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Amine scrubbing is the most promising solution to address CO> emission from
power plants. Solvent development can significantly reduce the capital and energy cost
of the process. This work rigorously studies the CO2 mass transfer and solubility at flue
gas treating process condition for aqueous and semi-aqueous amines.

A second-generation aqueous amine solvent: 2methylpiperazine (2MPZ) blended
with piperazine (PZ) that has been developed with good overall performance. The
effect of viscosity on absorption rate and heat exchanger has been identified. Optimal
concentration for 2MPZ/PZ is found to be 5 m (5 mole/kg water). = Thermodynamic
and kinetic model has been developed for 2MPZ/PZ in Aspen Plus to allow economic
assessments, and process modeling.

Semi-aqueous MEA/PZ composes of physical solvent, water, and amine has been
characterized. Ultra-fast absorption rate at lean loading has been achieved. The effect
of viscosity, diffusivity, CO» activity (physical solubility), and amine activity on mass
transfer rate (kg’) has been studied. kg’ increases because of reduced operating CO>
loading (higher MEA concentration at the same Pg,), greater CO; physical solubility,
and greater MEA activity. The increase in kg’ becomes less significant at higher loading

due to low diffusivity by high viscosity.
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The mass transfer model of CO; diffusion and reaction with semi-aqueous MEA
was built in MATLAB®. Sensitive analysis shows the relationship between rate and
solvent physical/thermal properties. The pseudo first order approximation is not
applicable to semi-aqueous MEA because of surface depletion of MEA.

The energy use of CO2 capture by amine scrubbing can be estimated by adding
minimum work and lost work. Semi-aqueous amines reduces the lost work in the
condenser due to less water evaporation in the stripper, which. However; second
generation amine processes use advanced stripper configurations can accomplish the
same effect with little additional capital cost.

Besides viscosity, thermal conductivity and heat capacity also effect the heat
exchanger cost. Comprehensive normalized capacity has been developed. An
advanced solvent with high normalized capacity can reduce the CAPEX/OPEX of the
heat exchanger no matter the solvent is water lean or not.

u _ k C _
ACnorm — ACSOIU(“ ) 0.175(k )0.325(C 14 ) 0.825
SmPZ smPZ p,5mPZ
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Chapter 1: Introduction and Background

1.1 GLOBAL WARMING AND CO2 EMISSION

Anthropogenic greenhouse gas emissions are changing climates worldwide
(IPCC, 2014). Greenhouse gas, especially carbon dioxide, is believed to be the major
cause of global warming. Atmospheric CO> has increased from 280 ppm in 1850 to 400
ppm in 2016 (Dlugokencky, 2016) due to anthropogenic activities, primarily the
combustion of fossil fuels. Mitigation of greenhouse gas emissions can substantially
reduce the risks of climate change in the second half of the 21st century (IPCC, 2014).
In 2014, electricity generation accounted for 30% of U.S. greenhouse gas emissions and
31% of world emissions from burning fuels (EPA 2016). Thus, fossil fuel-fired power
plants provide a great opportunity to reduce CO2 emission from point sources. In 2015,
the U.S. Environmental Protection Agency (EPA) proposed a new carbon emission
standard for the new and existing coal-fired power plant, aiming to reduce carbon
emissions by 32% from 2005 levels by 2030 (EPA, 2015). Under this regulation, carbon
capture and storage may become necessary on the coal-fired power plants.

CO; capture and storage (CCS) is considered as a promising option to reduce
CO; emission since it allows continuous use of fossil fuel sources while emitting no or

very little CO; to the atmosphere.

1.2 AMINE SCRUBBING TECHNOLOGY FOR CQ2 CAPTURE

Amine scrubbing was first patented in 1930 for the removal of acid gases (CO>
and H»S) from natural gas streams (Bottoms, 1930). It is the most mature technology
for post-combustion carbon capture that can be deployed industrially in a relatively quick
time scale (Rochelle, 2009). A typical amine scrubbing process for CO» capture is

shown in Figure 1.1.



Desulfurized flue gas from coal combustion with 12% CO: enters the absorber
from the bottom and counter-currently contacts with lean amine solvent entered from the
top. 90% of CO; in the gas stream is picked up by the amine and the treated gas exits
the top of the absorber. The rich solution goes through the heat exchanger and flows
into the stripper, where it is further heated by a reboiler and CO; is released. The
released CO; is then collected from the top of the stripper and compressed for utilization
or sequestration, while the regenerated lean solvent is recycled back to the absorber for

the next cycle.

Treated gas CO, to Storage
L
Cross ) -
12% CO, | Absorber Exchanger Stripper
7% H,0 }
Rich Amine
Lean Amine

Figure 1.1: Process flow diagram of an amine scrubbing process for CO» recovery from
coal-fired power plant flue gas.
As a post-combustion capture technology, amine scrubbing offers the opportunity
to retrofit existing power plants. However, the overall cost of capture CO> including the
capital cost of the equipment (CAPEX) and operating energy cost (OPEX) is still too

high. Current estimation suggests a capture cost of at least 35 $/ton CO,, which is



equivalent to a 3-4 cents/kWh increase in electricity price to remove 90% CO> from 12%
flue gas (Frailie, 2014). Since equipment capital cost and operating energy cost roughly
equally share the total cost, current research efforts focus on 1) finding solvents with
competitive chemical and physical properties to reduce equipment sizes; 2) optimizing
process design to improve energy efficiency. Rigorous process optimization has
improved the overall energy efficiency to 53%, so the margin for further energy reduction
is small due to the thermodynamic limit (lin, 2016). Also, as coal shifts from a base
load electricity fuel source to a peak load electricity source, the capacity factor of coal
fire power plants decreases, which means CAPEX will become more important than
OPEX.

The two most expensive units of the capture plant are the absorber and the main
cross exchanger. The absorber consists of about 30% of CAPEX, which is proportional
to the required packing height. A greater mass transfer coefficient reduces the packing
area at a given partial pressure driving force.

The main cross heat exchanger exchanges heat between the hot lean solvent and
cold rich solvent. The heat duty is large, typically 3-5 times of the reboiler duty (Lin,
2016).  Solvent properties including cyclic capacity, viscosity, thermal conductivity,
and heat capacity determine the optimum size of the heat exchanger, as well as the

sensible heat lost with the temperature driving force.

1.3 SOLVENT SELECTION CRITERIA

This work develops solvents that could potentially reduce amine scrubbing
CAPEX and OPEX. The solvents fall into two major categories: aqueous piperazine

(PZ) blends with other amines and semi-aqueous amines that consist of physical solvent,



water, and
properties:

1.

amines. Generally, the potential useful solvent should have all the following

High CO: cyclic capacity

COz cyclic capacity represents the amount of CO2 removed per unit mass of
solvent per cycle. With higher capacity, less solvent is required to circulate
in the system to remove the same amount of CO,. The capacity value
directly relates to the sensible heat requirement for stripping, pump work, and
the size and cost of the cross-exchanger (L. Li et al., 2013).

High mass transfer rate

The mass transfer rate/absorption rate (k¢’) determines CO> removal in the
absorber. With the same driving force, large ki’ reduces the amount of
packing required for the same amount of CO; removal, which leads to smaller
absorber size and lower capital cost. On the other hand, with a fixed amount
of packing and CO> removal, larger k,’ allows a smaller driving force to be
used and thus less energy use.

Low viscosity

The effect of viscosity is partially embedded in absorption rate. High
viscosity will limit absorption rate due to low diffusivity of species in the
solvent. In addition to that, a high viscosity also significantly reduces the
heat exchanger performance and increases pumping cost.

Low amine volatility

High amine volatility can result in loss in the flue gas giving greater solvent
make-up cost and potential environmental impacts. The amine emission in
the treated gas must be handled as it can react in the atmosphere to form toxic

compounds. Due to environmental hazards and regulations, larger water
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wash units are required to capture fugitive amines prior to venting, which
translates to higher capital and operating costs (Nguyen et al., 2010).

5. Resistance to thermal degradation
At high temperature, amines can degrade by different mechanisms, resulting
in solvent makeup cost and potential EHS issues. The energy performance
of the process generally improves with higher stripper operating temperature
(Oyenekan and Rochelle, 2007), so good thermal stability at high temperature
is preferred.

6. Resistance to oxidation
Oxidation is the degradation of the amine with the presence of oxygen in the
flue gas. Oxidation causes the major amine loss in CO> capture process for
coal-fired flue gas (Nielsen et al., 2013; Strazisar et al., 2003). Also, some
oxidative degradation products are corrosive and toxic (Shao and Stangeland,
2009).

7. Low solvent cost
A large amount of solvent is required for large-scale CO> capture. For a 300
MW coal-fired power plant, solvent cost generally accounts for 5% of the
total capital cost if the solvent is $3/kg.

8. Good solid solubility in the liquid phase
Solid precipitation should be avoided in the process to maximize precess
reliability. As temperature and CO: concentration vary in the solution,
precipitation could appear in some solvents.

The first two criteria: high CO; mass transfer rate (k¢’) for small absorber and

large CO» carrying capacity for low heat exchanger are mostly studied in solvent

development. Viscosity also played a major role on both absorption rate and heat
5



exchanger performance. Dugas (2009) shows that 5 m PZ could have ki’ 30% higher
than 8 m PZ mostly due to lower viscosity. Pilot plant results show 5 m PZ use less
energy than 8 m PZ (Chen, 2017). Normalized capacity that includes viscosity into
cyclic capacity has been developped by Li(2013), which considers the viscosity effect

on heat transfer coefficient.

1.4 SOLVENT DEVELOPMENT, AQUEOUS AMINE

Aqueous monoethanolamine (MEA) with a concentration of 15-40 wt % (patent
by Bottoms, 1930) has been previously used in similar applications such as CO; removal
from natural gas and hydrogen, which is the first generation benchmark solvent for flue
gas CO; capture (Rochelle, 2009). Although amine scrubbing using MEA is a mature
technology and has been used in the gas treating industry, the low CO> partial pressure
(12 kPa) in flue gas leads to high capital and operating costs of the amine scrubbing unit.
Current estimates suggest a 40—-70% increase in the cost of electricity to remove 90%
CO; from a coal-fired power plant (Rubin et al., 2007), which discourages the application
of flue gas CO> capture.

Piperazine (PZ) has been proposed as the new benchmark for CO; capture, due to
its superior properties (Rochelle et al., 2011). It has been extensively investigated in the
Rochelle group (Dugas, 2009; Freeman et al., 2010; Closmann, 2011; Xu, 2011; Chen,
2011; Frailie 2014; Li, 2015; Du, 2016). 8 m aqueous PZ (40 wt%) has double the CO»
absorption rate and capacity, remarkable resistance to oxidation and thermal degradation,
and lower amine volatility than 30 wt % MEA. However, the low water solubility of PZ
and its zwitterionic carbamate may cause precipitation under certain conditions in a

process, limiting its industrial application (Freeman et al., 2010; Ma et al., 2012).



5 m aqueous PZ (30 wt%) could remediate the solid precipitation issue by
lowering PZ concentration. Mass transfer rate in 5 m PZ is about 20% higher than that
of 8 m PZ (Dugas, 2009). Also, the viscosity is reduced from 12 cP for 8 m to 4 cP for
5 m PZ, which improves the heat exchanger performance. Recently a pilot plant
campaign at the University of Texas at Austin Pickle Reseach center demonstrated a 2.1—
2.5 GJ/tonne CO: energy use of 5 m PZ with the advanced flash stripper (Chen et al.,
2017). Solid precipitation is avoided in 5 m PZ in normal operation; however, when the
CO; loading in the solvent is accidentally reduced to less than 0.2 mol COz/mol
alkalinity, PZ starts to precipitate.

Efforts have been made to blend another useful amine with a smaller amount of
PZ to mitigate the precipitation while maintaining the desired solvent properties of
concentrated PZ (Chen and Rochelle, 2011; L. Li et al., 2013; Du, 2016). Among many
PZ-based amine blends, PZ/N-methyl-diethanolamine (MDEA) (Chen et al., 2011), PZ/2-
amino-2-methyl-1-propanol (AMP) (L. Li et al, 2013), and PZ/4-hydroxy-1-
methylpiperidine (HMPD) (Du, 2016) have been identified as preferred compositions.
However, PZ/MDEA was found to be significantly less thermally stable than PZ alone
(Closmann, 2011). AMP was found to have high volatility (Nguyen et al., 2010), which
is prohibitive for flue gas CO, capture. HMPD is 10-20 times the price of PZ, which

prohibits large-scale application.

1.5 SOLVENT DEVELOPMENT, SEMI-AQUEOUS AMINE

Physical absorption is another CO2 capture approach to absorb CO; under high
pressure > 2MPa (Ban et al., 2014). Some widely used physical solvents are dimethyl
ethers (Selexol®), methanol (Rectisol®), N-methyl-2-pyrrolidone (NMP), and 2-(2-
ethoxyethoxy) ethanol (CARBITOL™), which all have good CO: physical solubility



(IEAGHG, 2008). Water-lean amines or semi-aqueous amines, consisting of amine,
water, and physical solvent, are potentially attractive as they combine the advantages of
chemical absorption and physical absorption. MEA in methanol-water (Usubharatana
and Tontiwachwuthikul, 2009), MEA in glycerol-water (Shamiro et al., 2016), amines in
N-functionalized imidazoles (Bara, 2013), N-methyldiethanolamine (MDEA) in
methanol-water (Tamajon at al., 2016), and N-ethylmonoethanolamine (EMEA) in N,N-
diethylethanolamine (DEEA) with/without water (Chen et al., 2015) are some recently
studied semi-aqueous solvents. The CO: binding organic liquid (CO2BOL) is another
novel water lean solvent that takes high physical solubility of the solvent (Mathias et al.,
2013; Zheng et al., 2016). Also, a commercial hybrid solvent developed by Shell
containing MDEA, PZ, Sulfolane (as physical solvent), and water has been characterized
by pilot plant testing (Nikolic et al., 2009). Heldebrant (2017) reviewed water-lean
solvent and demonstrated that replacing water could increase kg’, but most organic
solvents except CO2BOL are much more volatile than MEA and cannot be used in

current amine scrubbing designs due to their high volatility.

1.6 RESEARCH OBJECTIVES

The first main objective of this work is to find a useful amine take reduces CO>
capture CAPEX and OPEX. One approach is to blend a useful amine with less
concentrated PZ to maintains the desired properties of concentrated PZ for CO; capture
but alleviates the precipitation issue. Thermodynamic and kinetic properties of 2
methylpiperazine (2MPZ) blended with PZ were studied. A process model in Aspen

Plus has been developed for simulation and optimization.



The effect of viscosity on both absorption rate and heat exchanger performance
has been studied. An optimal concentration for 2MPZ/PZ has been found for high
absorption rate and high normalized capacity.

Another category of solvent studied is the semi-aqueous amine composed of

physical solvents, water, and amines that could potentially increase the absorption rate.

Semi-aqueous MEA and PZ are characterized. Absorption rate and normalized capacity
are explored.

The secondary objective is to estimate and compare the energy use of semi-
aqueous amines with aqueous amines.

Another objective of this work is to understand the mass transfer behavior of CO>
into the solvents. Scientifically, mass transfer modeling using penetration theory has
been done to investigate the dependency of the CO> mass transfer rate on chemical and

physical properties of amine solvents.



Chapter 2: Optimal Concentration of Aqueous 2MPZ and 2MPZ/PZ for
CO: Capture!

2.1 INTRODUCTION

Piperazine (PZ) has high absorption rate, good stability, low viscosity, and high
capacity, while a narrow solid solubility window limits its application (Chen, 2011).
Aqueous 2-methylpiperazine (2MPZ) and 2MPZ/PZ blend are attractive as they preserve
most of the benefits of PZ and overcome its solubility issue. Chen (2011) studied 8 m 2-
methylpiperazine (2MPZ) and 4 m/4 m 2MPZ/PZ. The solid solubility of 8 m 2MPZ
and 4 m/4 m 2MPZ/PZ blend were good; however, the CO> absorption rate, ke’ was
reduced to around 70% and 80% of that of 8 m PZ respectively. Dugas (2009) reported
that the k¢’ of 5 m PZ was approximately 30% higher than that of 8 m PZ. He believed
that this increase was from lower viscosity in the more dilute solvent system.

This chapter presents amine screening results on two promising piperazine
derivatives: 2methylpiperazine (2MPZ) and 1-(2-Hydroxyethyl)piperazine (HEP). The
effect of concentration on CO> absorption rate and solvent regeneration cost were
studied. As concentration goes up, free amine concentration increases, which should
increase kg’; However, viscosity also increases, which depresses kg’ due to lower
diffusivity of CO2, amine, and amine products. High viscosity also decreases the heat
transfer coefficient, resulting in larger heat exchanger area and greater capital cost. CO»
solubility and absorption rate of 2,4,6,8 m 2MPZ, 2.5/2.5 m 2MPZ/PZ, and 3, 5, 7.7 m

HEP were screened in the wetted wall column.

IThis Chapter is based on joint work with Brent Sherman, who contributed greatly to the modeling. Parts
of this chapter have been published in the Energy Procedia: Yuan, Y., Sharman, B., Rochelle, G.T., (2016).
Effects of viscosity on CO; absorption in aqueous piperazine/2methylpiperazine. Energy Procedia, Volume
114,2103-2120
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Optimal concentration was found to be 4-6 m for 2MPZ and 2MPZ/PZ. The data
allow thermodynamic and kinetics modeling of 2MPZ and 2MPZ/PZ in Chapter 3, and

more rigorous optimization is presented in Chapter 3.

2.2 MATERIALS

The solvent was prepared by mixing chemicals gravimetrically. Initial chemical
species are 2-methylpiperazine (98%, Sigma-Aldrich), piperazine (99%, Sigma-Aldrich),
1-(2-Hydroxyethyl)piperazine (99%, Sigma-Aldrich), and DDI water (100%, Millipore).
To achieve each loading condition, CO2 was added to the solvent by bubbling gaseous
CO2 (99.99%, Matheson Tri-Gas) into the solvent. The CO, absorption rate and CO;
solubility were measured using the wetted wall column. The method is identical to that

used by Chen (2011). Details about experiment method are in Appendix A.

Table 2.1: Amines tested in this work

Name Chemical structure Amine Conc. (m)
Pi ine(PZ) HN NH 5,8
iperazine , ) )
N
2methylpiperazine [ ]\ 2 4.6.8
(2MPZ) T
N~ "CHj
H
PZ/2MPZ 2.5/2.5
H
N
1-(2-Hydroxyethyl)piperazine [ ]
HEP \ 3,5,7.7
(_oH




Composition of the solvents before adding CO; are listed in Tables below.

Molality (m), mole of amine per kg of water was used through the whole work.

Table 2.2: Chemical species in 2 m 2MPZ

Molecular weight (g/mol)  Mass (g) wt %
2MPZ 100.2 260.4 16.70%
Water 18.02 1300 83.30%

Table 2.3: Chemical species in 4 m 2MPZ

Molecular weight (g/mol)  Mass (g) Wt %
(2MPZ) 100.16 600.96 28.60%
Water 18.02 1500 71.40%

Table 2.4: Chemical species in 6 m 2MPZ

Molecular weight (g/mol) Mass (g) wt %
2MPZ 100.2 601.0 37.50%
Water 18.02 1000 62.50%

Table 2.5: Chemical species in 2.5 m/2.5 m 2MPZ/PZ

Molecular weight (g/mol)  Mass (g) Wt %

Pz 86.14 323.0 14.70%
2MPZ 100.2 375.6 17.10%
Water 18.02 1500 69.20%

Table 2.6: Chemical species in 3 m HEP

Molecular weight (g/mol)  Mass (g) wt %
HEP 130.19 429.6 28.10%
Water 18.02 1100 71.90%

Table 2.7: Chemical species in 5 m HEP

Molecular weight (g/mol)  Mass (g) wt %
HEP 130.19 651.0 39.40%
Water 18.02 1000 60.60%
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Table 2.8: Chemical species in 7.7 m HEP

Molecular weight (g/mol)  Mass (g) wt %
HEP 130.19 751 50.0%
Water 18.02 750 50.0%

2.3 CO2 SOLUBILITY

CO2 solubility of 4 m 2MPZ and 2.5/2.5 m 2MPZ/PZ were measured at variable
CO2 loading across the lean and rich operating range at 20, 40, 60, 80 and 100 °C. 2 m
and 6 m 2MPZ were only screened at 40 °C. The experimental data are attached in
Appendix B. The CO; equilibrium pressure (P*) is plotted against loading in Figures
below, which is normally referred as VLE curve or CO> solubility. P*co2 increases as
loading and temperature increase.

The VLE curve is used to determine lean and rich loading. For coal-fired power
plant flue gas CO> capture, typical rich loading corresponds to 5 kPa P*co2 and lean
loading is 0.05-0.5 kPa. The VLE curves in different concentrations of 2MPZ or
2MPZ/PZ are slightly different. Smaller slope means greater loading difference between
rich and lean loading. 2MPZ has higher cyclic capacity than PZ because 2MPZ is a
hindered amine, which can absorb CO; by forming HCO3". The slope of the VLE curve
of 4 m 2MPZ is smaller than that of § m 2MPZ. This is probably because more HCO3

will form in 4 m 2MPZ than in 8 m 2MPZ. Details about the speciation are in Chapter 3.
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Figure 2.1: COz equilibrium pressure in 4 m 2MPZ in black and 8 m 2MPZ (Chen,

2011) in red
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Figure 2.2: COz equilibrium pressure in 2.5/2.5 m 2MPZ/PZ in black and 4/4 m

2MPZ/PZ (Chen, 2011) in red
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Figure 2.3: CO; equilibrium pressure at 40 °C in 2, 4, 6 m 2MPZ and 8 m 2MPZ (Chen,
2011)

Unlike 2MPZ, CO: solubility in different concentrations of HEP is the same.
This is because 2MPZ is a hindered amine, but HEP is not. No or little HCO3™ forms in
CO2-HEP-water. The calculated CO> cyclic capacities are 0.35, 0.46, and 0.6 mol
COo/kg solvent for 3 m, 5 m, and 7.7 m, respectively. The capacity is much lower than
PZ and 2MPZ with similar wt %, probably because the pKa of the tertiary nitrogen in
HEP is not high enough, and cannot act as a base.  Also, the molecular weight of HEP

is high, which reduces capacity of mole CO» per kg solvent.
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Figure 2.4: CO; equilibrium pressure at 40 °C in 3 m, 5 m, and 7.7 m HEP

2.4 CO2 ABSORPTION RATE

CO; absorption rate, also called the liquid-film mass coefficient (ky’) of 4 m
2MPZ and 2.5/2.5 m 2MPZ/PZ at 20, 40, 60, and 80 °C are plotted in Figures 2.5 and 2.6.
Compared to 8 m 2MPZ, 4 m 2MPZ shows higher k,” when P* is greater than 500 Pa.
This should result from lower viscosity of 4 m 2MPZ. Also, less decrease in kg’ is
observed in 4 m 2MPZ as temperature increases. Similar results are found in 2MPZ/PZ
blend: kg’ is higher in 2.5/2.5 m than in 4/4 m. To compare ks’ of 2MPZ to other

solvents on the same basis, kg’ is plotted against P*co2 at 40 °C instead of CO- loading.
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Figure 2.5: k,’ measured by the wetted wall column in 4 m 2MPZ and 8 m 2MPZ in
dash (Chen, 2011)
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Figure 2.6: k.’ measured by the wetted wall column in 2.5/2.5 m 2MPZ/PZ and 4/4 m
2MPZ/PZ in dash (Chen, 2011)

kg’ of 2, 4, 6, 8 m 2MPZ at 40 °C is compared in Figure 2.7. In the operating
range of P* from 0.5 kPa to 5 kPa, 4 m 2MPZ shows the highest kg’, followed by 6 m
and 2 m 2MPZ, with 8 m 2MPZ the lowest. Equation 2.1 is the pseudo-first-order rate
expression of kg’. Assuming the chemical reaction rate (ks) and physical solubility Hco2
do not vary much as concentration changes, 2MPZ at high concentration seems to have
greater kg’ due to higher free amine concentration; However, diffusivity is lower because
This implies an optimal

of the higher viscosity in more concentrated solution.

concentration for kg’.

k ' — \/DCDZ*k3*[amine]2 21

g Heoz
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Figure 2.7: k,’ measured by the wetted wall column in 2 m, 4 m, 6 m, and 8 m 2MPZ at

40 °C

Figure 2.8 shows in HEP, similar to 2MPZ, at rich loading, k;’ decreases as

concentration increases because viscosity depresses the absorption rate.
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Figure 2.8: kg’ measured by the wetted wall column in 3, 5, and 7.7 m HEP at 40 °C

At 40 °C, the averaged liquid-film mass coefficient (kg avg) from P* 0.5 to 5 kPa of
4 m 2MPZ is 8.3*107 mol/s*Pa*m?, higher than 7.1*107 of 4 m/4 m 2MPZ/PZ blend,
5.9*107 of 8 m 2MPZ, and is close to 8.5*10-7 mol/s*Pa*m? of 8 m PZ. k. of 2.5/2.5
2MPZ/PZ is close to 4 m 2MPZ. To compare kg’ of these solvents on the same basis,
ke’ 1s plotted against P* at 40 °C in Figure 2.9. k¢’ of 4 m 2MPZ and 2.5/2.5 2MPZ/PZ

is greater than other concentrations, close to 8 m PZ, but is still smaller than 5 m PZ.
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Figure 2.9: kg’ in4 m 2MPZ, 8 m 2MPZ, 5 m PZ, 8 m PZ, 2.5 m/2.5 m 2MPZ/PZ, and
4 m/4 m 2MPZ/PZ (Dugas, 2009; Chen, 2011).

2.5 EFFECT OF VISCOSITY
The solvent capacity is calculated using Equation 2.2, where the rich (ouich) and
lean (auean) loadings are 5 and 0.5 kPa P*coz at 40 °C.  As concentration increases, cyclic

capacity increases. 2MPZ has higher cyclic capacity than PZ.

AC = (@rich—Qrean)*(mol alk) 99
mass (amine+H;0) .

Cyclic capacity determines how much solvent needs to be circulated and is a

direct indicator of heat exchanger duty and sensible heat requirement. Considering the
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effect of viscosity on heat transfer coefficient in the cross heat exchanger, cyclic capacity

is normalized by viscosity by Equation 2.3.

AC, = ac 23

- 0.175
" (”“mid /u )
8mPZ

The heat transfer coefficient generally depends on solvent viscosity to about -0.35

power (Ayuh, 2003), which leads to -0.175 power on heat exchanger CAPEX and
sensible heat requirement. Due to the rapidly increased viscosity, the normalized
capacity in 2MPZ, PZ, 2MPZ/PZ from 5 m to 8 m does not increase as concentration
increases. Although higher concentration has higher capacity, it does not necessarily
result in a lower cost heat exchanger.

Kg ave from P*coz 0.5 to 5 kPa, CO; cyclic capacity, and normalized capacity in
2MPZ, PZ, and 2MPZ/PZ are calculated, listed in Table 2.9. Figure 2.10 plots these
properties of 2MPZ versus concentration. When concentration goes up, viscosity and
capacity increase, and normalized capacity and kg ave are maximized between 4 m and 6
m, and the values are comparable to results of 8 m PZ (Dugas, 2009) and 2.5/2.5
2MPZ/PZ.

23



Table 2.9: Capacity and kg’ avg of 2MPZ and PZ at 40 °C

Conc. Amine u Capacity Normal. Capacity K" avg ¥107

m cP mol COu/kg solvent  capacity/(u/tgmpz)*'”> mol/s*Pa*m?

2 2MPZ 2 0.38 0.5 7.3

4 2MPZ 3.8 0.68 0.83 8.3

6 2MPZ 7.5 0.75 0.81 7.9

8 2MPZ 16 0.84 0.82 5.9
2.5/2.5 2MPZ/PZ 5.1 0.76 0.88 8.0

5 PZ 4 0.63 0.73 11.3

8 Pz 12 0.79 0.79 8.5
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Figure 2.10: kg’, viscosity, capacity, and normalized capacity of 2MPZ
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2.6 CONCLUSION

2MPZ and PZ/2MPZ blend are competitive solvents, as they maintained the high
absorption rate and remediate the solid solubility of PZ. 2MPZ has smaller kg’ than PZ,
ke’avg of 4 m 2MPZ and 2.5/2.5 m 2MPZ/PZ is similar to 8§ m PZ, and 30% lower than 5
m PZ; However, the cyclic capacity is 15% higher than 5 m PZ. HEP has similar kg’ as
2MPZ, but the cyclic capacity is much lower.

2MPZ, PZ and PZ/2MPZ should be used at a total amine concentration of 5 m
rather than 8 m, because the high solvent viscosity at high concentration depresses both
CO; absorption rate and normalized capacity, and lower PZ concentration causes less

precipitation.
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Chapter 3: Rigorous Thermodynamic and Kinetic Modeling of 2MPZ
and 2MPZ/PZ in Aspen Plus®:

3.1 INTRODUCTION

Concentrated piperazine (PZ) and its derivative 2-methyl-piperazine (2MPZ), a
moderately hindered secondary amine, are solvents of interest due to their multiple
advantages over monoethanolamine (MEA), such as higher resistance to degradation,
higher kinetic rates, and higher CO» cyclic capacity (Chen, 2011). PZ precipitation can
be mitigated by lowering the PZ concentration or blending PZ with 2MPZ.

In Chapter 2, CO; cyclic capacity and absorption rate of 2 m, 4 m, and 6 m
2MPZ, and 2.5/2.5 m 2MPZ/PZ are measured by the wetted wall column. The results
are compared to 8 m 2MPZ and 4/4 m 2MPZ/PZ date (Chen, 2011). For 2MPZ, the
optimal concentration for lowest absorber cost (highest kg’) and lowest heat exchanger
cost (highest normalized capacity) is around 5 m. 2MPZ/PZ was only measured by the
WWC at 2.5/2.5 and 4/4 m. A rigorous thermal and kinetic model for 2MPZ and
2MPZ/PZ is desired for two reasons:

1. To predict the optimal concentration for 2MPZ/PZ;

2. To allow process simulation in Aspen Plus®.

There are thermodynamic and kinetic models for both 2MPZ and 2MPZ/PZ
(Chen, 2013; Sherman, 2013); however, these two models were built for 8§ m amine, and
cannot predict other concentrations accurately. Using the Aspen Plus® eNRTL
framework, experiment results from Chapter 2, together with 8 m 2MPZ and 4/4 m

2MPZ/PZ data (Chen, 2011) are regressed to rebuild thermodynamic and kinetics models

2This Chapter is based on joint work with Brent Sherman, who contributed greatly to the modeling. Parts
of this chapter have been published in the Energy Procedia: Yuan, Y., Sharman, B., Rochelle, G.T., (2016).
Effects of viscosity on CO; absorption in aqueous piperazine/2methylpiperazine. Energy Procedia, Volume
114,2103-2120
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of 2MPZ and 2MPZ/PZ for 2-8 m, 0.15-0.4 CO; loading, and 20-100 °C. With the
model, CO; absorption rate kg’, CO> cyclic capacity, and normalized capacity are

compared from 2 m to 8 m.
3.2 MODELING METHOD

3.2.1 Thermodynamic Modeling

A thermodynamic model is the foundation of the mass transfer model. Together
with a hydrodynamic model, these models comprise the basis of a process model. The
electrolyte non-random two-liquid (e-NRTL) model in Aspen Plus® V8.8 was used to
provide a rigorous, activity coefficient model. The vapor phase is modeled using
Redlich-Kwong. Sequential regression methodology was employed. The method is
identical to that used by Chen (2011), Sherman (2013), and Frailie (2014). The targeted
accurate domain was T = [20,160] °C, loading = [0.01, 0.5] mole CO2/mole alk, and
[Am] =[2, 8] m for 2MPZ, [1/1, 4/4] m for 2MPZ/PZ.

