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CO: absorption into loaded aqueous MEA solutions: impact of
different model parameter correlations and thermodynamic models

on the absorption rate model predictions
Koteswara Rao Putta, Hallvard F. Svendsen, Hanna K. Knuutila®

Department of Chemical Engineering, Norwegian University of Science and Technology, N-

7491 Trondheim, Norway

Abstract:

One-dimensional rate based model was used for assessing the impact of correlations and/or
models for VLE (thermodynamics), solubility (CO2 henry’s law constant), reaction rate kinetic
models and diffusivity of CO> in aqueous MEA solutions on the performance of absorber for lab-
scale CO> capture. Experimental data from four different set-ups covering wide range of
condition was utilized for the assessment. Four different thermodynamic models and eight
different henry’s constant correlations/models including the Aspen Plus V8.6 e-NRTL-RK
model was used in the study to evaluate the impact. Even though the individual models and
solubility were validated with independent experimental data, the use of different models gave
different predictions when used in the rate based simulation. It was seen that the impact of using
different henry’s law constant correlations was observed to have very huge effect on model
predictions. Seven different reaction rate Kinetic models were used to study impact on model
prediction accuracy and it was found that no single kinetic model able to predict the
experimental data from all the sources better than the base case kinetic model. Also it was seen

that transport property (CO: diffusivity in MEA) correlations could have large impact on the
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accuracy of model predictions and correlations based on N>O analogy were seem to be good
compared to the ones based on modified Stokes-Einstein correlation. As a special case,
frequently used kinetic models were used with thermodynamic model and transport properties
taken from Aspen Plus V8.6 and it was found that two kinetic models predict the experimental
data with acceptable accuracy.

Keywords: Thermodynamic models; model parameter correlations; reaction rate kinetic models;
rate based model; penetration theory; Henry’s law constant; aqueous MEA solution; lab-scale

experimental data



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

1. Introduction

Due to world population growth and per capita income, there is continuous rise in energy
demand. To meet the rising energy demand, energy sector relies heavily on fossil fuels (i.e., coal,
petroleum, and natural gas) combustion for energy supply which contributes to greenhouse gas
emissions. Global warming is an alarming issue right now and CO- is one of the key greenhouse
gases. To limit the global temperature rise to 2 °C, capturing CO2 from emitting sources is
crucial. Among the current technologies available for post-combustion CO> capture, chemical
absorption based on amine solvents appears to be the most mature technology and commercially
feasible method. Post-combustion CO> capture with monoethanolamine (MEA) solvent has been
considered as the base case in comparative studies for the development of new low energy
intensive solvents. Though MEA has been studied extensively in the literature and considered as
base case solvent, there are still gaps in thorough understanding of the complex phenomena
(coupling between thermodynamics and diffusional processes in the gas and liquid phases in
addition to complex chemical reactions in the liquid close to the interface) occurring and precise
modelling of the process for industrial scale-up.

Two modelling approaches (equilibrium stage and rate based models) has been used for
modelling the reactive absorption process. Equilibrium stage modelling concept fails for reactive
absorption process using alkanolamines and rigorous rate based modelling, which takes into
account the actual rates of mass and heat transfer and chemical reactions, is recommended
(Kenig et al., 2003). The development of rigorous rate based process models helps to gain more
knowledge about the effect of different process operating variables on the performance of the
process. The main components of the process model are

0] Mass and energy balances for the phases (flow model);
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(i)  The gas-liquid interface model (accounts for the effect of chemical reactions);

(iii)  The thermodynamic model (describes phase and chemical equilibrium) and

(iv)  Auxiliary sub-models (for hydraulics, mass and heat transfer coefficients and

physical properties).

Process modelling and simulation plays key role in process design, analysis and development in
addition to in optimization of process. It is an integrated part of process development, and hence
it is essential to identify the strengths and weaknesses of such a model and user should always
remember that process simulators never perform better than the model upon which they are
based (Hessen et al., 2013). Thus the accuracy of the complete model largely depends on the
accuracy of sub-models used. The detailed information about accuracy, precision, assumptions
made during the development and the range of applicability of the sub-models is very crucial for
selecting the suitable property sub-model. All these sub-models used in the rigorous model were
developed from some form of experimental data and often the experimental data used in sub-
models development was taken from different sources with different magnitude of error. There is
great amount of information available on model parameters such as liquid density, viscosity,
reaction rate constants, mass and heat transfer coefficients, heat of absorption and solubility of
acid gases. Empirical correlations as function of temperature, pressure and composition were
used to represent some of these parameters while some were represented as constants (Kvamsdal
and Hillestad, 2012). In order to use simulation tools for technology qualification or verification
in process development, their performance must be documented by validating the results against
experimental data. Validation should be done on both the sub-model level (e.g. kinetic rate
models, thermodynamic models, hydraulic models, physical and transport property models) by

utilizing laboratory data (e.g. solution density, viscosity, VLE, kinetics, etc.) and by evaluating
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the overall simulator performance using bench, pilot, demo and/or full scale data. Performance
evaluations should be performed at several scales or stages during the development phases (e.g.
bench, pilot, demo); and the effect of the scale should be investigated on each of these stages. If
there are any discrepancies or unexpected results compared to the previous scale stage, they
should be properly investigated and if possible quantified. In most of the cases, this indicated
that one or some of the sub-models need refinement. Therefore, the validation procedure must be
viewed as dynamic.

To gain in-depth knowledge about the design parameters, several studies on the sensitivity of
various operating and design parameters, model parameter correlations, physical properties and
reaction rate kinetic constants for CO> absorption using MEA has been performed. The objective
often is to find out with what mass transfer coefficient correlations, reaction rate Kkinetic
constants models and physical properties correlations are able to predict the pilot data. In Table

1, sensitivity studies made on CO; absorption using MEA are listed.

