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Abstract

In order to comprehensively understand how solvent free concentration and high viscosity affect mass
transfer and consequently absorption flux, CO2 absorption kinetics into unloaded and CO> loaded viscous
monoethanolamine (MEA) solution were studied in this work using the string of discs contactor.
Moreover, density and viscosity of unloaded and loaded viscous MEA solutions were measured using an
Anton Paar DMA 4500 density meter and an Anton Paar Lovis 2000 ME rolling-ball viscometer,
respectively, and the results were correlated using Redlich-Kister and modified VVogel-Tamman-Fulcher
equations as a function of temperature, concentration and CO> loading. Overall mass transfer coefficients
of CO; absorption in viscous MEA solution were measured over a wide temperature range of 298.15 to
343.15 K and CO> loading in the range of 0 to 0.4 (mol CO2/mol MEA). A simplified kinetic model was
applied to interpret the mass transfer data and explain reaction kinetics between CO> and unloaded and
loaded viscous MEA solution. The effect of temperature, CO> loading and viscosity on second order

reaction rate constant and overall mass transfer coefficients was also discussed.
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1. Introduction

There is a worldwide concern over the increase in the concentration of CO, and its high contribution
to global warming. The burning of fossil fuels for electricity is considered as one of the major sources of
greenhouse gas emissions [1]. Apart from its environmental impact, CO> may cause problems like
corrosion of steel equipment in oil and gas industry [2]. Therefore, the capturing CO from gas streams
from power plants not only is important from an industrial point of view, but it can also limit the
emissions of greenhouse gases to the atmosphere and reduce the environmental issues.

Post-combustion capture using aqueous alkanolamine solutions is one of the most effective technologies
to separate CO> from a variety of gas streams [3]. Methyldiethanolamine (MDEA), monoethanolamine
(MEA) and diethanolamine (DEA) are several examples of alkanolamines used in the CO> removal
process. Due to low cost of solvent, high performance at low pressure and its rapid reaction rate with
CO3, aqueous MEA solution is still an interesting absorbent in industrial processes [4]. One of the most
important advantages of MEA solution in comparison to other amines is its fast reaction rate with CO>
due to carbamate formation, which reduces the size and height of a packed column [5].

The knowledge of the kinetics of CO> absorption into the solvent is crucial in the design of gas-liquid
contactors for CO> capture units. In this regard, the experimental investigation on the reaction kinetics
between MEA solution and CO, was carried out by several researchers using different gas-liquid
contactors. For instance, Hikita et al. [6] used a rapid mixing method to evaluate the kinetics of reactive
absorption of CO> in MEA solution at temperatures 278 to 308 K. They found that the reaction of CO>
with MEA solution is first order with respect to MEA. Similarly, Penny and Ritter [7] measured CO>
absorption rate in MEA solution at temperatures from 278 to 303 K and using stopped-flow method and
proposed a kinetics constant for MEA. In another study, kinetics of CO2 + MEA + H>O system were

examined by Horng and Li [8] at three temperatures of 303 K, 308 and 313 K, and using wetted wall
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column. The authors used zwitterion mechanism to represent experimental data and reported the pseudo-
first-order reaction rate constant. The overall reaction rate constant of CO; absorption into MEA solution
was also evaluated by Luo et al. [9] using a string of discs contactor and at temperatures between 298 to
343 K. The authors developed a model to predict kinetics data based on the pseudo-first-order
assumption.

Besides the reaction kinetics, the physical properties of a solvent such the density and viscosity play a
crucial role in calculation of pumping cost, physical solubility and diffusivity of CO» [10]. Moreover,
viscosity has a significant effect on the mass transfer performance. The solvents with high viscosity limit
their application in the CO> capture process as well as increase mass transfer resistance. From these
views, it is very important to measure the viscosity of MEA solution and investigate its effect on the
mass transfer coefficient and CO; absorption flux. Recently, Bernhardsen et al. [11] conducted a study
of CO: absorption into viscous MEA solution to investigate the effect of viscosity on the mass transfer
coefficient in a membrane contactor. They found that decrease in the overall mass transfer coefficient
with viscosity is independent of the solvent system.

