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In this research, thermodynamic and absorption rate of carbon dioxide in monoethanolamine (MEA) solution was
investigated. A correlation based on both liquid and a gas phase variable for carbon dioxide absorption rate was
presented using the m-Buckingham theorem. The correlation was constructed based on dimensionless numbers,
including carbon dioxide loading, carbon dioxide partial pressure, film parameter and the ratio of liquid phase film
thickness and gas phase film thickness. The film parameter is used to apply the effect of chemical reactions on
absorption rate. A thermodynamic model based on the extended-UNIQUAC equations for the activity coefficients
coupled with the Virial equation of state for representing the non-ideality of the vapor phase was used to predict
the CO, solubility in the CO,-MEA-H,O system. The average absolute error of the results for the correlation was
6.4%, which indicates the accuracy of the proposed correlation.
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INTRODUCTION

In the past few years, the huge emission of greenhouse
gases caused by human has become one of the most
discussed environmental issues around the world. CO,
is the main greenhouse gas and its reduction is essential
in terms of environmental, energy and economics. This
duty is an interesting research on CO, reduction where
novel energy-efficient processes are essential. Reactive
absorption of CO, with amine solutions is appropriate
technology from technical, economic and environmental
points of view" *? A wide variety of amines has been
used industrially for a number of years®> **. Chemical
absorption of CO, with amines as a solvent has been
used in a large variety of industries over the years’.
Natural gas sweetening and production of methanol
and ammonia are among the biggest industries that are
utilizing chemical absorption of CO, with amine solu-
tions® » 1°. In addition, the use of the alkanolamines
process for CO, absorption from the exhaust gas of ce-
ment factories and power plants has received extensive
interest recently because of the need for mitigation of
greenhouse gas emissions'™ 2. The absorption of CO, into
reactive solvents is one of the most promising technolo-
gies for CO, capturing®™. Amine aqueous solutions have
been used wide-spreading for the removal of CO, from
natural gas and flue gas via reactive absorption’. Among
the industrially utilized alkanolamines, MEA is the most
widely used absorbent for CO, absorption because of
its properties to CO, capture such as a high absorption
capacity, fast reaction kinetics, and high solubility'* 3.
Due to its high reactivity with CO,, MEA is the main
solvent for CO, capture in post-combustion processes.
MEA as a primary amine has an ability to remove a high
amount of CO,, even at the low CO, concentrations'®.
It can effectively remove a high amount of gas removal
due to a high reaction rate. If the process is extended,
an economic and environmental global impact will occur.
In the recent decades, several works have been carried
out to investigate the kinetics and reaction mechanism
of CO, absorption into MEA solution'”’. Nevertheless,

there is still a controversy regarding the thermodynamics
and mass transfer of CO, in MEA solution.

In this work, based on the Etemad et al. approach?,
a general correlation has been presented to calculate
the mass transfer flux of CO, into MEA solutions. The
correlation is applicable for a wide range of operating
conditions at all absorption equipment. In the presented
correlation, the influence of chemical reactions, CO, lo-
ading, CO, partial pressure, the film thickness of phases
and ratio of CO, diffusion coefficients of absorption rate
were considered. Also, the effect of molecular and ionic
species on CO, absor into aqueous solutions, all the
parameters and variables influencing on mass transfer
flux are provided in the following equation:

Nco2 =f (k’kL’DG’DL’SG76L’PCOZ7Pt’CCOZ’C
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The variables are including both liquid and gas pha-
ses. The variables with dimensions and units are given
in Table 1.

Using the n-Buckingham dimensionless approach, the
dimensionless parameters in the CO, reactive absorption
processes is presented as eq. 2*L.
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Finally, the relationship between dimensionless para-
meters obtained as indicated in eq. 3.
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The correlation coefficients are depending on the ab-
sorption system and operating conditions. In equation 3,
[CO,J is the equilibrium molecular concentration of
carbon dioxide in the interface. Since the film model is
assumed, the Sherwood number would be 1 and it will
be eliminated from the dimensionless list*'. By simpli-
fying the term of loading and Sherwood number, mass
flux correlation is:
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Table 1. Effective variables of carbon dioxide absorption process
and their units