Table 1. Sensitivity studies for CO, absorption using MEA

Source Parameters studied

Solvent lean loading and temperature, percentage of CO, removal, solvent
(Abu-Zahra et al., 2007)
concentration, stripper pressure

Solvent (type, concentration and circulation rate), reboiler and condenser
(Mofarahi et al., 2008)
duty and absorber and stripper columns stages

(Kvamsdal and Rochelle, 2008) Liquid density, liquid heat capacity and mass transfer coefficients
(Khan et al., 2011) Mass transfer coefficient correlations
Interfacial area, mass transfer coefficients, hold-up, Henry’s law constant,
(T€nnies et al., 2011)
heat of absorption, amine ion diffusivities, liquid density and viscosity
Liquid density, viscosity, heat capacity, heat of absorption, mass transfer

(Kvamsdal and Hillestad, 2012)
coefficient (kg) and kinetic models
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Viscosity, surface tension, CO, partial pressure, gas and liquid flow rates,
(Tan et al., 2012)

absorbent concentration, liquid temperature,CO- loading, packing

Pressure drop correlations, gas and liquid mass transfer coefficients
(Razi et al., 2012)

correlations, liquid hold-up correlations and interfacial area correlations
(Razi et al., 2013a) Mass transfer coefficient correlations

Kinetic models with corresponding thermodynamic model, mass transfer
(Razi et al., 2013Db)

coefficient correlations
(Afkhamipour and Mofarahi, 2014) Kinetic models in combination with mass transfer coefficient correlations
(Razi et al., 2014) mass transfer coefficient and effective interfacial area correlations

(Morgan et al., 2015) Liquid density, viscosity and surface tension

All the sensitivity studies listed above utilized pilot scale data for all these studies using rate-
based process models. As discussed above, rate based process model uses several sub-models for
kinetics, hydraulics, mass transfer coefficients and physical properties. Razi et al. (2012)
reviewed structured packings hydrodynamics and mass transfer correlations available in
literature and showed that uncertainty is large in applying the proposed pressure drop, gas and
liquid mass transfer coefficients, liquid hold-up and interfacial area correlations for large scale
packed column simulation. Kvamsdal and Hillestad (2012) couldn’t see clear trend regarding
selection of model parameters and suggested that proper choice depends on conditions of the
specific case. From these studies, it was understood that absorber performance was highly
sensitivity to effective interfacial area, Henry’s law constant, heat of absorption, Kinetic
constants, surface tension and CO> loading. However, these studies gave qualitative knowledge
about the different process variables.

The main drawback of these sensitivity studies performed on pilot scale data is that the process

model used employed several parameters with large uncertainty and it is very difficult to assess
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the impact of process parameters. Furthermore, the studies were not performed using the same
pilot scale experimental data. Hence, deeper understanding of the uncertainty associated with
using different correlations for same parameter in the simulation model is needed. This will also
help in selecting appropriate parameters sub-models. In order to see the sensitivity and assess the
effect of several parameters in a detailed manner, in this study lab-scale CO. data based on
equipment, where the interfacial area and mass transfer coefficients are known precisely, was

used. In this way we can eliminated some of the uncertain variables in the sensitivity study.

Llano-Restrepo and Araujo-Lopez (2015) reviewed 33 published rate-based absorber models
journal articles for simulation of CO> absorption using MEA and found that researchers had used
different models or correlations for the parameters needed in the absorber models. As shown by
Llano-Restrepo and Araujo-Lopez (2015), for the same process variable, researchers had used
different correlations. However, they didn’t look into the effect of parameter estimation using
different methods/correlations on the process performance. In this work, we used different
thermodynamic models, correlations available for viscosity, diffusivities, henry’s law constant
and reaction Kkinetics, published in literature. The objective is to compare the impact of various
parameter correlations on predicted performance of the process model. The selected correlations
are applied in detailed penetration theory based absorption model developed in our previous
work (Putta et al., 2016). The reasons for large variations in absorber performance are
investigated through the contributions of the individual correlations/models. No such comparison

was published in literature for lab-scale absorption data.

2. Methodology and models/correlations
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The experimental data used in this work was taken from three different experimental set-ups.
Lab-scale absorption data for CO2 capture using MEA published in literature for wetted wall
column (WWC), laminar jet absorber (LAMJET) and string of discs column (SDC) were taken
from Luo et al. (2012, 2015), Aboudheir (2002), Aboudheir et al. (2003) and Puxty et al. (2010).
The lab-scale experimental data used in this study covers a wide range of conditions for
temperature (293-343 K), MEA concentration (0.5 — 9 M), CO- loading (0 - 0.5), CO; driving
force (0.16 —93 kPa) and gas side mass transfer resistance (with and without). The impact of
selecting different thermodynamic models, kinetic models, henry’s law constant correlations,
correlations for diffusivity of CO. in MEA solution and viscosity correlations on the
performance of the CO> absorption model based on penetration theory is considered in this
study.

CO. absorption model based on penetration theory developed and validated with above
mentioned lab-scale data and presented in Putta et al. (2016), is considered as base case and used
for analysing the impact of different correlations/models considered in this study.

2.1 Thermodynamic models

Four different rigorous thermodynamic models were used to study the impact of thermodynamic
model selection. The extended UNIQUAC by Aronu et al. (2011), the un-symmetric electrolyte
NRTL property method (ENRTL-RK) of Aspen Plus V8.6 template (Aspen Technology, Inc.,
2015) ,the refined e-NRTL model of Hessen et al. (2010) and e-NRTL model were used in this
study. Aronu et al. (2011) used the new experimental VLE data (15-60 mass% MEA) and
physical CO: solubility data from the literature for fitting. used CO. partial pressures, binary
VLE, freezing point depression data and excess enthalpy data to regress of the refined e-NRTL

model interaction parameters.

