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Carbon dioxide absorption and desorption from agueous solutions of
alkanolamines occur by a process of mass transfer enhanced by chemical
reactions in the boundary layer. Fundamental understanding of these reactions is
important for efficient modeling, des'gn and retrofitting of acid gas treating
processes. Satisfactory data are available in the literature for carbon dioxide
reactions with single alkanolamines at low temperatures. typical of the absorber.
However, no significant data are available at stripper operating temperatures for
single alkanolamines or for mixtures of alkanolamines

A laboratory wetted-wall coiumn was designed and fabricated. Its
effective mass transfer area was 37.39 cm?2. The wetted-wall column has mass

transfer coefficient characteristics comparable to industrial units. Rates of CO2



absorption/ desorption by agueons solutions of methyldiethanolamine (MDEA)
and diethanolamine (DEA), and mixtures of MDEA and DEA were measured in
this device at 40, 80, and 120°C. The CO? loading in the solutions ranged from
0.01 zero to 0.50 mol/ mol amine. Carbon dioxide partial pressure ranged from
0.02 to 6.56 bar.

A mass tre-msfer model based on approximate film theory was developed.
The model incorporates chemical kinetics and equilibrium. Solution speciation
was calculated by a model using the electrolyte-NRTL equation to estirnate
activity coefficients in the liquid phase. The mass transfer model was used in
conjunction with a parameter esiimation'package, GREG. Lower apparent rate
constants than expected were observed for both 50 wt% MDEA, 25 wt% DEA
and the mixtures, especially at high temperatures.

Overall mass transfer coefficients, K¢, were calculated at all
experimental conditions. At all conditions the 25 wt% DEA gave the highest
values of the overall mass transfer coefficient. It was followed by 25 wt% DEA/
25 wt% MDEA, 5 wt% DEA /45 wt% MDEA, and the lowest was 50 wt%
MDEA. The highest value of K(; measured was 16.5 x 10-6 kmol/ (m2s bar) and
was obtained with 25 wt% DEA at 40°C. Both the increases in temperature and

CO27 loading lowered the overall mass transfer coefficient.
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CHAPTER ONE

Introduction to Gas Treating with Aqueous Alkanolamine
Solutions

1.1 ACID GASES AND GAS TREATING

The removal of acid gases from gas streams, commonly referred to as acid
gas treating, and also as gas sweetening, is an important industrial process. Acid
gases, primarily hydrogen sulfide (H2S) and carben dioxide CO2, are constituents
of a variety of sour gas mixtures including natural gas, synthesis gas, flue gas, and
various refinery streams. In addition, CO2 is a by-product of ammonia and
hydrogen manufacture. Normally, H»S must be nearly completely removed from
a gas stream due to its toxicity and corrosiveness, and to avoid catalyst poisoning
in refinery operations. Carbon dioxide is removed from natural gas because it acts
as a diluent, increasing transportation costs and reducing the energy value per unit
volume of gas. Carbon dioxide is separated from reformer product gas in the
production of ammonia because it poisons synthesis catalyst in the ammonia
converter.

Hydrogen sulfide or CO, concentrations in the mentioned gas streams
vary widely, from several parts per million to 50 percent by volume of the gas
stream. Cleanup specifications also vary widely depending on the process and
nature of the impuritv. Astarita et al. (1983) provide a more comprehensive
summary of majo: .Justrial processes that require gas treating as well as

comumon cleanup specifications.



The primary operation of acid gas treating processes generally falls into
one of the three categories (Kohl and Riesenfeld, 1985): absorption into liquid;
adsorption on a solid; and chemical conversion to another compound. This work

falls under the category of absorption into liquid.

1.2 GAS TREATING BY ABSORPTION/ STRIPPING

1.2.1 Chemical Solvents

Aqueous solutions of alkanolamines are widely used in absorption/
stripping operations to separate H,S and COp from source gas streams.
Absorption/ stripping of acid gases with aqueous alkanolamine solvents is
characterized as mass transfer enhanced by chemical reaction; following
absorption into aqueous solution the acid gases react either directly or through an
acid-base buffer mechanism with the alkanolamines to form nonvolatile ionic
species. Mass transfer of acidic gases from the bulk gas to a bulk liquid phase in
which chemical reaction occurs, such as an aqueous alkanolamine solution, can be
described as follows (Astarita, 1967):

(1) Diffusion of one or more acidic componenis from the bulk gas phase to
the gas-liquid interface followed by absorption into the liquid. Physical equilibria
are normally assumed for molecular species at the gas-liquid interface.

(2) Diffusion and convection of the reactants from the gas-liquid interface
to the butk liguid phase.

(3) Reaction between the dissolved gas and the liquid reactant in the

liquid phase occurs simultaneously with mass transfer,.



(4) Diffusion of the reaction products into the bulk liquid phase due to
concentration gradients created by the chemica! reactions.

The use of aqueous alkanolamirz solutions for gas treating results in two
important effects that make these solutions preferable to physical solvents for gas
absorption. These are equilibrium effects and non equilibrium effects. We will

review each of these effects separately.
1.2.1.1 Equilibrium Effects

The presence of an alkanolamine drastically affects the solubility of an
acid gas in water. Acid gases in the vapor phase come to equilibrium (phase) with
the unreacted molecular form of the same acid gas in water. That is, at
equilibrium, the solubility of an unreacted acid in an aqueous solution containing
" a reactive solvent is a function of the partial pressure of that gas above the liquid.
If the gas reacts in the aqueous phase to form nonvolatile products, then additional
gas can be solubilized at a given acid gas partial pressure. As a result,
alkanolamines significantly enhance the solubility of acid gases in the aqueous
phase.

Consider the expression for the 1.5 transfer rate in terms of the overall
gas-phase mass transfer coefficient:

P - p*

Rz—l—mmﬁ““ﬁ'“ = KG(P-P*) (1.1)

e e
kG EkE

For the moment, let us concentrate on the driving force (P - P*). Where,
P* is the equilibrium partial pressure corresponding to the concentration of acid

gas in solution. For a given concentration of acid gas, we obtain the equilibrium



partial pressure from the solution of an equilibrium model. The effect of a
chemical reaction is to lower this equilibrium partial pressure for a particular
concentration of acid gas in solution, thus increasing the driving force for
absorption.

We take, for example, the CO2-DEA-MDEA system and compare it 10
CO5 in water. The COp-water case is represented by the first case in Figure 1.1
(Astarita et al., 1983), whereby the molecular CO» in the liguid phase is in
equilibrium with the vapor-phase and other ionic species in the liquid phase. In
this case of CO»in water, the ionic equilibria may be neglected under most
conditions. For the COzwDEA«MbEA system, the behavior is that of the second
case. In this case, the concentration of CO7 in chemically combined forms is
significant, and dominates at all but extremely high loading, well beyond the
validity of the equilibrium models used here.

The ramifications of this behavior on the equilibrium partial pressure of
CO> as a function of the CO2 concentration in the liquid phase is such that the
reactions between CO» and basic species greatly decrease this equilibrium partial
pressure, and would therefore increase the driving force for the absorption rate of
the acid gases relative to the non-acid gases such as methane, which do not react
with the amines.
1.2.1.2 Non Equilibrium Effects

We saw in the last section that chemical reaction can have a profound

influence on the solubility of reactive gases in solution. This will in turn affect

the absorption rate by increasing the driving force for absorption. However, the



primary objective of this work is to u:nderstand the non equilibrium, or rate,

phenomena associated with the alkanolamine-based acid gas treating processes.

1302 gas phase

. Heos-
. Cos=

© OH- H30 + S

* gas phase
| aqueous phase

HCO3- OH- H30+

CO3= DEA DEAH+
DEACOO- MDEA MDEAH-+

Figure . 1 Equilibrium of CO2 with a Physical System and Chemical System




This type of information is necessary for the rate-based approach to acid gas
treating (Astarita et al., 1983; Seader, 1989). Consider the transport Equation
(1.1). This expression is equivalent to the standard expression for physical
absorption except for the presence of the parameter E, the enhancement factor,
which is defined as the ratio of the rate of absorption with reaction to that without
reaction. For a given concentration of acid gas species in solution, the
equilibrium model will provide the equilibrium partial pressure, P*. However, it
is the rate model which must provide the enhancement factor. Chemical reactions
can create very steep gradients in the concentration profiles of absorbing species
in the liquid at the gas-liquid interface. This further enhances the rate of

absorption of the acid gases into the aqueous solution.
1.2.2 Process Flow Sheet

A genera] process schematic for removing acid gases is depicted in Figure
1.2. A feed gas consisting typically of hydrocarbons along with the acidic
components is contacted countercurrently in a pacxed or plate column with the
agueous solution. The "sweet gas" comes out from the top of the absorption
column. The loaded solution may be carried through a flash tank in order to
recover any of the hydrocarbons. The solution is then fed to the stripper where it
is heated at slightly above ambient pressure. Energy is provided to the reboiler
for two reasons:

(1) to produce enough water vapor so that the vapor phase partial pressure

of CO4 is low enough to provide a driving force for desorption, and
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Concentrated
Sweet gas acid gas
Cooler
B e

Absorber

Stripper

Sour gas

=2 L

Flash
tank

Figure 1.2 Typical Absorber/ Stripper System for Acid Gas Removal

(2) to provide enough energy to reverse the reactions which occurred in

the absorber. In fact, the reactions of CO, with aqueous alkanolamine solutions

are highly exothermic (see Table 1.1), releasing energy in the absorber and

requiring energy in the stripper. Reboiler heat duty is the most significant



operating cost of this type of system (Blauwhoff et al., 1985). It is desirable,
therefore, to find solvents and/ or operating modes which reduce this reboiler heat

duty.
1.2.3 Commercially Important Alkanolamines

Alkanolamines are characterized as containing both hydroxyl groups and
amino groups. The hydroxyl groups serve to reduce vapor pressure and increase
water solubility while the amino group provides the necessary alkalinity in
agueous solution to react with acid gases (Kohl and Riesenfeld, 1985).

Monoethanolamine (MEA), a primary amine, and diethanolamine (DEA),
a secondary amine, have been the most widely employed gas treating
alkanolamine agents during the last several decades (Kohl and Riesenfeld, 1985).
Other commercially important alkanolamines include diglycolamine, DGA®, and
methyldiethanolamine, MDEA. Monoethanolamine (MEA), DEA, and DGA®
react directly with CO5 primarily to form carbamates of the respective amines.
These are rapid, but finite rate, reactions.

Table 1.1 Heats of Reaction of CO2 with Common Alkanolamines.
(Koh! and Riesenfeld, 1985)

Amine AHRxN (keal/gmol CO?)
DEA 16.0

DGA 20.8
MDEA 11.6

1.3 PREVIOUS REACTION RATE MEASUREMENTS

1.3.1 Rate Data for Methyldiethanolamine (MDEA)

The rate data for MDEA | the most significant commercial tertiary amine,

are sammarized in Table 1.2. The apparent second order rate constants vary by a



factor of 2 depending on the authors. This range of discrepancy does not seem
large, and is to some extent a function of experimental conditions. A discussion

of the chemusiry of this system is presented in the next chapter.
1.3.2 Rate Data for Diethanolamine (DEA)

Because DEA is widely used, the literature data is extensive. The review
of Blauwhoff et al. {1984) has been extended to include more recent data (Table
1.3). However, there is general disagreement as to the order and rate of reaction
with respect to DEA. The zwitterion mechanism (to be discussed in the next
chapter), with its ability to allow the order of reaction to vary with changing

conditions, coes help to reconcile the existing data.



10

Table 1.2 Summary of Methyldiethanolamine (MDEA) Kinetic Data
Reference T IMDEA] [PCO2 )] KTyef Tref Ea method
(K) (}:moles) {atm) m?3 kcal )
m3 kmol.-s gmole
Barthetal. 293-3132 0.02-02  0.003- 2.85 298 stopped-flow
(1981) 0.03
Barth et al. 293 0.02-02  0.003- 3.2 208 stopped-flow
(1984 0.03
Blauwhoff etal. 298 0.45-1.6 <] 4.8 298 stirred tank
(1984)
Yu et al. (1985) 313-333  (.25-25 1 12.1 313 9.2 stirred tank
Tomcej et al. 298-348  1.7-3.4 9.7 single sphere
(1986}
Critchfield and 282-330 1.7 1 2.53 298 13.7 stirred tank
Rochelle (1987)
Haimour et al. 288-308 0.85-1.7 <1 2.35 298 17.1 stirred tank
(1987)
Versteeg and  293-333 (.23 <] 4.4 298 10.1 stirred tank
van 5.1%
Swaaii{ 1988b)
Toman and  298-308 4.3 0.02- 5.5 298 stirred tank
Rochelle (1989) 0.12
Tomeej and Qtlo 298-348  1.6-3.4 0.95 5.37 298 10.2 single sphere
(19893
Glasscock(1990) 298 1.7 0.1-1 3-10 298 6.5 -10 stirred tank and
© data regression
Littef et al. 798 0227 <1 52 298 115 stirred tank
(1990}
Cordi and Bullin 1.7-3.4 i 2.1 15.7 stirred tank
{1992)

* The second order reaction rate constant as reinterpreted by Littel et al. (1990)
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Table 1.3 Literature Data on the Reaction Between C(O2 and Aqueous
DEA.
Reference T {DEA] K1 = T Ea method
(K)  kmoies 1 =co, Kkl )
( m3 ) [s‘l] (mole
Van Krevelen 292- 0.05-3.0 260 [DEA]? Packed
and Hoftijzer 329 column
(1948)
Jensen et al. 291 0.1.02 5080 [DEA] competitive
(1954} reaction with
0.1,0.2M
NaCH
Nunge and Gil} 302.4 0.17-4.63 k*[DEA}2 54.4  stirred reactor
(1963) 313.6
Leder (1971) 353 1.78x10°[DEA] 439 stirred cell
Coldrey and 292 0.1-1.0 430[DEA] +1000[OH']1/2- Rapid mixing
Harris (1976) 60([DEAH +[Product]) technigues
IDEA][CO2]
Sada et al. 25 0.245- 1340[DEA] Laminar jet
(1976) 1.922
Hikitaetal. 278.8- 0.174- a1 2175 rapid mixing
(1977) 313 0719 16012410+ DEA T2 techmique
with
0.002-0.005
M NaOH
Alvarez-Fuster 293 {.25-0.82 840[DE A]2 wetted wall
et al. (1980) column
Laddha and 298  0.46-2.88 DEA stirred cell
Danckwerts 1 1
(1981) 1410 1200[DEA]
{.addha and 284 0.5-2.0 DEA stirred cell
Danckwerts 1 i
(1982) 890 "1560[DEA]
Barth et al. 298  0.0011:- 110+15 M-ls ! at 208K stopped Flow
(1983) 0.084
Blauwhoffetal. 298  0.509- fDEﬁ stirred cell
(1984) 2308 5.34x10-O[Hp01+7.05x10 (M ] +0.228x107 [DEA]
Blanc and 293-  .005-4.0 2274.5 10.5 wetted wall

Dermnarais 333
(1984)

10(10.4493-“““?]:*'““)*[;)}314]

column
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Table 1.3 Continued
Reference T (DEA] T Ea method
K} Jmoles X1=50, X
m3 ) [S- 1] TTlO](‘.‘.)
Savage and Kim 45 2-3 K[DEAILT 3 single sphere
(1983) absorber
Barth et al. 298 0.0192- 110(x15)[DEA] 23.2  stopped flow
{1986) 0.0212
Versteeg and 298 i {DE“;@ stirred vessel
Vaig;’;:” KZ'3 72 10°0[H,01+8.52x 10 J{OH 1+0.479x1 05 [DEA]
kg>7.3m3fmoi-s
Versteegand 298 (.086- IDEA]
Ovyevaar (1989) 4.358 |
{G.309+ 3 ) )
1.71x1079[H0}+7.07x 107 DEA]
G]as(s;:g;];)et al. f’.39183 035-30 0.03(t19%}[DEA][H2O]+38.5(¢10%)IDEA]2 Regression

1.3.3 Rate Data for Mixed Amine (MDEA/ DEA)

Glasscock (1990) and Critchfield (1988) have measured absorption rates
of CO, into mixtures of MDEA and DEA up to DEA concentrations of 30 mol%
in 2 M amine solution. Littel et al. (1992) reported kinetic data in a mixture of 0.5
M DEA and 2 M MDEA. Rangwala et al. (1992) measured rates of absorption in
blends of TEA/ MEA and MDEA/ MEA. Their highest concentration for
MDEA/MEA was 24.7 wt%/ 15.6 wt%. A summary of the available previous

work for MDEA/DEA mixtures is presented in Table 1.4.
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Table 1.4 Literatare Data on the Reaction Between CO2 and Aqueous

Blended Amine, MDEA/ DEA.
Reference T [DEA]/[MDEA] Ky = T method
(K) (M) 1=co,
[s713
Crtchfield 298 5-30% DEA in 2M total [DEA](CO23-[CO2]e) stirred cell
=
(1988) 1 ]
(7410 * T300[DEA +2326[DEA]
Glasscock 313 0.1 /0.9, 06.3/0.7 [DEA)(4.75[H20] + 464[DEA} + stirred cell
(1990} 468[MDEA])
Littel et al, 0.2-0.5M DEA/ 1-3M iDEA} stirred cell
(1992) MDEA 3 T3 Y 68x10 0[HZ01+7.25x 10 V[DEA}+3.54x10 {MDEA]
Chakravarti 298, 30 wt% total amine of [DEA}(15.8+23%)[H201+ wetted wall
(1992) 313 molar ratic: 0% 32.7+155%IMDEA] column
DEA/MO%: Mi i A; S0
wi% MDEA/5G wt%
MDEA

14 OBJECTIVES AND SCOPE OF THIS WORK

Most of the previous work has covered the range of temperatures that is
typical of the absorber, that is between 40°C and 60°C. No experimental
investigation of CO2 absorption and desorption in alkanolamines or mixtures
thereof at stripper operating temperature (110°C to 120°C) has been done.

Most of the previous work has been on low MDEA and DEA
concentrations. Very few rate measurements have been made at higher amihe
concentrations. High concentrations like 50 wt% alkanolamine becomes
significant in operations that will utilize MDEA only or mixtures of DEA and
MDEA. Industrial concentration for DEA is limited to about 25 wt% due to
corrosion effects.

There were three main objectives of this work. The first was to design and

construct a mass transfer apparatus for measurements of carbon dioxide
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absorption and desorption in the alkanolamine solutions. The second, to perform
the experiments with concentrated solutions at higher temperatures typical of the
stripper. The Third, model the absorption/desorption process and use the meodel
in estimation of kinetic parameters.

A laboratory wetted wall column was used as a mass transfer apparatus to
collect high temperature data on CO2 absorption/ desorption into concentrated
MDEA, DEA and mixtures of MDEA and DEA solutions. These data can be
used as is for industrial calculations because the mass transfer characteristics of
the laboratory wetted wall column falls in the range of the industrial equipment.
Thus, this work will report the overall mass transfer coefficients under widely

varying conditions.



