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Chapter 1 : Introduction

1.1. Overview

Greenhouse gas emissions and their increasing role in global warming has
become an issue of much concern in recent times. Amongst the known greenhouse gases,
carbon dioxide from combustion of fossil fuels accounts for 96% of the total emissions in
the U.S., with approximately 36% of total CO, emissions originating from electricity
generation in coal-fired power plants (EPA, 2002). Consequently, modern research
geared towards developing new CO; capture technologies is ongoing worldwide.

Traditionally, absorption/stripping via circulated aqueous alkanolamines has been
the most favored technology for removing CO, from process and waste gas streams. It
has applications in ammonia manufacturing, synthesis gas production, natural gas
treating, and ethylene manufacturing, among others.

Figure 1.1 shows a typical process schematic for CO, capture using an aqueous
amine such as monoethanolamine (MEA). In this set-up, the CO,-containing waste gas
stream enters the bottom of the packed or tray absorber where it counter-currently
contacts and reacts with the amine solvent. The treated gas stream exits the top of the
absorber whereas the rich amine solvent exits the bottom and then continues to the cross-
exchanger for pre-heating, and finally onto the stripper. Heat supplied by steam from a
reboiler is applied to the loaded solvent in the stripper for regeneration. The hot lean

solvent is recycled to absorber via the cross-exchanger, and a cooler. The lean solvent



serves as a heating medium for the rich solvent in the cross-exchanger. Finally, the

captured gases are removed from the top of the stripper for disposal or storage.

Cooler
[reated Gas Captured Gas
Absorber g Stripper
CrossfExchanger
Waste Gas

Rich Ami Lean Ami
ich Amine ean Amine Reboilor

Figure 1.1 Schematic of CO, Absorber/Stripper

Flue gas from coal-fired power plants has an inlet CO, concentration of 10-15
vol% with total pressure of that hovers around one atmosphere. The captured gas
concentration should be 1-1.5 vol% range, depending on the downstream process
requirements. The absorber and stripper are typically operated at 40-60 °C and 100-120

°C, respectively.

1.2. Solvents for CO, Capture

Many solvents have been researched for potential commercial use to remove CO,
from flue gas streams. However, aqueous amines are considered to be the most effective
because of their relatively high absorption rates. Currently, 7m MEA is considered the
state-of-technology; it has been applied in small plants for CO, recovery from flue gas.

Table 1.1 displays some of the common amines used in gas treating.



Table 1.1 Common Amines in Gas Treating

Name(Abbr.) Structure
Monoethanolamine A
(MEA) HO—CH;—CHz-N_
H
Diglycolamine® M
(DGA) HO—CH;~CH;~0—CH;—CH;-N_
H
Diisopropanolamine CH, _CH, CH, CH,
(DIPA) ¢H N GH
OH H OH
Methyldiethanolamine HO—CH;—CH,
(MDEA) _N—CH,
HO—CH;—CH,
Piperazine /\

(PZ) HN N-H

1.3. Mass Transfer with Fast Chemical Reaction

Carbon dioxide absorption by alkanolamines is a process that involves complex
mass transfer accompanied by fast chemical reaction. The difficulty associated with
accurately representing this process analytically has led to the development several
approximations including the pseudo-first order model. It assumes the liquid phase CO;
concentration in the boundary layer is constant and can be represented by bulk liquid CO;
concentration. Therefore, the need to track speciation in the boundary layer is removed.

For a reversible reaction of involving amine and carbon dioxide, the

concentration profile of the reacting CO, in the boundary layer can be represented by

L, @co,]

€y

—k,[4m][CO,]=0 (1.1)

Applying the pseudo-first order approximation by assuming that the amine concentration

in the boundary layer is constant and equal to the bulk liquid concentration yields



o*[CO,]
Coszz—kl[coz]zo (1.2)
where k; and k; are the second order and pseudo-first order rate constants.

The solution to Equation 1.2 is

A /DCO2 k, |Am |b
NCO2 =

H

(Pco2 _PCO(,*):kg'(PCOZ _Pcoz*) (1.3)

co,

where &, is the normalized flux (See Section 2.1.5.).

1.4. Project Scope

Several amine blends have been used industrially to removal of CO, from process
gases. Most effective blends often include a primary or secondary amine (such as MEA,
DGA or DEA, DIPA), which possess a high reaction rate, and a tertiary amine (such as
MDEA) which exhibits a low heat of reaction. A high reaction rate is desirable because it
increases CO, flux into solution thereby decreasing the number of equilibrium stages
required achieve a specified separation. Furthermore, a low heat of reaction is critical
because it minimizes the energy required to regenerate the solvent in the stripper.

Bishnoi (2000), Dang (2001), Aboudheir (2003), and Al Juaied (2004) measured
VLE and absorption rates of CO, in MDEA/PZ, MEA/PZ, MEA, and DGA/MOR
respectively, at different amine concentrations. MEA/PZ is of particular interest because
piperazine has a high apparent second order rate constant and two amine groups per
molecule. This feature makes it a good promoter of absorption when added to a primary
amine, such as MEA, because it is expected to absorb CO; at a faster rate with the same

amine concentration as just aqueous MEA.



Dang (2001) measured VLE and absorption rates for PZ promoted MEA 0.4m
MEA/0.6m PZ — 5.6m MEA/1.8m PZ range. It was found that absorption rates
progressively increased with increased PZ concentration and total amine concentration.
This work extends Dang’s work by measuring VLE absorption rates at various CO,
loadings for 7m MEA/2m PZ at absorber conditions. 7m MEA/2m PZ was chosen in this
study because 7m MEA represents the state-of-art technology and 2m PZ is soluble in 7m
MEA at about 60 °C. In other words, the upper limit on attainable technological
improvements over the baseline solvent can be determined. The results were also
compared to previous work performed by other researchers for different solvents. In
addition, Nuclear Magnetic Resonance (NMR) was used in an attempt to better

understand CO; speciation in 7m MEA/2m PZ.



Chapter 2 : Experimental Methods

This chapter discusses the experimental methods and equipment used in
measuring the behavior of MEA/PZ mixtures, including methods employed in data
analysis and physical property estimation. Equilibrium partial pressure of CO, and rate of
absorption of CO, in MEA/PZ were estimated with the aid of a wetted-wall column.
Further, an attempt to measure speciation of MEA/PZ in CO, with Nuclear Magnetic

Resonance (NMR) spectroscopy is presented.
2.1. Wetted-Wall Column

The wetted-wall column (Figure 2.1) used in this work for determining vapor-
liquid equilibrium and CO; absorption rates was also used by Mshewa (1995), Bishnoi

(2000), Dang (2001), and Cullinane (2005).

2.1.1. Equipment Description
The wetted-wall column is a stainless steel tube 9.1 cm long with outer and
hydraulic diameters of 1.26 cm and 0.44 cm, respectively. The total gas-liquid contact
area is 38.52 cm’, consisting of a longitudinal area of 36.03 cm” and another 2.49 ¢cm’
representing the area for the top hemispherical portion of the tube. The tube is
encapsulated by a thick-walled glass cylinder with an outside diameter of 2.54 cm, giving

a gas flow cross-sectional area of 3.82 cm?. The inner encapsulation is embedded in yet



another thick-walled glass cylinder with an outer diameter of 10.16 cm. Heated silicone
oil is circulated in the space between the two chambers to fix temperatures during
experimentation.

Paraffin Gas Out
X

0il Outlet .
e 1o

slls 10.16 cm

b 4

A

2.54 cm

126 sm

un 16

I

GasIn Paraffin

Liquid Out
Oil Inlet

Liquid In
Figure 1.1 Detailed Diagram of Wetted-Wall Column

Figure 2.2 shows the entire experimental schematic. The liquid solution was
stored in a reservoir with a total volume of 1.4 liters. The reservoir was constructed as
modified calorimetric bombs which were connected in series. The liquid was
continuously pumped in a closed loop through the reservoir, heated coil bath, and the
wetted-wall column. The liquid flowed up through the middle of stainless steel tube
contactor where it then overflowed at the top and then formed a thin, consistent liquid

film on the surface of the gas-liquid contactor.