It should be noted that CO»-loaded absorbents are what really matters for industrial operating condition.
A problem with the CO> loaded systems is that measuring the kinetics of these systems are complex and
time-consuming. Moreover, reaction kinetics between CO> and loaded absorbents play an undeniably
key role in acid gas treating processes through its influence on the size of the absorption tower. In this
regard, the present work focuses on the effect of viscosity and MEA free concentration on mass transfer
performance in 30 wt% MEA solution experimentally and theoretically. The viscosity of 30 wt% MEA
solution is less than 2.5 mPa.s in a temperature range of 298.15 to 343.15 K. In order to evaluate the
effect of high liquid viscosity on the mass transfer rate, a viscous solution is needed. The addition of the

sugar or glycerol to the solution is one of the ways used in the literature to increase the liquid viscosity
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[11]. The viscous MEA solution was prepared in this work by the addition of sugar due to its complete
solubility, low price and Newtonian behavior in water. Therefore, the sugar was added at 3 to 20 wt% to
achieve a viscous MEA solution with liquid viscosities of 2.8 to 8 mPa.s. The reaction kinetics of CO>
absorption in unloaded and CO»-loaded viscous MEA solutions were studied by measuring the overall
mass transfer coefficient. The study aims to improve our understanding of the effect of viscosity on the
mass transfer behavior of CO> absorption. Besides, the density and viscosity of unloaded and CO- loaded
MEA + sugar solutions were measured and correlated using Redlich-Kister and modified Vogel-

Tamman-Fulcher equations.

2. Background

2.1. Reaction mechanism

Caplow [12], Crooks and Donnellan [13] proposed zwitterion mechanism and termolecular
mechanism, respectively, to describe reaction mechanisms between primary amine (RNH,) solutions and
CO.. According to zwitterion mechanism, the carbamate is formed in a two steps reaction between MEA
solution and CO., while termolecular mechanism presents a single step. These different reaction
mechanisms lead to different kinetics models. In the first stage of zwitterion mechanism (Eq. 1), the
zwitterion ion (RNHFCOO0™) as an intermediate is formed, then in the second stage (Eg. 2), RNHFCOO~
undergoes deprotonation by a base B to form carbamate (RNHCOO™). In these reactions, B could be an
amine, CO%~, HCO3, H,0 or OH™ [14].
CO, + RNH, & RNHCOO~ )
RNHFCOO™ + B & RNHCOO™ + BH* 2)
The reaction rate between MEA and CO» according to zwitterion mechanism can be described as

follows:
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when the zwitterion formation is the rate-determining step, the reaction rate is simplified as:
Rco2 = k,[CO,][MEA] 4)
On the other hand, the reaction rate takes the form Eq. (5), when the zwitterion deprotonation is a rate-

determining step.
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Based on the termolecular mechanism, the reaction take place between MEA, CO; and base
simultaneously as given in Eq. (6) [15]:
CO, + RNH, + B & RNHCOO™ + BH* (6)
The reaction rate described by termolecular mechanism was given by:
Rco, = {kmea[MEA] + kg, 0[H20]}[CO,][MEA] (7
In addition, CO; reacts with water, as in Egs. (8-10):
H,0 + CO, & H* + HCO3 (8)
H,0 & H* + OH™ 9)
HCO3 « H* + C03%~
(10)
However, the overall contribution of the three reactions above for kinetics calculations is negligible in
the presence of MEA [9]. Given the experimental difficulties associated with a correct rate law
determination and in line with the most common approaches reported in the literature, a simple
bimolecular kinetic law, Eq. (4), is assumed to be valid and adopted in the present work.
2.2. Mass transfer

The overall mass transfer coefficient (Kg) of CO2 absorption in solution is expressed according to Eq.

(11).
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where APCL(‘)V; is the logarithmic mean of partial pressure of CO. at inlet and outlet of the gas-liquid

contactor. In the general case of a system with CO; loaded solution, AP’ can be obtained as follows:

in *in out *,out
LM _ (PCOZ PCOz) (Pco,~Pco, )

co * *
7 iR, P, )/ PR, PEa)

(12)

where P%. and P! are inlet and outlet partial pressure of CO;, respectively, and Pc*'ci,‘zl and P;3" are
equilibrium partial pressures. For the limiting case of an unloaded solution, the equilibrium partial
pressures of CO» (Pg(;“ and PC(‘,’“t) can be assumed to be zero. Therefore, the logarithmic mean of partial

pressure of CO2 can be determined using Eqg. (13).
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According to two-film theory, Kg can be estimated by Eq. (14) (Luo et al. 2015):

1 _ 1 Heop
K kg+ EKk (14)

with Ho, representing the Henry’s constant and E representing the enhancement factor due the presence
of the chemical reaction. For the string of discs contactor utilized in the present experimental
investigation, previous works have determined the values of gas-film and liquid mass transfer
coefficients as follows [16,17]:

kg = 0.12 (DCOZ) ("”d)°79( )0-44 (15)

pDco,

ki = 17.92 Deo, (= ) (5> (16)

P Dco
The enhancement factor (E) can be estimated from Hatta number (Ha) and infinite enhancement factor

(Ew)- Equations of 17 and 18 give Hatta number and infinite enhancement factor when the bimolecular



reaction rate (Eq. 4) is assumed to describe the kinetics of the chemical reaction taking place between

