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ABSTRACT

This work investigates the reason behind the change of CO2 absorption behaviour exhibited by monoethanolamine 
(MEA) solution via mathematical modeling analysis when physical absorbent, i.e. n-methyl-2-pyrrolidone (NMP), was 
added into the solution. The mathematical modeling included the heat model using time resolved numerical method. 
Based on the results, it was found that lower CO2 removal performance with the addition of NMP into MEA solution at 
pressure of 0.1 MPa was mainly due to the lower temperature rise along the column, which resulted in lower reaction 
rate. However, at 3 and 5 MPa pressure conditions, the high physical absorption capability contributed by the presence 
of NMP in MEA hybrid solution enhanced the CO2 absorption performance of MEA hybrid solution significantly. 
As such, temperature rise of solution was identified as the dominating factor affecting the performance of the hybrid 
solvent. The reaction rate of MEA was not affected by the addition of physical solvent. This finding shed crucial insight 
on the behaviour MEA-NMP hybrid solution which can be applied during scale-up of the process.

Keywords: CO2 absorption; elevated pressure; hybrid solvent; packed column; physical absorbent

ABSTRAK

Kajian ini mengkaji penyebab di sebalik perubahan prestasi penyerapan CO2 yang ditunjukkan oleh larutan 
monoetanolamina (MEA) melalui analisis pemodelan matematik apabila penyerap fizikal, iaitu n-metil-2-pirolidon 
(NMP), dimasukkan ke dalam larutan. Pemodelan matematik tersebut telah memasukkan model haba dengan 
menggunakan kaedah penyesaian waktu berangka. Berdasarkan keputusan tersebut, didapati bahawa prestasi 
penyingkiran CO2 yang lebih rendah dengan penambahan NMP ke dalam larutan MEA pada tekanan 0.1 MPa yang 
terutamanya disebabkan oleh kenaikan suhu yang lebih rendah di sepanjang turus, yang mengakibatkan kadar 
tindak balas yang lebih rendah. Walau bagaimanapun, pada keadaan tekanan 3 dan 5 MPa, keupayaan penyerapan 
fizikal adalah tinggi yang disumbangkan oleh kehadiran NMP dalam larutan hibrid MEA telah meningkatkan prestasi 
penyerapan CO2 larutan hibrid MEA dengan ketara. Oleh itu, peningkatan suhu larutan telah dikenal pasti sebagai 
faktor yang mempengaruhi prestasi pelarut hibrid. Kadar tindak balas MEA tidak dipengaruhi oleh penambahan 
pelarut fizikal. Penemuan ini membawa kepada pemahaman yang penting terhadap prestasi larutan hibrid MEA-NMP 
yang boleh digunakan semasa menaik-skala proses tersebut.

Kata kunci: Pelarut hibrid; penyerapan CO2; penyerap fizikal; tekanan tinggi; turus terpadat

INTRODUCTION

Natural gas has become attractive in recent years as fuel 
of choice in power generation plants due to the lesser 
degree of pollution it produces compared to that from the 
combustion of oil or coal (Dong et al. 2017; Peters 2017). 
While renewable energy is the ultimate long term goal 
for sustainable living, natural gas could complement 
renewable energy as a clean energy source (Bailey & Feron 
2005). However, natural gas reserves with low carbon 
dioxide (CO2) content are fast reducing with the continuous 

extraction of the fossil fuel. Hence, there could be a need 
to consider the natural gas reservoir with high CO2 content 
to sustain the worldwide power demand.

Many processes can be used for natural gas 
purification from carbon dioxide (CO2) which include 
chemical absorption (Aouini et al. 2014; Haroun & 
Raynal 2016), physical absorption (Kohl & Nielsen 1997), 
adsorption process (Licciulli et al. 2017; Neishabori et 
al. 2017), membrane separation (Jusoh et al. 2016), gas 
hydrate formation (Dabrowski et al. 2009) and cryogenic 
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fractionation (Song et al. 2017). Out of the various 
processes available, chemical absorption system is the 
widely used technology for CO2 removal.