The methyl group attached to the ring of 2MPZ hinders one of the amino groups,
which reduces the likelihood of linking CO> to the amino group to form hindered 2MPZ
carbamate (2MPZCOO) and hindered H2MPZCOO zwitterion. The chemistry of the
thermodynamic model was modified from that of Chen (2013) to improve the
convergence. Proton and hydroxide ions were eliminated, and hindered 2MPZ
carbamate and hindered H2ZMPZCOO zwitterion were not considered due to their
insignificant concentrations. Parameters of the 2MPZ model were first updated, and
then merged with PZ Independence model (Frailie, 2014) to build the 2MPZ/PZ model.

The binary parameters for 2MPZ-H>O were kept the same as the original 2MPZ model by
Chen (2013). The regressed parameters in 2MPZ-H,0-CO, were ArG;and AgH; for

molecules, and AfGioo’aqand Ainoo ‘% for ions, as well as some of the local contribution
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terms of the excess Gibbs free energy function (tij/tji). This local contribution was
partially calculated by Equation 3.1. « is the non-randomness parameter, and t;; is the

binary interaction parameter defined in Equation 3.2.

G = exp(—art;;) 3.1

T = i+ 3.2

Table 3.1 summarizes all the significant species (molecules, cations, and anions)
in the liquid phase. Using this table, it is possible to write out all e-NRTL
parameters (7; ;). Since they are asymmetric, molecule-cation/anion and cation/anion-
molecule parameters differ (7;; # 7;;). The default values are 10, -2 if the molecule is
an amine and 8, -4 for other molecules, the same as for the PZ model (Frailie, 2014).
For the 2MPZ/PZ thermodynamic model, two additional e-NRTL parameters that
represent the interaction between PZ and 2MPZ species were regressed to fit 2MPZ/PZ

VLE.

Table 3.1: Molecule and electrolyte components for e-NRTL parameters

10r] jori
Molecule Cation Anion
Am AmCOO-
HAmMCOO AmCOQO2--
CO; AmH+ HCO3-
H>O CO3--

Table 3.2 shows the CO, solubility data used for 2MPZ and 2MPZ/PZ
thermodynamic regression. Nine parameters were regressed using 81 VLE data points,
and seven viscosity parameters were used to fit 44 points by Equation 3.3. Two

additional parameters were adjusted to make the activity coefficient of CO> in loaded
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solution well behaved. As no activity coefficient of CO2 (yco2) data were available for
loaded solvent, the trends with loading and temperature were checked for reasonable

behavior.

Table 3.2: Thermodynamic data for the 2MPZ system

Data Type Points Regressed  Source Notes

VLE, 8 m 20 Chen, 2013 WWC

High temp VLE, 8 m 7 Xu, 2011 Total pressure
VLE,2m,4m,6m 20 This work WWC

VLE, 4 m/4 m 16 Chen, 2013 WWC

High temp VLE, 4 m/4 m 7 Xu, 2011 Total pressure
VLE, 25m/25m 11 Thiswork ~ WWC

Total 81

The viscosity was correlated by Equation 3.3.

Lompz [X2mpz(Axompz + B)T + Cxoypz + D]
= exp

= 1
Hu20 * [(Exampz + FT + G)a + 1] = T2

33
Here x; is mass fraction, pm2o i1s the viscosity of water, o is loading in mol

CO2/mol alk, and A—G are adjustable parameters. Parameters were regressed in Excel®

by minimization of the sum of relative errors (MSRE). The equation and regressed

parameters were implemented as FORTRAN® subroutines.

3.2.2 Kinetic Modeling

The wetted wall column (WWC) experiment was simulated in Aspen Plus® by a
packed column. The WWC interfacial area, diffusivity of amine-products, and gas-side
resistance were implemented using custom FORTRAN® subroutines. At each

temperature and loading, the WWC is operated at three desorption and three absorption
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conditions. Only the strongest desorption and absorption fluxes were simulated as these
have the least relative experimental error.

To account for the highly non-ideal nature of the solvent, the kinetics are modeled
with activities as shown in Equation 3.4. £ is the reaction constant and a; is the activity
of component i. k is computed using Equation 3.5.

T=kHl-al- 34

N

Here k, is the reaction pre-exponential, E4 is the activation energy, R is the

universal gas constant, and T, is set to 313.15 K. Table 3.3 lists the reactions in a
2MPZ/PZ system, and it has two types of reactions: kinetic and equilibrium.
Equilibrium reactions are handled by the thermodynamic model calculating the excess
Gibbs free energy. Kinetic reactions are a pair of forward and reverse reactions, where
each reaction rate is calculated by Equation 3.4. The reaction pre-exponential k is
regressed for the forward reactions, while the reverse rate is backcalculated from the
reaction equilibrium constant from the thermodynamic model. This ensures consistency
with the thermodynamic model. The 2MPZ model only incudes kinetic reactions 4-6,
and the pre-exponential constants were regressed using sixty-four data points from 20 to
100 °C to fit the predicted flux to experimental flux. The 2MPZ/PZ model is

constructed by combining the 2MPZ model with the PZ model (Frailie, 2014).
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Table 3.3: Reaction set for 2MPZ/PZ.

Type Stoichiometry Reaction
Kinetic PZCOO + HO + CO2 < HPZCOO + HCOs 1
kinetic 2PZ + CO, < PZH* + PZCOO- 2
Kinetic 2PZCOO + CO; « PZ(COO), + HPZCOO 3
Kinetic 2MPZCOO + H,O + CO, <« H2MPZCOO + HCOs; 4
kinetic 22MPZ + CO; <« 2MPZH* + 2MPZCOO" 5
kinetic 22MPZCOO  + CO; <« 2MPZ(COO), + H2MPZCOO 6
equilibrium 2MPZCOO~ + 2MPZH* <« H2MPZCOO + 2MPZ 7
equilibrium 2MPZ + HCOs; « 2MPZH' + CO3? 8
equilibrium 2MPZ + PZH* <« 2MPZH" + PZ 9
equilibrium PZCOO~ + PZH* <« HPZCOO + PZ 10

The diffusivity of amine and products is assumed to be half the diffusion of free
COg, which is based on Sherman (2016).
Dym—proa = 0.5 * Dcoz—soin 3.6

The diffusion of free CO; in solvent is shown in Equations 3.7 (Sherman, 2016).

0.

_ Uwater

DCOZ—soln - DCOZ—water( ) 3.7
Usoln

Dcozwaer (m*/s) is the diffusivity of CO» in water defined in Equation

3.8 (Versteeg, 1988).
Deoz-water = 2.35E — 06 + exp (5 3.8
These kinetic reactions and diffusivities are calculated throughout the liquid
boundary layer. The layer is discretized at thirty-two points. The experimental loading
was adjusted to count the relative error of the absorption and desorption points. This has
the effect of ensuring that at zero driving force, there is zero flux. This adjustment

corrects for experimental errors as well any errors in the equilibrium model. Regression

proceeds by changing the reaction pre-exponential to match the predict flux with the
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experimental flux. The non-linear regression was done in MATLAB® using a response

surface methodology (RSM) modified from Sherman (2016)
3.3 RESULTS

3.3.1 Viscosity

Viscosity of 4 m and 8 m 2MPZ at 20, 40, and 60 °C were measured and fitted,
and the sum of relative errors was 0.25. Figure 3.1 shows the fit. The viscosity

parameters are shown in Table 3.4.

64.0
32.0

16.0

Viscosity
cP)
8.0

—f---F-----4

4m,20 °C
4.0 _— - - --

o ——O-—--@ - °
--------- o-~- 4m, 40 °C

A Ao — A __ A4

2.0 A_ e .
------- 4m, 60 °C

1.0 T T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Loading (mol CO2/mol alk.)

Figure 3.1: 4 m and 8 m 2MPZ viscosity. Solid Points: 8 m data; sold line: 8 m fitted;
open points: 4 m data; dash line: 4 m fitted.
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Table 3.4: Viscosity parameters for Equation 3.3.

Parameter Value Parameter Value
a 387 e 7.34

b -1836 f 1.23e-2
c 9.85 g -5.07

d 1.07e6

3.3.2 Thermodynamic Modeling Results

The parameters regressed to fit VLE are shown in Table 3.5. The standard
deviations are insignificant compared to the values, which demonstrates a high
confidence level in the regression results. The VLE fit in Figures 3.2 and 3.3 shows that
the predicted and experimental data are matched. For 8 m 2MPZ, 40-100 °C data is
from Chen (2013), and high temperature (120-160 °C) VLE data is from Xu (2011). An
examination of correlations between these parameters shows that these parameters are not
strongly correlated to each other. AfGioo’aq and Ale.oo’aq of 2MPZCOO2-- were not
regressed, because [2MPZCOO2--] is too low to produce meaningful regression results.
Ainoo'aq of 2MPZCOQ2-- was obtained as an analogy of PZCOO2--, and Af Gioo’aq was
manually adjusted to fit the NMR data measured by Chen (2013) shown in Figure 3.4.
Since the concentration of dicarbamate is very small at lean loading, the uncertainty in

the measured concentration is relatively high at lean loading.
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Table 3.5: VLE parameters for 2MPZ with their standard deviation.

Parameter Component i Component j J/kmol Std. Dev.

A, Giw’aq IMPZCOO- -2.18E+08 5.11E+05
AG, H2MPZCOO -2.39E+08 1.97E+05

A,G™ 2MPZCOO02-- -5.65E+08 n/a
A H?™ 2MPZCOO- -4.99E+08 1.62E+06
AH, H2MPZCOO -5.35E+08 1.86E+06

A H™ 2MPZCOO2-- -4.90E+08 n/a

(2MPZH+,2MPZCOO) H20 -3.87 0.09

Cg'f D (2MPZH+,2MPZCOO) 2MPZ -9.20 0.29

i = i + 7
(e = Cop 50 (2MPZH+, HCO3-) H2MPZCOO -5.41 0.37
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1.E+05 —L40

1.E+04 100 /’//.///
80
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/’{/‘//

1.E+02
//40

1.E+00

*
P 02, Pa

0°C

0.1 0.2 0.5

0.3
a (mol CO,/mol alk)

Figure 3.2: COz solubility in 4 m 2MPZ. Lines: model prediction; Points: experimental
results from WWC.
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Figure 3.3: COz solubility in 8§ m 2MPZ. Lines: model prediction; Points: experimental
data (Chen, 2013; Xu, 2011).
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Figure 3.4: CO: distribution in loaded 8 m 2MPZ at 40 °C; Points: experimental data
(Chen, 2013), lines: model prediction.

Figures 3.5 and 3.6 plot the fraction of all the species against CO; loading at 40
°C for 8 m 2MPZ and 4 m 2MPZ, respectively. At lean loading of 0 to 0.2 mol CO2/mol
alkalinity, the amount of 2MPZ decreases rapidly, while 2MPZH" and 2MPZCOO-
increase at the approximately same rate. This indicates that 2MPZ is the dominant
reacting species, which reacts with CO; and also acts as a base to catalyze the carbamate.
As loading exceeds 0.2, the 2MPZCOO- becomes another important base catalyzing the
carbamate formation, hence a rapid rise of H2ZMPZCOO is observed. 2MPZH+ also
starts to react with CO2 with the other available amino group, causing a drop in

[2MPZCOO] and [2MPZH"]. The amount of dicarbamate increases very slowly with
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loading, peaks at 0.4 loading, and then drops again. Bicarbonate starts to form in the
solution at a loading of 0.2 and increases rapidly after that. The ratio of bicarbonate to
H2MPZCOO and 2MPZCOQO is higher in 4 m 2MPZ then in 8 m 2MPZ, which means
more bicarbonate forms in 4 m 2MPZ. When bicarbonate forms, 1 mole CO2/mol amino
group is captured; while when carbamate forms, only 0.5 mole CO2/mol amino group is
captured. This explains why 4 m 2MPZ has the higher cyclic loading (&, icn — @ricn)
than 8 m 2MPZ. The amount of each species present links the thermodynamic model to

the kinetic model.
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0.12 \\
0.1
\%z
0.08 /
\ HZMPZCOO/
0.06
\H

0.04 2MPZCOO- \

0.02

mole fraction

0 0.1 0.2 0.3 0.4 0.5
a (mol CO2/mol alk)

Figure 3.5: Predicted speciation of 8 m 2MPZ at 40 °C.
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Figure 3.6: Predicted speciation of 4 m 2MPZ at 40 °C.

Based on this new 2MPZ model and the PZ model by Frailie (2014), 2 more
parameters for eNRTL were regressed to get the best fit of CO. solubility data for 4/4 and
2.5/2.5 m 2MPZ/PZ, and results are summarized in Table 3.6. The standard deviation
for each parameter is small compared to the final value. A comparison of VLE
prediction by the model with experimental data is shown in Figures 3.7 and 3.8. The

agreement between them is satisfactory.
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Table 3.6: Additional parameters regressed for data of CO; solubility in 2MPZ/ PZ

Parameter Component i Componentj  Value  Std dev.
A (2ZMPZH+,PZCO02--) H20 -5.14 0.29
! (2ZMPZH+,HCO3-) HPZCOO -6.89 0.21

1.E+07

1.E+06

1.E+05

S 1.E+04

1.E+03

P*CO,,

1.E+02

1.E+01

1.E+00
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

o (mol CO2/mol alk)

Figure 3.7: COz solubility for 4 m 2MPZ/4 m PZ. Lines: model; Points: experimental
data (Chen, 2013; Xu, 2011).
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Figure 3.8: COz solubility for 2.5 m 2MPZ/2.5 m PZ. Lines: model; Points: experimental
data.

Speciation prediction from the model for 4/4 m 2MPZ/PZ at 40 °C is shown in
Figure 3.9, and the speciation in 2.5/2.5 m 2MPZ/PZ is in Figure 3.10. At lean loading,
COgz reacts with both PZ and 2MPZ to form carbamate. Since the pKa of PZ is slightly
higher than that of 2MPZ, [PZ] drops faster than [2MPZ], and more PZCOO- and PZH+
are formed than 2MPZCOO- and 2MPZH+. Both [2MPZ] and [PZ] drop quickly with
loading and become depleted at around 0.4 loading. In the loading range of 0.2 to 0.4,
[HPZCOO], [H2MPZCOQ], and [HCO3-] increase rapidly while [PZCOO-] and
[2MPZCOO-] drops quickly, which suggests that PZCOO- and 2MPZCOO- are the main
species reacting with CO,. [PZCOQO2--] is maximized at 0.4 with a relatively small

amount. [CO3~] and [2MPZCOQO2--] are too low and hence omitted in the plot.
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Figure 3.9: Speciation prediction for 4/4 m 2MPZ/PZ at 40 °C
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Figure 3.10: Speciation prediction for 2.5/2.5 m 2MPZ/PZ at 40 °C
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3.3.3 Kinetic Modeling

A nonlinear regression method: Response Surface Methodology (RSM) adapted

from Sherman (2016) is used to matches predicted CO; flux with experimental flux.

Table 3.7 lists the three regressed values for k, and the standard deviations.

The

standard deviations are relatively small compared to the values. Activation energy (Ea)

is left the same as the previous model by Chen (2013).

Based on the 2MPZ model, 2MPZ/PZ model is created by adding PZ reaction.

Reaction parameters for PZ species are the same as Independence model by Frailie

(2014). Table 3.8 shows all the reaction parameters.

Table 3.7: Regressed parameters for 2MPZ species

Stoichiometry

ko (kmol/s-m?3)

fwd Std. Dev.

2MPZCOO™ + H,O + CO; < H2MPZCOO + HCOsz 2.71E+08 5.54E+07
22MPZ + CO; < 2MPZH' + 2MPZCOO- 2.34E+10  2.38E+09
22MPZCOO™ + CO, < 2MPZ(COO), + H2MPZCOO 2.79E+10  1.49E+10

Table 3.8: Reaction parameters for reactions.

Stoichiometry ko (kmol/s-m?3) Ea (10* J/mol)
Fwd rev fwd  rev
PZCOO~ + H,O + CO; < HPZCOO + HCOs 2.20E+04 9.74E+01 490 7.37
2PZ + CO; < PZH* + PZCOO- 2.04E+10 4.27E+03 142 851
2PZCOO + CO» < PZ(COO), + HPZCOO 2.76E+10 2.63E+05 142 8.93
2MPZCOO + H.O + CO: < H2MPZCOO + HCOsz 2.71E+08 3.17E+05 5.80 10.7
22MPZ + CO; < 2MPZH* + 2MPZCOO- 2.34E+10 1.10E+05 220 955
22MPZCOO™ + CO; « 2MPZ(COO), + H2MPZCOO 2.79E+10 5.65E+06 220 133

The ratio of predicted flux over experimental flux is plotted against loading in

Figures 3.11 and 3.12, showing no bias with increasing loading or concentration. The

error is less than 15% for 2MPZ, and less than 25% for 2MPZ/PZ. Each point is a
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WWC run containing both absorption and desorption cases. The temperature of the cases

varies from 20 to 100 °C. No bias on temperature is found, suggesting good estimation

on Ea.
2
@4 m2MPZ
® 8 m2MPZ
Flux,yeq
Fluxey, b °
Y [ ] [ )
° °
1 ] 1 ‘ .! s o. °.
L4 °
°
0.5
0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Figure 3.11: Flux Predictions ratioed to experimental data. Black for 8 m, red for 4 m
2MPZ
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Figure 3.12: Flux Predictions ratioed to experimental data. Black for 4/4 m, red for
2.5/2.5 m 2MPZ/PZ

3.3.4 Effect of viscosity

The CO> partial pressure at 40 °C is set to be 50 Pa in lean solvent and 5000 Pa in
rich solvent. The average CO; absorption rate, k¢’avg, CO2 capacity, and normalized
capacity in 2MPZ, PZ, and 2MPZ/PZ are calculated using the thermodynamic and
kinetics model, and the results are plotted against concentration in Figures 3.13, 3.14, and
3.15. As amine concentration increases, kg’ increases to the maximum at around 5 m,
and then drops. By Pseudo First Order approximation (PFO), Equation 3.9, besides
concentration, k¢’ also depends on diffusivity. At higher concentration, the viscosity
increases rapidly, which reduces the diffusivity of amine-product, hence lower kg’. kg’
determines the absorber packing height, which dominants the absorber capital cost.

~ 3.9

g
H co,
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The solvent capacity is calculated using Equation 3.10, where the rich (aicx) and
lean (aean) loadings correspond to Pcox* of 5 and 0.05 kPa at 40 °C. As concentration

increases, capacity increases.

_ (@rich — Xjeqn) * (Mol alk)

AC
mass (amine + H,0)

3.10

This capacity does not account for viscosity. Considering the effect of viscosity
on the heat exchanger cost leads to normalized capacity as in Equation 3.11 (Du, 2016).
The heat transfer coefficient generally depends on solvent viscosity to about -0.35 power
(Ayub, 2003), which leads to -0.175 power in Equation 3.11. Here amiq is the middle
loading between the rich and lean loading at 40 °C. Due to the rapidly increased
viscosity, the normalized capacity in 2MPZ, PZ, 2MPZ/PZ from 5 m to 8§ m does not
increase as concentration increases. Normalized capacity, rather than capacity
determines heat exchanger capital cost and sensible heat required. Although increasing
concentration increases capacity, it does not necessarily result in a lower solvent

regeneration cost on the heat exchanger.

AC” = 0175 3.11
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Figure 3.13: Predicted kg',avg (left y-axis), AC, ACy (right y-axis) in 2MPZ, operation
condition 50-5000 Pa at 40°C
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Figure 3.16 plots kg’ayz against normalized capacity for 2MPZ, PZ, and
2MPZ/PZ. PZ has high k;’ and normalized capacity; 2MPZ has high normalized
capacity, no solubility issues, but smaller kg’; 2MPZ/PZ has high kg’ but the normalized
capacity is smaller. Higher kg’ave reduces absorber cost, and higher normalized capacity
lowers heat exchanger cost and sensible heat, so the solvent on the top right corner of the
figure has lower cost for both the absorber and the heat exchanger.
2MPZ, PZ, and 2MPZ/PZ, 5 m is better than 8 m. PZ is cheaper than 2MPZ; however, if

solid precipitation issue of 5 m PZ is a concern, the 2.5/2.5 m blend or 5 m 2MPZ is a

+\ kg'avg

norm. }*7\ /ll
CaW //\
/ /./ capacity

s
-

!
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molality, m

condition 50-5000Pa at 40°C

good alternative.
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Figure 3.16: Comparing 2MPZ, PZ, 2MPZ/PZ kg’avg and normalized capacity at 2, 4, 5,
6, and 8 m.

3.4 CONCLUSIONS

2MPZ and equimolar 2MPZ/PZ from 2 m to 8 m was modeled by regressing 9
parameters in Aspen Plus® using the e-NRTL thermodynamic framework. The
thermodynamic model correctly predicts the CO> equilibrium partial pressure within 5%
error from 2 m to 8 m, 0.01-0.5 CO2 loading, and 20-160°C.

The 2MPZ kinetic model used three reactions and the 2MPZ/PZ kinetics model
used six reactions to capture the rate behavior from 2 m to 8 m, 0.15-0.4 CO2 loading,

and 20-100°C. The model fits experiment data well.
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2MPZ, PZ and PZ/2MPZ should be used at a total amine concentration of 5 m
rather than 8§ m, because the high solvent viscosity at high concentration depresses both
CO; absorption rate and normalized capacity, and lower PZ concentration causes less
precipitation.

2MPZ and PZ/2MPZ blend are competitive solvents, and this thermodynamic and

kinetic model can be used for techno-economic assessments, and process modeling.
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NOMENCLATURE

Abbreviations
m

Pz

2MPZ

MEA

eNRTL
WWC

T

VLE

symbols
Dc¢o>

Dy

i

[Am]b:
Heoo:
Tref
Xrich/lean

Y
a

G
ArG;
f Lo
AbeO,aq
fGioo,aq:
ACcy.:
e

molality, mole/kg water
piperazine

2-methylpiperazine
monoethanolamine

electrolyte non-random two-liquid
wetted wall column

temperature

vapor-liquid equilibrium

diffusivity of COz in solution
diffusivity of amine and product in amine solution
viscosity
free amine concentration in bulk solution
Henry’s constant of CO2 in amine solution

reference temperature
loading, rich or lean
activity coefficient
non-randomness parameter
Gibbs free energy

Ideal gas free energy of formation at 298.15K
Ideal gas enthalpy of formation at 298.15K
Aqueous phase free energy of formation at infinite dilution and 298.15K.
Aqueous phase heat of formation at infinite dilution and 298.15K
COz cyclic capacity
CO; cyclic capacity normalized to viscosity
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Chapter 4: CO; Absorption Rate in Semi-Aqueous MEA3

4.1 INTRODUCTION

Amine scrubbing using aqueous ethanolamine was first patented in 1930 for the
removal of acid gases (CO> and H>S) from natural gas (Bottoms, 1930). It is the most
mature technology for large-scale post-combustion carbon capture that can be quickly
deployed (Rochelle, 2009). Increasing CO; absorption rate (k) reduces the absorber
capital cost, which is the cost center of the capture plant, about 30% of the overall capital
cost (CAPEX) as estimated by Frailie (2014). Greater k,’ reduces the amount of packing
required for the same CO; removal.

Physical absorption is another CO: capture approach to absorb CO> under high
pressure > 2MPa (Ban at al., 2014). Some widely used physical solvents are
dimethylethers (Selexol®), methanol (Rectisol®), N-methyl-2-pyrolidone (NMP), and 2-
(2-Ethoxyethoxy) ethanol (CARBITOL™), which all have good CO> physical solubility
(IEAGHG, 2008). Water-lean amines or semi-aqueous amines, consisting of amine,
water, and physical solvent, are potentially attractive as they combine the advantages of
chemical absorption and physical absorption. MEA in methanol-water (Usubharatana
and Tontiwachwuthikul, 2009), MEA in glycerol-water (Shamiro et al., 2016), amines in
N-functionalized imidazoles (Bara, 2013), N-methyldiethanolamine (MDEA) in
methanol-water (Tamajon at al., 2016), and N-ethylmonoethanolamine (EMEA) in N,N-
diethylethanolamine (DEEA) with/without water (Chen et al., 2015) are some recently
studied semi-aqueous solvents. In addition, a commercial hybrid solvent developed by
Shell containing MDEA, PZ, Sulfolane (as physical solvent), and water has been
characterized by pilot plant testing (Nikolic et al., 2009). Heldebrant (2017) reviewed

3Parts of this chapter have been published in Chemical Engineering Science: Yuan, Y., Rochelle, G.T.
(2018). CO; absorption rate in semi-aqueous monoethanolamine for CO2 capture. Chemical Engineering
Science, volume 182, 55-66
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water-lean solvent and demonstrated that replacing water could increase kg’, but most
organic solvents are much more volatile than MEA and cannot be used in current amine
scrubbing designs due to their high volatility.

Systematic study of the rate behavior in semi-aqueous amine has been done. The
effect of viscosity, CO2 physical solubility (Henry’s constant), and amine activity on rate
were explored.

NMP was selected as the primary organic physical solvent in this study due to the
following reasons:

1. Good CO; physical solubility (IEA GHG, 2008).

2. Low viscosity and good miscibility with water (Tan at al., 2015), which reduces
pumping costs. Also, low viscosity increases the heat transfer coefficient in the
heat exchanger and reduces the exchanger size.

3. Relative low vapor pressure of 31.6 Pa at 20 °C (Aim, 1978), compared to 13 kPa
of Methanol (Gibbard and Creek, 1974) and 133 Pa of DEEA (U.S. Department
of Transportation, 1990) at 20 °C.

4. Good thermal stability. Its maximum operating temperature is high (200 °C)
(Tan at al., 2015).

To prove that NMP is not the only physical solvent that could increase kg’,
absorption rate in MEA in 2-(2-Ethoxyethoxy) ethanol (CARBITOL™) and water was
screened. Diglycolamine® (DGA®), another primary amine, similar to MEA was also
tested with NMP.

The rate-increasing mechanism of semi-aqueous amines is interpreted by the
pseudo-first-order (PFO) approximation in this chapter. Since the system is highly non-
ideal, the kinetics should be activity-based rather than concentration-based. As the

concentration of CO; on the interface increases due to higher physical solubility, more
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amine is reacted with CO;. Also, the diffusivity of amine decreases due to higher
viscosity. The net effect causes the depletion of amine and accumulation of products on
the surface, which means the concentration of amine on the interface cannot be assumed
to be equal to the concentration in the bulk liquid. As a result, the pseudo-first-order
(PFO) approximation may not be accurate for semi-aqueous systems. Rigorous mass

transfer modeling in MATLAB® was done in Chapter 6.
4.2 METHOD

4.2.1 Materials

The solvent was prepared by mixing chemicals gravimetrically. Initial chemical
species are listed in Table 4.1. Molality (m) was used for the convenience of
calculation. 7 m MEA in 3 NMP/1 water means 7 mole MEA is mixed with 750 g NMP
and 250 g water, and MEA is exactly 30 wt %. To achieve each loading condition, CO-
was added by bubbling gaseous CO2 (99.99%, Praxair) into the solvent. The CO:
loading was checked by total inorganic carbon (TIC) analysis, described previously in

Freeman et al. (2010).
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Table 4.1: Materials used for solvent preparation

structure purity source
mono‘zﬁaégamme o~ NH: 99.5%  Sigma-Aldrich
N'Meth%f,\'/lp%"o' done q*k\o 99.0%  Sigma-Aldrich

CHs
i ine® HO o~ o~ NH ) )
D'g'(ygg'gfg)'“e S N N 2 99.0% Sigma-Aldrich
™ o™ O~ 0o, 9.0%  Sigma-Aldrich
DDI water 100.0%  Millipore, Direct-Q
Carbon Dioxide 99.99% Praxair

4.2.2 Viscosity
Viscosity was measured at 40 °C using a Physica MCR 300 cone-and-plate
rheometer. The method was described in detail by Freeman et al. (2010). Details are

in the Appendix.
4.2.3 CO: solubility and absorption rate by the wetted wall column (WWC)

ke’ and CO; solubility (Pzg,) were measured simultaneously using the WWC.
The method is identical to that used by Chen and Rochelle (2011), Li et al. (2013), and
Du et al. (2016) and can approximate real packing hydrodynamics to allow direct scale-
up. More details about the WWC is in Appendix.

As shown in Figure 4.1, the amine solvent counter-currently contacts N2/COz on
the surface of a stainless rod with known surface area. The solvent rate (Qiiquid) Was
approximately 4 ml/s. The total gas flow rate (Qgs) was 5 standard liters/minute.

Liquid and gas were controlled at 40 °C using oil baths. The outlet CO> was measured
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continuously by an infrared CO; analyzer (Horiba 2000 series). The inlet CO> was

measured by bypassing the WWC chamber to the CO; analyzer.

[COZ] WWC _ COz
Analyzer

9.1cm

r 3

[CO

2] Bypass

—

co,

1L

Figure 4.1: Diagram of the WWC

Solv.
Tank

A 4

The CO; flux was obtained using Equation 4.1. V1 is the molar volume of an
ideal gas at standard condition; A is the total gas-liquid contact area.
_ (Pco,,in—Pco,,0ut) 1 4.1

N — . Q P
co2 Prot gas VA

Six measurements with variable inlet Pco> were made for each CO> loading, with
three for absorption and three for desorption. The operating time of
absorption/desorption was less than 3 min. The CO; flux was relatively small compared
to the amount of solvent in the system and NMP volatility was relatively low. The liquid

composition and total gas flow rate were assumed to be constant. Experiment error was
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minimized by running absorption and desorption alternatively. The validation of the
assumptions and discussion of experiment error are in Li (2015). Flux is plotted against
the logarithmic mean of the driving force as in Figure 4.2. The slope of the line
represents the overall mass transfer coefficient from bulk gas to bulk liquid (Kg), as

described by Equations 4.2 and 4.3:

Py — P 3y, = (P00 i) (Peonin=Picy)
co, = Plo,)m NN

¥
Pco,,in~Pco,

4.2

Nc¢oz = K¢ (Pco2 - PEOZ)LM 4.3

3.0 -
2.5 ~

2.0
15 -

1.0
0.5 ~

CO, Flux, 104 mol/s*m?2

faWal
U.U
-200 -100 0 100 200 300
0.5 ~
-1.0 -

-15

-2.0 -

”s Driving Force, (Pcoz - P'cox)ims Pa

Figure 4.2: Plot of flux of CO; vs. driving force for 0.38 loaded 7 m MEA in 1 NMP/3
water in the WWC

A pre-determined correlation for gas film mass transfer coefficient (kg) for this

WWC (Bishnoi and Rochelle, 2000) was combined with the experimental results for Kg
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to calculate the liquid film mass transfer coefficient (kg’) with a partial pressure driving

force:

g 4.4
4.2.4 COz2 physical solubility by N2O analogy

CO: physical solubility was measured using the N>O analogy in a total pressure

apparatus. The method is similar to that used by Versteeg and Van Swaalj (1988).