CO; and MEA.
[kz [MEA] Dco,
Ha="——— @an
kg
Dmea [MEA]
Ew=1+—""—— 18
3 Dco, Cho, (18)

In the present work care was taken so that all the experiments were carried out in the pseudo-first order

regime, where E,, » Ha, for which E=Ha, so that

K¢ = - (19)
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For CO2 loaded MEA solutions, it is assumed here that equation 3 is still the dominant one and its kinetic

rate will depend this time on the concentration of free MEA present in the liquid bulk. To quantify how
CO: loading affects concentration of the chemical species in the solution, thermodynamic equilibrium
was assumed to prevail in the liquid bulk phase. The Kent-Eisenberg model was applied to determine the
concentrations of [CO;], [OH™], [CO%~], [RNHZ], [RNHCOO~], [RNH,], [H*] and [HCO3]. The values of
equilibrium constants (K;i) of chemical reactions between MEA aqueous solution and CO, were taken
from the literature [18,19] (see Table 1) and expressed in the form:

ani=a1+a?2+a3lnT (20)

Table 1

MATLAB software was used to find the concentration of liquid-phase species (more details of modeling
procedure, charge and material balance can be found in our previous work [4]. The profile of the
concentration of liquid-phase species in the solution was plotted as a function of CO> loading in Fig. 1
for the specific case of 30wt% MEA solution at 313.15 K.

Fig. 1



The concentration of carbamate reaches to a maximum value at CO> loading of 0.5, where MEA is nearly
completely consumed. With further increasing CO; loading, carbamate concentration decreases due to
the carbamate hydrolysis reaction, which leads to a rise in bicarbonate concentration. According to Fig.
1, in our interest range, for loading up to 0.5, free MEA concentration decreases practically linearly
(IMEA]ee = [MEA]; (1 — 2a)). Therefore, for loaded solutions, replacing initial MEA concentration with

free MEA concentration:

\/kz [MEA] (1—2(1) DCOZ
a=

H - (21)
Dmea [MEA] (1-2a)
Ew =1 . 22
b beo, Cho, (22)
and Kg can then be estimated this time:
K¢ = : (23)

H
1
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given that the pseudo-first-order regime was still attained in the experimental runs. When sugar is added
to a MEA solution, its viscosity changes significantly (the change in density is on the other hand quite
small) as well as the diffusivity and the physical solubility of CO,. All the parameters described above
are affected consequently. The working hypothesis here is that the same relationships can still be used
by assuming the effect of the sugar on the physical parameters (viscosity, density, diffusivity, Henry
constant) is correctly taken into account. In order to calculate diffusion coefficient of CO», Versteeg et
al. [20] showed that the CO: diffusion in aqueous MEA solutions and water can be determined by Eq.

(24) and Eq. (25), respectively.

HH,0 0.8
Dco, solution = Dco,H,0 X (ﬁ) (24)
_ —-2119
DCOZ,HZO = 235 X 10 6 exp (T) (25)



Regarding solubility, Luo et al. [21] presented a correlation based on experimental data taken from
Hartono et al. [22] to predict the physical solubility of CO2 in 30 wt% MEA solution as a function of

temperature and CO2 loading as given in Eq. (26).

1472.25

Heo, = (496.563 + 341697 ) exp (1.69131 o — — 128338.5;) (26)

This correlation was empirically modified in order to consider the effect of concentration of sugar on the
physical solubility of CO: in the unloaded and CO; loaded MEA solutions.

Hco, = (Hco,) exp (f;W, + f,W3) (27)

Luo et al.
Two adjustable parameters of f1 and f. in Eq. (27) were found by fitting experimental data reported in
the literature [11] for unloaded MEA + sugar solutions. A comparison between the predicted results for
the physical solubility of CO2 in MEA solutions using Eg. (27) and the experimental results measured
by Bernhardsen et al. [11] was given in Fig. 2. The average absolute relative deviation (AARD) and
parameters of f; and f. were found to be 2.3%, 0.986 and 0.079, respectively. The low value of AARD
shows that the applied modified equation could be successfully used to represent the solubility of CO; in
MEA solutions as a function of temperature, sugar concentration and CO; loading. Table S5 presents

the diffusivity and the physical solubility of CO; in MEA solutions.