Table 2. Different thermodynamic models used in this study
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Model parameter Reference for the model/correlation Case Name

Thermodynamic models (1) e-NRTL model: Putta et al. (2016) TD1
(2) extended-UNIQUAC model: Aronu et al. (2011) TD2
(3) refined e-NRTL model: Hessen et al. (2010) TD3
(4) e-NRTL-RK model: Aspen Technology, Inc. TD4
(2015)

2.2 Henry’s law coefficient correlations or methods for CO2 in MEA solution

In general, Henry’s law coefficient of CO> in aqueous MEA solution has been calculated using
simple empirical correlations using N2O analogy or rigorous thermodynamic models
(UNIQUAC or e-NRTL). Due to reactivity of acid gases with alkanolamine solutions, the direct
measurement of the physicochemical properties (free-gas solubility and the diffusivity of CO; in
amine solutions) is impossible. This has led to use of physicochemical properties data of similar
non-reacting gases to measure the properties of CO. ((Clarke, 1964; Hartono et al., 2014;
Bensetiti et al., 1999; Wang et al., 1992; Jiru et al., 2012; Lee et al., 2006; Li and Lai, 1995; Lee
et al., 2006; Li and Lee, 1996; Mandal et al., 2005, 2005, 2004, 2004; Monteiro and Svendsen,
2015; Samanta et al., 2007; Sema et al., 2012; Seo et al., 2011; Tsai et al., 2000; Versteeg and
Van Swaalj, 1988). Due to molecular similarities (structure and properties), the analogy with
N20 is widely applied for estimation of CO, properties and has been referred to as the “N>O
analogy”. Clarke (1964) assumed that at constant temperature the ratios of CO2 and N20
solubilities and diffusivities in water and in aqueous solutions of organic solvents are similar
within 5%. As per N2O analogy, the equations for estimation of solubility/Henry’s law constant

(=1/solubility) of CO2 in aqueous amine solutions can be written as shown in equation (1):
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He — COp _water He
H eN2 O_water

COy _amine

N9 O_amine

1)

N20 solubility in aqueous MEA solutions was estimated using various empirical correlations

developed using experimental solubilities and using this solubility in N2O analogy CO2 henry’s

law coefficient was estimated in amine solutions. As reported by Llano-Restrepo and Araujo-

Lopez (2015), no correlation or method stands out to be the most frequently used. Hence the

impact of these kinds of methods or correlations must be studied in detail. The correlations or

methods used in this study are listed in table 3.

Table 3. Henry’s law constant calculation methods or correlations

Correlation Case  Validity range
Remarks
source name MEA (mass %) CO: loading T (°C)
Hartono et al. Validated against different
H1 0-100 0-0.5 25-100
(2014) literature sources
Tsai et al.
H2 6.2 - 37 (1-6 M) 0 15-75 valid for unloaded solutions
(2000)
Wang et al. 100 0 20-85
H3 Validated with data at 15 and 25 °C
(1992) 6.2 - 37 (1-6 M) 0 15-25
Yaghi and
H4 5-30 0 20-60 valid for unloaded solutions
Houache (2008)
Jiru et al. Validated with 18 and 30 mass%
H5 0-100 0 25-50
(2012) literature data in unloaded solutions
Aspen e-NRTL- RK model and validated
H6 0-100 0-0.5 40-120

Technology,

Pco2 data for 18 and 30 mass%
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Inc. (2015) MEA solution

(Aspen plus
V8.6 template)
Aronu et al.
(2010)

Validated with 30 mass% literature
extended- H7 15-60 0-0.5 40-120

data in CO; loaded MEA solutions
UNIQUAC
model
Hessen et al.

validated with literature Pco, data
(2010) refined H8 15-60 0-0-5 40-120

for 30 mass% MEA solution
e-NRTL model
Putta et al. . o

validated with literature Pco, data
Eﬁg&gl) e-NRTL  H9 15-60 0-0-5 40-120 for 30 mass% MEA solution

2.2 Transport property calculation methods or correlations

Two kinds of approaches, namely, N2O analogy and modified Stokes-Einstein correlation, were
used for calculating the diffusivity of CO: in the liquid phase. Diffusivity correlations, based on
modified Stokes-Einstein relation, given by Versteeg and van Swaaij (1988) and Versteeg et al.
(1996) were more often used in literature. N.O diffusivity correlations (developed using
experimental NoO diffusivities) given by Ko et al. (2000), Jamal (2002) were also used in
literature. Recently Ying and Eimer (2012) developed new correlation for N2O diffusivity. N2O
analogy (equation (2)) and Modified Stokes-Einstein correlation (equation (3)) for estimation
CO: diffusivity in amine solutions are given as

DCO water
DC02 _amine — (Dz—_tJ DN2 O_amine (2)

N2 O_water
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Water
Viscosity (i) of the amine solution is used in the calculation of pressure drop and interfacial area
of the packing in addition to the calculation of diffusivities (Modified Stokes-Einstein
correlation, equation (3)). Different correlations have been developed based on experimental
solution viscosity data and these correlations have been used in simplified and also rate-based
simulation models. As mentioned earlier, the uncertainty in calculation of interfacial area is very
high, so it’s difficult to assess the impact of different correlations. In this study the impact of
different viscosity estimation correlations on the performance is evaluated by using these
correlations in the calculation of diffusivities using equation (3). As per the review done by
Llano-Restrepo and Araujo-Lopez (2015), 66% of the works used Weiland et al. (1998)
correlation for the calculation of viscosity of the liquid phase. Recently Hartono et al. (2014) and
Morgan et al. (2015) proposed/updated the correlations for calculation of solution viscosity. All
these correlations were validated using CO> loaded MEA viscosity data. In this study, these

three correlations were used to study the effect of viscosity parameter estimation correlations.

Table 4. Overview of Correlations of N,O diffusivity in amine solutions and/or solution viscosity correlations used

for CO- diffusivity calculation

Source of correlation Case Temperature Concentration CO- loading  Remarks
name
range [K] range [mol/L] [mol/mol]

N20 analogy (equation (2))

Ko et al. (2000) DC1 303-313 1-5 0 Valid for unloaded solutions
(base
case) up to 313 K.