Parameter Unit Dimension
Mass transfer flux [Ncoa] mol/[m?-s] ML2T
Reaction rate coefficient- 3 ) S
Second order [K] m*/[mol-s] LM
Liquid mass transfer 1
coefficient [k(] m/s LT
!Diffusion coefficient of CO, m¥s L7
in gas [Dg]

!lefUS{on coefficient of CO, mils L2
in liquid [Dy]

Thickness of gas film [3¢] m L
Thickness of liquid film [5] m L
Partial pressure of CO, in Pa ML= T2
gas phase [Pcoz]

Total pressure [P{] Pa MLTT?
Concentration of CO, mol/lit ML=
[CCOZ]

Concentration of amine molllit ML=
[Camine]

The final unknowns in the above equation are a4, c,
d, e, f and g. The correlation 4 is the main equation of
mass transfer flux in the absorption processes of carbon
dioxide, which is not limited to the type of the solvent
or the operation conditions. In correlation 4, both liquid
and gas phase operating variables were combined to
calculate the mass transfer flux.

Mass transfer with chemical reaction

In the absorption of CO, into MEA solution, the mo-
lecular and ionic species are distributed by the reactions
as shown in Figure 1.

When CO, is absorbed in MEA solutions, some chemi-
cal reactions happen in the liquid phase. The following
equilibriums for the chemical species in the liquid phase
were used in the model to predict CO, solubility®*:

2H,0<5 > H.O"+OH" (5)
2H,0+CO, <X~ HCO; + H,0" (6)
H,0+HCO; <% CO} + H,0" (7)
MEAH™ + H,0 <% MEA+ H,0" (8)
MEACOO™ + H,0 <% MEA+ HCO; ©9)

The condition of chemical equilibrium for a chemical
reaction R is defined by eq. 10:

K, (T)=]]a"*,R=(1t05) (10)

Constants for calculation of the various Ky as a func-
tion of temperature are given in Table 2.

In addition to the above equilibrium equations, overall
MEA and CO, concentrations, as well as charge balance,
must be satisfied:

MEA Co, H,0
Vapor
—————————— R SR SR
Liquid
MEA Co, H,0
MEAH ™ HCO; OH"
MEACOO™ Cco; z H
MEACOO™
Figure 1. Vapor-liquid equilibrium system of MEA-CO, -H,O
Corpa = My My F M o0 (11)
CCOz = Mo, + mHCO; + mco;* M acoo (12)
My A e = Moy T Mo 2mco§* M acoor (13)
— CCOZ
= % (14)

o represents the ratio of absorbed CO, to the MEA
concentration. This parameter indicates the concentration
effect of components on the abortion rate.

By solving this set of 8 independent equations (eqgs. 10
to 13) for a given temperature, MEA overall concentra-
tion, and CO, loading results in the true composition
of the liquid phase, needed for solving the VLE equa-
tions. In order to calculate the parameters of the film,
the reaction rate of CO, in the MEA solution should
be defined which is stated as eq. 17,

CO, + MEA+ H,0—— MEACOO™ + H,0" (15)
CO,+OH —“— HCO; (16)

Teo, = Teomien + g, o = [ k[MEAJ+ &, [OH T]([CO,T -[CO,]")  (17)

Constants for calculation of ki, k; as a function of
temperature are given in Table 3. The parameter M is
a film parameter which is used in mass transfer due to
chemical reactions. Film parameter represents the mass
transfer regime and the largeness of this number is an
important criterion in the equipment design. Conside-
ring the definition of the film parameter (the ratio of
the film conversion to the diffusion through the film),
as the reaction zone close to the interface of the two
films is higher, this parameter would be higher too. On
the other hand, the less this parameter is, the reaction
zone would transfer to the liquid bulk. The standard
form of this parameter is defined as following equation*:

. DixQtico. b, x[kMEA} k[OH ])((COLT ~[CO. 1) (18)
T TRICOT k1CO.1

Table 2. The equilibrium constants of equilibrium reactions of MEA-CO,-H,O system®

Kr A B C D

Ki 132.890 —13446.0 —22.47 0.0000
K2 231.460 —12092.0 —36.78 0.0000
Ks 216.050 —12432.0 —35.48 0.0000
Ks —3.038 —7008.3 0.00 —0.0031
Ks —0.520 —2545.5 0.00 0.0000

