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Carbon Dioxide Capture Using Aqueous MEA Solutions in a Countercurrent
Adiabatic Packed-bed Absorber

Sudesna Banerjee, MS

University of Pittsburgh, 2020

A 5-components mathematical model was developed in Matlab (R2016a) for CO:
absorption from a gas mixture using aqueous MEA solutions in a countercurrent adiabatic packed-
bed absorber based on the gas absorption with chemical reaction method developed by Pandya [1].
The absorber was operated under conditions similar to CO; capture in post-combustion
applications. The model equations were derived, and their parameters were obtained from the
literature. The Henry’s Law constant (He) and CO2 diffusivity in the aqueous MEA solutions were
calculated using the N2O analogy. Also, a rate-based model for the system in the same absorber
was developed in Aspen Plus (v.8.8). Both models were used to predict the experimental results
of CO- capture from a gas mixture using aqueous MEA solutions in a 0.10 m ID, 6.55 m height
packed-bed absorber with 12.7 mm Berl Saddles reported by Tontiwachwuthikul et al. [2]. The
experimental results include CO2 mole fraction, COz loading and liquid-phase temperature profiles
for four different runs.

The Matlab model predictions indicated that under all operating conditions used, the
reactions between CO» and aqueous MEA were fast as enhancement factors greater than 10 were
calculated, and consequently the overall mass transfer rates were dependent on the specific wetted
gas-liquid interfacial areas (aw) and independent of the liquid-side mass transfer coefficients (k).
In the Matlab model, the correlations by Cho [3] were used to calculate the specific wetted area

(aw) and the liquid-side mass transfer coefficient (kr); and the model predictions were in a good
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agreement with the experimental data. In the Aspen Plus model, the correlations by Billet and
Schultes [4] were used to calculate (aw) and the liquid-side mass transfer coefficient (k.); and the
model could not satisfactorily predict the experimental data. The reason for this behavior was
attributed to the small aw values calculated using the correlations by these authors when compared
with those using the correlations by Cho [3]. Therefore, an interfacial area correction factor was
introduced into the Aspen Plus model; and as a result, a good agreement was possible between the

corrected model predictions and the experimental data.
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1.0 Introduction and Background

Over the past years, there has been growing concern about the rise of the global
temperatures [5]. Figure 1-1 shows that the global annual-mean air temperature increases by about

0.8°C in the period from 1880 to 2019 [6].
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Figure 1-1: Global Temperature Anomaly vs. Time [6]

According to the National Aeronautics and Space Administration (NASA) [7], increasing
emissions of greenhouse gases (GHGs), including CO., CH4, and NOx;, into the atmosphere block
the heat escaping from earth surface, leading to the global temperature rise. It was reported that
the atmospheric concentration of the GHGs has increased by more than one third since the
Industrial Revolution [8]. The CO2 emissions are due mainly to anthropogenic human activities,

such as respiration, deforestation, and burning fossil fuels [7]. CO2 emitted from burning fossil



fuels, such as coal and natural gas has a major effect because of its abundance, while CHs is a more
potent GHG than CO; [9].

Figure 1-2, taken from the Intergovernmental Panel on Climate Change (IPCC) 2014
report, shows that CO emission from combusting fossil fuel and other industrial processes is 65%,
and that from forestry and other land issues is 11% [10]. The figure also shows that the emissions

of CHa, NOx and fluorinated gases (F-gases) are 16%, 6% and 2%, respectively [10].

Fluorinated
gases
2%

co,
(Fossil fuel and
Industrial Processes)
65%

Figure 1-2: Greenhouse Gas Emission Sources [10]

In 2009, Meinshausen et al. [11] reported that if the CO2 emission is not limited to 50
Gt/year, the global temperature will very likely to increase by 2 °C. The US is heavily relying on
fossil energy for its power generation and approximately 1,925 million metric tons per year of
carbon dioxide (CO2) were emitted from the energy sector, of which 71% was from coal-fired
power plant and 28% was from natural gas-fired power plants [12]. This implies that burning coal
releases approximately 2.5 times as much CO; as natural gas does for each unit of electricity or
power generated. Other industrial applications, such as cement industries, are also a huge source
of CO2 emissions. The US-Energy Information Administration (US-EIA) predicts that in 2030, the

2



US will produce around 6.4 billion metric ton of CO> from burning coal and natural gas, which
will be almost 48% of the world energy-related CO2 emission [13]. Therefore, CO2 mitigation is
an urgent need.

In 2015, the US government planned to cut by 2025 more than 1,300 metric tons of carbon
emission [14] by implementing the carbon capture and sequestration (CCS) program. In this
program, the US government aims at capturing 90% of CO, from power plants and industrial
processes without substantially increasing the cost of electricity (COE). This CCS approach is
attractive, since it would allow coal to be used without radically contributing to the GHG effects

[15, 16].

1.1 CO2 Capture Processes

The main CO> capture processes include chemical methods; physical methods; solid
sorbents; membranes; and cryogenics [17, 18]. Physical methods, solid sorbents, membranes and
cryogenics are not the subjects of this study and therefore they will not be discussed. Only chemical
methods are briefly described in the following.

In conventional power generation facilities, pulverized coal is combusted in the presence
of air in a boiler at 1600 ~ 1800 °C. The boiler generates steam which derives turbines to generate
electricity. As a result, flue gas containing mainly CO-, water vapor, remaining unreacted oxygen
and other combustion side products is produced. Nitrogen oxides (NOx), can be also produced in
the boiler due the presence of N at high temperature. A schematic of a coal-based power plant
with post-combustion CO- capture is shown in Figure 1-3, which includes two main units, namely

power generation unit and post-combustion CO> capture unit. In the power generation unit, coal is



combusted in the boiler. The resulting flue gas is then deashed and the nitrogen-containing and
sulfur-containing compounds are removed. The partially cleaned flue gas enter the post-
combustion CO; capture unit, in which acid gases (CO2 and H,S) are removed in the acid gas
removal (AGR) unit. The “treated” flue gas is then released into the atmosphere through the stacks

of the power plant.

Power Generation

r"““'““‘“"“"'- Flue Gas Post-Combustion

! Air  Coal 1

i 1l o I _________ 0. Capture _

: | | =

t [ PCBoiler 5] Bag |, [deNoJ]i | Acid Gas |

i (With SCR) i Filter | °| FGD : “| Removal !

: : P ;

] 1

i —T> Ash I Lean CO; Rich H

| Steam i i Solvent| | solvent i

i v E : :

| Steam 1 i | co.s i i

| ! > Power! 2 Separation/ H

H Turbine H i Solvent EP ('iOz to E

:. ___________________ : ! Regeneration Ipeline !
S —— ]

Figure 1-3: Power Generation Plant with Post-combustion CO. Capture [19]

A typical untreated flue gas composition from burning a low-sulfur eastern bituminous coal

in a power plant is shown in Table 1-1 [20].

Table 1-1: A Typical Untreated Flue gas Composition [20]

Species Concentration
H20 5~7 mol%
02 3~4 mol%
CO; 15~16 mol%
CO 20 ppm
HCI 100 ppm
SO, 800 ppm
SO3 10 ppm
NOx 500 ppm
Hydrocarbons 10 ppm
Total Hg 1 ppb
N2 balance




This flue gas needs further preconditioning, including, desulfurization, dehydration and
deoxygenation, to prevent degradation of the chemical absorbents used for CO, capture. NOx can
be removed from the flue gas using a selective catalytic reduction (SCR) process [21] and chemical

methods are used to capture CO. from flue gas [22].

1.1.1 Chemical Methods

Chemical methods depend on direct reactions between CO; and a reactive solvent often in
a countercurrent packed-bed absorber. The absorber contains solid packings to increase the mass
transfer between CO> and the solvent. The flue gas enters from the bottom the absorber, while the
chemical solvent enters from the top. Upon reaction, the CO»-rich solvent is sent to a regenerator
(stripper) where it is heated to release most CO> absorbed and the CO>-lean solvent is recycled
back into the absorber. Figure 1-4 presents a schematic of a post-combustion CO> capture process

using amine [23].

Treated Gas Condenser

CO:to

Lean Amine .
compression

L i

Absorber |7 7 Stripper

P o
Flue Gas -

from power '\‘___/' Reboiler

plant

Cross Heat

Rich Amine Exchanger

Steam from
power plant

Figure 1-4: Schematic of a Post-combustion CO2 Capture Process using Amine [23]



1.1.2 Chemical Solvents and Processes Used

Ammonium hydroxide (NH4OH), sodium hydroxide (NaOH), potassium carbonates
(K2COs3), monoethanolamine (MEA) [24-31], 2-amino-2-methyl-1-propanol (AMP) [32-44] and
sodium glycinate [45-53] and others have been used for CO. capture from post-combustion

applications.

The Aqua-Ammonia process uses aqueous ammonium hydroxide to capture CO2 from the
post-combustion flue gas. The advantages of this process reside in the fact that ammonia does not
cause equipment corrosion and does not suffer from degradation due to the presence of SOx and
O2 in the flue gas [54]. In addition, the major products of this process are useful fertilizers,
including ammonium sulfate and ammonium nitrate [25]. The drawback of this process, however,
is the volatility of ammonia, leading to its loss in the treated flue gas stream [29, 55]. In 2009,
Kozak et al. [56] proposed a chilled ammonia process and constructed a field pilot plant to capture
15,000 ton of CO- per year. The plant included absorber vessels, pressure vessels, circulation
pumps, regenerator feed pumps, heat exchangers, chillers, process instruments and control valves,
gas sampling system, and Programmable Logic Controller (PLC) for process control.

The Benfield process [57], employing potassium carbonate (K.COs3) as a solvent, was used
to capture CO2 from flue gas. The overall reaction between CO. and potassium carbonate is shown

in Equation (1-1) [58, 59].

CO, + H,0 + K,CO5; — 2KHCO; (1-1)



In 2008, Ahmadi et al. [60] developed a model following the procedure by Aboudheir et
al. [61] to simulate CO- capture from a simulated flue gas using a potassium-based solvent in a
packed-bed absorber operating under a high pressure of 20.4 atm. The solvent contained 3.09
mol% K2COs, 2.85 mol% KHCOs, 91.28 mol% water, 1.25 mol% KBO: and 0.28 mol% KVOs;
and the simulated flue gas consisted of 10.32 mol% CO3, 63 mol% N2, 15.09 mol% C>Ha, 6.27
mol% Ar and 3 mol% H20. The solvent and flue gas flow rates were 5,196.89 and 833.14 kmol/h,
respectively. The temperature of the solvent and gas phases were 377.1 K and 321.2 K,
respectively. The packed-bed dimensions were 1.219 m ID and 18.29 m height and it was packed
with 50 mm steel Hy-pac. Under these conditions, the authors reported that the CO capture
efficiency reached 94.9% and their model was able to predict the experimental data with a good
accuracy.

In 2009, Yi et al. [62] carried out experiments and modeled CO> capture by the Benfield
solution in a rotating packed-bed. They reported a 10% deviation between their model predictions
and the experimental data. They further used their model to study the effects of liquid flow rate,
gas flow rate, rotating speed, temperature and end effects on the gas-phase volumetric mass
transfer coefficients.

In 2012, Mumford et al. [63] described the performance of a pilot-plant absorber for CO>
capture using 30 wt% potassium carbonate (K>COs3) solution at a temperature of 240 °C and
pressure of 1 kPag. The absorber dimensions were 1.5 m ID and 7 m height and it was packed with
steel Sulzer Nutter rings. Although only 20% ~ 25% of CO> from the flue gas were captured under
these conditions, the authors claimed that valuable operating data were obtained, which enabled a
process simulation using Aspen Plus and a direct comparison with actual pilot plant data. They

reported that the Aspen Plus model predictions were within 5% of the pilot plant data and therefore
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they claimed their model can contribute to the development of potassium carbonate processes in
large-scale CO> capture in postcombustion applications.

In 1989, Tontiwachwuthikul et al. [64] conducted experiments for CO, absorption from
COo-air mixture using AMP, NaOH and MEA solutions, in a packed-bed with 0.1 m ID and 7.2 m
height containing 0.5 inch ceramic Berl Saddle packing. In 1992, Tontiwachwuthikul et al. [2]
reported the liquid temperature, CO> loading and CO, mole fraction in the gas-phase at each
section. These authors developed a Fortran program using Pandya’s approach [1] to model two
runs (T16, T22) of the experimental results. In 1993, Pintola et al. [65] developed a model using
Pandya’s approach [1] and reported that their model predictions were in agreement with the
experimental results of T22 run. Aboudheir et al. [61] and Krishnamoorthy et al. [66] developed
models for MEA system using run (T22) and Pandya’s approach [1] and reported that their model
predictions were in agreement with the experimental results. In 2017, Oko et al. [22] mentioned
that MEA solution (30 wt% MEA or less) is generally considered as a benchmark solvent for post-
combustion CO> capture. Rao et al. [67], however, reported that the oldest commercial post-
combustion CO- capture processes, Kerr-McGee/ABB Lummus Crest process and the Fluor
Daniel’s Econamine FG process use 20 wt% and 30 wt% MEA solutions as solvents, respectively.
Table 1-2 shows a summary of different processes used for CO2 removal in post-combustion

applications [68].