Fig. 2

3. Chemicals and experimental procedure

3.1. Chemicals

In this work, sugar (C;,H,,0,;) was of a commercially available grade, while monoethanolamine
(MEA, >98% purity) was obtained from Sigma-Aldrich and was used without further purification.
Molecular structures of MEA and sugar were shown in Fig. 3. CO2 and N, gases with purity >99.9%

were prepared from AGA. The five blended solutions were used in this work, including 30 wt % MEA,



30 wt% MEA + 3 wt% sugar, 30 wt% MEA + 6 wt% sugar, 30 wt% MEA + 10 wt% sugar and 30 wt%
MEA + 20 wt% sugar. A MS6002S Mettler Toledo balance with an uncertainty of £ 10~5 kg was used
in this work in order to prepare the aqueous solutions of MEA. A variety of CO; loaded solutions from
0.1 to 0.4 (mol CO2/mol MEA) were prepared by bubbling CO> from a gas cylinder in a glass bottle.

Fig. 3

3.2. Density and viscosity measurement

The density and viscosity measurements were carried out using an Anton Paar DMA 4500 density
meter and an Anton Paar Lovis 2000 ME rolling-ball viscometer, respectively, at temperature ranging
from 298.15 to 343 and at varying CO: loading values of 0.1 to 0.4 (mol CO2/mol solvent). Before and
after each run, the equipment was cleaned with acetone, and calibrated by measuring density and
viscosity of pure water. Measurement of all solutions was conducted two times by the equipment and an
average was reported in this work. The expanded uncertainties of density and viscosity measurements
are 0.0027 g.cm™ and 0.250 mPa.s, respectively, for unloaded solutions, and 0.0031 g.cm™ and 0.253
mPa.s for CO»-loaded solutions with a level of confidence equal to 95%. A detailed description of the
equipment can be found in the literature [22,23].
3.3. The string of discs contactor

The reaction kinetics measurement of CO, absorption in unloaded and CO> loaded viscous MEA
solutions was performed using the string of discs contactor. The details of the apparatus were given by
Mamun et al. [24], and thus the main details will be summarized here. A schematic diagram of the string
of discs contactor used in this work is presented in Fig. 4. As seen in this figure, the equipment consisted
of two gas cylinders, a liquid pump, a gas blower, two mass flow controllers, a string of discs column, a
COz analyzer and several temperature indicators. The glass column with length of 64.5 cm as main part

of this equipment has 43 discs with active mass transfer area equal to 2.19 x 1072 m2. Two mass flow
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controllers with uncertainty less than 1% of measured flow were used to set the inlet flow rate of CO>
and N2. The CO, composition in the outlet gas stream was also analyzed using an IR CO. analyzer with
an accuracy +0.01%, which was calibrated every day. In addition, the temperatures of inlet and outlet
gas and liquid were controlled using several K-type thermocouples.

Briefly, in each run, the solution with desired concentration and loading was prepared and then fed into
the column from the top by the liquid pump with a flow rate of 60 ml/min, while a mixture of CO; and
N2 with varying volume fraction of CO> between 0.2 and 5% enters from the bottom of column. Then,
the system was allowed to come to a steady-state at desired temperature. A steady-state was attained
when the CO; analyzer as well as gas and liquid temperatures, indicated constant values. In order to
check the loading of the solution, a liquid sample was taken at the end of the experiment and analyzed
for determining of CO> loading using Total Inorganic Carbon (TIC) analyzer. The absorption flux of CO-
was obtained by a mass balance over the entire system. Finally, the overall mass transfer coefficient can
be calculated using Eqg. (11). The uncertainty of the K measurements is around 1%, as reported in
Gondal et a. [25].

Fig. 4

4. Results and discussion

4.1. Density of the MEA (1) + sugar (2) + water (3) + CO2 mixtures

In order to calculate the liquid mass transfer coefficient, values of density at different experimental
conditions are required. Before measuring the density of MEA + H>O + sugar + CO, system, the
equipment and experimental data were validated by measuring densities of 30 wt% MEA and pure water
in the temperature range of 298.15 to 343.15 K. The results from this work were compared to those
reported by Bernhardsen et al. [11], Hartono et al. [22], Han et al. [26] and Spieweck et al. [27].

According to the results given in Table S1 and Fig. 5, an excellent agreement between experimental data
11



obtained in this work and literature can be observed. The AARD between experimental density data
measured in this work and those reported in the literature is about 0.08%.

Fig. 5

The densities of unloaded and CO; loaded MEA and MEA + sugar solutions were measured at
temperatures from (298 to 343) K and the results were listed in Table S2. The effect of temperature and
sugar concentration on the density of unloaded MEA and MEA + sugar is presented in Fig. 6. It can
clearly be seen in this figure that the density of solution decreases with a rise in temperature from 298.15
to 343.15 K. As expected, density increased with increasing sugar concentration at the constant
temperature. A similar trend was observed for CO. loaded solutions.