CHAPTER TWO

Chemistry of CO2-Alkanolamine Systems

The fundamental mechanism for the reaction of CO7 with alkanolamines
is still not fully understood; however, much progress has been made in
accumulating rate data and developing kinetic expressions which can represent the
experimental data reasonably well. Within the context of alkanolamines, the most
distinguishing characteristic separating the reactants is the number of carbon-
containing groups attached to the nitrogen atom. The amine is referred to as a
prima - secondary or tertiary amine if one, two or three carbon-containing groups
are at’:-aed to the nitrogen atom, respectively.

igure 2.1 shows the molecula: structure of amines one often finds
dis. ..~d in the literature. The primary amines MEA and DGA are noted for their
fast reaction rates with CO,. The secondary amines DEA and diisopropanolamine
(DIPA) have intermediate reaction rates, and finally triethanolamine (TEA) and
MDEA, being tertiary amines, have much slower reaction rates with COs.
Historically, TEA was the first alkanolamine used in the gas processing industry
(Koht and Reisenfeld, 1985). It has, howsver, been largely replaced by the
primary and secondary amines for bulk CO; removal, and MDEA for selective
H»S removal. Mixed amine systems can also be used for bulk CO; removal.
While TEA has properties similar to MDEA, it has a larger molecular weight,
hence, a larger weight fraction of TEA is required to accomplish the same task as

MDEA. It must also be mentioned that the traditional aqueous alkanolamine

15
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systems must now compete with combined physical solvent/amine systems and
the so-called hindered amines for many applications. A hindered amine, an
example of which is 2-amino 2-methylpropanol (AMP) shown in Figure 2.1, is
defined as "a primary amine in which the amino group is attached to a tertiary
carbon atom, or a secondary amine in which the amino group is attached to a
secondary or a tertiary carbon atom" (Sartori and Savage, 1983).

The purpose of this chapter is to review the existing literature on
reaction rates of COs with amines and discuss the possible mechanisms from
which kinetic expressions can be derived. The development of a kinetic
mechanism is, of course, a prerequisite to the mass transfer/ reaction modeling of

CO5 with amine systems.
2.1 REACTIONS OF CO3 IN AQUEOUS SOLUTIONS

In aqueous solution COy reacts with hydroxide and water to form

bicarbonate and carbonic acid, respectively:

COs + OH- & H(:o'3 (2.1

CO» + HyO & HyCO3 (2.2)

The water reaction is usually negligible compared to the hydroxide
reaction for alkaline solutions. However, it has been shown conclusively to be
catalyzed by "anions of weak acids or by molecules having a high affinity for

protons” (Sherwood et al., 1975).
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2.2 CO; REACTIONS WITH TERTIARY ALKANOLAMINES

2.2.1 Mechanisms

Some of the early research into tertiary amines was concerned with
whether or not the enhanced CO; absorption rate could be explained by the
hydroxide reaction (Barth et al., 1981; Jorgensen and Faurholt, 1954; Jorgensen,
1956) 1t has been demonstrated by numerous authors that this reaction alone does
not account for the enhanced absorption rates. It has been proposed, however,
that the amine serves to catalyze the CO hydrolysis reaction rate. This is not the
only possibility, however. Barth et al. (1981) provide an enlightening discussion
of the possible mechanisms for the reaction of CO; with alkanolamines, and the
following mechanistic discussion follows their work.

The most common theory is that the amine enhances the reaction rate of

CO7 by a homogeneous catalytic effect:

N

o)
RRR'N: 1 — |

H
L l
\_j\ C RRR'N+ —H

HCO3-
O

However, two other possibilities exist which should not be ignored. The
first is the possibility of forming an intermediary such as in the zwitterion

mechanism.
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0
O-
RRR'N: " RRRN+ — c/
0
RR'R"N: RRR"N:
H2CO03 HCO3-

" The other possibility is the formation of alkylcarbonates, which is

generally considered unlikely except in solutions of very high pH (Blauwhoff et

al., 1984):
0 RR'NC-C - RR'NC-(!t H20
0
C
CO2-
O

Methyldiethanolamine (MDEA) is currently being studied with fervor due
to its industrial significance (Barth et al., 1981; Critchfield, 1988; Haimour et al.,
1987; Haimour and Sandall, 1984; Hikita et al., 1977; Tomcej et al., 1986;
Tomeej and Otto, 1989; Versteeg and van Swaaij, 1988b; Yu et al., 1985). lts

widespread use is due to the fact that it has a relatively low heat of reaction with
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CO», as compared with DEA and MEA, and it can be used for selective HaS
removal since its reaction rate with COj is relatively slow. There is much
discrepancy in the literature for the reaction rate of CO, with MDEA, most likely
due to the fact that the reaction mechanism is more complex than that which most
authors assume. The generally accepted mechanism for the reactién of COy with
MDEA is a base catalysis of the direct reaction of CO2 with water ending with

formation of bicarbonate:

CO5 + MDEA + H20 <> MDEAHT + HCO3~ (2.3)
In order to explain both absorption and desorption, reversibility of the

reactions should be considered. The appropriate rate expression is

Rate = ([CO2] - [CO2]e)[IMDEA]: kmDEA (2.4)
The variable [CO2]e refers to the COz concentration in chemical
equilibrium with HCO3". The effective second order rate constant KMDEA Was

regressed from the absorption and desorption data for 50 wt% MDEA.

2.3 CO2 REACTIONS WITH PRIMARY AND SECONDARY ALKANOLAMINES

2.3.1 Mechanisms

Before covering the specific amine systems, it would be advantageous to
discuss the mechanism for the reaction of CO; with alkanolamines in general.
There has been much disagreement as to the mechanism and the order of reaction.
Caplow (1968) presented a hypothesized mechanism for the carbamate formation
involving the formation of an intermediate zwitterion (a locally ionic, net neutral,

molecule). Danckwerts (1979) introduced this mechanism into the chemical



21

engineering literature, and Blauwhoff et al. (1984) showed that this mechanism
reconciled much of the data in the literature, especially for DEA. Critchfield and
Rochelle (1987) introduced reversibility into this mechanism, which must
necessarily oe included for one to describe both absorption and desorption
conditions. Presented below is a derivation of the mechanism, 1e£iding to a rate
Jaw describing the rate of reaction of COg with primary or secondary amines.

Consider the two-step zwitterion mechanism:

ky
CO2 + R3NH £ RoNH¥COO- (2.5)
1
k..
RoNH+YCOO + b; lg-—t-}g RoNCOO- + bjH* (2.6)
_b]

The b; term designates any species in solution that can act as a base to
abstract the proton from the zwitterion in the se.ond reaction step. The first step
in describing the rate for this reaction is to assume a pseudo-steady state
concentration for the zwitterion (consistent with the evidence that the zwitterion

intermediate has a very short lifetime (Johnson and Morrison, 1972)):

%%1 = ko[CO2}{RoNH] + 3 k.t [RyNCOOI[bH*] - k2] - 3 Ky (Z]ibi] = 0(2.7)

The summation is over all of the bases in solution. We can solve for the

zwitlerion concentration:

k2[CO2][RoNH] + Zk_bi[RgNCOO‘][ij"‘]
ko + ) ki)

Z] = (2.8)
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The rate of reaction of CO» via the zwitterion mechanism is given by

Equation 2.9:
rco2, zwit = k2[CO2][RaNH] - k3 [Z]
k p:ibiH*]
(COJ[RsNH] - %l{Rchooqz—‘ﬁif-
2 S ki [bil
rCOQ,ZWi[: 1 k-] (2 9)

__+,_M.....__._____...-......-w-—

K2 " ko 3 ket b ]
It is also possible to write Equation 2.9 in terms of the equilibrium
concentration of CO7, [CO2]e, as opposed to using the reverse rate constants

(Critchfield, 1988):

o, iy TRV CO2L{COak: 2.10)

T + i st R e
K2 " kp ¥ keyfbil

In analyzing the pure DEA data ail the constants are combined into an effective

rate constant, kpga., with the rate represented as:
rate = {[CO2}-[CO2]e} IDEA} kpEA (2.11)

where [CO2]e is the concentration of CO3 that would be in chemical equilibrium
with carbamate, protonated amine and free amine.
2.4  CO, REACTIONS WITH MIXED ALKANOLAMINES

CO7 reactions with mixed amines involves all the above reactions specific
to MDEA and DEA systems. In addition, MDEA will be an extra basic species in
solution capable of abstracting a proton off the zwitterion ion. Thus, the

following additional reaction has to be considered.
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RoONH*CO5™ + MDEA & RyNCO;” + MDEAH* (2.12)

The rate expression for mixed amines becomes:

rate = ([CO2] - [CO2]e)[MDEA]; kMDEA +

([CO2]-{CO21e)[DEAJ; {kpEA + kDEA MisEAIMDEA]} (2.13)
A discussion wiil follow in Chapter 3 to describe how these rate equations are

implemented into the mass transfer model.



CHAPTER THREE

Modeling

3.1 PHYSICAL MASS TRANSFER MODELS

3.1.1 Film Model

The simplest theory for the transport of mass from the gas-liquid interface
into a bulk liquid is the widely used film theory. In this model, the resistance to
mass transfer is assumed to lie in a stagnant film adjacent to the interface. The
film ié postulated to be of constant thickness, Z, and sufficiently thin such that
steady-state molecular diffusion occurs within it. At distances from the interface
greater than that corresponding to the film thickness, the liquid is assumed to be
well mixed and of uniform composition. Integration of the diffusion equation,
subject to the boundary condition of a fixed driving force (ACA) and steady-state

conditions yields the following expression for the flux, NA:

D
NA=_25ACA= K0, ACA (3.1)

Note that if this model actualiy reflected physical reality, kz N would be
proportional to the first power of the diffusion coefficient, DA of the species,
whereas in reality it is usually found to be proportional to a power of DA much
closer to one-half than to one {Danckwerts, 1970}. The usefulness of the concept,
however, was that it provided a basis for the definition of the liquid-side film

coefficient which could be used in gas absorption tower design (Vivian and

24



25

Peaceman, 1956). Furthermore, the model can ari does provide very accurate
results in many situations (Sherwood, 1975) and because of its simplicity, is
useful for analyzing the effects of other complicating factors such as that of
simultaneous chemical reaction occurring near the interface. Additionally, the
film model serves as a limiting case for hybrid theories which combine this and

other models .

3.1.2 THE PENETRATION MODEL

A more realistic model describing the nature of resistance of the liquid
phase to mass transfer was developed by Higbie (1935). The model is one that
describes the unsteady diffusion of a species into a liquid element of effectively
infinite depth, after it is suddenly exposed to a step change in concentration at the
interface. As opposed to the film theory, in which molecular diffusion is assumed
to occur in series spacially with turbulent transfer, over the time frame for which
the mathematical model describing the penetration theory is defined, unsteady
molecular diffusion is considered to be the only operative mass transfer
mechanism. The process is completed at the end of the exposure period when the
fluid element is remixed with the remaining bulk liquid. Assuming the time of
exposure to a fixed surface concentration 1s equal to ¢, the diffusion equation can
be integrated to give the following expression for the flux:

D L
Np =A [—2 ACA (2.3)
Tt

where the proportionality constant between flux and driving force is the time

average mass transfer coefficient over the period. It is clear that the mass transfer
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coefficient is proportional to the square root of the diffusion coefficient, according
to this model.

The assumptions on which the penetration model are based apply well to
the situation in which a volatile solute interacts with a liquid which flows as a film
over a short solid surface. A short wetted-wall column, described in Chapter 4,
was utilized as a contacting device in this study.

In other situations, the assumption that liquid elements are exposed for a
fixed period of time would appear not to apply. In a stirred-cell, for example,
eddies approaching the surface from the bulk liquid would be expected to remain
at the surface for periods of time that would be variable. To accommodate this,
Danckwerts (1951) developed a model based on random surface renewal that

leads to the following expression for the flux:

Na = VDAs ACA (33)
where s is the surface renewal rate. Although there does not appear to be a good
way of correlating s with fluid properties or hydrodynamic conditions, the model
does predict a square root dependence of the mass transfer coefficient on the
diffusivity to the one-half power. typical of the values found in this type of
apparatus.

The mass transfer model must be integrated with kinetic information in
order to predict the combined effects of reaction and mass transfer. The transport
problem is complicated by the necessity of including chemical equilibria in the

analysis.
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3.2  BULK PHASE EQUILIBRIUM

The distribution of an electrolyte in the liquid phase between its free
molecular and chemically combined or ionic forms depends on the ionic
equilibria. It is the molecular form of the weak electrolyte that comes to
equilibrium with the same component in the vapor phase, chemical equilibria
significantly affects phase equilibria and vice-versa.

3.2.1 Vapor Liquid Equilibrium Meodel

Austgen (1989) developed a physico-chemical model for representing
liquid phase chemical equilibria and vapor-liquid (phase)equilibria of H2S-CO2-
atkanolamine-water systems. The equilibrium composition of the liquid phase is
determined by minimization of the Gibbs free energy. Activity coefficients are
repre- ated with the Electrolyte-NRTL equation treating both long-range
elec:. .iatic interactions and short-range binary interactions between liquid phase
speci~:. Vapor phase fugacity coefficients are caiculated using the Redlich-
Kworng-Soave equation of state.

Adjustable paramsters of the model, binary interaction parameters
and carbamate stability cons:. .3, were fi 1 on published binary system
(alkanolamine-water) and tersary system {H72S-alkanolamine-water, CO?2-
alkanolamine-water) VLE data. The Data Regression Lystem of ASPEN
PLUSTM, based upon the Maximum Likelihood Principle, was used to estimate
adjustable parameters. Ternary system me. .rements used in parameter
estimation ranged in temperature from 25 to 120°C, in alkanolamine concentration

from 1 to 5 M, in acid gas loading from O to 1.5 moles per mole alkanolamine,
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and in acid gas partial pressure from 0.1 to 1000 kPa. Austgen also extended his

model to represent CO?2 solubility in aqueous mixtures of MDEA with MEA or
DEA. For details of the model and actual values of different parameters one is

referred to the Austgen dissertation (1989).
3.2.2 Derivation of Equilibrium Constants

In this work a pseudo equilibrium model for speciation was developed

based on Austgen (1989). CO5 reacts through an acid-base buffer mechanism in

an aqueous alkanolamine solution. The various equilibrium considered in this

work are:
HCO™3 < COy(aq) + OH KCO, (3.4)
CO3™ + HpyO & HCO3™ + OH° KHCO, (3.5)
MDEA + H,0O < MDEAH* + OH KMDEA (3.6)
DEA + H,O < OH + DEAHY KDEA (3.7)
DEACOO" + HyO < DEA + HCOj” KCARB (3.8)

The equilibriumn constants based on concentrations (in kmol/m3) for
reactions 3.4 to 3.8 as a function of loading and temperature for mixed
alkanolamine solutions, were derived by solving the problem with Austgen’s
model in Aspen Plus, and using the resulting concentrations to calculate the
equilibrium constants. This allowed for a stand alone simplified method for
solving the bulk equilibrium speciation in conjunction with rate modeling. Six

temperatures were used: 25, 40, 60, 80, 100, and 120°C. Eleven values of loading
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ranging from 0.001 to 0.70 mol CO7/ mol amine were used. The functiona’iiy
and coefficients for the equilibrium constant expressions are given on Table 3.1.

Table 3.1. Correlation for Equilibrium Constant Expression:

Kj = exp (ag + ay/T + a3 Ln(T) + a3 LCO2 + a4 (LCOA)

DEA /MDEA Constant ag al ap a3 a4
wt
iractiom i
CO2 13.74 349783 - (.68 0.08 0.07
HCO3 -118.80  1202.72 18.63 8.05 7.45
0.00/0.50 MDEA 78.13 -5356.06 - 12.89 7.94 -8.75
CO2 -53.23  -4468.44 8.81 -0.43 0.44
HCO3 -96.59 §7.93 15.37 -4.78 4.32
0.25/0.00 DEA 170.61 -8775.92  -26.63 3.7804 -4.33
CARB -58.44 815.27 9.69 -2.05 1.42
COp 7.12 -8199.09 0.31 -0.105 0.24
HCOa -119.71 1297.45 18.73 -8.02 7.41
(.05/0.45 MDEA 83.08 -5653.88  -13.58 7.86 -8.76
DEA 107.29 -6096.32 -17.42 7.21 -8.01
CARB ~76.11 1947.24 12.06 -0.95 0.39
CO2 -2.73 -7856.90 1.84 -0.87 1.00
HCO3 -118.02  1283.33 18.42 -1.69 7.05
0.25/0.25 MDEA 81.19 -5436.03  -13.27 5.84 -7.18
DEA §9.22 -4047.64  -14.77 499 -6.39
CARB -76.19 1924.30 12.12 -3.09 273

In solving the bulk equilibrium problem the following three material

balance equations are utilized. Total specified carbon dioxide in solutior. TCOy

is equal to free molecular CO, and chemically combined CO7 in the . *m of
bicarbonate, carbonate, and carbamaie:
TCO, = CO7 + HCO3™ +CO5~ + DEACOO” (3.9)

Total MDEA, TMDEA, in solution is equal to molecular MDEA and its

protonated form :
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TMDEA = MDEA + MDEAHY (3.10)

Material balance for DEA is given as below:

TDEA = DEA + DEAH" + DEACOO- (3.11)
The last equation needed is the charge balance. The solution should stay

electrically neutrai:
DEAH* + MDEAH" - HCO3™ - 2CO3= - DEACOO™ - OH =0 (3.12)

The electrical charge balance, Equation 3.12, has been written neglecting the
concentration of hydrogen ions, this simplification is reasonable in even slightly
alkaline solutions. Concentrations of all nine species (COn, CO3:, HCO3",
DEACOO", DEAHY, DEA, MDEAHY, MDEA, and OH") are calculated using the
nine equations above (3.4 to 3..12) simultaneously in the model.

MINPACK routine developed by Garbow et al. (1983), which utilizes the
Powell Hybrid method, is used in solving the system of the nonlinear algebraic
equations.

For the case of pure MDEA solution, that is with no DEA in solution,
three fewer species (DEA, DEAH?*, and DEACOO") are in solution and
Equations 3.7, 3.8, and 3.11 do not apply. A similar situation applies for pure
DEA solutions, the two missing species are MDEA and MDEAH™ and the

unoperative Equations are 3.6 and 3.10.