Table 1-2:

Chemical Processes used for Post-combustion CO2 Capture [68]

Process name Reactant/Solvent + Additives COzin (;Eﬁ;[ed Gas
MEA MEA (20%)/Water <50
Promoted MEA MEA (25-30%)/Water + amine guard <50
Benfield K2COs (25-30%)/Water + DEA 500-1000
Vetrocoke K>COs/Water + As;O3 + glycine 500-1000
Catacarb K2CO3 (25-30%)/Water + additives 500-1000
Lurgi K2COs (25-30%)/Water + additives 500-1000
Carsol K2>COs/Water + additives 500-1000
Flexsorb HP K2CO3 amine promoted/Water 500-1000
Alkazid K>-methylaminopropionate/Water Suitable range of 50-3000
MDEA MDEA (40%)/Water + additives 100-500

Even though MEA has been used in numerous applications, it inherits the following
limitations: (1) it has rapid kinetics and requires high solvent regeneration energy (in the range of
3.2-4.2 GJ/ton CO) [22], (2) the CO2-loaded MEA solution is very corrosive and degrades rapidly,
(3) the MEA solution require high solvent circulation rate, which leads to large equipment sizes
and high energy consumption [22], and (4) the manufacture of MEA by ammonia and ethylene
oxide reaction raises concern due to CO2 emission [69]. This is because the production of ammonia
using the Haber—Bosch process releases CO> and the production of ethylene oxide produces COx.
Considering the above limitations of using MEA, new chemical solvents are being considered,
which include mixed amines (MEA and MDEA, AMP and PZ) [70] and biphasic solvents [71],
which have shown high potential for CO. capture. For example the biphasic solvents appeared to
require about 50% less regeneration energy and have about four times cyclic loading capacity
compared to MEA [72]. The existing commercial post-combustion CO, Capture processes using

new solvents are given in Table 1-3.


https://www.sciencedirect.com/topics/engineering/ammonia
https://www.sciencedirect.com/topics/engineering/ethylene-oxide
https://www.sciencedirect.com/topics/engineering/ethylene-oxide
https://www.sciencedirect.com/topics/engineering/haber-bosch-process
https://www.sciencedirect.com/topics/engineering/ethylene-oxide

Table 1-3: Commercial Chemical Processes for Post-Combustion CO2 Capture

Process Developer Solvent Demonstration Commercial project
CanSolv® Shell Amine- TCM Norway Boundary Dam Canada
(Shaw 2009) [73] based (Operational)
PostCap™ Siemens Amino TCM Norway ROAD Netherlands
(Siemens 2015) acid salt Big Bend post- (Planning)

[74] combustion CO- Masdar Abu Dhabi
capture, Florida (Planning)
Advanced Amine Alstom Power/ | DOW EDF PCC Le Elektownia Belchatow,
Process Dow Chemical | UCARSO | Havre, France Poland (Planning)
(Chopin 2014) L™ FGC Charleston post- GETICA Romania (on-
[75] 3000 combustion CO> hold)
capture, West
Virginia
KM-CDR™ MHI/KEPCO | KS-1 Plant Barry, Petro-Nova CCS, Texas
(MIT 2016b) (Hindered | Alabama (On-going)
[71] amine) Plant Yates,
Georgia
HTC HTC Amine- International Test | Antelope Valley CCS,
(HTC Purenergy/ based Centre, Canada North Dakota
Purenergy 2016) Doosan
[22] Babcock
CO2 Solution CO2 Solutions | Enzyme- Pikes Peak South
(MIT 2016) Ltd. based post-combustion
[76] solvent CO. capture,
Saskatchewan,
Canada
DMX™ IFPEN/ Biphasic ENEL’s Brindisi
(Raynal et PROSERNA | solvent Pilot post-
al. 2013) combustion CO2
[71] capture, Italy

1.2 Potential Benefits and Utilizations of the CO2 captured

CO:2 has significant financial benefit, such as “carbon trading,” which is a market-based

system aimed at reducing GHGs responsible for global warming by burning fossil fuels [77]. CO-

can be considered as a plentiful potential feedstock for many products, including commercial

chemicals, plastics, and improved cement. CO: injection for enhanced oil recovery (EOR) has
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https://link.springer.com/article/10.1007/s40789-017-0159-0#CR82
https://link.springer.com/article/10.1007/s40789-017-0159-0#CR13
https://link.springer.com/article/10.1007/s40789-017-0159-0#CR70
https://link.springer.com/article/10.1007/s40789-017-0159-0#CR33
https://link.springer.com/article/10.1007/s40789-017-0159-0#CR53
https://link.springer.com/article/10.1007/s40789-017-0159-0#CR71

been widely accepted as an effective technique for oil production for over 40 years [78]. The
economic benefits due to the oil produced are attractive and can offset the cost of CO2 injection
[79]. COz2 can also be utilized as a food grade-quality in gaseous beverages or to produce high-
value chemicals, such as sodium, ammonium or calcium carbonates or bicarbonates, which can be
used or sold to offset some of the cost associated with the CO. capture process. Figure 1-5 shows

various potential benefits and utilizations of the captured CO> [80].
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Figure 1-5:Potential Benefits and Utilizations of the Captured CO: [80]
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2.0 Research Objectives

The objectives of this study are:

(1) To develop a five-components (CO., air, H.O, MEA, Carbamates) comprehensive

mathematical model in Matlab (R2016a) to predict the behavior of CO> capture from a mixture

with air using aqueous MEA solutions in a countercurrent adiabatic packed-bed absorber;

(2) To develop a model in Aspen Plus v8.8 to predict the behavior of the same absorber under

identical operating conditions; and

(3) To validate the predictions of the two models with the experimental data reported by

Tontiwachwuthikul et. al. [2] for CO> capture from a gaseous mixture in air with aqgueous MEA

solutions.

In order to achieve these objectives, the following tasks are proposed:

Task 1: Develop a comprehensive mathematical model in Matlab 2016a following Pandya’s [1]
approach for CO> capture from a COo/air mixture using aqueous MEA solutions in an
adiabatic packed-bed absorber.

Task 2: Conduct extensive literature search to obtain and correlate the required equation
parameters in the equations of the reactor model.

Task 3: Validate the Matlab model predictions against the adequate experimental data (with
accurate CO2 material balance) reported by Tontiwachwuthikul et al. [2].

Task 4: Develop another model using a Rate Base model in Aspen Plus v8.8 for CO> capture from
a COo/air mixture using agueous MEA solutions.

Task 5: Validate the Aspen Plus model predictions against the adequate experimental data (with

accurate CO2 material balance) reported by Tontiwachwuthikul et al. [2].

12



Task 6: Compare the predictions of the Matlab and Aspen Plus models. The predictions include
CO2 mole fraction, CO2 loading, CO. capture efficiency, gas-phase temperature, and

liquid-phase temperature.

2.1 Chemistry of CO2 - MEA System

The COz - MEA reaction mechanism is highly complex and has not been well understood,
even though, it has been theoretically and experimentally studied [65]. The MEA molecule is
bifunctional with a primary alcohol and a primary amine, with a formula of OH-CH2-CH2-NH,
denoted as RNHz. In 1967, Astarita [81], represented the overall reaction mechanism, which

includes the 4 main reactions represented by Equation (2-1) through (2-5).

1. Carbamate formation:

CO, + 2 RNH, —» RNHC00~ + RNH3% (2-1)

2. Bicarbonate formation:

CO, + RNH, + H,0 - HCO3 + RNH} (2-2)
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3. Carbamate hydrolysis:

RNHCOO™ + H,0 — HCO3 + RNH, (2-3)

4. Carbonic acid formation and dissociation [82]:

CO, + H,0 < H,CO0; (2-4)

H,CO; & H* + HCO3 (2-5)

It should be noted that the reaction of CO2 with H2O followed by dissociation of the carbonic acid

also occurs, but the reaction rate is negligible, except at low pH.

Astarita et al. [81] suggested that for CO2/MEA loading of less than 0.5 mol/mol, the rate
of bicarbonate formation is insignificant and the overall reaction is irreversible and can be
expressed as Equation (2-1). Therefore, the reaction rate is first order with respect to CO> and first
order with respect to MEA, i.e., the overall reaction is a second-order. Thus, for a CO2/MEA
loading of less than 0.5 moles of CO, per mole of amine, the rate of chemical reaction can be

expressed as Equation (2-6) [65]:

Reaction Rate = k,[CO,][RNH,] (2-6)
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In 1968, Caplow et al. [83] proposed a zwitterion formation mechanism for MEA-CO-
system. This mechanism reintroduced in 1979 by Danckwerts et al. [31, 35] was generally
accepted. Amino acids such as MEA, AMP and SG could form a zwitterion due to the presence of
the basic amine group and the acidic carboxylic acid group in the same structure, as shown in
Figure 2-1 (a). If an internal transfer of a hydrogen ion from the carboxylic acid group to the basic
amine group, this will lead to an ion with both negative and positive charges, as shown in Figure
2-1 (b). This is called a “zwitterion,” which is the form of amino acids, that even exists in a solid
state. As a whole, a zwitterion is neutral, but it may contain separate groups which are positively

or negatively charged.

NH- ITIH3+
R—C—COOH R—C—COO

H H

(a) (b)

Figure 2-1: Amino Acid (a) and Zwitterion Structure (b)

For a zwitterion, if a hydroxide ion (OH") is added, such as NaOH, the hydrogen ion is
removed from — NH3* group as in Equation (2-7). If an acid ion (H") is added, such as (HCI), the

—COO  group of a zwitterion will pick up a hydrogen ion as in Equation (2-8).

NH3 + NH2

_ _ § 2-7
R—CG—CO0  + OH  ——» R—C—C00 + H,0 @7
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NH3 + NH3 +

_ 2-8
R—cH:—coo + R—i(_{l—COOH 2-8)

As discussed earlier, the theoretical loading is 0.5 mole of CO2/mole of amine, however, it
was noticed as the loading approaches 0.5 mole CO2/mole of amine, the hydrolysis reaction starts
[81]. It should be emphasized that in Pandya’s [1] approach, the absorber model was developed
considering no bicarbonate formation. This assumption is valid for most of the cases and the model

will not predict reliable results when the loading becomes > 0.5 mole of CO2/mole of amine [1, 2].

2.2 Reaction Mechanism of CO2 - MEA System

In 2015, Lv et al. [84] evaluated the reaction mechanism of CO>-MEA system using
nuclear magnetic resonance (NMR). They found that (1) the CO2-MEA reaction takes place in two
stages, in the first stage, the pH decreases from 12.54 to 9.0 and the temperature gradually increases
from 291 to 305 K; and in the second stage, the pH decrease from 9.0 to 7.83, the carbamate
hydrolysis take place and the temperature decreases until it reaches room temperature [84]; (2) the
reaction in the first stage is faster than that of the second stage and the CO> loading in the first
stage was up to 0.40 mole CO2/mole MEA, contributing to nearly 80% of the total loading (around
0.53 mole CO2/ mole MEA).

Therefore, for our model development under steady-state conditions, the assumption of
irreversible reaction proposed by Astarita [81] is valid in the first stage of reaction. Also, the

hydrolysis of carbamate in the second stage can be modeled based on the knowledge of the charge
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of the solution pH. This phenomenon is included in the Rate Base model developed in Aspen Plus.
However, the model developed based on Pandya’s [1] method does not include these two stages,

which can be considered as a limitation of this method.

2.3 Packed-Bed Absorbers

Packed-bed absorbers have been used for CO> absorption in the chemical and petroleum
industries. The absorber is a long vertical pipe filled with structured or random packing. The gas
mixture enters from the bottom of the absorber and the solvent (absorbent) is introduced from the
top. The chemical reaction takes place in the packing whose main function is to increase the surface
contact area between the gas and the solvent. The components of a typical packed-bed absorber

are shown in Figure 2-2. These components are:
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Figure 2-2: Components of a Typical Packed-bed [85], [86]

Demister pad or mist eliminator is to remove the entrained mist from the gas stream leaving
the absorber.

Liquid and gas inlets is to deliver the solvent and flue gas into the absorber.

Liquid distributor is to distribute the liquid evenly over the packing to ensure an appropriate
gas-liquid mass transfer. Maldistribution of the liquid-phase leads to poor mass transfer
and absorption efficiency. Liquid redistributors are required in tall packed-beds to
maximize the gas-liquid interactions.

Packing hold-down is to keep the packing from moving up due to the high gas throughput.

Packing support is to support the packing from falling or moving downward with the liquid.
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(6) Gas inlet is to ensure that the gas is well distributed at the bottom of the absorber to
eliminate channeling in the absorber.
@) Gas and liquid outlets are to ensure no gas nor liquid nor products would accumulate inside

the absorber to maintain a continuous process.

2.4 Hydraulics of Countercurrent Packed-Bed Absorbers

2.4.1 Flooding in Countercurrent Packed-bed Absorbers

In two-phase countercurrent packed-beds, if the force exerted by the gas flowing upward
(mgug) is greater than the force exerted by the liquid flowing downward (m,u; ), the liquid flow
will be restricted, which is known as flooding. In a packed-bed containing certain type and size of
packing and is operating at a given liquid flow rate, there is an upper limit of the gas velocity,
known as flooding velocity (ug,m) [87]. Similarly, at a given gas flow rate, there is a definite liquid
velocity above which the column will be flooded [88]. Piché et al. [89] summarized several
correlations available in the literature for flooding predictions in countercurrent packed-beds as
listed in Table 2-1. If the flow pattern is close to the flooding point, adjusting the liquid and/or gas

flow rate is an option to avoid flow instability in the packed-bed.
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Table 2-1: Flooding Correlations in Countercurrent Packed-bed Absorbers [89]

References

Packing

System

Correlation

Constraints

Ceramic Intalox

d, >1in
log[f(u;)] = 0.18391og(u,) — 0.011

d, <1lin

Saddles , , 0.01< X <10
gggimlcmn . 4% solution of log[f (uy)] = 0.0591-plog (u) +0.0226 -log®(u;) +0.1701 - log(u,) — 0.0135 700 < p, < 1400
Leva Motal Basehs | NaOH/air + €O, | f(p,) = 1.5052 - In (—W) +1.1883 [kg/m]
[90] Rings 9 | Water/air Pu 0.2 <y, <20
g CaCl; solution/air u, |py [cP]
Metal Pall X = - = . .
Rings Methanol/ethanol Ucr |Pg All English Units
Metal Pall except for viscosity
etal Fa peiic?
Rings =0.016(——)F, - f(w) - f(pL)
log(Yo) = — 0 29log?(X) — 1.075log(X) — 1.636
(Yo represents the flooding line) & (Fe is packing factor)
£ — 1.5
Ug g = _( .BOLSFI) ’ /,BL FL  |PL Cr is Packing
€ Constant in
6 ar uLsuL reference
3.8“«"1 - g.BLFz = _( 758 < p, < 1237
0.07 < p; < 4.93
2 G
Billetand | PN Ting S LTy (kg /m’]
et an Raschig rin Yy 9 Ugri,|Pc He 0.3<v,<1.66
Schultes gnng L
[91] Berl saddle u 22<v, <126
if ——. PL < 04,Cp = Cpy, Npp = — 0.194 v is kinetic viscosity]
Ugr PG [107%m? /s]
17.2< 0, <74

u
if 22 |Ph<04,cp = 0.6244 - Cp (”L)°1°28
Ugr L|Pc

Np = —0.708

o is surface tension
[1073kg/s?]
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As a standard procedure, flooding is checked using the Generalized Pressure Drop
Correlation (GPDC) proposed in 1938 by Sherwood et al. [92], modified later in 1992 by Leva
[93], and presented in Figure 2-3. This figure can also be used to interpolate for the two-phase
(irrigated) pressure drop in packed-beds. This is how to use this figure under given operating
conditions, the coordinates X and Y are calculated using Equations (2-9) and (2-10), respectively.
The point (X, Y) is then plotted in Figure 2-3 and if it lies within the figure, no flooding occurs,
otherwise alterations of the liquid and/or gas flow rates are required to avoid flooding. It should
be noted that British units are used in Equations (2-9) and (2-10), except for viscosity (cP). Also,

the pressure drops in Figure 2-3 are expressed in inches H2O/ft of packing.

e W 1

X = 2-9
Ug PG (2-9)

2
u
Yy = 0.016 2646

Fp - fu) - f(pr) (2-10)

Where f(p) and f(pL) are given in Table 2-1 .