Figure 4.3: Diagram of the total pressure apparatus

The total pressure apparatus, as shown in Figure 4.3, uses a 500-mL stainless steel
autoclave which acts as an equilibrium reactor. Mechanical agitation of both gas and
liquid phases in the reactor is provided by a stainless-steel agitator powered by a

magnetic air motor.

57



During an experiment, the reactor is initially flushed with N>O and sealed, and
then the pressure (P;) is recorded. Approximately 100 mL of liquid solvent with CO>
loading is injected by a syringe through a sealed septum. The reactor is assumed to be a
closed system which contains the solvent sample and gaseous N>O only. The pressure of
the reactor is measured continuously as the liquid and gas reach equilibrium. Usually,
the equilibrium pressure (Peg) is reached in 3 minutes. Py, was subtracted from P, to
get Pr. The partial pressure of MEA, NMP, and water is at less than 1% of Peq, thus

ignored.

. P Paxm?3
The apparent Henry’s law coefficient, Hco: in sotution (ﬁ, "
2

) is calculated

using Equations 4.5 and 4.6.

Hcoz in water

I_ICOZ in solution — * HN20 in solution 4.5

HN20 in water

RT Pf Vi
PiVtotal — Pf Vtotai- V1)

4.6

HN20 in solution = Yoo * Hynzo =

Where
Hcozinwater () 73, 15-40 °C (Haimour and Sandall, 1984).

HN20 inwater

R is the gas constant;

T is the equilibrium temperature;

V; is the volume of the liquid;

Viotar 18 the total volume of apparatus, 500ml;

P; is the initial pressure;

Pf is the Py minus Pgp,.

Yn20 1S the activity coefficient, reference is unity at infinite dilution in water;

Hcoz or n20 18 the Henry’s constant of CO2 or N>O at infinite dilution in water
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The method was checked by measuring Hcoz in water three times, and the results

show agreement with Versteeg and Van Swaalj (1988) within + 5%.

4.2.5 Volatility/activity measurement using FTIR

The mole fraction of amine, NMP, and CO: in the gas phase above the solution
was measured in a stirred reactor coupled with a hot gas FTIR analyzer (Fourier
Transform Infrared Spectroscopy, Temet Gasmet Dx-4000) as shown in Figure 4.4. This
was the same method and apparatus used by Nguyen (2013) and Du et al. (2016) to

measure amine volatility. Given the mole fraction of MEA from the FTIR, Pues was

obtained.
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Figure 4.4: FTIR system for volatility measurement. Figure adapted from Nguyen (2013).

In this non-ideal CO>-MEA-water-NMP system, the activity of MEA is

significantly different from that in water. As shown in Henry’s law (Equation 4.7), the
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amine partial pressure could be used to obtain amine activity. Since Hyp, is constant,

Puygy is a direct indicator of dyga. AmEgasemi-aqueous Used in the mass transfer model

in Chapter 5 were obtained by Equation 4.8.

Pvea = HypaVmeaXmea = HueaQmea 4.7
aMEA,semi—aqueous _ PMEA,semi—aqueous 4 8
AMEAaq PMEAaq ’

where:
Hye4 1s the Henry’s constant of MEA at infinite dilution in water;
YmEea 18 the activity coefficient, unity at infinite dilution in water;

ayga 1s the activity of MEA.

4.2.6 Pseudo-first-order (PFO) assumption

In most practical absorber conditions, the pseudo-first-order (PFO) assumption
can be applied to the kinetics of CO2 and amine, which assumes amine concentration is
constant over the boundary layer, and the equation that describes the reaction and

diffusion of CO; and MEA can be simplified to one differential equation on COs-.

d*Cco> 2 _
D¢o2 axz ks * ayga * Ycoz * (Cecoz — CCOZ,eq) =0 4.9

Plugging in the boundary conditions, and assuming the reaction is much faster

than pure physical absorption, flux can be obtained.

VDcoz k3*amE4 *(Pinterface — Py,) 4.10

N, =
co2 Yco2°3Hcoz coz2

The PFO rate expression assuming the rate is first order in CO2 and second order

in MEA is:
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kg’ — vDcoz k3*amEea 411

Yco2°°Hcoz

The PFO kg’ expression shows that kg’ depends on k3, D¢g2, YMEA, Ycoz to the
order of 0.5, 0.5, 1, -0.5 respectively, and does not depends on Dyga. This dependency

is discussed later with the modeling results.

k' = vDcoz k3*amea - vDco2*YMEA

9 Yco2°%Hcoz Yco2°5

4.12

where:

amgea 1S the activity of MEA;

Doz is the diffusivity of CO2 in the solution;

Doz & u~ 967984 according to Dugas (2009);

Ycoz 1s the activity coefficient of CO2 in the solution;

Hcoz 1s the Henry’s constant of CO: at infinite dilution in water.

4.3 RESULTS AND DISCUSSION
4.3.1. Absorption rate

The absorption rate (kg’) and COz solubility (P*coz2) of 7 m MEA in NMP/water
with variable NMP to water mass ratios were measured at variable CO» loading across
the lean and rich operating range at 40 °C. The CO: equilibrium pressure (P*co2) is
plotted against loading in Figure 4.5. P*co2 increases with the addition of organic
solvent

As explained by Du et al. (2016), NMP is less polar than water, and the addition
of NMP increases the activity the ionic species that determine P*co2. A typical amine

scrubbing process has a lean loading with P*co2 at 100-500 Pa, and a rich loading with
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P*coz2 at 5000 Pa. The increased P*coz with addition of NMP allows lower operating

lean and rich loading. As Figure 4.5 shows, the CO; solubility and the operating range

shift to lower loading with the addition of NMP.

5000
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3 1H,0
N 7
-)<8 e -
& 5% /';/ 7
_ y/
7~
e - =
S L~
7 %
g 1CARB/
3NMP/ | 340 INMP/
1H,0 3H,0
50
0.25 0.3 0.35 0.4 0.45 0.5

loading, mol CO,/mol MEA

Figure 4.5: CO; solubility of 7 m MEA in NMP/water at 40 °C by WWC

The k¢’ of 7 m MEA in water, 1 NMP/3 water, 3 NMP/1 water, and 19 NMP/1
water is plotted against loading at 40 °C in Figure 4.6, allowing direct comparison at the
same loading. Figure 4.7 plots k¢’ against P*co2 and compares 7 m semi-aqueous MEA
to 5 m aqueous PZ (Rochelle et al., 2011) from 100 Pa to 5000 Pa. The k;’ increases
with the addition of NMP. Table 4.2 provides estimates of kg’ican at P*co2 = 100 Pa and
kg’rich at P*co2 = 5000 Pa. The k¢” of 7 m MEA in 3 NMP/1 water and 19 NMP/1 water

is even higher than that in 5 m aqueous PZ at lean and moderate loading.  The results of
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adding CARBITOL™ are also plotted in Figures 4.5 and 4.7. Similar rate increase is
observed after adding NMP.

When kg’ is very high (> 5 * 10° mol/s*Pa*m?), the overall mass transfer
coefficient (K) is limited mostly by the gas side mass transfer (kg) rather than by k. kg
is determined by a correlation by Bishnoi and Rochelle (2000), and the uncertainty in kg
may result in significant errors in kg’ when kg’ is very high. Figure 4.7 also shows the
error bars for the three high kg cases, constructed by varying ks by + 5%. In addition to
lower lean loading, higher MEA activity and CO; physical solubility are two significant

reasons for the increased k.

Table 4.2: CO; absorption at lean and rich conditions in 7 m semi-aqueous MEA at 40 °C

Solvent mass Loading range (100-5000

ratio Pa) Ke’, tean k', rien
mol CO2/mol MEA 10° 107
NMP water mol/s*Pa*m? mol/s*Pa*m?
0 1 0.36-0.50 2.0 3.5
1 3 0.33-0.48 2.5 4.0
3 1 0.30-0.47 8.2 4.0
19 1 0.29-0.46 35 4.5
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Figure 4.6: kg’ of 7 m MEA in NMP/H:0 at 40 °C by WWC
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Figure 4.7: kg’ of 7 m MEA in NMP (Carbitol)/water and 5 m PZ (aq) (Dugas, 2009) at

40 °C

4.3.2. MEA activity

Pmea was measured using a stirred reactor and FTIR at 40 °C (Figure 4.8). When
the mass fraction of NMP increases, the activity of MEA (ayg4) increases dramatically
at lean loading. As loading increases, ayg, decreases. At rich loading of around 0.45
mole COz/mole MEA, adding NMP does not affect aygy. This is probably because of

the change of polarity. With the addition of CO,, the solution becomes more ionic and

polar, which solubilizes MEA.

The increase of MEA activity at lean loading

significantly contribute to the increase of kg’ican after adding NMP.
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Figure 4.8: Pmea above 7 m semi-aqueous MEA at 40 °C by the FTIR

4.3.3. Viscosity and physical solubility

Physical solubility of N2O in 7 m MEA was measured at room temperature. ¥co»
was calculated using Hcg,= 2631 Pa*m?/mol at 20 °C (Versteeg and Van Swaalj (1988) )

as reference state by Equation 4.13.

Heoz-sotution = Yco2Hcoz 4.13

CO: loading of 0.37 and 0.45 mole CO2/mole MEA was chosen to approximate
the lean and rich loading for amine scrubbing. The results are listed together with
viscosity in Table 4.3. With a higher NMP mass fraction, CO2 physical solubility is

higher. Lower y.o, means higher physical solubility. At rich loading, the CO:
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physical solubility decreases compared to lean loading, especially in 19 NMP/1 water,
because the polarity increases as loading goes up. The viscosity increases as NMP mass
fraction increases, except for 19 NMP/1 water. The viscosity is not monotonic as NMP
fraction increases because of the intermolecular force between NMP and water. This

behavior of viscosity is similar to that in methanol-water (Mikhail and Kimel, 1961).

Table 4.3: Viscosity and Yo, of 0.37 and 0.45 loaded 7 m semi-aqueous MEA

Solvent mass ratio K, 40°C Yco2
0.37 0.45 0.37 0.45 loading
NMP water cP
0 1 2.5 2.6 1.61 1.72
1 3 4.6 5 1.54 1.43
3 1 15.2 17.2 0.94 1.01
19 1 14.4 154 0.45 0.94

4.3.4. Net effect of amine activity, viscosity, and physical solubility on kg’ based on
PFO

7 m aqueous MEA was used as the base case for the analysis, and important
parameters measured in different semi-aqueous MEA solvents were compared to the
basis. Since Pwea = Hyga * Ymea * Xmea and Hypy 1s constant, the ratio of yup4 In
each solution to Y4 1n 7 m aqueous MEA is equal to the ratio of the corresponding
Pye4 as Equation 4.13 shows. Due to the limitations of the apparatus, Yo, was only
measured at room temperature; however, the ratio of y-o, in each solutionto y;p, in the
base case at 40 °C can be approximated by the ratios at room temperature, assuming the
ratios do not vary. The relative values of all the parameters are listed in Tables 4.4 and

4.5. In addition, the PFO predicted k;’ ratio by Equation 4.12 is included.
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Table 4.4: Relative viscosity, Hcoz, activity, and kg’ of 7 m semi-aqueous MEA at 0.37

mol CO2/mol MEA.
SOIV:;E;naSS u, 40 °C Ycoz YMmEa Ko, €XP k', predict k', predict
NMP water Amea * W% *¥gs  Qumpa * WO *y00s
0 1 1 1 1 1 1 1
1 3 1.84 0.95 1.60 1.2 1.3 1.3
3 1 6.08 0.58 2.67 2.1 2 1.6
19 1 5.76 0.28 4.44 52 5 4

As Table 4.4 shows, at lean loading, viscosity increases as NMP mass fraction
increases, except for 19 NMP/1 water, which decreases slightly. Since Dgp, &
u072+012(Dugas, 2009) and k' o« D3,, k¢ o 7037042 which means higher
viscosity depresses the absorption rate. The predicted k.’ using both -0.3 and -0.42
viscosity dependence is listed in Table 4.5, and ko' « p~%3 gives better prediction. The
ke’ predicted by the PFO from Equation 4.12 roughly matches the experimental k,’,
which explains that adding NMP to 7 m aqueous MEA increases k' at 0.37 loading by
increasing the activity of MEA and CO» physical solubility. The discrepancy may result
from the PFO approximation, the uncertainty of dependence of Dy, on viscosity, and
experimental error. Since our purpose is to explain why kg’ increases by adding NMP,
rather than to quantitatively predict k’ without directly measuring it, the discrepancy
between K¢ exp and kg predict 1S acceptable.

Table 4.5 explains why kg’ does not increase at rich loading when NMP is added
using PFO. Higher viscosity depresses the rate. The increase of CO: physical solubility
should increase the rate, but at rich loading, the increase of CO> physical solubility is
weaker than at lean loading. Also, at rich loading, the MEA activity does not increase as

much as at lean loading when NMP increases as Figure 4.8 shows. The net effect of
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viscosity, CO> physical solubility, and MEA activity results in almost no change in kg .
Compared to lean loading (Table 4.4), which matches k,’ well, at rich loading, kg’ predict by
ke’ o u79%3 overestimates ko’ at high NMP. At rich loading, the MEA concentration on
the surface is lower than at lean loading. After adding NMP, which increases CO>
concentration and consumes more MEA at the interface, the MEA concentration at the
surface should be lower than that in the bulk. Hence the PFO approximation may not be
accurate.  Rigorous modeling of the kinetics without the PFO approximation is
necessary. The set of the diffusion and reaction differential equations that describes the
reaction and diffusion between CO, and MEA was solved by MATLAB® in the next

chapter

Table 4.5: Relative viscosity, Hcoz, activity, and k” of 7 m semi-aqueous MEA with 0.45

mol CO2/mol MEA
SOIV:;EOmaSS u;éO Ycoz YMEA ke, exp k', predict kg, predict
NMP  water ampa * WO *¥e0y  ampa * WO x Y0y
0 1 1 1 1 1 1 1
1 3 1.92 0.83 1.09 1 1 0.9
3 1 6.62 0.59 1.72 1.2 1.3 1
95 5 5.92 0.54 1.72 1 1.4 1.1

4.3.5 Rate enhancement by 2-(2-Ethoxyethoxy) ethanol (CARBITOL™)

To further test this rate increase in semi-aqueous MEA, 2-(2-Ethoxyethoxy)
ethanol (CARBITOL™) was added to 7 m MEA, and kg’ of 7 m MEA in 1
CARBITOL™/3 water and 3 CARBITOL™/1 water was measured by the WWC.
CARBITOL™ increases the kg’ as expected.

Results of adding CARBITOL™ are plotted in Figures 4.5 and 4.7, and are

compared to NMP. Although amine activity and physical solubility were not measured,
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the kg’ and P*co» results from the WWC suggest that CARBITOL™ is another solvent

that would increase the kg’ of 7 m MEA, probably by the same mechanisms as NMP.

4.3.6 Rate behavior in DGA®-Water-NMP

DGA®, another primary amine, was also tested with NMP. 7 m Diglycolamine®
(DGA®) in 3 NMP/1 water was measured in the WWC, which also showed enhanced
absorption rate at lean and middle loading. This demonstrates that MEA is not the only
amine that has this kind of rate behavior. P* is plotted against loading in these hybrid
solutions in Figure 4.9. kg’ is plotted against P* at 40 °C in Figure 4.10. 7 m MEA was
measured by Dugas (2009), and 10 m DGA® was measured by Chen (2011).

10000

1000 s »
7 maq DGA /
3NMP/1water 7 m aq MEA

]
o
%" k/
o / /
100 -—
7 m MEA
3NMP/1water
10 m aq|DGA
10
0.25 0.3 0.35 04 0.45 0.5
Loading

Figure 4.9: CO; solubility of MEA or DGA® in NMP/water at 40 °C by WWC
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1.0E-07
50 500 5000
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Figure 4.10: ko’ of MEA or DGA® in NMP/H,0 at 40 °C by WWC

4.3.7 Comparison of key properties to 5 m PZ

The liquid film mass transfer coefficient (kg’) measured in the WWC can be
directly used in plant design using Equation 4.14 (Li et al., 2013). It is calculated as the
ratio of CO2 flux to the liquid film partial pressure driving force, and the average kg’
(kg’avg) for an isothermal absorber at 40 °C and 90% CO: removal is calculated,

assuming a linear concentration profile and equilibrium curve in the absorber.

_ Fluxco, 1m
gavg — *
(Pco, = Peo,)m
2

(Fluxcoz,top - FluxC02,bottom)/Ln(Fluxcoz,top/FluxCOZ,bottom)

PCO - P*
* * 2,top CO,,lean
(PCOZ,tOP - PCOZ,lean) - (PCOZ,bottom - PCOZ,ricé)/Ln(PC

s
0,,bottom — PCOZ,ric/}

4.14
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For coal-fired flue gas treating, the Pco> in the bulk gas at the bottom and top of
the absorber are 12 and 1.2 kPa. With a reasonable driving force, the rich and lean Pco2+
are selected to be 5 and 0.1 kPa in this analysis. Experimental values at 40 °C are used
to interpolate kg’ that corresponds to Pcoz+ at 5 and 0.1 kPa, which are then used to
calculate the corresponding flux. kg avg of 7 m MEA in 3 water/1 NMP, 1 water/3 NMP,
and 5 water/95 NMP is 1.1 times, 2 times, and 5 times that of 7 m aqueous MEA,
respectively. The latter two are even higher than kg’ave of 5 m PZ (Dugas, 2009), as
listed in Table 4.6.

The CO> cyclic capacity (AC,;,,) of solvent is defined by as Equation 4.15.  dlean
and asch are the CO; loading at lean and rich conditions (mol COz/mol amine)
corresponding to Pgg,of 0.1 kPa and 5 kPa, respectively. Aacg, is the difference

between dean and Ouich.

ACgo1y = Aagp, - molality of alkalinity/kg (solvent)

Adacoy = (arich - o(lean) 4.15

Cross-exchanger optimization involves evaluating the trade-off between the
capital cost of the exchanger and the value of sensible heat requirement. When the
temperature diving force (AT,y,) increases, sensible heat required in the reboiler increases
and heat exchanger Area/CAPEX decreases. AT, was optimized for lowest exchanger
CAPEX and sensible heat requirement. At AT, o, the overall cost of heat exchanger
and sensible heat is proportional to viscosity to the power of 0.175 (Lin, 2016). The
0.175 power is based on the conclusion that the heat transfer coefficient generally
depends on solvent viscosity to about -0.35 power (Ayub, 2003). ACup is the normalized
COs cyclic capacity of a solvent considering the effect of viscosity on the optimized heat
exchanger cost and sensible heat (Li et al., 2013), as defined in Equation 4.16. 4 1S
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the viscosity of each solvent at mid-loading (P;y, = 2.0 kPa), with 5 m PZ used as the
base.

AC ACsoly

" (Wmia/ms m pz)0175

4.16

Table 4.7 compares some important properties of the related solvent at 40 °C
(Mmia, ke'ave, ACsorps, ACy, and Porg). ACs,;,, increases as physical solvent increases,
because lower .., increases Aacp, as shown in Figure 4.5. This is because the
addition of physical solvent salts out the CO»-related species in the liquid phase (Du et
al., 2016), and probably the salting-out effect is stronger at lean loading when the system
is less ionic than at rich loading. However, the increased viscosity reduced the
normalized capacity with the addition of physical solvent. AC, of 7 m MEA in

water/physical solvent is slightly lower than that in water.

Table 4.6: Umiq, Ke’ave, ACsopy, and AC, of 7 m semi-aqueous MEA and 5 m PZ (aq)
(Dugas, 2009).

Solvent Umid ACgor AC, Ke’avg Porg
1\7[];1:1& cP 0.1-5 kPa, k;niligit mol/s*Pa*m? Pa
water 2.5 0.68 0.76 9.18E-07

3 water 1 NMP 4.6 0.72 0.72 1.05E-06 17
1 water 3 NMP 16 0.85 0.69 1.96E-06 63
1 water 19 NMP 15 0.83 0.68 5.10E-06 102
3 water 1 CARBITOL™ 54 0.7 0.69 1.05E-06
1 water 3 CARBITOL™ 19 0.94 0.73 1.66E-06
7m DGA
1 water 3 NMP 20 0.93 0.71 1.96E-06
5mPZ 4.5 0.95 0.95 1.40E-06

73



4.3.8 Considerations of volatility

The volatility of the physical solvent is a major drawback of the semi-aqueous
amine. NMP and CARBITOL™ are less volatile than most organic solvents, with a
vapor pressure of 132 Pa for NMP (Kneisl and Zondlo, 1987) and 69 Pa for
CARBITOL™ (Gardner and Brewer, 1937) at 40 °C. Pnwmp at 40 °C measured by FTIR
in 7 m MEA in 3 water/1 NMP, 1 water/3 NMP, and 1 water/19 NMP is 17 Pa, 63 Pa,
and 102 Pa, respectively. Pcarprror was not measured. Based on the vapor pressure,
Pcarpitor should be approximately 50% less than Pxmp; however, the volatility of NMP
or CARBITOL™ is still significantly higher than MEA, requiring a more rigorous water
wash system or other capture technique. Less volatile physical solvents should be
identified. Another possible solution is lowering the absorber temperature to less than
40 °C, which reduces the volatility of the organic components; however, maintaining the
absorber to a lower temperature will result in higher intercooling cost, especially for the
plants do not have very cold cooling water. Lowering absorber temperature could
increase absorption rate (Heldebrant, 2017), which is interesting to study. Further study
including thermodynamic, kinetics, process simulation and optimization needs to be done
on this option. The presence of the physical solvent will also complicate reclaiming of

the spent amine.
4.4 CONCLUSIONS

Semi-aqueous amines could have much faster absorption rate than aqueous amine.
In the operating range of 100-5000 Pa CO» equilibrium partial pressure (Pgp,), CO2
absorption rate (kg’avg) of 7 m MEA in 3 water/1 NMP, 1 water/3 NMP, and 1 water/19
NMP is 1.1 times, 2 times, and 5 times that of 7 m aqueous MEA, respectively. kg’
increases when replacing water by NMP because of reduced operating CO; loading

(higher free MEA concentration), greater CO: physical solubility, and greater MEA
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activity. The increase in kg’ becomes less significant at richer loading as the increase in
physical solubility and MEA activity is not as great. CARBITOL™, another physical
solvent, shows similar effect on kg’ as NMP. Besides MEA, DGA®, another primary
amine, also showed that kg’ could be increased by adding NMP.

The difference between rich and lean loading (Aap,) increases with the addition
of physical solvent, but the increased viscosity after adding physical solvent reduced the
normalized capacity (AC,). The net effect makes AC, of the semi-aqueous MEA 10%
less than that of aqueous MEA. Compared to 5 m PZ(aq), kg’avg between 100 and 5000
Pa P, of 7m MEA in 1 water/3 NMP and 1 water/19 NMP is 1.4 times and 3.6 times
that of 5 m aqueous PZ; but the normalized capacity (AC,) is 20% less than that of 5 m
PZ.

The volatility of NMP and CARBITOL™ s still too high, and water wash or
other capture processing will be required to meet environmental regulations. Physical
solvents with lower volatility or process with lower absorber temperature could be further

explored.
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Nomenclature
a

a;

C;

Dcoz

DmEa

HCOZ
I—INZO

I_IMEA

Pcos
PCOZ,in/out
P;

Py

PMEA

Vm

Vi

Vtotal
Ncoz

Qliqui d/gas
te

h
d
Si
Vi
u

ACsolv:

AC,:

mol COz/mol amine

mol/m?
mol/m?
m?/s
m?/s

Pa*m?>/mol
Pa*m?>/mol

Pa*m?>/mol
2

2
2

mol/s*Pa*m
mol/s*Pa*m
mol/s*Pa*m

m®/s*mol?

mol/kg solvent

Pa
Pa

Pa

Pa

Pa

L/mol

ml

L
mol/(s*m?)
ml/s or I/s
S

Kg/ m?
meter
meter

cP

mol CO/kg total

solvent

mol CO2/kg total

solvent

Loading

Activity of a component

Concentration of a component

Diffusivity of CO> in the solution
Diffusivity of MEA in the solution

Henry’s constant of CO» at infinite dilution in
water

Henry’s constant of N>O at infinite dilution in
water

Henry’s constant MEA at infinite dilution in
water

Liquid film mass transfer coefficient
Overall mass transfer coefficient

Gas film mass transfer coefficient

Third order rate constant between amine and
CO2

Equilibrium constant

Molality, mole per kg of solvent (water +
NMP/CARB)

CO; equilibrium partial pressure

CO; partial pressure going in/out of the WWC
The initial pressure of the total pressure
apparatus

The final pressure of the total pressure
apparatus

Partial pressure of MEA

molar volume of an ideal gas

Volume of the liquid

Volume of the total pressure apparatus

Flux of CO2 in the WWC

Liquid/gas flow rate

Contacting time in the WWC

Density

Height of the annulus in the WWC
Diameter of the annulus in the WWC
Sensitivity of kg’ to different parameters
Activity coefficient of a component
Viscosity

COs cyclic capacity

COz cyclic capacity normalized by viscosity
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Chapter 5: CO; Absorption rate in semi-aqueous PZ

5.1 INTRODUCTION

Chapter 4 demonstrates organic solvents such as N-methyl-2-pyrolidone (NMP)
and 2-(2-Ethoxyethoxy) ethanol (CARBITOL™) with high physical CO, solubility could
improve the chemical absorption rate of MEA, especially at lean loading. Our group
introduced Piperazine (PZ) as the new standard for CO; capture, which is superior to
MEA (Rochelle et al., 2010). PZ has a high absorption rate, good stability, low
viscosity, and high capacity, but a narrow solid solubility window may limit its
application (Chen, 2010). The solid solubility issue could be addressed by two ways.
One is partially replacing PZ with another amine, such as 2methylpiperazine (2MPZ), as
shown in Chapter 2 & 3. Another approach is to replace water with a physical solvent to
solubilize PZ. Semi-aqueous PZ consisting of PZ, water, and a physical solvent is
potentially attractive as it may combine the advantages of fast absorption rate and good
solid solubility. NMP solubilizes PZ at lean loading but causes precipitation at rich
loading (0.35 mol CO2/mol alkalinity). Shell Oil Company (Nikolic et al., 2009) has
developed Sulfinol®-X, a commercial hybrid solvent containing MDEA, PZ, SUF, and
water for high pressure natural gas sweetening. The solubility of 5 m PZ in 1 SUF/3
water, | SUF/1 water, 1 IMI/3 water, 1 IMI/1 water has been tested, and no precipitation
was observed in the loading range of 0.15-0.45 mole CO2/mole alkalinity at 20 to 60 °C.
Absorption rate (kg’) and CO2 solubility were measured at different CO; loadings across

the lean and rich operating range in the wetted wall column.
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5.2 METHOD

5.2.1 Materials

The solvent was prepared by mixing chemicals gravimetrically. Initial chemical
species are listed in Table 5.1. Molality (m) was used for the convenience of
calculation. 5 m PZ in 1 NMP/3 water means 5 mole PZ is mixed with 250 g NMP and
750 g water, and PZ is exactly 30 wt %. To achieve each loading condition, CO> was

added by bubbling gaseous CO2 (99.99%, Praxair) into the solvent.

Table 5.1: Materials used for solvent preparation

structure purity source
Piperazine (PZ) o Sigma-
99.5% Aldrich
N-Methyl-2-pyrrolidone &o 99.0% Sigma-
NMP) N e Aldrich
( CH
3
. Sigma-
0
Triethylene glycol (TEG) 99.0% Aldrich
Sulfolane LD Sigma-
S 99.00% !
(SUF) O// \\O Aldrich
Imidazole N :
) 99.0% Sigma-
(IM1) H ' Aldrich
Millipore
() >
DDI water 100.0% Direct-Q
Carbon Dioxide 99.99% Praxair
Table 5.2: Chemical species in 5 m PZ in 1TEG/2water
Molecular weight (g/mol)  Mass (g) wt %
Pz 86.14 516.8 30.1%
TEG 150.2 400.0 23.3%
Water 18.02 800.0 46.6%
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Table 5.3: Chemical species in 5 m PZ in 1physical solvent/3water

Molecular weight (g/mol)  Mass (g) wt %

PZ 86.14 516.8 30.1%
NMP/SUF/IMI 99.13/120.2/68.08 300.0 17.5%
Water 18.02 900.0 52.4%

Table 5.4: Chemical species in 5 m PZ in 1physical solvent/1water

Molecular weight (g/mol)  Mass (g) wt %

Pz 86.14 516.8 30.1%
water 18.02 600.0 35.0%
SUF/IMI 120.2/68.08 600.0 35.0%

5.2.2 COz loading by TIC

The CO; loading was checked by total inorganic carbon (TIC) analysis, described
previously in Freeman et al. (2010).
5.2.3 Viscosity

Viscosity was measured at 40 °C using a Physica MCR 300 cone-and-plate
rheometer. The method was described in detail by Freeman et al. (2010). Details  in

Appendix A.

5.2.4 CO: solubility and absorption rate by the wetted wall column (WWC)

ke’ and CO; solubility (Pzg,) were measured simultaneously using the WWC.
The method is identical to that used by Chen and Rochelle (2011), Li et al. (2013), and
Du et al. (2016) and can approximate real packing hydrodynamics to allow direct scale-

up. More details about the WWC are in Appendix A.
5.3 RESULTS AND DISCUSSION

5.3.1 PZ in NMP/water and PZ in TEG/water

5 m PZ in 1 NMP/3 water and 1 TEG/2 water was measured at 40 °C in the

WWC. 5mPZin 1 NMP/3 water showed a 15% higher rate at lean and median loading.
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ke’ is plotted against P*coz at 40 °C in Figure 5.1 and compared to 5 m aqueous PZ.
Both TEG and NMP have high CO; physical solubility, but TEG has a much higher
viscosity (49 cP) than NMP (1.7cP). The high physical solubility should enhance kg’, as
CO; concentration in the interface increases, while high viscosity reduces the diffusivity
of both CO; and amines, which limits kg’. The net effect of high CO> physical solubility
and high viscosity results in the kg’ of 5 m PZ in TEG/water being close to that of 5 m
aqueous PZ at lean and median loading. NMP has similar CO> physical solubility and
lower viscosity and therefore higher k,” was obtained. However, at rich loading, 0.35
mol CO/mole alkalinity, solid precipitation was observed in 1 NMP/3 water and 1
TEG/2 water at ambient temperature. After heating to 40 °C, 5 m PZ was dissolved in 1
NMP/3 water, and kg’ was measured in the WWC. kg’ of 5 m PZ in 1 NMP/3 water at

rich loading is slightly smaller than 5 m PZ(aq).
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Figure 5.1: kg’ of 5 m PZ in 1TEG/2water and INMP/3water at 40 °C by WWC

5.3.2 CO: solubility and absorption rate of PZ in SUF/water

The absorption rate (kg’) and CO; solubility of 5 m PZ in 1 SUF/3 water and 1
SUF/water were measured at variable CO; loading across the lean and rich operating
range at 20, 40, and 60 °C. The experimental data are presented in Appendix B.

