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Abstract 
 

Carbone dioxide has been demonstrated to be the largest component of greenhouse gases, which 
increases the temperature of the earth’s surface. Therefore, much effort has been endeavor to recover 

CO2. Recently, polymeric micro-porous membrane contactors have been proposed as an alternative 

technology for the conventional gas absorption equipments such as bubble column, packed tower and 
sieve trays column. In this work, three concentrations of aqueous piperazine (PZ) solutions namely 0.2 

M, 0.6 M and 1 M in contact with polyvinylidene fluoride (PVDF) capillary membrane. Moreover, the 

absorption performances were compared with the aqueous solution of 1M monoethanolamine (MEA) 
and 1 M diethanolamine (DEA). The results revealed that the efficiency of amine solutions in CO2 

absorption were according to the order of 1 M PZ > 1 M MEA > 0.6 M PZ > 1 M DEA > 0.2 M PZ. It 

was found that the efficiency of the system was controlled by the liquid phase resistance which could be 
improved with the increased of the liquid flow rate.  
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1.0  INTRODUCTION 

 

Carbone dioxide (CO2) has been demonstrated to be the largest 

component of greenhouse gases present in atmosphere than 

others such as methane, water vapour, nitrous oxide and ozone. 

It was proven that CO2 is responsible to the increasing 

temperature of the earth’s surface. CO2 acting like a thick 

blanket which trap the heat within the atmosphere [1]. Many 

techniques had been proposed to reduce the CO2 emission to the 

atmosphere such as gas absorption, adsorption, membranes and 

cryogenic.  

  The choosing of the suitable technique depends on the 

conditions of CO2 streams. In general, conditions of flue gasses 

streams are at low pressure, high gas flow rate and low CO2 

concentrations (4–14%, v/v) [2]. Gas absorption technique is a 

desirable method to capture CO2 from flue gas streams. 

However, the conventional equipments used in gas absorption 

systems such as bubble-column, venture-scrubber, packed-tower 

and sieve-tray columns have disadvantages such as flooding, 

loading, foaming and channeling. An alternative is the 

membrane gas absorption system, which was developed to 

overcome these disadvantages. The advantages and 

disadvantages of membrane contactor have been discussed in 

more detail by (Gabelman and Hwang) [3].           

  Basically, the microporous polymeric membranes used as 

gas-liquid contactor are not selective medium; the CO2 

selectivity is dominated by the absorbent liquid. The 

conventional absorbents used in CO2 absorption are aqueous 

alkanolamine solutions such as monothanolamine (MEA), 

monodiethanolamine (MDEA) and diethanolamine (DEA) [4]. 

In selecting absorbent, the chemical compatibility of absorbents 

with membrane material should be taken in considerations to 

avoid membrane wetting. Membrane pores wetting could 

increase the membrane resistance thus decrease the CO2 

absorption flux. Absorbents of low surface tension property are 

easily penetrate membrane pores especially with increasing 

absorbent concentration [5-7]. Recently, concentrated aqueous 

solutions of piperazine (PZ) was proposed as a novel absorbent 
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for CO2 capture by absorption due to high reaction rate and 

relatively high surface tension [8-10]. 

  In this paper, the effect of PZ, MEA and DEA aqueous 

solutions on the performance of the CO2 absorption and their 

compatibility with PVDF capillary membrane was evaluated. 

The mass transfer resistances of system were determined 

through the membrane module.  

 

 

2.0  THEORY 

 
The film model has been applied to describe the mass transfer in 

membrane contactor using the resistance-in-series model [11]. 

Resistances of CO2 transport from gas bulk to liquid bulk have 

been divided into gas film, membrane and liquid film resistance. 