Fig. 6
The density of CO, loaded MEA and MEA + sugar solutions was also investigated by varying the loading
of solution from 0 to 0.4 (mol CO2/mol solvent). The density of MEA and MEA + sugar solutions at
different CO> loading values was plotted in Fig. 7 and Fig. 8, respectively. According to these figures,
the increase of CO; loading leads to the increase in density of solution. In addition, it was found that the
CO:- loading has a significant effect on density of solution, while temperature showed a small effect.

Fig. 7

Fig. 8
The Redlich-Kister equation was applied in this work to fit the experimental density data. This technique
was frequently used in the literature [28-30] to represent the excess properties, and can be expressed as:
VE=V,—Yix; Vi (28)
Where VE, x; and Vi are excess molar volume, mole fraction and molar volume of pure component,
respectively. The molar volume of mixture (Vm) is calculated using Eq. (29) and knowing of values of

experimental density data of CO»-free solution (p,—o)-
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v, = LM (29)

pa=0

The excess molar volume of a binary system can be defined by the following equation:

Vi = XiX; koo Ak(Xi — %K (30)
There are several different forms for calculation of adjustable parameter (Ax) in Eq. (31) as follows:
Ak:aT—k;Akz ag + b T;Ag = ap + by T + ¢ T2 (31)
To reduce the numbers of parameters, ax/T was used in this work for Ax. Eq. (32) can be used in order to
calculate of the excess molar volume for ternary systems.

VE = VE + VE + VE (32)
The binary parameters of Redlich-Kister equation were determined by regression of experimental data
and the results were provided in Table 2.

Table 2

The density of unloaded MEA and MEA + sugar solutions was calculated according to the Redlich-Kister
equation and values of fitting parameters. A comparison between the experimental density data and
modeling results is given in Figs. 6-8. There is a very good agreement between experimental density data
and the model results with an AARD equal to 0.1%. For correlating of the density of CO, loaded

solutions, the effect of CO. loading was taken into account by adding an item to Redlich-Kister equation

as follows:
%=(1+ax(b1+b2xw2)) (33)

where a and w- are CO> loading and mass fraction of sugar, respectively. In the above equation, b; and
b> are adjustable parameters that were determined by fitting again with experimental data. The values of
b1 and b2 were found to be 0.244 and 0.0017, respectively. The predicted values of density by Eq. (33)
for CO2 loaded solutions were shown as solid lines in Fig. 6 and Fig. 8. It can be observed that predicted

results agree well with experimental data. In addition, AARDs value was found to be 0.39% for loaded
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solutions. The parity plot between experimental density data and model results for unloaded and CO>
loading MEA and viscous MEA was presented in Fig. 9.

Fig. 9

4.2. Viscosity of the MEA (1) + sugar (2) + water (3) + CO2 mixtures

The viscosity data of solvent at different experimental conditions are important in order to determine
CO: diffusivity, mass transfer coefficient and kinetics modeling. Similar to density procedure, a
comparison between the viscosity of 30wt% MEA solution measured in this work and values reported in
the literature [11,22,31] was made for validation purposes. As can be observed in Table S3 and Fig. 10,
the results determined in this work and viscosity values in the literature are in good agreement with an
AARD equal to 1.94%.

Fig. 10
As mentioned before, sugar with concentration of 3 to 20 wt% was added to 30 wt% MEA solution to
prepare a viscous solution. The viscosity of unloaded and CO, loaded MEA and MEA + sugar in the
temperature range 298 to 343 K was measured and the results were summarized in Table S4. The effect
of sugar concentration on the viscosity of the solution is shown in Fig. 11. A seen from this figure, the
viscosity increases significantly when sugar concertation increases from 10 to 20 wt%.
Fig. 11

In order to investigate the effect of CO2 loading on viscosity, the viscosity of MEA and MEA + sugar
solutions at CO> loading range of 0 to 0.4 was measured and the results were plotted as a function of
temperature in Fig. 12 and Fig. 13, respectively. The experimental results indicate that the viscosity
increases as CO: loading increases and decreases with rise in temperature. In other words, CO> absorption
in the solvent leads to a viscous solution which is not favorable for gas absorption industrial application.
The reduction of viscosity with temperature can be explained by the fact that at high temperature, the

14



kinetic energy between molecules increases, which lead to decrease viscosity. It was also observed that
the effect of temperature on viscosity at CO, loaded solutions is greater than that at unloaded solutions.
Fig. 12
Fig. 13
The Vogel-Fulcher-Tammann (VFT) equation was used by many researchers [32-34] to describe the
viscosity of solutions. A modified version of this equation was applied in this work to correlate

experimental viscosity data as a function of temperature, sugar concentration and CO- loading as follow:

% = exp [a (by + bs W, 4+ bg W3)] (34)
a=0

B
Hamo = exp(By +22) (35)
By = by; +byy Wy + bys W7 (36)
B, = byy + byy W, + byz Wi (37)

where W> and b; are sugar mass fraction and adjustable parameters, respectively. The values for the
adjustable parameters were listed in Table 3.
Table 3

The predicted viscosity from VFT equation along with experimental data for unloaded and CO- loaded
solutions were presented in Figs. 11-13. It can be concluded that the proposed model in this work is able
to describe the viscosity of a solution with a good agreement. The AARD values between the
experimental data and calculated viscosities were found to be 1.89% and 4.22% for unloaded and loaded
solutions, respectively. The comparison between viscosity experimental data and model results was given
in Fig. 14 in the form of a parity plot.