Primary amine i.e. monoethanolamine (MEA) is a 
popular and effective solvent for capturing CO2 due to its 
high reactivity with CO2 and low solvent cost (Aouini et al. 
2014; Sreedhar et al. 2017). However, the maximum CO2 
loading capacity for MEA is limited by its stoichiometry 
to 0.5 mol of CO2/mol of amine (Dawodu & Meisen 1994).

The potential of n-methyl-2-pyrrolidone (NMP) to 
enhance the performance of MEA was studied by several 
researchers (Leites 1998; Tan et al. 2015; Vaidya & 
Mahajani 2005; Yuan & Rochelle 2018). At low CO2 partial 
pressure range of 5 kPa or lesser (Vaidya & Mahajani 2005; 
Yuan & Hu 2018), it was observed that the solubility and 
the absorption rate of CO2 was enhanced with the addition 
of NMP. However, in our previous work (Tan et al. 2015), 
the addition of NMP enhanced the CO2 removal from 
natural gas in packed column at high pressure conditions. 
At lower pressure of 0.1 and 1 MPa, the CO2 removal 
performance was lower when NMP was added into MEA 
aqueous solution. Huang et al. (2015) who studied the 
CO2 solubility in MEA+diglyme, a type of aprotic polar 
organic solvent, also found that the CO2 solubility in 
the physical-chemical hybrid mixture of absorbent was 
lower compared to MEA aqueous solution at low pressure 
condition. However, when the pressure exceeded 1 MPa, 
the CO2 solubility was higher in MEA+diglyme than the 
solubility in MEA aqueous solution. 

Vaidya and Mahajani (2005) deduced that chemical 
reaction between CO2 and NMP could possibly take place 
on top of physical absorption. However, Huang et al. (2015) 
deduced that organic solvent was not able to ionize MEA 
as good as water, hence, limiting the ability of MEA to 
absorb CO2 (Huang et al. 2015). However, at high pressure 
conditions, as the chemical absorption of CO2 in MEA was 
getting saturated, the increase of CO2 absorption with the 
increase of pressure was mainly due to complementary 
removal from the physical absorption. Hence, NMP, being 
aprotic polar organic solvent similar as diglyme, could 
possibly exhibited similar solubility behaviour too.

Zhang et al. (2018), through their recent ab initio 
calculations work, indicated that non-aqueous solvents 
could reduce the energy required during CO2 desorption 
process from MEA solution. Hence, hybrid solution is 
a promising solvent to reduce the regeneration energy 
consumption in CO2 capture using MEA based solution. 
Rate-based and computational fluid dynamic (CFD) 
model were applied on simulating CO2 capture via 
chemical absorption (Asendrych & Niegodajew 2017; 
Majid 2017). However, modeling of hybrid chemical-
physical absorption process is scarcely available in 
literature thus far, hence, there is limited insight on 
the process. Furthermore, the reason for the lower CO2 

removal performance for MEA-NMP hybrid solution at 
low operating pressure condition is still elusive. This is 
partly because the kinetics of CO2 absorption using hybrid 
amines-physical organic solvents, in semi-aqueous or non-
aqueous form, are still generally unknown (Descamps et 
al. 2008).  

This work aims to study the reason behind the CO2 
absorption behaviour exhibited by MEA-NMP hybrid 
solution via time transient mathematical modeling with 
the inclusion of the physical and chemical properties, 
hydrodynamic parameters as well as the heat model. The 
chosen composition for the MEA hybrid solution was 20 
MEA + 40 NMP + 40 wt. % water. Based on our previous 
experimental work (Tan et al. 2015), the CO2 removal 
performance by the MEA hybrid solution was observed 
to inconsistent and it appeared to change based on the 
operating pressure of the absorption system. As such, 
understanding the contributing factors to such CO2 removal 
behaviour could provide important insight on MEA-NMP 
hybrid solution.

