity in Region 1 of Figure 6 (Fl=2.5 lit/h, Vl=1.12×10-3) was higher than 
that in Region 3 (Fl=0.5 lit/h, Vl=2.24×10-4). So, the liquid mass transfer coefficient in Region 1 is much 
higher than that of Region 3. As a result, the slope of the CO2 removal efficiency line is relatively large 
when the liquid flow rate is 2.5 l/h (Region 1). 

However, in order to improve the removal efficiency, lower liquid velocities are needed for modules 
with longer length, which is especially important when the reaction of CO2 with the amine solution is 
not fast enough. 

Figure 7 shows the dependence of mass transfer coefficients of CO2 (KCO2) on the gas/liquid flow ratio 
in the three regions the same as Figure 6. It is also seen that KCO2 increased rapidly with a decrease in 
gas/liquid flow ratio. The rate of such enhancement also were changed as Region 3 < Region 2 < 
Region 1. It was because of the positive effect of liquid flow ratio on KCO2. 

The CO2 mass transfer coefficients measured in this study were comparable to the data reported for 
high gas/liquid ratio membrane contactors using amine solution [21,5]. 

It can be observed from the results of all experiments in which H2S feed concentration was 5000 ppm 
(Figure 6) that regardless of CO2 feed concentration, all values obtained for CO2 removal were higher 
than 65 %. 

It indicates that at the presence of low H2S content (5000 ppm), large amounts of CO2 in the feed can 
be still removed by MDEA solution. In other word, the effect of CO2 feed concentration on CO2 
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removal was not as much significant as what was for higher H2S feed concentrations. So, it can be 
concluded that MDEA could be a suitable chemical absorbent even for CO2 in case of low 
concentrations of H2S. 

The trend of CO2 removal efficiency measured in this study showed that high liquid flow rate 
enhance CO2 absorption. On the other hand, it is clear that higher selectivity of H2S would result from 
larger difference between the H2S and CO2 mass transfer coefficients. So, it could be concluded from 
Figures 5 and 6 that the H2S selectivity increases with increasing gas/liquid flow ratio, a trend almost 
similar to what happen in packed towers.  

 

3.4. Selectivity 
The selectivity factors of H2S (SH2S/CO2) was calculated using equations 1, 2, 3 and 4. The selectivity of 
H2S versus its feed concentration for different gas flowrates are shown in Figure 8. The CO2 feed 
concentration and liquid flowrate were kept constant at 4 vol. % and 1.5 lit/h respectively. The 
results showed that the selectivity of H2S were in the range of 10.3 – 73.0 at mentioned conditions. 
As it is observed, an increase in H2S feed concentration significantly increases the selectivity of H2S. 
When the H2S feed concentration increased from 5000 to 25000 ppm with gas flowrate of 360lit/h, 
the selectivity increased by seven times. 

In the absence of CO2, no reduction in removal efficiency of H2S was observed as a result of 
increasing its feed concentration [9], but as we see in Figures 2 and 4, in the presence of CO2, an 
increase in H2S or CO2 concentrations, strongly decreased removal efficiencies. 

So, the negative effect of H2S feed concentration, were more effective on CO2 removal efficiency 
rather than the H2S removal efficiency. Thus it would change the selectivity of H2S in a reverse path 
compared to its removal efficiency. 

The effect of feed gas flow rate on the H2S selectivity using 0.5 M MDEA also is displayed in Figure 8. 
As it is reported in many articles, in simultaneous absorption processes, the mass transfer rate of H2S 
using chemical solvents is limited by the situations of feed gas phase, while the mass transfer rate of 
CO2 is limited by the situations of absorbent liquid phase [22-24]. 

As a result, increasing feed flow rate decreases the mass transfer resistance in the gas phase 
affecting the mass transfer of H2S more than that of CO2 which increases the H2S selectivity. 

Despite of the large difference between H2S and CO2 concentrations, the values obtained in this work 
were quite high compared to what reported in the literatures [5,11,19]. As it is explained in section 
2.2, in this work, low H2S concentration and high CO2 concentration were used. Such differences 
between H2S and CO2 concentrations made a reduction in H2S flux and consequently leading to the 
decrease of selectivity. But, because of high surface area and using MDEA as a selective amine 
solution, the selectivities obtained in this work were much higher than that were expected.  

The trend of the effect of CO2 feed concentration on the H2S selectivity for different gas flowrates, is 
shown in Figure 9. The H2S feed concentration and liquid flowrate were kept constant at 5000 ppm 
and 1.5 lit/h respectively. It can be seen that an increase in CO2 concentration reduced the H2S 
selectivity. For example, at the experiment using a feed gas stream containing 4.0 vol. % CO2 with 
flow rate of 420 lit/h, the selectivity was obtained equal to 47.4. An increase in CO2 feed 
concentration up to 20 vol. %, reduced that selectivity to 25.7. 