The COz equilibrium pressure (P*coz) is plotted against loading in Figures 5.2
and 5.3, together with previous results for 5 m PZ(aq). At 40 °C, P*co2 in 5 m PZ in 1
SUF/3 water increases, but the slope of the VLE curve is the same, which means the
cyclic capacity is roughly the same. The increase of P*co> is probably because the
activity coefficient of the PZ carbamate is increased. As temperature increases, P*coz

increases at the same rate as in water alone, so the heat of CO; absorption is not affected

by SUF.
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Figure 5.2: COz solubility in 5 m PZ in 1 SUF/3 water
COy equilibrium partial pressure (P*coz2) in 5 m PZ in 1 SUF/1 water also
increases compared to 5 m PZ(aq). As Figure 5.3 shows, at very lean loading, P*coz21in 1

SUF/1 water increases significantly. The smaller slope of the VLE curve suggests a

higher the cyclic capacity of 5 m PZ in 1 SUF/1 water than 5 m PZ(aq).
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Figure 5.3: COz solubility in 5 m PZ in 1 SUF/1 water

ke’ of 5 m PZ in 1 SUF/3 water is plotted against loading in Figure 5.4. At lean
loading, adding SUF increases kg’ because of higher CO; physical solubility, but at rich
loading, adding SUF decreases k,’.

ke’ depends on temperature (20 °C > 40 °C > 60°C). As temperature increases,
COz physical solubility decreases, which should decrease k', while diffusivity and
reaction rate constant k increase, which should increase k,’. The strong dependency of
COz physical solubility on temperature in semi-aqueous solvent results in lower kg’ at
higher temperature. This temperature dependency is different from that of aqueous PZ

which shows no obvious kg’ dependency on temperature.
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Figure 5.4: kg’ of 5 m PZ in 1 SUF/3 water at 20-60 °C in WWC

ke’ 1s also plotted against P*coz at 40 °C in Figure 5.5. Because of the increased
P*coo at the same loading, at rich loading, kg’ of 5 m PZ in 1 SUF/3 water is comparable

to that of 5 m PZ(aq) at the same P*coo.
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Figure 5.5: kg’ of 5 m PZ in 1 SUF/3 water at 20-60 °C in WWC

ke’ of 5 m PZ in 1 SUF/1 water is plotted against P*coz at 40 °C in Figure 5.6.
At lean loading, adding SUF increases kg’ because of higher CO» physical solubility, but
at rich loading, adding SUF decreases k', because of higher viscosity and lower
diffusivity. The viscosity of 5 m PZ in 1 SUF/1 water is about 6 times that of 5 m
PZ(aq), so the diffusivity of CO2, PZ and PZ carbamate is significantly lower, which

b
depresses k.
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Figure 5.6: kg’ of 5 m PZ in 1 SUF/1 water at 20-60 °C in WWC

5.3.3 CO: solubility and absorption rate of 5 m PZ in IMI/water

The effect of adding imidazole (IMI) was also tested. IMI is a tertiary amine
with a pKa of about 7 which is too low to act as a base in the system. IMI was treated as
a physical solvent instead of amine in this study. Adding IMI to PZ(aq) showed similar
effects on P*co and k;’ as adding SUF.

Figures 5.7 and 5.8 show adding IMI into 5 m PZ(aq) increases P*co> slightly.
Figures 5.9 and 5.10 show kg’ is greater at lean loading, but lower at rich loading
compared to PZ(aq). The more SUF or IMI added, the faster the absorption rate is at
lean loading. This rate behavior is similar to that of semi-aqueous MEA (Yuan and
Rochelle, 2018). At lean loading, kg’ increases as activity of amine, concentration of

free amine, and concentration of free CO; increase. At rich loading, ks’ decreases as
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diffusivity of PZ and PZ carbamate significantly drops because the viscosity of PZ-IMI-

water is about 5 times that of PZ(aq), which causes depletion of free PZ and

accumulation of PZ carbamate near the gas-liquid interface.
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Figure 5.7: COz solubility in 5 m PZ in 1 IMI/3 water
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Figure 5.8: COz solubility in 5 m PZ in 1 IMI/1 wat

6.4E-06 IMI:water 1:3, 40 @

3.2E-06

IMl:water 1:3, 20 @
1.6E-06 5m PZ(aq), 40 € water

E
(g 8.0E-07
S IMI:water 1:3, 60 €
f% 4.0E-07
x@

2.0E-07

1.0E-07

50 500 5000

CO, Equlibrium Pressure at 40 °C, P*, Pa

Figure 5.9: kg’ of 5 m PZ in 1 IMI/3 water at 20-60 °C in WWC
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Figure 5.10: kg’ of 5 m PZ in 1 IMI/1 water at 20—60 °C in WWC

The absorber normally runs at 40 °C, so kg’ of all the studied solvents in this
chapter is plotted against P*co2 at 40 °C in Figure 5.11. Compare to aqueous PZ, k¢’ is
greater at lean loading, but lower at rich loading. 5 m PZ in 1 IMI/ 1 water shows the

highest rate at lean loading, which is a net effect of CO physical solubility and viscosity.
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Figure 5.11: k¢’ of 5 m semi-aqueous PZ at 40 °C in WWC
5.3.1 Viscosity of 5 m PZ in SUF/water and PZ in IMI/water

Viscosity of 5 m PZ in 1SUF/3water, 3SUF/1water, and 1IMI/1water was
measured at different loadings at 20, 40, and 60 °C. The results are listed in Tables 5.5-
5.7 and plotted in Figures 5.12-5.14. Viscosity was increased significantly after adding
physical solvent. Also, the viscosity in semi-aqueous amine has a stronger dependency
on loading than in aqueous amine. SUF is more viscous than IMI, so the viscosity in
SUF/water is higher than in IMI/water. The average viscosity between lean and rich
loading is 25 cP in 5 m PZ in 1SUF/1water, 9.5 cP in 5 m PZ in 1SUF/3water, and 15 cP

in 5 m PZ in 1IMI/1water. The average viscosity of 5 m PZ is about 4 cP at 40 °C.
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Table 5.5: Viscosity (cP) in 5 m PZ in 1SUF/1water

loading, 20 °C 40 °C 60 °C
0.4 74 34.3 21.5
0.36 59 27.9 18.5
0.31 48 22 13.6
0.26 42 20 10.7
0.178 36 14 7.7
Table 5.6: Viscosity (cP) in 5 m PZ in 1SUF/3water
loading, 20 °C 40 °C 60 °C
0.4 19.9 10.8 7.3
0.365 19.2 10.5 7.2
0.323 17.6 9.8 6.8
0.27 14.3 8.1 55
0.21 12.9 6.9 4.6
Table 5.7: Viscosity (cp) in 5 m PZ in 1IMI/1water
loading, 20 °C 40 °C 60 °C
0.415 46.5 21 12
0.37 41.9 19.2 10.8
0.31 33.9 16.2 9.2
0.225 26.6 12.8 7.8
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Figure 5.12: Viscosity of 5 m PZ in 1IMI/1water at 20—60 °C in WWC
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Figure 5.13: Viscosity of 5 m PZ in 1SUF/1water at 20-60 °C in WWC
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Figure 5.14: Viscosity of 5 m PZ in ISUF/3water at 20—-60 °C in WWC
5.3.1 Comparisons of semi-aqueous PZ solvents

The average kg’ (kg’avg) for an isothermal absorber at 40 °C and 90% CO; removal
is calculated to compare the solvents. It is calculated as the ratio of CO; flux to the
partial pressure driving force, assuming a linear concentration profile and equilibrium
curve in the absorber. Experimental values at 40 °C are used to interpolate kg’ that

corresponds to Pcox*

_ Fluxco,1m
gavg — *
(Peo, = Feo,)Lm

(FluxCOZ,top - FluxCOZ,bottom)/Ln(FluxCOZ,top/FluxCOZ,bottom)

*
PCOz,tOP - PCOZ,lean

* *
(PCOZ.tOp - PCOZ,lean) - (PCOZ.bottom - Pcoz,ric/z)/Ln(pCO vottom — Peo. rics
2 2

5.1

For coal-fired flue gas treating, Pcoz in the bulk gas at the bottom and top of the

absorber are 12 and 1.2 kPa. The typical rich loading corresponds to P*co2 of 5 kPa, and
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lean loading is around 0.1-0.5 kPa. For the operating range 0.5-5 kPa, kg’ave in semi-
aqueous 5 m PZ is about the same as 5 m PZ(aq); for the operating range 0.1-5 kPa,
kg’avg is about 15-35% higher than in 5 m PZ (aq) depending on the amount of IMI/SUF
added. In CO> capture for a natural gas-fired power plant, Pcoz in flue gas is 3.5 kPa
instead of 12 kPa, and rich loading P*co> is reduced to about 1.5 kPa from 5 kPa. For
the operating range 0.1-1.5 kPa (natural gas conditions), kg’ave in semi-aqueous 5 m PZ
water is 20-50% higher than in 5 m PZ(aq). The results are listed in Table 5.8.

The CO:> cyclic capacity (ACgq1y) of solvent is defined by Equation 5.2.  oean and
drich are the CO2 loading at lean and rich conditions (mol CO2/mol amine). Adding

SUF/IMI slightly increases the capacity due to a flatter VLE curve on the lean side.

ACso1y = (Upich — Oeqn) * molality of alkalinity/kg solvent 5.2

Table 5.8: Cyclic capacity and kg’avg of 5 m PZ

Mass ratio Viscosity Cyclic capacity Kg’avg*106 at 40 °C
0.1-5kPa 0.5-5kPa 0.1-1.5kPa  0.1-5kPa  0.5-5kPa  0.1-1.5kPa
cP mol COy/kg solvent mol/s*Pa*m?

5 m PZ(aq) 4.2 0.95 0.6 0.78 1.41 1.13 2.09
sup
er

1 3 10 1.06 0.56 0.82 1.74 1.28 2.37

1 1 24 1.21 0.56 0.98 1.99 0.94 3.05
IMI wat
er

1 3 8.3 1.2 0.64 0.87 1.64 1.13 2.42

1 1 18 1.26 0.67 0.93 2.24 1.08 3.12
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5.4 Conclusions

1.

Solid precipitation in 5 m PZ(aq) can be solved by partially replacing water with
physical solvent (SUF or IMI). No precipitation was observed in 5 m PZ in
ISUF/3 water, 1SUF/1 water 1 IMI/3 water, or 1 IMI/1 water in the loading range
0f 0.15-0.45 mole CO>/mole alkalinity at 20—60 °C.

Adding SUF or IMI into aqueous PZ increases kg’ at lean and median loading but
decreases kg’ at rich loading.

ke’ in semi-aqueous PZ increases as temperature decreases from 60 to 20 °C.
Compared to 5 m PZ(aq), k¢’avg in 5 m semi-aqueous PZ is about the same for
0.5-5kPa P*co2, 15-35% greater for 0.1-5 kPa P*co2, and 20-50% greater for
0.1-1.5kPa P*co> (natural gas conditions).

COz cyclic capacity slightly increases after adding SUF/IMI; however, because of
higher viscosity, the normalized capacity will be reduced. Normalized capacity
of semi-aqueous PZ involiving viscosity, thermal conductivity, and heat capacity

will be covered in Chapter 7.
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Chapter 6: Mass Transfer Modeling in Semi-aqueous Amines*

6.1 INTRODUCTION

Chapter 4 and Chapter 5 show that semi-aqueous amine composed of amine
(MEA, PZ), water, and physical solvent have higher CO, absorption rate (kg’) than
aqueous amine at lean and median loading. However, as loading increases, kg’ drops
very fast in semi-aqueous amines. At lean loading, kg’ in 7 m MEA in 19NMP/water
could be as high as five times that of 7 m MEA(aq). At rich loading of P*co2 around
5kPa, kg’ in semi-aqueous MEA drop to close to MEA(aq); kg’ of semi-aqueous PZ (PZ-
SUF/IMI-water) is slightly lower than PZ(aq).

The rate behavior in semi-aqueous amines is not fully understood. Chapter 4
demonstrates that after adding physical solvent, kg’ should increase because activity of
amine and CO; physical solubility increase, should decrease because diffusivity of CO»,
amine, and amine products decreases. To get the overall effect on kg’, the quantitative
dependency of kg’ on these parameters is required.  Pseudo-first-order (PFO)
approximation (details in Chapter 4) assumes the concentration of amine and amine
products is constant across the interface, as a result kg’ does not depend on diffusivity of
amine and amine product, which is questionable in semi-aqueous amines.  With the
PFO rate expression (Equation 6.1), kg’ is quantitatively linked to activity of amine, CO>
physical solubility, and CO> diffusivity. However, as the CO2 concentration on the
interface increases and the amine diffusivity decreases due to higher viscosity, the amine
at the interface will be lower than in the bulk liquid, and the amine product on the surface
could be higher than in the bulk liquid. Hence the pseudo-first-order (PFO)

approximation may not be accurate for semi-aqueous systems.

4Parts of this chapter have been published in Chemical Engineering Science: Yuan, Y., Rochelle, G.T.
(2018). CO; absorption rate in semi-aqueous monoethanolamine for CO2 capture. Chemical Engineering
Science, volume 182, 55-66
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k. = vDcoz k3*amEea o vDcoz*YMEA 6.1

9 Yco2°°Hcoz Yc02°>

Systematic study of the rate behavior in semi-aqueous amine was done by both
experimental and modeling efforts. A mass transfer model was built in MATLAB®
using the CO,-MEA-NMP-water data collected in Chapter 4. The effect of rate constant,
diffusivity of CO>, MEA, and MEA product, CO> physical solubility (activity of CO»),

and activity of MEA on rate was explored.

6.2 MASS TRANSFER THEORY

The mass transfer between gaseous CO: in flue gas and liquid amine solvent
involves four phenomena: molecular diffusion in the gas phase, physical solubility at the
gas-liquid interface, molecular diffusion in the liquid phase, and chemical reactions in the
liquid. The gas phase diffusion is relatively straightforward and can be easily accounted
for by correlations (Bishinoi, 2000). However, the mass transfer process in the liquid
with both diffusion and reversible chemical reactions is complicated. Understanding the
reactive mass transfer of CO> in liquid amine is critical to interpret absorption rate as a

function of solvent property parameters.

6.2.1 Mass transfer coefficients

The CO2 mole flux (Ncoz2) represent the rate of mass transfer per unit area. As
defined by Fick’s law, the mole flux of CO; across the gas-liquid interface (x=0) can be
written as Equation 6.2.

d[CO,]
ox lx=0

NCOZ = _DC02 62

The mole flux can also be linked to the concentration/partial pressure driving
force for mass transfer. In the case of CO; absorption from bulk gas to bulk liquid, CO>

flux can be written for the driving force in the gas film, liquid film, or overall (Equation
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6.3). The proportionality constant between mole flux and the corresponding driving

force is the mass transfer coefficient: kg, k;, kg, K.

( kg(Pco, putk — Pco,i)
N [m_ol] _ { kl(Coz,i - CkOZ,bulk)
CcOo, s'm?2 ké(PCOZ,i - Pgoz) = F(l)z (PCOZ,i — PEOZ)

K¢ - (Pco, puk — Po,)

6.3

The overall gas side mass transfer coefficient (Kg) corresponds to the
concentration driving force between bulk gas and bulk liquid, where Pco>* is in
equilibrium with [COz]puic. The gas film mass transfer coefficient (kg) corresponds to
the driving force across the gas film, and kg is a function of relevant properties of the gas
which can be calculated by correlation (Bishinoi, 2000). At the gas-liquid interface, the
CO; in the gas and liquid are in equilibrium, and can be related using the Henry’s
constant. The liquid film mass transfer coefficient (ki) corresponds to the CO;
concentration gradient in the liquid phase. The parameter kg’ is also the liquid film mass
transfer coefficient, which differs from ki only in that it has partial pressure units. kg’ is
referred to as the CO; absorption rate in this work, and its dependency on solvent
parameters is studied.

The flux across each mass transfer film should be the same, and the mass transfer

coefficients can be written in the series resistance form:

1 1 Hco 1 1
Kg kg k; kg kg

6.2.2 Mass Transfer Without Reaction (Physical Absorption)

The case of physical mass transfer of CO2 without chemical reaction is considered

to evaluate the effect of molecular diffusion on the liquid film mass transfer coefficient
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(ki or k¢’). The dependence of ki on the diffusion coefficient can be determined by
solving the simplified continuity equation 6.5, which assumes mass transfer of CO:
occurs only in the x direction via molecular diffusion.

D 9%[C0,] _ 9[CO03]
€Oz 9xz2 — ot

6.5
Without any reactive species in the solution, the absorption rate of CO; for unit
area (COz flux, N ) depends on the physical solubility of CO> in the solution (Henry’s

constant, H¢, ) and the liquid phase mass transfer coefficient ( k):

Neo, =ki'([CO,1-[CO,T) = k.°(:°02 ~[CO,T) 6.6

co,

k is a function of the liquid viscosity and CO; diffusivity in the liquid.

Several mass transfer models have been proposed to describe the physical process
and solve the differential equation with its own specified boundary conditions. Although
these theories are discussed in the scenario of physical absorption, they can also be

applied to mass transfer with chemical reactions.

6.2.2.1 Film Theory

Film theory proposes a steady state model, which assumes the diffusion of CO>
occurs within a boundary layer close to the interface (Whitman 1962). As Figure 6.1
shows a gas film and a liquid film exits right next to the interface. They are stagnant
with thickness of §, and §;. Also, the bulk liquid is assumed to be well mixed, and the
convection in the liquid bulk ultimately determines the film thickness. The effect of
convection is neglected within the diffusion boundary. The governing equation and

boundary conditions based on film theory is:
02[C02] _ .  @x=0,[C0,]=[CO,]; 6.7

dx? ' @ x=61,[CO21=[CO2]puik

The solution of Equation 6.7 gives a first order dependence of kj on Dcoo:
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D.
_ 0 *_ _ i *_
N=K'(C; ~C)==1(C] -C) 65

kP = 2o 6.9

The CO: concentration profile in the gas and liquid film as proposed by the film

theory is shown in Figure 6.1.

Interface

Bulk Gas Gas Film Liquid Film  Bulk Liquid

1 1
1 1
1 1
P : :
1 1
1 X 1
1 P 1
1 ! 1
| o :
1 1
: \; CI
i Pz* =\H z'Ci* :
S S

Figure 6.1: Steady state concentration profile of CO2 absorption without chemical
reaction in the liquid phase, using film theory (not drawn to scale).(Chen,
2011)

The film model is widely used to illustrate the diffusion of CO»> in the liquid phase
due to its simplicity. However, it is largely criticized as the first order dependence of ki
on Dco> has been shown to be incorrect when compared with experimental data
(Danckwerts, 1970). Moreover, the discontinuity in the concentration profile at the
diffusion boundary is highly unrealistic. To improve the discontinuity, the films are
usually further divided into segments, and mass transfer equations are numerically solved

for each segment. This strategy is implemented in the modeling software such as Aspen
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Plus®, but the first order dependence of kion Dcos still exists. The purpose of this work

is to find the dependence of kj on solvent parameters, so film theory cannot be used.

6.2.2.2 Penetration theory

The Penetration theory (Higbie 1935) argued that the film theory with its steady
flow was not valid if the penetration period is of same magnitude to or longer than the
contact time between gas and liquid. As a result, each element spends only a finite
amount of time at the interface participating in the diffusion process. The times spent at
the interface (1) are assumed to be constant among all the liquid elements. The solution

derived using this model shows a half order dependence of ki on Dcoo:

k= |20 6.10

™

The Surface Renewal theory (Danckwerts 1951) improves on the Penetration
Theory model by replacing the constant contacting time assumption. Instead, contacting
time is described using probability distribution function to represent the range of time
spend at the interface by each liquid element. The result also shows a half order
dependence of kion Dcoo:

ki = \/Dco,s 6.11

In Equation 6.11, the parameter s represents the fraction of renewal surface.

The Penetration theory and The Surface Renewal theory are unsteady state
theories, which complicates the mathematics in applications. = The square root
dependence on Dco2 agrees with experimental data (Danckwerts 1970). In addition, The
Penetration theory and The Surface Renewal theory are more close to reality. In the
WWC, liquid surface contacts with gas only inside the chamber by a short contacting
time. The contacting time is less than 1 second, which is far away from steady state. In

the packed column, the surface contact time (maybe a distribution of 1) also exists
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between mixing points in the packing. As viscosity of the solvent increases, contacting
time increases for each element and the surface renewal frequency decreases, which
should decrease absorption rate. This viscosity dependency could be captured by the

Penetration theory.

6.2.2.3 Eddy Diffusivity Theory

The eddy diffusivity theory (King, 1966) postulates that the eddy diffusivity for a

liquid element near or at the gas-liquid interface can be described by a power law:
D, =as" 6.12
Where ¢ is the distance normal to the interface. At the interface where 6 =0,

the eddy diffusivity is zero and the mass transfer is completely dominated by molecular

diffusion.

It is a steady state model which proposes the presence of eddy currents in the
liquid film that affect the diffusion of CO; in the solvent. This microscopic convection

effect is added to the continuity equation as Equation 6.13.

d a[co,]
—(Dco, +ex) =52 =0 6.13

The parameter € varies the size of the current as function of the depth into the
liquid film, where the current is assumed to be smallest close to the interface and will
increase as CO, moves into the liquid film (King 1966). The solution using this model
shows the square root dependence of kj on Dcoo:

k, = @ 6.14

The Eddy Diffusivity model is attractive as it correctly predicts the half order

dependence of ki on Dcoa.  Also, it is still a steady state model, which simplifies solution

of equations.

102



The dependence of ki on Dco: predicted by the mass transfer models are

summarized in Table 6.1.

Table 6.1: Summary of k; dependence on diffusion coefficient by various physical mass
transfer models

Theory n: k; = f(Dco,™) Model form

Film 1 Steady State
Penetration 0.5 Unsteady State
Surface Renewal 0.5 Unsteady State

Eddy Diffusivity 0.5 Steady State

6.2.3 Mass transfer with chemical reaction

For the reactive absorption of CO> by aqueous amines, the effects of both
molecular diffusion and chemical reaction need to be accounted for. The general

continuity equation for this reactive mass transfer problem is:

. 2.,
- _piLhit oy, «R 6.15

dt dx?
where:

Ci: concentration of each component (CO2, amine, amine products);
V;: stoichiometric coefficient;
R: reaction rate;

6.2.3.1 Instantaneous Reactions

Instantaneous reaction is a limiting case when the reaction between CO; and some
highly reactive solvents like MEA and PZ is extremely fast at high temperature.
Reaction rates increase exponentially with temperature, and can be assumed to be
instantaneous relative to diffusion rate. The instantaneous limit is also helpful in
demonstrating the mass transfer behavior in the diffusion film for systems with moderate
Hatta numbers (Danckwerts, 1970). At moderate Hatta numbers, a diffusion film exists

where the chemical reactions are at equilibrium, which is similar to the case of
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instantaneous reaction. In both cases, the overall mass transfer is entirely driven by the
diffusion of reactants and products.

The reversible CO; reaction with amines can be simplified as Equation 6.16, with
the corresponding equilibrium constant in Equation 6.17.

CO,+ReP 6.16
K = Ple _ _ [P _ [Plpuik 6.17

[COz]e[Rle  [CO21i[R];  [CO2lpuik[Rlpuik

At the gas-liquid interface, [CO:]; is not in equilibrium with Pcoai, but is in
chemical equilibrium with the other species in the liquid due to instantaneous reaction.

Mathematically, the mass balance of this case can be simplified to

2[C0,] 2[P]

a a
DCOZ 9x2 + DP x2 = O 618
With the boundary conditions of:
@x=0,
[P]=[P];[COz]=[CO,];[R]=[R];
@x=8, 6.19

[P1=[P]buik;[CO21=[CO2 ] puir; [RI=[R]puik
As shown by Danckwerts (1970), the flux expression derived from Equation 6.18

and 6.19 is:
o Dp|P]; Dp[Plpu
NCOZ = k; [<[C02]i + DPC[O] ) _ ([Coz]bulk + M)] 6.20

2 Dco,
At moderate to high CO: loading, the concentration of free CO; is much lower

than the reaction products, and Equation 6.20 can be simplified to:

o Dp

N¢o, = k ([P]; — [Plpuix) 6.21

L Dco,

To convert the concentration driving force in Equation 6.21 into partial pressure

AP¢o, ‘
A[COZ]T)' A[CO;]r is the the total

driving force, the slope of the equilibrium can be used (
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concentration of all the species that contains CO; (free CO>, HCO3-, and amine products
with carboxylic acid group).

If ki expression from film theory is used, the flux expression can be further
reduced to Equation 6.22. If a square root dependence of ki on Dcoz is assumed, the

flux expression is derived in Equation 6.24.
AP¢o,

NCOz = k;—prod (M) : (PCOZ,i - Pc*oz) 6.22
° D APGg .
Nco, = kl—prod( /?22) (m) - (Peo,i — Péo,) 6.23
k’

e ’ Dp APco
g,INST — kl—PT0d< DCOZ) (A[C02]2T> o2

This rate expression is based on steady state film theory. In the scenario of
extremely low diffusivity (high viscosity), D,, approaches 0. Equation 6.24 gives a zero
absorption rate. However, if CO> can still diffuse into the solution, a decent absorption

rate should exist. This case can only be captured by unsteady state penetration theory.

6.2.3.2 Finite-Rate Reaction

Figure 6.2 is a representation of film analysis for CO2 absorption by bulk liquid
with fast chemical reaction. Reaction rate is not so fast to be instantaneous while still
fast enough for most of the reaction to occur within a thin boundary layer near gas-liquid
interface. This scenario represents most of CO; absorption by amine solvents. The CO;
concentration at the interface is now related to reaction kinetics, molecular diffusion of

COg», and the diffusion of reactants and products.

105



Gas Rxn Diffusion

Film Film Film
Bulk Gas | N v | Bulk Liquid

1

1

Peo. | I

COy \;

K I

J Pcosi

1
Gas-Liquid
Interface

[CO,), or P*c,

Figure 6.2: Mass transfer of CO; into bulk liquid with fast chemical reaction. (Cullinane
2005)

Certain simplifications reduce the complexity in solving the differential equation
and lead to useful analytical expressions. If the amine concentration is effectively
constant across the reactive boundary layer, then the pseudo-first order (PFO) reaction
assumption applies. However, the assumption of constant amine concentration is not
valid in semi-aqueous amines for the following two reasons:

1. Physical solubility of CO> increases [CO,]|; which decreases the

concentration of amine at interface.

2. Higher viscosity of semi-aqueous amine reduces the diffusivity of both amine

and amine products.

The net effect cause depletion of amine on the surface and accumulation of amine

product. As a result, the analytical expressions by PFO cannot be used. Instead, the full
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continuity equation was solved in MATLAB numerically, and then sensitivity analysis of

absorption rate on property parameters was conducted.

6.2.4 CO2 mass transfer in MEA-NMP-water

For semi-aqueous amine solvents, the CO; reaction rate is not instantaneous but is
fast enough for most of the reaction to occur within a thin boundary layer (reaction film)
near the gas-liquid interface. Penetration Theory was used to better capture the
dependence of kl or kg’ on D;p,. Mathematically, the reaction-diffusion problem in
CO; absorption by amines can be described by the species continuity equations for each
component (Equations 6.25) (Danckwerts, 1970). The solution to the coupled
differential equations and associated boundary conditions yield concentration profiles and
transfer rates for each component in the system. The concentration profiles in Figure 6.3
provide a general representation with film theory of absorption and reaction of CO2 in

amine solvents.
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Figure 6.3: Concentration profiles (not to scale). The entire liquid film (liquid and
reaction film) is discretized for numerical integration.

dCi _ dZCi

— = Di dx2+ V;* R 6.25
k
R = k3 * acpy * a}%/IEA - K_;aMEACOO * AMEAH 6.26
Ke
CO, +2 MEA <3 MEACOO™ + MEAH™ 6.27
Keq = __Acoz* ajrpa 6.28
AMEACOO*AMEAH
a; = Yi* Ci 6.29
D¢o, = Dcoz,aq (;Tq)_x 6.30
Duyea = DmEaaq (uﬂTq)_% 6.31

where:
Keq: equilibrium constant;
Ci: concentration of each component (CO2, MEA, MEACOO, MEAH);
ai: activity of each component;
V;: stoichiometric coefficient;
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y;: activity coefficient;
D;: diffusion coefficient, m?/s,;
Dcoz,aq= 107, Dygaaq =3.5* 1071°, at 40 °C (Dugas, 2009)
W: viscosity, cP, 40 °C;
R: reaction rate;
k3: third order reaction rate constant (first order for CO» and second order for MEA);

Two representative loadings are selected to study: 0.37 mol CO>/mol MEA for
lean loading and 0.45 for rich loading. At both loadings, Equation 6.27 is the dominant
reaction between CO2 and MEA because the concentration of HCO3 is always less than
5% of MEACOO™ at this condition (Plaza, 2011). Concentration and activity of
MEACOO~ and MEAH™ were assumed to be equal based on the stoichiometry. Dugas
(2009) and Li (2015) have show that in concentrated MEA, the reaction between MEA
and CO; is second order in amine and first order in CO,. Diffusivity of CO; and MEA
in water at 40 °C was taken from Dugas (2009), and the diffusivity of MEA carbamate
and protonated MEA in the solvent were assumed to be the same as Dwmea. The
diffusivity is a function of viscosity according to Equations 6.30 and 6.31 (Versteeg and
Van Swaalj, 1988). The dependence of Dcoz on viscosity (x in Equation 6.30) was
regressed, as well as the activity based third-order rate constant (k3) to match predicted
ky” with experimental k.

Equation 6.25 was solved from t = 0 to t = 1 (the contact time of CO: and solvent
in the WWC). 1 was calculated by the liquid flow rate, the geometry of the wetted wall
column, and the viscosity of the solvent. . ,

1= % (Z_Z)g(%)g 6.32
where:
h: height of the column;
U: viscosity;

p: density;
g: gravity constant;
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d: diameter of the column;
Qiiq: liquid flowrate.

The concentration of each component (mol/L) in the bulk liquid at a given CO>
loading was from Plaza (2011). The interface and bulk CO:> concentration was
calculated by Henry’s constant with measured CO> activity coefficient. Plaza (2011)
also reported the activity of each component in aqueous MEA. Adding NMP changes
the ionic strength of the system and varies the activity of each component, but the
concentration of MEA and MEACOQO is still constant. In semi-aqueous MEA, aygq4
was estimated by FTIR measurement (details in Chapter 4). Using Keq, concentration
and activity coefficient of CO> and MEA, and concentration of MEAC, Y yEgacoo Were

calculated in semi-aqueous MEA.

Table 6.2: Concentration and activity coefficient in aqueous MEA (Plaza, 2011)

MEA MEACOO
Lean loading
0.37 mol CO2/mol MEA
Concentration, mol/L 1.31 1.82
Activity coefficient 0.65 0.3
Rich loading
0.45 mol CO2/mol MEA
Concentration, mol/L 0.59 2.21
Activity coefficient 0.7 0.26

The equation set was solved using the MATLAB® PDE solver. With the
concentration profile calculated by MATLAB®, CO> flux (Nco2) was obtained by Fick’s
Law in Equation 6.33. The absorption rate or liquid film mass transfer coefficient (kg’)
is the flux over the CO; partial pressure driving force (Equation 6.34). The average kg’

over the contact time predicted by the model was compared to experimental data.
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6.2.5 Parameter Regression

The activity based third-order rate constant (k3) and dependency of Dco2 on
viscosity (x in Equation 6.30) were regressed by matching the predicted liquid side mass
transfer coefficient (kg’) with experimental data at two different loadings and four
different NMP concentrations (wt %). The fit of the model to the experimental data was
quantified by calculating the average absolute relative deviation (AARD), as shown in

Equation 6.35.

AARD — l * |k9‘pred’_ kg.exp'l 635

n Kgexp!