B.
Ink, :Aj+—’+C.~lnT+D.~T
T J J




Table 3. The constants of Arrhenius equation in the MEA

solution®
ki A [m*/(kmol-s)] E [kJ/mol]
6 4.32x10" 55.4603
7 9.77x10™ 41.2564
-E
ki = AefT

Vapor-Liquid Equilibrium

There are a wide variety of equilibrium models by which
the solubility of acid gases in alkanolamines is predicted.
Of the basic and simple models, the Kent and Eisenberg
model can be named in which the equilibrium partial
pressure of CO, and H,S in aqueous solutions of MEA
and DEA is calculated®. In this model, the activity coef-
ficients are assumed as 1 and the equilibrium constants
of amine protonation reaction and boromite production
reaction are used as an adjustable parameter to correlate
the model with the experimental data. This model has
limited functionality interpolation. Furthermore, it is
less complex compared to other models and has simpler
calculations. The results showed that in the loading range
of 2.0 to 7.0, the model has a good accuracy. In fact,
Kent and Eisenberg’s model is based on the assumption
that the liquid and vapor phases are considered ideal and
non-ideal aspects of the system are gathered in equilib-
rium constants of reaction?. According to the mentioned
research, the provided relationship suggested by Kent
and Eisenberg is a simple but successful model for the
loading of 1 (moles of acidic gas to moles of amine)
in the range of 2.0 to 7.0 acid gases mole per amine
mole and out of this range the model is not accurate
enough. This model is not perfect theoretically because
the effect of forces between the particles in solution is
not considered directly. However, it has been accepted
by many other authors due to its simplicity and good
ability to predict the experimental data® %,

In this work, only water is treated as a solvent spe-
cies. CO,, Monoethanolamine, and the several ions are
treated as solute species. The extended Raoult’s law is
used to express the VLE for water eq. 19, and the ex-
tended Henry’s law is applied to obtain the equilibrium
for CO, eq. 20. It is assumed that water and CO, at the
interface of two phases in equilibrium and evaporation
of amine and transfers it to the gas phase is neglected.

, V(P -PX)
Psat Sfll ex w\’¢ w a = P [ 19
w @ expl== o —la, = Fy,0, (19)
Vz()z,Hzo B _Rjat
Meo,Y co,Heo, 1m0 exp[ 15 T ) =FYcoPco, (20)

In the calculation of VLE data, the following proper-
ties are required:

Henry’s constants for the solubility of carbon dioxide
in pure water, Hcg 1,0, Were taken from Rumpf and
Maurer®.

The vapor pressure B and the molar volume v, of
pure water were taken from Saul and Wagner?.

The fugacity coefficients ¢, were calculated using the
Virial equation of state. Pure component second Virial
coefficients By oy,0 and Beg, o, for water and carbon

Pol. J. Chem. Tech., Vol. 19, No. 3, 2017 77

dioxide, respectively, were calculated on the basis of the
data given by Dymond and Smith?’. The mixed second
Virial coefficients Hcg, y,o Were calculated according to
the correlations of Hayden and O’Connell*®.

The partial molar volume co.t0 of carbon dioxide
dissolved at infinite dilution in water was calculated as
recommended by Brelvi and O’Connell®.

Extended UNIQUAC G* Model for Activity Coefficients

The activity coefficients of both molecular and ionic
species were calculated using the extended-UNIQUAC
model for the excess Gibbs energy. The UNIQUAC model
was modified using an electrostatic term presented by
Sanders et al*’. The model framework implemented is
presented by Thomsen and Rasmussen®!. The model was
constructed based on a combinatorial, entropic; a resi-

dual, enthalpic and the electrostatic of Debye—Huckel

type terms®.

gE{gE} {g'g} {g‘?} an
RT RT Combinatorial RT Residual RT Debye—Huckel

The activity coefficients of ions are:

Iny ™ =—z7AI"/(1+b1") 22)
The corresponding term for water is:

Iny > =MW2A[1+bII/2—(1+b]1/2)_1 —21n(1+b1'/2)} /b3 (23)