33 INTERFACIAL SPECIATION

Film theory with modification to approximate surface renewal theory is

used to solve for the interfacial speciation and estimation of CO7 flux. First we
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assume that the interface is not at cuilis -ium which is necessary if we are to have
any absorption or desorption. The following equations hold true and should be
satisfied:

Charge flux between the bulk phase and the interface is zero for electroneutrality

purposes. :
. / 1.0
k}iCOE m {W[MDEAH+] + MA[DEAH“P] } -

[10 _
K con N B { VPor™ A[OHT +2 Deos= AlC03=] + VDycos™ A[HCO37]

Dcoz

+ VDpeacoo™ AIDEACOO]} (3.13)

The amine flux across the interface is zero, that is, there is no net flax of
nonvolatile components. This is expressed mathematically by the next two

equations for DEA and MDEA respectively:
NVDpeaA[DEA] + QDDEAH+A{DEAH+} +NDpEAacoo” AIPEACOO =0 (3.14)

Dmpea AIMDEA] + VDMpean* AIMDEAH?] = 0 (3.15)

where A implies the difference berween interface and bulk concentration.
Equilibrium Equation 3.4 is used at the interface to calculate the
concentration of [CO7] that would be in equilibrium with the local (interfacial)
concentrations of bicarbonate and hydroxide. The combination of 3.4 and 3.8
allows for the equation to calculate the concentration of CO2 that would be in
equilibrium with local concentrations of DEA, hydroxide, and carbamate ions. At

the interface equilibrium Equations 3.5 - 3.7 also apply.
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The flux of total CO2 , that is free CO2, bicarbonate, carbonate, and

carbarnate can be calculated in two different ways:

. . 1,0 8] . 4] —
Diffusional flux = kLcozA[Coz} + kLHCO3_A[HCO3 ]+ kLCO?.:A[COB T+

o
LDEACQO"

A[DEACOO} (3.16)
Enhancement flux = k' .., Ecgy A[CO2] (3.17)
The next equation is derived by taking into account the kinetic preference of CO7

towards its dissolved states. The approximation states that the ratio of carbamate
flux (FLUXCARB) to bicarbonate flux (FLUXBIC) is equal to the ratio of the

rates through the respective mechanisms.

Bicarbonate Flux - Carbamate rate = Carbamate Flux - Bicarbonate rate (3.18)

Carbamate Flux is calculated by the next equation whereby the mass
transfer coefficient for carbamate ions is evaluated based on the mass transfer
coefficient of CO7 corrected by square root of the ratio of the diffusion

coefficients of carbamate and CO2.

0 Dpeacoo” i
FLUXCAR = k[ ., *\/ Do, ADEACOQO (3.19)

Bicarbonate Flux is calculated by the summation of CO2, CO3™ and HCO3-~

fluxes:

_ 0 DHCO3” - A / Dco3™ =12 9
FLUXBIC = k_LCO2 [ACOZ + Deon AHCO3" + Deos ACO37}(3.20)

Rate of formation of carbamate is given as

RATCARB = kDEA - [DEA] - (CO2I - CO2™) (3.21)
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where, CO2” is the CO7 concentration that would be in equilibrium with the

local concentrations of carbamate, protonated DEA ar:d other species in solution.

Rate of formation of bicarbonate, RATBICA:
RATBICA = kMDEA [MDEA] - (CO21 - CO2*%) (3.22

where, CO2*" is the CO2 concentration that would be in equilibrium with the
local concentrations of bicarbonate, protonated MDEA and other species in
solution.

Concentration of CO7 a: * e interface is c= culated from gas phase pariial
pressure and CO7 solubility, m¢:(32. Solubility estimation is discussed in detail in

Appendix C.

CO2l = mco2 PCO2 (3.23)
The MINIPAC routine is also used to solve this system of equations. The
complete listing of equations and unknowns as applied in the model is provided in

Appendix A.

3.3 PARAMETER ESTIMATION

The problem of parameter estimation using non-linear models for single
and multi-response experiments has been studied by many investiga: .rs.
Objective functions and methods of obtaining estimates of parameters and their
confidence intervals have been studied by Box and Draper (1965, 1972}, Stewart
(1987, 1992), Caracotsios (1986) and others. Generalized REGregression

(GREG), a FORTRAN program written by Caracotsios (1986) is used to calculate
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parameter estimates and confidence intervals. GREG is used with the Level 10,
generalized nonlinear square minimization, and at 95% confidence level.

The model described in this chapter is used along with GREG and
experimental data to estimate the kinetic parameters for MDEA, DEA and their
blends at three temperatures: 40, 80, and 120°C. Also. to account for uncertainties
in equilibrium, a factor o, correcting the vale of KCO2 is estimated for each
series of experimental data. Thus, in addition to the rate 'parameter, an improved
value of the CO2 equilibrium constant, ot KCO2 1s obtained.

An outline to the organization of the computer program is shown on
Figure 3.1. The main program, which inciudes the experimental fluxes as the
observed variable, catls GREG, the parameter estimation package. GREG in turn

calls the MODEL which calculates the fluxes.
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MAIN PROGRAM
(input experimental fluxes
parameters for GREG)

GREG

Parameter estimation package

!

:

MODEL

3

Subroutines Associated
with GREG

BULK PHASE
Calculations

INTERFACE
Calculations

HYBRIB (Minpac)
Non Linear Equations Solver

Figure 3.1 Qutline of the Computer Program.




CHAPTER FOUR
Experimental

4.1 EXPERIMENTAL APPARATUS AND METHODS

4.1.1 Wetted Wall Column

CO» mass transfer was studied in a laboratory wetted wall column
contactor. Figure 4.1 depicts the important features of the wetted wall column
apparatus. The column was constructed from a stainless steel tube of 1.26 cm
outside diameter and had an exposed length of 9.1 cm. The column was enclosed
in a thick walled glass tube of 2.54 cm outside diameter which formed an
absorption/ desorption chamber. The seal was provided by top and bottom O-ring
seals compressed by stainless steel flanges. Three nuts on each side provided the
compressive force on tightening. This assembly was enclosed in a heat bath
constructed from a 10.16 cm OD thick walled glass tube. The seals on both ends
were provided by two flanges and O-rings between flanges and glass.
Compression was provided from the top flange by the three equally spaced nuts
on the threaded rods. This enclosure formed a heating bath for the absorption/

desorption chamber.
4.1.2 Experimental Set Up

Figure 4.2 depicts a flow diagram of the experimental apparatus. Amine

solution was contained in a 400 em? stainless steel reservoir. A bieed line was

36



37

Mineral Oil Outlet Gas Outlet

(7)) Pressure Gauge

Stainless Steel] (ss) Flange

Threaded ss rod

Thick-walled glass tbe

Heatbath (mineral oil)

Thick-walled glass tube
Absorption/desorption Chamber

Wetted wall column (ss tube}

AR SR

Armine solution

”%/ AT SN N T T S S S R

i
v

Teflon Insert (Liquid seal cover)

A
]
)

N\

@—— \l Mineral Ol * alet
Amine outlet Temperature __@ Gas Inlet
Sensor

Amine Inlet Temperature Sensor

Amine Solution Inlet

Figure 4.1  High Temperature Wetted Wall Column




T=120°C
MINERAL
OIL

p———————

va

ra

v i AR A S D e s AR S At S S A

B

o2
Analyzer

Ice
water

Y,

Dilution

N2

Calibration
iine

key to symbols

B mass flow meter
P pressure gauge
T Temperature Sensor

P
N
)
\\: Q
N RN
T k
Mireral Qil T
Pymp V T
Amine
Y Pump >

s
P
P
PRl
g
Nm,ﬁ’(?
PR
A
A
" A"
Nt
L
Water

Saturator
cO2

Figure 4.2

Amine Solution

Experimental Apparatus for Absorption/ Desorption of CO2 with




39

installed on the top of reservoir. The . :servoir was placed in a heating bati o}
mineral oil to keep the amine solution at the temperature of the experiment.

The gas siream to the wetted wall colomn was saturated with water at the
experiment temperature to avoid heat imbalances in the absorption/desorption
chamber. A stainless steel container similar to the amine reservoir was half filled
with water and placed in a heat bath of paraffin oil (CAS 8012-95-1 from EM
Science). Gas feed to the wetted wall column bubbled through a water depth of
about 5 cm in the saturator before entering the absorption/desorption chamber.

Nitrogen gas was supplied from a liquid Ny cyhinder and COy was
supplied from cylinders with discharge pressure maintained at 125 - 130 psig.
The flow rate of gases was regulated using Brooks Model 5850E mass flow
controllers. The mixture of CO7 and N7 was either sent through the wetted wall
column or through the bypass. The practice in this work was to first send the gas
through the bypass to the CO2 analyzer to perform calibration. Before the gas
reached the analyzer it was diluted to the required level using N2 (whose flowrate
was regulated by a flow controller). The typical flow rate of dilution N2 was
1200 ¢:n3/min. In an experimental mode the gas was then sent through the wetted
wall column where it countercurrently contacted the downward flowing amine
solution.

The gas that 7t the column was diluted with nitrogen, the same as during
calibration, then sent through an ice bath, which consisted of a 125 cm?
erlenmeyer flask pl: d in a 2000 cm? beaker filled with ice water to condense
water in the gas phase. Placing the condenser after the dilution point rather than

before it minimizes the concern on the amount of CO» that may be removed with
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the water, because the partial pressure of CO7 is drastically reduced. It also acted
as an additional mixing chamber for the dilution gas and the gas coming out of the
wetted wall column. Significant amounts of water in the gas phase could affect
the working of the infrared CO7 analyzer. The output of the analyzer was
monitored by a strip chart recorder.

The amine reservoir was filled with the solution and then sealed. In order
to fill the lines and purge the system of entrapped air, about 60 cm3 of additional
amine was introduced through the feed port (gas outlet line from the column) on
top of the absorption/desorption chamber by a syringe. At all times a liquid seal
was maintained to avoid any gas leak into the liquid line. Amine solution was
pumped from the reservoir up through the inside of the wetted wall column and
flowed down the outside as a thin liquid film. The amine solution was recycled
back to the reservoir. The effective mass transfer contact area provided by the
column was 37.39 ¢cm?. The longitudinal area was 36.13 cm? and the top of the
wetted wall column provided 1.25 cm2. The liguid was circulated by a Cole-
Parmer micro pump (Masterflex® Drive model number L-07520-25 with ten turn
speed controls; head and adapter model numbers L-07002-23 and L-07002-15
respectively). The manufacturer's gear assembly was replaced with one
constructed of polyethyl ethyl ketone (PEEK) to handle temperatures above
100°C. J- type thermocouples were installed in the solution inlet and outlet lines

to the wetted wall column for temperature measurement.
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4.1.3 Mass Flow Controilers

Brooks mass flow controllers 5850 series were used to regulate the flow
rates of N7 and CO3. The thermal mass flow sensing technique used in 5850
series works as follows. A precision power supply provides a constant power heat
input at the heater, which is located at the midpoint of the sensor tube.
Temperature sensors are positioned at the inlet (Tj) and outlet (Tg) of the sensor
tube. At zero, or no flow conditions the heat reaching each temperature sensor is
equal. Therefore the temperatures Tj and To are equal. When gas flows through
the tube the upstream sensor is cooled and the downstream sensor is heated,
producing a temperature difference. The temperature difference (Tg - Tj) is

direciiy proportional to the gas mass flow.
4.1.3.1 Calibration of Mass Flow Controllers

The flow controllers were calibrated for N and CO; by means of a soap
film meter. At a known room temperature and pressure a seap flow meter
assembly, as shown in Figure 4.3, is set up. The time taken fo: a soap bubble to
travel between two marks is noted by use of a stop watch. Three measurements
are collected for each flow meter controller setting and the average is used in
generation of the calibration curve. For the example depicted on Figure 4.3, the
calibration curve, Figure 4.4, was obtained. The same procedure was adopted for

all mass flow controllers . Table 4.1 lists all the gas mass flow controllers used.
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Table 4.1 Ranges of Brooks Mss Flow Controllers

Flow controllers Model Number Range? Calibration gas
Serial Number em3/min
9310HC038403 5850E 2000 N2
9203HCO37102 5850E 100 CcOoz
8507THC02754/010/-1 5850C 500 N2
9310HC038404/1 5850C 250 N2
9103HC037044/2 5850 20 co2

2 range refers to the upper limit on the flow rate. The lower limit is always 0.0 em/min.

4.1.4 Carbon Dioxide Analyzers

HORIBA Model PIR-2000 Infrared gas phase analyzers were used to
determine the flux of COy from the gas to the flowing amine solution in the
wetted wall column. These analyzers use infrared absorption spectroscopy to
measure the CO, concentration in the gas phase. The principle of measurement is
based on the fact that carbon dioxide absorbs infrared radiation of a specific
wavelength and the degree of absorption is proportional to the cbncentration at
constant pressure. The infrared radiation emitted by the light source passes
through the sample and reference cells to the rotating chopper where it is
modulated. If a portion of the infrared radiation passing through the sample is
absorbed by the sample gas, a decrease in the amount of radiation reaching the
sample side of the detector cell will result. This difference causes a membrane
between the sample and reference cells in the detector to produce an electrical
output which is amplified and directed to a meter and/or recording device. In our

case a strip chart recorder was used.
4.14.1 Calibration of Carbon Dioxide Analyzers

The CO; flux into the liquid phase from the gas phase was determined by

the difference of the CO; flow rate in the gas stream into and out of the wetted
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wall column. The flow rate of COz into the column corresponded to the setting
on the CO5 mass flow controljer as described in the previous section. To obtain
the flowrate out of the column a calibration was necessary. The analyzer was
calibrated in the configuration that was to be used during the actual experiment.
A typical set up is given in Figure 4.5. This figure skeiches the set up actually
used for experimental runs 39 to 55. Mass flow controllers S/N 9310HC038404/1
and S/N 9203HC038403 are set at 38% and 64.9% respectively which
corresponded to constant flows of N2 of 6.322 x 1078 kmol/s and 4.3954 x 1077,
With the two flow rates constant, the flow rate of CO, through the mass flow
controller S/N 93 10HC037102 was varied step wise from 0% to 100% and at each
setting the steady state strip chart reading was recorded. The calibration curve
obtained is plotted in Figure 4.6. Dilution N was used so that the total flow of
gas into the analyzer was between 500 and 1500 em3/min. This was prescribed
by the manufacturers. The analyzers used in this work had ranges of 0-0.25%. 0-

1%, and 0-25% (volume basis).
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4,1.5 Liquid Phase Carbon Analyzer

Liquid phase CO; concentration, or the CO7 loading, was determined by
an Oceanography International Model 525 Carbon Analyzer. It uses nitrogen gas
as the carrier gas. A small amount of liquid sample (100 ul) is injected into a
solution of 30 wt% phosphoric acid which instantly frees the CO2 chemically
combined with the amine. The total CO; is carried by the nitrogen stream to the
Horiba analyzer with a range of 0 - 0.25 volume %. The total si gnal is integrated
and this value is a direct measure of the carbon dioxide concentration in the liquid
phase.

| When steady state was reached during an experimental run a sample (100
ul) of amine solution was withdrawn through a sampling port located on the line
coming from the wetted wall column. The sample was quickly transferred into 10
ml of distilled water contained in a 16 ml vial (short form black molded screw
cap, catalogue number 66011-121).

Prior to analyzing the liquid sample a calibration curve was generated. To
facilitate this, calibration with a liquid of known CO; content becomes necessary.
A 7 mM Na,CO3 solution (prepared by mixing the requisite amounts of solid
anhydrous NapCO3 with distilled water) was used for this purpose. A calibration
was performed every time the carbon analyzer was used. This was essential as the

calibration had a tendency to dsift.
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4.2 PHYSICAL CALIBRATION OF APPARATUS
4.2.1 Theory
The flux of CO» (that is being absorbed or desorbed) is given by the
following equation:
NmEkECOZ AC 4.1)
where AC is the driving force, E is the enhancement factor and l{coz is the

physical mass transfer coefficient in the liquid phase. It is difficult to estimate
kicoz while absorbing CO2 into a solution of alkanolamine since the mass
transfer is accompanied by chemical reaction. Hence, it is necessary to run
experiments involving purely physical absorption or desorption of CO;. For this
purpose aqueous solutions of ethylene glycol (which do not react chemically with
CQO5) and water were used. The enhancement factor is unity for this case.

In the desorption mode, the governing material balance equation for the
liguid phase is:

dc_ o .
VL= &0, a (C-C) (4.2)

and for the gas phase material balance:

K 0oy (€-C) =G (Cgout - Cain) =G Cg (4.3)

where G is the gas flow rate through the wetted wall column and the CO»

analyzer, Cg is the concentration of CO» in the gas stream. Concentration of CO2
y g =

in the inlet gas, Cgin, was always zero. The change in liquid concentration across

the absorber was neglected in estimating the driving force. Substituting for Cj in

terms of gas phase partial pressure using Henry's law and then solving for C from
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Equation 4.3. On integration of Equation 4.2 under the assumption that partial

pressure of CO7 in the gas phase is zero (pure N2 was used for desorption), the

result is
kD kO
3 a
In Cgout = In (HE2Co) - 22 (4.4)

By measuring the concentration of CO» out from the weited wall column,
Cg, the slope of a plot of In Cg versus time provides the mass transfer coefficient,
0
kLCO2 )

4.2.2 Procedure

A number of experiments were conducted to measure the mass transfer
coefficient of CO- in aqueous solutions. The solutions used are given in Table
4.2 and consist of pure water at various temperatures and ethylene glycol-water
solutions of various concentrations at 25°C. All the experiments were performed
in desorptxon mode. The experiment involved:

1. Filling the solution reservoir with the ethylene giycol solution of
known concentration.

2. Absorbing CO; into the solution by running CQOz? for 2 to 4 hours.

3. Stripping the CO7 from the solution in the wetted wall column using

COo-free No.
4.2.3 Dimensionless Mass Transfer Correlation

For a falling film as in a wetted wall column, Vivian and Peaceman (1956)
suggested that the liquid film mass transfer coefficient for a wetted wall column

could be correlated in terms of the four dimensionless groups: Reynolds number,
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Re; Sherwood number, Sh: Schmidt number, Sc; and Galileo number, 3a.

Theoretical prediction based on penetration theory is given as:
Sh = 0.724 Rel/3 Scl/2 Gal/® (4.5)

The theoretical Equation 4.5 is derived in appendix B.

These dimensionless groups are defined as follows

O
K cor!
Sh= Deos (4.6)
Re= i:—)g (4.7)
v
Sc= Do (4.8)
3
Ga= % (4.9)

where Dcoa is the diffusivity of CO; in the solution, v is the kinematic viscosity
of the solution, [ is the effective contact length of the wetted wall column (9.1
cm) and q is the volumetric flow rate per unit Jength which in this case is the
perimeter of the wetted wall column.

Deviations from theory are mainly due to end effects and ripple formation.