Therefore, the overall mass transfer resistance can be expressed 

as follows [12]: 

1

𝐾𝑜𝑔
=

1

𝐻𝑘𝑙
+

 𝑑𝑜

𝑘𝑚 𝑑𝑙𝑛
+

 𝑑𝑜

𝑘𝑔 𝑑𝑖
       (1)            

where 𝐾𝑜𝑔 (m/s) is the overall mass transfer coefficient based on 

gas phase; 𝑘𝑙 , 𝑘𝑚 , 𝑘𝑔  are the liquid, membrane and gas mass 

transfer coefficient, respectively, (m/s). The dimensions 𝑑𝑖 ,𝑑𝑜 

and 𝑑𝑙𝑛  represent inner, outer and logarithmic mean diameters 

of membrane, respectively, and 𝐻  is Henry’s constant 

(dimensionless). 𝐾𝑜𝑔 have been determined as [13,14]: 

𝐾𝑜𝑔 =
𝑄𝑔 𝑙𝑛(𝐶𝑔,𝑖/𝐶𝑔.𝑜)

𝐴 
            (2)    

where 𝑄𝑔 is gas volumetric flow rate (m3/s); 𝐶𝑔,𝑖  , 𝐶𝑔,𝑜  are the 

inlet and outlet CO2 concentration in gas phase, respectively, 

(mol/m3) and 𝐴 is the total contact area (m2). 

 

 

3.0  EXPERIMENTAL 

 

3.1  Materials 
 

Commercial-grade PVDF capillary membranes supplied by Pall 

Co. (UMP-153) were used in all experiments. PZ (≥ 99%), 

MEA (≥ 98), and DEA (≥ 99) were purchased from Sigma-

Aldrich. Distilled water was used to prepare different amine 

solutions.  

 

3.2  Characterizations 

 

Scanning Electron Microscope (SEM) (ZEISS SUPRA 35VP) 

was used to investigate the surface morphology of PVDF 

membrane before and after immersion in absorbent solution. 

 

3.3  Experimental Set-up for Absorption Process 

 

Capillary membranes were cleaned using distilled water and 

then dried at 60oC for 24 hr. Three capillaries were packed in 

glass housing and sealed with epoxy resins at the module ends. 

Two Teflon flanges were put on both sides of the membrane 

module to avoid leakage during the experiments. The 

specifications of the modules are listed in Table 1.   

 
Table 1  Capillary membrane module specifications 

Specification Value 

Module i.d (cm) 2.6 

Capillary o.d. (mm) 3.6 

Capillary i.d. (mm) 2.4 

Effective capillary length (cm) 18 

Number of capillaries 3 

A gas mixture of 20% (v/v) CO2 balanced with N2 gas was 

introduced into the lumen side of the membrane module at 143 

kPa. The gases flow rates were adjusted via mass flow controller 

(AALBORG 0-500 ml/min). The liquid absorbent was pumped 

to the shell side of module via digital peristaltic pump (Cole-

Parmer, MasterFlex L/S) at 160 kPa to avoid the formation of 

bubbles in the liquid phase. The absorbent flow rate was 

controlled by a rotameter with a counter-current flow to the gas. 

Online gas chromatography (GC) (Agilent Technologies 

7890A) was used to analyze the outlet gas stream. A schematic 

diagram of the experimental setup is shown in Figure 1. 

 

 
 

Figure 1  Schematic drawing of experimental setup 

 

 

3.4  Absorption Rate of CO2 
 

The performance of capillary membrane module for gas 

absorption in terms of the CO2 absorption flux ( JCO2
) (mol/m2.s) 

was calculated as [15]: 

𝐽𝐶𝑂2
=

(𝑄𝑔,𝑖𝑛 × 𝐶𝑔,𝑖𝑛 − 𝑄𝑔,𝑜𝑢𝑡 × 𝐶𝑔,𝑜𝑢𝑡) × 273.16

0.0224 × 𝑇 × 𝐴
    (3) 

where 𝑄𝑔,𝑖𝑛  and 𝑄𝑔,𝑜𝑢𝑡  are the inlet and outlet gas flow rates, 

respectively, (m3/s); 𝐶𝑔,𝑖𝑛  and 𝐶𝑔,𝑜𝑢𝑡  represent the volumetric 

rations of CO2 in the gas phase at the inlet and outlet, 

respectively, (%); 𝑇 is the temperature of the gas (K). 