Fig. 14

4.3. The overall mass transfer coefficient

4.3.1. Unloaded system
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The Kg of CO- absorption in aqueous 30 wt% unloaded MEA solution at a temperature range of 298
to 343 K were first measured to verify the reliability of the string of disc apparatus. The results were
compared with those published in the literature [11,21] for the same experimental setup as presented in
Fig. 15. According to this figure, Kg data measured in this work are in an excellent agreement with those
published in the literature with AARD of 4.29%.

Fig. 15
The experimental second-order reaction rate constant (k2) obtained in this work for 30 wt% unloaded
MEA solution was fitted to Arrhenius expression. Eq. (38) presents temperature dependence of reaction

rate constant obtained in this work.

k, = 1.72 x 10" exp (Z25)

e (38)
According to Eq. (38), the activation energy was found to be 40.86 kJ/mol which is in good agreement
with those reported by Versteeg et al. (44.9 kJ/mol), Hikita et al. (41.2 kJ/mol), Penny et al. (42.2 kJ/mol)
and Horng et al. (44.7 kJ/mol). Fig. 16 shows a comparison between predicted reaction rate constant (k2)
using model presented in this work and those of Versteeg et al. [35], Hikita et al. [6], Penny et al. [7],
Horng et al. [8], Luo et al. [21], Liao et al. [36] and Alper [37]. As can be seen from Fig. 16, k> reported
in this work was found to be in good agreement with those of Luo et al. and Liao et al. However, a
deviation can be observed with other models. This deviation could be due to the different experimental
conditions and measurement techniques. For example, Horng et al. and Penny et al. proposed their
models based on MEA concentration less than 0.5 kmol/m? and temperatures up to 313 K, which is much
lower than the experimental condition used in this work.

Fig. 16
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The ko values determined earlier, Eq. (38), for unloaded MEA solution were inserted in Eq. (19) to model
behavior of Kg of CO. absorption in unloaded MEA solution as a function of temperature. The
performance of the kinetics model for modeling the experimental K¢ data for unloaded MEA solution
(red line) was presented in Fig. 17 (uppermost point). In this figure, the solid lines are modeling results

and the points are the experimental K data. As expected, a very good agreement can be observed.

4.3.2. CO2 loaded system

To investigate the effect of MEA free concentration on mass transfer performance, the COz loading
of the solution was changed from 0 (unloaded) to 0.4 mol CO2/mol solvent. K¢ measurement for 30 wt%
CO- loaded MEA solutions were carried out at temperatures from 298 to 343 K, and the results were
tabulated in Table S5. K¢ of CO; absorption in MEA solution at different CO2 loadings as a function of
temperature was also plotted in Fig. 17. It was found that K decreases with increasing CO- loading of
MEA solution. When CO> loading of solution increases, not only viscosity of solution increases but also
the free concentration of MEA reduces in the solution. Therefore, less MEA ions are available in solution
to react with CO2, which leads to decrease enhancement factor and overall mass transfer coefficient.
Moreover, it can clearly be seen from Fig. 17 that Kg increases as the temperature increases from 298 to
343 K which can be explained due to a corresponding decrease of the viscosity of the solution and
increase reaction kinetics with temperature. To model the Kg of CO2 absorption in CO loaded MEA
solutions, the same values for ko was used. In other words, Eqg. (38) which was obtained based on
unloaded MEA solution was applied and inserted in Eq. (23) to predict mass transfer behavior of CO>
absorption in CO» loaded MEA solution. As can be seen in Fig. 17, there is a good agreement between
experimental data and modeling results which means second order reate conctant for unloaded MEA can
be used to predict CO, loaded MEA system.

Fig. 17
17



The experimental second order rate constants determined in this work for unloaded and CO> loaded 30
wt% MEA solution as a function of temperature were given in Fig. 18. From the data obtained, it can be
observed that CO> loading has negligible effect on reaction rate constant, as assumed in the first part of
this work. The same results were observed in MEA + sugar systems.