The short wetted wall column used here was calibrated by measurement of

physical mass transfer coefficient, k;coz, by CO7 desorption from agqueous

solutions of ethylene glycol. The CO? diffusion coefficient, density, and viscosity

for ethylene glycol solutions were obtained from Hayduk and Malik (1971). The

diffusion coefficient of CQ2 in water was calculated using the correlation

presented in Appendix C.
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Table 4.2 Mass Transfer Coefficient Calibration Data

Solution T  Deopx 102 Density x Viscosity Flowrate x k?_ .
°C (m2fs] w3 [Pl 106 ICOC;?
[kg/m>] {m/s] (s ]
S0 wi%EG 25 0.90 1.058 4.490 1.58 5.97
80 wt% EG 25 0.61 1.088 8.549 0.85 3.32
95 wi% EG 25 0.38 1.105 13.365 0.72 2.82
water 25 1.92 0.997 0.890 1.62 9.47
water 50 3.33 0.988 0.547 2.18 12.67
water 75 5.33 0.975 0.378 254 15.35
water 80 6.07 0.973 0.352 0.67 10.80
waler 120 11.40 0.943 0.231 0.67 16.00

Experimental conditions, physical properties, and physical mass transfer
coefficient results are presented in Table 4.2. Equation 4.5 is used as the basis in
correlating the experimental mass transfer coefficient measurements. Firstly,

Equation 4.5 is rewritten with an arbitrary constant coefficient, v, and a Reynolds

number exponent m:

Sh =vRem Scl/2 Gal/® (4.10)
Equation 4.10 is then ~earranged and written in a form that is amenable to linear
regression as follows:

=iny +m InRe (4.11)

. Sh_
In{Group) = lnSC“2 Gall6
The linear regression result gave in y=0.331£0.131 and m = 0.199 £ 0.027
Tabie 4.3 presents the detailed results of the regression. The results are also

presented as a plot in Figure 4.7.
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Table 4.3 Regression results for the mass transfer coefficient correlation

T Sh Sc Ga Re inRe 1n{Group)
Cox10% x 103 x 109 x 102
Experimental Predicted
25 6.02 471 0.37 0.38 3.62 1.19 1.05
25 4.99 12.99 0.10 0.11 2.39 0.71 0.81
25 6.73 31.70 0.04 0.06 1.79 0.71 0.69
25 4.49 0.47 9.32 1.83 5.21 1.51 1.37
50 3.46 0.17 24.72 397 5.98 1.60 1.52
75 2.62 0.07 51.71 6.60 6.49 1.62 1.62
80 1.62 0.06 59.66 1.86 523 1.21 1.37
120 1.28 0.02 138.54 2.75 5.62 1.34 1.45
2.0 — s S — S
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3 I 1
" i ]
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5 | ]
- a i
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[ P Vivian and Peaceman (1956) |
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Figure 4.7 Correlation Curve :  he Liquid Film Mass Transfer Coefficient

The mass transfer coefficient kECOg of the wetted wall column was

correlated by the following express:on:

Sh=1.39 Re0.199 §c!2 Ga "

{4.12)
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Equation 4.12 is used throughout in this work for estimating the liquid film mass
transfer coefficient. The physical properties for various solutions used in this
work were estimated using the correlations presented in appendix C.

A similar Equation by Vivian and Peaceman (1956) for their short wetted

wall columns is given below:
Sh = 0.433 Re0-40 S¢c1/2 Gal/® (4.13)

The deviations from theory for both the Vivian and Peaceman (1956) and the
correlation developed here (Equation 4.12) are of the same order of magnitude. It
is also interesting to note that Vivian and Peaceman (1956) used several wetted
wall columns ranging in height from 1.9 to 4.3 cm. The one used here was 9.1 cm
in height.

4.3 REACTIVE ABSORPTION/ DESORPTION

4.3.1 Rate Measurements

Absorption rates of CO2 into concentrated alkanolamine solutions of
MDEA and DEA were studied for a range of conditions as shown in Table 4.4.
The blend composition is expressed on a mass basis. All compositions are on a
CO» free basis.

Table 4.4 Conditions for Absorption/ Desorption of COz into
Concentrated Alkanolamine Solutions

Amine Temperature Loading CO9 partial pressure
CC mol CO2 {atm)
mol amine
309% MDEA 40, 80, 120 0-0.5 0.02-66
3% DEA - 45% MDEA 40, 80, 120 0-0.5 0.02-2.6
25% DEA - 25% MDEA 40, 80, 120 0-905 0.02-59
25% DEA 40,80, 120 0-0.5 002-28

The percentages are on a mass basis.
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The apparatus was set up as show  arlier in g 4. T¢ low
controller for N7 was kept at a constant value of about 6.3 x 10-8 kmol/s while the
CO;, mass flow controller was set stepwise to attain a series of desired partial
pressures of CO; in the wetted wall column. A series of runs were made for a
particular amine at a constant temperature for a range of partial pressures. At
steady state, a sample (100 wl) of alkanolamine is withdrawn for purposes of COp
loading measurement.

While making these measurements, the gas mixture was sent through
wett*  wall column with no liquid flowing until a constant signal output
corre ~onding to the concentration of CO? in the gas mixture was obtained. Then
the liguid flow was started. Absorption or desorption then took place indicated by
a deflection on the strip chart recorder. The process was continued till the
deflection on the analyzer had become constant. This would be indicated by a flat
curve on the strip chart recorder. This deflection was noted. The difference
corre: ponded to the absorption/desorption rate of CO;. The partial pressure was
then changed and the whole process was repeated for a different partial pressure.
Ne  ly the dilution rate and rate of Ny used for mixing were kept fixed for all
ex” . TIents.

The raw data obtained in this work are presented in Appendix The inlet
and outlet CO, partial pressures are measured based on the N ¢ "Dy flow

rates. The log mean partial pressure is calculated from Equation 4.14.
Pin ‘};)-OUE (4 14)
p -
Pout

Plog mean =



54

The absorption rate is essentially the difference of the CO; flow rates in
and out of the wetted wall column. The flow rates are measured by the CO7
analyzer and converted to flux by dividing with the contact area of the wetted wall

column.
4.4 RATE KINETICS FROM MASS TRANSFER MEASUREMENTS

Mass tranéfer measurement experiments should be designed such that
statistically sound kinetics information can be obtained from them. To do this
two important considerations should be taken into account. The first
consideration is that a significant absorption/ desorption rate greater than the
physical rate should be obtained. This condition can be expressed in terms of
Hatta number, Ha, which gives the relative indication of the speeds of chemical

reaction and mass transfer. Mathematically we can write:

Ha = ,\/ kg [amine] Dcoz (4.15)
K0 2
LCOZ2
or
Vkz[amine] Dcoz > K ¢, (4.16)

This implies that the chemical kinetics will have enhanced the CO2 mass transfer
rate. This consideration gives the lower bound. The second establishes the upper
bound. When the rates of reactions are infinitely fast, chemical equilibrium is
established instantaneously. Carbon dioxide can then diffuse in both its
physically dissolved and its chemically combined form, with no kinetic resistance

to the transformation from one form to the other. The mass transfer rate is
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governed by a driving force measured in term:.  the total concentration of

A[CO2]T , instead of the concentration of its physical dissolved form, A[CO2].

Mathematically this is stated as limiting mass transfer rate:

ky, AICO2IT > \/ K/ o, * kalam] Deoz - AICO2] 4.17)

where kEp is the mass transfer coefficient for the ionic products which is estimated

from that of CO7 by the square root of the ratio of diffusivities of ionic product

and CO7. Equation 4.17 can then be written as:

D.
kECOQ \J Dcloz Alco2it = '\/kgcozz + k2[am] Dco2 A[CO2] (4.18)

The two considerations (Equations 4.16 and 4.18) may be combined to end up

with Equation 4.19:

Vka[am]Dco? D; A[CO2]%T 2
R e R . 5--1 =\E -1 4.19)
kzco Dcoz A[CO2) ins
?_

The complete derivation of the condition expressed in 4.19 is presented in
Appendix I. Equation 4.19 states that there is a window of conditions whereby
absorption and desorption measurements can be made that would result in
statistically sound kinetics values. These conditions are functions of amine
concentration, rate constant and mass transfer coefficients. Indirectly,
temperature, amine solution type, amine concentrations, and CO?2 loading affect
the window.

In Equation 4.19 Ejps refers to the instantaneous enhancement, the

limiting -alue of enhancement achieved when reactions are at chemical



56

equilibrium. This value is calculated for specific conditions corresponding to
Jowest, medium and highest CQ7 loading for 50 wt% MDEA and 25 wt% DEA at
40°C and 120°C. The sample calculations are given in Appendix I. The values
obtained are presented in Table 4.5 and plotted on Figure 4.8. It is clear from the
result that Eing is a strong function of solution type, temperature, CO7 loading,

and also the CO7 partial pressure.

Table 4.5 Instantaneous Enhancement Factors for Some Specific Conditions

Solution T Poo? CO7 Loading Eins Eactual
°C Thar] fmol/ mot amine]
50 wt% MDEA 40 0.29 0.019 150 4.4
49 1.90 0.271 33 32
40 472 0.403 15 3.0
120 0.96 0.0354 78 a7
120 2.18 0.064 3.6 1.9
120 5.28 0.156 1.5 2.1
25 wi% DEA 40 0.029 0.037 365 13.0
40 0.583 0.161 67 10.5
40 0750 0.342 44 8.3
120 1.612 (.149 19 4.7
120 0.972 0.219 17 5.4

120 2.43 0.291 10 4.7
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Figure 4.8  Instantaneous Enhancement Factors for 50 wt% MDEA and 25
wit% DEA

45  CHEMICALS

The DEA was from Te zaco Chemical, lot # 7H-1184/0DS-92-0232, and
listed as 100% pure. The MDEA was Texaco "Textreat® M", lot number ODS92-
0179, and listed as 95-99.99% pure. Distilled water was used in preparing all
solut'ms. Certified A.C.S sodium carbonate Lot number 860576 was obtained
from Fisher Scientific. N7 was supplied from a liquid N2 cylinder. CO2 was a

K- grade (purity better than 99.5% ) supplied by Wilson Oxygen.
4.6 GAS PHASE RESISTANCE

This section is included for the purpose of validating the assumption that

liquid film resistance controlied the mass transfer process in this work. To
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achieve this, Film theory is used to estimate the gas phase mass transfer
coefficient:

- Do (4.20)
SRT

kg
The values of gas phase mass transfer coefficient calculated at three temperatures
are given in Table 4.6. The highest measured value of overall mass transfer
coefficient based on the gas phase, KG, was 16.5 x 10-6 kmol/ (mzbar s). The
lowest estimate of gas phase mass transfer coefficient was 2.5 x 104 kmol/
(mZ2bar s). From these two values, it is found that gas resistance contributes less
than 7.0% of the total resistance. This being the limiting condition it is fair to

assume that for all the conditions encountered in this work liquid phase controlled

the mass transfer process.

Table 4.6 Gas Phase Mass Transfer Coefficient Estimation

T CO7 Diffusion  Gas film thickness, & kG
coefficient in N2

m2 kmol
(K] [—s——j {m] bar m2s
313 1.80E-05 2.715E-03 251E-04
353 2.15E-05 2.75E-03 2.67E-04

363 2.53E-05 2.75E-03 2.81E-04




CHAPTER FIVE
Results and Discussions

5.1 RATE MEASUREMENTS

5.1.1 MDEA

Results on CO2 absorption/ desorption into 50 wt% MDEA are
summarized in Table 5.1. Measured fluxes and model calculated fluxes are
tabulated. The results of rate constant estimation using GREG package are given.
The apparent second order rate constant, KMDEA, was estimated to be 7.96 + 1.42
m3/kmol-s at 40°C. The sensitivity on o for all series of experiments at 40°C
could not be determined, probably because equilibrium is not important at these
conditions. These rate data are plotted in a parity plot on Figure 5.1. The model
fits the data well.

The apparent second order rate constant of 6.02 £ 5.98 m3/kmol-s was
estimated at 80°C. For the three experimental series at 80°C the values of & were
determined to be 1.38 +0.31, 1.35 £ 0.22, and 1.09 £ 0.89. These rate data are
also shown in the parity plot on Figure 5.2.

At 120°C a smaller value of the effective rate constant, KMDEA of 2.4 & e
m3/kmol-s is obtained, the insensitivity of the data on this rate constant may be
because equilibrium effects are controlling the process. The high temperature
favoring the reverse reactions causes the reactions to be at equilibrium and the

diffusion of the products from, and of reactants to the boundary layer control the
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mass transfer phenomena. The values of o deviate significantly from 1.0
indicating the influence of equilibrium in the data. The five series of experiments
at 120°C are presented in Table 5.1 and plotted on Figure 5.3.

Table 5.1. Rate Data for MDEA. Initial Unloaded Solution is 50 MDEA

wit%
Buik  logmean  Outlet meo? ki x 107 Flux x 109
Loading PCO2  PCO2 kmol (m/s] kmot
mol COZ  [bar] [bar] m3-bar [m%}
mol amine
Meas. Model

T= 40°C, koA = 7.96 £ 1.42 m3/kmol-s, Doo = 7.5 x 10710, D= 2.3 10-10m2s

a=10%0, Peoz” (at loading = 0.019) = 0.001 bar

0.019  0.293 0.173 0.0202 4.21 0.67 1.30
0.033  0.588 0.383 0.0200 419 1.21 1.85
0.048 0973 0.691 0.0197 4.18 1.81 2.97
0.103 1621 1.120 0.0188 4.11 4.04 4.48
0.147  2.235 1.644 0.0180 4.07 5.78 5.67
0329 2781 2.171 0.0153 3.87 720 4.92
o= 1.0%es, PCoa” (at loading = 0.253) = 0.074 bar
0253 0478 0377 0.0164 3.95 0.54 0.89
0262  1.048 0.816 0.0163 3.94 1.47 2.08
0271 1.899 1.585 0.0161 393 2.55 3.79
0286  2.568 2.221 0.0159 3.92 355 4.99
0395  3.127 2.788 0.0144 3.81 430 4.76
=10+ POz (at loading = 0.136) = 0.027 bar
0.136 0415 0275 0.0182 4.08 0.78 110
0.164 0950 0.655 0.0178 4.05 1.90 2.33
0.184  1.660 1.181 0.0174 4.03 3.86 3.94
0240  2.329 1.801 0.0166 3.97 522 4.97
0271 2923 2.416 0.0161 3.93 6.13 5.86
0.403  4.723 4.723 0.0143 31.80 7.70 7.10
T= 80°C, kMDEA = 6.02 £ 5.98 m3/kmol-s, DCo2 = 6.6 X 10-10 m2ss, Dy = 2.2 x 10719
mZ/s
o=138+031.Pcoa’ (at loading = 0.243) = 1.78 bar
0242  1.243 1.473 0.0116 719 “1.44 114
0243 1.809 1.803 0.0116 7.19 0.05 0.12
. 0245 2291 2.163 0.0116 7.18 1.25 1.15

0.245 2.703 2.505 0.0116 7.18 232 2.07




Table 5.1. Continued

Bulk log mean Outlet mCO2 kp x 109 Flus x 100
{oading Peoz Pco2 kmol [m/s] kmol.
molCO2  [bar] [bar] m3 bar s )
mol amine
Meas. Model
a=135% 022, Pcoy” (at loading = 0.288) = 2.36 bar
0309  1.009 1.64 0.0109 7.06 -3.44 335
0309 1502 1.78 0.0109 7.06 -1.93 -2.33
0.288  2.226 2.32 0.0111 7.10 0.87 -0.21
0.295  2.742 2.69 0.0111 7.09 0.62 0.65
0301 3.190 3,07 0.0110 7.08 1.68 1.35
o=1.09% 0.89, Pcoz” (at loading = 0.308) = 2.17 bar
0308 2474 2.525 0.0109 7.06 -0.52 0.66
0306  2.864 2.814 0.0110 7.07 0.60 1.52
0316  3.232 3.151 0.0109 7.05 1.18 1.95
0445  6.562 6.562 0.0097 6.81 3.56 1.98
T= 120°C, KMDEA = 2.4 % o m3/kmol-s, Dco2 = 5.4 x_10-% m2/s, Dj = 1.64 x_107m%/s
o= 1.263+0.647, Poa” (at foading = 0.016) = 0.18 bar
0.016 0074 0.149 0.0106 11.61 043 0.27
0.026  0.749 0.696 0.0105 11.58 0.41 0.73
0.033 1.234 1.064 0.0105 11.56 1.62 1.35
o =0.864 £ 0347, Py (at loading = 0.021) = 0.20 bar
0021  0.152 0.300 0.0106 11.59 091 0.15
0.021  0.401 0.370 0.0106 11.59 0.19 0.50
0.033 1.215 1.030 0.0105 11.55 1.76 1.80
0.047 1.698 1.510 0.0104 11.51 2.21 1.92
o=2.277 £0.637, Pcoz” (at loading = 0.023) = 0.67 bar
0.021 0266 0.530 0.0106 11.59 -1.66 0,61
0.023 0496 0.570 0.0106 11.59 -0.46 -0.29
0021 0718 0.640 0.0106 11.59 0.62 0.48
0.041 2.010 1.920 0.0104 11.53 1.25 0.87
o= 1.248 £0.209, Pco2™ (at loading = 0.035) = 0.77 bar
0036  0.527 0.612 0.0105 11.55 -0.56 -0.61
0.035  0.958 0919 0.0105 11.55 0.32 0.47
0.064 2,179 2.130 0.0102 11.46 0.71 0.30
0.064  2.592 2.547 0.0102 11.46 0.84 1.20
o= 0,481 £0.055, POy (at loading = 0.0:%
0.156  5.280 5.280 0.0094 1118 3.65 375
0.100  0.984 1.160 0.0099 11.35 -1.39 -1.75
0.080  1.466 1.489 0.0101 11.41 -0.23 0.54
0.100 2374 2.268 0.0099 11.35 1.74 1.34
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5.1.2 DEA

Absorption and desorption data for CO2 into 25 wt% DEA is presented in
Table 5.2 for all three temperatures: 40, 80, and 120°C. The effective second
order rate constant was estimated to be 186 £ 30, 66 % 68, and 68 + 33 m3/kmol s
at 40, 80, and 120°C respectively. The respective plots are given in Figures 5.4,

5.5, and 5.6. The model calculations agree with the measurements.