Figure 2-4 shows another GPDC graph found in the book by Towler and Sinnott [94]. The
use of this figure is similar to Figure 2-3 as under a given operating condition, the coordinates Frv
and K are calculated using Equation (2-11) and (2-12) and the point (FLv, Ka) is plotted in Figure
2-4. Similar to the previous graph proposed by Leva [90], if the point lies within the figure (below
flooding line) indicates no flooding occurs, otherwise alterations of the liquid and/or gas flow rates

are required to avoid flooding.
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It should be noted that the pressure drops in Figure 2-4 are expressed in mmHO/m of

packing.

_M o _w fe_ ]
FLV—MG\/; uG.\E X (2-11)

13.1M2F, (%)0'1

pc(PL — Pg)

K, = (2-12)
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Figure 2-3: Leva’s Pressure Drop Correlation [90]
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Figure 2-4: Generalized Pressure Drop Correlation (GPDC) [94]

2.4.2 Pressure Drop and Liquid Holdup

Pressure drop and liquid holdup are important parameters in packed-bed design. Systematic
evaluations of different correlations available in the literature led to the recommendation of the
correlations by Leva [90] and by Billet and Schultes [91, 95-97] to predict the pressure drop

associated with two-phase flow in packed-beds [98].
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To use Figure 2-3 by Leva [90] and obtain the two-phase pressure drop, testing for flooding
should be conducted first as mentioned above, then the location of point (X, Y) on the figure would
allow the interpolation of the pressure drop in the packed-bed under the prevailing conditions. The
pressure drop in this figure is expressed in inches of water/ft of packing height.

In 1999, Billet and Schultes [96] proposed Equation (2-13) to directly calculate the irrigated
two phase pressure drop based on over 3,500 measured data points, more than 50 test systems and

over 70 types of random or structured packing including for Berl saddles.

R R e
R e (2-14)
Req = ¢ 1“_“‘2;)6 (2-15)
b= ) (52 () o2 [5)
Fo = ug/po @17)
a, =209 (2-18)

Where Fc is the gas capacity factor, Dc is the ID of the absorber; and the Cpo value
appearing in Equation (2-16) was calculated in this study to be 0.9073 for Berl Saddle using a value

predicted with Equation (2-27) by Stichlmair et al. [99] for the same packing.
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It should be mentioned that Equation (2-13) is only valid under the following constraints:
361 < pL <1,115 kg/m®
0.61 < uL<60.1 m/h
0.06 < pg <28 kg/m®
0.21 < Fe<5.09 Pa®®
1.4e-7 < vi <9.9e-5 m?/s

1.4e-7 < vg < 1.06e-4 m?/s

The liquid holdup (By) in Equation (2-13) can be calculated using Equation (2-19) in two-
phase flow. The liquid Reynolds number and Froude number are calculated using Equations

(2-20)and (2-21), respectively.

1
FFL /3 ap 2/3
= (12 —) — (2-19)
B ( Re, ( a )
ULpL
Rep, = 2-20
L apy, ( )
2
Frp = 2 (2-21)
g
If Re, <5, == CyRe,**Fr (2-22)
If Re, =5 2 =0.85C,Re "*°Fr %! (2-23)

a

Where Cj, is characteristic constant of the packing as given in Table 2-2.
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Table 2-2: Values of Characteristic Parameters of Berl Saddle for Billet and Schulte’s Equation [96]

. . Nominal Void Specific
Packing Materials Size, mm Fraction, ¢ Area, m* Cn
. 13 0.65 545 0.833
Berl Saddle Ceramic o5 0.68 260 0.62

It should be noted that Equation (2-19) is only valid under the following constraints:
800 < pL<1,810 kg/m®
7.4e-7< v < 1.42e-4 m?/s
20.8 < oL <86.3 mN/m
1.33 < uL<82.8 m/h

0.1 < Fg <2.78 Pa%®

Equations (2-24) and (2-27) proposed by Stichlmair et al. [99] to calculate the dry (single-
phase) pressure drop and two-phase pressure drops, respectively. This correlation was developed
to calculate pressure drop correlations in packed beds for both structured and dumped packings,
including ceramic Berl Saddle. Equation (2-27) was used by applying an iterative method to
calculate the irrigated pressure drop (APirr) based on the knowledge of the dry pressure drop (APdry),

liquid holdup (BL) and the specific surface area of the packing (a).

APgry 3 [1—€](pgUc?
— =—f [ ] — 2-24
H 4034-65<dp (2-24)
f—C1+ G +C (2-25)
0= 5 1T L3 -
ReG ReGE
ugd
eg = Yc%Pc (2-26)
Ha
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2+c

ol (B AP V1) ° _
APy (APdry a-o [1 (s)[l +20(pL gH) ]P (B[4 4 (AP )2 e (2-27)
pLgH  \p. gH)i 1—¢ f B (?) (pL gH
C, C, .1
c=—(g -+ = 2-28
ReG  pRez f0 (2-28)
Liquid hold up was calculated using Equation (2-29):
B. = 0.555(Fry)/3 (2-29)
uLZa
Fr, = T (2-30)

Where, dp was calculated using Equation (2-18), H is the packing height in m; and APary
and AP are in Pa. and Cy, C2 and Cs are characteristic parameters of Berl Saddle are available

in Table 2-3.

Table 2-3: Values of Characteristic Parameters of Berl Saddle for Stichlmair’s Equation [99]

. . . Void Specific
Packing Materials | Size, mm Fraction, = | Area, ft Ci | C Cs
. 15 0.561 300 32 6 0.9
Berl Saddle Ceramic 35 0.75 133 33 | 14 1
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2.5 Gas-Liquid Mass Transfer in Packed-Beds

In separation process, material must diffuse from one phase to another phase. In two film
theory equilibrium is assumed at the interface as proposed by Whitman in 1923 and published by
McCabe et al. [100]. A resistance to mass transfer in the two phases are encountered just as is done
for heat transfer [100]. However, mass transfer between phases are more complex than heat
transfer due to the discontinuity at the interface. The concentration of diffusing solute is never
being the same as the opposite sides of the interface [100].

The two-film theory was used to describe gas absorption into liquid solvents whether in
physical or chemical methods as shown in Figure 2-5. The absorption takes place as follows:
Step 1: Transport of gas species through gas-bulk to the gas-film (3g);

Step 2: Transport of gas species through the gas-film to gas-liquid interface;

Step 3: Transport of the gas species from the gas-liquid interface through the liquid-film (5L),
where physical absorption or chemical reaction would take place in the liquid film;

Step 4: Transport of the gas species from the liquid-film to the liquid-bulk; and

Step 5: Transport of the products or the gas species in the reverse directions from the liquid-bulk
all the way to the gas-bulk.

According to this two-film theory, the gas-side mass transfer coefficients, ks = Dg/d¢, and
the liquid-side mass transfer coefficient, k. = DL/d., where Dg and Dy are the diffusivities of the
gas species in the gas and liquid films, respectively. Also, the mass transfer flux of component A

in the gas-film, Equation (2-31), and in the liquid-film, Equation (2-32) are equal.

Na = kag(Pa — Pay) (2-31)
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Na = Eka L(Cai — Cae) (2-32)

Where E is the enhancement factor due to the chemical reaction and can be defined as the ratio of
chemical to physical absorption coefficient. This factor is multiplied to the flux equation (Equation

(2-32)) to reduce the complexity of calculating mass flux due to the absorption process where

chemical reaction is involved [101].

Gas-Liquid Interface

Pa
Pai
Cai
\ cAe
Gas Bulk Gas Film |Liquid Film Liquid Bulk
X=-8¢ X=0 X=08,

Figure 2-5: A Schematic of Two-Film Theory Schematic Plot

Henry’s law, Equation (2-33), is applicable at the interface:

He = — 2-33
. (2-33)

The partial pressure of gas (A) at the gas-liquid interface could be calculated using Equation (2-34),

obtained by coupling Equations (2-31) through (2-33).
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Ek
(72 () o)
A,G

E kA,L
(1 + kA,GHe)

PAi = (2-34)

Wellek et al. [101] expressed Enhancement factor (E) in rigorous chemical reaction calculations

using Equation (2-35).

1.35 1

[(E—ll) + (E 1)1.35]1/1.35 (2'35)
i~ 1=

The instantaneous enhancement factor (E;), the Hatta number (Ha), and E; are calculated using

Equations (2-36), (2-37) and (2-38), respectively.

Cr1 Dr >
Ei=1+ (LR 2-36
1 (YDA,L Cai (2-36)

JDaLk:Cry (2-37)

Ha =
a k.

g Ha (2-38)
1™ tanh (Ha)

If Ha > 2, the reaction is fast, and E = Ha.
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The mass transfer coefficients of the gas species in the gas and liquid sides could be
predicted using correlations available in the literature. In this study, for CO.-MEA system, the
correlation used to predict the mass transfer coefficients in two-phase flow inside countercurrent

packed-beds with Berl Saddle packing are given by Billet and Schultes [4] and Cho [3].
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3.0 Model Development for CO2 Absorption in an Adiabatic Packed-Bed

Modeling of CO2 absorption in chemical and petroleum processes using packed-bed
absorbers has been carried out over many decades. In 1969, Treybal [102] developed a method for
steady-state, adiabatic absorption and stripping involving a single solute system. In 1972,
Danckwerts [103] developed a rigorous theory for gas absorption with chemical reaction, however,
the effort was mainly directed towards developing expressions for local mass transfer coefficients
[2]. In 1983, Pandya [1] developed a design method for the gas absorption with chemical reaction
in adiabatic packed towers, where the heat of absorption, heat of reaction, solvent evaporation and
condensation, chemical reaction in the liquid-phase as well as heat and mass transfer resistances
in both phases were considered. Treybal [102] and Pandya [1] argued that the heat losses in
industrial gas absorption processes are generally small and adiabatic conditions in the absorbers
could be assumed [2]. In 1984, Kelly et. al. [104] conducted experiments to verify the physical
absorption of acid gases from coal combustion using methanol. In 1986, De Leyeg and Fromen
[105] presented, based on Pandya’s method, some numerical results and comparisons for
commercial processes. In 1988, Sanyal et al. [106] used a similar approach to model a Benfield
absorber to capture CO> using hot potassium carbonate solutions.

The analysis method by Pandya [1] includes five components: (1) a solute reactive gas (A),
(2) reactant R (MEA), (3) inert carrier gas B (Air), (4) liquid solvent S (Water), and (5) product P
(Carbamate). The absorption process was analyzed based on the two-film theory, according to
which, the mass transfer flux of component A in the gas-film should equal that in the liquid-film

across the interface. The model equations for material and heat balances are written for a
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differential element (dZ) of the packed-bed as shown in Figure 3-1. The model assumptions and

corresponding model equations are discussed in the following sections.

—
Clean Flue gas Lean solvent Y, +dYa
Yo+ dYs Cr+ d Cr
] Te+dTe T +dT,
/ \ Gs Ly + dlm
1 G-L Interface l Z+dz
Gas Liquid
Na Na
—_—
Ns Ns
—_—
q q
—_—
Z
Ya, mol A/ mol B Cx, mol/m?
Ys, mol S/ mol B T, K
\ / Ts K Lw, mol/m?/s
Gg, mol/m?/s
Flue gas Rich solvent
—
Figure 3-1: Schematic of the Packed-bed Absorber
3.1 Model Assumption
Assumption:

1. The reaction process has been described based on two film theory and considered a second
order reaction that is fast enough so that the reaction takes place only in the film. The bulk

of the liquid is in equilibrium [1].
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2. The system is considered a steady state.

3. The temperature at the interface is the same as liquid bulk [1].

4. Due to a dilute aqueous solution, the liquid phase mass transfer resistance for the volatile
solvent is negligible [1].

5. Axial Dispersion has not considered [1].

6. The interfacial area is the same as the heat and mass transfer [2].

7. The packed-bed is adiabatic. This assumption is acceptable because the heat losses due to
heat transfer are generally small in industrial absorbers [107].

8. The liquid-phase mass transfer resistance for the volatile solvent (S) is negligible.

9. The carrier gas (B) is inert and does not react with any other component in the mixture [1].

10. The liquid-phase density is homogenous.

11. Rate of bicarbonate formation is insignificant. This assumption is true for an instantaneous

second order irreversible reaction [65].

3.2 Model Equations

The material and heat balances in the control volume depicted in Figure 3-2 are required
for modeling this adiabatic absorber. These balances allow calculating the molar ratio gradients,

and the gas-phase as well as the liquid-phase temperatures.
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L+dL G+dG

g +dxg Gs
xr +d xp Yatd¥Ya
xs+d xs Y:+dYs
To+dIL TG +d TG
{ Interface Surface = aw.dz 1
Liguid
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T Tttt T === I . T Tttt =" I
1 1 1 |
I Cy —+T*1— Py I
1 1 1 |
I 1 I 1
; Na < " | Na |
1 - 1 1 1
o Ns N l I Ns l
L e e e o o o e e e e = 1 |
Z
Gas
Xr G (mole/m? s)
Xp Gg (mole/m? s)
Xz Ya, ¥s
L mol /m*/s Y4 (mole A/mole of B)
Ty K Ys (mole S/mole of B)
Te, K

Figure 3-2: Schematic of a Differential Section of the Packed-bed Absorber

3.2.1 Material Balance

According to the reaction mechanism discussed in section 2.1, 1 mole acid gas (A) reacts

with 2 mole reactant (R) to produce 1 mole of carbamate (P). It should be emphasized that the
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stoichiometry of the chemical reaction is considered of the Equation (3-1) as y where the

stoichiometric coefficient (y) is 2.

A (g) + YR (aq) =P (aq) (3-1)

According to the stoichiometry of Equation (3-1), the following relationships could be developed:

L L

Npdwdz _ o dnr _ o dne (3-2)

Also, the change in molar concentration of S (H20) in solution is related to the flux Ns by Equation

(3-3).
Ldn
Nga,,dz _Pm_° (3-3)
1 -1

dng = ymeNAawdz (3-4)

Pm 3-5
dnp, = —TNAawdz (3-5)
dng = — meNSaWdZ (3-6)
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In this countercurrent process, the gas side mass transfer equation is unaffected by the
liquid phase reaction. A steady-state material balance equation in the differential element (dZ)
shown in Equation (3-8).