Jamal (2002) DC2 298-313 0-5 0 Valid only up to temperatures
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of 313 K. for unloaded

solutions

Ying and Eimer (2012) DC3 298-333 0-12 0 Valid for unloaded solutions

Modified Stokes-Einstein correlation (equation (3)) with different viscosity models

Hartono et al. (2014) DC4 298-353 0-pure MEA 0-05
Weiland et al. (1998) DC5 298 1.6-6.5 0-05 Valid at 298 K
Morgan et al. (2015) DC6 298-353 3.3-6.5 0-05

2.3 reaction rate kinetic models

In rate-based process modelling of a reactive absorption, Kinetics plays a key role. For CO:
absorption using aqueous MEA solutions, two different reaction mechanisms, namely,
Zwitterion mechanism and direct (termolecular) mechanism, were used to develop rate equation.
Detailed information about the reaction mechanisms is reviewed several researchers (Aboudheir
et al., 2003; Luo et al., 2012; Vaidya and Kenig, 2010, 2007; Versteeg et al., 1996), so it’s not
presented here. We are interested in rate equations developed for CO2-MEA system and their
validity and effect of their actual usage in simulation studies. It’s observed that investigators in
CO- capture with aqueous MEA solutions, often use the kinetic models from the literature (for
example Hikita et al. (1977, 1979) and Versteeg et al. (1996) kinetic models (Kinl and Kin2))
outside their validity range (in terms of temperature, amine concentrations and also CO:
loading). Different kinds of rate expressions used in this study are listed below.

Hikita et al. (1977, 1979) kinetic model:

In CO> absorption into aqueous MEA solutions, two overall reactions were considered by Hikita

etal. (1977, 1979).
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CO,+2MEA <> MEAH* + MEACOO™ (4)

CO,+MEACOO™ +H,0 <> MEAH* + 2HCO; (5)

In industrial absorption columns, due to short contact times between gas and liquid, the effect of

reaction (5) was neglected and reaction (4) occurs in two steps.

CO,+MEA <> H" + MEACOO" (6)

H* +MEA < MEAH* (7
Protonation reaction (7) was assumed to be instantaneous and reaction (6) was assumed second
order. The reaction rate equation was given as

Reo, = k,[MEA][CO, ] (8)

Here ko is second order reaction rate constant and expressed as

log, (k,) :10.99-@ )

Versteeg et al. (1996) kinetic model:

Versteeg et al. (1996) used zwitterion mechanism to evaluate CO, absorption into MEA. As per
zwitterion mechanism, the reaction between CO. and alkanolamine proceeds via the formation of
zwitterion followed by the deprotonation by a base.

k2
CO,+MEA¢>MEAH "COO~ (10)

,kz

Kp
MEAH "COO™ + B«->MEACOO"™ + BH i (11)

_kb
Versteeg et al. (1996) assumed for CO> reaction with aqueous MEA solution, the overall reaction
order as two based on zwitterion mechanism, i.e., zwitterion formation reaction (equation (10))

as the rate determining step.
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The reaction rate is expressed as:

Reo, = K,IMEA][CO, ] (12)

Where k2 is second order reaction rate constant and expressed as Arrhenius type of equation in
temperature

k, =4.4x10° exp(—sd_'l_ﬂ) (13)

Aboudheir et al. (2003) kinetic model:

Direct (termolecular) mechanism was used to determination reaction kinetic between CO; and
aqueous MEA solution. As per the termolecular mechanism, the bond formation and proton
transfer to the base take place simultaneously in a single step and the reaction order is three as

per this mechanism.
CO, + MEA+B <> MEACOO™ +BH" (14)

Here B represents bases present in the solution. Aboudheir et al. (2003) considered MEA and

H>0 as main bases participating in the reaction (14). The overall reaction rate is given as

¥ 1 ) . . .
Reoy = (Kuene IMEATF Ky, [HZOI); [MEATCO, } ——MEACOO" 4,0 % (15)
eq
Where,
Kyiga o = 4.61x10° exp(—g) (16)
Kii,0, = 4.55x10° exp(—BZTﬂ) (17)

Aspen Plus V8.6 kinetic model:
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The kinetic constants of reaction (18) were estimated from Hikita et al. (1977) and for reaction
(19) were calculated using the equilibrium constants of the reversible reactions (18) and (19)
and kinetic constants of reaction (18). The reactions considered in Aspen Plus are given in

equations (18) and (19).

kig
CO, + MEA+H,0—MEACOO™ +H,0" (18)
kig
MEACOO™ +H,0" —-CO, + MEA+H,0 (19)

The reaction rate is expressed in terms of activities as

Reo, = kHiN(ViXi )V (20)
Where, y,x,v are activity coefficient, mole fraction and stoichiometric coefficient of component
‘I’ in the reaction respectively and N is number of components in the reaction.

For reaction (18) and (19) are the corresponding Kinetic constants were given as (Aspen
Technology, Inc., 2015):

4959.6

k18 = 3.02X1014 eXp(— T) (21)
k,, =5.52x10% exp(—83_1|_£) (22)

Luo et al. (2015) kinetic models:
The chemical reactions considered by Luo et al. (2015) for describing the CO> absorption into
aqueous MEA system are written as:

Reaction (18) given above was considered for CO2-H20O-MEA. In addition to this reaction of

H,O" with MEA is written as:

MEA+H,0" — MEAH* +H,0 (23)
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The overall reaction can be written by adding equations (18) and (23) as:
CO, +2MEA - MEACOO™ + MEAH" (24)

Reaction rate equation considered by Luo et al. (2015) for estimation of reaction kinetics was

considered as:

Rcoz = (kMEA,c [M EA]+ ngO,c [HzoI){[MEAI(:Oz ]}

(25)
= (kMEA,a G men [MEA]+ kHzo,agHzo [HZO:D{gMEA [MEA]gcog [Coz]}

The kinetic constants for concentration based (with subscript ‘c’) and activity based (with
subscript ‘a’) models were given as:

4742

Kyia e = 2.003x10% exp(—T) (26)
Kiyo0 = 4.147x10° exp(—g) (27)
Kyiea» =1.844x10' exp(—%lz) (26)
Kiy0a = 2.064x10° exp(—l?rﬁ) (27)

Putta et al. (2016) kinetic models:

Direct reaction mechanism was used in the development of kinetic models. The base
contributions of both MEA and H20 were considered and the reactions were same as given in
equation (14). The reversibility of both reactions was also considered.