Pressure
Control 4 -Gas Out . To CO,

Analyzer

Condenser
WwC San\l})le Port

Liquid Out

Pump

Heater < y

Saturator|

Solution
CO, Reservoir

Flow Controllers

Figure 2.2 Schematic of the Wetted-Wall Column Experiment

The liquid flowrate was regulated with a rotameter. Cullinane (2005) calibrated

the liquid rotameter with water, yielding the following equations:

Q.1 (em'[s)=0.4512x - 0.2901, 2.1)

(7.83-p; )
3 _ rof
O, (em’/s)=0., \/(7.83 -0.997)p, 22

| 7.83—p’
qu Cm3/S = Qso » - on 2 ° (23)
/ ( ) 1T 783 — p;‘e/

where Qy, represents the volumetric flowrate of water, Qs 1s the volumetric flowrate of

the solution, p is the density of the solution in g/cm’, and x is the rotameter reading. The
value of 7.83 represents the density of the rotameter float. The subscript T refers to the
value at a standard temperature of 25°C. The liquid temperature was measured at the inlet
and outlet of the contactor by Type-J thermocouples within T = 1.0 °C.

Nitrogen and carbon dioxide gases (> 99% pure) were metered from storage

cylinders to apparatus by Brooks mass flow controllers. A 20 SLPM controller (S/N



8708HC099980) was used for N, gas whereas two other controllers, a 2 SLPM controller
(S/N 9310HCO38406102) and the other, a 100 SCCM controller (S/N 9103HCO370444)
were available for CO; supply. Two Omega FL-100 high accuracy shielded rotameters
were used for gas metering, specifically for the 7m MEA/2m PZ data points for 40 and
60 °C at 0.57 CO; loading. Calibration curves for N, and CO, flow were provided by
Omega Instruments at specified experimental conditions.

The gases were mixed and pre-saturated with water at the column operating
temperature in a sealed vessel immersed in a heat bath. The sealed vessel contained
approximately 500 cm’ of water with a height of about 5 inches. The resulting gas stream
was then introduced into the bottom end of the contacting chamber via a 1/8 inch tube.
The gas stream counter-currently contacts overflowing liquid film on the contactor’s
surface, after which, the final gas mixture exits through another 1/8 inch tube at the top of
the contacting chamber. Subsequently, the exited gas mixture is routed to a condenser
(1L Erlenmeyer flask submerged in an ice bath), where its water vapor condenses and is
allowed to settle in the bottom of the flask. The partially dry gas mixture then exits
through the top of the condenser. The emergent gas stream at a volumetric flow rate of 5-
6 SLPM is vented in the lab hood, leaving 300-500 cm’/min of gas flow. This remnant
gas flow is then channeled to a drying column containing magnesium perchlorate to
remove excess moisture. Finally, the dry gas stream was sent to Horiba gas analyzers to
determine the CO; concentration of the dry gas stream.

Column pressure was regulated by means of a needle valve on the gas outlet line

from the wetted-wall column and monitored by an analog pressure gauge (Omega, P/N



PGM-100L-60) to an accuracy of + 0.5 psig. System pressure for this work ranged from

30-50 psig.

2.1.2. Gas Analysis

The method for gas analysis used in this work is identical to Cullinane (2005).
The concentration of CO, in the outlet gas was measured by Horiba PIR-2000 gas
analyzers. The available range of the analyzers was adjustable, varying from 0.05 to 25
vol%, with an expected accuracy of 1% of full scale. The equipment uses IR
spectroscopy to measure the amount of CO, in the gas phase. The analyzers were
calibrated prior to each experiment by bypassing the wetted-wall column and adjusting
the CO, flow rate in the feed gas to give known concentrations. A chart recorder was
used during the calibrations and experiments to record the response of the analyzers.

Readings from the recorder are expected to be accurate to 0.2% of full scale.

2.1.3. Liquid Analysis

In order to determine the CO, composition in the liquid phase, samples were
withdrawn from a septum on the liquid outlet tubing by a 150 pL syringe. First, the
samples were diluted by placing 50 puL of sample in 10 mL DI H,O. For analysis, the
diluted samples were injected into 30 wt% H3PO4 sparged with nitrogen. The acid
liberated all inorganic carbon from the solution and the nitrogen sweep gas (~ 0.5 L/min)
carried the gas phase to the Horiba PIR-2000 gas analyzer (range 0.05 vol%). The gas
stream was passed through a drying column of magnesium perchlorate prior to entering

the analyzers.

10



Prior to each use, the liquid analysis method was calibrated by injecting several
known volumes of freshly-prepared 7 mM Na,COs. In general, 50, 100, 150, and 200 puL
volumes were used to obtain a calibration curve for the analyzer response. During the
calibration and the experiments, the response was recorded on a chart recorder. The
sharp peaks obtained were proportional to the liquid phase CO, concentration. In this

way, the corresponding liquid phase concentrations were determined.

2.1.4. Physical Mass Transfer Coefficients
2.1.4.1. Gas Film Mass Transfer Coefficient
Bishnoi (2000) provided a correlation for deriving the gas film mass transfer

coefficient, k,, for the wetted-wall column based on SO, absorption experiments into 0.1

M NaOH.
d 0.85
Sh = 1'075(ReSCZJ (2.4)

Reynolds and Schmidt numbers are defined as follows:

_upd

Re (2.5)
u
Sc = H (2.6)
IODC02

where u is the linear velocity of the gas, p is the density, and u is the viscosity. The other
parameters d, &, and Dco, represent the hydraulic diameter of the annulus (0.44 cm),
height of stainless steel contactor (9.1 cm), and diffusivity of CO;, in nitrogen,
respectively. Hence, the gas film mass transfer coefficient can be calculated from the

Sherwood number given as:

11



RTk d
Sh = E

5 2.7)

co,

where T is the temperature and R is the gas constant. The data points presented in this
work had resistances that were mostly between 20 to 70% gas film controlled.
2.1.4.2. Liquid Film Mass Transfer Coefficient

The liquid film mass transfer coefficient was derived from a correlation based on
falling-film theory as developed by Pigford (1941). Pigford’s model utilized a momentum
balance as presented by Bird et al. (1960) to determine film thickness, 6, and surface

velocity, us. The liquid mass transfer coefficient, ki® is given as follows:

o = Qi (1
k' ==2L(1-0), (2.8)

where A is the contact area of mass transfer and ® represents a dimensionless driving

force of the diffusing gas in the liquid film, calculated as follows:

CO _ CO out
@:[ 2 - 2]3,7 =0.7857 exp(—5.12177) +0.1001exp (~39.2177) +
[COZ],' _[COZ]() ’

0.036exp(—105.67)+0.0181exp(—-204.77), for > 0.01

(2.9)

@:1—3@, for 17 <0.01, (2.10)
T

where [CO,],™ and [CO,],"" represent the concentration of CO, in the bulk liquid at the
inlet and outlet of the wetted-wall column, respectively, and [CO,]; is the concentration
of CO; at the gas-liquid interface. m is a dimensionless penetration distance defined as

DCOZT
n= 5 (2.11)

12



and 7 1s the surface contact time, defined as

r=—. (2.12)

The surface velocity, us, and film thickness, o, are given by

2
u, =%. (2.13)

5= 3/—3”%;1 : (2.14)
pg

where p is the liquid viscosity, Qs is the volumetric flowrate of the liquid, p is the liquid
density, Dco, is the CO, diffusivity in the liquid, g is the gravity constant and W is the

circumference of the column.