Table 5.2. Rate Data for DEA. Initial Unloaded Solution is 25 wt % DEA

Bulk  logmean  Quilet meo? kp x 109 & kmol
Loading Pc02 Pco2 kmotl [1nv/s] Flux x 10 {mZS]
mol CO2  [bar} [bar] m3-bar

mol amine

Meas Model
T= 40°C, KDEA =186. % 30 m3/kmol-s, Doog = 1.5 x 109 ms, Dy =5.0x 10710m2s
o= 1.0 Peo2” (at loading = 0.037) = 0.00006 bar

0.040  0.024 0.015 0.0206 6.15 0.4 0.39
0.037  0.029 0.014 0.0206 6.15 0.76 0.47
0.046  0.037 0.017 0.0205 6.14 1.03 0.60
0.075  0.047 0.023 0.0199 6.12 1.27 0.71
o =1.0%0, POy (at loading = 0.075) = 0.00024 bar
0.075  0.139 0.023 0.0199 6.12 1.29 2.06
0.095 0313 0.053 0.0195 6.10 3.24 434
0.161 0.583 0.120 0.0182 6.04 6.42 6.71
0.242 - 0954 0312 0.0168 5.97 9.2 8.58
0.305 1516 0.804 0.0158 592 10.81 10.80
o =1.0% 0o, P(joz* (at loading = 0.232) = 0.0029 bar
0232 0.003 0.006 0.0170 5.98 001 0.003
0262  0.194 0.053 0.0165 5.96 1.22 1.83
0.307  0.403 0.094 0.0158 5.92 3.14 3.30
0.342  0.750 0.209 0.0152 5.88 6.21 5.31
T=80°C. KDEA = 65.59 + 67.94 m¥/kmol-s , Dco2 = 3.66 x 1079 m%/5, Dj = 1.1 109
m2/s
o= 2,126+ 0.636, Pcoa”™ (at loading = 0.294) = 0.47 bar
0294 0463 0.384 0.0090 9.62 0.43 0.002
0.297 0907 0.640 0.0089 9.61 1.80 1.89
0.296 1.484 0.988 0.0089 $.61 4.18 432
0316  2.070 1.488 0.0088 9.59 5.92 5.95
0.340  2.646 2.083 0.0086 9.55 6.95 7.02
a=0552+0511, Peoa™ (at foading = 0.395) = 0.32 bar

0395  0.601 0.655 0.0081 .47 028 1.06
0.400 1.047 0.877 0.0081 9.46 1.12 2.57
0.426 1.565 1.116 0.0079 9.43 3.78 3.77
0470  2.203 1.709 0.0075 9.36 5.10 4.44

0.496 2.774 2.308 0.0074 9.33 591 5.05




Table 5.2.- Continued
Bulk  log mean  Outlet mCo2 kg x 10 Flo. x 100
Loading Pco2 Pco2 kmoi [m/s] kol
mol CO2  fbar] [bar] 3 b C 2]
mol amine
Meas Model

T= 120°C, kDEA = 68 £ 33 m3/kmol-s, Dcog =7.5 x 1079 m2/s, Dj = 2.25 x_10"7 m%/s

a=107%0.11, Pcoz” (at loading = 0.149) = 1.27 bar

0.156  0.734 1.140 0.0065 14.00 2270 2.84
0.149  1.095 1.214 0.0065 14.00 -0.99 071
0.149 1612 1.539 0.0065 14.00 0.81 1.55
0.165  2.022 1.841 0.0064 14.00 2.49 2.37
0.168 2377 2.147 0.0064 14.00 3.88 3.17
o =0.34+ 0.03, Pco2” (at loading = 0.219) = 0.87 bar
0226  0.627 0.863 0.0061 13.90 -1.54 -1.57
0219 0972 0.959 0.0061 13.90 0.11 0.31
0233 1530 1.382 0.0060 13.80 1.60 2.17
0.292  2.106 2.100 0.0057 13.70 1.48 1.28
0.303 2489 2.359 0.0056 13.70 2.29 1.98
=+ =0.35+0.04, Pcoz” (at loading = 0.215) = 0.87 bar
0251  0.704 1.059 0.0039 13.80 2.34 242
0215 1022 1.059 0.0061 13.87 031 0.57
0229 1527 1.375 0.0060 13.85 1.64 2.20
0.249  1.980 1.762 0.0039 13.80 2.97 3.04
0291 2427 2.239 0.0057 13.72 322 2.31
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5.1.3 DEA/MDEA

An interaction rate constant, KDEAMDEA, is determined from the
analysis of mixed amine data. The rate constants determined from pure cases, that
18, kDEA and KMDEA., are used.
5.1.3.1 5 wit% DEA/ 45 wt% MDEA

The results for CO2 absorption/ desorption into 5 wt% DEA/ 45 wt%
MDEA solutions are presented in Table 5.3. At 40°C the value of the interaction
rate constant, kDEAMDEA was 60.08 + 0.13 m6/kmol2s. The parity plot in
Figure 5.7 shows a very good agreement between measured and calculated values.

This constant was found to be 49 + 5 and 14.5 £ 0.6 mS/kmol?s at 80 and 120°C
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respectively. Plots of measured flux against model calculated flux are plotted in
Figure 5.8 and Figure 5.9.

Table 5.3. Rate Data for DEA/MDEA . Initial Unloaded Solution is 5
wt% DEA/ 45 wt% MDEA

Bulk logmean Outlet meo?2 kL x 107 Flux x 100
Loading Pcoz  Pcoz kmol m/s] kmol
molCO2  [bar]  [bar] 3 bar 3]

mol amine
Meas Model

T=40°C, kpmpga = 7.96 m3/kmol-s, kpEA = 186.08 m3/kmol-s, KDEAMDEA = 60.08
0.13 mb/kmol2-s: Dcoz=7.1x 10-10 m2ys, Dj=22x 10°10 mZs.

o= 0.997 £ e, Peop” (at loading = 0.201) = 0.036 bar

0201 0011 0.02 0.0172 4.01 20,11 011
0.198  0.117 0.05 0.0173 4.02 0.50 0.34
0.200  0.347 0.20 0.0172 4.02 1.04 1.22
0.225 0659 0.37 0.0168 3.99 231 2.12
0.271 1.132 0.79 0.0161 31.94 3.01 3.08
0306  2.026 1.60 0.0156 3.90 522 4.75
o= 1.00%0, Pcon” (at loading = 0.298) = 0.082 bar
0298  0.029 0.057 0.0158 391 2015 0.17
0.294  0.173 0.125 0.0158 3.92 0.29 0.29
0.290  0.330 0.225 0.0159 3.92 0.70 0.78
0301 0.882 0.601 0.0157 391 2.29 2.2
0338  1.665 1.304 0.0152 3.87 3.82 3.64
0374  2.339 2.013 0.0147 3.83 4.50 451
o =0.998 + oo, P2 (at loading = 0.385) = 0.16 bar
0.385  0.058 0.004 0.0146 382 031 -0.06
0377  0.207 0.060 0.0147 3.83 0.13 0.14
0384  0.391 0.173 0.0146 3.82 0.40 0.55
0.384 0850 0473 0.0146 3.82 1.40 1.56
0.431 1.49] 1.192 0.0140 3.78 291 2.40
0.497  2.095 1.805 0.0132 371 3.56 2.64
0532 2.606 2.364 0.0128 3.68 374 2.86
o= 100+, Poo” (at loading = 0.086) = 0.0079 bar
0.086  0.319 0.117 0.0191 414 1.68 1.72
0.118  0.688 0.330 0.0186 4.10 3.12 3.09
0.172 1.479 1.002 0.0177 4.05 4.99 5.08

0.196 2.149 1.679 0.0173 4.02 6.23 6.51




Table 5.3. Continued

Bulk log mean Outlet meo? ki x 103 Flux x 100
Loading  Pco? PO kol [m/s] kmol
mol CO2 [bar] [bar] m- -bar [ m2s ]
mol amine .
Eooas Model

T= 80°C, KMDEA = 6.02 £ 5.98 m3/kmol-s, kDEA =65.59+59m>  i-s; KkDEAMDEA
=48.77+ 5.17 mO/kmol2-s, Deo2=2.35x 109 m2/s, Dj=7: . 10 0ms

a1 = 0.998 +0.215, Pcoy” (at loading = 0.038) = 0.044 bar

0.039  0.020 0.040 0.0136 7.60 -0.18 -0.03
0.038  0.070 0.051 0.0136 7.60 0.13 0.16
0.036  0.126 0.073 0.0136 761 0.40 0.54
0.045  0.244 0.134 0.0135 7.59 0.88 1.07
0.062  0.489 0.292 0.0133 7.55 171 2.00
o = 0.972+0.023, Pcoy” (at loading = 0.171) = 0.57 bar
0.102  0.925 0.601 0.0129 747 3729 2.90
0.129 1.692 1.282 0.0125 742 5.62 9.26
0.178  0.331 0.667 0.0120 7.32 -1.66 -1.04
0.171  0.408 0.598 0.0121 7.33 0.84 -0.13
0.170  0.768 0.763 0.0121 7.34 0.07 0.70
0.176  1.190 0.996 0.0120 7.33 1.43 2.00
0.183 1.660 1.292 0120 7.31 322 3.28
0.199  2.190 1.705 0118 7.28 5.15 4.37

T=120°C, kMDEA = 6.02 m3/kmol-s, kpDEA =67.98 m3/kmol-s; KDEAMDEA = 1447 +
0.57 mS/kmol?-s, Decoz=55x 10°9 m2/s, Dy=1.69x 109 m2/s

o = 1.899 + 0.245, Py (at joading = -:.027) = (.64 bar

0.018  0.183 0.366 0.0102 11.61 “1.08 20.09
0.027 0454 0.466 0.0101 11.58 0.07 0.42
0.019  0.882 0.768 0.0102 11.61 091 1.44
0.028 1.500 1.291 0.0101 11.58 2.19 1.99
o= 1.858 + 0.9775, POy (at loading = 0.010) = 0.11 bar
6.0i10  0.127 0.254 0.0102 11.63 -0.10 0.02
0.011 0.366 1,301 0.0102 11.63 0.43 0.74
0.010  0.818 455 0.0102 11.64 1.32 0.71
0.018 1.504 00 0.0102 11.61 2.14 1.63
0.032  2.082 8 0.0101 11.57 2.37 2.84
o=23. 0986 Pco2” (atloading  010)=0.11 bar
0.009 0.270 0.540 0.0103 . 1,60 0.33 0.16
00612 0.893 " %8 0.0102 11.60 0.84 1.96
0.023 1.575 P30 0.0101 11.60 1.54 0.76
0.028  2.103 1.948 0.0101 11.60 2.12 2.87

0.035 2.531 2.387 0.0100 [1.60 2.49 2.92
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A

5.1.3.2 25 WT% DEA/ 25 WT'% MDEA

Table 5.4 presents the results pertaining to the 25 wt% DEA/ 25 wt%
MDEA solution. The same pure solution rate constants from DEA and MDEA
data are used in the analysis for the interaction rate constant KDEAMDEA. At
40°C the value of KxDEAMDEA Was obtained to be 43 + 159. The corresponding
values at 80 and 120°C were found fo be 22.4 + 0.6 mb/kmol2s and 21.1 £ 0.1.
These results are also presented in Figure 5.11 and Figure 5.12.

The complete set of data for 25 wtS: EA/ 25 wt% MDEA at 80°C is used
as an illustrative example for the modeling and parameter estimation. The main
program including the measured fluxes as the observed variable is presented in

Appendix E. In appendix F, the model code and input data for this particular case
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is presented. Parameter estimation results from GREG for 25 wt% DEA/25 wt%
MDEA at 80°C along with the rest of results are presented in appendix G. A
detailed set of results showing concentrations of all chemical species at both the
interface and the bulk, and enhancement factors is given in appendix H for the
specific case of the 25 wt% DEA/ 25 wi% MDEA at 80°C only.

Table 5.4. Rate data for DEA/MDEA. Initial Unloaded Solution is 25
wt% DEA/ 25 wt% MDEA

Bulk logmean  Outlet mCo?2 KL % 105 Flux x 100
Loading Pco2  Pco2 _kmol (my/s] kmol
mol CO2  [bar] Tbar] m3-bar Cn2s)
meol amine
Meas. Model

T=40°C, kMDEA = 7.96 m3/kmol-s, kppa = 186.08 m3/kmol-s, \DEAMDEA = 42.68 +
159.12 m6/kmolZ-s : Deog = 7.5 x 10710 mZ/s. Dy = 2.25 x 1010 m2/s
o=10%00, Pco2” (at loading = 0.08) = 0.0010 bar

0.080  0.193 0.032 0.0206 4.17 1.33 2.34
0.040 0497 0.113 0.0200 4.22 3.21 5.87
0.083  0.811 0.174 0.0206 4.17 6.49 8.57
0.136 1111 0.263 0.0203 4.11 9.71 9.80
0.190 1.374 0.356 0.0201 4.05 12.91 10.10
o= 1.107 £ 0.314, POz (at loading = 0.378) = 0.054 bar
0.345 1.610 0.564 0.0193 3.89 1240 733
0.389 1.530 0.655 0.0191 3.84 8.75 6.06
0.415 1.230 0.580 0.0190 3.82 5.52 4.58
0.423 0976 0.697 0.0200 3.81 1.79 3.78
0378  0.387 0.234 0.0192 3.85 0.88 1.76

T= 80°C, kMDEA = 6.02 m3/kmol-s, kDEA = 65.59 m3/kmol-s, KkDEAMDEA = 22.41 =
0.57 m&kmol*s ; Deog = 2.2 % 10°9 m%/s, Dj = 6.6 x 109 m2/s
o = 0.920= 0.783, PCOQ_* {at loading = 0.456) = 2.88 bar

0.487 2.923 1.042 0.0116 6.77 =379 -5.12
0.464 2.474 1.608 0.0125 6.81 -2.95 212
0.456 1.831 2.253 0.0117 6.83 -1.15 -0.35
0.456 1.262 3.210 0.0117 6.83 142 1.92

0.485 {1,749 5.902 0.0117 6.78 5.40 4.99




Table 5.4. Continued
Bulk logmean  Qutlet meO7 ki, x 10° Flux x 109
Loading Pcoz  Pcoz _kmol Im/s] kmol
mol CO2  [bar) [bar] 3 bar r 2]
mol amine
Meas. Model
a=0753% 0.171, Pcoy” (at loading = 0.101) = 0.057 bar
0.101 (0.105 0.052 0.0128 7.51 -0.25 -0.14
(0.103 0.129 0.279 0.0127 7.50 1.00 1.62
0.107 0.159 0.506 (.0125 7.49 2.92 3.16
0.122 0.264 0.772 0.0127 7.46 4.65 4.80
0.143 0.330 0.929 (0.0126 7.42 5.81 5.34
0.164 0.492 1.206 0.0126 7.38 7.36 6.43

T=120°C,kMDEA =2 4 m3/kmol-s, kpEA = 67.98 m3/kmol-s ; kDEAMDEA = 21.13
0.13 m%%kmol?-s; Dcon = 5.38 x 109 m2/s, Dj=1.61x 107 mZ/s

+

a=0.391% 0.001, Pcoz* (at loading = 0.053) = 0.24 bar

0.068  0.181 0.362 0.0087 11.49 -1.17 -1.22
0.053  0.363 0.323 0.0085 11.54 0.28 0.11
0.071  0.668 0.468 0.0087 11.48 1.77 -0.31
0.086  1.184  0.864 0.0087 11.44 3.54 3.40
0.106 1578 1.303 0.0087 11.38 3.49 31.85
o =0.394 + 0o, Pcon” (at loading = 0.085) = 0.52 bar
0.096  0.342 0.683 0.0087 11.41 2.34 -0.32
0.097  0.565 0.762 0.0087 11.4 -1.34 -0.12
0.085 0875 0.835 0.0087 11.44 0.35 0.32
0.087 1.169 1.016 0.0085 11.4 1.56 3.04
0.096  1.349 1.145 0.0087 114 2.28 3.42
0.106  1.648 1.428 0.0087 11.37 2.83 4.07

73
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5.2 EQUILIBRIUM MEASUREMENTS

During the rate measurements, experiments were carried out in a stepwise
manner by increasing CO7 partial pressure, such that absorption and desorption
rates were measured in each series of cxperiments. This allowed for the
equilibrium point to be encompassed at a point of zero flux. This was the case for

most of the experiments at 80 and 120°C. In order to determine the equilibrium

CO7 partial pressure, a measured loading corresponding to the data point with the
least absoluts flux was used in conjunction with equilibi‘ium Equation (3.4)

repeated here:

HCO"3 > COy(aq) + OH KCO, (3.4)
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and the relationship between solubility and gas phase CO7 partial pressure is

given as:

. 1CO2]
P'Co2 = ne0) (5.1)

combining the two equations above and using the regressed estimate of ¢ for a

particular series we obtain the equilibrium pressure as:

« _  Kcoz [HCO3]
P'coz= @ o, [OH]

(5.2)

The experimental values of P*C02 at the particular values of loading are
presented in Tables 5.1 through 5.4 alongside the rate data. A more concise
presentation is given in Table 5.5. In this table only the values calculated using
determinable values of o are given. These values are also presented in Figure
5.13 for 50 wt% MDEA, Figure 5.14 for 25 wt% DEA and Figures 5.15and 5.16
for 5 wi% DEA/ 45 wt% DEA and 25 wt% DEA/ 25 wi% MDEA respectively.

Table 5.5 Equilibrium Pressure Over Amine Solutions
Solution Temperature “C loading o Peo2” bar

80 0.243 1382031 1.78
0.288 135+ 0.22 2.36
0.308 109+ (.89 2.17

Average 1.27
50 wt% MDEA 120 0.016 1.26 £ 0.65 0.18
0.021 0.86 £ 0.35 0.204
0.023 228 £0.64 0.67
0.035 1.29+0.21 0.77
0.08 0.48 £ 0.06 1.14

Average 1.23

Average for 50 wi% MDEA 1.24
80 0.294 213+ 0.64 0.47
g0 0.395 0.55 ¢ 0.51 0.32

Average 1.34
25 wi% DEA 120 0.149 1.07 £0.11 1.27
120 0.219 0.34 £0.03 0.87
120 0.215 0352004 0.87

Average 0.59

Average: 25 wt% DEA 0.89




Table 5.5 Continuer
Solution Temperature loading o PC02*
°C bar
80 0.038 1L.00£022  0.044
30 0171 097+0.023 057
Average 0.99
120 0.027 1.90+0.25 0.64
5 wt% DEA/ 45 wt% MDEA 120 0.010 1.86+0.98 0.1
120 0.010 231099 0.11
Average 2.02
Average: 5 wt%/45 wt9 MDEA 1.61
40 0.378 1.11+031 0.054
80 0.456 092+0.78 2.88
25 wt% DEA/ 25 wt% MDEA 80 0.101 0.75£0.17  0.057
Average 0.84
120 0.053 0391 £0.001 024
Average:25 wt% DEA/2S wt% MDEA 0.79
Qverall Average 1.16
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Values of o gives a direct indication of how good the equilibrium model
is. A value of one would indicate an ideal situation. A plot of  as a function of
loading and solution type at 80°C given on Figure 5.17 reveal that all points
except one lie between 0.5 and 1.5. This indicates that the equilibrium model is
consistent with the data. At 120°C there is significant scatter and o lies well
between 0.3 and about 3.0. This indicates uncertainiies on the equilibrium
constants at higher temperature. On Figure 5.19 all the o values for all conditions
are plotted together. The scatter is random and the average value of 1.16 is

obtained.
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5.3 TEMPERATURE EFFECTS

The measured apparent rate constants for both MDEA and DEA decreased
with temperature. The ‘rends are shown on Figure 5.20. Apparent rate constants
may be compared witk: uther literature values. Comparisons are made on Figure
5.21 for the MDEA case. The value at 40°C coincides well with results from
previous researchers, however, the extrapolation of other v +rks are significantly
higher than the measured values in this work. There are differences in methods,
concentrations, loadins 4 the range of CO7 partial pressure used. All other

works were at zero low.. .g, low amine concentration and CO?2 partial pressure

less than or equal to 1 ai:
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On Figure 5.22 a similar situation of disagreement is demonstrated for the
pure DEA case. The trend, as in the case with MDEA, is completely reversed. It
may be argued that along with uncertainties in physical properties at higher
temperatures, it is obvious that the apparent rate constants measured are a

complex function of the actual rate constant, equilibrium and the physical

properties.
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Figure 5.20 Temperature Dependence of Effective Rate Constants.
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54  SENSITIVITY ANALYSIS

There is a strong interaction among the vaiue of the effective rate constant,
the mass transfer coefficient, and the diffusion coefficient of the ionic products.
To demonstrate this an analysis was carried out for 50 wt% MDEA. The base case
estimate of diffusion coefficient of ionic products, Dj, for MDEA at 120°C is 1.64
x 109 m2/s. Caiculations were made with this base value, while using different
values of apparent rate constant and regressing the CO2 mass transfer coefficient
from experimental data. Three other values of Dj were used. These corresponded
to 1/9 { Dj = 0.18 x 109 m2/s), 1/4 (Dj = 0.41 x 10-9 m2/s), and 1/2 ( Dj = 0.82
x 109 m2/s) of the base value. Standard error for each case was also calculated.