The two parameters were regressed using response surface methodology (RSM),
adapted from Sherman (2016). This method combines the speed of manual method with
statistical rigor. RSM is a statistical science that deals with relationships between
multiple (independent) variables and one (or more) response (dependent) variables
(Myers et al., 2016). The method started with manually adjusting the two parameters to
roughly fit kg’, which established a basis. Next, each parameter was individually
increased by 10% to get a kg’ i+10%. This determined the response surface by calculating

the sensitivity S; by Equation 6.36. The response surface took the form of Equation

6.37.
K
g,i+10%
-
_ g,basis
S = ——— 6.36
In1.1
ky kg i k x
g,,pred — ( g,p?;ed.basm) % 3 Sk3 " ( Sx 637
kgexp kgexp k3 pasis Xbasis
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The nonlinear regression was done with the “fitnlm” command of MATLAB®
using Equation 6.37 as the model equation. Once the parameters were regressed, AARD

calculated by updated k,’ was checked.
6.3 RESULTS

6.3.1 Mass transfer modeling results

The third-order rate constant k3 and the D.,, dependency on viscosity were
regressed by matching the predicted liquid side mass transfer coefficient (kg’) with
experimental data at two different loadings and four different NMP wt %. The fit of the
model to the experimental data was quantified by calculating the average absolute

relative deviation (AARD), as shown in Equation 6.35. Using the response surface

6
methodology (RSM), ks is 149711 ——

mbé

with a standard error of 9493 and the

mol2xs mol2xs’
Dc¢o, dependency on viscosity is 0.4 with a standard error of 0.09, resulting D¢g,, =

Dco21 (f)"o"‘. Figure 6.4 shows that the model fits experimental data, and AARD is

0.08. The small value indicates a good fit.

112



15

@ Rich loading

13
a e Lean loading
S
= 11 ° °
= : ¢
3 . ’
o 09
f= °
X

0.7

0.5

0 20 40 60 80 100
NMP wt %

Figure 6.4: Fit of the mass transfer model, red points are 0.37 loading, blue points are
0.45 loading

The regressed dependence on viscosity (-0.4) is lower than the values regressed
from aqueous amines by Dugas (2009) ( —0.72 £+ 0.12) and Versteeg and Van Swaalj
(1988) (-0.8). The increase in viscosity from the addition of physical solvent does not
reduce Do, as much as previous correlations predict. In this study, viscosity varies by
changing NMP wt %; while in Dugas and Versteeg, viscosity changes with amine type
and concentration. In a semi-aqueous system, although the intermolecular force between
NMP and MEA increases the viscosity, CO2 can still diffuse through the space between
molecular clusters. This behavior is also apparent in the fast rate observed in
aminosilicones in TEG solvent (GAP-TEG) by Heldebrant (2017). The GAP-0 (the
smallest GAP molecule) in TEG has a viscosity of 1300 cP at 40 °C, due to the formation
of a hydrogen-bonding network between the carbamate and TEG solvent; however, kg’ is
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still comparable or even higher than that in aqueous amines whose viscosity is lower than
10 cP. This is because CO> can diffuse through the hydrogen-bonding network easily. If
D.,, depends as strongly on viscosity in this system as in aqueous amine, GAP-TEG

could not have such a high k.

6.3.2 Sensitivity analysis

With the model ready, the dependence of k¢’ on solvent property parameters was

obtained by sensitivity analysis. The sensitivity of kg’ to the various parameters was
dln kg

. The results from the model are compared to those found by
parameter

calculated by T

PFO approximation. If PFO is valid, the sensitivity of kg’ to k3, Dcoz, and  yo, should
be 0.5, 0.5, and -0.5; respectively.

Figures 6.5 and 6.6 show that without NMP, the sensitivity of k,’ to k3, Dco2, and
Yco> matches PFO prediction very well. The sensitivity of kg’ to yyg4 is exactly
double of the sensitivity to k3, which is determined by the form of the rate expression
(Equation 6.26). This result supports the widely use of PFO assumption in aqueous

amines.

1 k3"*Dco2’ *ymEa .
kg T , without NMP 6.38
2

As NMP (wt %) increases, the sensitivity deviates from PFO approximation,
because adding NMP increases CO» at the interface, which will consume MEA at the
surface faster than it can be diffused from the bulk. This depletion of MEA is much
more obvious at rich loading than lean loading, because MEA is lower at rich loading and

viscosity is higher at richer loading.
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Figure 6.5: Sensitivity of kg’ to k3 and CO; activity coefficient at lean/rich loading. The
sensitivity to .o, 1S negative, absolute value is plotted.

Figure 6.6 also shows that Duyrs affects kg’ significantly after adding NMP,
especially at rich loading. This is because when MEA depletes on the surface, the
diffusion rate of MEA from bulk to surface start to dominant k¢’. The summation of
sensitivity on Dyrq4 and Dcoz 1s about 0.5. The sensitivity analysis shows that PFO
approximation is not appropriate after adding NMP.

At rich loading, 0,45 mol CO2/mol MEA, for 7 m MEA in 19NMP/lwater. kg’

depends on these properties by Equation 6.39.

i , o k3OIOSDCOZ0'16DMEA0'36*V1?/1'%2,‘?4 6.39
g ¥c02°° :
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Figure 6.6: Sensitivity of kg’ to Dy, and Dy,

The concentration profile of MEA generated by the model for four representative
cases are plotted below. Figure 6.7 shows that at lean loading without NMP, MEA
concentration is almost constant near the surface, which allows PFO approximation.
Figure 6.8 shows that with 95 wt % NMP, MEA concentration on the surface is 10%

lower than in the bulk after contacting with CO».
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Figure 6.7: MEA concentration profile near the interface for 7 m MEA (aq). Lean
loading: 0.37 mol CO2/mol MEA.
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Figure 6.8: MEA concentration profile near the interface for 7 m MEA in
Iwater/19NMP. Lean loading: 0.37 mol CO2/mol MEA.
Figure 6.9 shows that at rich loading without NMP, MEA concentration at the
interface is only about 3% lower than in the bulk. Figure 6.10 shows that with 95 wt %
NMP, MEA concentration on the surface is 30% lower than in the bulk after contacting

with COa.
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Figure 6.9: MEA concentration profile near the interface for 7 m MEA (aq). Rich
loading: 0.45 mol CO2/mol MEA.
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Figure 6.10: MEA concentration profile near the interface for 7 m MEA in
Iwater/19NMP. Rich loading: 0.45 mol CO2/mol MEA.

6.4 CONCLUSIONS

Semi-aqueous amines could have much faster absorption rate than aqueous amine.
At lean loading, 0.37 mol CO2/mol MEA, CO» absorption rate (kg) of 7 m MEA in 3
water/l1 NMP, 1 water/3 NMP, and 1 water/19 NMP is 1.1 times, 2 times, and 5 times
that of 7 m aqueous MEA, respectively. The rate increase is because of greater CO»
physical solubility and greater MEA activity.

However, at rich loading, 0.45 mol CO2mol MEA, adding NMP does not

increase kg’. This is because the increase in physical solubility and MEA activity is not
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as great as at lean loading. MEA is significantly depleted near the gas/liquid interface.
The high viscosity decreases D.,, and Dy,,, which limits kg’.

The PFO approximation adequately represents the COz mass transfer in aqueous
MEA but is not applicable to semi-aqueous MEA. The mass transfer model of CO>
diffusion and reaction with semi-aqueous MEA was built in MATLAB®. D,,, only
depends on the viscosity to the power of -0.4 in semi-aqueous system, which is
substantially lower than around -0.8 in aqueous amines. kg’ does depend on diffusivity

of amine and amine product (Dy;g,4) with NMP present.
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Chapter 7: Energy use estimation by lost work analysis

7.1 INTRODUCTION

Amine scrubbing technology using aqueous COs-reactive amine is the current
state-of-the-art technology, but it is still not widely used due to high capital and energy
cost. Progress has been made to reduce the energy use by new solvents and advanced
process configurations. KS-1 developped by MHI (Iijima et al, 2011), DC103 by Shell
Cansolv (Stephenne, 2014), and piperazine (Rochelle et al, 2011) are some representive
second-generation aqueous amines that can achieve reboiler duty of 2.1-2.4 GJ/ton CO;
with advanced regeneration configurations. Another strategy to reduce the energy use of
capture is to reduce the water concentration in the solvent (Heldebrant, 2017). Water
lean solvents were proposed as “more advanced” solvents for CO» capture as they are
claimed to reduce reboiler duty due to lower heat capacity (Cp) and reduced water
evaporation and condensation. NASs by RTI (Lail et al., 2014) and CO2BOLs (Mathias
et al., 2013) are two representative water lean solvents. This chapter compares the
energy use of water-lean solvents and second generation aqueous amines.

Piperazine (PZ), a representative second-generation solvent for amine-scrubbing
has been heavily studied by the University of Texas. Frailie (2014) estimated the
minimum total cost of amine scrubbing including annualized capital expenditure
(CAPEX) and operational expenditure (OPEX) cost to be $35/ton CO> using aqueous PZ
with the advanced flash stripper (AFS). The OPEX and annualized CAPEX are roughly
the same. Simulation in Aspen Plus by Lin (2014) shows that the cold bypass and warm
bypass of the advanced flash stripper (AFS) recover most of the latent heat from the
overhead vapor. Recent pilot plant campaigns with 5 m PZ using the AFS have

achieved 2.1 GJ/tonne CO; reboiler duty (Chen et al., 2017; Rochelle et al., 2018).
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RTTI (Lail et al., 2014) has developed non-aqueous solvent (NASs) with very low
heat capacity (1.28-1.49 J/gK), and estimates the reboiler duty is reduced to 2 GJ/ton CO»
due to lower Cp and no water evaporation. The CO> binding organic liquid (CO2BOL)
is another novel water lean solvent that has claimed to further reduce energy use by
polarity swing assisted regeneration (Mathias et al., 2013; Mathias et al., 2015; Zheng et
al., 2016). Hexadecane (C16), is used as an anti-solvent that varies the polarity of the
system, which helps release CO: in the stripping process (Mathias et al., 2013). It is
only miscible with CO2BOL at high temperature (>100 °C), and it can easily phase
separate from CO2BOL at low temperature (Mathias et al., 2013). The thermodynamics
in these water lean solvent is intrinsically complicated, and it is unclear how rigorous
different research teams handle the ever-changing physical and thermodynamic
properties of their solvent when they estimate the energy use. For example, the capital
cost and sensible heat cost of the heat exchanger depends on various solvent properties.
Comparing sensible heat based on an arbitrary heat exchanger makes little sense.

A generic method that could estimate energy use of both aqueous and non-
aqueous solvents on the same basis is desirable for fair comparison. Energy
consumption of PZ has been estimated by rigorous simulation in Aspen Plus with the
“Independence” model (Frailie, 2014) prepared for PZ using e-NTRL and rate-based
mass transfer, which has been validated by pilot plant data (Chen et al, 2017). The
energy use can also be determined by summing the minimum work of separation and
irreversibility (lost work) of each unit. The two methods should give the same results,
and the latter one allows the comparison of energy use without rigorous process
simulation which could take years to develop and validate. For a water lean solvent, a

rigorous thermodynamic and kinetics model might not be available, and it may not be
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time-efficient to develop a rigorous model for all water lean solvents as they are more
complicated than aqueous systems.

This thermodynamic method using lost work to estimate total energy use is
validated with 5 m PZ. Then lost work for water lean solvents on major units is
estimated based on solvent properties. By comparing the lost work on each unit, the
total energy consumption using water lean solvent is compared to aqueous PZ.

The lost work analysis also gives the thermodynamic efficiency of the process.
The thermodynamic efficiency (nm) of the separation process is defined as the ratio of
minimum work to actual work as shown in Equation 7.1. The actual work is the sum of
the minimum work and the lost work (irreversibility). As a process reduces lost work,
the thermodynamic efficiency will approach 100%. The thermodynamic efficiency of
typical distillation is about 20% (Fitzmorris et al., 1980; Kim, 2012; Yoo et al., 1988).
The thermodynamic efficiency of the process shows how much room is left for

improvement.

_ Wnin — Wnin 7 1
Wact WinintWiost

7.2 METHODS

Energy use for various solvents can be estimated by adding minimum work of the
process and the lost work on major units. This method allows energy use comparison

without developing a rigorous thermodynamic model for each individual solvent.

7.2.1 Minimum work of amine scrubbing

The minimum work or reversible work of the process can be calculated by the
difference of Gibbs free energy between inlet and outlet streams. The enthalpy (H) and

entropy (S) of CO> were obtained from the NIST Web Book. Since Gibbs free energy is
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a state function, this minimum work is not a function of the internal elements of the

process. COz in the flue gas is assumed to be 12 mol % at 1 bar, and the output CO> is
pure at 150 bar.

Winin = AG = Xout(H — ToS) — Xin(H — T,5) 7.2

The isothermal minimum work at 40 °C for separating 90% of 12% CO; at 1 bar

to pure (CO: at 150 bar is 18.2 kJ/mol CO>. This includes 7.3 kJ/mol CO- separation

work (12% CO; to pure CO> at 1 bar) and 10.9 kJ/mol compression work (pure CO> from

1 bar to 150 bar). As the stripper pressure varies, the starting pressure of compression

varies, and the minimum separation work and compression work changes. However, the

total minimum work of 18.2 kJ/mol CO; stays constant.

7.2.2 Lost work

The lost work is defined as the maximum useful work of a stream (streams) that
would be obtained during the process if the system were brought into equilibrium with
the heat sink. The lost work is a result of irreversible operations. The sources of lost
work can be mass transfer driving forces in the absorber; heat transfer driving forces in
the heat exchanger(s), steam heater, and condenser; and mechanical inefficiency and
intercooler driving force in compressor systems.

If the enthalpy and the entropy can be accurately obtained from simulations in
Aspen Plus®, the lost work of the entire process or each unit operation can be calculated
by exergy balance using Equation 7.2. The sink temperature, Trer is set to be 313.15 K
(40 °C). Tu is the temperature of the heat source. For aqueous PZ, the heat source
temperature is 155 °C, 5 K higher than the reboiler temperature. Q is the heat duty and

W is the work input.

Tre
Wigse = % (1= FL) Q + W + Zin(H = T,8) = Zoue(H = T,8) 7.3
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The minimum work, 18.2 kJ/mol CO,, is determined only by inlet and outlet
conditions, but the amount of lost work (Wiest) depends on how the process is operated.
The lost work can be reduced by a more reversible process design that makes and leads to
less actual work (Lin, 2014). If lost work could be reduced by using a water lean
solvent, the energy use would be reduced. Without a rigorous thermodynamic and
kinetic model that gives a good estimation of H and S in Equation 7.3, other ways to

estimate lost work in each unit have been developed.

7.2.3 Lost work estimation

According to Lin (2016), the irreversibility in the absorber, main heat exchanger,

reboiler, condenser, and compressor count for more than 90% of the lost work.

7.2.3.1 Lost work in the absorber

The lost work of the absorber is associated with the partial pressure driving force
assuming an isothermal absorber. Figure 7.1 shows the flue gas inlet and outlet pressure
(12kPa and 1.2kPa) and the equilibrium line of 5 m aqueous PZ for an isothermal
absorber. The distance between the two lines is the driving force for absorption. Lost
work of absorber could be calculated using Equation 7.3 if entropy and enthalpy of all
inlet and outlet streams were available. If not, lost work can also be calculated by entropy
or free energy balance. The change of entropy of the gas phase from 12 kPa to 1.2 kPa
for CO; defines the minimum work requirement by Equation 7.4, where x is the mole
fraction of CO» in the gas. The change of entropy for CO: in the liquid phase is given by
integration of the equilibrium partial pressure by Equation 7.5. Combing the two gives
the lost work in Equation 7.6, which looks like the driving force integration. Since the

entropy balance is a state function, we can assume isothermal at the ends and what
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happens in the middle does not matter. Loss of entropy with the cooling water can be
neglected as its temperature is close to sink/reference temperature.

W,m = —RTAS/(0.12 % 0.9) = —RT A(xlnx + (1 — x) In(1 — x))/0.108

7.4
top Pcos a
Wactual = _f RTln(l bar)dnCOZ = RT(E * (nCOZ,lean + nCOZ,TiCh) + b)
bot
7.5
top P .gas
Wiost = Wactuat = Winin = bot RTln(CPOE%)dnCOZ 7.6

To solve Equation 7.5, InPg, is assumed to be InPgy,=a*ngp,+b (nep, is CO:2
mol’kg in solvent). The assumption is based on the VLE curve in Figure 7.1.
Assuming for this example that the Pg,, of the lean solvent is 0.1 kPa and that of the
rich solvent is 5 kPa, the W, in absorber for 5 m PZ calculated by this method is 5.5
kJ/mol CO2, close to the value calculated by Equation 7.3. The lean loading (0.25 mol
COz/mol alkalinity in Figure 7.1) can vary as process design varies. A lower lean
loading will increase driving force, but increase lost work. Since the inlet and outlet flue
gas conditions of the absorber are fixed, the driving force varies with the equilibrium
partial pressure (P*co2) of the solvent, which is determined by lean and rich loading. If
the process runs at a lower lean loading, a larger Pcoz driving force results in greater lost
work in the absorber. As P*co2 of the solvent increases, the mass transfer driving force
decreases, resulting in reduced lost work, and the absorber requires more packing area
due to reduced mass transfer driving force. For the same amount of packing, a higher

mass transfer rate allows a smaller driving force and reduced lost work.
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Figure 7.1: Partial pressure driving force and lost work in an isothermal absorber,
7.2.3.2 Lost work in reboiler

The lost work of the reboiler or steam heater for the advanced flash stripper is
caused by the temperature difference between the steam and the solvent, as shown in
Equation 7.7 using the Carnot energy cycle. In this example, a 5 K temperature driving
force is used for the reboiler. Ideally, using steam with temperature as low as possible
can minimize the lost work of the reboiler. However, an excessively small temperature

approach should be avoided.
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The lost work in reboiler is different from the equivalent work of reboiler duty.
The lost work counts for the energy lost due to heat transfer, while the equivalent work
converts the total reboiler duty to electricity lost. Equation 7.8 shows the conversion
factor to represent heat duty as equivalent work. When the steam is extracted from the
power plant, steam at a higher temperature will cause more electricity loss. For
example, using steam at 180 °C leads to an additional 15% electricity penalty compared

to that at 155 °C with equivalent reboiler duty (Lin, 2016).

7.2.3.3 Lost work in the compressor

The lost work of compression is obtained from the difference between the actual
work of polytropic compression and the isothermal minimum work of compression at 40
°C (Lin, 2016). The lost work of the compression system comes from the mechanical
inefficiency of the compressors (86% polytropic efficiency is used) and non-isothermal

operation resulting in temperature driving forces in the intercoolers.

7.2.3.4 Lost work in the main heat exchanger

In the amine scrubbing process, the lean/rich cross exchanger recovers the
sensible heat from the hot lean solvent. The exchanger heat duty is large, about 3—5
times the reboiler duty (Lin, 2016). The log mean temperature driving force (ATLwm)
determines the trade-off between the capital cost and energy cost of the cross exchanger.
Equations 7.9 and 7.10 relate the sensible heat requirement (Qux) and exchanger Area to

ATim. ATgpproacn €an be approximated by ATum if mC, of the cold and hot streams is

equal. If ATpm is bigger, the cross-exchanger size will be reduced, but Qux increases
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because less sensible heat can be recovered. If ATpwm is smaller, larger cross exchanger

area is required, but more sensible heat can be recovered.

Qux = meATapproach 7.9
Area = 1Cp2Terx 7.10
UrLmAT LM ’

The lost work (per mole CO> removed) in the heat exchanger can be calculated by
Equation 7.11 based on the reversible Carnot energy cycle and assuming that the

temperature driving force is constant across the exchanger.

MmCy out AT me T
Wiost =— = P LM OT = .—pATLMln inlean 711
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Figure 7.2: Optimization of cross exchanger LMTD (Lin, 2016)

ATy needs to be specified for energy analysis. Since AT;, determines the

trade-off between CAPEX and OPEX, it is critical to avoid low ATy, that requires an
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extremely large exchanger or high AT}, that loses too much sensible heat. Lin (2014)
identified a reasonable ATy to be 5 K for aqueous PZ, which might not be optimal for
water lean solvents. As solvent properties vary, the optimal ATy, that minimizes heat

exchanger capital and energy cost needs to be identified.

7.2.3.5 Optimal ATy for main heat exchanger

The heat exchanger optimization is revised from previous work (Lin, 2016). In
the amine scrubbing process, the lean/rich cross exchanger recovers the sensible heat
from the hot lean solvent. The capital cost of the cross exchanger is one of the cost
centers, roughly 20-30% of the overall capital cost (Lin, 2014). The plate-and-frame
exchanger is selected over the tube-and-shell exchanger due to better performance and a
smaller footprint. The LMTD (ATy,,) is optimized as it impacts the heat exchanger cost
the most (Lin, 2016). The optimization includes the CAPEX of the cross exchanger and
the reboiler sensible heat duty (OPEX). The optimization assumes:

1. The temperature change across the cross exchanger (AT.) and C, are

independent of AT},.

2. The sensible heat duty of the reboiler corresponds to AT,p,0qcn Which is

equal to ATyy,.

The reboiler duty is converted to the opportunity cost of the amount of steam
consumed and is linked to the price of electricity (Cpog) by Equation 7.12.

Total cost (TC) including cross exchanger CAPEX and OPEX is shown in
Equation 7.13. Where Cpgyx orx IS the exchanger cost per area including an annualizing
factor, Copexrep IS the reboiler energy cost, and A is the area of the exchanger. At an

optimum LMTD that minimizes total cost, the first derivative of Equation 7.13 is equal to

zero to solve for ATy opt-
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ATy CPX,crx ULm ATLMZ coENtp Tstm
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ATLM opt — CPX,crxBicrx stm 715
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Putting AT, 0pe back into Equation 7.13 gives Equation 7.16, which shows that
CAPEX and OPEX are both proportional to mC, AUTﬂ. The heat transfer coefficient

LM
(U.pm) depends on the hydrodynamics in the exchanger and solvent properties (Equation
7.18). Uy has been heavily studied as listed in Table 7.1 (Lin, 2016). Cpy, p, and D,
are constant and flow velocity (u) is assumed to be constant. Putting n = 0.35 and m =
0.7 (Lin, 2016) into Equation 7.18 shows that CAPEX, OPEX, and the total cost depend
on solvent properties by Equation 7.19. The size of the heat exchanger and sensible heat
lost increase as solvent flow rate, Cp, viscosity, and cross temperature increase. High
thermal conductivity reduces the size of the heat exchanger and sensible heat lost.
Changing from aqueous to water lean reduces Cp, but may not reduce or may even

increase sensible heat lost due to much lower thermal conductivity and higher viscosity.

mc . CpEx, crxATcrx Tstm_Tsink)
TC= C L +C, mC -
PEX,crx \/CPEX,cerLM Tstm coEMep TEp U TsemCcoENen
ATerx CcoeMib(Tstm=Tsink)
7.16
. . AT,
CAPEX,OPEX,TC x m o« mGC, —U”" 7.17
LM
k - — —

Um = 75-Nu = CyyRe™Pr™ = Cnup™ D™ e, M ™ 7.18
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Table 7.1: Summary of empirical correlations of heat transfer for PHE (Lin, 2016)

Author/year Fluid Heat transfer

Nu = 0.348Re0663 py033 ( s )0'17 (6 = 60)
(Kumar, 1984) Water 0.17

Nu = 0.108Reo'703PT0'33< ) (6 =30)
W 0.17
u
Nu = 0.308Re %667 py033 <—> =56.5
(Heavner et al., u € r Uy Oavg )
1993) Water s
Nu = 0.118Re®720py0:33 <u_> Oang = 33.5)
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7.3 RESULTS

This work studies the energy use and lost work of three cases: 5 m PZ using AFS,
8 m PZ using simple stripper, and a generic water-lean solvent using simple stripper.

The method is first validated in 5 m PZ using AFS. Total energy use calculated by the

133



summation of lost work and minimum work is compared with the total energy use in the

reboiler and compression.
7.3.1 Method validation using 5 m aqueous PZ AFS

Energy use of 5 m aqueous PZ has been rigorously simulated (methods in Table
7.2) by Lin (2016) in Aspen Plus® using the Independence model developed by Frailie
(2014).

Table 7.2: Summary of modeling methods used by Lin (2016).

Solvent 5mPZ
Process modeling tool Aspen Plus® v8.4
Thermodynamic model Independence, e-NRTL
Stripper packing 5 m Mellapak 250X

Correction factor for

packing interfacial area 1

Table 7.3: Summary of process specifications for 5 m PZ/AFS.

Reboiler T (<€) 150

Steam condensing T (<€) 155
CO:z rich loading

(mol CO2/mol alkalinity) 0.40
CO: lean loading 0.96
(mol CO2/mol alkalinity) '
Cross exchanger ATiwm (K) 5
Cold rich exchanger ATim (K) 20
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Figure 7.3: Process diagram of 5 m PZ using the advanced flash stripper.

The process flow is shown in Figure 7.3, with lost work labeled on each unit.

The lost work at the absorber, cross exchanger, steam heater, and compressor is

calculated using methods in section 7.2.3. The relatively small lost work at the trim

cooler, cold rich exchanger, condenser, and stripper are calculated using Equation 7.3

with Aspen Plus simulation results. The summation of all the lost work and minimum

work is 33.7 kJ/mol CO,. The reboiler duty is 97.7 kJ/mol CO,, which is equivalent to

26.4 kJ/mol CO2 work using the Carnot energy cycle. The compression work is 8.11

kJ/mol COa.

The reboiler equivalent work and compression work adds up to 34.5

KJ/mol, which is 0.8 kJ/mol CO, greater than the total work estimated by the sum of lost

work and minimum work. Given the complexity of this system and some other minor

lost work (such as mixing, flashing, etc.), this difference is acceptable.
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7.3.2 lost work and energy use comparison.

The energy analysis of 8 m PZ with a simple stripper is based on an Aspen Plus
simulation by Lin (2014). The same lost work analysis methodology is applied to the
water-lean system to estimate the energy use. Some solvent properties (viscosity,
thermal conductivity, heat capacity, and etc.) of CO2BOI/C16 are used to calculate lost
work for the general water lean solvent case. The CO; binding organic liquid
(CO2BOL) is a representative water lean solvent that could reduce energy use from the
aqueous MEA benchmark (Mathias et al., 2013; Zheng et al., 2016). Hexadecane (C16),
is used as an anti-solvent that varies the polarity of the system, which helps release CO>
in the stripping process (Mathias et al., 2013). It is only miscible with CO2BOL at high
temperature (>100 °C), and it can easily phase separate from CO2BOL at low
temperature. Figure 7.4 shows the process diagram of CO2BOL/C16. This process
includes all the major units of the simple stripper configuration and an extra coalescer

that handles C16 separation. The lost work distribution for the three cases is listed in

Table 7.4.
Clean Flue Gas to Stack
s CO, to
(J\ Storage
L
szfvnem — CO, Compressor
(includes interstage cooling
and dehydration)
4
o
©
- Coalescer 2
_8 [
2 &
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Figure 7.4: Process diagram of CO2BOL/C16. (Mathias et al., 2013)

Table 7.4: Summary of lost work analysis.

Stripper configuration

5mPZ

AFS

8 mPZ
Simple

Water lean solvent
Simple

18.2 kJ/mol CO2 minimum work

Absorber lost work? 5.5 5.5 5.5
Heat exchanger lost 2 4.1 4.2 45
compressor lost 2.3 2.3 2.5
Reboiler lost 3 1.2 1.7 1.2
condenser lost 0.8 5.8 0.8
Others (trim cooler and stripper) 1.6 1.6 1.6
Total (Lost work + minimum work) 33.7 39.3 34.3
Reboiler duty + compression work* 345 39.5

Compression work® 8.1 8.3 12.8

i i 6

e me
Reboiler duty (Qr, kd/mol CO2)’ 95.3 115 97.1
Reboiler duty (Qr, GJ/ton CO2) 2.16 2.6 2.21

Notes:

1. The lost work at absorber for all three cases are based on 0.1-5 kPa operating P*coa,

cacluated by Equation 7.6.

2. By Equation 7.11 with optimal AT}y pe-

3. By Equation 7.7.

4. Reboiler duty and compression work from Aspen process modeling, the values agree

with summation of lost work and minimun work.

5. The stripper pressure for 5 m PZ, 8 m PZ, and water lean solvent is 7, 6.5, and 1.8 bar,

respectively.
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6. Estimated by substracting compression work from estimated total work (Lost work +

minimum work)

. . Tstm—313K
7. Convert equivalent work to actual steam reboiler duty by Wgq = Qr * St"}—
stm

Tstm = 155 € for PZ, 126 <€ for water lean.

The lost work in the absorber is determined by the partial pressure driving force.
A reasonable partial pressure driving that considers the tradeoff between lost work and
absorber packing height needs to be specified. Assume the absorption rate of the water
lean solvent is close to that in PZ(aq), for the same packing height, the operating partial
pressure driving force for CO2BOL in the absorber is selected to be the same as PZ (0.1-
5kPa). Same 5.5 kdJ/mol COz lost work was obtained for three cases.

The lost work in the heat exchanger is calculated using Equation 7.11. The

optimal AT}y oy for 8 m PZ and water lean solvent that minimizes CAPEX and OPEX
of the heat exchanger is ratioed to the 5 K ATy o, for 5 m aqueous PZ by Equation
7.20. 5.8 K ATpp,0p¢ is calculated for 8 m PZ. A 7.2 K ATy, op; for water lean solvent
is used based on CO2BOL properties (Cp, k, viscosity, and AT,,,) from Mathias et al.
(2013) and Zheng et al. (2016). Although Cp of water lean solvent is smaller, the overall
effect of Cp, k, viscosity, and AT,,., increases the sensible heat lost of heat exchanger.
Reboiler lost work is calculated using Equation 7.7 accounting for the temperature
driving force. Compressor lost work is obtained by actual compression work minus the
ideal isothermal compression work. The lost work in the condenser is 5.8 kJ/mole CO>
for 8 m PZ with simple stripper due to the large heat lost of water evaporation from the
stripper. This heat lost is be reduced to 0.8 kJ/mole CO2 in 5 m PZ AFS because AFS
recovers the heat from the water vapor by cold and warm bypass. Assuming water lean
solvent can achieve the same heat lost reduction due to intrinsically less water, 0.8

kJ/mole CO; lost work is assigned as calculated for 5 m PZ AFS. Other minor lost work
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(trim cooler and stripper) is assumed to be the same as the PZ process. The lost work in
the mixing of CO2BOL and C16 is ignored. The summation of lost work and minimum
work is listed in Table 7.4 and reboiler duty is estimated for water lean solvent. The
relative small energy use in pump, flue gas fan, DCC, etc. are not included. The energy
use of these units adds up to about 3 kJ/mol COa.

The energy use of 5 m PZ AFS and 1CO2BOL/2C16 is similar because both
processes eliminate the heat lost in the water vapor (low lost work in the condenser). 5
m PZ AFS uses an Advanced Flash Stripper to recover the heat in the water vapor, while
water lean solvent intrinsically contains little water(<5% wt %) and claims to accomplish
the same result. Both processes could achieve a thermodynamic efficiency of about

50%.
7.3.3 Lost work analysis in the 1CO2BOL/2C16 case.