2.1.4. Experimental Data Analysis
Five to seven data points were taken during each experiment. Each data point was
obtained by varying the bulk gas partial pressure of CO,. The flux of CO, into or out of

the liquid phase can be derived from the following expressions:

Nco2 :KG(PCOZ,[;_PC*OZ) (2.15)

P .-P
le = CO, ,in CO, ,out (216)
In (PCOZ,in /PCOZ out )

The log mean average bulk CO, partial pressure, Py, was used to approximate the bulk
CO; partial pressure. Further, the overall mass transfer coefficient, K can be obtained
graphically from the slope of CO, flux and the Pj,. The equilibrium partial pressure,

Pco,*, is calculated by interpolation. Typically, the three points that bracket equilibrium

are used. The partial pressure that corresponds to zero flux represents Pco, *.

13



The normalized flux or modified liquid phase mass transfer coefficient, k,’, was

calculated as:

-1
, 11

k=] ——-— 2.17
¢ [KG k} @17)

The normalized flux accounts for both physical mass transfer and chemical kinetics of
absorption. This feature is particularly important because it allows an effective way for

quantifying the effect of chemical reactions in amine absorption processes.

2.1. Nuclear Magnetic Resonance Spectroscopy

NMR experiments can provide detailed information about the liquid phase
composition of various amine systems. Carbon-13 and proton NMR were employed in
this work in an attempt to understand speciation and quantify the various ionic species
that are present in a monoethanolamine-piperazine-carbon dioxide solvent system.

A Varion INOVA 500 NMR was used for the analysis. The samples were
prepared by mixing required quantities of MEA, PZ, and DI H,O (about 25% of the water
required was substituted with D,0O). After complete dissolution of solid components
upon gentle heating, the sample was then introduced into an NMR tube, and subsequently
saturated with 99% "*CO, from Cambridge Isotope Laboratories by sparging a steady
very low-pressure stream of the gas into the NMR tube. The resulting samples were
sealed off in the NMR tubes by a simple glass blowing technique prior to ambient
temperature analysis at the University of Texas NMR Lab in the Department of

Chemistry.
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Tables 2.1 and 2.2 summarize the °C and "H NMR shifts for 7m MEA at 0.57
loading and 0.6m PZ at 0.56 loading, both at 25°C. Table 2.2 is adapted from Bishnoi

(2000).

Table 2.1 Proton and *C chemical shift summary for 7 m MEA, a =0.57, T =25°C

'H Peaks C Peaks
Shift Area Species Shift Area Species
(ppm) (ppm)
2.61 1.88 Protons on C next to 4139  34.72 C next to nitrogen
nitrogen (MEA/MEAH") (MEA/MEAH")
2.64 1.05 Protons on C next to 43.28 18.29 C next to nitrogen
nitrogen (MEACOOQO") (MEACOO)

3.08 1.00 Protons on C nextto OH | 57.82 36.71 C next to OH group
group(MEACOO") (MEA/MEAH")

3.29 1.88 Protons on Cnextto OH | 61.31 19.78 C next to OH group
group(MEA/MEAH") (MEACOO)

. - - 15837 27.94 Possibly CO, (g)
- - - 159.28 22.54 Possibly CO, (aq)
] ] _ 160.66  644.26 HCO;/CO5>

. - - 164.45 1000.00 Carbamate C

Ideally, it is expected that NMR spectrum for the amine blend should cleanly
mirror the combination of the individual spectrum for single solvent systems. However, it
is found that there is a considerable amount of overlap in spectrum for MEA/PZ systems.
Table 2.3 displays °C and '"H NMR shifts for 7m MEA/3.5m PZ at a loading of 0.30 and

25°C and clearly depicts this overlap phenomenon. Although the protons on the carbons
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next to the NH/H" group and the protons on the carbons next to the carbamate for the
PZ/PZH" carbamate species were identified via proton NMR, it was not possible to
conclusively identify the corresponding carbons using *C NMR. However, it is believed
that piperazine carbamate ring carbons (Cs closer to the carbamate and to amine group)
show up at about 42.22 ppm on the Be spectrum as a combined peak. All relevant NMR

spectra are included in Appendix A.
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Table 2.2 Proton and *C chemical shift summary for 0.6 m PZ, a = 0.56, T = 25°C

(Bishnoi, 2000)
'H Peaks C Peaks
Shift  Area Species Shift Area Species
(ppm) (ppm)
2.83 1.02 Protons on ring C nextto | 42.12 4.08 ring C next to N in
2.84 130 amine/amineH" in PZ/PZH" Carbamate
2.85 1.14 PZ/PZH" Carbamate (closer to COO-)
290  12.84 PZ/PZH" 42,63  14.90 PZ/PZH"
ring Cs protons ring Cs
3.15 0.74 PZ Dicarb. ring protons 43.59 4.41 ring C next to
amine/amineH" in
3.34 1.08 PZ/PZH" Carbamate
3.36 1.31 H on ring C next to N in
3.37 1.02 PZ/PZH' Carbamate 44.10 0.92 PZ Dicarb. ring Cs
(closer to COO-)
- C next to OH group
(MEACOO)
- 161.63  0.15 HCO;/CO5™
- 162.37 0.84 Carbamate C
- 163.01 0.16 Dicarbamate Cs
- 164.45 1000.00
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Table 2.3 Proton and *C chemical shift summary for 7.0m MEA/3.5m PZ, a = 0.30,

T =25°C
"H Peaks C Peaks
Shift  Area Species Shift Area Species
(ppm) (ppm)
2.49 PZ Dicarb. ring protons 40.88 37.74 PZ/PZH" ring Cs
66.64 43.12 43.05 PZ Dicarb. ring Cs
2.54 Protons on C next to
2.55 nitrogen (MEA/MEAH")
2.56 55.23 61.95 C next to nitrogen
(MEACOO)
2.63 79.05 Protons on C next to 55.43 4.42 C next to nitrogen
2.64 nitrogen (MEACOO") (MEA/MEAH")
2.65
55.75 67.36 C next to OH group
2.78 Protons on ring C next to (MEA/MEAH")
amine/amineH " in 56.28 3.01 C next to OH group
PZ/PZH' Carbamate (MEACOQO)
296  45.01 PZ/PZH" 158.13  80.54 HCO;3/CO5™
ring Cs
160.26 1000.00 PZ Dicarbamate Cs
3.18 Protons on C next to OH
3.19 group(MEA/MEAH")
73.86 161.77 MEA Carbamate C
3.21 Protons on C next to OH 1571.96
3.22 group(MEACOOQO") (~162) PZ/PZH" Carbamate
3.23
3.51 1.02 H on ring C next to N in
3.32 PZ/PZH" Carbamate

(closer to COO-)
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2.2.1. Loading determination by NMR arguments
A simple method of determining loading from “C NMR peak areas was
developed. The concept stems from a mass balance on the carbon dioxide introduced into
sample solution. Loading is defined below as:

M

CO2
o=—= 2.18
Mamine ( )

Mco, refers to moles of carbon dioxide and Mypine, moles of amine equivalent in
solution. Mco, is calculated by summing the peak areas for all resulting species from

reactions with °CO,. For example, for the 7.0m MEA/3.5m MEA case, the species
include MEACOO", HCO5/COs*, PZCOO-, and PZ (COO) 5. The sum is then scaled
down to a '*CO, basis using a '*C: °C ratio of 1.8:100 (deemed appropriate for samples
in this work). Similarly, Mymine is calculated by adding all the peak areas for the native
carbon species i.e. peaks in the low chemical shift range in the '>*C NMR spectrum (< 150
ppm). To obtain the amine equivalent, the resulting sum is further divided by two since

there are two C atoms for each N atom in both MEA and PZ molecules. With both Mco,

and Mamine determined, loading can hence be calculated. With this algorithm the loading

for 7.0 m MEA/3.5m PZ sample was determined as approximately 0.3.
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2.3. Physical Properties
2.3.1. Density

Dang (2001) approximated the density of loaded MEA/PZ blends with the same
total amine concentrations as MEA by using Weiland (1996) experimental density data
for various partially loaded MEA solutions at ambient conditions. It was determined from
rudimentary calculations, in this work, that 40 wt% MEA contains approximately the
same total amine concentration as 7m MEA/2m PZ. Hence, Weiland’s density data for

partially loaded 40 wt% MEA was used herein to approximate the density of the blend.