A summary of the results for the MDEA case is presented on Figure 5.23.
At very low values of the rate constant (less than 1.0), a large value of mass
coefficient transfer is necessary to describe the result and this value is insensitive
to the rate constant in this range. As the rate constant is increased a lower value
of mass transfer coefficient is needed to fit the data, however the standard error
increases also. At even higher rate constant (more than 400) the mass transfer
coefficient reaches an asymptote as does the standard error.

Standard error is calculated as follows:
, _ S (Residual)?
standard error = ’\/ = Degrees of Freedom 5:3)

Residual = observed value - predicted value (5.4)

‘Where:
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Degrees of Freedom = no. data points - no. of parameters  (3.5)

Selected detailed numbers for the sensitivity analysis for MDEA and DEA

at 120°C are preéented in Table 5.6. The first entry for both MDEA and DEA

corresponds with the base case calculations. The base case for MDEA with a rate

constant of 2.4 m3/kmols gave the best fit to the data with a regressed value of

CO2 mass transfer coefficient of (12.3+£7.5) x 10- mys.
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Figure 523  Sensitivity Analysis for 50 wt % MDEA at 120°C

Table 5.6 Sensitivity Analysis at 120°C

Rate Constant kg x 10° D; x 10% Standard Error

m3/kmols m's m2/s kmol/m2.s
MDEA 2.4 12.32+ 7.50 1.64 0.518
300.0 3.86%1.33 1.64 (0.592
0.000001 2229+ 6.09 1.64 0.519
300.0 8.59£2.71 0.18 0.569
300.0 6.57+2.15 041 0.579
300.0 5.09+1.71 0.82 0.586
DEA 68 14.90 £ 6.03 2.25 0.563
20000 4,84 £ 1.30 2.25 0.883
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The lack of confidence in the values of diffusion coefficients especially at
high temperature and in the concentrated amines makes the sensitivity analysis an
important tool. The results above indicates that if the Dj was to be reduced by a
factor of 9 a rate constant , kMDEA. of about 300 m3/kmol-s would be obtained.
The factor of 9 may not be too large for consideration because of the extrapolation
and estimations involved in estimating Dj.

With such a IOW value of Dj the ratio of Dj to DCQ32 that enters in
determination of the Instantaneous enhancement factor, Eins (as discussed in
section 4.4 and Appendix ) would predict a lower values of Ejpns by as much as a

factor of 3 making the window for good data even narrower.
5.8 OVERALL GAS PHASE MASS TRANSFER COEFFICIENT

The two film theory of gas/ liquid mass transfer coefficient usuvally
represents flux by using mass transfer coefficients and driving forces defined in
one of several ways. The overall gas film mmass transfer coefficient, KG, uses the
bulk gas partial pressure, PCO2, and the equilibrium partial pressure over the bulk

solution, P*C(O2:

Ko = Flux
G=Pcoa - Preo2

(5.6}

Equation 5.6 can be used to calculate overall gas phase mass transfer coefficients
directly from data obtained in this work for the specific systems. These values
will then be available for absorption/ desorption equipment design. Equations
59 and 5.6 were used with the mass transfer model to calculate the overall mass
transfer coefficient for each experimental data point. The results are tabulated in

Table J.1 in Appendix J.
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The plots that follow include only the data points with absolute flux greater than
0.45 x 10-6 kmol/m?s. This minimizes the uncertainties in the accuracy of the
measured fluxes which the model matches in estimating parameters, and thus
gives good values of overall mass transfer coefficients. The curves included in
the plots are for the purposes of making the reading easier only. The overall gas
phase mass transfer coefficient is found to be directly affected by temperature,

solution type, and CO?2 loading.
5.5.1 Temperature Effect

For the four solution types: 50 wt% MDEA, 25 wt% DEA, 5 wt% DEA/45
wt% MDEA and 25 wt% DEA/2S wt% MDEA, plots are presented for each
system at the thres temperatures 40, 80, and 120°C. These plots show the effect

of temperature and loading for each solution type.

5.5.1.1 50 wt% MDEA

On Figure 5.24, KG values for 50 wt% MDEA solution are plotted as a
function of CO7 loading. The general trend is for the KG to decrease with an
increase in CO?7 loading. The values at 40°C varied from 4.46 kmol/(m?Z s bar ) at
a CO7 loading of 0.019 mol/ mol MDEA to a lowest value of about 1.6
kmol/(mzs bar) at a loading of 0.4 mol CO7 /mol MDEA. The values of KG at
80°C ranged from 2.3 to 1.6 kmol/(mZs bar) for the respective CO?2 loading range
of 0.24 to 0.45 mol CO7/ mol MDEA. In the range of CO7 loading covered by
80°C data, the K values at 40°C are indistinguishable from those at 80°C. Data

at 120°7 covers a range of CO2 loading from 0.016 to 0.156 mol for which the
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range of KG vales was 2.6 to 2.0. In this range KG at 120°C are significantly

Iower than those at 40°C.
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Figure 5.24 KG in 50 wi% MDEA at Different Temperatures

5.5.1.2 25 wit% DEA

The KG results for 25 wt% DEA solution are presented in Figure 5.25. At
40°C the K¢ decreased from 16.5to 7.1 kmol/(mzs bar) for corresponding CO2
loading increase from 0.04 to 0.34 mol/ mol DEA. While, at 80°C the range of
KG was from 4.5 to 2.6 kmol/(m2s bars) for an increase in CO?7 loading from
0.39 to 0.5 mol/ mol DEA. There was only a slight decrease of K@ value at
120°C. Tts value decreased from 4.4 to 3.7 kmol/(mzs bar) for a CO7 loading
increase from 0.15 to 0.29 mol/ mol DEA. Generally the K value at high
temperatures 80 and 120°C were significantly lower than at 40°C for the same

loading conditions.
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55.1.3 5 wt% I FA/M45 wi% MDEA

The 40°C data with a CO?2 loading range from 0.09 to 0.53 mol/ mol
amine, had the K@ value spanning from 5.5 down to 1.4 kmol/ (m?s bar). The
range of loading for 80°C is small but goes to lower end than data at 40°C. It
ranged from 0.04 to 0.2 mol/ mol amine, while the KG values ranged from 6.3
down to 3.0 kmol/ (mzs bar). In the range of data where CO?2 loading overlap for
40°C and 80°C, the K@ for 40°C is just slightly higher than at 80°C. The KG
values at 120°C were the lowest and they fell from about 3.2 kmol/ (mZs bar) at a

CO2 loading of 0.01 mol/ mol amine down to 2.0 kmol/ (m2s'  at a loading of

0.03 mol/ mol amine. These results are presented on Figure 5.2
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5514 25 wt% DEA/25 wt9% MDEA

The results on KG for 25 wt% DEA/ 25 wt% MDEA are plotted in Figure
5.27. For this system at all loading levels the KG values decrease with
temperature increase. The values at 40°C decreased from 12.2 kmol/ (mZs bar) at
a CO2 loading of 0.08 mol/ mol CO2 down to 4.0 kmol/ (mzs bar) at a CO?
loading of 0.42 mol/ mol amine. The range at 80°C was from 8.0 to 1.8 kmol/
(m2s bar) corresponding to CO2 loading of 0.10 to 0.49 mol/ mol amine. The KG

values at 120°C ranged from 6.4 to 4.8 kmol/ (m2s bar) for a CO?2 loading range

of 0.07 to 0.11 mol/ mol CO?.
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Figure 5.27 K for 25 wt% DEA/ 25 wt% MDEA at Different Temperatures

5.5.2 Solution Type Effect

The effect of adding DEA to a solution of MDEA is to increase the overall
gas phase mass transfer coefficient at all levels of CO7 loading and at all three
temperatures. The effect of addition of DEA is remarkable at 40°C and decreases
with increase in temperature.
5.5.2.1 Solution Type Effect at 40°C

Figure 5.28 shows the results at 40°C for a:. four solution types. For all
solutions K3 value decreased with increasing loading. 25 wt% DEA had the
highest KG followed by 25 wt% DEA/ 25 wt% MDEA, and then 5 wt%
MDEA/45 wt% DEA, with MDEA having the lowest value. At CO2 loadings

higher than 0.3 mol/mol amine 50 wt% MDEA and 5 wt% DEA/45 wt% DEA
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have almost the same values of KG. This may be because all the DEA has been

depleted by the reaction and only MDEA remains in the mixture.

.é ;80 E T N L LI S B A B - | N B B A T 3
8 E —@— 25 wi% DEA 3
g 160 ¢ et 75 wi% DEA/ 25 wi% MDEA]
Qe 14.0 _gj g 5 Wt% DEA/ 45 wt% MDEAE
oS E ——€r— 50 wt% MDEA E
< 5120 & :
= E 3
E” 10,0 & E
g8 0 ¢ E
Lo B = =
£ g 8.0¢ =
g & - =
g7 60EF 3
A 4.0 g :i
E 2.0 B E
S E 3
- — -3
o} 00 E . o ol s s | ST T W R N L R 3
0.00 0.10 0.20 0.30 0.40 0.50 0.60

CO, loading {mol/ mol amine]

Figure 5.28 K¢ at40°C for the Four Solutions

5.5.2.2 Solution Type Effect at 80°C

Overall mass transfer coefficient, KG, values for all four solution types at
R0°C are plotted on Figure 5.29. Same trends as those described in the previous
section for 40°C are observed. 25 wt% DEA providing the highest value and 50

wt% MDEA giving the lowest.
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5.5.2.3 Solution Type Effect at 120°C

Figure 5.30 presents results for all four solutions at 120°C for the range of
CO2 loading where data overlap for 50 wt% MDEA and 5 wit% DEA/45 wt%
MDEA the value of K¢ are the same. 25 wiw DEA/25 wt% MDEA and 25 wi%

DEA seem to have the same values, although data available here do not «:verlap.
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CHAPTER SIX
Conclusions and Recommendations

6.1 CONCLUSIONS ON EXPERIMENT

A wetted wall column as a laboratory mass transfer device was designed
and fabricated. It was then used for collecting data for both absorption and
desorption of CO72 with mixtures of methyldiethanolamine and diethanolamine.
A wide range of conditions in terms of CO7 partial pressure, CO) loading and
temperature were studied. The data collected are unique'as no other work has
attempted these measurements at stripper conditions. The data made available
here have been used to calculate overall mass transfer coefficients which may then
be used in equipment design. These coefficients are given as a function of
solution type, CO?2 loading, and temperature.

The overall mass transfer coefficient, K@G, decreased with an increase in
temperature. This effect was more significant for the change in temperature from
40° to 80°C than between 80°C and 120°C. At a constant temperature and for a
specific amine solution, K(; decreased with increase in CO? loading. Addition of
DEA in a basic solution of MDEA increased the K values at all conditions.
Thus KG values decreased in the following order at all conditions: 25 wt% DEA,
25 wt% DEA/ 25 wit% MDEA, 5 wt% DEA/ 45 wt% MDEA, and 50 w%
MDEA.
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6.2 CONCLUSIONS ON MODELING

A mass tran.sfer model based on the film theory that coupled the chemical
reaction and equilibrium has been developed. The model was used with a
pﬁrameter estimation package (GREG). Apparent reaction rate constants and
equilibrium correction factors were estimated. CO2 equilibrium correction factor
o was evaluated simultaneously with the apparent rate constants. This parameter
allowed for extraction of eguilibrium CO2 partial pressure from the rate
measurement data.

Equilibrium data were determined on average within a confidence interval
of 16%. CO» flux predictions were good. At 80°C and to a larger extent at

120°C, the statistical determination of the apparent rate constants were not good.
6.3 RECOMMENDATIONS

The physical properties at high temperature are not known with good
accuracy. Correlations had to be extrapolated beyond their limits. Thus, it would
be appropriate for the physical properties required for analysis of data at high
temperature to be measured independently.

More care should be given in choosing experimental conditions. The
limits outlined in Chapter 4 and in Appendix I should be considered. As arule an
experiment should be designed such that enhancement factor expected is
approximately the square root of the instantaneous enhancement factor.

Use of homogeneous kinetic experiments, such as a stopped flow
technique, are recommended. Such methods do not need the knowledge of

diffusion coefficients and solubility data to intespret the result .



APPENDIX A

Modeling

This appendix will complement in the reading of chapter 3 and the Fortran

code.
Al BULK PHASE SPECIATION

Species identifiers

CO9 = XD
OH- = X(2)
HCO3" = X(3)
MDEA = X4
MDEAH* = X{(5)
DEA = X(6)
DEAHT = X(7)
DEACOO- = X(8)
CO3= = X9

Equilibrium constants KCO7, KHCO3, KMDEA, KDEA, and KCARB referred to
in Chapter 3 are represented here and in the model as K1, K2, K3, K4, and K5

respectively.

Bicarbonate equilibrium corresponding to Equation 3.4 becomes:

F(1) = o KI X(3)-X(1) X(2)=0 (A.1)
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Carbonate equilibrium represented by chemical equation 3.5 is represented

in the model as

F(2)=X{3) X(2)-K2 X9 =0 (A.2)

MDEA equilibrium with MDEAH™ in Equation 3.6, is represented as:

F(3)=K3 X{4) -X(2) X(5)=0 (A.3)

DEA equilibrium with DEAH™, Equation 3.7, is represented as:

F(4)=K4 X(6)-X(2) X(7)=0 (A.4)
Carbamate equilibrium with DEA, Equation 3.8 is given by:

F(5) = K5 X(8)-X(6) X(3)=0 ' (A.5)

Material Balance for CO?2, Equation 3.9 is given as:

F(6) = TCO2 - X(1)- X(3) - X(9) - X(8) =0 (A.6)

MDEA material balance, Equation 3.10 is represented by:

F(7) = TMDEA - X(4)- X(5) =0 (A.7)

Material balance for DEA, Equation 3.11:

F(8) = TDEA - X(6) - X(7) - X(8) =0 (A.8)

Electroneutrality, Equation 3.12:

F(9) = X(7) + X(5) - X(3) - 2X(9) - X(8) - X(2) =0 (A.9)

After the solution of the problem is found, the values of X(i) fori=1t0 9

are stored as CO2B, OHB, HCO3B, MDEAB, MDEAHB, DEAB, DEAHB,
DEACOOB, and CO3B respectively; and are used in the interfacial calculations

that follow next.
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A2 INTERFACIAL CALCULATIONS
To solve for interfacial speciation, CO2 flux, and Enhancement Factor

twelve unknowns and equations are defined:

OH- = X(1)
HCO3” = X{2)
MDEA = X{3)
MDEAHt = X(4)
DEA = X(5)
DEAH* = X(6)
DEACOO- = X7
CO3= = X(8)
DIFFLUX = X(9)
CO2¢carb = X(10)
CO2e, HCO3 = X1
CO2, com = X(12)

Definition of some Intermediate values calculated:

Interfacial CO2 concentration is calculated via the following equation.

CO2I = mCQ2 PCO2 (A.10)

Effective rate constant for bicarbonate formation, K1BICAR:

KIBICAR = kMDEA X(3)+kMDEAOH X(3)} X(1) (A1)

Effective rate constant for carbamate formation

KI1CARB = kpEA X(5) + KDEAMDE X(3) X(5) (A.12)



Rate of formation of carbamate, RATCARB:

RATCARB = KICARB (CO2I - X(10))

Rate of formation of bicarbonate, RATBICA:

RATBICA = KIBICAR (CO2I-X(11))
Flux due to carbamate, FLUXCAR:

FLUXCAR = K. \/9%5?5“—-——?—(—’5 (X(7) - DEACOOB)

Flux due to bicarbonate, FLUXBIC:

FLUXBIC = K [(CO2I - CO2B) + "\ f ?DHCOE' (X(2) - HCO3B)
CO3™

Dcos™ -
Do (X(8)-CO3B)]

Dimensionless driving force, ®

(X(12) - CO2B)
(CO21- COZB)

D=
Overall effective rate constant, K1B:

K1B = KIBCAR + K1CARB

Enhancement Factor based on pseudo first order approximations

KB Doz
El = [ 1.0+ St
\/ T2

The overall Enhancement Factor

ECO2= 10+ (EL- 1.0} (1- D)

100

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

The weighing factor for reaction rates, FCARB is calculated via the following

equation:
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KICARB

FCARB = 1A RE + KIBICAR (A21)

The set of twelve functions that are solved simultaneously for the twelve
unknowns are given in equations (A.21) through (A.33).

DEA Flux across the interface is zero:
F(1) = YDpga (X(5) - DEAB) + VDpeag™® «(X(6) - DEAHB) +

V Dpeacoo - (X(7) - DEACOOB) = 0 (A.22)

MDEA flux across the interface 15 zero:
F(2) =vDmpea (X(3) - MDEAB) + VDMmeau™t (X(4) -

MDEAHB) =0 (A.23)

Electroneutrality:
F(3) =VDMpeaRt (X{4) - M ZAHB) + ;DDEAH+ (X(6) - DEAHB) -
VDHCo3z (X(2) - HCO3B) - VDpeacoo™ (X(7) - DEACOOB) -

N (X(1) - OHB)- 2XVDcos= (X(8) - CO3B) =0 (A.24)
-ADEA Equilibrium with MDEAH*:

F(4) = K3 X(3)- X{(1) X(4)=0 (A.25)
DEA equilibrium = :h DEAH™Y:

F(5) = K4 X(§)- X(1) X(6)=0 (A.26)

Carbonate equilibriam:

F(6) = K2 X(8)-X(2) X(1)=0 (A27)

Diffusional flux:
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F(7) = X(9) - KL [(CO2I - comux}%—%{—%lg (X(2) - HCO3B)

Dco3a™ - / DpEACOO”
23 y(]) - HODAL
+ Deoo (X(8) - CO3B) + Deoo

(X(7) - DEACOOB)] =0 {A.28)
Enhancement Flux equals to Diffusional flux:
F(8) = K1, ECOp (CO21-CO2B)-X(®) =0 (A.29)
Combined concentration of CO?:
F(9) = X(12) - FCARB - X(10) - (1.0DO - FCARB) X(11)=0 (A30)
For calculation of CO2 concentration that would be in equilibrium with
carbamate:
F(10) = X(10) X(5) X(1)- o K1 K5 X(7)=0 (A3D)
For calculation of CO2 concentration that would be in equilibrium with
HCO3~:
F(1D = XD X(H-a K1 X(2)=0 (A.32)
Ratio of carbamate flux to bicarbonate flux equals the ratio of rates of their

formations:

F(12) = FLUXBIC x RATCARB - RATBICA x FLUXCAR =0 (A.33)



APPENDIX B

Derivation of the liquid film mass transfer coefficient correlation

Reference is made to the sketch of the cross section of the wetted wall
column shown in figure B.1. The liquid flows in a film under the influence of

gravity down a surface of a vertical tube.