The constant of reaction rate between H2S and MDEA (Equations 5 and 6) is much higher than the 
reaction between CO2 and MDEA (Equations 7, 8 and 9)  
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as reported in Section 2.4. On the other hand, as the H2S feed concentration was very low compared 
to that of the absorbent solution, by considering the in-series resistance model (Equation 10), the 
CO2 mass transfer rate is more controlled by the resistances in the liquid phase. 

This can be confirmed by the results presented in Figures 8 and 9 in which the increase of H2S 
concentration had more significant effect on the H2S selectivity rather than that of CO2 [25,26]. 

The H2S selectivity for different gas/liquid flow ratio was plotted in Figure 10. In these experiments, 
gas mixtures containing three different H2S concentrations (5000, 15000 and 25000 ppm) with 
various flow rates of 360, 420 and 480 lit/h were used as feed stream. 0.5 M MDEA aqueous 
solutions at flow rates of 0.5, 1.5 and 2.5 lit/h were used as absorbent liquid. The CO2 concentration 
was kept constant at 4 vol. %. 

Similar to the figures 5 and 6, the gas/liquid flow ratios were varied in three regions which all of them 
are much higher than what have been reported for conventional packed towers.  

As it is observed in Figure 10, the selectivity of H2S in each region independently increased with 
increasing gas/liquid flow ratio, almost similar to what happen in packed towers. Because an increase 
in gas flow rate decreases the mass transfer resistance in the gas phase which affects the mass 
transfer of H2S more than that of CO2. It is responsible to higher H2S selectivity. 

But, comparing the selectivity for adjacent regions indicates that despite of higher gas/liquid flow 
ratio, the selectivities of Region 3 was lower than Region 1. It can be concluded that, increasing the 
gas/liquid flow ratio does not necessarily results in higher selectivity. But it is strongly depends on 
liquid flow rate. It can be explained based on difference in liquid flow rate. Because of increasing the 
liquid velocity from region 3 to 1, there were different mass transfer coefficient in liquid phase.  

For example, increasing Fl from 0.5 lit/h in Region 3 to 2.5 lit/h in Region 1, increased KCO2 and KH2S in 
liquid phase. But because of higher reaction rate of H2S with MDEA (which results to higher 
absorption rate) the H2S selectivity increased significantly. 

Therefore, it can be expected that the selectivity in region 3 may be lower than region 1 even at 
higher gas/liquid flow ratio. This trend was observed especially for higher H2S concentration in feed.  

As it is observed from Figure 7, at low liquid flow rates (region 3), the CO2 mass transfer coefficient 
was limited due to the increase in resistance of liquid film. An increase in liquid flowrate (region 2), 
increased the CO2 and H2S mass transfer coefficients as a result. According to what explained in 
section 2.4, the rate of absorption of CO2 in MDEA solution is much slower than that of H2S, with 
respect to mass transfer coefficients. So, increasing liquid velocity affected H2S absorption rate more 
than that of CO2 and consequently enlarged the difference between H2S and CO2 mass transfer 
coefficients which resulted in a higher selectivity of H2S. More increasing in liquid flow rates (region 
1), delivered KH2S and KCO2 to their maximum values along with the highest values. Therefore, the 
highest H2S selectivity was achieved at lower gas/liquid flow ratio (144) and highest liquid flow rate 
(2.5 l/h). 

In this study, the selectivity of H2S was obtained up to 82.7 which is about 2-3 times larger than that 
that reported for packed towers [25]. 
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4. Conclusions 

In this work, simultaneous removal of H2S and CO2 from CH4 using hollow fiber hydrophobic 
membrane contactor was investigated. The experimental results indicated that, removal 
performances of H2S and CO2 using MDEA aqueous solution were much higher than those of 
reported for conventional packed towers.  

The increase of all evaluated parameters; H2S and CO2 feed concentration and gas/liquid flow ratio, 
significantly decreased the efficiency of CO2 removal while increased the H2S retentate 
concentration. Due to the large differences between H2S and CO2 feed concentrations in this study, 
the rate of H2S absorption should be strongly influenced by the rate of CO2 absorption. But, using 
MDEA as a selective amine solution, neutralize this effect and kept the H2S selectivity at high levels. 
The H2S selectivity increased with gas flowrate, H2S concentration and gas/liquid flow ratio, but 
decreased with CO2 concentration. The highest amount of selectivity of H2S obtained in this work was 
82.7. 

The results revealed that using gas stream containing more than 5000 ppm of H2S plus 4 – 20 vol. % 
of CO2 as feed mixture, 100 % removal efficiency of H2S was attained approximately, in which less 
than 4 vol. % of CO2 remained in the retentate stream.  

It was also found that the membrane contactors could be conducted at much higher gas/liquid flow 
ratio (generally more than 300) compare to the common packed towers. It could enhance the mass 
transfer coefficient, while reduce the residence time, hence the better selectivity for H2S removal. 