Table 2.4 Density of Partially Loaded 40 wt% MEA at 25°C

Loading (mol CO,/mol Density (g/mL)
equivalent amine)

0.00 1.017
0.05 1.032
0.10 1.043
0.15 1.056
0.20 1.070
0.25 1.082
0.30 1.096
0.35 1.114
0.40 1.126
0.45 1.139
0.50 1.147
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2.3.2. Viscosity
Viscosity was determined by a correlation developed by Weiland (1996) for MEA
as a function of loading, amine fraction, and temperature. Similarly, this correlation was
subsequently used to approximate the viscosity of partially loaded 7m MEA/2m PZ with

the same total amine concentration as MEA.

M exp [(aw+ b)T + (cw+ d)][za(ew+ ST+ g)+ l]w (2.19)
Hy
Inpu, =-46.288+ 37037 +5.924InT (2.20)

where p and ., are the viscosities of the amine solution and water, respectively
(mPa.s), w is the weight percent amine, T (K) is temperature, and a is the loading. The
empirical coefficients are as follows a=0,b =0, c=21.186,d =2373, e =0.01015, f=

0.0093, and g =-2.25809.

2.3.3. Physical Solubility
Due to high reactivity of CO, with amines, it is impossible to determine a true
physical solubility. It is known that N,O, a molecule with an identical molecular weight
and a similar Lennard Jones potential, can be used to predict the behavior of CO; in the
liquid phase (Clarke, 1964). Clarke concluded that the ratio of CO, to N,O solubility is
constant for systems. Hence, for all practical purposes, the ratio of the solubility of CO,
in any amine to the solubility of N;O in the same amine is equal to the same ratio in

water. Therefore,

H

N,O,w

H w
HCOZ,Am = HMO,Am( L ] (2.21)
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The Henry’s constants for CO, and N,O in water as correlated by Versteeg and

van Swaaij (1988b) are:

mol

H =3.54x10" exp| —— 2.22
CO,,w L -Pa p T(K) ( )
mol 2284
H =1.17x10* exp| —— 2.23
N,O,w L . Pa p T(K) ( )

Weiland (1996) confirmed that the Henry’s constant of N,O in MEA was a linear
function of loading. Further, the slopes for H vs. loading for 10, 20, 30, and 40 wt%
MEA were approximately equal, with their intercepts increasing with aqueous MEA
concentration. Goel (2005) measured the Henry’s constant of N,O in 7m MEA/2m PZ at
a CO, loading of 0.2. This value (H = 5333 kPa.m’/kmol) agreed with Weiland’s value at
a = 0.2 for 20 wt% MEA to within 5%. As a result, Weiland data for partially loaded 20
wt% MEA was interpolated to yield the Henry’s constants used in this work for 7m
MEA/2m PZ. In so doing, a linear dependence of Henry’s law constants for 7m MEA/2m

PZ on loading was similarly assumed.

2.3.4. Diffusion Coefficient

Pacheco (1998) correlated experimental data obtained by Versteeg and van Swaaij
(1988b) and Tamimi et al. (1994a, 1994b) to derive CO, diffusivities in water and N,O
diffusivities both water and amines. The correlations, which are also based on N,O

analogy, are as follows:

D, (2.24)

0, ,w

(cm*[s)=0.02397 exp(_z 122.2 ]

T(K)
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21\ ~2288.4
Dy, (cm*[s)= 0.0404lexp( (5) (2.25)
T(K
Dyo.4, (cm’[5)=5.533x10" (—0)545 (2.26)
p(e
Therefore, the diffusivity of CO; in amine can be estimated by:
D w
DCOZ,Am = DNZO,Am DCOZ’ . (2.27)

N,O,w

2.4. Chemicals and Materials

Monoethanolamine [141-43-5] (>99%) was purchased from Huntsman Chemicals
and Anhydrous piperazine [110-85-0] (>99%) was purchased from Sigma-Aldrich.
Deuterium oxide (D,O) [7789-20-0], 99.9%, and carbon-13 gas [1111-72-4], (99%
purity) used in the NMR experiments was obtained from Cambridge Isotope
Laboratories, Inc.

Nitrogen [7727-37-9] used in all experiments was >99% pure and was supplied
by the Department of Physics at The University of Texas at Austin. Carbon dioxide

(>99% pure) [124-38-9] was purchased from Matheson Tri-gas.
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Chapter 3 : Results

Solubility and absorption rate results for 7m monoethanolamine/2m piperazine
and for 7m monoethanolamine are discussed. The experiments were performed with a
wetted-wall column at 40 and 60 °C with solvent concentration ranging from 0.2 to 0.6

moles CO,/equivalent amine.

3.1. Overall Result Summary

Equilibrium partial pressure, Pco,* was derived at the point of zero flux on a plot

of CO, flux versus log mean partial pressure as exemplified in Figure 3.1. The three

points that bracket equilibrium were used in the calculation of Pco,*, in this case, equals

420 Pa.
The slope of the line which represents the overall mass transfer coefficient, Kg

was used in the calculation of normalized flux, k,' according to Equation 3.1

% KL ki G.1)
g G g
The gas film mass transfer coefficient, k, was determined from a Sherwood
number correlation for the wetted-wall column (Equation 2.7). The percent gas phase
transfer resistance, Kg/kg, represents the amount of mass transfer resistance attributable to

the gas phase. A value greater than 50% indicates that much of the resistance lies in the

gas phase diffusion of CO, to the interface. Therefore, low Kg/k, values (< 50%) are
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desirable because they insure that k' is a more accurate representation of the effect of

chemical reaction in the mass transfer process.

8.0E-06 r

y =2.706E-09x - 1.163E-06
R*=9.993E-01

7.0E-06 |
6.0E-06 |
5.0E-06 |
4.0E-06 |
3.0E-06 |

2.0E-06 |

CO, Flux (kmol/m’s)

1.0E-06 |

0.0E+00 o

] 500 1000 1500 2000 2500 3000 3500
-1.0E-06

Partial Pressure (Pa)

Figure 3.1 Graphical Representation of Determining Pco,” and K¢ for 7m
MEA/2m PZ at 60°C and Loading = 0.28 mol CO,/equivalent amine

Table 3.1 summarizes the experimental conditions and key results. Since
experimental data is sufficiently available at 60°C in the literature for 7m MEA,
experiments were performed for 7m MEA as a way to validate the wetted-wall column
experimental methods. Overall experimental results are summarized in Table 3.1.
Detailed results are included in Appendix B.

Data points with percent gas phase transfer resistance of 40 to 75% show k'

errors of up to 20% whereas the data point with Kg/k, of 93% contains an error in k' that
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could be significantly greater than 50%. The errors in the equilibrium partial pressures

calculated in this work are to the order of 10 to 15%.