For the overall material balance across control volume, we can write:

(L+dL)+ G =L+ (G+dG) (3-7)

dL = dG (3-8)

3.2.1.1 Material Balance in the Gas-phase
Considering the gas-side control volume shown in Figure 3-3, material balance in the Gas

side can be considered.
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G+dG,Gp
Y.J,+ﬂY,-\
Y5+ﬂY5

Gas-Liquid Interface

C_ R

Naa, dZ | .-+ Pai Psi

-—
Nsa,, dZ Gas
R E— :
q P, Ps
P B H
M
Y, mol A/mol B
Y5, mol S/mol B
Te, K

G, Gg mole/'m* s

Figure 3-3: Schematic of a Differential Section of the Gas-phase

Applying mass balance across the control volume and can be written as Equation (3-9).
Due to the steady state system there is no mass accumulation in the differential element (dZ) for

the gas-phase an can be represented by Equations (3-10) through Equation (3-12).

Rate of mass in — Rate of mass out = Rate of mass accumulation (3-9)
Rate of gas mass in = Rate of gas mass out (3-10)
Rate of gas massin = G (3-11)
Rate of gas mass out = (G + dG)+(Nja,,dZ + Nga,,dZ) (3-12)
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Combining Equations (3-11) and (3-12) leads to Equation (3-13).

— dG = Na,dZ + Nga,dZ (3-13)

Since the gas-phase consists of component (A), (B) and (S), the total gas flow rate is
expressed as a function of the inert gas (B) flow rate and molar ratios as presented in Equation

(3-14).

Differentiating both sides of Equation (3-14) leads to Equation (3-15).

- dG = - GBdYA - GBdYS (3'15)

Comparing Equation (3-13) and (3-15) gives Equation (3-16) and (3-17):

NAaWdZ = _GBdYA (3'16)

Nsawdz = _GBdYS (3'17)
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According to the two-film theory depicted in Figure 2-5, the mass transfer of components A and

S can be written as:

Nja,dZ = kG,AP(YA — Yai)aydZ (3-18)

Nsa,,dZ = kG,sP(YS — Vsi)aywdZ (3-19)

Coupling Equations (3-16), (3-17), (3-18) and (3-19) yields:

— GgdYy = kG,AawP(YA — yai)dZ (3-20)

— GgdYs = KgsayP(ys — ysi)dZ (3-21)

Thus, the molar ratio gradient for component A and S in the gas-phase can be written as follows:

dYy _ KgaawP(ya — yai)

7 - Gy (3-22)
% _ kgsawP(ys — ysi) (3-23)
dZ Gg
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3.2.1.2 Material Balance in the Liquid-phase
Considering the liquid-side control volume shown in Figure 3-4, a steady-state material
balance equations in the differential element (dZ) for the liquid-phase is described by Equation

(3-24) through Equation (3-26).

Rate of liquid mass in = Rate of liquid mass out (3-24)
Rate of liquid mass in = (L + dL) + (N,a,,dZ + Nga,,dZ) (3-25)
Rate of liquid mass out = L (3-26)

Combining Equations (3-25) and (3-26) leads to Equation (3-27).

dL = — (NAaWdZ + NSaWdZ) (3'27)

Combining with Equation (3-16) and (3-17) gives:

dL dy, dYs

=Gl t 1z

at _ 3-28
dz ~ B (3-28)
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Figure 3-4: Schematic of a Differential Section of the Liquid-phase

The liquid-phase consists of three components (R), (P) and (S). The material balance for R can be

expressed by Equations (3-29) through (3-32).

Rate of (R) mass in — Rate of mass comsumed = Rate of (R) mass out (3-29)
Rate of liquid mass in = (L + dL)(xg + dxR) (3-30)
Rate of liquid mass consumed = yN,a,,dZ (3-31)
Rate of liquid mass out = Lxy (3-32)
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Neglecting dL.dxr and combining Equations (3-30) through (3-32) gives:

d(Lxg) = yNa,,dZ (3-33)

Similarly, the mole fraction gradient of the product (P) could be derived:

Rate of (P) mass in + Rate of (P) produced = Rate of (P) mass out (3-34)
Rate of liquid mass in = (L + dL)(xp + dxp) (3-35)
Rate of (P) mass produced = Nja,, dZ (3-36)
Rate of liquid mass out = Lxp (3-37)
d(Lxp) = — Nja,, dZ (3-38)

Similarly, mole fraction gradient of the water (S) could be derived:

Rate of (S)mass in = Rate of (S) mass out (3-39)
Rate of liquid mass in = (L + dL)(xg + dxg) + Nga,, dZ (3-40)
Rate of liquid mass out = Lxg (3-41)
d(Lxg) = — Nga,,dZ (3-42)
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3.2.2 Energy Balance

Similar to the material balance, an enthalpy balance can be made for both gas and liquid
using energy conservation law as mentioned in Equation (3-43).

Rate of enthalpy in — Rate of enthalpy out = Rate of heat transfer (3-43)

3.2.2.1 Energy Balance in the Gas-phase
Considering the gas-side control volume shown in Figure 3-3, the balance of the gas-phase

enthalpy (H) per mole of component (B) can be written as follows:

Rate of enthalpy in — Rate enthalpy out

(3-44)
= Rate of enthalpy transfer from gas to liquid
Rate of enthalpy in = GgH (3-45)
Rate of enthalpy out
= Gg(H + dH) + N a, [(Cpa(Tg — Ty) + HE*(T,, P)]dz (3-46)
+ Ns ay[(Cps(Tg — T,) + Hg™* (T, P)]dz
Rate of enthalpy transfer from the gas to the liquid = h'(T; — T )a,,dz (3-47)

Where hg; is an overall corrected heat transfer coefficient.
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Substituting Equations (3-45), (3-46) and (3-47) into Equation (3-44) gives Equation (3-48):

—GgdH — N, a,,dz[(Cpa(Tg — T,) + HE*(T,, P)]
(3-48)
— Nga,,dz[(Cps(Tg — To) + H§™ (To, P)] = h(Tg — Tp)a,,dz

According to Equation (3-16) and (3-17), Equation (3-48) could be written as Equation (3-49):

—GgdH + GgdYA[(Cpa(T — T,) + HE (T, P)] + GdYs[(Cps(Tg — To) + HE (T, P)|
(3-49)
= h&(TG - TL)aWdZ

The enthalpy of a gas mixture (H) is expressed in Equation (3-50) and the derivative of enthalpy

(dH) is shown in Equation (3-51).

H= [(CP,B (Tg — To) + Hﬁas (T, P)] + Ya [(CP,A(TG —T,) + HiaS(To; P)]
(3-50)
+ Ys [(Cps(Tg — Ty) + HE™ (T, P)]

dH = CpdTg + YoCpadTg + GgYsCpsdTg + [(Cpa(Te — Tp) + HE (T, P)]dYa

(3-51)
+ [(Cps(Tg — T,) + HE™ (T, P)]dYs
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Substituting Equation (3-51) into Equation (3-49) and simplifying it gives:

—Gg(Cp + YaCpa + YsCps)dT; = hia,, (Tg — To)dz (3-52)

Simplifying Equation (3-52) a temperature gradient in differential element for gas-phase is given

in Equations (3-53):

dTG _ _h,(;(TG - TL)aW
dZ ~ Gg(Cpp + YaCpa + YsCpys)

(3-53)

3.2.2.2 Energy Balance in the Liquid-phase
Considering the liquid-side control volume shown in Figure 3-4, the balance of the liquid-phase

enthalpy (HL) can be written as follows:

Rate of enthalpy in — Rate enthalpy out

(3-54)
= Rate of enthalpy transfer from Liquid to gas
Rate of enthalpy in
= (L +dL)(Hy + dHy) + Np a,, [(Cpa(Tg — T,) + HE(T,, P)]dz (3-55)
+ Nsay[(Cps(Tg — To) + HS™ (T,, P)]dz
Rate of enthalpy out = LH;, (3-56)
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Rate of enthalpy transfer from liquid to gas = — h(Tg — Ty)a,,dz (3-57)

Substituting Equation (3-52) into Equation (3-57):

Rate of enthalpy transfer from liquid to gas = GB(CP,B + YaCpp + YSCP,S)dTG (3-58)

Plugging Equations (3-55), (3-56) and (3-58) into Equation (3-54) leads to Equation (3-59):

(LdHL) + (HpdL) + (dLdHy) + Npa,, [Cpa(Tg — To) + HE*(T,, P)]dZ
+ Ngay [Cps(Te — To) + HE(T,, P)]dZ (3-59)

= [Gg (CP,B + YpCpa + YSCP,S)dTG]

Substituting Equation (3-16) and (3-17) into Equation (3-59):

LdHy, + HydL + dLdHy, — GgdYa[Cpa(Tg — To) + HE (T, P)]
(3-60)
— GpdYs[Cps(Tg — T,) + HE ™ (To, P)] = [Gg(Cpp + YaCpa + YsCps)dTg]

On account of dilute solution where large amount of the volatile solvent (H20) exists, the molar

density of the liquid is constant. The enthalpy of the solution can be as Equation (3-61).
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1 aq 1 aq T
Hy= = BT = = KT, ) + [ G (3-61)
Pm - Pm T To

Where i represents (A), (R), (P) and (S); pm is molar density of solution, mol/m3; n;i is molar
concentration of species i, mol/m?. Liquid enthalpy derivative (dHL.) is represented by Equation

(3-62).

1 aq L
dHL =—d Z n; Hi (To, P) + j Cp'idT
Pm - To
1 TL
= — Z[Hlaq(TO, P)]dnl + Z d [f niCP,idT:|
Pm T Ty

i

(3-62)

Cp,i is assumed to be an average heat capacity of species i between temperature To and T, which
is a reasonable assumption hence the heat capacity of the main component (H20) is not very

sensitive to temperature. Therefore,
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1
dH = E{Z[H? 4(To, P)]dn; + Z d[nCp(Ty — To)]}

1 aq 1
= —Z[Hi (To, P)]dn; + —z n;Cp;dTy, (3-63)
p Pm &

m =
1

1 a
_ p_Z[Hi (Ty, P)]dn; + C.dT,

Expanding Equation (3-63) for all species i and rearranging leads to:

— 1 aq aq aq aq
dH; = o~ [H31(To, P)dny + HRY (T, P)dng + Hp (T, P)dnp + Hg(Ty, P)dng] + CLdT,  (3-64)

m

In this Equation, dna is negligible because (A) is the reactant, its molar concentration in
the liquid (na) is small for irreversible reaction. Substituting with Equation (3-4), (3-5) and (3-6),

Equation (3-65) can be written as:

1
dH, = — [Hﬁq(To, P)yNAaWdzp—m — Hp(T,, P)NAawdzp—m — HS4(T,, P)Nsawdzp—m
Pm L L L (3-65)
1
dHy =+ [HRY(To, P)yNaa,,dz — Hp(Ty, P)Npay, dz — HE?(Ty, P)Nsay, dz] + CLdTy, (3-66)
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Therefore, Using Equation (3-16) and (3-17), Equation (3-66) could be rewritten as:

dHy, = —[-yHRY (T, P)GgdY, + Hp¥(Ty, P)GgdYs + Hg?(Ty, P)GgdYs| + CLdTy (3-67)

e

Partially plugging Equation (3-67) into Equation (3-60) resulted as Equation (3-68):

LCLAT, — YHRY(To, P)GgdY, + Hp(Ty, P)GgdY, + Hg(Ty, P)GgdYs

— GpdYa[Cpa(Tg — T,) + HY (T, P)]

(3-68)
— GgdYs[Cps(Tg — Ty) + HE (T, P)| + (Hy, + dH)dL
= [Gg (CP,B + YpCpp + YSCP,S)dTG]
Rearranging the above Equation gives:
LC ATy, — GgdYa[HE* (T,, P) + yHR (T, P) — H(T,, P)]
— GgdYs[HE™ (T,, P) — H5(Ty, P)| — GpdYaCpa(Tg — Tp)
(3-69)

- GBdYSCP,S(TG - TO) + (HL + dHL)dL

= [Gg(Cpp + YaCpa + YsCps)dTg]
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Where the term (Hp(Ty, P) — H3**(T,, P) — YHR(To, P)) is the heat of physical absorption and
chemical reaction (AHco3 in sotution); and the term (HE* (T, P) — Hg(T,, P)) is the latent heat of

vaporization (AHLv). Thus, substituting this in Equation (3-69) , Equation (3-72) can be written :

LCLATy — GgdYa[—AH o2 in sotution] — GedYs[AHpy] — GpdYaCpa(Tg — To)
— GpdYsCps(Tg — Tp) + (Hy, + dHy)dL (3-70)
= [Gp(Cpg + YaCpa + YsCp,s)dTg]

LCLATy + GedYA[AH o2 in sotution] — GedYs[AHLy] — GedYsCpa(Tg — To) (3-71)
— GpdYsCps(Tg — T,) + (Hy + dHy)dL

= [Gg (CP,B + YpCpa + YSCP,S)dTG]

Simplifying Equation (3-71) :

LC,dT, + (H, + dH,)dL
= GdYa[Cpa(Te — To) — AH 02 in solution] (3-72)
+ GpdYs [CP,S(TG - T,) + AHLV] + [Gg (CP,B + YaCpa + YSCP,S)dTG]

LC_dT, + (H, + dH, )dL
= Gp [dYA[CP,A(TG — To) = AH 02 in sotution] (3-73)

+ dYs[Cps(Tg — To) + AHyy| + [(Cpp + YaCpa + Yscp,s)dTG]]
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As dH.dL is very small, ignoring this term from the above, the resulted Equation can be expressed

as Equation (3-74):

LC.dT, + H.dL
= GB [dYA [CP,A(TG - To) - AHCOZ in solution] (3'74)

+ dYs[Cps(Tg — Tp) + AHpy] + [(Cos + YaCra + Yscp,s)dTG]]

Simplifying Equation (3-74), a temperature gradient in differential element for liquid-

phase is given in Equations (3-75).

it = Sp [(CPB + YaoCpa + YsCps) %] + [Cpa(Te — To) — AH oz in soluti ]dﬁ
dZ LC, ' ’ R, VA ) in solution |~ 47
(3-75)
+ [Cps(Tg — To) + AH ]dYS (HL>dL
P,S( G O) LV dz LCL dz
Also, using Equation (3-52), Equation (3-75) can also be written as :
LCLdTL =
(3-76)

—hgaw (T — Tp) + Gg[Cp A (Tg — To) — AH,]dY + Gg[Cps(Tg — To) + AHpy]dYs — HydL
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3.2.3 Solution Method

It should be noted that even though the model based on Pandya’s approach [1] has been
used in the various literature by the above-mentioned authors for CO, absorption from COz-air
mixture using MEA solutions, many equation parameters (physico-chemical data of the gas and
liquid phases) are not mentioned and a small number of experimental errors also reported in the
CO. material balance calculations by Tontiwachwuthikul et al. [2], made the task of replicating
the model predictions more difficult than expected.