We extended the application of SRP II model 
(Rocha et al. 1996) on the modeling of CO2 absorption 
by the MEA hybrid solution. This model was previously 
applied to model rich CO2 absorption by MEA aqueous 
solution in packed column (Tan et al. 2016) and had 
satisfactorily represented the mass transfer behavior at 
elevated pressure conditions. Some preliminary works 
of non-invasive scanning of NMP bubbled with CO2 was 
also conducted in order to confirm the chemical reactivity 
of NMP with CO2 before refining the mathematical 
model for the MEA hybrid solution. Physical properties 
measurement of the hybrid solution was also conducted 
in order to obtain further input for the mathematical 
model. The model for the CO2 absorption performance was 
validated with experimental results before deciphering 
its details as part of the investigation work. The impact 
of NMP, which was the physical absorbent added into 
MEA solution, to the absorption of rich CO2 content from 
natural gas in counter-current packed column could be 
investigated through the details from the validated model.

MATERIALS AND METHODS

MATERIALS

The chemicals used, i.e. MEA with 99% purity and NMP 
with 99% purity, were procured from Acros Organics 
(USA) and used without further purification. Double 
distilled water was used to prepare the solution for this 
work. CO2 gas with 99.9% purity (Air Product, Malaysia) 
and natural gas with CH4 content of 97 and 2% of CO2 
(PETRONAS Dagangan Bhd, Malaysia) were mixed 
according to the desired proportion for the experimental 
validation work.
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NON-INVASIVE SCANNING OF NMP BUBBLED WITH CO2

Raman spectroscopy was conducted on NMP solvent 
which had been bubbled with CO2 for 9 h to verify 
deduction by Vaidya and Mahajani (2005) whether there 
was chemical reaction between CO2 and NMP. This 
information is important because it would affect the 
mathematical model for the process. The scanning was 
done using Thermo Scientific DXR SmartRaman system 
with 785 nm high power laser at up to 150 mW. The NIR 
laser of 785 nm was used as it is a robust excitation source 
which is usually used to quench fluorescence background 
from most organic compounds (Wong et al. 2016).

PHYSICAL PROPERTIES MEASUREMENT

The density of the MEA hybrid solution at different 
temperatures from 303.15 to 333.15 K was measured 
using DMA 4500 M density meter from Anton Paar. 
The equipment can measure density with accuracy 
of ±0.00005 g.cm-3. The density meter consists of 
an oscillating U-tube made of borosilicate glass as a 
measuring cell in a thermostatic jacket. It was equipped 
with a built-in platinum resistance thermometer which 
could measure the temperature with an accuracy of ±0.03 
°C.

Meanwhile, the viscosity of MEA hybrid solution 
at similar temperature range was measured using 
viscometer Lovis 2000M from Anton Paar. The viscosity 
measurement accuracy was up to ±0.5% and temperature 
accuracy was of ±0.02 °C. The capillary used for this study 
was of 1.59 mm size. 

Surface tension was measured using tensiometer 
OCA 15 EC from Dataphysics with accuracy of ±0.1o for 
contact angles. The pendant drop method was used to 
measure the surface tension in which a drop was created 
in a thermostatic chamber. A camera installed in the 
equipment would identify and record the shape as well as 
contact angle properties of the drop inside the cell.

MODELING OF RICH CO2 ABSORPTION FOR MEA HYBRID 
SOLUTION

The mathematical model for the absorption of CO2 in 
the hybrid MEA solution was refined from the integrated 
mathematical modeling which was previously developed 
for prediction of rich CO2 absorption in MEA aqueous 
solution (Tan et al. 2016). The process was modeled using 
Matlab 2013a based on the mass conservation concept 
with the mass transfer, hydraulic based on SRP II model 
(Rocha et al. 1996). The effective surface area, ae, applied 
in this study, consisted of Weber number for liquid, WeL, 
and Reynolds number, ReL, as part of its calculation (Shi 
& Mersmann 1985). 

		  (1)

where ap is the specific surface area for the packing 
(m2/m3); FSE is the factor for surface enhancement;  is 
the Froude number for liquid; S is the side dimension 
of corrugation of packing (m); ϵ is the void fraction of 
packing; γ is the contact angle and θ is the angle for 
corrugation channel.  WeL and ReL were calculated based 
on the density, surface tension, and viscosity of the liquid. 
Hence, this would enable the model to capture the variation 
of physical properties of the hybrid MEA solution from 
MEA aqueous solution accordingly. Specifically, the 
impact of variation of density, viscosity, and surface 
tension of the MEA hybrid solution to the effective surface 
area would be captured by the model and this would result 
in better representation of the absorption of CO2 in hybrid 
MEA process. 