Table 3.1 Solubility and Rate Summary for CO, Absorption in MEA/PZ/H,0

T(°C) Amine Loading Pcor* 109.kg’ k° Ka/k,
(m (mol (Pa) | (kmol/m’s.Pa) | (cm/s)
MEA PZ | COy/equivamine)

40 7 2 0.28 51 7.4 0.00521 0.69
40 7 2 0.37 207 13 0.00523 0.75
40 7 2 0.57 11200 1.3 0.00534 0.47
60 7 2 0.29 420 11 0.00602 0.76
60 7 2 0.40 1160 9.9 0.00595 0.68
60 7 2 0.57 35700 1.4 0.00618 0.41
60 7 0 0.36 212 46* 0.00806 0.93*
60 7 0 0.43 8180 1.7 0.00747 0.41

* indicates potentially greater error in k,’

3.2. Solubility of CO, in 7m MEA/2m PZ

Dang (2001) fitted the data of Jou et al. (1995) for CO; solubility in 7m MEA to a
simple vapor liquid equilibrium model which accounts for speciation in the MEA/H,0O
system. The Pco,* predicted by Dang for 7m MEA is compared to experimental VLE
data obtained in this work for 7m MEA/2m PZ in Figure 3.2.

The equilibrium partial pressure of CO; in 7m MEA/2m PZ increases like that in
7m MEA with increasing CO; loading at both temperatures although the experimental
data series show different slopes. The general trend is that at low loading (a < 0.5), Pco,*
for the blend is elevated when compared to 7m MEA at both 40 and 60 °C. On the other

hand, at higher loading (o > 0.5), there appears to be a slight depression in Pco,* for 7m

MEA/2m PZ when compared to 7m MEA.
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CO, loading (mol/equiv amine)

Figure 3.2 Comparison of CO, VLE in 7Tm MEA and 7m MEA/2m PZ at 40, 60 °C

Points: Experimental Data; Lines: Model Prediction by Dang (2001)

A plausible thermodynamic explanation for this trend could come from order-of-
magnitude comparisons for the pK, of the species present in solution. The main

equilibrium reactions that control speciation in a MEA/PZ/H,0 system include:

Am" <X Am+ H* (3.2)
CO, + Am <« 5 Carb™ + H” (3.3)
CO, + H,O0<«2%2 s H* + HCO,” (3.4)
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At low loading, the net chemical equilibrium reaction (derived by subtracting 3.2 from

3.3) is represented as:

CO, +2- Am<«"— Am* + Carb™ (3.5)
Kcar
Kl = K—b (36)

The carbamate stability constants (K¢.b) of free MEA and PZ, which are primarily
available at low loading, were assumed be of the same order of magnitude as confirmed
by measurements performed by Sartori and Savage (1983) for MEA and Cullinane (2005)
for PZ. However, the pK, of MEA at 40 and 60 °C at 9.1 and 9.7, respectively (Jou ef al.,
1995) is markedly different from the average pK, of PZ under the same conditions.
Hetzer et al. (1968) report the pK, of the first and second dissociation of piperazinium ion
at 25 °C. Extrapolation to 40 and 60 °C yield 5.1 and 4.8 for the first dissociation and 9.4
and 8.9 for the second dissociation. Since 7m MEA/2m PZ has a lower average pK,, it
follows from Equation 3.6 that it also has a smaller equilibrium constant and therefore,
will exhibit generally lower equilibrium partial pressures than the baseline 7m MEA as
seen in Figure 3.2 for low loading.

Similarly, at high loading, the net chemical equilibrium reaction (derived from

subtracting 3.2 and 3.3 from 2 times 3.4) is given by

CO, + Carb™ X2 Am* +2- HCO, (3.7)
K Koo (3.8)
2 Ka 'Kcarb .

At higher loading, the average pK, of PZ is about the same as the pK, of MEA at both 40
and 60 °C. This is mainly because of the absence of piperazinium ion at higher loadings

and the appearance of H' PZCOO™ which has a pK, comparable to MEA. However, the
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stability constant of PZCOO' is about six times less than PZ or MEA (Cullinane, 2005).
Thus, it can be seen from Equation 3.8 that the equilibrium constant and equilibrium
partial pressures of 7m MEA/2m PZ will be less than 7m MEA at high loading at the
same temperatures.

Furthermore, Figure 3.2 shows the predicted VLE for 5.6m MEA/1.8m PZ is
generally lower at 40 °C as compared 60 °C, under the same conditions. An increase of
the total amine and total piperazine concentration to 7m MEA/2m PZ shows depressed
partial pressures at 40 °C for high loading and virtually no change at low loading.
However, elevated partial pressures are generally observed at 60 °C.

Solvent capacities, defined as moles of carbon dioxide in one kilogram of water,
were calculated from Figure 3.2 between 500 and 10,000 Pa for 7m MEA/2m PZ, 5.6m
MEA/1.8m PZ, and 7m MEA as 2.2, 1.4, and 0.7 mol CO,/kg H,O, respectively at 60 °C.
In other words, 7m MEA/2m PZ capacity is a factor of three greater than 7m MEA and a
factor of two greater than 5.6m MEA/1.8m PZ in the 0.5-10 kPa equilibrium partial

pressure range.

3.3. Absorption Rate of CO; in 7m MEA/2m PZ

The absorption rate of CO,, given as a normalized flux (Section 2.5.1), into 7m
MEA/2m PZ is compared to literature values for 7m MEA and several amine blends
including 5.6m MEA/1.8m PZ, 7m MEA and 5m K'/2.5m PZ, and 14m DGA/3.5m

MOR at 40 and 60 °C in Figures 3.3 and 3.4.
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10°*k,’ (kmol/Pa.m’.s)

K'/2.5m PZ and 7m MEA at 40 °C while Figure 3.4 shows that absorption rate in 7m
MEA/2m PZ is 3-6 times that of 5m K'/2.5m PZ and 7m MEA at 60 °C. Rate data
gathered by Dang (2001) for 5.6m MEA/1.8m PZ suggest absorption rates that are 1.5-2
times greater than baseline 7m MEA; hence, 2-3 times smaller than the absorption rates
in 7m MEA/2m PZ. This phenomenon can be explained primarily by the fact that the
latter solvent contains a higher total amine and total piperazine concentration than Dang’s
5.6m MEA/1.8m PZ. Both figures show that absorption rate in 7m MEA/2m PZ

decreases sharply as Pco,* increases, as expected due to consumption of the reactive

amine.

100.0

g 14m DGA/3.5m MOR (Al-Juaied)
- = 5m K+/2.5m PZ (Cullinane)
[ ¢ 7m MEA/2m PZ (This Work)
X 5.6m MEA/1.8m PZ (Dang)
i ®= 7m MEA (Dang)
¢ e 7m MEA (Aboudheir)
10.0 +
r .
1.0 -
°
0.1 \\\\\\} \\\\\\} \\‘\\\} ‘\\\\\\
1.LE+01 1.E+02 1.LE+03 1.E+04
Pcoy* (Pa)

Figure 3.3 CO; Absorption in MEA/PZ blends at 40 °C

Figure 3.3 shows that absorption rate in 7m MEA/2m PZ is 3-5 times that of Sm
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Figure 3.4 CO; Absorption in MEA/PZ blends at 60 °C

Rate data for 14m Diglycolamine®/3.5m Morpholine is also compared at both
temperatures. At 40 °C, 14m DGA/3.5m MOR is 1.5-2 faster than Sm K'/2.5m PZ at
partial pressures less than about 1 kPa and 2-3 times slower for partial pressures greater
than 1 kPa. The rates are faster at 60 °C. 14m DGA/3.5m MOR is 2-3 faster than 5m
K'/2.5m PZ at partial pressures less than about 1 kPa and 4-5 slower for partial pressures
greater than 1 kPa. Nonetheless, the rates in 7m MEA/2m PZ surpass those in 14m

DGA/3.5m MOR at both temperatures.
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Aboudheir (2005) also predicted the apparent rate constant k;, for the absorption
of CO, for loaded 7m MEA using a kinetics model. These values, in conjunction with
diffusivity of CO, in MEA and Henry’s constant for the absorption of CO, which were
determined via N>O analogy as described in Section 2.3.3 were used to calculate the

normalized flux, k,’, as follows:

JkD
k ' 17C0, (39)

¢ H

co,
The calculated normalized fluxes for 7m MEA as a function of CO, partial pressure at 40
and 60 °C are presented in Figures 3.3 and 3.4, respectively. The absorption rates differ
from Dang (2001) absorption data for 7m MEA by approximately an order of magnitude.
This discrepancy might be explained by inherent errors involved in calculating k; (15-
20%), Dco, (10%), and Hco, (10%).