 

 

4.0  RESULTS AND DISCUSSION 

 

The effect of liquid velocity on the 𝐽𝐶𝑂2
 was assessed for three 

amine solutions in PVDF membranes module. The 𝑄𝑔 was fixed 

at 250 ml/min thus the gas velocity (𝑢𝑔) in module was 0.30826 

m/s. In contrast, the liquid volumetric flow rate (𝑄𝑙) was varied 

200-400 ml/min thus the liquid velocity (𝑢𝑙) was 0.0065-0.013 

m/s in shell side. Figure 2 illustrates the effect of the liquid 

velocity on the 𝐽𝐶𝑂2
. As shown in Figure 2, the JCO2

 in PVDF 

membrane module increased according to the following order 

PZ > MEA > DEA. This sequence could attributable to the high 

reaction rate of PZ than others. The similar experimental work 

had carried out by the Tan and Chen who indicated that the PZ 

was the superior absorbent for CO2 absorption compared to 
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AMP and DMEA [16]. Dugas and Rochelle pointed out that the 

CO2 absorption rate of PZ was 2-3 times faster that the MEA at 

same concentration [17-18]. 

 
Figure 2  Effect of liquid velocity on the CO2 absorption flux 

 

 

  Lin et al. investigated the effect of the gas flow rate on the 

performance of PP hollow fiber membrane module using 0.1M 

PZ + 1M MDEA as absorbent [19]. They pointed out that the 

rate controlling step was gas-film diffusion in the condition of 

gas volumetric flow rate less than 400 cm3/min. However, the 

rate controlling step was changed to be liquid-film diffusion for 

gas volumetric flow rate higher than 400 cm3/min at constant 

liquid flow rate. Based on this case of study, we can infer that 

the mass transfer resistance in liquid phase significantly affects 

in the 𝐽𝐶𝑂2
 in PVDF module for all amine solutions used in this 

case study. 

  The 𝑄𝑙 of 250 ml/min (0.00812 m/s) was fixed in order to 

investigate the effect gas velocity on the CO2 absorption flux. 

𝑄𝑔  was varied within 200-400 ml/min wherein 𝑢𝑔  was 0.247-

0.554 in the lumen side. Figure 3 demonstrates that the impact 

of gas velocity on the 𝐽𝐶𝑂2
 were less significant. However, at 

high 𝑢g  the absorption flux has a declining tendency. High gas 

velocity resulted in the reduction of CO2 residence time into the 

module thus reduce the contact time with the solvent. Therefore, 

solvent with high reaction rate is preferable to capture the CO2 

at high gas velocity.  

 

 
Figure 3  Effect of liquid velocity on the CO2 absorption flux 

 

 

  As mention earlier, the mass transfer of CO2 through the 

membrane module was dominated by the liquid phase velocity; 

thereby the mass transfer resistance in the gas phase was 

neglected. As such, the resistance in series model can be writing 

as follows:  

1

𝐾𝑜𝑔

=
1

𝐻𝑘𝑙

+
𝑑𝑜

𝑘𝑚𝑑𝑙𝑛

                (4) 

Thus, the mass transfer coefficient in the liquid phase is 

proportional to the liquid velocity as follows: 
1

𝑘𝑙

= 𝐶1𝑢𝑙
−𝛼                             (5) 

 

  The Wilson plot method was considered to determine the 

membrane resistances. Plotting  
1

𝐾𝑜𝑔
 vs. 