The effects of CO2 concentration in the feed on the H2S removal efficiency was not significant and 
even diminished with decreasing gas/liquid flow ratio.  
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Tables 

Table 1: Membrane contactor parameters 

Item Value 

Membrane area 1.4 m2 

Porosity percent 25 % 

Fibers dimensions (o.d.: 300 μm, i.d.: 200 μm) 

Fibers inside volume 150 cm3 

Sell material polyethylene 

Shell dimensions (o.d.: 77.4 mm, length: 282.5 mm) 

Surface/volume ratio 9333.3 m2/m3 

Maximum liquid pressure 7.2 bar 

Maximum gas pressure 0.7 bar 

Max liquid flowrate 0.7 m3/h 

Shell inside volume 400 cm3 

 

 

Table 2: The values of selected parameters according to the experimental design 

Level of 
parameter 

Qg 

(lit/h) 
Qf 

(lit/h) 
CH2S 

(ppm) 
CCO2 

(vol. %) 
F 

1 360 0.5 5000 4 144 

2 420 1.5 10000 8 168 

3 480 2.5 15000 12 192 

4 - - 20000 16 240 

5 - - 25000 20 280 

6 - - - - 320 

7 - - - - 720 

8 - - - - 840 

9 - - - - 960 
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Table 3: Calculated statistical results based on two response parameters 

parameter 

Quantity |Mean error of replicates| (%) 

SS Variance F value P value 
H2S retentate 
concentration (ppm) 

CO2 removal (%) 

XH2S 489550 244775 94.04 0.005 3.6 6.9 

XCO2 326692 163346 62.76 0.006 4.8 8.5 

Fl 299825 149913 57.60 0.003 6.5 9.7 

Fg 303255 151628 58.26 0.002 9.8 11.9 
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Figures 

 

Figure 1: Experimental set-up of membrane contactor unit 
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Figure 2: Effect of H2S concentration on the CO2 removal and H2S retentate concentration at different 
gas flow rates. Absorbent concentration and flow rate were 0.5 M and 1.5 lit/h. The CO2 
concentration was kept constant at 4 vol % 
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Figure 3: Effect of H2S concentration on overall mass transfer coefficient for CO2 and H2S (Ki) at 
different gas flow rates in logarithmic scale. Absorbent concentration and flow rate were 0.5 M and 
1.5 lit/h. The CO2 concentration was kept constant at 4 vol % 
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Figure 4: Effect of CO2 concentration on its removal percent and H2S retentate concentration at 
different gas flow rates. Absorbent concentration and flow rate were 0.5 M and 2.5 lit/h. The H2S 
concentration was kept constant at 15000 ppm 
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Figure 5: Effect of gas/liquid flow ratio on H2S retentate concentration at three different regions. 
Absorbent concentration was 0.5 M and CO2 concentration was kept constant at 4 vol. % 
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Figure 6: Effect of gas/liquid flow ratio on CO2 removal efficiency at three different regions. 
Absorbent concentration was 0.5 M and H2S concentration was kept constant at 5000 ppm 
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Figure 7: Dependence of mass transfer coefficients of CO2 (KCO2) on the gas/liquid flow ratio in the 
three regions according to Figure 6 
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Figure 8: Effect of H2S feed concentration on its selectivity at different gas flow rates. Absorbent 
concentration and flow rate were 0.5 M and 1.5 lit/h. The CO2 concentration was kept constant at 4 
vol. % 
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Figure 9: Effect of CO2 feed content on the H2S selectivity at different gas flow rates. Absorbent 
concentration and flow rate were 0.5 M and 1.5 lit/h. The H2S concentration was kept constant at 
5000 ppm 
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Figure 10: Effect of gas/liquid flow ratio on the selectivity of H2S at three different regions. Absorbent 
concentration was 0.5 M and the CO2 concentration was kept constant at 4 vol. % 
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Nomenclature 

A   membrane area (m2) 

C   concentration (mol/m3) 

di   inner diameters of the tubes (m) 

do   outer diameters of the tubes (m)  

dln    logarithmic mean diameters of the tubes (m) 

E    enhancement factor 

Fg   gas flow rate (lit/h) 

Fl   liquid flow rate (lit/h) 

H    Henry’s constant (mol/m3.atm) 

KG    overall mass transfer coefficient (mol/m2.s.atm) 

kG    individual mass transfer coefficients of gas (m/s) 

Ki    overall mass transfer coefficient for either CO2 or H2S (m/s) 

kL
0    individual mass transfer coefficients of liquid phase (m/s) 

kM    individual mass transfer coefficients of membrane (m/s) 

Pg   gas pressure (bar) 

Pl   liquid pressure (bar) 

ΔPm    log-mean partial pressure of CO2 or H2S 

Qg    feed gas flow rate (cm3/s) 

R    methyl group 

R′    ethanol group  

R    gas constant (m3.atm/mol.K) 

𝑅𝑎𝑏𝑠𝑖
    CO2 or H2S absorption rate per unit volume of the contactor 

SH2S/CO2   selectivity for H2S 

Vg   gas velocity 

Vl   liquid velocity 

Xi    CO2 or H2S concentration in the feed 

Yi    CO2 or H2S concentration in the retentate 
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