L

Figure B.1  Cross Section of the Wetted Wall Column Showing the Liquid

Velocity Profile and Important Dimensions
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When the film has attained its terminal velocity distribution, the velocity

U at any depth x beneath the surface is given as (Bird et al,, 1 960):
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U=Umax(1-(“é)2) (B.1)
where
r 2 L
Umax = §< —yp BBy (B.2)
p 3

and T is mass flow rate per unit width and other symbols have usual meanings.
If the height of the wetted wall column is L, the exposure time, te, of any element

of the surface to the gas is:

23, L
)3 ol )3 (B.3)

L 2Lp
I' pg

le “Umax ER

Penetration theory gives the liquid side mass transfer coefficient as:

k=24 | 2 (B.4)
ite

Substituting for te from (B.3) into (B.4) we obtain:

kL=24/° <§L>2< Ly Eﬁ) (B.5)

1

= 1 1
__?:wﬁ 15 D2 (+)2 pgé B.6
L= E s D) <p) ) (B.6)
or
A 1__ I‘*i {,i
kL = L. 15D1 (PRSeA (== (B.7)
pPH

Trying to put (B.7) in dimensionless form we proceed as follows:



L L D2 I L
kL@E) = 1.155 - P PR g)ﬁ
Lz
- 1
%21.15 L (F)3 P8y
D?.
1 1
ML 4F— 1 3
]J,_i 43 p3
1 1 L .
P ; D n Loy
43 3 o3
31
kLL 4r— }_;6 pcr]_
== 0724 ( ) s =02 REy
D oD ) | (u_)
p()
L A.FL 203 1
IE—LD*Ii"-O‘;'za,( REVI (PLg)6
pD _
1L
or
R N |
Sh = 0.724 Sc- =3 Gab
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(B.8)

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)



APPENDIX C

Physical Properties Correlations

C.1 VISCOSITY

Viscosity of the unloaded solution was calculated by the correlation
developed by Glasscock et al. (1991) based upon the data of Al-Ghawas et al.
(1988), Critchfield (1988) and Sada et al. (1978). To account for the effect of
CO, loading on the viscosity of amine solutions, a correction proposed by

Glasscock et al. (1991) is used.

C.1.1 Viscosity of the Unloaded Solution

Based upon the data of Al-Ghawas et al. (1988), Critchfield (1988) and

Sada et al. (1978), Glasscock (1990) developed the foillowing correlation:
wam = wmdea + 0.980 wdea + 0.876 wmea (Cc.y
Bl =-10.52 - 23.40 wam - 31.24 wam?+ 36.17 wam? (C.2)
B2 = 3912 + 4894 wam + 8477 wam? - 8358 wam?  (C.3)
B3 z‘0.021 12 + 0.03339 wam + 0.02780 wam< - 0.04202 wam3(C.4)
loge L=DB1 +%%+B3T (C.5)

u is in cP and T is the temperature in degrees Kelvin. wmdea, wdea and
wmea denote the weight fractions of MDEA, DEA, and MEA, respectively. The

correlation is based upon the viscosity correlation for MDEA only by Al-Ghawas
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et al., with the parameters in bold adjusted to fit the experimental data for all of
the amines. The standard deviation for the 4 parameters are 0.980 + 0.0274. 0.876
+ 0.0449, 4894 + 199.5, -0.04202 £ 0.00124. The other parameters could not be
adjusted with significance. This correlation is considered to be reasonable for 0 to

50 wt% total amine, and a temperature range of 290 to 320 K.

C.1.2 Viscosity of L.oaded Solution
Toman (1989) determined the effect of CO? loading on the viscosity of 50
wt% MDEA at 298K. These data span the range of 0.001 to 0.76 moles of CO2

per mole of amine, and Glasscock (1990) fit them by a second order equation:

'MDEA = 1.000 + 0.8031 loading + 0.35786 (Joading?) (C.6)
In order to estimate the viscosity of solutions other than 50 wt% MDEA, the

corrected relative viscosity was estimated by Glasscock (1990) as follows:

relative viscosity = 1. + 2. (r-1) {wam)} (C.7)
Flor 50 wt% amine, this equation defaults to relative viscosity = r, whereas, for
pure water (wt fraction amine = 0) this equation defaults to 1 for the relative
viscosity, despite the loading. This correlation makes obvious physical sense and
is used for all amine solutions. This relation is assumed to be correct at all

temperatures.

C.2 DENSITY OF THE SOLUTION

The density correlation of Licht and Weiland (1989) was used for all

amines. The correlation is of the following form:

i\
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L uw Vwo exp{bw (T - To)} + uAl VA% exp{bAl (T-To)} +
p .

uA2 VA20 exp|{bA2 (T - To)} + wCO2 VCO20 exp{bCO2 (T - To)}

(C.8)
where: To = 308K
T = temperature in degrees K
uw = weight fraction water
Al = weight fraction amine 1
uA2 = weight fraction amine 2 (if needed)
wCO2 = loaded basis weight fraction CO2
Vo = specific volume, shown in table C.1 below
b = bulk thermal expansivity

Table C.1 Some properties of the solution components

Water MDEA DEA MEA co2
specific volume (cmS/g) 1.01 (0.918 0.894 0.964 0.0636
bulk expansivity (K~ 1y 0.000344  0.000528  0.000487 0.00568 0.0036

C.3  DIFFUSION COEFFICIENTS

The diffusion coefficient of CO2 was estimated using N2O analogy. First,
diffusion coefficients of CO- and N2Q in water are calculated using the following
equations regressed from literature data in Versteeg and Van Swaaij (1988¢)
(includes data from 30 different sources) and new data by Tamimi et al. (1994),
who extends the temperature dependency to 95°C. These data are tabulated in

Table C.2 and Table C.3, also, they are plotted on Figure C.1 and Figure C.2.

1n (Deog) = -(12.69 £0.13) - 219?'24 (€.9)

In(Dn20) = -(12.37 £ 0.23) - g—BT.Qé (C.10)
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where T is in Kelvin and diffusion coefficient is in m2/s.

Table C.2 Diffusivity of CO2 in water used for correlation development
POz x 109 [m?s71]

Temperature. {K] Versteeg and Van Swaaij (1988¢) Tamimi et al. (1994)
273.060 0.96
279.50 1.15
283.00 1.46
288.60 1.60
288.00 1.39
289.00 1.57
291.00 1.71
291.50 1.65
292.50 1.68
293.00 1.64
293.00 1.60
293.00 1.77
293,16 1.76
298.00 1.98
298.00 1.87
298.00 1.95
298.00 2.05
298.00 1.85
298.00 2.00
298.00 1.94
298.00 1.87
298.00 1.90
298.00 1.74
298.16 1.94
303.00 229
303.00 2.15
303.16 2.20
307.70 2.41
308.00 2.18
313.00 2.80
313.16 2.93
318.20 3.03
325.00 3.61
327.90 3.68
333.16 4.38
338.00 4.40
338.00 4.30
48.1¢ 5.40
353.16 6.58

368.16 8.20
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Figure C.1 Diffusivity of CO2 in water as a Function of Temperature,
Versteeg and van Swaaij (1988¢), and Tamimi et al. (1994)

Table C.3 Diffusivity of N20 in water used for correlation development
Dcoz x 109 m2s71] T

Temp. [K] Versteag and Van Swaaij (1988) Tamimi et al. (1994)
288.00 1.39
289.70 1.70
291.10 1.47
292.00 1.56
292.50 148
293.00 1.52
293.00 1.92
293.00 1.74
293.00 1.45
293.00 1.65
293.16 1.84
297.90 2.09
298.00 1.86
298.00 1.69
298.00 1.62
298.00 1,78
298.00 1.88
298.00 1.80
298.16 1.88

302.90 2.27
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Table C.3 Continued

Dcoz x 10° m2s7H

Temp. [K] Versteeg and Van Swaaij (1988) Tamimi et al. (1994)
303.16 1.93
303.80 2.35
308.00 2.03
308.00 2.34
312.90 2.35
313.00 2.55
313.00 2.58
313.16 2.61
318.00 3.17
322.70 2.85
333.16 ] 4.51
340.00 5.33
343.00 543
353.00 6.32
353.16 6.50
368.16 7.30

10.0 AN LA AL SR I R I

10 PRI T N U O VAN A M NS S OO0 SOV S S0 NV U SN U L 0 WO WIS A S

270 2.80 290 3.00 3.10 320 3.30 3.40 3.50
1000/T [K 1)

Figur. 2. Diffusiviry of N2O in water as a function of temperature, Versteeg
and van Swaaij (1988c), and Tamimi et al. 1994)
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The diffusion coefficient for NpO is then calculated according to the

modified Stokes-Einstein relation:

(DNZO |-10‘6)am soln = (DNZO uo'é)water (C.11)

The diffusion coefficient of CO5 in the amine solution is then calculated using the

N-O analogy:

D D
[Dgécz)}‘m soln = (ﬁ“g%%}vater (C.12)

The amine diffusion coefficients in water for DEA and MDEA were
calculated from the data of Versteeg and van Swaaij (1988) at 298K by Glasscock
(1990). The resulting diffusion coefficients in water at 298K were 8.02x10-10
m2/s, and 8.08x10-10 me/s, for MDEA and DEA respectively. The diffusion

coefficients were corrected for viscosity and temperature using the modified

Stokes-Einstein relationship:

0.6
T
Dam soln = Damswater 208 (%S‘) (C.13)

The ratio of amine diffusion coefficient to that of CO2 at 40°C was about 0.3.
This ratio was assumed to be constant at all temperatures. Thus, diffusion

coefficient for all other species, Dj, was obtained as:

Di=03-Dcoz (C.14)

C4a SOLUBILITY

To estimate the solubility of CO7 in alkanolamine solutions the N2O-CO»

analogy is used:

Hyoo-H20 _ HN20O-am
£ = C.15
Hcoz-H20  Hcoz-am ( )
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where H is the Henry's constant. The Henry's constant expressions for N7O and
CO; were developed by regressing data from Versteeg and van Swaaij (1988c¢);
Duda and Vrentas (1968); Joosten and Danckwerts (1972) and Sandall et al.

(1993).

-2189.8, m3 b
Hn0-H20 = 63612 exp (Fp) 7>t (C.16)

-1971.2. m3 b
Heo2-H20 = 22633 exp () e (C.17)

Table C.4  Solubility of N2O in water

Temperature {K] Hepp m3bar/kmol
Versteeg and van Duda and Vrentas Joosten and Sandall et al.
Swaaij (1988¢) {1968) Danckwerts (1972) (93)
2912 33.445
292 34.843
2029 33.333
293 34.247
298 41.322
298.6 37.736
302.9 49.595
308 52632
3129 39.172
313 60.606
318 §9.930
3226 - 29
3229 T4
340 103.093
353 128.205
3594 140.843
298 39.063
313 62.112
298 41.494
293 36.943
313 63.389
333 91.041

353 112.23
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Figure C.3.  Solubility of N20 in Water as a Function of Temperature
Table C.5

Solubility of CO2 in water

Temperature [K]

HCO?2 [m>bar/kmol]

Versteeg and van Swaaij{1988)

Sandall et al. (1993)

291
292
292
293
298
298
303
308
3114
313
3134
318
323
333
343.5
350.2
355.2
360.1
293
313
333
353

24.691
24.096
25.707
26.316
29.674
30.395
35.744
39.370
40.984
42.194
42.017
48.544
51.546
61.350
71.429
75,758
83.333
02.593

27.439

45.7178

64.757
86
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Figure C4  Solubility of CO2 in Water as a Function of Temperature

Solubility of N20O in 50 wt% MDEA and 30 wt% DEA at different

temperatures were estimated based on data by Sandal et al. (1993). The data at

30% DEA were used as though they were for 25 wt% DEA. For the mixed

solutions a weighted average of the two was used.
-1211.9. m3 bar

Hyoo-MDEA = 3263.1 exp ( T ) ol (C.18)
-18248 m3 b
Han0.DEA = 22217 exp ( E?? 8 “;moaif (C.19)
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Figure C.6  Solubility of N2O in 30 wt% DEA as a Function of Temperature,

Sandall et al. (1993)
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With all the other quantities in Equation C.15 estimated, the heury consiant of
CO2 in unloaded amine solution is calculated. To correct for the effect of loading
on solubility, a correlation developed by Toman (1990) is used:

H*co2-
Log ﬁ = (.09 x Total CO2 concentration (C.20)
where total CO?2 concentration is in Molar units.

The value reported in the result section is the solubility, mCQ2, which is

the reciprocal of the corrected Henrys constant, H*CO2—am-

mCo2= ———— (€21)
Heo2 am

Values of mCo?2 used for interfacial calculations are based on the bulk liquid
phase loading. This simplification is justified because the difference in CO2
loading between the bulk and the interface is typically less than 50%. Table C.6
presents the effects of CO2 loading on the value of CO2 solubility at three
temperatures. At a constant temperature, doubling the CO2 loading changes the
solubility by a mere 10%. Also shown in Tabic * "6 is the case at the CO2 loading

of 0.6 mol/ mol amine. A factor ¢ :ix increase in loading (from 0.1 to 0.6 mol

CO2/ mol amine) changes the solubility by only 30 to 40%.
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Table C.6  Effect of CO32 loading on solubility 7
T 07 loading mco? Jo-age change mco?2 %-age change in
°C 50 wi% (MDEA)  iInmCQ? 25 wt% DEA mco?2
[mol/ mol amine!  [m3bar/kmol! [m>bar/kmoi]
40 0.1 0.0188 (0.0194
0.2 0.0172 -8.6 0.0175 -9.5
0.6 0.0132 -30.1 0.0118 -39.3
80 0.1 0.0131 0.0108
0.2 0.0120 -8.4 0.0098
0.6 0.0093 -29.6 0.0066
120 0.1 0.0099 0.0068
0.2 0.0091 -8.3 0.0062 -9.2
0.6 0.04070 -29.2 0.0042 -38.3




APPENDIX D

Experimental Data

D.1  MDEA Raw Data

Table D.1 Rate Data for MDEA. Initial Unloaded Solution is 50 wt%

MDEA at 40°C
Run Date bulk loading Pcoz Flux
Series : mol CO2 [bar] kmot
# mol amine m2s

in out logmean
70 01/03/95 0.019 0459  0.173 0293 6.75E-07
(.033 0.855 (0.383 0.588 1.21E-06
0.048 1.322  0.691 0973 1.81E-06
0.103 2254 1120 1.621 4.04E-06
0.147 2.953 1.644 2.235 5.78E-06
0.329 3.496  2.171  2.781 7.20E-06

72 01/16/95 0.253 0.595 0377 0478 540E-07
0.262 1.320 0816 1.048 1.47E-06
0.271 2252 1.585 1.899 2.55E-06
0.286 2949 2221 2.568 3.55E-06
0.395 3492 2788  3.127 4 30E-06

74 01/20/95 0.136 0596 0275 0.415 7.82E-07
0.164 1321 0655 (.950 1.90E-06
0.184 2254 1181 1.660 3.86E-06
0.240 2952 1.801 2329 5.22E-06
0.271 3495 2416 2923 6.13E-06
0.403 4723 4723 4923 7.70E-06

119
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Table D.2 Rate Data for MDEA. Initial Unloaded Solution is 50 wt%
MDEA at 80°C
Run Date bulk loading Pcoz Flux
Series moj CO2 [bar] kmol
# mol amine m2s
in out logmean
71 01/10/35 0.242 1.039 1473 1.243 -1.44E-06
0.243 1.815 1.803 1.809 4.97E-08
0.245 2423 2.163  2.291 1.25E-06
0.245 2912 2.505 2.703 2.32E-06
73 01/17/95 0.309 0.564 1.643 1.009 -3.44E-06
0.309 1.252 1784 1.502 -1.63E-06
0.288 2.134 2319 2.226 -8.66E-07
0.295 2796 2.688 2.742 6.22E-07
0.301 3.3i0  3.074 3.190 1.68E-06
75 01/22/95 0.308 2424  2.525 2.474 -5.18E-07
0.306 2913 2.814 2864 6.00E-07
0.316 3315 3151 3232 1.18E-06
0.445 6.562 6.562 6562 3.56E-06

Table D.3 Rate Data for MDEA. Initial Unloaded Solution is 50 wt%

MDEA at 120°C
Run Date buik loading Pcoz Flux
Series moj CO2 [bar] kmol
# mo} amine mZs
in out logmean
34 03/16/94 0.016 000 0.149 0.074 -4.32E-07
0.026 0.806 0.696  (.749 4,10E-07
(.033 1420 1.064 1234 1.62E-06
35 03/17/94 0.021 0.000 0305 0.152 -9.09E-07
0.021 0431 0372 0.401 1.92E-07
0.128 (0.806  0.602  (.699 7.44E-07
0.033 ‘1420 1.030 1215 1.76E-06
0.047 1.903 1508 1.698 2.21E-06
37 (3/24/94 0.021 0000 0533 0266 -1.66E-06
0.023 0431 0.568  0.496 -4.63E-07
0.021 0806 0.637 0718 6.21E-07
0.035 1.133 0936 1.031 8.19E-07
0.041 2107 1915 2010 1.25E-06
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Table D.3 Continued

Run Date bulk loading Pco2 Fiux

Series mol CO2 [bar] kmol

# mol amine m<s
in out logmean

76 01/25/95 0.036 0.450 0612 0.527 -5.64E-07
0.035 0998 0919 0958 3.22B-07
0.064 2228 2130 2179 7.12B-07
(.64 2.638 2547 2592 8.39E-07

77 01/26/95 0.156 5280 5.280 5280 3.65E-06
0.100 0.827 1.160 0.984 -1.39E-06
0.080 1.444 1489  1.466 -2.34E-07
0.100 2.483 2268 2374 1.74E-06

D.2 DEA RAW R.. TE MEASUREMENTS

Table D.4 Rate Data for DEA. Initial Unloaded DEA Solution is 25 wt%

DEA at 40°C
Run Date bulk loading Pcon Flux
Series mol CO2 [bar] kmol
# mol amine mes

in out  logmean

61 10/29/94 (0.040 0.036 0015 0.024 4.04E-07
0.037 0.053 0014 0029 7.64E-07
0.046 0.069 0.017  0.037 L 13E-06
0.075 0.084 0.023  0.047 1.ATE-06