Where M, is the molar mass of water (kg-mol™),
b = 1.5(kg - mol™)"? is a constant and DH is Debye—
Hiickel parameter presented as follow?:

DH:[1.131+1.335><10’3 (T-273.15)+1.164x107

(T—273.15)2](kg-m01-‘ )2 (24)

The combinatorial contribution to the activity coeffi-
cient of component i is:

ln7ic :ln(¢i/xi)+1_¢i/xi _Sqi |:1n(¢i/9i)+1_¢i/9i] (25)

Where x; is the mole fraction, ¢, is the volume fraction,
and 6, is the surface area fraction of component i. The
volume and surface area fractions of component i are
calculated as*:

¢, = x,-r,/z X7 0, = x,-‘li/z X4, (26)
7 J

The residual contribution to the activity coefficients
is obtained:

ny'=g, |:1_IH[ZQ/WHJ_Z[G,'WU/ZQ/%' j:| (27)
1 i !
Where v is defined by the equation 28 as follow:
Vi :eXp[_(uﬁ —U; )/T:| (28)

The interaction energy parameters of u; and u; are
independent of composition, but are temperature de-
pendent:

u,; =uj, +u',(T-298.15) (29)

The combinatorial activity coefficient at infinite di-
lution is*:

s n 7 z U 4.
In (yi )= ln[n]+l_r_(2)qi {ln(wj+l—nq} (30)
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The corresponding term for residual is:
]n(}’iR’w) =q; [l_lnl//wi_l//wi] (31)

Finally, the expression for the solute activity coeffi-
cient is:
In Y= ln(%'c/yi ,m) + ln(yiR /yiR’DO) + lnyiDiH (32)
The expression for the solvent (water) activity coeffi-
cient is simply*®:
Iny,=lny{ +Inyf +Iny2" (33)
The extended UNIQUAC model parameters including
volume, r and the surface area, q parameters are given

in Table 4. Also, the UNIQUAC interaction parameters
were used from the literature®.

Table 4. The UNIQUAC model parameters®" **

Species r q

H,0 0.920 1.400
MEA 4.280 4.280
CO2 5.741 6.081
HO* 0.138 0.000
MEAH" 1.024 2.515
OH" 9.397 8.817
HCO; 9.157 6.346
Cco; 9.745 6.461
MEACOO - 1.074 0.111

The experimental data presented in the literature was
used to evaluate the present work results*. The experi-
mental data range used in calculating the constants of
mass transfer flux equation is shown in Table 5.

The following correlation constants were obtained in
the MEA solution employing the presented dimension-
less parameters:

. B P 0.755
N, =7.61xk, ([CO,I'-[CO,T Yoo )™ (;f}
t

6g 1.317 DG 0.619 006
(5,] [D) () 9

The equation constants were determined by fitting the
equation into the dimensionless parameters obtained
from the experimental kinetics data*’. The Nelder-Mead
numerical approach was used in the calculation of the
correlation coefficients. This method attempts to mini-
mize a nonlinear function of N real variables using only
function values, without any derivative information. It
is a heuristic search method that can converge to non-
stationary points on problems that can be solved by
alternative methods*.

RESULTS AND DISCUSSION

Species concentrations

In this study, a rigorous model (eq. 3) for the absorption
rate of CO, into MEA solution was presented. Besides,
the effect of some operating parameters including free
MEA, the enhancement factor, and the film parameter
has been investigated. The effects of chemical reactions
were also considered using the film parameter. Figure 2
shows the changes in the free MEA (molecular MEA)
in the solution versus the CO, loading. As it is evident
from Figure 2, the more the loading factor is, the less
the free MEA exists in the solution. Because, by increas-
ing the loading factor, the amount of absorbed CO,
enhances too, showing that more MEA is reacted with
CO,. Therefore, less free MEA exist in the solution.

03
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005 . . . .
013 0.2 0.23 03 033 04

a(mol COy/mol amine)

Figure 2. Variation of free MEA with CO, loading at different
MEA concentration

Figure 3 shows the variation of MEAH* with CO,
loading at different MEA solutions. It is clear that
MEAH™ was increased with increasing of MEA solution.
According to eq. 15, increasing CO, in MEA solution,
produced MEACOO™ and consequently as eq. 9, the
concentration of free MEA was increased. Therefore
based on eq. 8, MEAH™ will be increased the solution
with high CO, loading.