The reaction rates were given as:

&

k c g’ + 14 .
Fooy wen = Kuea [MEAT [cO, } gﬁggleAH ¥MEACOO" §
eq, 2 _ ,C

(28)
) gleAcoo g

o

x k a Q
= kMEA,a giAEA [MEA]Z 9co, [Coz]' KL:

eq,CO» _MEA,a @

&

MEAH* g\/l EAH ﬁg

MEACOO
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eq,COp

_Hy0c 9

ngO,a

= Kiy0,a9h,0 [H.010ven [MEA]gcoz [CO,} g

(29)

eq,COp _H»0,a

) , o . o
;;gH30+ 3430 @MEACOO' gleACOO g

The Kinetic constants for concentration based and activity based models were given as:

4936.6

— 9

Kveae = 3.1732 x 10° exp(- —) (30)

3900
— 8
Ki0. = 1.0882 x 10°exp(- —) (31)
5851.7
— 11
Kueaa = 4.5191 x 10" exp(- ) (32)
2382.4
— 6

Kiyo0.0 = 2.1105 x 10" exp(- ) (33)

The validity range of above mentioned kinetic models is shown in table 5.

Table 5. Validity of kinetic models considered in this study

Source/ Case name Temperature Concentration CO; loading Remarks

Kinetic model range [K] range [mol/L] [mole CO2/mole

MEA]

Hikita et al. (1977, 1979) Kinl 288-318 0.0152-0.177 0 Valid at low MEA
concentrations  and
for unloaded
solutions

Versteeg et al. (1996) Kin2 278-313 0- 0 Pseudo first order

assumed and valid
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Aboudheir et al. (2003) Kin3

Aspen Plus V8.6 Kin4
Luo et al. (2015) Kin5
Kin6

Putta et al. (2016)

293-333

293-393

293-343

293-343

N. A

05-5

0.5-5*¢

0.5-97*

only up to
temperatures of 313

K.

Kent-Eisenberg
thermodynamic

model was used

Estimated using
Hikita et al. (1977)

model

Pseudo first-order

assumption

Concentration based
model is valid up to 5

M MEA only

*c- Concentration based kinetic model, *a-activity based kinetic model

2.4 Using Aspen Plus thermodynamic model and properties

In research, often investigators use the published kinetic models in commercial software tool like

Aspen Plus, Hysys for parametric study, performance evaluation and investigation of optimal

process configurations as a part of process development. In order to see the impact of using

kinetic models available in literature with Aspen Plus thermodynamic model and properties,

frequently used kinetic models (Hikita et al. (1977, 1979), Versteeg et al. (1996), Aboudheir et

al. (2003)) and recently developed kinetic models (Putta et al. (2016) both activity and

concentration based ) were used. In addition to these activity and concentration based Kinetic
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models given Aspen Plus V8.6 were also used to see model prediction ability of experimental
data.

3. Results and discussion

Above mentioned different models/correlations for estimation of model parameters in process
simulation were implemented into penetration theory based absorption model and the impact of
them on model predictions was calculated. In all the sub-studies, the impact of using different
methods and correlations was compared with base case. The methods and correlations used in

the base are given in table 6.

Table 6. Base case: parameter estimation models/correlations

Model parameter Case name Reference for the model/correlation
Thermodynamic method TD1 e-NRTL model: Putta et al. (2016)
Kinetic model Kin6 Penetration theory based Kkinetic

model: Putta et al. (2016)

Henry’s law constant of CO2 H9 e-NRTL model: Putta et al. (2016)
Diffusivity of CO, in amine DC1 Ko et al. (2000) correlation based
solutions on N0 analogy

In following sections, we will discuss the impact of these models/correlations on simulations
results in detail.

3.1 Impact of changing thermodynamic model

To study the impact of thermodynamic model on the performance of the absorber, only
thermodynamic model was changed and all other parameter correlations kept same as in the base

case.

Table 7. The impact of changing thermodynamic model on model predictions for different experimental source data
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AARD (%)

Thermody Concentrations based kinetics simulation model Activity based kinetics simulation model

namic Luo et al. (2012, 2015) Puxty et Aboudheir Luo et al. (2012, 2015) Puxty et al. Aboudheir
model al. (2010) (2002) (2010) (2002)
SDC WwwcC WwcC LAMJET sSDC WWC WWC LAMJET
Base case
14.4 13.9 12.4 13.1 18.9 14.8 13.8 10.1
(TD1)
TD2 14.5 13.9 17.9 14.1 19.1 14.2 19.4 9.2
TD3 32.0 25.9 32.6 30.9 26.4 20.9 28.6 17.8
TD4 35.3 12.8 37.1 13.5 27.7 12.2 27.6 13.8

From the table above, the degree of impact of the thermodynamic model depends on the type of
the simulation model used (concentrations or activity based) and experimental data conditions
used for. The base case thermodynamic model (Putta et al. (2016) e-NRTL model) (TD1), and
extended-UNIQUAC model by Aronu et al. (2011) (TD2) were developed (fitted) using the same
experimental VLE data but with different type of model (e-NRTL/extended UNIQUAC). The
extended UNIQUAC (Aronu et al. (2011)) (TD2) predicted same as the base case for Luo et al.
(2012, 2015) SDC and WWC data and Aboudheir (2002) laminar jet data. However, in case of
Puxty et al. (2010) WWC data, extended UNIQUAC (Aronu et al. (2011)) (TD2) predicted with
AARD of 6% higher than the base case in both activity and concentrations based models and
these deviations were found to be at loading 0.5. Hessen et al. (2010) refined e-NRTL model
(TD3) gives large deviations (AARDS: 12 -18 % more compared to base case) for data from all
the sources used in this study and the deviations decrease in activity based model (AARDS: 6.5 -
14.8 % more than the base case). Aspen Plus V8.6 (Aspen Technology, Inc. (2015)) e-NRTL-RK

model (TD4) improved model predictions than the base case for Luo et al. (2012, 2015) WWC
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data in concentrations based simulation model and predicted with almost same accuracy (AARD)
as base case for Aboudheir (2002) laminar jet data. However, with the same Aspen Plus V8.6 e-
NRTL-RK model (TD4), the model predicted deviations (AARD) were more than 20% than the
base case for Luo et al. (2012, 2015) SDC and Puxty et al. (2010) WWC data in concentrations
based model and the deviations (AARD) were 9-14% more than the base case in activity based
model.