Fig. 18

4.3.3. Viscous system
It is of interest to understand how high viscosity affects the mass transfer performance of solvent. In

order to study the influence of viscosity on the mass transfer coefficient, sugar with different
concentrations was added to MEA to increase solution viscosity. The experiments were conducted over
the sugar concentration range of 3-20 wt%. The effect of viscosity on Kg of unloaded MEA solution was
presented in Fig. 19. The K¢ of viscous MEA solutions at different CO> loading values was also measured
and the results were given in Fig. 20.

Fig. 19

Fig. 20
The same procedure was made to model CO> mass transfer in viscous MEA solution as a function of
temperature and CO> loading. From Fig. 19 and Fig. 20, it may be concluded that the model developed
in this work based on bimolecular Kinetic rate law is able to predict mass transfer experimental data in
unloaded and CO- loaded MEA and viscous MEA solutions well with AARD equal to 6.12%. The parity
plots of experimental mass transfer data and modeling results is given in Fig. 21. The experimental values
of second-order reaction rate constant for unloaded and CO: loaded viscous MEA systems were
calculated and the results for unloaded viscous MEA were given in Fig. 22. It can be observed from this
figure that as expected, the viscosity has no effect on the second-order rate constant over the whole
temperature range from 298 to 343 K. However, 30 wt% MEA + 20 wt% sugar shows a bit deviation.
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This data scattering can be due to high viscosity and less CO2 driving force in this system, which
increases experimental uncertainty in the reaction kinetics investigation. Therefore, the assumption that
the rate constant for unloaded MEA can be used to predict unloaded and loaded viscous MEA is valid.
Values of infinite enhancement factor and Hatta number were determined using Eq. (21) and Eq. (22),
and the results were listed in Table S5. It was observed that at all temperatures and CO- loadings, the
assumption of the pseudo-first-order reaction regime is valid.

Fig. 21
Fig. 22

To have a better understanding of effect of MEA free concentration on mass transfer behavior, mass
transfer coefficient of three different systems which have same viscosity was measured. According to
Fig. 23, at the same viscosity, the solution with more active free MEA ions has higher Kg in comparison
with the other two systems. Furthermore, this figure indicates how CO> loading can affect and decrease
mass transfer coefficient of a solvent in the capture plant. For example, at a temperature of around 313
K, K decreases significantly from 21.2 x 10~* to 6.9 x 10~* (mol/m?2.kPa.s) when loading of MEA is
changed from unloaded condition to CO- loading equal to 0.4 (mol CO2/mol solvent). The effect of MEA
free concentration on mass transfer at different viscosity values and 313.15 K was plotted in Fig. 24.
From this figure, it was concluded that the negative effect of MEA free concentration on Kg is greater at
low viscosities. It was also found that Kg is most sensitive to increasing CO- loading. Therefore, solvent-
free concentration is an important parameter and should be considered in the absorption process.

Fig. 23

Fig. 24
Fig. 25 shows the performance of two different systems with the same viscosity and same MEA free
concentration in terms of Kg values. To make a comparison, solutions of 30wt% MEA + 3.4wt% sugar

at COz loading of 0.25 and unloaded 15wt% MEA + 26wt% sugar were prepared. The experimental Kg
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data and modeling results of these two systems as a function of temperature were presented in Fig. 25.
As is illustrated, 30wt% MEA + 3.4wt% sugar with loading of 0.25 and unloaded 15wt% MEA + 26wt%
sugar solutions have approximately the same overall mass transfer coefficients. In rigorous Kinetic
models based on penetration theory, the diffusivity of the ionic species, like carbamate, as well as free
MEA are modeled to be dependent on solution viscosity and temperature [38]. However, the different
ionic species are likely to have different diffusivities [39]. The overall mass transfer coefficient, in Fig.
25, is equally high for cases where the viscosity is increased by adding sugar and in the cases where the
viscosity is increased by increasing loading leading/ionic species in the solution. Thus, the new data show
that by measuring absorption kinetics of unloaded solution, one can predict the absorption rates of loaded
solutions as long as one knows the viscosity of the loaded solution and has a thermodynamic model able
to predict the physical solubility CO, speciation and partial pressure of CO> (for driving for calculations).
The Kg values of unloaded MEA solutions as a function of viscosity at different temperatures was given
in Fig. 26. It can be observed that as viscosity increases, Kg reduction with viscosity is greater at high
temperatures compared to low temperatures. The same results were observed at CO> loaded systems.
Moreover, it was concluded that the viscosity effect on Kg is less than the effect of amine free
concentration. This is an interesting result since it indicates that the decrease in absorption with increased
loading is purely due to a free concentration effect.