The increased absorption rate observed with the addition of piperazine to MEA can be explained
by several reasons. First, the reaction rate of piperazine with CO, is very fast as evidenced by its overall
rate constants. Table 3.2 summarizes the rate constants for some relevant amines. Piperazine has a greater
rate constant than MEA, DGA, and Morpholine. Therefore, the presence of piperazine in aqueous solvent
blends will accelerate its CO, absorption rate as observed in Figure 3.4. Figure 3.4 shows increase in rate
with increasing PZ concentration. In other words, the rate increases from 0.4m MEA/0.6m PZ, to 2.3m
MEA/0.7m PZ, to 5.6m MEA/1.8m PZ, and finally to 7m MEA/2m PZ. Furthermore, the piperazine
appears more effective in promoting absorption in MEA than morpholine (another cyclic amine) promotes
in DGA because of the relative magnitude of its overall rate constant. Second, a large concentration of

MEA
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Table 3.2 Overall Rate Constants for 1.0 M Amines at 25°C (Cullinane, 2005)

Amine Source® pK Rate C(_)lnstantb AH,
(Rate/pK,) ? (s) (kJ/mol)
Piperazine 9/9 9.73 102.2x10’ 35.0
Monoethanolamine 1/2 9.55 5.9x10° 41.2
Diethanolamine 1/2 8.88 1.3x10° 53.1
. . 3/4 4.52x10° 39.4
Diglycolamine /4 9.46 6.7x10° 401
Ethylenediamine 6/2 9.91 15.1x10° -
o 72 93.3x10° -
Piperidine %) 11.12 603x10° -
3/2 20.6x10° -
Morpholine 72 8.49 20.0x10° -
5/2 22.3x10° 23.3

a. 1. Hikita et al. (1977). 2. Perrin et al. (1981). 3. Alper (1990a). 4. Littel et al.
(1990a). 5. Al-Juaied (2004). 6. Jensen and Christensen (1955). 7. Sharma
(1965). 8. Jensen et al. (1952). 9. Cullinane (2005)

b. Overall rate constant (k =k, [4m] or k,, ,.| Am]2+k'Am_H20[ Am]) assuming
25°C, negligible loading, and negligible hydroxide contributions.
will catalyze PZ, in a similar fashion as carbonate and hydroxyl ions, by extracting
protons from the intermediate PZ molecule as described by the Caplow (1968) zwitterion

mechanism (Equations 3.8 and 3.9).

O -
” R' RI . O
¢ + :NH —— >NH—C\<
e} R R 0] (3 8)
e+ O = " N
NH=C NH === NH, + N-C
R 0] R R R o) (3 9)

Lastly, for loaded solutions, more concentrated amines possess a greater ionic strength,

hence greater propensity to act as a base.
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Chapter 4 : Conclusions and Recommendations

4.1. Conclusions

The absorption rate of CO, in 7m MEA/2m PZ is the fastest amongst all solvents
compared in this work. It is 2-3 times faster than 5.6m MEA/1.8m PZ at both 40 and 60
°C, 3-5 times faster than 7m MEA and 5m K'/2.5m PZ at 40 °C and 3-6 times faster than
7m MEA and 5m K'/2.5m PZ at 60 °C. In addition, for partial pressures less than 1 kPa,
the absorption rate of CO, in 7m MEA/2m PZ is 2 times greater than 14m DGA/3.5m
MOR and 7-8 times greater for CO; partial pressures less than 1 kPa. Piperazine therefore
is a very effective promoter of monoethanolamine.

The general trend for the equilibrium partial pressure of CO; in 7m MEA/2m PZ

is that at low loading (a < 0.5), Pco,* is elevated when compared to 7m MEA at both 40
and 60 °C. On the other hand, at higher loading (a > 0.5), there appears to be a slight

depression in Pcoz* for 7Tm MEA/2m PZ when compared to 7m MEA. The solvent

capacity of 7m MEA is tripled upon the addition of 2m PZ to give the 7m MEA/2m PZ

solvent.

4.2. Recommendations

A rigorous thermodynamic model such as a standalone electrolyte NRTL VLE
model should be developed using the VLE data for 7m MEA/2m PZ contained in this

work and previous data reported by Dang (2001). Such a model will assist in the
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prediction of speciation and solvent capacity through the regression of model parameters
in the rigorous MEA/PZ VLE model for this system. As a guide, similar models for MEA
and K,CO3/PZ are available. Further, a rigorous VLE model will make for the extraction
of more accurate kinetic information from, say, a rate model developed for the absorption
of CO, in MEA/PZ/H,0.

More rigorous approaches are also needed for the rate model for CO, absorption
in MEA/PZ/H;O. One of them is the partial differential equation method based on
penetration theory. Bishnoi and Rochelle (2000) have developed a PDE rate model for
MDEA/PZ/H,0 system. Similar work could be done for MEA/PZ/H,0 in the future.

VLE measurement of speciation of loaded amine solution with nuclear magnetic
resonance can be an effective method for verifying VLE models. A suitable chemical
shift reference such as a few drops of 2,2-dimethyl-2-silapenpentane-5-sulfonic acid
(DSS) in D,0O can be used in an attempt to eliminate peak overlap in especially in Bc

spectrum for partially loaded MEA/PZ blends.

35



Appendix A : 'H and “C NMR Spectra

This appendix archives the 'H and >*C NMR spectra that were used to develop
data presented in Section 2.2. The first batch of spectra was obtained for 7m MEA while

the second batch was obtained for 7m MEA/2m PZ.
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MEA/D20
Temp = 27C

Pulse Sequence: s2pul
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Figure A. 1 ®C NMR Spectrum (Low End) of 7m MEA, a = 0.57, T =27 °C
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Figure A. 2 BC NMR Spectrum (High End) of 7m MEA, o =0.57, T =27 °C
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MEA D20 Co2

exp6 gHSQC
SAMPLE
date Jun 17 2004
solvent D20
sample undefined
ACQUISITION
Sw 4001.6
at 0.128
np 1024
fb not used
ss 8
d1l 2.000
nt 4
2D ACQUISITION
swl 25141.4
ni 128
phase arrayed
TRANSMITTER
tn H1
sfrq 499.868
tof -171.4
tpwr 57
11.000
DECOUPLER
dn C13
dof —-1258.5
dm nny
dmm cc
dmf 14285
dpwr = a0
pwx1vi 56
pwx 9.500
HSQC
jixh 140.0
nullfilg v
mult 2

FLAGS
hs n
sspul y
PFGTf1g v
hsglvl 4694
SPECIAL
temp 27.0
gain 30
spin 0
GRADIENTS
gzlvil 4694
gtl 0.002000
gzlvi3 2354
gt3 0.001000
gstab 0.000500
F2 PROCESSING
gf 0.059
afs not used
fn 1024
F1 PROCESSING
gfi 0.009
gfsil not used
procl p
fnl 2048
DISPLAY
sp 1218.2
wp 500.2
sp1 4300.2
wpl 4517 .6
rfl =327 : 2
rfp 0
rfill 1887.0
rfpl 0
PLOT
weC 115.8
scC 10.0
wc2 115.8
sc2 0
Vs 986

ACQUISITION ARRAYS

array phase
arraydim 256
i phase
1 1
2 2

1 =

60

65

o — SRS Sl ST O

3.0 2.9
F2 (ppm)

Figure A. 3 Combined 'H and *C NMR Spectrum of 7m MEA, a = 0.57, T =27 °C
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Figure A. 4 *C NMR Spectrum (Low End) of 7m MEA/2m PZ, . = 0.30, T = 27 °C
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0902-MEAP225

Pulse Sequence: s2pul
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Figure A. 5 *C NMR Spectrum (Intermediate) of 7m MEA/2m PZ, . = 0.30, T = 27 °C
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Figure A. 6 °C NMR Spectrum (High End) of 7m MEA/2m PZ, a. = 0.30, T = 27 °C
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Figure A. 7 'H and *C NMR Spectrum of 7m MEA/2m PZ, a = 0.30, T = 27 °C
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Appendix B : Detailed Results

Detailed information concerning each wetted-wall column experiment
performed in this work is presented. The solvents of interest are 7m MEA/2m PZ and
7m MEA. The associated concentrations and equilibrium partial pressure identify each
data set.