In this work, the mathematical modeling was 
further improved by implementing the heat model. The 
temperature rise along the column due to heat of reaction 
between the MEA aqueous solution and CO2 was integrated 
in the time resolved numerical model to elucidate a more 
realistic process and with that, more accurate results. The 
system was assumed to be in adiabatic condition. The 
general energy conservation can be written in (2): 

				    (2)

where H is the specific enthalpy of fluid; k is thermal 
conductivity; ρ is density; CP  is heat capacity; q is the heat 
generated from the absorption, which can be estimated 
as (3):

				    (3)

where 𝑞𝑞 = ∆𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟     

 

 is the enthalpy of reaction for the solution 
(J/mol); 𝑞𝑞 = ∆𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟     

 

 is the amount of reacted CO2 in mol;  
is the amount of CO2 in feed gas in mol;  𝐶𝐶𝑝𝑝,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔  is the 
specific heat capacity at constant pressure for the feed gas 
(J/mol.K); ηMEA is the mole of MEA in the solution (mol); 
and Cp, MEA  is the specific heat capacity at constant pressure 
for the MEA aqueous solution (J/mol.K). 
Under constant pressure, the specific enthalpy is 
represented as (4):
		
			          dH = CpdT			   (4)

Based on (2), the thermal conservation for liquid phase 
can be represented as (5):

 	 (5)

where Tv is the gas temperature; and Tl is the solvent 
temperature. The heat of absorption is generated under 
liquid phase, thus transferred to gas phase through the 
thermal conductivity. Therefore, the thermal conservation 

𝑎𝑎𝑒𝑒
𝑎𝑎𝑝𝑝
= 𝐹𝐹𝑆𝑆𝑆𝑆

29.12(𝑊𝑊𝑊𝑊𝐿𝐿𝐹𝐹𝐹𝐹𝐿𝐿)0.15𝑆𝑆0.359
𝑅𝑅𝑅𝑅𝐿𝐿0.2𝜖𝜖0.6(1−0.93cos𝛾𝛾)(sin𝜃𝜃)0.3

   

 

𝜌𝜌 [𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 + ∇(𝑢𝑢𝑢𝑢)] = 𝑘𝑘∇2𝑇𝑇 + 𝑞𝑞     

 

𝑞𝑞 = ∆𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟     

 

𝜌𝜌𝑙𝑙𝐶𝐶𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀 [
𝑑𝑑𝑇𝑇𝑙𝑙
𝑑𝑑𝑑𝑑 +

d(𝑢𝑢𝑇𝑇𝑙𝑙)
𝑑𝑑𝑑𝑑 ] = 𝑘𝑘𝑙𝑙

𝑑𝑑2
𝑑𝑑𝑑𝑑2 𝑇𝑇𝑙𝑙 + 𝑘𝑘𝑣𝑣−𝑙𝑙(𝑇𝑇𝑣𝑣 − 𝑇𝑇𝑙𝑙) + ∆𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   
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for gas phase is represented as (6).

 		  (6)

Therefore, the temperature rise along the column was 
estimated after the steady stage of the simulation.

The property value for MEA hybrid solution was 
included accordingly in the mathematical model in 
order to provide input necessary for the modelling 
of MEA hybrid solution. The correlation for physical 
properties, namely density, viscosity, and surface tension 
was generated from experimental measurement as input 
to the model, while the physical solubility (based on 
Henry’s law constant) and enthalpy of the MEA hybrid 
solvent were estimated based on literature data available 
for MEA aqueous solution and NMP (McCann et al. 2008; 
Murrieta-Guevara et al. 1992, 1988; Penttilä et al. 2011; 
Rajasingam et al. 2004).