1

𝐻𝑢𝑙
𝛼 with the substituting 

the 𝛼 value of 0.93 which provided the straight lines. Same 𝛼 

value was used by many researchers to achieve best straight line 

pass through the experimental overall mass transfer resistance in 

the Wilson plot [12,20,21].  Figure 4 demonstrates the Wilson 

plot for three amine solutions in membrane module. The high 

𝑅2 value obtained is indicates the correctness of Wilson method.  
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Figure 4  Wilson plot for CO2 absorption using PZ, MEA and DEA 

 

 

  As shown in Figure 4, the PZ had lower overall mass 

transfer resistance because the decreasing of the mass transfer 

resistance in the liquid phase with high CO2 reaction rate. In 

addition, mass transfer coefficient in the liquid phase increase 

with increase the liquid velocity thus decreases the liquid phase 

mass transfer resistance. The slope of Eq. 4 represents the 𝐶1 

value, while the intercept is the membrane mass transfer 

resistance. Table 2 presents the Wilson equation and membrane 

mass transfer coefficient. 

 
Table 2  Wilson equation and membrane mass transfer coefficient for 

different amines solutions 

 

Amine Wilson Equation 𝑹𝟐 
𝒌𝒎 × 103 

(m/s) 

PZ 3.511
𝑢𝑙

−0.93

𝐻
+ 258.2 0.982 4.71 

MEA 5.611
𝑢𝑙

−0.93

𝐻
+ 513.2 0.996 2.37 

DEA 7.17
𝑢𝑙

−0.93

𝐻
+ 1073 0.988 1.13 

 
 
  As demonstrated in Table 2, the 𝑘𝑚 increase when reactive 

absorbent was used. Esquiroz-Molina et al. recorded that the 𝑘𝑚 

increased when pH of sodium hydroxide increased to absorb 
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hydrogen sulphide in hollow fiber membrane contactor [22]. 

The high CO2 absorption efficiency of PZ compare to the other 

amines lead to the study of PZ concentrations effect. Two 

concentrations of PZ namely 0.2 and 0.6 M were used and 

compared to 1M of MEA and DEA. Figure 5 illustrates the CO2 

removal efficiency at Qg  and Ql  of 250 and 400 ml/min, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5  CO2 absorption efficiency for different amine solutions 

 

 

  As shown in Figure 5, 0.6 M PZ was provided absorption 

efficiency 13.9% higher than 1M DEA. On the other hand, 1 M 

MEA provided 6.1% efficiency higher than 0.6M PZ and 13.3% 

efficiency lower than 1 M PZ. The solvent of 0.2 M PZ was 

exhibited absorption efficiency lower than high concentration of 

1 M DEA by 8.8%. This difference is small compare with amine 

concentration range. This is could attributable to the high 

surface tension value of the 0.2 M PZ solution with respect to 

the DEA solution which reduces the membrane wetting as well 

as the high reaction rate of PZ. Wherein, the surface tension of 

0.2 M PZ is 71.48 mN/m and 57.95 mN/m for 1 M DEA at 

30oC.23,24  

  Samples of PVDF membrane were immersed in the 

solution of 1M PZ for 30 days to assess the surface stability of 

membrane towards PZ under long operating how. Figure 6(a) & 

(b) show the SEM images of membrane surfaces before and 

after immersing in PZ solution for 30 days, respectively. The 

images unveiled that the PVDF membrane can maintain surface 

morphology with long period time of operating due to inherent 

high chemical resistance property. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6  SEM image for PVDF membrane surface (a) before 

immersion; (b) after immersing in 1M PZ for 30 days 

5.0  CONCLUSION 

 

CO2 capture from CO2-N2 stream was carried out using capillary 

PVDF membrane contactor. The absorption performance was 

assessed for PZ, MEA and DEA solutions. PZ solution exhibited 

higher absorption rate compared to other amine solutions at 

same concentration and operating conditions. The results 

revealed that the CO2 absorption efficiency following the order 

of 1 M PZ > 1 M MEA > 0.6 M PZ > 1 M DEA > 0.2 M PZ. 

The overall mass transfer resistance was controlled by the liquid 

phase resistance when the gas velocity is high value. Stability 

test shows that PVDF membrane could maintain its surface 

morphology after exposed to the solution of 1 M PZ for 30 days.    
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