From the detailed analysis of the simulation results, it was found that the quality and type of
experimental data used for thermodynamic model development has more impact than the type of
model (UNIQUAC/e-NRTL). With Aspen Plus V8.6 e-NRTL-RK model (TD4), it was found

that the model deviations were lower at high CO> loadings (>0.15) in the activity based model.

3.2 Impact of changing Henry’s law constant model/correlation

In order to find the impact of Henry’s law constant model/correlation on the performance of the
absorber, only Henry’s law constant estimation correlation/model was changed and all other
parameter correlations kept same as in the base case. In this part equilibrium concentrations
(VLE) and activity coefficients were determined same as in base case for all the cases in Table 8.
The correlations/models used in this work were listed in table 3. The AARDs of simulation
predictions by using different CO2 Henry’s law constant (in MEA) estimation correlations are

listed in table 8.

Table 8. The impact of changing CO; Henry’s law constant estimation correlation on model predictions for different

experimental data

H_CO, AARD (%)

(kPa/kmo Concentrations based kinetics simulation model Activity based kinetics simulation model
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I-md) Puxty et Aboudheir Puxty et al. Aboudheir

Luo et al. (2012, 2015) . (2010) (2002) Luo et al. (2012, 2015) (2010) (2002)
SDC WWC WWC LAM.JET SDC WWC WWC LAM.JET

Base

case 14 13 12 13 19 15 14 10

(H9)

H1 12 15 15 16 16 15 15 12

H2 44 15 48 14 50 18 55 20

H3 123 42 225 69 129 40 235 71

H4 61 18 73 68 82

H5 64 83 72 93

H6 42 13 36 15 47 16 42 20

H7 14 14 12 14 19 14 13 10

H8 33 26 34 31 37 28 37 32

From the above table, it was seen that Henry’s law constant estimation with Hartono et al. (2014)
empirical correlation (H1) and Aronu et al. (2010) extended-UNIQUAC model (H7) predicted
with almost same accuracy as base case (Puxty et al. (2010) e-NRTL model). Wang et al. (1992)
correlation (H3) found to give highest deviations when used in simulation model among all the
models and correlations used in this study. Wang et al. (1992) correlation (H3) was developed
for unloaded MEA solutions and at low temperatures (15°C -25°C).It was found from the
experimental Henry’s law for CO2, Wang et al. (1992) correlation (H3) gave under predictions
for temperatures above 323 K even for unloaded 1 M MEA solution and predicted COz henry’s
law constant was around 55-60% of experimental value at high loadings. This means that the
Wang et al. (1992) model (H3) is not valid at high temperatures and for loaded solutions. Tsai et

al. (2000) correlation (H2) always under predicts the experimental CO. Henry’s law constant
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even for unloaded MEA solutions and deviations were more at high loadings. When this
correlation (H2) was used in the model, the simulation predictions were found to have similar
deviations as base case for Luo et al. (2012, 2015) WWC data and Aboudheir (2002) laminar jet
absorber data whereas the deviations were about 3 — 4 times more than that of the base case for
Luo et al. (2012, 2015) SDC data and Puxty et al. (2010) WWC data in case of concentrations
based simulation model. Maximum deviations were seen at high loadings (0.4-0.5) and low
driving forces in case of for Luo et al. (2012, 2015) SDC data and Puxty et al. (2010) WWC
data. Hessen et al. (2010) refined e-NRTL model based CO; henry’s law (H8) values when used
in the simulation, the predictions were found have AARDs about 26 — 37% for all the data from
all sources. Both Yaghi and Houache (2008) (H4) and Jiru et al. (2012) (H5) correlations were
found to give higher deviations (AARDSs) for all the data than the base case. Also higher
deviations were seen for Luo et al. (2012, 2015) SDC data and Puxty et al. (2010) WWC data
than other sources data as clearly seen from Table 8. With Henry’s law constant from Aspen plus
V8.6 (Aspen Technology, Inc. (2015)) (H6) , the predicted absorption rates found to have same
AARD:s as in base case for Luo et al. (2012, 2015) WWC data and Aboudheir (2002) laminar jet
absorber data whereas the deviations were about 3 times more than that of the base case for Luo
et al. (2012, 2015) SDC data and Puxty et al. (2010) WWC data in case of concentrations based
simulation model. In the activity based model, for Aboudheir (2002) laminar jet absorber data
the AARD found to be 2 times the base case. With all Henry’s law constant correlations/models
except Hartono et al. (2014) correlation (H1) and Aronu et al. (2010) extended-UNIQUAC
model (H7), the simulation was not able to represent the desorption which was found in base
case. This shows clearly that henry’s law constant has huge impact on model performance. When

Henry’s law constant is estimated using thermodynamic model, it is essential to fit the model
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using physical solubility data of CO2. The effect of using CO solubility data in fitting can be
clearly seen with Hessen et al. (2010) refined e-NRTL model based CO, henry’s law (H8)
(where CO2 solubility is not used in the model fitting) and Aronu et al. (2010) extended-
UNIQUAC model (H7) (where solubility data is used).

3.3 Impact of changing reaction rate kinetic model

In order to find the impact of reaction rate kinetic models on the performance of the absorber,
only kinetic model was changed and all other parameter correlations kept same as in the base
case. In this study, the kinetic models that have been used in literature widely and also newly
proposed kinetic models (listed in table 5) were used to assess the degree of influence on the
simulation results. The AARDS of the predicted results by using the different kinetic models are

shown in table 9.