PACKED COLUMN EXPERIMENTAL SET UP AND PROCEDURE

Experimental work on CO2 absorption performance of 
the MEA hybrid solution was conducted in order to obtain 
CO2 concentration profile for model validation. The CO2 
absorption experiment at varying pressure, i.e. 0.1, 1, 3, 
and 5 MPa, was conducted in a counter-current packed 
column set-up with an inner diameter (ID) of 0.145 m 

and structured packing of FLEXIPAC 1Y from Koch-
Glitsch, USA. The height of the column was 1.64 m. The 
inlet CO2 concentration was fixed at 50% of the gas mixture. 
Total gas flow rate was set at 100 standard litre per minute 
(slpm) while the liquid flow rate flowing into the system 
was set at 1 L per minute. The CO2 concentration data was 
collected when the system was at steady state condition. 
Details on the set-up and procedure was explained in our 
previous work (Tan et al. 2015).

RESULTS AND DISCUSSION

VERIFICATION OF REACTION BETWEEN CO2 AND NMP

The Raman spectroscopy results for fresh NMP and 
NMP bubbled with CO2 for 9 h is shown in Figure 1. The 
red line represents Raman profile for fresh NMP while 
the green line represents Raman profile for CO2-bubbled 
NMP. A cross-check of the Raman profile for the CO2 
bubbled NMP solvent with the HR Aldrich Raman 
database available in the software indicated more than 
95% of similarity with NMP profile in the database as 
shown in Figure 1(b). As such, it was confirmed that only 
physical solubility occurred in NMP. This confirmation is 
important as necessary amendment need to be done at the 
mathematical model should there be chemical reaction 
between NMP and CO2.

𝜌𝜌𝑣𝑣𝐶𝐶𝑝𝑝,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔 [𝑑𝑑𝑇𝑇𝑣𝑣
𝑑𝑑𝑑𝑑 + d(𝑢𝑢𝑇𝑇𝑣𝑣)

𝑑𝑑𝑑𝑑 ] = 𝑘𝑘𝑣𝑣
𝑑𝑑2

𝑑𝑑𝑑𝑑2 𝑇𝑇𝑣𝑣 + 𝑘𝑘(𝑇𝑇𝑙𝑙 − 𝑇𝑇𝑣𝑣)    

 

FIGURE 1. (a) Raman spectroscopy results for fresh NMP (red line) and NMP bubbled with CO2 for 
9 h (green line), (b) Cross-check of Raman profile for CO2 bubbled NMP solvent with database
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PHYSICAL PROPERTIES ANALYSIS

Density and viscosity of MEA hybrid solution measurement 
in this study is validated with measurement by Blanco 
et al. (2012). The authors did measurement at slightly 
lower temperature range compared to this work, hence, 
provided good comparison platform for several similar 
temperature points. Meanwhile, the surface tension 
measurement in this work was validated by comparing 
measurement results with data from literature for water, 
pure NMP and 20 wt. % MEA aqueous solution (Han et al. 
2012; Kahl et al. 2003) since surface tension data for the 
hybrid solution is not available in open literature thus far.
The validity of the measured data was evaluated based 
on the percent average absolute deviation (% AAD) 
between experimentally measured values with literature 
values. The calculation was based on (7): 

			   (7)

where  is the number of experimental data points; Xexp and 
Ylit are experimental and literature values, respectively. 
The calculated AAD value was less than 1% for density 
measurement, 7.258% for viscosity measurement and 
less than 3% for surface tension measurement. Different 
measurement set-up for viscosity was employed between 
this work and the study by Blanco et al. (2012), hence, 
the slightly higher % AAD. However, overall, deviation 
values are relatively small and it indicated fairly good 
agreement between the experimental results and literature 
data.

The physical properties measured in this work are 
summarized in Table 1. The data were fitted using Curve 
Fitting function in Matlab R 2013a software and the 
correlations with respect to temperature were generated 
accordingly.