0.18
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0.16 -
-H-59
0,14 - ool 6.7
——74
012
it
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0,08 4
0,06 - By
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0.1 0,15 02 025 03 035 0.4

a(mol COy/mol amine)

Figure 3. Variation of MEAH" concentration with CO, loading
at different MEA solution

Table 5. The operating condition of CO, absorption process in MEA solution®

MEA Loading CO, partial pressure Total pressure Temperature
(molarity) [CO./ MEA] [kPa] [kPa] [°C]
5.0,59,6.7,7.4 0.252—-0.496 0.017-38.519 130—-450 40-100




Figure 4 indicates HCO;~ concentration at different
MEA solution with CO, loading. It is clear that HCO;~
was increased with increasing CO, at MEA solutions.
Also based on eq. 9, HCO;™ was reduced by increasing
MEA concentration.
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Figure 4. Variation on HCO;™ with CO, loading at different
MEA solution

Figure 5 indicates the basicity of MEA solution with
CO, loading. Due to the absorption of acidic gas (CO,)
the basicity of the solution decreases so acidity of the
solution was increased.

5,0E-08
45608 || —%—5molflit
4,0e-08 || ~—W--59
3,5E-08 4| — A= 67
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5 25608
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0,0E+00 == == ; .
0,15 0,2 0,25 0.3 0,35 04

a(mol CO,/mol amine)

Figure 5. The basicity of MEA solution at different concentra-
tion and CO, loading

Figure 6 shows MEACOO" variation with CO, loading
and MEA concentration. According to eq. 15, it is clear
that, MEACOOQO" was produced with the reaction between
CO, and MEA. Therefore MEACOO" was increased
with increasing of CO, loading and MEA concentration.

017
—#— 5 mol/lit
0,13
--l--59
_0__13 waslhes 6.7
8 —e—74 -
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g.o 09
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0,07 PPt et
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0.13 02 023 03 033 0.4

a(mol CO;/mol amine)

Figure 6. Variation of MEACOO™ at different MEA solution
with CO, loading
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Figure 7 shows CO;~ concentration at different MEA
solutions with CO, loading. Due to eq. 6, HCO;™ was
increased by increasing CO, loading, therefore, CO;™
was increased. Also, according to eq. 8, at high MEA
concentration, H;O" was reduced and consequently
CO,~ was increased based on eq. 7.
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0.15 02 025 0.3 035 0.4
a(mol CO2/mol amine)

Figure 7. Variation of CO; at different MEA solution with
CO, loading

Mass transfer parameters

Figure 8 illustrates the enhancement factor versus the
film parameter in different temperature. By raising the
temperature, the enhancement factor decreases, show-
ing that the absorption process is done much slower in
these ranges. On the other hand, since the enhancement
factor is proportional to the mass transfer flux and the
absorption process is often an exothermic reaction, this
flux declines too.

700
—t—i0
600 -
b il
g
E 300 e 50
& 400 | —.—100
5
g 300 4
-
% 200 4 /
100 4
0 T T T T T
0 10 20 30 40 30 60

Film parameter (M)

Figure 8. Effect of film parameter on enhancement factor at
different temperatures

The trend of the film parameter against the CO, loading
in four different temperatures is shown in Figure 9. It is
clear that, when the temperature is constant, solutions
with lower loadings have higher film parameter values.
Moreover, in a constant loading, an increase in tempe-
rature results in the enhancement of the film parameter.
Furthermore, since the power of this parameter is minus
in the eq. 34 and the absorption process is exothermic,
the mass transfer fluxes decrease, consequently.