Enhancement factor (E) is a function of the interfacial concentration of A (Cai), the partial
pressure of A at the interface, mass transfer coefficient (k.a) and the bulk composition of the liquid.
As Cai and Pa;j are implicit, can be determined by a trial and error method.

The iteration method follows below steps and details of the trial and error method is shown
in Figure 3-5.

Step 1 : Assume the mole fraction of component A at the interface (yai-1).

Step 2 - Calculate Paj by applying Dalton’s Law of partial pressure using equation (2-34).

Step 3 - Plug in calculated Pai (from step 2) in Henry’s law of solubility (equation (2-33)) to
get the concentration at interface (Cai).

Step 4 : The enhancement factor (E) is calculated using equation (2-35).

Step 5 : The mass transfer flux Na is calculated from equation (2-32).

Step 6 : The partial pressure of A is obtained from equation (2-31).

Step 7 : The new mole fraction of A at the interface (yai-2) is then calculated to compare with

the assumed (yai-1). A deterministic loop has been used to compare the values. If yai1
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# Yai2, the program will assign the value of yaiz t0 yai1 and repeat the above
calculation steps. The correct mole fraction of A at the interface (yai) will be obtained
when the deterministic expression turns to be true i.e. (Yai-1 = Yai-2).

In this connection, it can be noted that the initial assumption of yai should be reasonable to get a

reliable value through trial and error.
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Figure 3-5: Algorithm for Gas Absorption in a Packed-bed [108]
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3.3 Model Equation Parameter

The preceding section indicated that in order to solve the model equations of combined
material and energy balances, the equation parameters including, aw, ka L, Kac, ks, DaL, DrL, He,
k2, Hi, Cpa, Cprs, Crp, To, AHLv and AH+, are needed under given boundary conditions. It should
be noted that the gas-phase is a mixture (CO, carrier inert gas, and volatile H>O vapor) and the
liquid-phase is also a mixture (MEA, volatile liquid solvent (H20) and the reaction liquid products
(bicarbonate or carbamates)). Therefore, calculating the physiochemical properties of the gas and

liquid phases require the knowledge of the specific properties of each species in the mixture.

3.3.1 Density of Gas and Mixing Rule for Gas mixture density

The cubic Peng-Robinson (P-R) Equation of State (EOS) [109] is used to calculate the gas
density which is a function of pressure, temperature and gas composition. From the theory of
thermodynamics, the cubic equation will have three roots. Among these three roots, the real
positive root (highest in value- for vapor phase) were considered for calculating the molar volume

of the gases. The P-R EOS can be written as:

RT a
P= — 3-77
v—b v2+4 2vb—Db? ( )
k = (0.37464 + 1.54226w — 0.26992w?) (3-78)
RZ T2 T\%° 2 3-79
a(T)=O.45724< c >{1+k[1—<—) l} (3-79)
P, Tc
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C

R
b =0.07780— (3-80)

C

Where o Is an acentric factor, Tc is critical temperature and Pc is critical pressure.
The values of these parameters for different gases (CO2, H>O, Air), used in this study, is
summarized in Table 3-1. In Equation (3-77), a and b are the attraction parameter and van der

Waals co-volume, respectively.

Table 3-1: Critical Properties for selected gas [110, 111]

Criti((I:Dazl),Pbraeisure Critical(_Isr'nEerature Acentric Faction ()
COz 73.8 304.1 0.225
Water Vapor 220.5 647.15 0.344
Air 37.858 132.63 0.036

Due to inlet gas to the absorption column is a mixture of CO> and air, the necessity of
calculating mixture gas density is evident. In order to use the P-R EOS for multicomponent system,

the following mixing rules published by Shibata et al.[112] in 1989 are used:

NC

NC
am = Z Z Vi Yj ajj (3-81)

i=1 j=1

by = z Yi b (3-82)

1 (3-83)
ay = (aii a)* (1 — ky)
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Where am and bm are the attraction parameter and Van der Waals co-volume for the mixture,
respectively, yi is the mole fraction of species i, NC is the number of components in the mixture,
and kij is the binary interaction parameters between the i and j* components.

It is assumed that ki; = kjiand kii = kj; = 0. By solving equation (3-77), the gas mixture molar
volume (v) at a specific temperature and pressure can be obtained. The gas mixture density can

then be calculated using Equation (3-84).

_ AMW

(3-84)

Where AMW is the apparent molecular weight of the gas mixture =}’ yi Mw;

3.3.2 Viscosity of Gas and Mixing Rule for Gas mixture viscosity

As viscosity of gases changes with temperature, in 1986, Zografos et.al. [113] published
various thermodynamic property correlation of few common fluids in order to solve the problems
of fluid dynamics and heat transfer in computer application. Equation (3-85) and (3-86) were used
to calculate the viscosity of CO, and water vapor respectively. Also, Sutherland [114] proposed
Equation (3-87) to calculate the viscosity of air. The values of Sutherland's constant and the
reference temperature and viscosity for the air used from the LMNO Engineering calculation

[115]. Figure 3-6 shows predicted viscosities for these three gases as a function of temperature.
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leog = (—1.1188 x 10711 - T2 + 5.0256 x 1078 - T — 9.3761 x 10~7) (3-85)

lizo = (4.0724 x 1078 - T — 3.0948 x 10~°) (3-86)
3
410.85885 18T\ /2
= 0.01827 x 10-3< )( ) (3-87)
Hair 0.999 T + 120/ \524.07

45

40

Air
5 —_C02
—Water Vapor
0 L] L] = L] . L] = L]
300 400 500 600 700 800

Temperature (K)

Figure 3-6: Viscosity of Gases as a Function of Temperature

For calculating the viscosity of a mixture of gases, there are a variety of equations available.
The simplest model is Graham's model as mentioned by Thomas Davidson [116] in his

investigation report of finding simple and accurate method for calculating the viscosity of gaseous
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mixture. Davidson [116] mentioned that the Graham model approximated the viscosity of mixture
gases by summing the products of the viscosities (uui) of the individual components and their mole

fractions (y;) and shown in Equation (3-88).
Hmix = z HiYi (3-88)

However, this model is inadequate where the components have not nearly the same
molecular weight or molecular weight ratio is different from unity, mixtures can deviate from its
behavior greatly [116]. In 1936, Herning and Zipperer [117] proposed Equation (3-89) based on
the sum of partial viscosities (i), weighted by the square root of the molecular weight for each
species. Davidson [116] validated that the reported accuracy of Equation (3-89) for hydrocarbon
mixtures is 1.5% average deviation and 5% maximum deviation, except for hydrogen-rich

mixtures.

- ZZ(Hi Yi\/MWi)
" 2 Yiy/ Mw;

(3-89)

Where Mwi is the molecular weight the i" component and i is the mole fraction.
Also, Buddenberg and Wilke [118] suggested Equation (3-90) to calculate the viscosity of

a gas mixture within 2.57% deviation:
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_ Hj
Hmix = Z + 1'385”12“ Vi (3-90)

Where p is the density (g/m3); p is the viscosity (cP); D is the diffusivity (cm?/s); y is the mole

fraction.
3.3.3 Thermal Conductivity of Gases and Gas mixture

Thermal conductivity of the gas mixture is needed to estimate the gas-side heat transfer
coefficient. Equation (3-91) by Zografos et al. [113] was used to calculate the thermal conductivity
of COz. The thermal conductivity of air was calculated using Equation (3-92) obtained from Sanyal
et al. [119]. The thermal conductivity of H2O vapor was calculated using Equation (3-93) obtained
from reference [120]. It should be mentioned that Equation (3-93) is applicable at T > 326 K. At
low temperatures, the thermal conductivity of water vapor is negligible. Figures 3-7 and 3-8 show

the thermal conductivities of the gases as a function of temperature.

(3-91)
Acoz = —2.0203 x 1078T2 +9.8510 X 107°T — 1.0992 x 1072

(3-92)
Aair = 1.5207 X 1071173 — 48574 x 1078T% + 1.018 X 10™%T — 3.933 x 10~*

Mizo = —2.56076 x 107113 + 9.3938 x 1078T2 + 2.3642 x 10~5T + 3.9539 x 103 (3-99)
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Lindsay and Bronmley [121] proposed a generalized correlation for the thermal
conductivity, Equation (3-94) which is similar to that of the viscosity, Equation (3-90) derived by

Buddenberg and Wilke [118]:

- A

i

Anix = Z(T) (3-94)
i=1 =1 Ay yi

Where Ajj can be calculated using Equation (3-95):

S /2y ® ij
3/4 2i —U
PYREED PO E(Mwi) At A+ (3-95)

Where pi/y; could be evaluated from Eucken Equation (3-96) [122] if the viscosity data are not

available.

(3-96)
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R is the universal gas constant. S is the Sutherland constants taken as a function of the

boiling point in Kelvin which is available in Table 3-2:

S =1.5Tg (3-97)

Table 3-2: Typical Gases Boiling Point

Elements | Tg (K)
CO2 194.65
Air 78.8
H20 373.15

If both molecules are nonpolar, Sj is the geometric mean of Sutherland constant of each

component:

(3-98)

If one of constituents is polar, another coefficient, Equation (3-98) is required:

oo (3-99)
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Figure 3-7: Thermal Conductivity of Gases (COz and Air) as a Function of Temperature

0.14 T

0.12 1
01 ¢

0.08 {

Thermal Conductivity (W/m/ K)

0 [ PR T T : PR T T 1 : PR T T : PR T T : PR T T 1 : PR T T : PR 1
373 473 573 673 773 873 973

Temperature (K)

Figure 3-8: Thermal Conductivity of Water Vapor as a Function of Temperature
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3.3.4 Gas/Gas Binary and Mixture Diffusivities

The gas/gas diffusivity is needed for calculating the gas-side mass transfer coefficient in
gas mixtures. The gas composition includes the reactive component A, the volatile liquid
component S and the inert gas component B. In order to obtain the mass transfer coefficient of a
single gas component into the gaseous mixture, the binary gas diffusion coefficients should be
determined. These binary gas diffusion coefficients include Dag, Das and Dgs. Fuller et al. [123]
proposed a method to predict the binary gas-phase diffusion coefficients as summarized in

Equation (3-100), (3-101) and (3-102).

1 x 1073T175(1/Mw, 4+ 1/Mwg)1/2

Dap =Dpa = 2 (3-100)
P[Eav)* + (av) '’
1x 1073TL75(1/Mw, + 1/Mwg) /2 (3-101)
Pas = Dsa = 1/3 1/3)?
P[Eavd ™ + Esv) ]
1x 1073TY75(1/Mwg + 1/Mwg) /2 (3-102)
Dgs = Dsp =

P + Zav

Y.4V; is the summation of the diffusion volume of each atom of the component A molecule.
Similarly, the diffusion volumes for components B and S can be calculated. Fuller et al. [123] gave
several diffusion volumes of typical molecules as listed in Table 3-3. As for the diffusion volumes
of alkanes, ethane (C2Hs) for instance, the summation of diffusion volumes of all atoms is needed.

In this case, two carbon atoms and six hydrogen atoms lead to a diffusion volume of 44.88.
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Table 3-3: Atomic Diffusion Volume and Diffusion Volume of Typical Molecules [123]

Atom Atomic Diffusion Volume | Substance | Diffusion volume of Molecules
C 16.5 CO2 26.9
H 1.98 N> 17.9
@) 5.48 07 16.6
N 5.69 H>O 12.7
Cl 19.5 Air 20.1
S 17.0 He 2.88
Aromatic rings -20.2 H> 7.07

Also, for multicomponent gas mixture,

Fairbanks and Wilke [124] suggested using

Equation (3-103) for calculating the diffusivity of a single component A in the gas mixture.

Equations (3-104) and (3-105) are also similar for component B and S, respectively.

1-ya
Dam VB Vs
Dap  Dags
1-yg
Dpm YA Vs
Dga  Dggs
1-ys
Dsm YB Ya
Dsg ~ Dsa

(3-103)

(3-104)

(3-105)

Where ya, YB, Ys are the mole fractions of components A, B, S; and Dam, Dem, Dsm are effective

diffusivity of component A, B, S in the gas mixture, respectively.
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3.3.5 Heat Capacity of the Gases

Aly and Lee [125] correlated the heat capacities as a function of temperature for over fifty
different gaseous species. Equations (3-106) and (3-107) represent their correlations for CO, and
H>O vapor respectively. The correlated heat capacity of air as a function of temperature is
regressed with high accuracy (R?= 0.9998) based on the data of Thermopedia data engine [126]
and expressed as Equation (3-108). Figure 3-9 shows the heat capacities for these three gases as

a function of temperature.

Cpa = 4.184{7.54056 + 7.51625 [ taa27/T |’ + 5.38023 647501 |° 3-106
PA T ' ' |sinh(1442.7/T) ' | cosh(647.502/T) (3-106)
Cps = 4.184{7.97183 + 6.27078 _257263/T_|* +2.0501 _115672/T |° 3-107
s — ™ ' ' sinh(2572.63/T) ' | cosh(1156.72) (3-107)
Cpp =8x107"*T* -3 x 1078T% + 4 x 107°T? — 0.0165T + 31.133 (3-108)
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Figure 3-9: Heat Capacity of Gases as a Function of Temperature

3.3.6 Henry’s Law constant

According to Henry’s law, at a given temperature, the solubility of a gas (in terms of mole
fraction of the solution) is proportional to the partial pressure of the gas. Applying this law, the
solubility of the gas into liquid solution can be found provided the molecular state of solute must
be in the same state of the gas and in the solution (physical absorption). As CO> reacts with MEA
in CO; absorption process, Henry’s law cannot be applied directly to find the solubility of CO> in
MEA solution. Therefore, the solubility must be estimated from corresponding data of more or
less similar non-reacting gases in MEA solution. According to Versteeg and Swaaij et al. [127],
Laddha et al. [128] was first investigated the solubility of N.O and CO- in aqueous solutions of

organic compounds that are non-reacting with respect to both solutes. Due to the similarities with
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regard to configuration, molecular weight (44) and electronic structure, it was concluded that the
ratio of the solubility of these two components remained constant for the various solutions and the
“N20 analogy” may be applied to estimate the solubility of CO2 in aqueous MEA solutions.