Zheng et al. (2016) reported a reboiler duty and compression work for a specified
design which has much lower lean and rich loading than the proposed general design for
water lean solvent in previous section. Based on the Aspen simulation results, lost work
on each unit is calculated. Process specifications are listed in Table 7.6. The lost work

results are in Table 7.7.
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Table 7.6: Summary of process specifications for 1CO2BOL/2C16. (Zheng et el., 2016)

Reboiler T (€)
Steam condensing T (€)
P*cop, rich loading (kPa)
P*coz, lean loading (kPa)

Cross exchanger ATim (K)

Hot lean T (<€)

Cold lean T (<€)

Current design

121
126
1.48
0.0003
8.8
108
63

Table 7.7: lost work in 1CO2BOL/2C16 based on design in Table 7.6.

Energy 1C0O2BOL/2C16
Stripper configuration Simple
Minimum work 18.2 kJ/mol CO>
Absorber lost work? 14.6

Heat exchanger? 4.6
compressor 2.5
reboiler 1.5
condenser 0.6
Others (trim cooler and striper) 1.6

Lost work + minimum work 43.6
Reboiler duty + compression work 31.7
Compression work 12.8
Estimated reboiler work® 30.8
(Weq, kJ/mol CO»)

Reboiler duty* (Qr, kd/mol COy) 142.9
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Notes:
1. The lost work at absorber is based on 0.0003-1.48 kPa operating P*co., cacluated by
Equation 7.6.
2. By Equation 7.11 with 8.8 K ATy .
3. Estimated by substracting compression work from estimated total work (Lost work +

minimum work)

. . Tstm—313K
4. Convert equivalent work to actual steam reboiler duty by Wgq = Qr * St"}—
stm

ATum calculated from Zheng et al. (2016) is 8.8 K, close to the estimated optimal
ATm of 7.2 K. The calculation assumes an isothermal absorber at 40 €€ and no water
transfer between the gas and liquid. The CO. partial pressure of the solvent at 40 €
(0.0003-1.48 kPa) is much lower than the normal operating range, which means the
absorber operates more irreversibly. The large lost work (14.6 kJ/mol COz) comes from
the large driving force in the absorber based on Equation 7.6. The operating absorber
driving force is probably far from optimal. If 0.003-1.48 kPa is used for the calculation,
lost work dramatically reduces to 11.5 kJ/mol CO2, which means the lean loading has not
been optimized.

In a typical aqueous amine scrubbing process, stripping CO2 from the solvent to
achieve extremely low P*coz, 1ean (0.0003 kPa) takes a lot of energy, which is why typical
lean solvent still has a P*coz, lean Of 0.01-0.5 kPa. From the free energy balance, the
larger lost work/driving force in the absorber is compensated by additional reboiler duty
in the stripper. In this polarity-swing assisted regeneration, adding C16 increases P*co»
in the stripper to release CO: easily, that could reduce reboiler duty and temperature.
After the heat exchanger, C16 is separated out at a lower temperature, and very low
P*coz, tean IS achieved. This low P*coz, lean provides large absorbing driving force in the

absorber. The process seems very attractive, but there must be some energy input
141



missing. The use of C16 creates extra driving force (available work/AG) in the lean
solvent stream, without providing any additional energy or work, which is against the the
second law of thermodynamics. The missed energy term could be the heat of mixing
between C16 and CO2BOlI as the entropy of the CO2BOL and C16 mixture stream may

change significantly from two phases to one miscible phase.

7.4 NORMALIZED CAPACITY OF SEMI-AQUEOUS AMINES

For aqueous amines, Li (2013) and Lin (2016) introduced viscosity-normalized

capacity (AC,) to include the heat exchanger cost in solvent cyclic capacity. AC, is

defined in Equation 7.20, using 5 m PZ (aq) as the reference.
ACsorv
AC

L (Mmia/ s m pz)%175

7.20

In this chapter, rigorous heat exchanger optimization identified that the CAPEX
and OPEX of heat exchanger both depend on solvent properties by Equation 7.21.

Equation 7.20 only includes the effect of viscosity on heat exchanger cost because k and

C, generally do not change much in aqueous amines, where the water mass fraction is
normally constant (70 wt %). However, k and C, do change a lot after replacing water
with a different physical solvent, and a more comprehensive normalized capacity is

required.

TC o< k_O'SZSCPOBZS,uO'US 721

Higher viscosity and heat capacity increases total cost (TC), and higher thermal
conductivity and cyclic capacity reduce TC. Based on the cost dependence on solvent
properties, a new normalized capacity is defined by Equation 7.22, which allows the
comparison of heat exchanger cost of different solvents directly. A greater value of

ACy cp, means reduced heat exchanger capital cost and reduced sensible heat loss.
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ACsory —
TC_factor

ACkcpu =

) 0825( ) 0.175 7.22

CpsmPz Usm Pz

)0 325(

solv(

High cyclic capacity, high thermal conductivity, low heat capacity, and low
viscosity are required for lower heat exchanger cost. Adding C16 into CO2BOL reduces
the CO; carrying capacity. Table 7.8 summarized the normalized capacity of some
representative solvents. Viscosity (¢) is measured except for CO2BOL, which is assumed
to be 20 cP (Zheng et al., 2016).

k and C, data for these semi-aqueous amines are not available in literature.
Shokouhi et al. (2013) measured k and C,, of SUF-water mixture and showed that C,, of
the mixture can be estimated by weighted average of each component. C, of 5 m PZ
(aq) was predicted to be 3.6 K+g by Frailie (2014).  C, of 5 m PZ in 1SUF/1water is
estimated by Equation 7.23. C, of semi-aqueous MEA is estimated using the same
weighted average method. C,, of 30 wt% aqueous MEA is 3.4 J/gK by Weiland (1997).
Heat capacity of CARB and NMP is obtained from NIST webbook.

Cp,smpz—suF-water = Cpsm pz-water T Wt % of SUF * (C, syr - Cpwater) 723

Thermal conductivity (k) of PZ aqueous is not available. PZ is treated as SUF
for approximation, and k of 65 wt % SUF/35 wt % water is used to approximate 5 m PZ
in 1 SUF/1 water. Thermal conductivity of pure water, MEA, NMP, and CARB is
obtained from NIST webbook to be 0.6, 0.2, 0.18, and 0.16 W/mK respectively. The
values in the table are the mass weighted average. It is difficult to get a more accurate
value of k; however, since the dependency on k is only 0.325, a 20% error in k only

results in about 6% error in the normalized capacity.
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Table 7.8 Normalized capacity of some representative solvents. NMP=N-Methyl-2-
pyrrolidone, CARB=2-(2-Ethoxyethoxy)ethanol, SUF=sulfolane.

u k Gy AC,,." ACk cp. i
mol CO,
cP W/mK J/gK
kg
7m MEA
(1water/3NMP) 16 028 2.8 0.85 0.72
7m MEA
(Iwater3CARB) 0 027 2.6 0.83 0.72
5 m PZ (aq) 4 0.41 3.6 0.95 0.95
SmPZ
(ISUF/1water) 20 0.27 2.8 1.21 0.98
1 CO2BOL, 1 Cl6 20 0.14 2.2 0.72 0.58
1 CO2BOL,2C16 20 0.14 2.4 0.59 0.44
Notes:

1. 0.1/5 kPa operating P*co2 except 0.0003/1.48 kPa operating P*co, for CO2BOL

7.5 DISCUSSION ON ENERGY USE

It has been shown in section 7.3.2 that the optimal design for water lean solvent
uses about the same amount of energy as 5 m PZ AFS. Water lean solvents can reduce
the amount of water vapor exiting a simple stripper, which reduces the lost work in the
condenser significantly from simple stripper. On the other hand, second generation
amine processes use advanced stripper configurations that can accomplish the same effect
with little additional capital cost. The piperazine system would use the Advanced Flash
Stripper (Chen, 2017). MHI probably uses KS-1 with an interheated stripper in the
demonstration at the Parrish power plant (Iijima, 2011). Shell Cansolv (Stephenne,
2014) uses lean vapor compression in its ICCS Project at Boundary Dam. All three
systems reduce water vapor from the stripper, and 2.1-2.4 GJ/ton CO: energy
consumption has been demonstrated (Chen, 2017; Iijima, 2011, Stephenne, 2014)
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Papers on water lean solvents have claimed that the reduced heat capacity reduces
the sensible heat loss of the cross exchanger because of lower heat duty being transferred.
However, lower thermal conductivity and higher viscosity reduce the heat transfer
coefficient. Rigorous heat exchanger optimization accounting for Cp, viscosity, and
thermal conductivity (Table 7.9) results in no improvement of the normalized capacity
with a number of water lean solvent compositions. As with all solvent development it is
possible that a specific water lean solvent can be identified that has a greater normalized
capacity, but there is no simple energy benefit moving from aqueous to water lean at the
cost of more difficult solvent management (volatility, degradation, reclaiming), and many
water solvents may have lower normalized capacity because of reduced thermal

conductivity and greater viscosity.

7.6 CONCLUSIONS

* The energy use of CO; capture by amine scrubbing can be estimated by the sum
of minimum work and lost work. Energy use will be reduced if a new process or
solvent reduces lost work.

* The energy use of a typical water lean solvent with a simple stripper could be
similar to that of 5 m aqueous PZ with advanced flash stripper.

* Water lean solvents can reduce the amount of water vapor exiting a simple
stripper, which reduces the lost work in the condenser significantly from simple
stripper. However; second generation amine processes use advanced stripper
configurations that can accomplish the same effect with little additional capital

cost.
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The energy use of CO2BOL/C16 and other water lean solvents will not be less
than that of 5 m PZ AFS as lost work in the absorber and heat exchanger cannot
be reduced.

Comprehensive normalized capacity has been developed. An advanced solvent,
whether water lean or not, with high normalized capacity will reduce the lost
work in the heat exchanger.

k C -
ACporm = ACsolv(ﬂ K )—0.175(k )0.325(C p ) 0.825
SsmPZ PZ p,5mPZ
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Chapter 8: Conclusions and Recommendations

8.1 CONCLUSIONS SUMMARY

8.1.1 Aqueous piperazine blend

2MPZ and PZ/2MPZ blend are competitive solvents, as they maintained the high
absorption rate and remediate the solid solubility of PZ. kg’ave of 4 m 2MPZ and
2.5/2.5 m 2MPZ/PZ is similar to 8 m PZ, and 30% lower than 5 m PZ; However, the
cyclic capacity is 15% higher than 5 m PZ. HEP has similar kg’ as 2MPZ, but the
cyclic capacity is 20% lower than 5 m PZ.

2MPZ and equimolar 2MPZ/PZ from 2 m to 8 m was modeled in Aspen Plus®
using the eNRTL thermodynamic framework. The thermodynamic model correctly
predicts the CO; equilibrium partial pressure within 5% error from 2 m to 8 m, 0.01-
0.5 CO2 loading, and 20-160°C.

The 2MPZ kinetic model used three reactions and the 2MPZ/PZ kinetics model used
six reactions to capture the rate behavior from 2 m to 8 m, 0.15-0.4 CO2 loading,
and 20-100°C. The model fits experiment data well.

2MPZ and PZ/2MPZ thermodynamic and kinetic model can be used for techno-

economic assessments, and process modeling.

8.1.2 Semi-aqueous MEA and PZ

8.1.2.1 Semi-aqueous MEA

Semi-aqueous amines could have much faster absorption rate than aqueous amine at
lean loading. At 100 Pa CO» equilibrium partial pressure (Pg,), CO2 absorption
rate (kg’avg) of 7 m MEA in 3 water/1 NMP, 1 water/3 NMP, and 1 water/19 NMP

is 1.1 times, 2 times, and 5 times that of 7 m aqueous MEA, respectively.
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At 5 kPa Pz,,, CO2 absorption rate (k¢’avg) of 7 m semi-aqueous MEA is similar to
that of 7 m aqueous MEA.

kg’ increases in semi-aqueous MEA because of reduced operating CO> loading
(higher free MEA concentration at the same Pf,), greater CO2 physical solubility,
and greater MEA activity. The increase in kg’ becomes less significant at higher
loading.

At rich loading, 0.45 mol CO2/mol MEA, adding NMP does not increase kg’. This is
because the increase in physical solubility and MEA activity is not as great as at lean
loading. MEA is significantly depleted near the gas/liquid interface due to low
concentration and diffusivity.

CARBITOL™, another physical solvent, shows similar effect on kg’ as NMP.
Besides MEA, DGA®, another primary amine, also showed that kg’ could be
increased by adding NMP.

The difference between rich and lean loading (Aay,) increases with the addition
of physical solvent, but the overall effect of increase in viscosity and decrease in
thermal conductivity and heat capacity reduced the normalized capacity, which
increases the heat exchanger cost and sensible heat lost.

Compared to 5 m PZ(aq), kg’avg of 0.1-5 kPa P;y, of 7 m MEA in 1 water/3 NMP
and 1 water/19 NMP is 1.4 times and 3.6 times that of 5 m aqueous PZ; but the
normalized capacity is 20% less than that of 5 m PZ.

The PFO approximation adequately represents the CO; mass transfer in aqueous
MEA but is not applicable to semi-aqueous MEA. The mass transfer model of CO>
diffusion and reaction with semi-aqueous MEA was built in MATLAB®. D,

only depends on the viscosity to the power of -0.4 in semi-aqueous system, which is
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substantially lower than around -0.8 in aqueous amines. k.’ does depend on

diffusivity of amine and amine product (Dyz4) with NMP present.

8.1.2.2 Semi-aqueous PZ

Solid precipitation in 5 m PZ(aq) can be solved by partially replacing water with
physical solvent (SUF or IMI). No precipitation was observed in 5 m PZ in 1SUF/3
water, 1SUF/1 water 1 IMI/3 water, or 1 IMI/1 water in the loading range of 0.15—
0.45 mole CO2/mole alkalinity at 20—60 °C.

Adding SUF or IMI into aqueous PZ increases kg’ at lean and median loading but
decreases k,’ at rich loading due to high viscosity.

Compared to 5 m PZ(aq), k¢’avg in 5 m semi-aqueous PZ is about the same for 0.5—
5kPa P*co2, 15-35% greater for 0.1-5 kPa P*coz, and 20-50% greater for 0.1—
1.5kPa P*co> (natural gas conditions).

k¢’ in semi-aqueous PZ increases as temperature decreases from 60 to 20 °C.

COz cyclic capacity slightly increases after adding SUF/IMI; however, normalized
capacity of semi-aqueous PZ involving viscosity, thermal conductivity, and heat

capacity is lower, which increases the heat exchanger cost and sensible heat lost.

8.1.3 Lost work comparison

The energy use of CO» capture by amine scrubbing can be estimated by the sum of
minimum work and lost work. Energy use will be reduced if a new process or
solvent reduces lost work.

Water lean solvents can reduce the amount of water vapor exiting a simple stripper,
which reduces the lost work in the condenser significantly from simple stripper.
However; second generation amine processes use advanced stripper configurations
that can accomplish the same effect with little additional capital cost.
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The energy use of CO2BOL/C16 and other representative water solvents will not be
less than that of 5 m PZ AFS as lost work in the absorber and heat exchanger cannot
be reduced.

An advanced solvent that has a higher mass transfer coefficient that allows lower
driving force could reduce the lost work in the absorber.

Comprehensive normalized capacity has been developed. An advanced solvent
with high normalized capacity can reduce the lost work in the heat exchanger no
matter the solvent is water lean or not.

K __y-o. k : Cp_ y-o.
AChorm = ACsolv(“ ) 0175(k )0325(6‘ £ ) 0825
SsmPZ smPZ p,5mPZ

8.2 RECOMMENDATIONS FOR FUTURE WORK

8.2.1 Aqueous piperazine blend

2MPZ and PZ/2MPZ are promising second generation solvents for CO; amine
scrubbing cause of high absorption rate and high cyclic capacity.

2MPZ, PZ and PZ/2MPZ should be used at a total amine concentration of 5 m rather
than 8 m, because the high solvent viscosity at high concentration depresses both
CO; absorption rate and normalized capacity, and lower PZ concentration causes

less precipitation.

8.2.2 Semi-aqueous MEA and PZ

NMP or CARBITOL™ could be added into aqueous MEA to increase the
absorption rate of CO».
The volatility of NMP and CARBITOL™ is still too high, and water wash or other

capture processing will be required to meet environmental regulations. Physical
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solvents with lower volatility or process with lower absorber temperature could be
further explored.

Physical solvent (sulfolane or imidazole) could be added into 5 m PZ(aq) to reduce
solid precipitation. No precipitation was observed in 5 m PZ in 1SUF/3 water,
ISUF/1 water 1 IMI/3 water, or 1 IMI/1 water in the loading range of 0.15-0.45
mole CO»/mole alkalinity at 20-60 °C.

Semi-aqueous amine with low viscosity and high CO; physical solubility could have

high CO; absorption rate, which can be further explored.

8.2.3 Energy use

Replacing water with low heat capacity physical solvent does not necessarily reduce
heat exchanger cost. Comprehensive normalized capacity including the net effect
of viscosity, heat capacity, thermal conductivity, and cyclic capcacity can be used to
compare the heat exchanger cost.

An advanced solvent, no matter water lean or not, with high cyclic capacity, high
thermal conductivity, low heat capacity, and low viscosity is desired to lower the
heat exchanger cost

An advanced solvent that has a higher mass transfer coefficient is desired. High
mass transfer coefficient could reduce the required packing height for the same
driving force (lower CAPEX), or reduce lost work by driving force for the same

packing height (lower OPEX).
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Appendix A: Experimental Methods

A.l WETTED WALL COLUMN

CO:2 solubility and absorption rate of amine solutions were measured in the wetted
wall column (WWC). It was originally built by Mshewa (Mshewa 1995) and further
improved by other researchers (Pacheco 1998; Bishnoi 2000; Dang 2000; Cullinane
2005; Okoye 2005; Dugas 2009; Chen; 2011; Li 2013).

A.1.1 Design

The detailed view of the WWC is shown in Figure A.1. The stainless steel
hollow column in the center is 9.1 cm in height and 1.26 cm in outer diameter (OD).
The column is enclosed in a thick-walled glass tube whose inner diameter (ID) and OD is
1.83 cm and 2.54 cm respectively. The gap between the vertical surface of the column
and the inner wall of the glass tube must be properly designed because the hydraulic
diameter of the annulus affects the velocity of gas flow as well as the gas film mass
transfer resistance. If the gap is too large, the gas film resistance is too high due to low
gas flow rate, which makes the measurement of liquid mass transfer coefficient difficult;
on the other hand, if the gap is too small, the liquid film on the surface will be disturbed
by the fast gas flow.

The gas enters the small chamber through a small orifice on the Teflon annular
collar at the bottom of the column. The collar keeps the gas from being mixed with the
liquid. The gas exit on the top of the chamber at the opposite side to the entrance point
to ensure uniform distribution. It is assumed that the composition of the gas is uniform

horizontally but not vertically in experiments.
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Figure A.1: Detailed view of the WWC.

As liquid flows through the middle of the column, the flow rate is carefully
controlled so that the liquid will not overshoot from the top of the column but form a
quasi-semi-sphere on the top and then flow down the column evenly. On the other hand,
flow rate needs to be high enough to ensure a relatively high ki,. The column has to be
clean and free of oil, or the surface of the column may not be wetted by the solution to
form a continuous film. The liquid level is maintained at just slightly below the inner
edge of the tilted annular surface of the collar. For an ideally formed liquid film, the
total contact area between gas and liquid should be 38.52 cm?.

The whole smaller chamber is enclosed in the larger chamber which is filled and
circulated with silicone oil to maintain the desired temperature. Temperature is

measured by a probe located at the liquid exiting point.
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A.1.2 Operating Procedure

A schematic diagram of the entire apparatus is shown in Figure A.2. The flow
rate of nitrogen (N2) and CO:> is regulated by Brooks Mass Flow Controllers (Model
#5850, Brooks Instrument, Hatfield, PA, USA). The total flow rate of the gas is
controlled to be 5 standard liter (STL)/min. Variable CO, partial pressure in the gas
mixture is achieved by altering the ratio of the two inlet gases. A 20 STL/min mass flow
controller is used for N> while two mass flow controllers (2, 0.1 STL/min) are used for
CO3 to achieve high accuracy in flow control. If the desired CO, partial pressure is low,
diluted CO2 in Nz (5000 ppm) instead of pure CO; is used. The gas mixture is first
saturated with water at experimental temperature using a jacketed bubbling saturator (OD
= 4 inches, ID = 3 inches, height =14 inches), and further heated by an oil bath before
entering the WWC chamber from the bottom. The pressure in the WWC chamber is
adjusted using a needle valve on the gas outlet, and is measured with a pressure gauge
(Matheson, p/n 63-3112, 0 — 100 psig) with an accuracy of 0.2 psi.

The liquid in a 1-liter reservoir is circulated in the system at a rate of around 4
ml/s. The liquid volume flow rate is monitored using a rotameter. The liquid is heated
by the oil bath and then pumped into the wetted wall inner column. It overflows from
the top and then evenly distributes along the outer surface of the column, forming a
laminar flow. The liquid is collected at the bottom and sent back to the reservoir.

Since the amount of the amine solvent is large and the typical contact time is
relatively short, even the greatest CO> flux between the gas and the liquid will not
significantly change the CO loading of the solvent. The liquid composition remained
essentially unchanged during an experimental run for each CO> loading and temperature.
A 5-ml liquid sample is taken through the septum for each experiment run to confirm the
liquid composition.

154



Condenser

Needle Valve - O_i CO, Analyzer
{ l ’ \ (IR)

Gasour

Bypass
Valve

Solution
Saturator Temp. Reservoir

CcO; Bath

>

Flow Controllers

Figure A.2: Flow diagram of the entire WWC setup.

The gas leaving from the top is passed through a condenser (a 500 ml flask
immersed in an ice-water bath) and a desiccation unit (a tube filled with CaSQO4) to
remove water and amine vapor to protect the analyzer. For those highly volatile amines,
the amine content in the solution is expected to slightly decrease over the course of
experiments, especially at high temperature. What’s more important is the amine, water,
and CO> could react in the vapor phase between the column and the knock-out bottle,
which means the WWC cannot measure the CO; absorption rate in the highly volatile
amine. A portion of the dried outlet gas is sent to the CO; analyzers while the rest is
vented. There are two Horiba VIA-510 infrared analyzers available for the range of 0-1
vol% and 0-20 vol% COz respectively. The analyzers are connected to a computer

equipped with a PicoLog Data Acquisition program.
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The WWC is switched between two modes using the bypass valve: operation
mode and bypass mode. In the operation mode, the gas is brought into contact with the
liquid and the CO: concentration is measured after mass transfer; in the bypass mode, the
inlet gas goes around the WWC, which directly measure the inlet CO; concentration is by
the CO; analyzer. The length of time in the contact mode is always minimized to avoid
unnecessary mass transfer between the gas and the liquid.

In a typical WWC experimental run, a solvent at certain CO> loading is prepared
and loaded to the system. The equilibrium CO; partial pressure for the solution has to be
estimated first by changing the CO; partial pressure in gas and locating the range of
partial pressures where a transition from absorption and desorption occurs.

For each loading at each temperature, steady-state CO: fluxes and driving forces
between gas and liquid for six CO> inlet concentrations are measured. Three of the CO»
inlet concentrations induce absorption of CO> into solution and the other three correspond
to desorption. The maximum CO> partial pressure used for absorption is approximately
twice of the estimated equilibrium CO; partial pressure of the solvent. For each gas
flow, the WWC is first bypassed to measure the inlet CO> concentration. Then the valve
is switched to the operation mode. The CO> concentration after contacting in the WWC
is measured to find out the CO» partial pressure at the top of the column.

The amine solvent for the WWC experiments starts with a lean loading. After
the experiments at the loading are finished, the solvent is taken out and loaded with more

CO2 to reach a richer loading. The procedure is then repeated.

A.1.3 Data Analysis

The driving force between gas and liquid is defined as the logarithmic mean of the

driving force at the top and the bottom of the column.
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The CO flux can also be calculated given the total pressure and flow rate as well

A.l

as the difference of the CO» concentration (mol fraction) before and after the contact with
liquid.

_1RV,

© " ART
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A typical plot obtained from each run shown in Figure A.3 shows the correlation
between flux and driving force. A straight line fits the six points. It is known that the
flux has to be zero as the driving force is zero. The value of PCZ , that makes the line go
through the origin should be the correct equilibrium CO; partial pressure for the solvent.
The overall mass transfer coefficient (K, ) can also be obtained by extracting the slope of

the line:

N
K = €O A3

’ (PCOZ,g - P(;co2 ),_M
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Figure A.3: Plot of flux of CO: vs. driving force obtained from a set of measurements
for 4 m 2-methylpiperazine at 40 °C

A.1.4 Gas Film Mass Transfer Coefficient

To separate the contribution of the liquid film and the gas film to the total mass
transfer resistance, the gas film mass transfer coefficient (k) needs to be determined
beforehand.

A dimensionless analysis to correlate kin laminar flow was done by Hobler

(Hobler 1966), who proposed the following expression.
d

D
Sh=A-Re®.Sc° (Fj A4
Sh : Sherwood number
Re: Reynolds number

Sc : Schmidt number
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d : the hydraulic diameter of the annulus (0.44 c¢cm)

h: the height of the WWC (9.1 cm)

This form was adopted by Pacheco (Pacheco 1998) and Bishnoi (Bishnoi 2000)
for the development of correlations for k. The general principle in measuring Kk is to
use a dilute gas stream and a solvent that has a fast reaction rate with the gas. In this
way, the mass transfer is mainly gas-film controlled. Although different solvents and
gases were used to measure k; in the WWC, the following expression was found to give

a satisfactory fit to all the data.

d 0.85
Sh :l.075[Re SC(FH A5

The following equation allows the determination of kg from Sh:
RTk gI
Sh =
Dco2

A.6

where | is the characteristic length, d is the diameter of the inner column.

k¢ 1s, therefore, a strong function of the geometry of the WWC and gas flow rate.
With kg ready, the liquid mass transfer coefficient k'g can be calculated from the
following equation:

R A7

A2 ANALYTICAL METHODS

The analytical methods are used to determine the amine concentrations, CO>

loadings, and viscosity for the samples.
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A.2.1 Total Inorganic Carbon Analysis (TIC)

TIC Analysis realized quantification of CO: loading. A 20 — 50 X dilution was
prepared for each CO»-loaded concentrated amine solution. Then a small amount of the
diluted sample was injected to a tube containing 30 wt% H3PO4. Due to the strong acid
environment, CO-related species, including carbamate, carbonate and bicarbonate react
to emit out CO2. An N stream carried the liberated CO; to a Horiba IR-2000 infrared
analyzer. Each injection generated a signal peak, which was recorded by the Picolog
Data Acquisition program. The peak area was obtained via integration. At the end of
each analysis, a series of carbon standard (a mixture of KoCO3/KHCOs3 aqueous solution,
1000 ppm) the was injected to obtain a calibration curve which correlates CO; and peak

arca.

A.2.2 Acid Amine Titration

Titration can measure the concentration of amine in a liquid sample with 0.2 N
H>SO4. An automatic Titrando series titrator with automatic equivalence point detection
(Metrohm, Riverview, FL, USA) was used. Samples of known mass were diluted ~300
times with water and titrated. The pH value was monitored over time, and all the
equivalence points were recorded. The point corresponding to total neutralization of

amine was used to determine of amine concentration.