% 𝐴𝐴𝐴𝐴𝐴𝐴 = 1
𝑛𝑛 ∑ |𝑋𝑋𝑒𝑒𝑒𝑒𝑒𝑒−𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙

𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙
| 100    

 

TABLE 1. The physical properties of MEA hybrid solution (20 wt. % MEA +  
40 wt. % NMP +  40 wt. % water) measured in this work

Temperature (K) Density (g.cm-3) Viscosity (mPa.s) Surface tension (mN.m-1)

303.15 1.0325 4.365 49.75

313.15 1.0244 3.050 48.60

323.15 1.0162 2.244 47.76

333.15 1.0077 1.707 47.01

Based on the trend of data, the best fit for density 
and surface tension was linear function while the best 
fit for viscosity was exponential function. The following 
equations were used to fit the physical properties data.
Density:
	
			        ρ = A0 + A1T	 (8)

Viscosity:

			     η = A0exp (A1T)	 (9)

Surface tension:

			       σ = A0 + A1T	 (10)

𝑆𝑆𝑆𝑆 = [∑ (𝑋𝑋𝑒𝑒𝑒𝑒𝑒𝑒−𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
2𝑛𝑛

𝑖𝑖
𝑛𝑛 ]

0.5
   

 

where ρ is density (g.cm-3); σ is the viscosity (mPa.s);  
represents surface tension (mN.m-1); A0 and A1 are the 
fitting parameters while T is the temperature (K).

The fitting equation parameters are listed in Table 2 
with standard deviations (SD) calculated using (11).

		  (11)

where η is the number of experimental data points; Xexp and  
Xcalc  are experimental and calculated values, respectively. 
Based on data in Table 2, the coefficient of determination, 
R2, of the fitted data was approximately 0.99 for all three 
properties. This indicated that the predicted data are in 
good relation with the measured data. Therefore, the 
fitted equations can be used for prediction of physical 
properties for modelling MEA hybrid solution.

TABLE 2. Fitting parameters and standard deviation for physical properties of MEA hybrid solution

Properties R2 SD

Density, 1.283 -0.00083 0.9999 1.16 × 10-8

Viscosity, 78390 -0.0323 0.9968 5.08 × 10-3

Surface tension, 77.1 -0.0906 0.9898 1.07 × 10-2
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PREDICTION AND ANALYSIS OF RICH CO2 ABSORPTION FOR 
MEA HYBRID SOLUTION

Figure 2 shows the experimental and predicted profile 
of the CO2 concentration along the absorption column at 
pressure condition of 0.1, 1, 3, and 5 MPa. The MEA hybrid 
solution model under-predicted the CO2 mole fraction in 
the middle of the column for pressure condition of 0.1 MPa 

The predicted result also manifested similar 
behaviour of MEA hybrid solution as per our previous 
experimental results (Tan et al. 2015) whereby MEA 
hybrid solution showed lower CO2 removal performance 
at low pressure condition i.e. 0.1 MPa compared to MEA 
aqueous solution. Since the profile of high concentration 
CO2 removal using MEA aqueous solution had been 
modelled (Tan et al. 2016), the comparison of the predicted 
CO2 concentration along the column between the aqueous 
and hybrid solution is presented in Figure 3. The model 

but it managed to predict the CO2 mole fraction at the top 
of the column quite well. Generally, the model was able 
to provide quite decent prediction of CO2 mole fraction 
profile which exhibited the change of CO2 absorption 
behaviour for MEA hybrid solution when the pressure of 
the system progressed from low pressure to high pressure 
condition.

FIGURE 2. Profile of the predicted and measured CO2 mole fraction for absorption using MEA hybrid 
solution at pressure condition of (a) 0.1MPa, (b) 1 MPa, (c) 3 MPa and (d) 5 MPa

developed in this work successfully captured the change 
CO2 absorption performance of MEA-NMP hybrid solution 
in comparison to MEA aqueous solution, i.e. from inferior 
when at low pressure of 0.1 MPa to better performance 
when at high pressure of 3.0 and 5.0 MPa. This indicated 
that a change of physical properties as well as the Henry’s 
law constant, which represented the physical solubility of 
CO2 into the solution, indeed could alter the performance 
of CO2 absorption.
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It was previously deduced that the reaction process 
could have been partially impeded with the reduced ability 
of NMP to ionize MEA as good as water (Huang et al. 
2015). However, the mathematical model developed 
in this study for MEA hybrid solution utilized similar 
correlation for reaction rate constant, k2, used for MEA 
aqueous solution. The model was mainly altered at the 
liquid’s physical properties, physical solubility (Henry’s 
law constant), enthalpy of CO2 solution into the solvent 
and heat capacity of the MEA solution.