In 1988, Versteeg and Swaaij et al. [127] proposed equations for calculating Henry’s Law
constants for N2O and CO; in water. In this study, the Henry’s Law constant for N2O in aqueous
MEA solution is calculated by regressing with high accuracy (R? = 0.981) the experimental data
by Tsai et al. [129] and shown in Equation (3-111). In 2000, Tsai et al. [129] and in 2005, Mandal
et al. [130] used the N2O analogy to estimate Henry’s law constants for CO in aqueous MEA
solutions. In this study, Equations (3-109) - (3-112) were used to calculate the Henry’s law
constants of CO- in aqueous MEA solution.

Figure 4-4 shows Henry’s law constant as function of temperature for solubility of CO2
and N2O in water and N2O in Aqueous MEA solution. Figure 4-5 shows that Henry’s constant of

CO:2 as function of temperature using N2O Analogy and Aspen Plus property.

Hey,owater = 8.547 X 106 exp (—2284 /T) (3-109)
Heco, water = 28249 X 106 exp (—2044 / T) (3-110)
2284 Cr Cr 2
HeNZO,Aqueous MEA — 8.547 x 106 exp [_ T + 4841677 + (34643 79) ] (3'111)
Heco, wat
HeCOZ,Aqueous MEA — HeNZO,Aqueous MEA <He+waer> (3-112)
N, O,water

Where Cy is the concentration of MEA in mol /m® and T is in K.
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3.3.7 Gas/Liquid Diffusivity

Gas /liquid diffusivity refers to the diffusivity of CO2 in MEA solution. Similar to the
solubility discussed in section 3.3.6, N.O analogy can be also applied in the calculation of
diffusivity for the same reason and expressed as Equation (3-116). N2O and CO diffusivity in
water are calculated using correlation provided by Versteeg and Swaaij [127] shown as Equations
(3-113) and (3-114). The diffusivity of N2O in aqueous MEA solution was calculated by using the
correlation provided by Wang and Lin et al. [131] and expressed as Equation (3-115). The
coefficients of the Equation (3-115) are given in Table 3-4 and the concentration of MEA (CR) is

in kmol/m?® .

Dy, 0 water = 5.07 x 1076 exp (_zf 71) (3-113)

Do, water = 2-35 X 1076 exp (_le 19) (3-114)

Dy, oMEAg) = [Po + b1 Cr + b;Ce?]exp [%] (3-115)

Do, MEA(aq) = DN,0,MEA(aq) <M> (3-116)
' ' Dy, 0,water

Where all diffusivities are in m%/s and T is in K
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Table 3-4: Coefficients Used in Equation (3-115)

Parameter Value
bo 5.07E-06
by 8.65E-07
b, 2.78E-07
bs -2.371E+03
bs -9.34E+01

Figure 3-10 to Figure 3-13 show the diffusivity of CO> and N2O in water and N.O in
Aqueous MEA solution and diffusivity of CO. in Aqueous MEA solution as function of

temperature respectively.

5 — CO2-Water

Do, X 10° (m?/s)

14

B e . T . ———
2600  2.800  3.000  3.200  3.400  3.600  3.800

1000/T (1/K)

Figure 3-10: Diffusivity of CO2 in Water as a Function of Temperature
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Figure 3-11: Diffusivity of N2O in Water as a Function of Temperature
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Figure 3-12: Diffusivity N2O in Aqueous MEA solution as a Function of Temperature
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Figure 3-13: Diffusivity of CO2 in Aqueous MEA solution as a Function of Temperature
3.3.8 Liquid/Liquid Diffusivity

Liquid/liquid diffusivity is essential for calculating the instantaneous Enhancement Factor
expressed as Equation (2-36). For calculating diffusivity of MEA into the water, the Wilke and
Chang [132] equation was used for predicting liquid diffusivities. The respective Equation (3-117)

is given below:

T(ep - MWS)1/2> (3-117)

Dgs = 1.17282 x 10716 =
' UsVR
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Where ¢ is the association coefficient (¢ = 2.6 for water); T in K; Drss in m?/s; ug in Pa.s
and v is the molar volume of MEA at its normal boiling point in m3/kmol (vs for MEA = 0.07186

m3/kmol).

3.3.9 Water Vapor Pressure

There are many published literatures available for approximate calculation of water vapor
pressure. In 2008, Monteith and Unsworth [133] published Tetens’ Equation for temperatures
above 0 °C and expressed in Equation (3-118). Figure 3-14 shows water vapor pressure as function

of temperature using Tetens’ Equation.

(3-118)

T —35.85

17.27(T — 273.15)
Pyap = 610.78 exp

Where T is in K
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Figure 3-14: Water vapor pressure as a Function of Temperature

3.3.10 Latent Heat of Water Vaporization

The enthalpy of vaporization or (latent) heat of vaporization, is the amount of energy
(enthalpy) that must be added to a liquid substance to vaporize. In CO absorption system, the
exothermic reaction between MEA and CO> generates heat which will increase the temperature
for both the gas and liquid. There will be no heat will dissipate outside as per our initial
consideration of the adiabatic process. In this regard, the necessity of calculating the amount of

heat is to be consumed for vaporization of volatile solvent (water) is evident to utilize that
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information in the enthalpy balance for the system. Clausius- Clapeyron equation has been used in

this regard and shows in Equation (3-119).

dlnP _ AHLV
dT ~ RT?

Integrating both sides and applying a limit, we get:

Or
R.In (22
iy - -5
-

(3-119)

(3-120)

(3-121)

Where P1 and P, are the vapor pressure (Pa) of water at temperature T1 and T2 (K), AHpv is the

heat of vaporization (J/mole) and R is Universal gas constant (8.314 J-K™*-mol™).
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3.3.11 Enthalpy of CO2 Absorption and Reaction in the Liquid Solution

Conventionally, the total heat of solution represents the combined enthalpy change due to

the physical absorption and chemical reaction as expressed by Equation (3-122).

A(H)coz in sotution = A(H)absorption + A(H)reaction (3-122)

The heat of reaction (A(H)reaction) can be calculated from the heat of formation of the

products and reactants at the standard condition (298.15 K) according to Equation (3-123).

k k (3-123)
A(H)reaction = Z A(Hi)formation—products - Z A(Hi)formation—reactants
i i

In 2012, Heintz [134] proposed Equation (3-124) to calculate the heat of CO2 absorption

(A(H)absorption) through Henry’s Law constant (He).

a(ln(He)) _ A(H)absorption (3-124)
1 =
o(p) R

where R is the universal gas constant = 8.314472 J/mol.K and A(H)absorption IS in J/mol.
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In the literature on CO. absorption in amines, the total heat of CO> physical absorption
followed by a chemical reaction was often estimated as the enthalpy change due to the combined
physical absorption and chemical reaction through the Gibbs-Helmholtz energy. In 2005,
Gabrielsen et al. [135] calculated the total heat of solution for CO>-MDEA, CO,-DEA and CO-
MEA systems using Equation (3-125), which is the Gibbs-Helmholtz energy, where Kcoz is the
combined Henry’s law and chemical reaction rate constant. They also proposed Equation (3-126)
to represent the relationship between Kcoz and CO> equilibrium partial pressure (Pcoz) using CO>
loading () and the unreacted and reacted CO> mole fraction in the liquid-phase (Xco2). They also
proposed equation (3-127) to calculate Kco. for all three amines. By inserting Equation (3-125)

into is Equation (3-127), the heat of absorption of CO2 in MEA can be estimated using Equation

(3-128).

d(In(Kco2)) _ AHcoz in sotution (3-125)
N R
b

(1—2a)?. Pco, (3-126)

K =

cor = )G
10,584 (3-127)
In(Kgp,) = 30.96 — T 7.187 (a Xg initiar)

AH¢oz in sotution = 10,584 (R) (3-128)

Where Xy initia; IS the mole fraction of MEA in aqueous MEA solution.
In 2012, Hiwale et al. [136] modeled CO.-MEA system for a laminar jet absorbers and

packed beds using the total heat of solution; and Mathias and O’Connell [137] used Gibbs-
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Helmholtz energy equation to calculate the heat of solution for the CO,-MEA system. Also, in
2014, Hopkinson et al. [138] calculated the total heat of solution for CO,-MEA, CO,-DEA and
CO.-MDEA systems using the Gibbs-Helmholtz energy by Equation (3-125). It should be noted
that Equation (3-128) shows that the heat of absorption of CO2 in MEA solutions is constant. In
2011, however, McCann et al. [139] calculated the heat of solution for CO>-MEA and CO>-MDEA
systems at 313 K and found large deviation in calculating the heat of absorption for CO>-MEA
system using Equation (3-125). This was further validated by the experimental data reported in
2014 by Kim et al. [140-142] where the total heat of solution of CO2-MEA system (includes the
heat of dissolution of CO; and the heat of reaction of CO, and MEA) was not constant. It was
dependent on MEA mass percent, liquid temperature and CO- loading. Therefore, in this study,
the heat of absorption for CO>-MEA system was calculated by regressing the experimental data

by Kim et al. [140-142] and expressed in Equation (3-129) .

AHcoy in solution = [4.1042 — 7.24 (wg) — 47.3710 (a) + 0.2926 (T)] x 1000 (3-129)

(AH)absorption is in J/mol, wr is mass fraction of MEA and T is in K
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3.3.12 Enthalpy of MEA and H:0 in Solution

The enthalpy of the liquid solution is defined as shown in Equation (3-130) [1].

aq aq L (3-130)
H2(T,) = Z_xiHi (T,) + f Cop dT
1 To

Where i stands for dissolved A (COz), R (MEA), S (H20), and P (Carbamate), Hi and x; are the
molar enthalpy and mole fraction of the corresponding species i, respectively.

In order to calculate the enthalpy of CO: in solution (Hco2), the dissolution (dissolving)
enthalpy of CO. and heat of absorption of CO2 were considered. Equation (3-131) proposed by
McCann et al. [139] for aqueous MEA solution shows the excess molar enthalpy. Also, the partial
molar enthalpy of MEA and water in solution were calculated using Equations (3-132) and (3-133)

proposed by Mathonat et al. [143], which were obtained by differentiating of Equation (3-131):

HE = xg(1 — xp) Z A (1—2xg)n1 (3-131)

Hg = HE + (xg)(0HE /0XR)p 1 (3-132)
= (1= xR)? ) Ay = 23" = 2xp(1 = x0)? ) Ay(n = (1 = 2x)"

Hg =HE + (1 - xR)(c’iHE/axR)RT (3-133)

= xﬁz An(1—2xp)™ 1+ 2x5(1 — xR) Z A,(n —1)(1 — 2 xg)"2
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Where HE, Hr and Hs are in j/mol and n represents the coefficients in Equations (3-132) and
(3-133) reported by Maham et al. [144] are listed in Table 3-5.

Table 3-5: Coefficients in Equations (3-132) and (3-133) [144]

Parameter Value
A1 9260.7
A2 -3395.8
A3 -601.3
A4 491.0
As 977.6

McCann et al. [139] reported that the enthalpy of carbamate formation was constant
between 293 K and 346 K and estimated -33 + 2 kJ/mol, which was found from NMR titrations
published by Ballard et al. [145] and Barth et al.[146]. McCann et al. [139] also reported that the
enthalpy of carbamate formation was constant in the temperature range from 273 K to 423 K from
vapor-liquid-equilibria (VLE) measurements according to Park et al. [147] and Jou et al. [148].
Therefore, in this study, the enthalpy of formation of the carbamate was assumed to be constant

with -33 kJ/mol.

3.3.13 Reaction Rate Constant

The overall reaction order for CO> absorption in aqueous MEA solutions has an order of
two because it has an order of one with respect to CO and an order of one with respect to MEA.
This indicates that the deprotonation of the zwitterion by the base present in the solution is very

fast compared to the rate of the reverse reaction to CO. and amine [149].

82



Blauwhoff et al. [150] expressed the second order reaction rate constant for CO,-MEA

system by Equation (3-134), which is plotted as a function of temperature in Figure 3-15.

2152 (3-134)

logk, =1099 — ——
0g Ky T

100,000

10,000

K, (m3.Kmol'.sec™)

1,000 ¢

100 ----:----:----:----:----:----:----:----
3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8

1000/T, (1/K)

Figure 3-15: Reaction Rate Constant for CO2 in Aqueous MEA System [150]
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3.3.14 Density of Aqueous MEA Solution

The density of aqueous MEA solutions were calculated using the Equations (3-135) -
(3-137) developed by Weiland et. al. [151] based on literature data by Ho et al. [116] for partially

carbonated MEA.

p = (XgRMwg + XxgMwg + x,Mw,)/V (3-135)

V= XRVR + X5VS + 0. O4’7XA — 1. 821XRXS (3'136)
M -

Vi R (3-137)

~ 75.351(T)2 + (—4.514)(T) + 1.194

Where V is the molar volume of solution in unit of mL-mol™, p is density in unit of gmL™ and T is
temperature in unit of K. xj and M; are the mole fractions and molecular weight of components
respectively.

For an ideal solution, it can be assumed that the molar volume of a solution is the sum of the
partial molar volumes of its components multiplied by their respective mole fractions. However, in
CO2-MEA system, the assumption of ideal solutions would not be correct due to the ionization
reaction. This assumption would be accurate if the CO2 would exist as free CO. and not as its
carbamate or reaction product [151]. For this nonideal behavior of loaded amine solutions, an
additional term requires to account for the interaction between amine and water along with the molar

volume of dissolved CO», unrelated to its pure component.
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In Equation (3-136) by Weiland et. al. [151], the molar volume of CO2 was 0.047 (mL-mol™)
and the molar volume associated with the interaction between water and amine was -1.821 (mL-mol?).
Weiland et. al. [151] also mentioned that the molar volume of pure MEA was given in 1989 by Al-
Ghawas et al. [119] and in 1992 by DiGuillo et al. [152] and is expressed as Equation (3-137).

This correlation was developed to allow the calculation of alkanolamine solution density as a
function of amine concentration, CO> loading, and temperature for single-amine solutions. Figure 3-16

shows the density of 2M MEA solution as function of temperature and loading.
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Figure 3-16: Density of 2M MEA Aqueous Solution as Function of Temperature and CO2 Loading
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3.3.15 Viscosity of Aqueous MEA Solution

Weiland et. al. [151] combined the data by Al-Ghawas et al. [119], DiGuillo et al. [152],
Ho et al. [116] and Snidjer et al. [153] and proposed Equation (3-138) to calculate the viscosity of
MEA solutions at a given temperature, MEA concentration, and CO> loading [151].

The viscosity of water was calculated using semi-empirical relation available at Dortmund
Data Bank [154] as function of temperature, Equation (3-139).