In Figure 10, the mass transfer flux of CO, versus the
loading in different film parameters are shown. As it is
evident, low loadings represent that less carbon dioxide
exists in the solvent before its injection to the absorption
tower. In other words, the solvent is fresh. Thus, the
driving force (the concentration difference) intensifies
which further results in an increase in the mass transfer
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Figure 9. Variation of conversion film parameter with CO,
loading at different temperatures

flux. In fact, it is clear that the mass transfer flux and
the loading are inversely proportional. On the other
hand, as the film parameter rises, the mass transfer flux
drops. However, in large values of the film parameter,
the effect of this parameter on the mass transfer flux
fades gradually.
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Figure 10. Effect of CO, loading and film parameters on CO,
mass transfer flux

Figures 11 indicates the variation of CO, mass transfer
flux with CO, loading and film parameter. It is clear
that at low CO, loading and film parameter CO, mass
flux is high. When CO, loading is low, it means that
the MEA solution is fresh and it has high capacity for
CO, absorption. The results show that film parameter is
effective than CO, loading on CO, absorption (eq. 34).

In order to check the validity of the results obtained
from the eq. 34, the average absolute error was calcu-

Figure 11. Mass transfer flux variation with CO, loading and film
parameter

lated which gained 6.4%, indicating that this equation is
highly accurate to compare with previous correlations.
Besides, the correlation coefficient (R?) is illustrated in
Ficures 12.

0,0016 - [
R® = 0,9928

0,0012 -

0,0008 -

NCOg [ eq. 34 |

0,0004 -

;
0 0,0004 0,0008 0,0012 0,0016
NCO2, £

Figure 12. Predicted mass transfer flux using eq. 34 versus ex-
perimental data

CONCLUSIONS

Since the kinetics and the absorption rate of ab-
sorbents are of crucial importance in the design and
modeling of equipment, in this research, the rate of
carbon dioxide absorption in the MEA solution was
investigated theoretically. A general rigorous correlation
based on Etemad et al. approach?! was suggested using
the contributing parameters on the reactive absorption
processes. Furthermore, these parameters, including load-
ing factor, the ratio of CO, partial pressure to the total
pressure, the ratio of CO, diffusion into the gas phase
to the liquid phase, the ratio of film thickness in the gas
phase to the liquid phase and the film parameter were
made dimensionless using Pi-Buckingham method. It is
worth to mention that in the suggested correlation, all
the variables in both gas and liquid phase were applied.
Also, all the chemical reactions occurred in the solution
were considered in the mass transfer flux. In fact, the
suggested correlation is a general term and is applicable
for different processes at different operating conditions.
Besides, the average absolute error of the relation was
obtained as 6.4%, indicating the high accuracy of the
present correlation.

NOMENCLATURE

a,b,c,d e f — The Constants of eq. 3

B, — Virial coefficient of species i

[CO,T — Interfacial concentration of dissolved CO,
(mol/ m®)

Ceo, — Total CO, concentration (mol/m?)

[CO,) — Concentration of CO, in liquid phase
(mol/ m?)

Coomint — Amine concentration (mol/m?)

Criea — Total MEA concentration (mol/m?)

D - CO, diffusion coefficient in gas phase (m?/s)

DH — Debye-Hiickel parameter

D, — CO, diffusion coefficient in gas phase
(m?/s)

E — Enhancement factor (dimensionless)

g — Excess Gibbs energy

Heo,n,0 — Henry’s constant for the solubility of CO, in

Pure water on the molality scale



[1] — Molecular concentration of species
i (mol/m®)

I — Tonic strength (mol/m?)

K — Chemical equilibrium constant
(dimensionless)

kL — Liquid side mass transfer coefficient (m/s)

m, — Concentration of species i (mol/m?)

M — CO, film conversion parameter (dimen-

sionless)

M, — Water molecular weight (kg - mol™)

Nco, — CO, absorption rate (mol/m?- s)

Pco, — Partial pressure of CO, (Pa)

P, — Total system pressure (Pa)

P — Saturated vapor pressure of water (Pa)

T — Reaction rate of i (mol/m® - s)

R — The Gas constant (8.314 kJK™! kmol™!)

Sh — Sherwood number (dimensionless)

T — Temperature (K)

Yco, — Vapor phase mole fraction of CO, (di-

mensionless)

Z.

14

— Charge of ion i

Greek letters

a - CO, loading (mol CO,/mol amine)
0,1
B, j — Binary interaction parameters between

species i and j in Pitzer’s equation

7i — Activity coefficient of component i

o8 - Liquid film thickness (m)

5, — Gas film thickness (m)

ﬂ,”. — Second Virial coefficient in Pitzer’s equa-
tion

@Pco, - CO, fugacity coefficient
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