The last three parameters in each table estimate the potential error associated
with the results of each experimental point. The percent gas transfer resistance, Kg/kg,
represents the amount of mass transfer resistance attributable to the gas phase. A value
greater than 50% indicates that much of the resistance lies in the gas phase diffusion of

CO; to the interface. An approach to equilibrium, (Pcoz,i-Pcoz*)/Pcoz,i, measures the

proximity of a data point to equilibrium. Therefore, approach values very close to zero
indicate points very close to equilibrium. These are generally not used in determining
rates. Finally, CO, absorption describes the sensitivity associated with flux
measurement. Low CO, absorption or removal decreases the accuracy of flux

measurements.
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Table B. 1 7m MEA/2m PZ, a = 0.28, T = 40 °C, Pco,* =51 Pa

Sample 1 2 3 4 5 6

Flux (kmol/m*-s) 6.56E-07 1.08E-06 2.95E-06 5.33E-06 6.50E-06 7.98E-06

K¢ (kmol/Pa-m*-s) 3.20E-09  2.17E-09 2.17E-09 2.02E-09 2.04E-09 2.16E-09

kg (kmol/(Pa-m®-s))  3.38E-09 3.38E-09 3.38E-09 3.39E-09 3.40E-09 3.40E-09

k© (cm/sec) 521E-03 521E-03  521E-03  522E-03  522E-03  5.22E-03
Pcons (Pa) 255 550 1410 2682 3230 3752
Pcon,; (Pa) 61 229 538 1113 1317 1407
Pcor* (Pa) 51 51 51 51 51 51
Hcor (kPa-L/mole)  8.00E+03  8.00E+03  8.00E+03  8.00E+03  8.00E+03  8.00E+03
Dcos (cm’/s) 7.62E-06  7.63E-06  7.63E-06  7.64E-06  7.64E-06  7.63E-06
Ko/kg (%) 94.8 64.2 64.1 59.6 60.2 63.4
(Pco2.-Pcor™)/Peons 0.175 0.780 0.906 0.955 0.962 0.964
CO, Absorption (%) 285 219 232 21.9 222 234

Table B. 2 7m MEA/2m PZ, 0. = 0.37, T =40 °C, Pco;* = 207 Pa

Sample 1 2 3 4 5 6

2
Flux (kmol/m’-s) 1.67E-07  8.57E-07  2.56E-06  3.95E-06  5.44E-06  7.95E-06

2
Ko (kmol/Pa-m’s) ¢ op 09 338809  3.37B-09  340E-09  2.95E-09  3.00E-09

2
kg (kmol/(Pam™s)) 300 09 436500  437B-09  436E-09  437E-09  4.38E-09

ki” (em/sec) 523E-03  524E-03  524E-03  523E-03  5.23E-03  5.23E-03
Pcozp (Pa) 181 461 967 1369 2050 2862
Pconi (Pa) 142 264 380 463 805 1046
Pcoy* (Pa) 207 207 207 207 207 207
Hco, (kPa-L/mole)

8.67E+03  8.67E+03 8.67E+03 8.67E+03 8.67E+03 8.67E+03

2
Deoa (cm'/s) 782E-06  7.84E-06  7.84E-06  7.83E-06  7.83E-06  7.82E-06

0,
Kotk (%) [147.1 77.4 7722 77.9 67.5 68.4
- % .
(Pco2i-Pco2™)/Pcoa.i -0.452 0217 0.456 0.553 0.743 0.802
1 0,
CO; Absorption (%) 7.7 15.5 22.0 23.9 22.0 22.9
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Table B. 3 7m MEA/2m PZ, 0. = 0.57, T = 40 °C, Pco,* = 11224 Pa

Sample 1 2 3 4 5 6 7 8
Flux (kmol/m’s)  -2.98E-06 -6.13E-06 -833E-06 1.34E-05  127E-05 124E-05 1.67E-05  1.83E-05
Ko (kmol/Pa-m’-s)  3.23E-10  1.43E-09  3.64E-09  128E-09  858E-10  647E-10  5.87E-10  5.21E-10
kg (kmol/(Pa-m’-s))  1.44E-09  146E-09  147E-09  150E-09  152E-09  154E-09  1.58E-09  1.55E-09
Kk (cm/sec) 532E-03  535E-03  535E-03  5.34E-03  5.33E-03 5.33E-03 5.33E-03  5.33E-03
Pcons (Pa) 1977 6939 8937 21674 26054 30390 39589 46305
Pcon: (Pa) 4048 11135 14599 12784 17687 22338 29022 34487
Pcor* (Pa) 11224 11224 11224 11224 11224 11224 11224 11224
Heor (KPa-L/mole)  1.00E+04  1.01E+04 1.01E+04 1.00E+04 1.00E+04 1.00E+04 1.00E+04  1.00E+04
Dcos (cm/s) 757E-06  7.63E-06  7.63E-06  7.61E-06  7.59E-06  7.59E-06  7.59E-06  7.59E-06
Ko/ke (%) 224 97.9 2475 85.1 56.4 420 373 33.7
(Pcor-Peoa®)/Peons -1.773 -0.008 0.231 0.122 0365 0.498 0.613 0.675
CO, Absorption (%) -45.6 -26.3 276 17.6 13.7 113 113 10.8
Table B. 4 7Tm MEA/2m PZ, a =0.29, T = 60 °C, Pcox* =421 Pa
Sample 1 2 3 4 5 6
Flux (kmol/m’-s) -4.62E-07  9.25E-07 2.62E-06 4.44E-06 5.62E-06 7.42E-06
Kg (kmol/Pa-m™-s) 2.63E-09 2.56E-09 2.29E-09 2.35E-09 2.32E-09 2.37E-09
kg (kmol/(Pa-m>s))  3.53E-09  3.54E-09  3.55E-09  3.55E-09  3.56E-09  3.56E-09
k° (cm/sec) 6.01E-03 6.02E-03 6.02E-03 6.03E-03 6.03E-03 6.03E-03
Pcoasp (Pa) 245 783 1567 2314 2844 3546
Pconsi (Pa) 376 522 828 1063 1264 1464
Pcox* (Pa) 421 421 421 421 421 421
Hcos (kPa-L/mole) 8.42E+03 8.42E+03 8.42E+03 8.42E+03 8.42E+03 8.42E+03
Dcos (cm?/s) 9.89E-06 9.92E-06 9.92E-06 9.93E-06 9.93E-06 9.92E-06
Ke/kg (%) 74.3 72.2 64.5 66.1 65.2 66.6
(Pcozi-Pco2*)/Pcon -0.120 0.193 0.491 0.604 0.667 0.712
CO, Absorption (%) -20.1 12.6 17.8 20.3 20.9 22.1
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Table B. S 7m MEA/2m PZ, o.= 0.40, T = 60 °C, Pco,* = 1162 Pa