Figure 3-17 shows the viscosity of 2M concentrated MEA Aqueous solution as function of

temperature and CO> loading. Figure 3-18 shows the viscosity of pure water as function of

temperature.
My (3-138)
Huz20
[(21.186wg + 2373)][«(0.01015wg + 0.0093T — 2.2589) + 1]wg
= exp T2
578.919 (3-139)
HUH20 = 0.001 exp (—3 7188 + m)

Where wr is the MEA mass fraction, T is temperature in unit of K
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Figure 3-17: Viscosity of 2M MEA Aqueous Solution as Function of Temperature and CO2 Loading
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Figure 3-18: Viscosity of water as Function of Temperature
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3.3.16 Surface Tension of Aqueous MEA Solution

Dong et al. [155] measured the surface tension of aqueous MEA solutions from 293.15 K
to 323.15 K using an automatic surface tensiometer and studied the effect of temperature, MEA
concentration, and CO> loading (a) on the surface tension. They also proposed Equation (3-140)
to express the surface tension of aqueous MEA solutions. This equation shows the solution surface
tension (oL) IS the summation of surface tension of unloaded solution (oaq), surface tension
contributed from the hydrolysis of ion (cion) and [eawg/T], which is the contribution from
hydrolysis of ions, residual MEA, and the interaction between ions and water [155]. Equations
(3-141) and (3-143) can be used to calculate 6aq and oion, respectively.

Dong et al. [155] measured the maximum CO: loading (omax) at different temperatures and
MEA mass fraction. Then amax IS regressed as a function of temperature and MEA mass fraction
in Equation (3-145). According to Dong et al. [155], at a given MEA concentration amax decreases
monotonically with the increase of temperature. And, at a given temperature amax decreases with

increase of MEA concentration [155]. These relationships can be seen in Figure 3-19.

O}, = G,q + Ojon — €a(WR)/T (3-140)
0aq = XpOR + X505 + O(T, Wp)XgXs (3-141)
O(T,wg) = (a+ bwg + cwg?)T (3-142)
GCion = (FWion + 8W5,)/T (3-143)

(3-144)

Wion = OWR(My /Mg + 1/0,4 ) /M¢
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ey = 1.801849 — 0.00333T — 0. 7525wy (3-145)
Mt =1 + ((XWRMA)/MR (3-146)

(3-147)

Wp = (1 — )wR/Mt

max

Where o1, Gaq, Gion, Or, Os, ea(Wg/T) and @(T,wg) are in mN/m; wr and Wion are the mass
fraction of MEA and ions, respectively; and Ma and Mr are the molecular weight of CO> and

MEA. The coefficients for surface tension calculation are given in Table 3-6.

Table 3-6: Coefficients for Surface Tension Calculation

a b c e f g
-0.567 | 1.05 | -0.552 | -27494.72 | 6175.83 | 2828.87
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Figure 3-19: Dependency of amax 0N MEA Concentration and Temperature

Surface tension of pure MEA was calculated using correlation provided by Han et al. [156]
and expressed as Equation (3-148). Surface tension of pure water was calculated using Equation
(3-149) available at Dortmund Data Bank [157]. Figure 3-20 shows the surface tension of pure

water as function of temperature.

o = 0.001 [0.05146 — 0.0001158 (T — 273.15)] (3-148)

_T_

1.6146-2.035(g ) +1.5598( : (3-149)

573)

os = 134.15 (1 " 647. 3)
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Figure 3-21 shows the surface tension of Aqueous MEA solution at different concentration

of MEA without CO; loading and as function of temperature.
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Figure 3-20: Surface Tension of Water as function of Temperature
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Figure 3-22 shows the surface tension of carbonated MEA solution at a given temperature

as function of CO> loading with 10wt% MEA concentration.
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3.3.17 Heat Capacity of Aqueous MEA Solution

Heat capacity of a liquid solution is a temperature dependent physical property which
defines the amount of heat energy required to raise the temperature of the liquid solution. This
information is necessary to perform the liquid side enthalpy balance. In 1994, Linde and Kehiaian
[158] expressed the Equation (3-150) for calculating the molar heat capacity of mixture. In 2001,
Chen and Li [159] showed their experimental result of eight binary systems for calculating heat
capacities including aqueous MEA solution as a function of mole fraction of amine and

temperature which fitted very well with the predicted result using Equation (3-150).
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n
CP,R = CE + Z Xicpi (3-150)
i=1

Where xi is the mole fraction of each component, Cpi is molar heat capacity of pure
components and CpE is excess molar heat capacity.
For binary system, Chiu et al. [160] mentioned the Redlich and Kister Equation shown as

Equation (3-151) to calculate the excess molar heat capacity.

n
Cg = X1X2 Z Ai(Xl - Xz)i_l (3'151)
i=1

The Temperature-dependent Ai is assumed to follow the equation (3-152) by Chiu et al.

[160] and the values of coefficients are given in Table 3-7.

A; = ajp + a;1 (T/K) (3-152)

Table 3-7: Parameter of heat capacity of aqueous MEA solution [160]

System aio ai1 a2,0 a1
MEA+H20 -148.90 0.492 28.033 -0.096
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The molar heat capacity of pure MEA was calculated by using equations (3-153) by
regressing the experimental data published by Chiu et al. [160] with high accuracy (R?=0.998).
The molar heat capacity of pure water as function of temperature was calculated using Equation

(3-154) which is available in National Institute of Standards and Technology (NIST) webbook

[161].

Cpg = 78.58 +0.2927 « T (3-153)
,  3.855326

CpS = —203.6060 + 1523.29t — 3196.413t? + 2474.455t3 + —a (3-154)

Where t=Temperature T(K)/1000
Figure 3-23 shows the heat capacity of MEA aqueous solutions as a function of MEA mole

fraction at different temperatures.
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3.3.18 Mass Transfer Coefficients

In 1995, Billet and Schultes [4] updated their correlation for mass transfer coefficients with
small deviation from experimental results based on one of the largest experimental database in the
world at that time. They suggested the following Equations (3-155) - (3-157) to predict the specific

gas-liquid interfacial area as well as the volumetric gas-side and liquid-side mass transfer
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coefficients. Equation (3-158) was used to calculate the gas-side mass transfer coefficient in (m.s’

1y mentioned in overall corrected heat transfer coefficient calculation in section 3.3.19:

a d —-0.2 2 d 0.75 2 -0.45
2w LS(adh)'“S(E£—£> (uLpL h) (1&;) (3-155)
a VL oL gdy
1 u\Y2 /Dy 1/2
k, = C.126 (E) (d—h) (3-156)
CG DG 31/2 Ug 3/4 Vg
kG = - 1/2 ( 1/2) ( ) ( )1/3 3-157
RT (S - BL) dh avg Di,G ( )
kg = kg (RT) (3-158)

Where i could be CO», H2O or inert gas. aw is the specific wetted area; a is the specific packing
area; ¢ is the bed porosity; Cr, Cg are the characteristic parameters of different packings; D¢ and
Dv. is the gas and liquid diffusivities, dn is hydraulic diameter of the packing which is defined by

Equation (3-159); and B is liquid hold up which could be determined using Equation (2-19).

dy = 4(2) (3-150)
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The characteristic parameters of packing, including, Cc and Cy, are listed in Table 3-8.

Table 3-8: Characteristic Parameters for Packing [4]

Packing Nominal Size, mm Void Fraction, g Specific Area, m? CL Ce
Ceramic Berl Saddle 13 0.65 545 1.364 | 0.232
Ceramic Berl Saddle 25 0.68 260 1.246 | 0.387

In this study, Equations (3-160) through (3-163) by Cho [3] were used to calculate the

specific wetted area (aw) as well as the liquid-side mass transfer coefficient (k) and Equation

(3-157) by Billet and Schultes [4] was used for calculating the gas-side (kg) mass transfer

coefficient.

Cho’s [3] correlation is developed based on the surface renewal rate from Danckwerts'

theory and the effective interfacial area between gas and liquid per unit packing volume in a packed

absorption tower were evaluated for the absorption of carbon dioxide into carbonate/bicarbonate

buffer solution accompanied by a pseudo-first order chemical reaction [3].

Cho’s [3] correlation is also developed based on the Berl saddle packing and resulted the

surface renewal rate and specific wetted area is the function of Reynolds number (Re). Equation

(3-163) defined by Faramarzi et al. [162] . S is surface renewal rate (sec™) defined by Cho [3].

a,, = 25 Re?%6?

S = 0.74 Re%37

k, = (DLS)O'S
u d

Re = (PL L h)
208

13 < Re< 30

13 <Re< 30
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3.3.19 Heat Transfer Coefficient

The heat transfer coefficient plays a significant role for calculating the gas-phase and
liquid-phase temperatures in the absorber. Due to the similarities in molecular transport process of
momentum, heat and mass transfer, the molecular diffusion equation of Newton’s law of
momentum is similar with Fourier’s law for heat and Fick’s law for mass transfer [163].

However, theses similarities are not well defined mathematically or physically and are
more difficult to relate each other [163]. To understand this further, method of dimensional
analysis and use of dimensionless numbers are important. The experimental data for mass transfer
coefficients obtained using various kinds of fluids, different velocities and different geometries are
correlated by the dimensionless numbers [163] which later can be used to calculate other properties
of molecular transportation. A consolidated list of dimensionless number related to heat and mass
transfer has been provided in Table 3-9 with Equation from (3-164) to (3-167).

Over the decades, researchers made huge effort to develop analogies among these three
transport processes so that an unknown transfer coefficient can be predicted when one of the other
coefficients are known [163]. In this case also heat transfer coefficient can be calculated from mass

transfer data through heat transfer analogy.

99



Table 3-9: List of Dimensionless numbers related to Heat and Mass Transfer

Dimensionless no Definition

) Momentum Diffusivity
Schmidt number (Sc)

Mass Diffusivity

Momentum Diffusivity

Prandtl number (Pr) Thermal Diffusivity

Stanton number (Stw) (for Heat transfer into fluid
heat transfer) Therml capacity of the Fluid
Stanton number (St) Convective Mass Resistance
(for mass transfer) Mass average vlocity
Sc = 6 (3-164)
Pc D¢
C
pr — —PHG (3-165)
A
St,, = — 16 (3-166)
T g Cpug
k
St = — (3-167)
Ug

Even though Reynolds was the first to note similarities in transport processes and relate
turbulent momentum and heat transfer, known as Reynolds analogy, the most successful and most
widely used analogy is the Chilton and Colburn J factor analogy [163]. This analogy is based on
experimental data for gases and liquids in both the laminar and turbulent flow regions and is written

as follows by Equation (3-168) [163] :
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f 2 2
S == Stu(Pr)3 =Jp = St (Sc)3 (3-168)

Where f is friction factor, J; and Jpare the dimensionless factor for heat and mass transfer
respectively. For the flow where drag force is present, like the flow in packed bed absorber, f/2 is

much higher than J or Jp and often J; = Jp [163]. Therefore, Equation (3-168) can be simplified

into Equation (3-169):

2 2
Sty (Pr)3 = St(Sc)3 (3-169)

Plug in Equation (3-164) to (3-167) in equation (3-169), heat transfer coefficient of gas

phase (hg) can be calculated using Equation (3-170).

he = KepC (—A )2/3 (3-170)
= p — -
G GMG%“p pGCpDG

It should be mentioned that all properties in the Equation (3-170) are average properties
for the gas mixture. These average properties are defined in ASPEN PLUS under “Chilton and

Colburn Methodology” [164] and were obtained by using Equations (3-171) and (3-172).
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ch YRS i1 (vi + 8) (i + 8)Dyxe

Dg
Pcl 1Zk ir1(yi +6) (yk +6)

(3-171)

o YT YIRS 1+1(Yi +8) (¥ + Okik
‘ ch ! k 1+1(Yi +8) (yx + 6)

(3-172)

Where 6 = 0.0001, taken from ASPEN PLUS (Rate based setup) [164], y; is assumed to be the
mole fraction of gas component into mixture gas, and nc is number of gas components.

In this connection this should be also noted that there is a difference between momentum
transfer and heat transfer. This is due to the change in boundary condition of molecule transpiration
at the shear surface. In 2006, Ambrosini et al. [165] discussed these differences and mentioned
that these differences are the result of the average transversal motion of mass transfer, temperature
and concentration profile in the boundary layers. Therefore, a correction factor, known as
Ackermann 1937 correction for heat transfer coefficients have been applied to account this
phenomenon [165]. The expression of Ackermann 1937 correction factor recommended by Pandya

[108] and shown in equation (3-173).

dy
—GB(CPAd—ZA +Cps

dyY, dY
1= exp {Go (Con S + Cos ) /Moa]

dYS)

hGIaW = (3-173)

Where hg is the original heat transfer coefficient and hg' is the corrected heat transfer coefficient.
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4.0 Model Validation with Pilot-Plant Study by Tontiwachwuthikul et al.[2]

In, 1989, Tontiwachwuthikul et al. [64] built the experimental setup schematically shown
in Figure 4-1 and recorded the results of CO> concentration and liquid temperature profiles along
the column using NaOH, MEA and AMP as solvents. The experiments were carried in a packed-
bed with 0.1 m ID and 7.2 m height containing 0.5 inch ceramic Berl Saddle packing, the packed-
bed consisted of six sections (each 1.2 m) and due to liquid redistribution between the sections,
the effective packed height in each section was 1.1 m, leading to a total of 6.6 m packing height.
The flow rates of the solvents and CO»-air mixture were measured using rotameters and the inlet
gas and liquid temperatures were using a constant temperature bath. An infrared gas analyzer was
employed to measure the gas-phase composition [64]. In 1992, an extended version of this pilot
plant study of Tontiwachwuthikul et al. [2] was published where the author reported the liquid
temperature, CO> loading and CO2 mole fraction in the gas-phase at each section. They also
modeled their experimental results with MEA based on the procedure by Pandya [1] and reported

that their model predictions were in agreement with the experiment results.
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Figure 4-1: A Schematic of the Experimental Setup Used for CO2 Absorption by
Tontiwachwuthikul et al. [64]

The experimental data by Tontiwachwuthikul et al. [2] for CO2 absorption from a mixture
with air in aqueous MEA solutions using an adiabatic packed-bed absorber were used to validate
the model predictions. Tontiwachwuthikul et al. [2] carried out a total of 10 different runs for CO-
absorption using MEA aqueous solutions in a small-scale (0.1 m ID) adiabatic absorber packed
with a 12.7 mm ceramic Berl Saddles to a height of 6.55m. It should be mentioned that some runs
were replicates to ensure reproducibility, and other runs exhibited errors in the CO, material

balance. In this study, runs (T13, T15, T19 and T22) carried out at 1 atm (1.01325 bar) were
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experimental runs are given in Table 4-1.

considered for model validation. The boundary conditions of the individual streams of these

Table 4-1: Inlet and outlet Stream Conditions from Pilot-Plant Study

Inlet Parameters T13 T15 T19 T22
Liquid Flow (m3/m? h) 13.5 13.5 13.5 9.5
MEA Feed Concentration (kmol/m®) 2.00 2.03 2.00 3.00
Liquid Feed Temperature, °C 19 19 19 19
Air Flow Rate (mole/m? s) 14.8 14.8 14.8 14.8
Inlet Gas Temperature, °C 19 19 19 19
CO2 Mole Fraction (at inlet) 0.153 0.195 0.115 0.191
CO2 Removal (%) 100 100 100 100
Packed Height (m) 6.55 6.55 6.55 6.55

Also, It should be noted that due to the unavailability of the packing characteristics for 12.7
mm ceramic Berl Saddles in the literature, a 13-mm nominal size ceramic Berl Saddles packing

with the characteristics shown in Table 4-2 was used in the present model.