A.2.3 Viscosity Measurements

The viscosity was measured using a Physica MCR 300 cone and plate rheometer
(Anton Paar GmbH, Graz, Austria). The cone shear rate was increased from 100 to 1000
s over a period of 100 second with 10 steps. The duration of each shear rate was 10 s,
and the shear stress exerted on the solution was measured at the same time. The

viscosities reported are the average values of the ten measurements.
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Appendix B: Detailed WWC data

Table B.1: Detailed WWC data for 4 m 2MPZ
oMPZ | COzldg | T | P*coe | P | Gasay | Gas | Peozin | Peozin | Peozaw | Peozou | oy gy Ke kg | Kelkg kg'
dry wet dry wet
m mg:/alk c Pa psig Is/tr?win IS/tr?win Pa Pa Pa Pa mol/s cm? | mol/s*Pa*cm? ?;lésr;cz mol/s*Pa*cm?
000 | 000| 2488 | 2440 | -556E-09 1.34E-10
2790 | 2735 | 4223 | 4140 | -3.22E-09 1.63E-10
4 015 |40 | 55 | 40 | 430 | 448 | s5509| 8391| 7201| 7060 3.15E-09 1.46E-10 2'5125 0.57 3.41E-10
1131 | 1109 | 8747 | 8576 | 6.03E-09 1.43E-10
1.46E-10
000 000] 2138| 2025 -4.78E-08 1.50E-10
1301 | 1232 | 2816| 2668 | -341E-08 1.49E-10
4 015 | 60 | 431 | 20 | 452 | 477 [ 6297 | 5964 | 5493| 5203 | L86E-08 Ls1E-10 | 210 | 055 | 334810
7303 | 6917 | 6059 | 5739 | 2.90E-08 1.48E-10
1.49E-10
000 | 000 12512 | 11361 | -2.05E-07 1.20E-10
8950 | 8135 | 1725 | 1566 | -1.36E-07 1.22E-10
4 015 | 80 | 2340 | 60 | 437 | 481 | 4387 | 3983| 3476| 3156 | L149E-07 1.26E-10 2'%5 0.60 3.07E-10
5406 | 4909 | 4032 | 3661 | 2.25E-07 1.20E-10
1.22E-10
000 | 000] 6426 5161 -LO5E-06 1.94E-10
5757 | 4624 | 8640 | 6940 | -4.72E-07 1.94E-10
4 015 | 100 8400 | 60 | 438 | 545 | 15488 | 12440 | 12450 | 10000 | 4.98E-07 1.89E-10 2'2165 0.85 1.20E-09
18680 | 15005 | 13634 | 10952 | 8.29E-07 1.94E-10
1.93E-10
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2MPZ | COzldg | T | P*co2 | P Gasgy | Gas Peozin | Peozm | Peozow | Peozow | ¢, 1y Ko kg Ke/kg kg'
dry wet dry wet
m ;T::l/m()l C Pa psig IS/t:'\in Is/tr(iin Pa Pa Pa Pa ::,I\/; mol/s*Pa*cm”2 g;?klt/;i:/\z mol/s*Pa*cm”2
15.07 14.60 29.42 28.51 -5.79E-09 2.08E-10
98.54 95.50 79.41 76.96 7.72E-09 2.18E-10
2 0.13 40 50 20 5 5.16 77.26 74.87 66.97 64.90 4.15E-09 2.13E-10 | 4.57E-10 0.47 4.07E-10
25.59 24.80 36.36 35.23 -4.34E-09 2.23E-10
2.15E-10
55.01 53.31 152.4 147.7 -3.93E-08 1.26E-10
155.5 150.7 226.3 219.3 -2.86E-08 1.25E-10
253.1 245.2 297.3 288.1 -1.79E-08 1.21E-10
2 0.235 40 415 20 5 5.16 587.2 569.1 547.7 530.8 1.59E-08 1.19E-10 | 4.57E-10 0.27 1.70E-10
673.3 652.5 609.9 591.1 2.56E-08 1.25E-10
758.2 734.8 671.6 650.9 3.49E-08 1.27E-10
1.24E-10
433.60 425.11 978.4 959.3 -1.39E-07 5.27E-11
908.7 890.9 1346.0 1319.7 -1.12E-07 5.00E-11
4253 4170 4106 4026 3.76E-08 5.05E-11
2 0.34 40 | 3350 40 5 5.1 5863 5748 5437 5330 1.09E-07 5.00E-11 | 2.87E-10 0.18 6.12E-11
6953 6816 6334 6210 1.58E-07 5.02E-11
1416 1388 1759 1724 -8.78E-08 4.91E-11
5.04E-11
2081 2041 2771 2717 -1.77€-07 3.29E-11
2730 2676 3299 3235 -1.46E-07 3.04E-11
5316 5212 5671 5560 -9.07E-08 3.85E-11
2 0.37 40 | 7750 40 5 5.1 9388 9204 9162 8983 5.79E-08 4.32E-11 | 2.87E-10 0.12 3.95E-11
10896 10683 10557 10350 8.69E-08 3.14E-11
12480 12236 11952 11718 1.35E-07 3.20E-11
3.47E-11
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Pcozin

Pcozin

Pco2 out

Pco2 out

2MPZ | CO21dg | T | P*coz | P Gasary | Gas iy et iy . CO2 flux Ko kg Ka/kg kg'
m Egi/alk C | Pa psig ls/tl(lliin T/tt(lilin Pa Pa Pa Pa mol/s cm? | mol/s*Pa*cm? gl;*}éi; mol/s*Pa*cm?
0.00 0.00 167.8 164.5 | -3.75E-08 1.05E-10
137.6 1349 256.8 251.7 | -2.68E-08 1.08E-10
736.0 721.6 633.0 620.7 | 2.39E-08 1.07E-10 | 2.62E-
4 0.25 40 | 445 40 4.53 4.62 0.41 1.79E-10
969.4 | 9504 | 7925 777.0 | 4.16E-08 1.01E-10 10
855.9 839.1 707.7 693.8 | 3.46E-08 1.10E-10
1.06E-10
0.00 0.00 916.2 867.8 | -2.05E-07 1.05E-10
625.9 592.8 | 1349.8 1278.4 | -1.62E-07 1.11E-10
4 0.25 60 | 2420 | 40 4.36 4.61 4649 4403 3891 3685 | 1.69E-07 1.06E-10 2'61?)]3_ 0.40 1.80E-10
8325 7885 6214 5885 | 4.72E-07 1.08E-10
1.07E-10
0.00 0.00 3465 3146 | -6.50E-07 9.41E-11
5134 4661 6776 6153 | -3.08E-07 9.83E-11
4 0.25 80 | 2340 | 60 5 5.507 13634 | 12380 12090 10977 | 2.90E-07 9.57E-11 2'21%]3- 0.42 1.66E-10
16672 15138 13995 12707 | 5.02E-07 9.60E-11
9.60E-11
0.00 0.00 87.47 86.93 | -2.24E-08 5.40E-11
231.5 230.1 269.6 267.9 | -9.75E-09 4.63E-11
4 0.35 20 | 460 40 5 5.03 1084 1078 969 963 | 2.95E-08 5.29E-11 2'?%)]3- 0.18 6.26E-11
1289 1281 1139 1132 | 3.85E-08 5.18E-11
5.12E-11
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2MPZ EOZ T |P*cor | P | Gasaw | Gas | FC02in | Peozin | Peozow | Peozow | o g, Ko kg Ko/kg kg'
£ dry wet dry wet
m Egi/alk C | Pa psig T/tt(lilin T/tt(lilin Pa Pa Pa Pa mol/s cm? | mol/s*Pa*cm? gl;*}éi; mol/s*Pa*cm?
0.00 0.00 [ 580.6 569.3 | -1.49E-07 5.94E-11
1131 1109 1486 1456 | -9.07E-08 6.01E-11
4 035 | 40 | 2800 | 40 5 5.1 4879 | 4783 4445 4358 | 1.11E-07 6.30E-11 2'%}5' 0.21 7.65E-11
8461 8295 7322 7179 | 2.92E-07 5.93E-11
6.04E-11
0.00 0.00 2473 2343 | -6.33E-07 6.47E-11
6157 | 5832 7168 6789 | -2.59E-07 5.54E-11
21559 | 20419 | 19636 | 18598 | 4.92E-07 5.81E-11
17525 | 16598 | 16431 | 15563 | 2.80E-07 5.53E-11 | 2.98E-
4 035 | 60 | 11000 | 60 5 5.28 0.19 7.11E-11
9381 8885 9758 9242 | -9.65E-08 5.00E-11 10
3197 | 3028 4856 4600 | -4.25E-07 5.93E-11
23180 | 21955 | 20918 [ 19812 | 5.79E-07 5.88E-11
5.74E-11
0.00 0.00 [ 1749 173.9 | -4.48E-08 3.70E-11
689.2 | 6850 | 7620 | 757.3 | -1.86E-08 3.22E-11
4 04 |20 1300 | 40 5 5.03 2473 | 2457 2318 2304 | 3.96E-08 3.67E-11 2'?%15' 0.12 4.01E-11
3268 | 3248 3023 3004 | 6.27E-08 3.44E-11
3.51E-11
0.00 0.00 1037 1017 | -2.65E-07 3.86E-11
3921 3844 | 4351 4266 | -1.10E-07 3.29E-11
4 04 | 40 | 7400 | 40 5 5.1 11273 | 11053 | 10746 | 10535 | 1.35E-07 3.99E-11 2'%]5' 0.13 4.25E-11
15308 | 15008 | 14290 | 14010 | 2.61E-07 3.67E-11
3.70E-11
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Table B.2:

Detailed WWC data for 2 m 2MPZ

Pcozin

Pcozin

Pcoz out

Pcoz out

2MPZ | COz2ldg | T | P*coz | P Gasary | Gas oy et iy - CO2 flux Ke kg Ke/kg kg'
m mg:/alk C | Pa psig Is/tr(:lin :I;/tr?ﬂn Pa Pa Pa Pa mol/s cm? | mol/s*Pa*cm? ?:J(/:sr:z mol/s*Pa*cm?
15.07 14.60 29.42 28.51 | -5.79E-09 2.08E-10
98.54 95.50 79.41 76.96 | 7.72E-09 2.18E-10
2 0.13 40 50 20 5 5.16 77.26 74.87 66.97 64.90 | 4.15E-09 2.13E-10 4'?_25 0.47 4.07E-10
25.59 24.80 36.36 35.23 | -4.34E-09 2.23E-10
2.15E-10
55.01 53.31 152.4 147.7 | -3.93E-08 1.26E-10
155.5 150.7 226.3 219.3 | -2.86E-08 1.25E-10
253.1 245.2 297.3 288.1 | -1.79E-08 1.21E-10
2 | 0285 |40| 415 | 20| 5 | 516 [ 5872| 5691 | 547.7| 5308 | 1.59E-08 L19E-20 | *51F | oz 1.70E-10
673.3 652.5 609.9 591.1 | 2.56E-08 1.25E-10
758.2 734.8 671.6 650.9 | 3.49E-08 1.27E-10
1.24E-10
433.60 | 425.11 978.4 959.3 | -1.39E-07 5.27E-11
908.7 890.9 [ 1346.0 1319.7 | -1.12E-07 5.00E-11
4253 4170 4106 4026 | 3.76E-08 5.05E-11
2 0.34 40 | 3350 40 5 5.1 5863 5748 5437 5330 | 1.09E-07 5.00E-11 Z.EZ)E— 0.18 6.12E-11
6953 6816 6334 6210 | 1.58E-07 5.02E-11
1416 1388 1759 1724 | -8.78E-08 4.91E-11
5.04E-11
2081 2041 2771 2717 | -1.77E-07 3.29E-11
2730 2676 3299 3235 | -1.46E-07 3.04E-11
5316 5212 5671 5560 | -9.07E-08 3.85E-11
2 0.37 40 | 7750 40 5 5.1 9388 9204 9162 8983 | 5.79E-08 4.32E-11 Z'EZ)E_ 0.12 3.95E-11
10896 10683 10557 10350 | 8.69E-08 3.14E-11
12480 12236 11952 11718 | 1.35E-07 3.20E-11
3.47E-11
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Table B.3:

Detailed WWC data for 6 m 2MPZ

2MPZ | COxldg | T | P*coo | P | Gasay | Gas :’502 in 5;02 in zsoz"“‘ v'j:"”“‘ O flux Ko kg Ka/kg kg'
m mg:/alk o] Pa psig IS/tr?ﬁin :I;/tr?win Pa Pa Pa Pa mol/s cm? | mol/s*Pa*cm? Qgﬁz mol/s*Pa*cm?
18.90 18.31 38.99 37.78 | -8.11E-09 2.62E-10
27.51 26.66 42.57 41.26 | -6.08E-09 2.40E-10
108.11 104.77 87.54 84.84 8.30E-09 2.45E-10
6 0.15 40 60 20 5 5.16 87.54 84.84 76.54 74.18 4.44E-09 2.34E-10 4'?_2E- 0.52 4.90E-10
122.7 1189 96.63 93.65 1.05E-08 2.33E-10
38.51 37.32 47.60 46.13 | -3.67E-09 2.05E-10
2.37E-10
55.01 53.31 140.6 136.3 | -3.46E-08 1.48E-10
152.6 147.9 202.1 195.9 | -2.00E-08 1.27E-10
257.1 249.2 2755 267.0 | -7.43E-09 1.04E-10
6 0.25 40 330 20 5 5.16 488.4 473.3 444.9 431.2 1.76E-08 1.45E-10 4'?_Z)E- 0.29 1.88E-10
567.8 550.3 504.7 489.1 2.55E-08 1.36E-10
620.2 601.1 540.6 523.9 3.21E-08 1.40E-10
1.33E-10
751.1 736.4 984.1 964.8 | -5.97E-08 7.24E-11
1414 1386 1470 1442 | -1.45E-08 5.46E-11
2307 2262 2153 2111 3.96E-08 7.87E-11
6 0.34 40 1680 40 5 51 2734 2680 2496 2447 6.08E-08 6.92E-11 Z'Eg)E- 0.24 9.09E-11
3167 3105 2854 2798 8.01E-08 6.33E-11
1142 1120 1286 1261 | -3.70E-08 7.61E-11
6.91E-11
2138 2096 2775 2721 | -1.63E-07 4.37E-11
3194 3131 3650 3578 | -1.17E-07 4.19E-11
8031 7874 7729 7578 | 7.72E-08 4.92E-11
6 0.38 40 6150 40 5 51 11010 10794 10369 10166 1.64E-07 3.80E-11 Z.EZ)E— 0.14 4.86E-11
9388 9204 8974 8798 1.06E-07 3.73E-11
4355 4270 4623 4532 | -6.85E-08 3.93E-11
4.15E-11
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Table B.4:

Detailed WWC data for 2.5/2.5 m 2MPZ/PZ

coldg | T | P |P | Gasay | Gas Z cozin f oz : o2 ou f corn | 0 flux Ko ke Ko/kg ke

m E:g:/alk C Pa psig ls/tliin ls/tr?qin Pa Pa Pa Pa mol/s cm?* | mol/s*Pa*cm? g;(llésr;z mol/s*Pa*cm?
0.00 0.00 41.10 40.29 -1.05E-08 1.68E-10
45.62 44.73 61.83 60.62 -4.15E-09 1.31E-10
136.5 133.8 114.6 112.4 5.60E-09 1.51E-10

2.5/2.5 0.2 40 85 40 5 5.1 2.87E-10 0.53 3.28E-10
172.7 169.3 133.1 130.5 1.01E-08 1.61E-10
30.92 30.31 55.80 54.71 -6.37E-09 1.54E-10
1.53E-10
0.00 0.00 291.5 276.0 -7.46E-08 1.88E-10
228.5 2164 380.1 360.0 -3.88E-08 1.52E-10

2.5/2.5 0.2 60 550 40 5 5.28 1061 1005 819.3 776.0 6.19E-08 1.89E-10 | 2.98E-10 0.60 4.43E-10
2101 1990 1354 1282 1.91E-07 1.83E-10
1.78E-10
0.00 0.00 1673 1519 -3.14E-07 1.46E-10
880.5 799.5 2075 1884 -2.24E-07 1.40E-10

2.5/2.5 0.2 80 3000 60 5 5.51 4845 4399 4083 3707 1.43E-07 1.41E-10 | 2.28E-10 0.61 3.63E-10
6477 5881 4969 4512 2.83E-07 1.33E-10
1.40E-10
0.00 0.00 6719 5397 -1.26E-06 1.32E-10
6307 5066 9963 8003 -6.85E-07 1.17E-10
17120 13751 16451 13214 1.25E-07 1.31E-10

2.5/2.5 0.2 100 | 12500 60 5 6.22 22218 17846 18768 15075 6.47E-07 1.71E-10 | 2.54E-10 0.51 2.64E-10
27058 21733 22784 18301 8.01E-07 1.09E-10
24277 19500 20828 16729 6.47E-07 1.18E-10
1.29E-10
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Pcoz out

CO: Idg T P*coz2 P Gasdry Gas Pcozindry | Pcozinwet i Pcozoutwet | CO2 flux Ke kg Ke/kg kg'
m rmngi/alk C | Pa psig f/trtrllin T/tr(Iilin Pa Pa Pa Pa mol/s cm? mol/s*Pa*cm? I;a(;lisr;:z mol/s*Pa*cm?

0.00 0.00 19.23 19.11 -4.92E-09 8.65E-11
31.29 31.10 43.36 43.09 -3.09E-09 1.05E-10
19.61 19.48 34.69 34.47 -3.86E-09 9.76E-11

2.5/2.5 0.3 20 67 40 5 5.03 152.7 151.8 126.7 1259 6.66E-09 9.38E-11 2.82E-10 0.34 1.42E-10
121.8 121.0 104.8 104.2 4.34E-09 9.64E-11
107.8 107.2 96.15 95.55 2.99E-09 8.79E-11
9.45E-11
0.00 0.00 218.7 214.4 -5.60E-08 1.07E-10
203.6 199.6 354.4 347.5 -3.86E-08 1.07E-10
306.5 300.5 422.3 414.0 -2.96E-08 1.06E-10

2.5/2.5 0.3 40 640 40 5 5.1 1256 1231 1052 1031 5.21E-08 1.08E-10 2.87E-10 0.37 1.70E-10
1441 1413 1176 1153 6.80E-08 1.07E-10
1889 1852 1473 1444 1.06E-07 1.07E-10
1.07E-10
30.16 28.57 1271 1203 -3.18E-07 1.05E-10
897.4 849.9 1885.2 1785.5 -2.53E-07 1.09E-10
1312 1243 2209 2093 -2.30E-07 1.17E-10

2.5/2.5 0.3 60 3670 40 5 5.28 5825 5517 5211 4935 1.57E-07 1.02E-10 2.98E-10 0.37 1.73E-10
5275 4996 4807 4553 1.20E-07 1.10E-10
7993 7571 6587 6239 3.60E-07 1.13E-10
1.09E-10
41.19 37.40 5406 4909 -1.01E-06 9.36E-11
6035 5479 9062 8228 -5.68E-07 8.80E-11
7368 6690 9768 8869 -4.50E-07 8.11E-11

2.5/2.5 0.3 80 13400 60 5 5.51 2.28E-10 0.39 1.44E-10
28886 26228 23840 21646 9.46E-07 9.12E-11
22141 20104 195?66 17766 4.83E-07 8.85E-11
26826 24358 22655 20571 7.82E-07 8.76E-11




Table B.5: Detailed WWC data for 3 m HEP
HEP C0; Mg T P oo P Gty Gas Pocz inarg Pooz inwet Pooz curary Pocz 2ot wmt C0; flux ¥ kg kalkg kg’
m malfmaol alk C Pa psig std |frman std |frman Pa Pa Pa Pa el s ern® 2 'nul_-'!.;:a‘ e P::ULII:;Z IMI'IIL;:J‘CN
6.5 6.3 273 264 -8.40E-09 2.11E-1D
206 109 34.2 311 -5.50E-0% 1.84E-1D
373 362 45.4 44.0 -3, J8E-09 1.98E-1D
3 .07 40 57 20 5 5.16 74.4 711 6.2 661 2.51E-08 2.12E-1D 457E-10 0.44 3.60E-10
95.0 910 80.8 7B3 5.70E-0% 2.06E-10
1136 110.1 918 255 8.40€-00 1.95€-10
2.01E-1D
123 187 275 266 -3,31E-08 137E-1D
303 24 351 341 -1.04E-08 1.28E-10
353 342 3ES 373 -1.11E-08 118E-1D
3 0.15 40 470 20 5 5.16 731 7 GBS [F] 2.GRE-0E 1.31E-10 4.57E-10 0.7 1.73E-1D
352 815 763 733 3.G0E-08 1.16E-1D
SE1 SB3 557 540 9.65E-09 115%€-1D
1.25E-1D
77 7B1 1053 1013 -6.56E-08 8.14E-11
AES 946 1176 1153 -5.41E-08 8.30E-11
1276 1351 1399 1371 -3, 14E-08 8.14E-11
3 0.2 40 1700 a0 5 3.1 2613 2552 2372 2325 6. 1BE-OB A.3EE-11 2.87E-10 0.25 1.15€-10
2111 2070 2006 1867 2. 70E-0E B.57E-11
2172 2325 2106 2163 4. 25E-08 7.ETE-11
8.23E-11
2481 2431 3597 3527 -1.71E-07 3.G0E-11
3665 3591 4528 4440 -1.313E-07 3.67E-11
5957 5841 6372 6247 -6.37E-08 3.99€-11
3 0.25 40 TESD 40 3 3.06 ag41 113 A42E 9241 6.37E-08 31.57E-11 1.B6E-1D .20 4.70€-11
11343 11127 10585 10387 116E-07 3.75E-11
12405 12162 11387 11164 1.56E-07 3.92E-11
3.76E-11
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Table B.6: Detailed WWC data for 5 m HEP

HEP 0 Mg T P* ez p Gasyy Gas Poc nars Pooz inwei Por cui ciry T r— L0k flux K g Ka'kg kg
mi mealfmol alk L Pa psig std |f'rnan std |f'rnan Pa Pa Pa Pa el 5 ern®2 IMI'IIL;:JH:N P:f:_ll::;z IMI'IIL;:‘!":FI

151 14.6 315 x5 -7.43E-08 2. 2RE-100
EFS | 35.9 466 45.2 -3.BGE-09 2 42E-10
514 45.8 54.8 511 -1.35E-058 2.51E-10

7 .07 40 57 20 5 5.16 6.3 817 75.3 73.0 4,44E-09 212E-10 4.57E-10 .51 4.72E-10
108 105 861 814 8.98E-09 2.48E-10
138 124 988 95.7 1.1BE-O8 2. 2BE-10
2.32E-10
161 156 243 1315 -3.31E-08 1.40€-10
107 103 200 154 -3.76E-08 1.32E-10
257 249 11 o1 -2 16E-08 1.36E-10

5 0.15 40 435 20 5 5.16 407 482 AR3 AE8 5. 70E-00 1.46E-100 4.57E-10 0.30 1.93E-10
559 SE1 5549 542 1.61E-OE 1.20€-10
714 M1 653 6313 3. 2GE-OB 1.30€-10
1.36E-10
2307 2162 2183 2140 3.19€-08 7.27E-11
797 TE2 1055 1035 -6.B0E-08 7.B1E-11
256 a7a 1124 1102 -5.E3E-08 7.6IE-11

5 0.z 40 1760 40 5 a1l 1075 1054 1246 1321 -4, IHE-08 7.0BE-11 2.87E-10 0.26 1.00€-1D
2010 1570 1568 1530 1.06E-08 5.61E-11
2764 2710 2526 2477 6.0BE-08 7.35E-11
7.43E-11
1E95 1E5E 3184 3220 -2.13E-07 31.17E-11
3039 2579 4249 4166 -1.BGE-07 3. 26E-11
SE06 5643 6545 6417 -1.14E-07 351E-11

s 0.25 40 9300 40 3 3.06 16401 1608 14968 14675 2. }0E-07 1G4E-11 1.86E-10 .17 3.71E-11
145591 14306 13724 13456 1.33E-07 2.92E-11
12706 12457 13178 119440 8.11E-08 2. BDE-11
3.09E-11
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Table B.7: Detailed WWC data for 7.7 m HEP

HEP OO Mg T P* g P Gty Gas Pz i ary P i wet Pz zut ary Pong 2ot wet O flux K 58 Ka'kg g
m mialy/mol alk C Pa paig std |frman std |f'rnan Pa Pa Pa Pa mial s ern® IMI"IL;:J‘CN P.Jml.ll:*z IMI"IL;:J‘CH

9.6 9.3 34.4 314 -1.00E-08 2.48E-10
254 246 416 413 -6.95E-09 2.37E-10
45.2 4318 518 51.2 -3.CAE-09 2.04E-10

.7 Q.07 40 61 20 1 516 2.5 2E.7 7ED 76.5 4. 25E-09 2.34E-10 4.57E-10 Q.51 A.G7E-10
111 108 911 @2 7.72E-09 2.23E-10
134 130 105.5 102.2 1.16E-0E 2.23E-10
2.31E-10
180 176 276 270 -2 A5E-08 1.34E-10
330 323 362 355 -8.21E-09 1.1BE-10
106 104 234 210 -3.37E-08 1.38E-10

.7 Q.15 40 410 40 1 51 711 706 606 504 2.04E-0E 1.25E-10 2.E7E-10 0.46 2. 44E-10
513 503 470 451 1.0%€-08 1.56E-10
622 610 543 a2 2.03E-08 1.28E-10
1.32E-10
770 754 944 926 -4 47E-08 7.08E-11
973 954 10a7 1076 -3, 19E-08 6.96E-11
1180 1157 1254 1228 -1.E8E-08 6.71E-11

.7 0.2 40 1475 40 5 51 1682 1649 1636 1604 1.16E-08 7.706-11 2.87E-10 Q.24 9.23E-11
2356 2310 2157 2114 5.12E-0B 6.98E-11
2013 1874 1697 1E58 2.99E-08 6.81E-11
6.99E-11
1625 15491 2764 2710 -1.75E-07 3.00€-11
ABN7 4713 5411 5105 -9.27E-08 3.11E-11
3471 3405 4198 4214 -1.27E-07 3.04E-11

1.7 0.25 40 2000 40 3 308 13535 13271 13505 12347 1. 45E-07 3.02E-11 1.86E-10 016 3.62E-11
11833 11607 11128 10979 4.85E-08 3.00€-11
10218 10018 9841 AE4E 5. 70E-0E 3.17E-11
3.03E-11

171




Table B.8: Detailed WWC data for 7 m MEA in 19 NMP/1 water

MEA CO,Ildg | T |P*coa| P | Gasay Gas  |Pcozindry|Pcozinwet|Pcoz out dry|Pcoz out wet| CO3 flux Ks kg Ke/kg kg'
m mol/mol alk| C| Pa |[psig|std|/min|std|/min Pa Pa Pa Pa mol/s cm”~2|mol/s*Pa*cm”2|mol/s* Pa*cmn2 mol/s*Pa* cm~"2

7m 55.3 54.2 94.5 92.6 -1.60E-08 3.94E-10
86.1 84.4 107.2 105.1 -8.59E-09 4.18E-10

95 NMP 0.302 40| 117 | 20 5 5.16 157.6 154.5 132.5 129.9 1.03E-08 4.44E-10 4.57E-10 0.87 3.17E-09
5 water 208.6 204.5 154.0 151.0 2.23E-08 3.93E-10
4.00E-10
7m 83.5 81.8 196.1 192.3 -4.60E-08 3.13E-10
206.9 202.8 256.4 251.4 -2.02E-08 3.33E-10

95 NMP 0.365 20| 291 | 20 5 5.16 446.1 437.3 367.6 360.4 3.20E-08 3.11E-10 4.57E-10 0.69 1.01E-09
5 water 546.5 535.8 413.8 405.7 5.42E-08 3.16E-10
3.15E-10
7m 212.7 208.5 473.2 463.9 -6.67E-08 1.44E-10
411.0 402.9 580.6 569.3 -4.34E-08 1.37E-10

95 NMP 0.412 40| 810 | 40 5 5.1 1410.1 | 1382.5 1165.1 1142.2 6.27E-08 1.42E-10 2.87E-10 0.49 2.79E-10
5 water 1971.9 | 1933.3 1493.1 1463.8 1.23E-07 1.41E-10
1.42E-10
7m 2504 2455 2624 2573 -3.09E-08 6.66E-11
1894 1857 2145 2103 -6.44E-08 6.47E-11
3687 3615 3563 3493 3.19E-08 5.57E-11

95 NMP 0.45 40| 2980 | 40 5 5.1 4898 4802 4581 4491 8.11E-08 4.88E-11 2.87E-10 0.21 7.70E-11
5 water 4445 4358 4189 4107 6.56E-08 5.26E-11
1455 1427 1835 1799 -9.72E-08 7.16E-11
6.07E-11
7m 4004 3926 4822 4728 -1.26E-07 3.02E-11
4988 4891 5542 5434 -8.51E-08 2.56E-11
14026 13751 13347 13086 1.04E-07 2.12E-11

95 NMP 0.465 40| 8500 | 40 3 3.06 10557 | 10350 10293 10092 4.05E-08 2.36E-11 1.86E-10 0.13 2.82E-11
5 water 12932 12679 12480 12236 6.95E-08 1.76E-11
6900 6765 7183 7042 -4.34E-08 2.73E-11
2.45E-11
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Table B.9: Detailed WWC data for 7 m MEA in 3NMP/1 water

MEA COyIldg [T |P*coz| P | Gasyy Gas  |Pcozindry|Pcoz inwet| Pcoz out dry| Pcoz out wet| €O flux Ks kg Ke/kg kg'
m mol/mol alk| C| Pa |psig|std|/min|std |/min Pa Pa Pa Pa mol/s cm”2|mol/s*Pa*cm”2|mol/s* Pa*cmA2 mol/s*Pa*cmA2

7m 106.0 104.6 225.8 222.8 -4.84E-08 1.85E-10
301.6 | 297.6 346.8 342.2 -1.82E-08 1.68E-10

3 NMP 0.3 40| 105 | 20 5 5.07 574.0 566.4 526.2 519.2 1.93E-08 1.74E-10 4.50E-10 0.40 3.02E-10
1 water 777.3 767.0 655.4 646.7 4.92E-08 1.81E-10
1.81E-10
7m 3.35 3.28 67.0 65.7 -2.60E-08 2.82E-10
59.8 58.6 94.2 92.4 -1.41E-08 2.67E-10

3 NMP 0.39 40| 430 | 20 5 5.07 254.7 | 249.7 192.5 188.8 2.54E-08 2.96E-10 4.57E-10 0.60 6.92E-10
1 water 576.4 | 565.1 362.4 355.3 8.74E-08 2.74E-10
2.75E-10
7m 682.1 | 676.3 913.9 906.3 -5.94E-08 1.03E-10
871.7 864.4 | 1037.6 | 1028.9 | -4.25E-08 1.00E-10
965.2 957.1 1112.3 | 1102.9 | -3.76E-08 1.11E-10

3 NMP 435 40| 1375 | 40 5 5.04 1519 1507 1474 1462 1.16E-08 1.08E-10 2.85E-10 0.37 1.65E-10
1 water 1706 1692 1590 1577 2.96E-08 1.16E-10
1998 1982 1798 1783 5.12E-08 1.02E-10
1.04E-10
7m 3054 3028 3390 3361 -5.16E-08 3.71E-11
3510 3481 3721 3690 -3.24E-08 3.24E-11
3 NMP 5942 5892 5678 5630 4.05E-08 3.48E-11

1 water 0.47 40| 4590 | 40 3 3.03 5486 5440 5320 5275 2.55E-08 3.33E-11 1.84E-10 0.19 4.32E-11
5033 4991 4951 4909 1.27E-08 3.55E-11
4057 4023 4170 4135 -1.74E-08 3.41E-11
3.50E-11
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Table B.10: Detailed WWC data for 7 m MEA in INMP/3 water

MEA CO, Idg T P*c02 P Gasgy Gas Pcoindry Pco2inwet P oz outdry P o2 out wet CO, flux Kg kg Ke/kg kg'

m mol/mol alk |C Pa psig std |/min std |/min Pa Pa Pa Pa mol/s cm?2 T;Vs*Pa*cm r:;lc/;*/\z ::/I\/ZS*Pa*
7m 5.28] 5.18] 187.0 183.4 -1.94E-08 1.05E-10
297.9 292.0] 398.2] 390.4] -9.65E-09 1.09E-10

1NMP 0.38 40 230 40 5 5.1 1033.8] 1013.6) 961.5 942.6) 1.25E-08 1.08E-10] 2.87E-10 0.37 1.70E-10
3water 1314.0 1288.3 1150.0 1127.5 3.09E-08| 1.08E-10
1.07E-10
7m 0.00 0.00 213.8] 202.5] -4.65E-08 7.87E-11]
130.1 123.2 281.6 266.8 -2.57E-08 7.41E-11

1NMP 0.42 40 690 40 5 51 629.7] 596.4 549.3 520.3] 1.85E-08 6.47E-11| 2.87E-10 0.27 1.06E-10
3water 730.3] 691.7] 605.9] 573.9] 4.20E-08 8.18E-11
7.76E-11]
7m 5.28] 5.18] 867.2] 850.2] -2.21E-07 2.31E-11
6436 6310 6681 6550 -6.27E-08 1.76E-11
1NMP 12367 12125 12254 12014 2.90E-08| 1.40E-11

0.46 40 10000 40 5 51 2.87E-10 0.06 1.98E-11
3water 16288 15969 15911 15600 9.65E-08| 1.67E-11
20096 19703 19568 19185 1.35E-07 1.43E-11
1.85E-11
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Table B.11: Detailed WWC data for 7 m DGA in NMP/water

DGA CO, Idg T P*c02 P Gasyry Gas Pcozindry Pcozinwet Pco2outdry P02 out wet CO, flux Kg kg Ko/kg kg'
m mol/mol alk|C Pa psig std I/min std I/min Pa Pa Pa Pa mol/s cm”2 Eflz/s*Pa*c :acilc/:n*’\z $2I2/5*Pa*c

7m 3.35] 3.28] 110.0j 107.9| -4.36E-08| 2.61E-10
130.4 127.8 169.6 166.3| -1.60E-08| 2.02E-10

3NMP 0.29 40 228 20 5 5.16 362.4 355.3] 308.5] 302.5 2.20E-08 2.23E-10| 4.57E-10 0.54 5.40E-10
1water 468.8] 459.6 361.2] 354.1 4.39E-08] 2.53E-10
2.48E-10
7m 3.35 3.28 167.4] 164.1] -6.70E-08] 2.11E-10
253.5] 248.6) 315.7| 309.5| -2.54E-08 2.01E-10

3NMP 0.34 40 408 20 5 5.16 887.4 870.0, 700.8] 687.1 7.62E-08 2.10E-10| 4.57E-10 0.46 3.84E-10
1water 1315.5] 1289.7| 961.5] 942.7, 1.45E-07 2.08E-10
2.09E-10
7m 205.9] 201.8] 473.2] 463.9] -6.84E-08| 1.44E-10
426.1] 417.7| 592.0] 580.4] -4.25E-08 1.35E-10]

3NMP 0.38 40 820 40 5 5.1 1591.1 1560.0 1281.2 1256.1 7.94E-08 1.38E-10] 2.87E-10 0.48 2.69E-10
1water 2051.1 2010.9 1553.4 1523.0 1.27E-07| 1.38E-10]
1.39E-10)
7m 716.37| 702.35 991.6) 972.2| -7.05E-08| 7.29E-11
1064 1043 1260 1235  -5.02E-08] 7.54E-11