Table 9. The impact of changing reaction rate kinetic models on simulation predictions

AARD (%)
Concentrations based kinetics simulation model Activity based kinetics simulation model
Kinetic
el Luo et al. (2012, 2015) Puxty et Aboudheir Luo et al. (2012, 2015) Puxty et al. Aboudheir
al. (2010) (2002) (2010) (2002)
SDC WwwC WwC LAM.JET SDC wwcC wwcC LAM.JET
Base
case 14 13 12 13 19 15 14 10
(Kin6)
Kinl 18 22 41 25
Kin2 19 20 42 22

Kin3 16 22 33 30
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Kin4 22 25 264 30 28 42 51 38

Kin5 22 14 35 21 34 14 45 17

As can be seen from the above table, depending on the process conditions the errors in models
predictions can be very large. Hence when these models are used in the performance evaluation
of the pilot or industrial scale data, the interpretations can be very different from the actual
performance and can be worse if the simulations are used for scale up to an industrial scale. Both
Hikita et al. (1977, 1979) and Versteeg et al. (1996) kinetic models (Kinl and Kin2) predict
experimental CO, absorption rates with almost same accuracy (AARD).Both kinetic models
(Kinl and Kin2) were able to predict Luo et al. (2012, 2015) SDC and WWC data with AARDs
of 10% higher than the base case but Puxty et al. (2010) WWC data with AARD 3.5 times that
of base case and with of AARD almost 2 times the base case for Aboudheir (2002) laminar jet
absorber data. Aboudheir et al. (2003) kinetic model (Kin3) was developed using pure CO; in the
gas phase, i.e., without any gas phase resistance, with very small gas-liquid contact times (0.001-
0.015 s) and using simple Kent-Eisenberg thermodynamic model employing empirical
correlation for CO2 solubility (Tsai et al., 2000). When this kinetic model (Kin3) is used for
systems with gas phase resistance (Luo et al. (2012, 2015) SDC and WWC) and long contact
times in combination with rigorous thermodynamic model (e-NRTL model: Putta et al. (2016)),
predicted simulation results have large error (almost double) even for the same data (Aboudheir
et al. (2003)) that was used in kinetic model (Kin3) development. This illustrates that extra error
can be introduced to the simulation predictions when certain kinetic model is used with different

VLE model.
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Reaction kinetic models given in Aspen Plus V8.6 (Kin4) were used in this study but in the
combination of different thermodynamic model (TD1), both concentration based and activities
based kinetic model predictions gave large deviations (AARDS). In another case Luo et al.
(2015) kinetic models (Kin5) developed with pseudo-first order reaction assumption using Aronu
et al. (2010) extended-UNIQUAC thermodynamic model (TD2). As seen section 3.1, both base
case thermodynamic model (TD1) and Aronu et al. (2010) extended-UNIQUAC model (TD2)
were developed using same experimental data and gave almost same predictions as base case
except for CO2 desorption cases. From the tables 7 and 9, it is seen that even though the
thermodynamic model is same, the error introduced by using the kinetic model based pseudo-
first order assumption (Kin5) is larger than with the kinetic model developed without pseudo-
first order assumption (Kin6). Large deviations were observed at high CO. loading (>
0.4mol/mol). Overall, it can be concluded that none of the kinetic models were able to predict
the experimental CO- absorption rates from all the apparatuses with same accuracy (AARD) as
the base case.

3.4 Impact of changing transport property correlations

In this section, the impact of different CO diffusivity estimation correlations on model

predictions was studied by changing only the diffusivity correlations.

Table 10. The impact of changing CO- diffusivity correlations on simulation predictions

AARD (%)
D_CO,;  Concentrations based kinetics simulation model Activity based kinetics simulation model
in MEA Luo et al. (2012, 2015) Puxty et Aboudheir Luo et al. (2012, 2015) Puxty et al. Aboudheir
model al. (2010) (2002) (2010) (2002)
SDC wwcC WWC LAM.JET SDC wwcC WWwWC LAM.JET

Base 14 14 12 13 19 15 14 10



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

case

(DC1)

DC2 27 12 22 12 31 13 27 12
DC3 13 15 12 16 17 16 13 13
DC4 16 23 26 36 17 24 25 35
DC5 14 22 23 33 17 23 23 31
DC6 14 22 23 32 17 23 23 31

It is observed that just by changing correlation for diffusivity of CO2 in aqueous MEA solutions
from one correlation other correlation, the impact on the simulation predictions can vary
significantly depending on the amine concentration, CO loading and temperatures as seen in
Table 10. Jamal (2002) correlation (DC2) predicts CO- diffusivity values higher than that of Ko
et al. (2000) correlation (DC1) and Versteeg et al. (1996) correlation based on modified Stokes-
Einstein correlation always predicts lower than the Ko et al. (2000) correlation (DC1).By using
Jamal (2002) correlation (DC2) instead of Ko et al. (2000) correlation (DC1), the change in the
AARD:s of simulation results is found to be around 10-13% for Luo et al. (2012, 2015) SDC and
Puxty et al. (2010) WWC data and for Luo et al. (2012, 2015) WWC and Aboudheir (2002)
laminar jet absorber data, the difference in AARDs is insignificant (around 1-2 %). Ying and
Eimer (2012) correlation (DC3) predicted with same accuracy as the base case (DC1) (Maximum
difference in AARDs is 3%). In the Versteeg et al. (1996) correlation itself, depending on the
viscosity model used, the simulation predictions can also vary and it was seen that from changing
viscosity model from Hartono et al. (2014) correlation (DC4) to Weiland et al. (1998) correlation
(DC5), the AARDs decreased by 3-5 %. Morgan et al. (2015) (DC6) and Weiland et al. (1998)
(DC5) viscosity correlations gave predictions with same AARD (difference is less than 0.5%).

The difference in simulation predictions by employing different liquid viscosity correlations in
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CO. diffusivity estimation found to be less significant (difference in AARDs is less than 5%)
compared to difference in simulation predictions due to CO> diffusivity calculation using N.O
analogy and modified Stokes-Einstein correlation (Maximum difference in AARDs is 25%).
Overall, it can be concluded that care should be taken while selecting or changing correlation and
basis (N2O analogy/ modified Stokes-Einstein correlation) for diffusivity of CO; in amine

solutions.