Sample 1 2 3 4 5 6 7

Flux (kmol/m*-s) -3.39E-06  -2.32E-06  -9.05E-07  6.04E-07  2.82E-06  3.46E-06 4.92E-06

K (kmol/Pa-m*-s) 3.43E-09 3.22E-09 3.86E-09 4.24E-09  3.56E-09  3.16E-09 3.16E-09

kg (kmol/(Pa-m”-s))  4.57E-09 4.57E-09 4.58E-09 4.58E-09  4.59E-09  4.59E-09 4.60E-09

k° (cm/sec) 5.95E-03 5.94E-03 5.98E-03 597E-03  5.94E-03  5.93E-03 5.94E-03
Pcoa.p (Pa) 174 442 927 1304 1955 2258 2720
Pcoasi (Pa) 916 950 1125 1172 1340 1504 1649
Pcox™ (Pa) 1162 1162 1162 1162 1162 1162 1162

Hcos (kPa-L/mole) 9.23E+03  9.23E+03  9.23E+03  9.23E+03  9.23E+03  9.24E+03  9.24E+03

Doy (cm’/s) 1.03E-05 1.02E-05 1.03E-05 1.02E-05 1.02E-05 1.03E-05 1.03E-05
Ko/kg (%0) 75.2 70.6 84.3 92.6 77.5 68.8 68.7
(Pco2i-Pco2*)/Pcozii -0.268 -0.223 -0.033 0.009 0.133 0.227 0.295
CO, Absorption (%) -155.4 -41.9 -7.8 3.7 11.4 12.2 143

Table B. 6 7m MEA/2m PZ, a = 0.57, T = 60 °C, Pco,* = 35725 Pa

Sample 1 2 3 4 5 6 7

Flux (kmol/m’-s)
-8.62E-06  -4.77E-06  -9.71E-07 1.40E-05  2.12E-05  2.22E-05 2.77E-05

Kg (kmol/Pa-m?>-s)
6.63E-10 7.82E-10  -4.59E-10  7.74E-10  8.84E-10  7.46E-10 7.83E-10

kg (kmol/(Pa-m’-s))
1.94E-09 1.98E-09 1.99E-09 2.12E-09  2.10E-09  2.08E-09 2.15E-09

k° (cm/sec)
6.17E-03 6.17E-03 6.20E-03 6.17E-03 6.20E-03 6.18E-03 6.19E-03
Pcozsb (Pa)
22714 29626 37841 53879 59662 65469 71052
Pco.i (Pa)
27166 32040 38328 47239 49611 54783 58180
Pcoy* (Pa)
35725 35725 35725 35725 35725 35725 35725

Hcos (kPa-L/mole)
1.05E+04 1.05E+04 1.05E+04 1.05E+04 1.05E+04 1.05E+04 1.05E+04

D cm?/s
coz ( ) 1.00E-05 1.00E-05 1.01E-05 1.00E-05 1.01E-05 1.01E-05 1.01E-05

Kok, (%)

342 39.6 3.0 36.6 42.0 35.9 36.4
Peori-Peos™ ) Peons
(Peoz,-Peo")/Peo. 0315 0.115 0.068 0.244 0.280 0.348 0.386
CO, Absorption (%)

8.3 3.4 0.5 5.1 6.9 6.7 74
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Table B. 7 7Tm MEA, o =0.35, T = 60 °C, Pco,* =212 Pa

Sample 1 2 3 4 5 6
Flux (kmol/m*-s) -5.08E-07  3.05E-08 3.74E-06 8.42E-06 8.73E-06 1.45E-05
K¢ (kmol/Pa-m*s) ~ -6.70E-09  7.90E-11 2.23E-09 2.62E-09 2.27E-09 2.65E-09
kg (kmol/(Pa-m*>-s)) ~ 3.45E-09  3.46E-09 3.47E-09 3.48E-09 3.48E-09 3.49E-09
k° (cm/sec) 8.06E-03 8.06E-03 8.07E-03 8.07E-03 8.06E-03 8.06E-03
Pcoa,n (Pa) 288 599 1888 3429 4054 5679
Pconsi (Pa) 435 590 809 1005 1545 1525
Pcox* (Pa) 212 212 212 212 212 212
Hcos (kPa-L/mole) 1.11E+04  1.11E+04 1.11E+04 1.11E+04 1.11E+04 1.11E+04
Doy (cm?/s) 1.30E-05 1.31E-05 1.31E-05 1.31E-05 1.31E-05 1.31E-05
Ko/kg (%) -193.9 23 64.4 75.4 65.3 76.0
(Pcozi-Pco2*)/Pconi 0.512 0.640 0.737 0.789 0.863 0.861
CO, Absorption (%) -18.8 0.5 21.0 25.9 22.7 26.8
Table B. 8 7m MEA, a.=0.43, T = 60 °C, Pco,* = 8178 Pa
Sample 1 2 3 4 5 6 7 8
Flux (kmol/m’-s) -5.97E-06  -3.51E-06  -2.41E-06 1.84E-07 3.20E-06 1.17E-05 1.27E-05 1.47E-05
K¢ (kmol/Pa-m’-s) 9.53E-10 7.43E-10 8.29E-10 2.70E-10 9.65E-10 1.39E-09 1.29E-09 1.39E-09
kg (kmol/(Pa-m’-s)) 4.52E-09 4.54E-09 4.56E-09 4.61E-09 4.64E-09 4.70E-09 4.72E-09 4.74E-09
k° (cm/sec) 7.46E-03 7.47E-03 7.47E-03 7.47E-03 7.47E-03 7.46E-03 7.47E-03 7.47E-03
Pcoa,p (Pa) 1920 3455 5277 8858 11490 16620 18015 18804
Pcoa,i (Pa) 3238 4227 5804 8818 10808 14124 15332 15690
Pcoo* (Pa) 8178 8178 8178 8178 8178 8178 8178 8178
Hcoz (kPa-L/mole) 1.19E+04 1.19E+04  1.19E+04  1.19E+04  1.19E+04 1.19E+04 1.19E+04 1.19E+04
Dcog (em’/s) 1.32E-05 1.32E-05 1.32E-05 1.32E-05 1.32E-05 1.32E-05 1.32E-05 1.32E-05
Ke/kg (%) 21.1 16.3 18.2 59 20.8 29.6 273 293
(Pco2,i-Pco2*)/Pcoasi -1.526 -0.935 -0.409 0.073 0.243 0.421 0.467 0.479
CO, Absorption (%) -24.8 -8.1 -3.6 0.2 2.1 5.4 5.3 5.9
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Nomenclature

Interfacial area of wetted wall column, (m?)

Concentration, (mol/m’)

Hydraulic diameter of the wetted wall column, (m)

Diffusion coefficient of x, (m?/s)
Height of the wetted wall column, (m)
Henry’s law constant, (kPa-L/mol)
Ionic strength

Rate constant, (1/s)

Gas film mass transfer coefficient, (kmol/(Pa' m*s))

Overall mass transfer coefficient, (kmol/ (Pa' m*s))

Liquid film mass transfer coefficient, (m/s)
Equilibrium constant

Molecular weight

Partial pressure of x, (Pa)

Flow rate, (m’/s)

Reynolds number

Schmidt number

Sherwood number

Temperature, (K)

Volume of solution, (m?)

Mass percent of amine

Mole fraction

CO; loading, (mol CO,/mol equivalent amine)
Parameter to calculate mass transfer coefficient

Parameter to calculate mass transfer coefficient
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Film thickness, (m)
Contact time, (s)
Viscosity, (Pa's)
Density, (kg/m’)
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