3NMP 0.41 40 1810 40 5 5.1 3219 3153 2869 2809 89808 772 2.87E-10 0.25 9.50E-11
4004 3926 3473 3405 1.36E-07 7.39E-11
1 water 5279 5175] 4479 4392 2.05E-07 6.92E-11
7.14E-11
7m 1270.6 1245.7| 1651.4 1619.1] -9.75E-08 5.87E-11
2062 2022 2225 2181  -4.15E-08] 4.17E-11

3NMP 0.43 40 3100 40 5 5.1 2018 >>08 2279 217 80908 38811 2.87E-10 0.17 5.78E-11
7239 7097 6734 6602 1.29E-07 3.45E-11
1water 4815 4721 4577 4488 6.08E-08 4.05E-11
4.81E-11
7m 3778 3704 4215 4133  -6.72E-08| 2.89E-11
3NMP 5429 5323 5569 5460 -2.14E-08] 2.50E-11]

0.45 40 6250 40 3 3.06 8483 8317 8106 7948 5.79E-08 3.09E-11| 1.86E-10 0.15 3.25E-11
1water 10708 10498 10029 9833 1.04E-07 2.67E-11
2.77E-11
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Table B.12: Detailed WWC data for 5 m PZ in NMP/water and TEG/water

Pz CO, Idg T P*c02 P Gasgy Gas Peozindry Peozinwet Peozoutdry P02 outwet CO, flux Ke kg Ke/kg kg'
m mol/mol alk |C Pa psig std |/min std |/min Pa Pa Pa Pa mol/s cm”2 Amzol/s*Pa*cm Pmalllc/r:*'\z Ir\nzol/s*Pa*cm
5m 2.39 2.34 38.99 38.22, -1.49E-08 2.19E-10]
in 49.03 48.07 67.21 65.89 -7.42E-09 2.31E-10]
1TEG 0.2 40 90 20 5 5.16 196.6} 192.8] 153.08] 150.08; 1.78E-08] 2.24E-10| 4.57E-10 0.49 4.33E-10
2 water 497.3] 487.5) 333.18 326.66) 6.70E-08 2.16E-10]
2.22E-10]
5m 0.00} 0.00} 157.9 153.0f -6.37E-08 1.42E-10]
in 192.3 186.4 291.8] 282.8 -4.02E-08 1.37E-10
1TEG 369.1 357.7, 414.0 401.2 -1.81E-08 1.21E-10]
03 40 570 20 5 5.16 4.57E-10 0.30 1.93E-10
2 water 906.5 878.5 801.3 776.5 4.25E-08 1.44E-10
1332.2, 1291.1 1114.6) 1080.2] 8.78E-08 1.35E-10]
1.36E-10]
5m 0.00 0.00 109.3] 105.9 -4.41E-08 2.13E-10]
in 238.0 230.6) 251 243 -5.31E-09 1.93E-10]
1NMP 462 447 383] 371 3.19E-08 2.26E-10]
3water 0.25 40 265 20 5 5.16 698] 677 539 522 6.44E-08 1.96E-10| 4.57E-10 0.44 3.66E-10
897 869 658 637 9.65E-08) 2.02E-10]
48 46 130 126 -3.34E-08 1.90E-10]
2.03E-10
5m 0.00 0.00 311 302 -1.26E-07 1.17E-10)
in 459 445) 653 633 -7.82E-08 1.13E-10]
1NMP 0.3 40 1235 20 5 5.16 2523 2446 2229 2160 1.19E-07| 1.12E-10] 4.57E-10 0.25 1.53E-10
3water 3023 2930 2593 2513 1.74€-07| 1.18E-10]
1.15E-10)
5m 0.00} 0.00} 1406 1379 -3.60E-07 4.14€E-11]
in 3209 3146 4129 4048 -2.36E-07 4.06E-11]
1NMP 7217 7075 7533] 7386) -8.11E-08 3.73E-11]
3water 0.35 40 9400 60 4.38 5.45 11760 11530 11458 11234 7.72E-08 3.92e-11| 2.87E-10 0.12 4.05E-11
17189, 16853| 16360 16039 2.12E-07| 3.02E-11]
19338 18960 18471 18110 2.22E-07| 2.44E-11]
3.55E-11]
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Table B.13: Detailed WWC data for 5 m PZ in 1 SUF/3 water

PZ CO, dg T P* o2 P Gas dry Gas P coziniry P coznmwet P cozmutairy P coxmutavet CO, Hlux Kg kg K /kg kg'
[fin mol/mol@lk C Pa psig stdd/min stddl/min Pa Pa Pa Pa mol/s@mA"2 moI/::\l;a*c P:li'::: mol/r:’:I;a*c

0 0 37 35 -1.48E-08 3.07E-10
20 19 46 45 -1.07E-08 3.12E-10
52 51 61 59 -3.57E-09 2.81E-10

5 0.21 40 68 20 5 5.16 121 117 93 90 1.14E-08 3.37E-10 4.57E-10 0.68 9.62E-10
92 89 81 79 4.15E-09 2.72E-10
132 128 100 97 1.29E-08 3.04E-10
3.10E-10
447 410 489 448 -1.69E-08 2.64E-10
65 59 271 249 -8.35E-08 2.52E-10
201 184 344 316 -5.79E-08 2.42E-10

5 0.21 60 495 20 5 5.45 287 263 397 364 -4.44E-08 2.51E-10 4.83E-10 0.51 4.93E-10
776 711 673 617 4.15E-08 2.52E-10
1133 1038 885 811 1.00E-07 2.38E-10
2.44E-10
12 12 26 25 -5.50E-09 2.22E-10
23 23 35 34 -4.63E-09 3.17E-10
32 32 37 36 -1.83E-09 1.91E-10

5 0.27 20 44 20 5 5.05 108 107 80 79 1.13E-08 2.38E-10 4.46E-10 0.54 5.23E-10
80 79 64 63 6.47E-09 2.47E-10
64 63 55 54 3.48E-09 2.43E-10
2.41E-10
124 121 183 177 -2.37E-08 2.16E-10
182 176 212 205 -1.21E-08 1.74E-10
71 69 154 149 -3.32E-08 2.24E-10

5 0.27 40 261 20 5 5.16 477 462 393 381 3.38E-08 2.15E-10 4.57E-10 0.47 4.05E-10
378 366 335 325 1.74E-08 2.10E-10
317 307 297 288 7.92E-09 2.23E-10
2.15E-10
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PZ CO , lidg T P* coa P Gas ary Gas CO2lindry CO2nwet co2mutiry coxmutivet CO , Hlux Ke kg Ke /kg kg'
[in mol/ar|7l1<ol C Pa psig std/min stdd/min Pa Pa Pa Pa nol/s@m~2 mt:lc/::\F;a P::(ZK]S: mflc/;’:F;a
108 107 114 113 -2.70E-09 1.60E-10
87 86 102 101 -5.79E-09 1.76E-10
199 197 174 172 9.85E-09 1.74E-10
5 0.27 60 1330 20 5 5.45 163 161 151 149 4.73E-09 1.70E-10 4.83E-10 0.44 3.83E-10
70 69 90 89 -7.92E-09 1.68E-10
178 177 161 159 7.05E-09 1.74E-10
2.14E-10
233 214 722 662 -1.97E-07 2.26E-10
513 470 899 824 -1.56E-07 2.34E-10
1488 1364 1461 1340 1.06E-08 5.53E-10
5 0.323 20 127 20 5 5.05 2181 2000 1930 1769 1.01E-07 1.86E-10 4.46E-10 0.38 2.79E-10
1837 1684 1722 1579 4.63E-08 1.55E-10
785 719 1072 982 -1.16E-07 2.48E-10
1.72E-10
371 359 502 487 -5.31E-08 1.35E-10
243 235 420 407 -7.14E-08 1.45E-10
773 749 798 773 -1.01E-08 1.74E-10
5 0.323 40 820 20 5 5.16 1301 1261 1177 1140 5.02E-08 1.33E-10 4.57E-10 0.30 1.96E-10
957 927 928 899 1.16E-08 1.25E-10
1122 1087 1048 1015 2.99E-08 1.30E-10
1.37E-10
1222 1120 2148 1969 -3.74E-07 1.12E-10
2073 1900 2840 2604 -3.10E-07 1.18E-10
3338 3060 3772 3458 -1.75E-07 1.07E-10
5 0.323 60 4900 20 5 5.45 10273 9417 9199 8432 4.34E-07 1.08E-10 4.83E-10 0.23 1.44E-10
8738 8010 7993 7327 3.01E-07 1.09E-10
6874 6302 6502 5960 1.50E-07 1.23E-10
1.11E-10
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PZ CO , dg T P* co2 P Gas dry Gas P co2anairy COo2antvet CO2utiEry co2mutawet CO ; [lux Ke kg Ke /kg kg'
[fn mol/ar;:(ol C Pa psig stdd/min stdd/min Pa Pa Pa Pa fnol/s@mA2 m:::/;:F;a P:*erf: mflc/;*,;a
227 226 271 270 -1.13E-08 8.97E-11
177 176 234 232 -1.45E-08 8.56E-11
701 697 608 604 2.38E-08 8.73E-11
5 0.365 20 375 40 5 5.05 558 555 507 504 1.30€E-08 8.52E-11 2.82E-10 0.31 1.26E-10
607 604 542 539 1.67E-08 8.59E-11
271 270 303 301 -8.01E-09 9.03E-11
8.70E-11
1305 1279 1628 1596 -8.28E-08 8.33E-11
2108 2066 2187 2144 -2.03E-08 6.08E-11
3310 3246 3107 3046 5.21E-08 7.44E-11
5 0.365 40 2440 40 5 5.1 3725 3652 3420 3353 7.82E-08 7.41E-11 2.87E-10 0.27 1.06E-10
1629 1597 1854 1818 -5.77E-08 7.94E-11
2835 2780 2745 2691 2.32E-08 7.90E-11
7.74E-11
16298 15436 15986 15141 7.96E-08 5.37E-11
6261 5930 7719 7311 -3.73E-07 5.22E-11
10940 10362 11528 10919 -1.50E-07 4.77E-11
5 0.365 60 13800 40 5 5.28 19408 18382 18613 17629 2.04E-07 4.85E-11 2.98E-10 0.16 5.80E-11
21620 20477 20549 19462 2.74E-07 4.46E-11
9420 8922 10249 9707 -2.12E-07 4.75E-11
4.86E-11
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PZ CO , dg T P* co2 P Gas dry Gas CO2nry CO2tinmvet CO2ButiHry co2mutawet CO ; Hlux Ke kg Ke /kg kg'
[n mol/arlwlol C Pa psig stdd/min stdd/min Pa Pa Pa Pa fnol/s@m”2 mflc/;t\za P?‘(Zl:ns: mflc/;t\;a
426 423 607 603 -2.78E-08 5.23E-11
657 653 757 752 -1.53E-08 4.45E-11
1467 1458 1348 1340 1.82E-08 5.29E-11
5 0.4 20 1050 40 3 3.02 1320 1311 1244 1237 1.16E-08 5.22E-11 1.83E-10 0.28 7.16E-11
1685 1675 1508 1499 2.72E-08 5.12E-11
792 787 879 873 -1.33E-08 6.13E-11
5.15E-11
4377 4291 5137 5037 -1.17e-07 3.80E-11
8860 8686 8642 8473 3.34E-08 4.05E-11
10595 10387 10007 9811 9.03E-08 3.86E-11
5 0.4 40 7750 40 3 3.06 5756 5643 6205 6084 -6.90E-08 3.68E-11 1.86E-10 0.21 4.83E-11
6302 6179 6634 6504 -5.10E-08 3.64E-11
10042 9845 9558 9371 7.43E-08 4.02E-11
3.83E-11
42222 40587 41797 40179 4.78E-08 1.44E-11
31838 30605 32546 31286 -7.96E-08 1.31E-11
23342 22438 25230 24253 -2.12E-07 1.55€-11
5 0.4 60 37050 60 3 3.12 53927 51839 52133 50115 2.02E-07 1.45E-11 1.40E-10 0.11 1.67E-11
47130 45306 46139 44353 1.11E-07 1.44E-11
28251 27157 29572 28427 -1.49E-07 1.61E-11
1.49E-11
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Table B.14: Detailed WWC data for 5 m PZ in 1 SUF/1 water

Pz 00 Mg T P* e p Gltsar, Gas Pozinam Pooz inwmt Porz aut dry Porz 2 i O flux K kg K'kg kg
m mealfmol alk [ Pa nsig std |frnan std |frnan Pa Pa Pa Pa malfs erm®2 | mal /s Pa®cm®2 P::I:;z s -:'11 e
13 12 50 4B -1.50E-08 4.31E-10
Eh | 30 =1 55 -1.04E-08 4.41E-10
47 45 61 59 -5.79E-09 3.92E-10
s 01738 40 L34 20 5 5.16 1060 a7 a0 78 7.92E-09 4.53E-10 4.57E-10 0.93 6.3BE-09
117 114 a7 a4 1.23E-08 A.ZEE-10
a0 ar 9 76 4.44E-09 3.45E-10
4.27E-10
aB a8 263 241 -G.GHE-08 3.34E-10
283 259 341 £} ] -2.34E-08 2. 70E-10
236 217 375 258 -3.59E-08 3.1%E-10
s 01738 &0 E i 20 5 5.45 938 851 666 611 1.06E-07 3.09E-10 4.83E-10 .65 8.7BE-10
706 647 561 544 5.E5E-08 2.95E-10
5E0 513 AE2 A2 3. 14E-08 3.20E-10
3112E-10
10 10 21 23 -5.21E-08 2.79E-10
22 21 27 7 -2.32E-09 2.00E-10
(1] (1] 54 54 6.0BE-09 2.40E-10
s 0.26 20 36 20 5 5.05 61 &0 S0 50 4.25E-09 2.30E-10 4.46E-10 .60 6.67E-10
a5 85 61 (] 9.94E-0% 2.BSE-10
108 107 71 72 1.40£-08 2.72E-10
2.6TE-10
110 107 147 143 -1.50E-08 2.08E-10
154 1540 171 166 -5. PRE-05 1.70€-10
71 GE 124 121 -2 A7E-08 2. 14E-10
5 0. 26 40 81 20 5 5.16 2E8 27 257 249 1.25E-08 1.93E-10 4.57E-10 0.45 3.73E-10
73 62 307 208 2.GSE-O8 2.06E-10
33z 312 283 274 2.01E-0Q8 2.05E-10
2.05E-10

181




Pz C0: g T P*ox P LT L Gas P indry Pro inwei Pooz cutdry Prc cut wei 00 flux " g Kalkg g
mi mal/mol alk i Pa piag std |frnan std |frnan Pa Pa Pa Pa maalfs ern®2 | malfs®Pa*em*2 P::ULI:;E malfs -;di £
465 476 a215 756 -1.45E-07 1.G5E-1D0
646 592 9E3 a01 -1.35E-07 1.88E-10
1167 1070 11213 1212 -6.27E-08 1.BRE-1D
5 0.26 &0 1480 20 5 5.45 3312 3056 2775 2543 217E-07 1.GBE-1D 4.83E-10 .36 2. 70E-10
2282 2042 2045 1E75 9.56E-08 1.93E-10
3027 2770 2564 2350 1.85E-07 1.73E-10
1.73E-1D
204 206 169 167 1.58E-08 1.52E-1D0
164 1e2 1318 137 1.02E-08 1.51E-10
46 A6 50 3 -4.02E-08 1.72E-10
5 0.31 20 a1 0 5 5.05 11 11 35 34 -2 B5E-00 1.67E-10 4. 46E-10 0.35 2.36E-10
143 148 127 126 8.7BE-09 1.G0E-10
51 51 &0 59 -2.61E-0% 1.05E-10
1.556-10
203 157 3ng 204 4.04E-08 1.55E-10
204 2BS 362 351 2.77E-08 1.46E-10
1165 1129 a77 947 7.50E-08 1.45E-10
5 0.31 40 510 20 5 5.16 Q8] 950 HED H24 5.25E-08 1.41E-10 4.57E-10 .32 2.16E-10
267 240 763 734 4.19E-08 1.51E-1D
732 700 670 6449 212E-08 1.30€-10
1.47E-10
1512 1385 2021 1E51 -2.0GE-07 9.46E-11
1ESE 1704 2282 203 -1.71E-07 9.01E-11
Q0sT 8111 B0ED 7407 3.98E-07 9.85E-11
5 0.31 &0 3800 20 5 5.45 7138 6543 G524 S0ED 2 4BE-07 1.01E-1D 4.83E-10 0.20 1.23E-10
3143 ZE81 342E 3147 -1.15E-07 1.47E-10
10536 QE5E a164 8442 5.13E-07 9.77E-11
9.82E-11
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Pz 0 g T P* oo P Gasy, Gas Pooz inany Pz inwnt Pooz et dry e p— 0 flux K g Ka'kg kg
mi mial'mol alk i Pa paig std |frman std |fman Pa Pa Pa Pa mealfs erm®2 | molfs®Pa®cm®2 P.:m::*z 'nul_-'s.':a‘ e
1176 153 1346 1320 -4.34E-08 7.50€-11
3307 3242 2064 2006 8.79€E-08 7.05E-11
1746 1712 1765 1730 -4 B3E-09 4.8BE-11
5 0.36 40 1E20 40 5 51 759 TE4 1071 1060 -6.95E-08 7.75E-11 2.B7E-1D 0.26 9.93E-11
2541 2491 2164 2118 4.54E-08 7.82E-11
2060 2802 2688 2636 6.95E-08 7.38E-11
7.38E-11
6371 6035 7502 7105 -2.B9E-07 4.81E-11
9593 9045 10180 9542 -1.50E-07 4.66E-11
a3 75480 BEGT #3198 -2 21E-07 4.81E-11
5 0.36 &0 12600 40 5 5.28 17127 16222 16470 15600 1.6RE-O7 5.09E-11 2.98E-10 016 5.56E-11
18648 17662 17853 16909 2.04E-07 4.35E-11
21689 20543 20376 15259 3.36E-07 4.60E-11
4.65E-11
3530 3461 4135 A054 -9.19E-08 2.97E-11
4E51 ATSE 5155 5054 -4 67E-08 2.35E-11
2504 2455 s A0 -0.06E-08 2.42E-11
5 0.4 40 6900 40 3 3.06 1557 11370 10906 10652 1.0BE-O7 2.58E-11 1.BBE-1D 0.14 3.01E-11
8522 8747 2581 2415 5.20€-08 3.10€-11
12772 13522 11908 11675 1.33E-07 2.56E-11
2.58E-11
22964 22075 24522 23573 -1.75E-07 1.20€-11
15566 18809 22020 21168 -2.7GE-07 1.58€-11
2E251 27157 25572 28427 -1.49E-07 1.55E-11
5 0.4 &0 13800 &0 3 312 46753 44043 A5H5E 44081 1.01E-07 1.47E-11 1.40€-10 0.10 1.58E-11
51944 45034 SO4E1 4E517 1.65E-07 1.35€-11
55248 53110 53455 51386 2.02E-07 1.36E-11
142E-11
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Table B.15: Detailed WWC data for 5 m PZ in 1 IMI/1 water

Pz 0: Mg T P* o P [er T Gas Pz i ary Pocz it Pooz =t ar - OO flux ks ke K'kg kg
m meal mol alk L Pa nsig std |frman std |fman Pa Pa Pa Pa rreal s et 2 MI:;E T P.Jml.ln!l*2 MInL':; T
37 36 a2 aw -2 21E-08 3.16E-10
GE (5] 106 103 -1.53E-08 3.10€-10
a7 a4 114 110 -1.10E-08 2.95E-10
5 0.225 4D 136 20 5 5.16 156 150 166 160 1.23E-08 3.30E-10 4.57E-10 0.68 9.G5E-10
213 207 176 17 1.52E-08 3.02E-10
170 165 155 150 5.00£-09 2.91E-10
3.11E-10
470 431 667 612 -7.56E-08 2.GEE-10
204 187 c12 A0 -1.24E-07 2.55E-10
314 306 SO3 544 -1.05E-07 2.GEE-10
5 0.225 (] 830 20 5 5.45 1289 1182 1117 1024 6.95E-08 2.62E-10 4.B3E-10 0.53 5.55E-10
1536 1408 1258 1151 L12E-07 2.56E-10
1155 1059 1050 953 4.15E-08 2.41E-10
2.58E-10
20 159 161 160 1.50€-08 1.97E-10
30 1] 56 56 -1.06E-08 1.98€-10
45 48 &7 [ -7.34E-05 1E87E-10
5 0.31 20 a7 20 5 5.05 65 64 7B 77 -5.31E-0% 2.04E-10 4 46E-10 0.44 3.47E-10
172 171 144 143 L13E-08 L92E-10
151 143 131 130 7.92E-09 190E-10
1.95E-10
20 155 64 a52 -6.55E-08 L72E-10
] 209 411 414 -4.56E-08 L&7E-10
412 A0 508 483 -3A49E-08 | 1.G0E-1D
5 0.31 4an GE0 20 5 5.16 1055 1022 911 anz 5.00E-08 1.GRE-1D 457E-10 0.37 2.69E-10
1122 10E7 q73 943 5.95E-08 1.71E-1D
945 916 854 832 3.4BE-08 LE5E-10
LESE-10
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Pz C0; kg T P* oo P Gty Gas P in ary P i wet P zut ary Pl 2t weet Oz flux K g Ka'kg g
mi meal/mol alk L Pa pEig std |frnan std |frnan Pa Pa Pa Pa s e 2 IMI::;;J‘C P::ULI:;E IMI::':;J‘C
8014 171 7971 7307 3.B1E-O7 1.22E-10
2500 21972 314 2B55 -2 .48E-07 1.23E-10
2826 2687 3421 3136 -2.00E-07 1.19€-10
s 031 &0 4600 20 s 5.45 ATIE 3487 4079 3TIn -1.13E-07 1.15E-10 4.83E-10 0.25 1.G0E-10
7545 7286 7265 G661 2.74E-07 1.1GE-10
7160 6563 GESS 6101 2.04E-07 1.1BE-10
1.20€-10
169 168 212 210 -LEIE-08 | 9.27E-11
204 202 257 256 -1.37E-08 9.406-11
245 243 284 2E3 -1.01E-08 9.13E-11
s Q.37 20 aTs 40 s 5.03 508 a05 469 467 9.94E-0% 9.07E-11 2.B2E-10 0.33 1.36E-10
SE4Q SES 510 507 1.51E-08 9.47E-11
633 629 559 555 1.90€-08 8.84E-11
9.1BE-11
1104 1177 1531 1501 -8.45E-08 6.63E-11
1417 1389 168S 1656 -6.97E-08 6.30E-11
1584 1553 1844 1E0& -5.66E-08 7.13E-11
s Q.37 40 2620 40 s 51 1804 1766 2013 1574 -5.43E-08 7.2BE-11 2.B7E-10 0.24 8.86E-11
3612 3541 3393 3327 5.60E-0B 6.92E-11
33463 3297 3N 3138 4.15E-08 6.98E-11
6.77E-11
93485 8ERG 10629 10067 -3.19E-07 4.19€-11
13947 13240 14456 13701 -1.33E-07 3.G5E-11
10837 10264 1770 11148 -2.39E-07 3.74E-11
s Q.37 &0 17100 40 s 5.28 25871 24504 24800 23489 2. TAE-O7 3.99€-11 2.9BE-10 .13 4.57E-11
21242 21066 21689 20543 1.42E-07 3.83E-11
24350 23063 23486 21245 2.1E-07 3.99€-11
3.96E-11
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Pz 0: Mg T P* o P [er T Gas Pz i ary Pz i wet Pooz =t ar - OO flux ks ] K'kg kg
m meal mol alk L Pa nsig std |frman std |fman Pa Pa Pa Pa rreal s et 2 .MI::-:EJ‘ : P.Jml.ln!l*2 .MI:I:':EJ‘ :
357 356 672 GE9 -3.54E-08 5.ME-11
513 520 751 747 -2.57E-08 4.58E-11
G676 672 843 840 -1.B9E-08 4.30E-11
5 0.415 20 1200 &0 3 301 1455 1448 1370 1361 9.56E-09 4.71E-11 133E-10 0.37 7.72E-11
1531 1822 1671 1666 2.90E-08 4.95E-11
1581 1674 1511 1504 1.01E-08 4.09E-11
4.80E-11
4595 4531 5496 5417 -1.01E-07 2.84E-11
3731 3677 4E31 4761 -1.24E-07 2E87E-11
6350 6178 GER4 6785 -5.79E-08 2.BBE-11
5 0.415 40 8550 L) 3 3.04 12533 12354 11722 11554 9.13E-08 2.70€-11 L36E-10 0.21 3.50€-11
11070 1maiz 10542 10381 5.95E-08 2.B4E-11
13855 13656 12763 12586 1.22E-07 2.GBE-11
2.7BE-11
2E7T0 27656 30750 20607 -2.18E-07 1.30€-11
158660 1E859 23059 22166 -3 B2E-07 145E-11
31726 32410 35094 331736 -1.54E-07 117E-11
5 0.415 &0 46200 60 3 i1 GE529 53954 64358 G866 2.44E-07 1.46E-11 1.40€-10 0.10 1.55E-11
71573 GESCE GE91G GE2ET 2.97E-07 L40€-11
63036 60556 61479 59029 1.75E-07 1.25€-11
1.38E-11
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Table B.16: Detailed WWC data for 5 m PZ in 1 IMI/3 water

Pz 0 Mg T P* e P Gty Gas Poczinary - Pom sueary Er— 0 flux ke kg Koy kg
m mel/mol alk [ Pa nsig std |frman std |frman Pa Pa Pa Pa il s e el 5" Pa®em®2 | mealfs® Pa®crm®2 el 5" Pa®em®2

31 32 6B (15 -1.40E-08 2.90E-10
55 54 7 75 -8.58E-09 2.6EE-10
] &7 a3 a1 -5.50E-0% 2.Z6E-10

5 0.222 4D 95 20 5 5.16 154 153 13z 127 LOYE-DB 2.6AE-10 4.57E-10 0.59 6.G1E-10
137 133 120 117 6.G6E-09 2.G58E-10
180 174 143 133 1.4BE-0B 2.GEE-10
2.70E-10
27 208 1] as7 -6.59E-08 2.0BE-10
31 302 455 418 -5.10E-08 2.12E-10
41 304 519 476 -3 BOE-08 2.16E-10

] 0.222 &0 G605 20 5 5.45 855 a2 a0 741 3.48E-08 Z.01E-10 4.83E-10 0.44 3.84E-1D
1064 976 a16 40 5.95E-08 2.01E-10
1174 1077 965 BES 8.45E-08 2.30E-10
2.14E-10
i1 iz 50 50 -7.14E-09 LG1E-10
44 A4 58 57 -5.BOE-09 1.58€-10
53 52 61 51 -4 15E-05 147E-10

5 0.31 20 =15 20 5 5.05 11 1249 116 115 5.79E-09 1.63E-10 4.46E-1D 0.35 245E-10
150 l4a 179 128 8.306-09 LG1E-1D
164 167 143 142 L.05SE-08 155E-10
1.58E-10
185 189 a1z anz -4 G9E-08 LT71E-1D
280 272 62 350 -3.28E-08 1.56E-10
324 314 1] EY] -2.G3E-08 1.53E-10

5 0.31 40 524 20 5 5.16 759 74 7149 657 3.2E-Q8 1.53E-10 4.57E-1D 0.35 2.50E-10
74 o7 GE7 647 2.45E-08 1.65E-10
a7z 845 764 741 4. 39E-08 LGaE-10
LG2E-10
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PZ 0z dg T P* oo P Gy Gas Pocz indry ooz inwai Pooz cut dry Po 2t wai C0 flux ks L] Kalkg kg’
i mal/mol alk [ Pa neig std |fmin std |'rnin Pa Pa Pa Pa malfs em®2 | malfs*Pa*em*2| mal/s® Pa®cm®2 mial f4*Pa®em®2
1255 1155 1922 1761 -2.67E-07 1.32E-10
1667 1528 23129 2043 -2.27E-07 1.33E-1D
2286 2085 2669 2447 -1.55E-07 1L27E-1D
5 .31 a0 3500 20 5 5.45 5954 5458 5384 4935 2.30E-07 137E-1D 4.83E-10 Q.27 1.81E-10
5406 45855 4589 4573 1.GBE-O7 1.34E-1D
G414 SE8D 5756 5377 2.G5E-07 1.Z5E-1D
1L32E-1D
163 1i2 195 154 -8.30E-09 1.03E-1D
116 115 163 162 -1.20E-08 9.99E-11
a0 79 140 119 -1.54E-08 1.04E-1D
5 0.36 20 260 40 5 5.05 425 413 372 369 13FE-Q8 1.02E-1D 2.82E-10 0.36 1.G1E-10
515 512 40 427 2. 19€-08 1.0GE-1D
458 455 307 304 1.5B6E-08 9.61E-11
1.02E-1D
892 874 1131 1109 -6.13E-08 B.55E-11
1168 1145 1329 1303 -4.12E-08 H.47E-11
1337 1310 1453 1425 -2.58E-08 H.6EE-11
5 0.36 40 1715 40 5 51 2549 24495 23126 22381 5.70E-08 8.51E-11 2.87E-10 0.30 1.20€-10
2503 2B4E 2581 2532 A.21E-0B 8.50€-11
2145 2195 2187 2144 A.05E-08 B.07E-11
8.48E-11
9112 8725 9591 90dE% -9.73E-08 4.85E-11
] 7301 2400 7956 -1.77E-07 5.43E-11
5141 5055 G596 6247 -3.21E-07 6.15E-11
5 0.36 60 10800 40 5 528 16989 1e0e1 15917 15076 2. 7AE-07 5.80E-11 2.98E-10 0.15 7.05E-11
18440 17456 17162 16254 32707 5.51E-11
15364 14552 14673 13857 1L77E-07 5.34E-11
5.70€-11
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pz C0: Mg T P* e P Gy, Gas Pecz indny Pz i Prciz aui dry T L0 flux k g kg kg’
m maalfmol alk C Pa puig std | rmin std |/min Pa Pa Pa Pa mial s el mealfs* Pa®em®2 | mal /s Pa®em®2 mealfs* Pa®em®2
m 315 636 633 -3 48E-08 5.02E-11
451 489 714 711 -2 51E-08 5.32E-11
S04 501 759 756 -1.B6E-08 4.54E-11
5 0.4 20 10a0n &0 3 3.01 1151 1357 1167 1261 1.0BE-08 4.77E-11 1.33E-10 0.40 8.97E-11
1511 1504 1145 1130 1.87E-08 5.55E-11
1660 1652 1447 1441 2. 35E-08 5.21E-11
5.36E-11
1596 1571 2677 26D -1.22E-07 3.14E-11
1562 1534 2625 2681 -1.08E-07 3.03E-11
2677 2639 3445 3195 -8.63E-08 291E-11
5 0.4 40 G000 &0 3 3.04 10916 107549 QR3S T 1.22E-07 2 B9E-11 1.36E-1D 0.x2 3.82E-11
3401 3355 3085 3028 -6.55E-08 2.79E-11
BES0 8526 /032 7017 6.95E-08 3.15E-11
2 98E-11
13855 11319 1E480 17765 -5.0E-07 2.37E-11
16923 16268 20835 20124 -4.51E-07 2.23E-11
2I5E7 21712 25419 24435 -3 A9E-07 207E-11
5 0.4 &0 IES00 &0 3 312 AT508 45669 AG1EG 44358 1.48€-07 2 X8E-11 1.40€-10 0.16 2.62E-11
51841 50796 50519 ABSTR 2. G0E-OT 2.33E-11
57315 55106 54403 51364 3.18€-07 2.10€-11
2. ME-11
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