The temperature rise along the column affected 
the physical properties of the MEA solutions during the 
CO2 absorption process. The variation of density for the 
MEA hybrid solution compared to MEA aqueous solution 

FIGURE 3. Comparison of the predicted CO2 concentration along the column between MEA aqueous 
solution and MEA hybrid solution

was calculated to be only about 2%. As such, it was not 
expected to affect the model much. However, the surface 
tension of the MEA hybrid solution was approximately 
20% lower than surface tension of MEA aqueous 
solution while the viscosity of MEA hybrid solution was 
approximately double than that of MEA aqueous solution. 
These changes of liquid behaviour were captured by 
the correlations for effective packing area, , and it was 
observed to be vital to the model developed. All these 
physical property changes resulted in approximately 20% 
of increase in  calculated for the MEA hybrid solution 
model compared to MEA aqueous solution as shown in 
Figure 4.

FIGURE 4. Estimation of the effective packing area, ae, for the MEA solutions
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Nevertheless, despite the higher ae for MEA hybrid 
solution in comparison to MEA aqueous solution, the MEA 
hybrid solution exhibited lower CO2 removal efficiency 
at low pressure condition. Furthermore, for the estimated 
Henry law’s constant for MEA hybrid solution, the 
generated value that was approximately 30% lower than 
Henry law’s constant for MEA aqueous solution. Lower 
Henry law’s constant would translate into high overall 
mass transfer coefficient, KG, which was supposed to 
render higher CO2 removal efficiency.

Further analysis on the modeling results indicated 
that there was indeed a reduction in reaction rate constant, 

k2, for MEA hybrid solvent as shown in Figure 5. This was 
mainly due to lower temperature rise along the column 
as indicated in Figure 6. Lower temperature rise was 
obtained for the MEA hybrid solution model as the 
enthalpy of solution of CO2 in the MEA hybrid solution 
was approximately 30% lower than the enthalpy of 
solution of CO2 in MEA aqueous solution (Arcis et al. 2011; 
Murrieta-Guevara et al. 1988). On top of that, the heat 
of capacity of the MEA hybrid solution was higher than 
MEA aqueous solution (Mundhwa et al. 2009; Weiland 
et al. 1997).

It appeared that at low pressure conditions, the lower 
reaction rate resulted from the lower temperature rise 
along the column could not be compensated even with 
higher  in the system and lower Henry law’s constant 
of the solution. Hence, lower CO2 removal efficiency 
was obtained when the rich CO2 absorption process was 
conducted using MEA hybrid solution compared to MEA 
aqueous solution.

FIGURE 5. Comparison of second order reaction constant, k2, profile for MEA aqueous and hybrid 
solutions at for operating pressure of (a) 0.1 MPa, (b) 1 MPa, (c) 3 MPa and (d) 5 MPa

However, at high pressure condition of 3 and 5 
MPa, MEA hybrid solution performance overtook that 
of MEA aqueous solution mainly because the physical 
absorption capability of NMP was much greater than 
water at high pressure condition (Huang et al. 2015). 
Organic physical solvents usually prevails over chemical 
solvent at high pressure conditions (Chakma 1999) and 
similar behaviour was also observed for this combination 
of MEA-NMP-water hybrid solution.
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CONCLUSION

The mathematical model was able to predict CO2 
mole fraction profile reasonably close to the measured 
experimental data at varied pressure conditions. The 
model indicated lower CO2 removal performance by MEA 
hybrid solution compared to MEA aqueous solution at 
low pressure condition. This was mainly due to the lower 
temperature rise along the column, which resulted in 
lower reaction rate. However, at high pressure conditions, 
the high physical absorption capability contributed by 
the presence of NMP in MEA hybrid solution enhanced 
the CO2 absorption performance of MEA hybrid solution 
significantly. As such, temperature rise of solution 
was identified as the dominating factor affecting the 
performance of the hybrid solvent. The reaction rate 
constant of MEA was not affected by the addition of 
physical solvent. This finding shed crucial insight on the 
behaviour MEA-NMP hybrid solution which can be applied 
during scale-up of the process operating in elevated 
pressure conditions.
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