3.5 Impact of changing different combinations of parameter estimation models/correlations

In the literature, it has been seen that kinetic models of Hikita et al. (1977, 1979), Versteeg et al.
(1996) and Aboudheir et al. (2003) were implemented in Aspen Plus to study the absorber
performance and also evaluation of pilot scale experimental data. So, we studied impact of
combination of these reaction rate kinetic models with Aspen Plus properties on the absorber
performance. i.e., Thermodynamic model and physical and transport properties are taken from
Aspen Plus V8.6 e-NRTL-RK template (calculation of equilibrium concentrations, activity
coefficients and henry’s law constant of CO2 in MEA solutions and diffusivities, density and
viscosity). In addition to the literature kinetic models, the recently developed kinetic models by

Putta et al. (2016) were also tested.

Table 11. The impact of using different kinetic models in combination with Aspen Plus properties on absorber

predictions
AARD (%)
Case | yoetal. (2012, 2015) Puxty et al. Aboudheir
Reaction rate kinetic model
name (2010) (2002)
SDC WWwWC

WWC LAM.JET
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Hikita et al. (1977, 1979) SP1 28 23 71 14

Versteeg et al. (1996) SP2 31 22 79 14
Aboudbheir et al. (2003) SP3 17 19 16 12
Aspen Plus V8.6 Concentrations based SP4 22 21 38 14
Aspen Plus V8.6 activities based SP5 27 39 33 32
Putta et al. (2016) Concentrations based  SP6 23 16 33 11
Putta et al. (2016) activities based SP7 18 16 23 7

From table 11, it can be seen that when Hikita et al. (1977, 1979) is used in combination with
thermodynamic model and other properties from Aspen Plus V8.6, except for Aboudheir (2002)
laminar jet absorber data, the simulation predictions have higher deviations than the base case
and for Puxty et al.(2010) WW(C data the simulation predictions have AARD above 70%. When
compared the ability of the same kinetic model (Kinl) but in combination with Putta et al. (2016)
thermodynamic model and corresponding physical properties correlations (Table 9, Kinl), the
deviations (AARDSs) were smaller for Luo et al. (2012, 2015) SDC and Puxty et al.(2010) WWC
data. There is no clear trend in model predictions with the change of thermodynamic and
property models. The prediction capacity is same for Luo et al. (2012, 2015) WWC data.
Furthermore, as shown in Table 11, the same trend was observed for Versteeg et al. (1996)
kinetic model (Kin2). In case of Aboudheir et al. (2003) kinetic model (Kin3), the predictions
are better with Aspen plus thermodynamic model and properties than with the ones used in base
case and the same trend was seen for Aspen Plus kinetic models (Kin4), i.e., for both
concentrations based and activity based kinetic models. Concentration based kinetic model by
Putta et al. (2016) gave deviations (AARDs) of 9% and 21% higher with Aspen Plus
thermodynamic model and properties than the base case (Table 9, Kin6) for Luo et al. (2012,

2015) SDC and Puxty et al.(2010) WWC data respectively. Luo et al. (2012, 2015) WWC data
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was predicted with almost same accuracy as in the base case (difference in AARD is less than
5%). Putta et al. (2016) activity based model in combination with Aspen Plus thermodynamic
model and properties predicts experimental absorption rates from Luo et al. (2012, 2015) SDC
and WWC with same accuracy as the base case (Table 9, Kin6) and the deviations (AARD) are
10% higher than that of base case for Puxty et al.(2010) WWC data. Both kinetics models by
Putta et al. (2016) predicted data from Aboudheir (2002) laminar jet absorber with better
accuracy than the base case. Overall, it can be concluded that by using kinetic models along with
Aspen Plus thermodynamic model and properties, the simulation predictions can be improved for
some kinetic models whereas the predictions became worse for some kinetic models when
compared with predictions in combination with Putta et al. (2016) e-NRTL model and properties
mentioned in table 6.

All the parameters calculation model and correlations studied in the present study have varying
degree of impact on the rate based model predictions. Among all, CO2 Henry’s law constant
calculation correlations/models have highest impact on the predicted CO. absorption rates.
Kinetic models selection affects the simulation predictions more than thermodynamic model and
diffusivity correlations of COz in amine solutions. Thermodynamic models selection has lower

impact on the predicted results than CO. diffusivity correlations selection.

4 Conclusions

In the present study, different thermodynamic models, CO> Henry’s law constant correlations,
reactions rate kinetic models and CO> diffusivity correlations are applied to the rate based model.
The impact of using different models and correlations for the same property on the model

predictions is studied in detail. Experimental data from four different apparatuses with wide
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range of process conditions is used to assess the impact of different models and correlations.
When the thermodynamic model is changed, it was seen that model prediction capacity can vary
greatly. The effect is more at high loadings and low CO: partial pressures. By keeping all other
parameters same as base case and when only changed the CO2 Henry’s law constant estimation
correlation/method, it was seen that the error in model predictions can be very large depending
on the correlation used. So the correlation prediction ability should be assessed or validated
before employing them in the simulations. From this study, we can clearly say that the one
should always be careful while using only kinetic model from published literature in the in-house
or commercial process simulators without taking all other parameters (physic-chemical and
thermodynamic properties) used in the kinetic model development as it can be seen that due to
many different reasons the predicted results can be very uncertain.

In this study of evaluating the different kinetic models prediction capacity, it was seen that most
of the kinetic models existing in the literature fail to represent the experimental CO2 absorption
data from all the sources with same accuracy. In most of the cases, the models are able to predict
the experimental data from one source with good accuracy but fail to predict with same accuracy
from other sources. Also while evaluating the impact of CO; diffusivity correlations on the
model performance, it was seen that N2O analogy gives better representation of the experimental
data compared to modified Stokes-Einstein correlation. From the present study, it is observed
that there are risks of introducing large errors to model predictions just by simply using different
property estimation correlation than the ones used initially in original model development. A
great caution is required while selecting the correct combination of property
methods/correlations. The following steps should be followed in order to evaluate the additional

errors in the model predictions is
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(@) The deviation in that particular property value due to new correlation should be
quantified over the range of process conditions.

(b) Developer should quantify the error introduced to the predictions due to different
property correlation selection

(c) The model should be validated with experimental data

(d) Steps (a)-(c) should be followed for every property correlation changed.
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