Fig. 25

Fig. 26

5. Conclusion

A string of disc contactor was used in this work to study the kinetics of reaction between CO> and
loaded viscous MEA solution. The experimental results revealed that K enhanced with increasing

temperature while decreases as CO, loading and viscosity increase. The amine free concentration
20



exhibited a significant effect on mass transfer while viscosity had little effect which shows that the
decrease in absorption with loading is purely due to a free concentration effect. The Kg was found to
decreases rapidly with loading at low viscosities, but this impact is less significant at higher viscosities.
It was also concluded that Kg decreases faster with viscosity when the temperature is higher. It was
observed that CO loading and viscosity effect on the second order rate constant is negligible. A new
kinetic model based on the pseudo first order regime was developed to describe CO> absorption behavior
in the solution. The activation energy and second order reaction rate constant were found to be 40.86
kJ/mol and k, = 1.72 x 10! exp(—4915.5/T), respectively. The developed model showed a good ability
to predict Kg for CO2 + MEA, CO: + loaded MEA, CO2 + viscous MEA and CO: + loaded viscous MEA
systems at a wide range of temperature with AARD of 6.12%. Furthermore, density and viscosity of
MEA solution were successfully correlated with excellent accuracy. The results showed that density and

viscosity decreased with the temperature and increased with the rise in COz loading.

Nomenclature

MEA Monoethanolamine

MDEA Methyldiethanolamine

DEA Diethanolamine

k2 Reaction rate constant (ma/mol.s)

Ks Overall mass transfer coefficient (mol/m?2.kPa.s)
Kg Gas mass transfer coefficient (mol/m?.kPa.s)

ki Liquid mass transfer coefficient (mol/m?2.kPa.s)
E Enhancement factor

Ha Hatta number

E. Infinite enhancement factor

U Viscosity (mPa.s)

P Density (g/cmq)
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Dco, Diffusivity of CO, (m?%/s)

Hco, Physical solubility of CO (kPa.m3/kmol)
Pg ) CO- partial pressure in gas phase

Plo, CO:z partial pressure in interface

Cto, CO- concentration in interface

Co, CO- concentration in liquid phase

AP(G, logarithmic mean of CO; partial pressure
Kov Overall reaction rate constant (1/s)

b Stoichiometric coefficient of CO-

VE Excess molar volume

Vin Molar volume

X; Mole fraction

M; Molecular weight

a CO: loading

W> Sugar mass fraction

bjj Adjustable parameters

Appendix A. Supporting information

See Tables S1-S5.
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Table 1 The equilibrium constants of chemical reactions between CO2 and MEA solution

Ki (kmol/m?3) a az as Ref 1812
K, = [RNH,|[HCO3]/[RNHCOO~]  6.69425 -3090.83 0 Wagner et al.
K, = [RNH,][H*]/[RNH]] -3.3636  -5851.11 0 Wagner et al.
Ks; = [H*][HCO3]/[CO,] 235485 -12092.1  -36.7816  Haji-Sulaiman etal.
K, = [H*][OH7] 140.932  -13445.9 22.4773 Haji-Sulaiman et al.
Ks = [H*][CO%"]/[HCO;] 220067 -12431.7  -35.4819  Haji-Sulaiman et al.

Table 2 Fitted binary parameters in Eq. (30)

Binary pair
Parameter MEA-sugar MEA-H-20 Sugar-H20
ap -145.475 -996.147 -826.234
a -16.8998 54.1617 374.126
a, -1.33796 628.959 -205.547

Table 3 Fitted parameters of the VVogel-Fulcher-Tammann (VFT) equation

bll b12 b13 b21 b22 b23 b4- b5 b6

Parameters -6.929 -4.059 7.446 233242 245896 89.3419 1.028 3551 -0.518
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Points: experimental data, Lines: calculated from model developed in this work.
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Fig. 18 The effect of CO. loading on second order kinetic rate constant in 30 wt% MEA solution
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Fig. 19 The effect of viscosity on K¢ of unloaded MEA solution as a function of temperature. Points:

experimental data, Lines: calculated from model developed in this work.
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Fig. 20 The effect of CO. loading capacity on K¢ of viscous MEA solutions. Points: experimental data,

Lines: calculated from model developed in this work.
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Fig. 21 Parity plot between experimental data and model predicted CO2 mass transfer for 30 wt%

MEA+(0-20) wt% sugar solutions
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Fig. 22 The second order reaction rate constants in unloaded MEA and viscous MEA solutions
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Fig. 23 The effect of CO- loading on K of MEA solution at constant viscosity. Points: experimental

data, Lines: calculated from model developed in this work.
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Fig. 24 The overall mass transfer coefficients as a function of viscosity at 313.15 K
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Fig. 25 The overall mass transfer coefficients as a function of temperature. Points: experimental data,

Lines: calculated from model developed in this work.
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Fig. 26 The overall mass transfer coefficients of unloaded MEA as a function of viscosity
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