Table 4-2: Characteristics of the Packed-bed Absorber and Packing Used in the Present Model

Packing Type Ceramic Berl Saddle
Packing Nominal Size, mm 13
Void Fraction (g), % 65
Specific Area (a), m? 545
Packed Height, m 6.55
Column ID, m 0.10

All the equation parameters discussed in the previous sections were inserted in the model

equations, which were implemented in MATLAB 2016a to solve the combined material and
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energy balance equations under different boundary conditions. Another model on Aspen plus was

also developed using Rate based Model of CO.-MEA system.

4.1 Hydraulics of the Four Runs

The hydraulics of the four runs (T13, T15, T19 and T22) listed in Table 4-1, including
flooding, irrigated pressure drops and liquid holdup, were evaluated. Figures 4-2 and 4-3 were
used to check for flooding and interpolate for the two-phase irrigated pressure drop. The two-phase
irrigated pressure drops were also predicted using the correlations by Billet and Schultes [96] and
Stichlmair et al. [99]. The liquid holdup values were predicted using the correlations by Billet and
Schultes [96] and Stichlmair et al. [99]. Figures 4-2 and 4-3 show that the four points
corresponding to the four runs are below the flooding line, indicating that flooding did not occur
during the operation. The calculated values of ki, ks, L and APj for the four runs are given in
Table 4-3, and as can be observed the correlations by Billet and Schultes [4] and Stichlmair et al.
[99] predict pressure drops which are in very close to each other, however, these predicted values

are almost double those interpolated using the graphs by Leva [90] and GPDC [94].
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Table 4-3: Hydraulic Results and Mass/Heat Transfer Coefficients of the Four Runs Used
in the Model Validation

Run # T13 T15 T19 T22
Flooding
No | No No No
Pressure Drop - Psi/ft (Pa/m)
Leva [90] 9.31 x 1083 (211) | 10.16 x 10 (230) |8.64 x 10-% (196)| 8.01 x 103 (181)
GPDC [94] 7.80 x 103 (167) | 8.67 x 103 (196) |6.50 x 102 (142)| 6.94 x 103 (177)
Billet and Schultes [4] 18.02 x 103 (408) | 19.9 x 103 (450) |16.6 x 103 (375)|19.32 x 103 (437)
Stichlmair et al. [99] 22.78 x 10 (515) | 25.48 x 102 (576) |20.7 x 103 (469)| 20.0 x 10-% (453)
Aspen Plus 8.63x 103 (195) | 9.90 x 10 (224) |7.84 x 103 (177)] 8.39 x 10% (190)
Liquid Holdup (%)
Billet and Schultes [4] 7.50 7.37 7.64 5.99
Stichlmair et al. [99] 10.02 10.04 10.00 7.97
Mass Transfer Coefficients
Ka,L (Cho [3]) (m/s) 7.09 x 105 7.85 x 105 6.44 x 105 7.47 x 105
Kac (Billet and Schultes [4]) 1.29x 10 1.35x 10 1.24%x10°% 1.34%10°%
(mol/Pa/m?/s)
ksc (Billet and Schultes [4]) 1.73x10°% 1.80 x 10 1.67x 10 1.79x 10
(mol/Pa/m?/s)
ke, (Billet and Schultes [4]) 1.13x 105 1.17x10°% 1.09 x 10 1.34%10°%
(mol/Pa/m?/s)
aw (m™) (Cho [3]) 164.54 164.00 148.35 125.3
aw (m™) (Billet and Schultes [4]) 64.67 64.76 64.70 59.99
hs, (W/m?/K) (Chilton-Colburn 40.20 30.88 4054 30.78

analogy [164])
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Figure 4-2: Flooding and Pressure Drop Graph by Leva [90]
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4.2 Predictions of Henry’s Law Constant and Diffusivity of CO2 in MEA Aqueous

Solutions

4.2.1 CO2 Henry’s Law Constant (He)

Figure 4-4 shows a good agreement between the He values calculated through N2O analogy
shown in Equation (3-109) - (3-112) for N.O-MEA aqueous solution and experimental data from
literature data [127, 129, 166]. Also, Figure 4-5 shows the comparison between the He values
calculated using and N2O analogy [127, 129, 166] and those obtained from Aspen Plus [167] for
CO.-MEA system. As can be seen in this figure, at 0 wt% MEA, He values calculated using the
N20 analogy are lower than those obtained from Aspen Plus. This behavior, however, is reversed
at higher MEA concentrations (10 wt% - 30 wt%), where the He values obtained from Aspen Plus
are systematically smaller than those calculated using the N2O analogy. This behavior could be
related to the ionic effect of the MEA solution at higher concentration, which was not considered

in the development of N2O analogy [127, 166].
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4.2.2 CO:2 Diffusivity (Da)

Figure 4-6 shows the diffusivity values of CO. in MEA aqueous solutions calculated using
the N2O analogy [130, 166] and those calculated using Equation (3-117) by Wilke and Chang
[132]. As can be seen in this figure the diffusivity values in water (0 wt% MEA) calculated using
the two methods are in good agreement. Significant deviations are observed at higher MEA
concentrations, which can be attributed to the fact that Aspen Plus uses the Wilke and Chang [132]
correlation (Equation (3-117)) to calculate the diffusivity of CO2 in aqueous MEA solutions, which
is a reactive system. This is fundamentally incorrect since CO; readily reacts with MEA and the
CO: solubility as well as diffusivity will be corrupted by the chemical reaction between CO; and
MEA. In fact, wrong diffusivity values lead to a wrong mass transfer coefficient since according
to the Penetration Theory of gas-liquid mass transfer, the mass transfer coefficient (kL) is
proportional to the square root of the gas diffusivity (k. a (DL)%®°). It should be emphasized that
since the reaction between CO2 and MEA is fast with an enhancement factor greater than 10, the
overall mass transfer rate is solely dependent on the specific wetted area (aw) and is independent
of the liquid-side mass transfer coefficient (k). Therefore, in the case of CO2-MEA system, a

wrong diffusivity would not have direct impact on the overall mass transfer rate.
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4.3 Matlab Model Prediction of the Enhancement Factor Profiles

For absorber design in countercurrent mode, the temperature and composition of the lean
absorbent and raw feed gas composition are generally given, while the CO2 concentration of the
exit gas is specified. The temperature and moisture content of exit gas is generally not known. In
this scenario, these two points boundary value problem can be solved by assuming that temperature
of the exit gas is in equilibrium with entering lean absorbent [2]. This is based on Pandya’s [1]
procedure and according to his suggestion, this assumption is valid for most of the cases [2]. By
using this assumption, the composition of the rich solvent, exiting from the bottom of the absorber
can be estimated.

Figure 4-7 shows the enhancement factor profile along with the absorber height calculated
using Matlab model. As can be observed, the enhancement factor values are between 28 and 67
for run T13, between 10 and 67 for run T15, between 41 and 67 for run T19 and between 18 and

88 for run T22, all indicating a very fast reaction between CO2 and aqueous MEA solutions.
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4.4 Models Prediction of the Experimental CO2 Mole Fraction Profiles

Figure 4-8 shows the experimental CO2 mole fraction profiles for runs T13, T15, T19, and
T22 by Tontiwachwuthikul et al. [2] along with the predicted values by the Matlab model and by
Aspen Plus (Discrxn model). As can be seen in Figure 4-8, the Matlab and Aspen Plus model
predictions are in a good agreement with the experimental results. Under all operating conditions
used, the reaction of CO, with aqueous MEA was fast, as enhancement factors greater than 10
were calculated, and consequently the overall mass transfer rates were dependent on the specific
wetted gas-liquid interfacial area (aw) and independent of the liquid-side mass transfer coefficient
(ku). In the Matlab model, the correlations by Cho [3] were used to calculate the specific wetted
area (aw) and the liquid-side mass transfer coefficient (kr); and the model predictions were in a
good agreement with the experimental data. Whereas in the Aspen Plus model, the correlations by
Billet and Schultes [4] were used to calculate (aw) and the liquid-side mass transfer coefficient
(ko); and the model predictions could not well predict the experimental data. The reason for this
behavior was attributed to the small aw values calculated using the correlations by Billet and
Schultes [4] when compared with those using the correlations by Cho [3] . Therefore, an interfacial
area correction factor of 3 was introduced into the Aspen Plus model; and as a result, a good
agreement was possible between the corrected model predictions and the experimental data.
Actually, the maximum deviation between the predicted values using the corrected Aspen Plus
model and experimental data, which can be observed for run T13 and T19, are 2.36% and 4.58%,

respectively.
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4.5 Models Prediction of the Experimental Liquid Temperature Profiles

Figure 4-9 shows the experimental axial liquid temperature profiles for runs T13, T15, T19,
and T22 by Tontiwachwuthikul et al. [2] and the predicted values by the Matlab and Aspen Plus
models. A good agreement between the predictions of the Matlab and Aspen Plus model and the

experimental results can be observed.
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4.6 Models Prediction of the Experimental CO2 Loading Profiles

Figure 4-10 shows a comparison between the experimental CO. loading (mole of
COqfinitial mole of MEA) profiles for runs T13, T15, T19, and T22 by Tontiwachwuthikul et al.
[2] and the predicted values by the Matlab and Aspen Plus models. As can be seen in this figure,
the predicted values using Matlab model and Aspen Plus model are in a good agreement,
particularly for the run T13 and T19 and the small deviation from runs T15 and T22 can be

attributed to the experimental errors reported by Tontiwachwuthikul et al.[2].
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4.7 Models Prediction of the CO2 Absorption Efficiency

The Matlab model and the Aspen Plus model were used to calculate the CO; absorption
efficiency defined using Equation (4-1) and the model results are illustrated in Figure 4-11 for Runs

T13, T15, T19 and T22.

Ncoo—
co2 out) (4_1)

CO,Absorption Efficiency = (1 -
Ncoz-in

Where Ncoz is the number of moles of CO>
As can be seen in this figure, Aspen Plus and Matlab model predict over 95% of the CO-
absorption efficiency at a packing height of about 5 m from the bottom of the absorber for the four

runs.
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4.8 Models Prediction of the Gas Temperature Profiles

Tontiwachwuthikul et al. [2] did not show the gas temperature profiles for all the four runs.
In this study, the gas temperature profiles were predicted using Matlab and Aspen Plus models.
Figure 4-12 shows the axial gas temperature profiles for all the runs and as can be observed the
temperatures in the bottom half of the column are noticeably higher, which is due to the fact that
the majority of CO, absorption occurs in the bottom half of the column, which causes a rapid
variation of gas temperature due to the exothermic reaction between CO; and the aqueous MEA
solution. The gas then continues to react and exchange heat with the liquid to as it moves to the
top of the absorber. In all the cases, the Matlab and Aspen Plus models predicted that the gas exits

the column at about 19 °C, which is the liquid inlet temperature.
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5.0 Concluding Remarks

A five-components (CO2, air, MEA, H20, and carbamates) mathematical model was
developed in Matlab (R2016a) based on the rigorous procedure for adiabatic gas absorption into
liquids with second-order chemical reaction by Pandya [1]. The material and energy balance
equations were derived for the five components present in the absorber. The absorber was operated
under ambient conditions, representative of the post-combustion CO capture applications. The
equation parameters, including reaction Kkinetics of CO> with aqueous MEA solutions,
physicochemical properties of the five components and heat as well as mass transfer coefficients
of the gases in the solvents required for model solution were obtained from the literature. In Matlab
model, Henry’s Law constants and diffusivity of CO2in MEA solutions were calculated using N2O
analogy. Also, a rate-based discretized reaction model (Discrxn model) for CO, absorption in
aqueous MEA solutions using the same absorber was implemented in Aspen Plus (v.8.8). The
Matlab and Aspen Plus models were used to predict the experimental results for CO> capture from
a mixture of air using aqueous MEA solutions ina 0.10 m ID, 6.55 m height packed-bed absorber
with 12.7 mm Berl Saddles by Tontiwachwuthikul et al. [2]. The Matlab and Aspen Plus models

were used to predict the experimental results and the following concluding remarks can be made:

1. Under all operating conditions used in the four runs, no flooding occurred in the counter-
current absorber. The irrigated two-phase pressure drops, and liquid holdup were calculated

and graphically interpolated for each run.
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The specific wetted interfacial area (aw); liquid-side (kL) and gas-side (kg) mass transfer
coefficients; and heat transfer coefficients (hg) were also calculated. No unusual behavior
in the calculated results can be reported. The specific wetted interfacial areas predicted
with correlations by Cho [3] were greater than those predicted with the correlations by
Billet and Schultes [4].

Due to the fast-chemical reaction between CO2 and MEA with enhancement factors greater
than 10, the overall mass transfer rate was dependent of the specific wetted interfacial area
(aw) and independent of liquid-side mass transfer coefficient (kv).

The predicted mole fraction, liquid-phase temperature, and CO: loading axial profiles using
the Matlab model including the specific wetted area calculated using the correlations by
Cho [3] were in good agreement with the experimental data under all the experimental
conditions used.

The predicted mole fraction, liquid-phase temperature, and CO: loading axial profiles using
the Aspen Plus model including the corrected specific wetted interfacial area calculated
using the correlations by Billet and Schultes [4] were in good agreement with the
experimental data under all the experimental conditions used. A specific wetted area
correction factor of 3 was necessary to fit the experimental data.

Almost 70 — 80 mole% of CO» was captured within the first two meters from the bottom
of the absorber and since the CO>-MEA reaction is exothermic, peaks in the axial liquid
and gas phase temperature profiles occur within this region. After two meters, the gas-
phase continues to cool as it rises upwards and exits the top of the absorber at a similar

temperature to that of the inlet liquid-phase, due to the adiabatic behavior of the absorber.
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