62 11/07/94 0473 0.43 0.02 .14 1.29E-06
0.095 0.96 0.05 0.31 3.24E-06

0.161 1.65 0.12 0.58 6.42E-06

11/08/94 0.242 2.16 0.31 0.95 920E-06

0.305 2.56 {.8C 1.52 1.08E-05

63 11/30/94 0.2320 0.001 G4 0.003 -1.29E-08
020 0479 00353  0.1%4 1.22E-06

0.3045 1.075 0.059%4 0403 3.14E-06

0. 1.842  0.209  0.750 6.21E-06
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Table D.5 Rate Data for DEA. Initial Unloaded DEA Solution is 25 wt%

DEA at 80°C
Run Date bulk loading Pcoz Flux
Series mol CO2 {bar] kmol
# mol amine m2s
in out logmean
63 11/09/94 0.294 0.55 0.38 0.46 4.34E-07
11/10/94 0.297 1.24 064 091 1.79E-06

0.296 2.12 0.99 1.48 4.18E-06

0.316 2.79 1.49 2.07 5.92E-06

0.340 330 2.08 2.65 6.95E-06

68 12/15/94 0.395 0551 0.655 0.601 -2.80E-07
0.400 1238 0877 1.047 1.12E-06

12/16/94 0.426 2.121  1.ile 1565 3.78E-06

0470 2783 1709 2.203 5.10E-06
0.496 3.298 2308 2774 5.91E-06

Table D.6 Rate Data for DEA. Initial Unloaded DEA Solution is 25 wt%

DEA at 120°C
Run Date buik loading Pco2 Flux
Series mol €02 [bar] kmol
# mot amine m2s
in out logmean
64 11/14/94 0.156 0.44 1.14 0.73 -2.70E-06
0.149 (.98 1.21 1.10 -9.91E-07
0.149 1.69 1.54 1.61 8.05E-07
0.165 231 1.84 2.02 2.49E-06

0.168 2.62 2.15 2.38 3.88E-06
67 12/05/94 0.226 0.438 0863 0.627 -1.54E-06
0.215 0985 0959 0.972 1.07E-07
0.233 1.687 1382  1.530 .60E-06
0.292 2214 2002 2,106 1.48E-06
0.303 2.624 2359 2489 2.28E-06
a9 12/20/94 0.251 0.439 1058 07704 -2.34E-06
0.215 0.986 1.058 1.022 -3.05E-07
0.229 1689  1.375  1.527 1.64E-06
0.249 2216 1762 1.980 2.97E-06
0.291 C2.626 2239 2427 3.22E-06
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D.3 DEA/MDEA RAW RATE MEASUREMENTS
Table D.7 Rate Data for DEA/ MDEA. Initial Unioaded Solution is 5
wt% DEA/ 45 wt% MDEA at 40°C .
Run Date  bulk loading Peon Flux
Series mol CO2 [bar] kmol
# mol amine m2s
in out logmean
46 07/27/54 0.201 0.060 0.02 0.01 -111E-Q7
(.198 0.23 0.05 0.12 5.00E-07
0.200 0.55 0.20 0.:% 1.04E-06
(0.225 1.06 0.37 0.06 2.31E-06
0.271 1.56 0.79 1.13 3.01E-06
0.306 2.51 1.60 2.03 5.22E-06
47 07/28/94 0.298 0.000 0.057 0.029 -}.52E-07
0.294 0231 0125 0173 2.93E-07
0.290 0463 0225 0330 6.96E-07
0.301 1.239  0.601 0.882 2.29E-06
(.338 2.088 1304 1.665 3.82E-06
0.374 2.698 2.013 2339 4.50E-06
48 08/03/94 (.385 0.000 0004 0.002 -3.12E-07
0.377 0.231 0060  0.127 1.28E-07
(.384 0463 0173 0295 4.62E-07
0.384 1064 0473 0.729 1. 40E-06
0.431 1.837 1.192 1.491 2.91E-06
0.497 2415 1.805 2095 3.56E-06
0.532 2.864 2364 2606 3.74E-06
51 08/09/94 0.086 0678 0.117 0319 1.68E-06
0.118 1.240  0.330  O.68% 3.12E-06
0.172 2.088  1.002 1.479 4.99E-06
0.196 2699 1.679 2.149 6.23E-06
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Table D.8  Rate Data for DEA/ MDEA. Initial Unloaded Solution is 5
wt% DEA/ 45 wt% MDEA at 80°C
Run Date bulk ioading PCco2 Flux
Series mol CO2 ibar] kmol
# mol amine ms
in out logmean
43 07/19/94 0.039 0.000 0040 0.020 -1.75E-07
' 0.038 0.091  0.051 0.069 1.30E-07
0.036 0.195 04073 0124 3.99E-07
0.045 0.391 0134 0.240 8.81E-07
0.062 0742 0292  (.482 1.71E-06
0.102 1.315 0601 0912 3.29E-06
0.129 2,125 1282 1.668 5.62E-06
45 07/23/94 0.178 0.000 0667 0.333 -1.66E-06
0.171 0.268 0598 0411 -8.41E-07
0.170 0787 0763  0.775 6.71E-08
0.176 1.438 0.996 1.204 1.43E-06
0.183 2,133 1.292  1.677 3.22E-06
0.199 2.804 1.705 2.209 5.15E-06

Table D.9 Rate Data for DEA/ MDEA. Initial Unloaded Solution is 5
wt% DEA/ 45 wt% MDEA at 120°C

Run Date bulk loading Pco? Flux
Series mol CO2 [bar] kmol
# mol amine ms
in out logmean
58 (09/13/94 0.018 0.000 0366 (.133 -1.08E-06
0.027 0.443 Q466 0454 -7.42E-08
0.019 1.006 0.768  0.882 9.12E-07
0.028 1.729  1.291 1.499 2.19E-06
39 (9/13/94 0.010 0219 0254 3127 -1.03E-07
0.011 0.439 0301 0366 4.32E-07
0.010 1.006 0.655 0813 1.32E-06
0.018 1729 1300 1.504 2.14E-06
0.032 2265  1.908  2.082 2.37E-06
60 (9/16/94 0.009 0.439 0540 0270 -3.33E-07
0.012 1.006 0.788  0.893 8.40E-07
0.023 1729 1.430  1.575 1.54E-06
0.028 2265 1948 2103 2.12E-06
0.035 2.680 2387 2530 2 49E-06
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Table D.10 Rate Data for DEA/ MDEA. Initial Unloaded Solution is 25
wt% DEA/ 25 wt% MDEA at 40°C

Run Date bulk loading Pcoz Flux

Series mol CO2 [bar] kmoi

# mol amine m2s
in out logmean

78 01/28/95 0.080 0.595  0.032  0.193 1.33E-06
0.040 1.320 0113 0491 3.21E-06
0.083 2252 (0174 0811 6.49E-06
0.136 294% 0263 1111 9.71E-06
0.190 3492 0356 1374 1.29E-05

79 01/29/95 0.345 3495 0564 1610 1.24E-05
0.389 2952 0.655 1.530 8.75E-06
0.415 2.254 0580 1.230 5.52E-06
0.423 1321 0.697 0976 1.79E-06
0.378 0.596 0234 0387 8.78E-07

Table D.11 Rate Data for DEA/ MDEA. Initial Unloaded Solution is 25
wt% DEA/ 25 wt% MDEA at 80°C

Run Date bulk loading Pcoz Flux

Series mol CO2 [bar] kmol]

# mol amine m2s
in out logmean

81 01/31/95 0.487 3495 2923 1.042 -3.79E-06
(464 2952 2474 1608 -2.95E-06
0.456 2.254  1.831  2.253 -1.15E-06
0.456 1.322 1.262 3210 1.4155E-06
0.485 5902 5902 5902 5.40E-06

31 03/09/94 0.161 0.000  0.105 0.052 2. 51E-07
0.103 0516 .12 0.27% 1.O0E-06
0107 1.168  0.159 0. 2.92E-06
0.122 1702 0.264 Q.77 4.65E-06
0.143 2007 0330 0.929 5.81E-06
0.164 2405 0492 1.206 7.36E-06
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Table D.12 Rate Data for DEA/ MDEA. Initial Unloaded Solution is 25

wt% DEA/ 25 wt% MDEA at 120°C

Run Date bulk loading Pcon Flux
Series mol CO2 [bar] kmol
# mol amine m2s
in out logmean

29 03/06/94 0.068 0.000 0362 0.181 -1.17E-06

0.053 0405 0323 0.363 2.82E-07

0.071 0.917 0468 0.668 1.77E-06

0.086 1.576  0.864 1.184 3.54E-06

0.106 1.888 1303 1.578 3.49E-06

30 (13/06/94 0.096 0.000 0.683 0342 -2.34E-06

0.097 0405 0.762 0.565 -1.34E-06

(.085 0.917 0.835 0.875 3.47E-07

0.087 1.336 1.016 1.169 1.56E-06

0.096 1.576  1.145  1.349 2.28E-06

0.106 1.888 1.428 2.83E-06

1.648




APPENDIX E

Main Program

A listing of the main program as specifically applied to 25 wt% DEA/ 25

wt% MDEA data at 80°C.
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PROGRAM OPTIMA
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
EXTERNAL MODEL
DIMENSION OBS(40),PAR(3),BNDLW(3),BNDUP(3),CHMAX(3)
DIMENSION DSC(500).1SC(150),10BS(10,1),IDET{3),DEL(3)
C LOAD THE VECTOR "OBS" THAT CONTAIN THE MEASURED FLUXES
OBS(1)=-3.79D-6
OBS(2)=-2.95D-6
OBS(3)=-1.15D-6
OBS(4)=1.4155D-6
OBS(5)=5.40d-6
OBS(6)=-2.51D-6
OBS(7)= 1.00D-6
OBS(8)=2.92D-6
OBS(9)=4.648D-6
OBS(10)=5.81D-6
OBS(11) = 7.36D-6
C INPUT DATA NEEDED FOR “GREG"
NOB=i1
NPAR=3
C BOUNDS FOR THE PARAMETER

¢ BOUNDS FOR THE PARAMETER
BNDLW(1)=0.010D0
BNDLW(2)=0.010d0
BNDLW(3)=0.010D0
BNDUP(1)=5.0D0
BNDUP(2)=2.0D0
BNDUP(3)=2.0D0
CHMAX(1)=1.0d-1
CHMAX(2)=1.0d-1
CHMAX(3)= 1.0D-1
DEL(1)=1.0D-1
DEL(2)=1.0D-1
DEL(3)=1.0D-1

C
MISC=150
MDSC=500

¢ INITIAL GUESSES AND TOLERANCE OF PARAMETERS
PAR(1)=1.000D0
PAR(2)=1.00D0
PAR(3)=1.000D0
RPTOL=1.0D-!
RSTOL=1.0D-1
VPIV=1.D-1
APIV=1.D-1

C INITIALIZE "ISC" ARRAY
1SC(1)=1
1SC(2)=10
1SC(3)=1
ISC(4)=50
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1SC(5)=2
ISC(6)=0
ISC(7)=1
ISC(B)=11
ISC(9)=1
EMOD=1.0D-2
c IDET(1)=9
C DO 5 1=1,NOB
C DO5J=1,NOB
c IOBS{,1)=1
C 5 CONTINUE
C CALL "GREG"
write(6,*Yhello’
CALL GREG(NOR,OBS,NPAR,PAR BNDLW BNDUP,.CHMA X DEL MDSC,
* DSC MISC,ISC,JOBS. IDET,EMOD, VPIV APIV, RPTOL,
* RSTOL,MODEL)
write(6,*Yhellol'
STOP
END



APPENDIX F

Model Code and Input

A listing of the model program and associated subroutines is presented.
Also included is the specific input data as specifically applied to 25 wt% DEA /

25 wt% MDEA case at 80°C.
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SUBROUTINE MCDEL(PAR,F,NOB, NPAR IDER,DERIV MINFO)
DOUBLE PRECISION X(15),FVEC(15),FTAC(15,15),WAI1(15},
WAZ(15),WA3(135),WA4(15),DIAG(15),QTF(15),R(120),
K1,K2,K3,K4,K5TCO2, TDEA TMDEA, XTOL, FACTOR,
CO2B,0HRB, HCO3B,MDEAB MDEAHB DEAB DEAHB, DEACOOBR,
CO3B,PCO2, MCO2, KL KMDEA KMDEAOH KMDEADE KDEA KDEAMDE,
DCO2,DOH,DHCO3,DMDEA, DMDEAH. DDEA DDEAR, DDEACOQ,DCO3,
PAR(2),F(5).DERIV(5,2)
COMMON /POINTER/INTER
COMMON /SOLFLAG/SOL
COMMON /CONST/K1,K2,K3,K4, K5 TCOZ, TDEA, TMDEA
COMMON /RATEC/KMDEA EMDEAOH . KMDEADE KDEA KDEAMDE
COMMON /CO2P/PCO2MCO2 KL .PCOZEQ
COMMON /DIFF/DCO2,DOH,DHCO3, DMDEA, DMDEAH, DDEA DDEAH, DDEACOQO,
* DCO3
COMMON /BULK/CO2B,0HB,HCO3B MDEAB MDEAHB . DEAB . DEAHB,
* DEACOOB.CO3B
EXTERNAIL FCN
OPEN(i2,FILE='252580.0UT STATUS="UNKNOWN')
OPEN(11,FILE="252580.DAT STATUS=UNKNOWN')
C SPECIFIC INPUT DATA
LDFIAC=]5
LR=120
MAXFEV=400
MODE=]
NPRINT=0
C Some INPUT DATA
C

*OE X X X ¥

KMDEAOH=0.0
KMDEADE=(.0D0
TDEA=2.3777D0
TMDEA =2.0978D0
C
C"J" IS A POINTER FOR THE FLUX CALCULATION
I=1 ‘
CFIRST POINT...

199 READ(11,*)GKMDEA
READ(11,*)GKDEA
READ(11,*)GKDEAMDE
Kmdea = gkmdea
kdea=gkdea
KDEAMDE=PAR(1*GKDEAMDE
READX11,*}ISOL
READ(11,*}FACTOR
READ(I1,*)XTOL
READ{(11,*)NPOINT

READ(11,%)X(1)
READ(11,%)X(2)
READ(11,%)X(3)

READ(11,%)X(4)
READ(11,%)X(5)
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READ(11,%)X(6)
READ(11,%)X(7)
READ(11,%)X(8)
READ(11,4)X(9)
T=353.0
IF (J.EQ.1) THEN
PCO2=1.04193D0
TCO2=0.486838D0
CALL EQUICON(T,TCO2,ISOL.K1,K2,K3,K4,K5)
K1 = PAR(2) *K1
MCO2=0.01 164795
KL=6.774D-05 -
END IF

C SECOND POINT...
IF (J.EQ.2) THEN
PCO2=1.60834D0
TCO2=0.463968D0
CALL EQUICON(T,TCO2,ISOL,K1,K2,K3,K4,K5)
K1 = PAR(2) *K1
MC02=0.01245977D0
KL= 6.815D-05
END IF

C THIRD POINT...
IF (J.EQ.3) THEN
PCO2=2.253028D0
TCO2=0.456462D0
CALL EQUICON(T,TC0O2,ISOL.K1,K2,K3,K4,K53)
K1 = PAR(2) *K1
KL= 6.828D-05
MCO2=0.0117308D0
END IF

C FOURTH POINT...
IF (J.EQ.4) THEN
PCO2=3.21016D0
TCO2=0.455528D0
CALL EQUICON(T,TCO2,ISOL.K1.K2,K3,K4,K5)
K1 = PAR(2)*K]
MC02=0.011733D0
KL= 6.830D-05
END IF

C FIFTH POINT
IF (J.EQ.5) THEN
PCO2=5.9023D0
TCO2=0.484912D0
CALL EQUICON(T, TCO2ISOL.K1,K2,K3,K4,K5)
K] = PAR(2) *K1
MCO2=0.01165319D0
KL= 6.778D-05
END IF

C 6 TH POINT
IF (J.EQ.6) THEN



PCO2=0.052335d0
TCO2=0.10122D0
CALL EQUICON(T, TCO2,ISOL,K1,K2,K3,K4,K5)
K1 = PAR(3) *K1
MC02=0.01275D0
KL=7.505D-05
END IF
C 7 TH POINT
IF (J.EQ.7) THEN
PCO2=0.279455D0
TC02=0.103211D0
CALL EQUICON(T,TCO2,ISOL.K1,K2,K3,K4,K5)
K1 = PAR(3) *K1
MC02=0.01274D0
KL= 7.501D-05
END IF
C 8 TH POINT
IF (1.EQ.8) THEN
PCO2=5.05569D-1
TCO2=0.10746D0
CALL EQUICON(T,TCO2,ISOL.K1,K2.K3.K4,K5)
K1 = PAR(3) *K1
MC02=0.01246D0
KL= 7.493D-05
END IF
C 9 TH POINT
IF (J.EQ.9) THEN
PCO2=7.7167D-1
TCO2=0.122028D0
CALL EQUICON(T,TCO2,JSOL.K1,K2 K3,K4,K5)
K1 = PAR(3) *K1
MC02=0.01269
KL= 7.463D-05
END IF
C 10 TH POINT
IF (J.EQ.10) THEN
PCO2=9.28526D- 1
TCO2=0.14268D0 :
CALL EQUICON(T, TCO2,ISOL,K1,K2,K3.K4,K3)
K1 =PAR(3) *K1
MC02=0.01263D0
KL= 7.422D-05
END IF
C 11 TH POINT
IF (J.EQ.11) THEN
PCO2=1.20579D0
TCO2=0.16388D0
CALL EQUICON(T,TCO2,ISOL.K1,K2,K3,K4,K5)
K1=PAR(3) *K1
MC02=0.01256
KL=7.380D-05
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ENDIF
C Loading in moles/It
TCO2=TCO2*(TMDEA+TDEA)
C
C CALL TO SUBROUTINES TO CALCULATE BULK, INTERFACE CONCENTRATION
C AND FLUX OF CO2
N=9
C if INTER=1, then let's compute bulk concentrations...
INTER=1
C CALL HYBRID #HRRREAHERRRREEHRHH
CALL HYBRJ(FCN,N,X.FVEC FIAC,LDFJAC XTOL MAXFEV,DIAG,MODE,

* FACTOR NPRINT,INFONFEV,NJEV R LR QTF,WA1,WAZ,
* WA3ZWA4)

C

C PRINT OUT RESULTS

C

WRITE(12,%}INFO NFEV ,NIEV
WRITE(12,%)CO2".X{1)
WRITE(12,*)0OH-" X(2)
WRITE(12,*)HCO3-" X(3}
WRITE(12,*YMDEA X4}
WRITE(12,*YMDEAH+' X(5)
WRITE(12,*)DEA' X(6}
WRITE(12,*YDEAH+ , X(7}
WRITE(12,XYDEACOO- X(8)
WRITE(12,%yCO3="X(9)

C Store bulk concentrations in new variables
CO2B=X(1)
OHB=X(2)
HCO3B=X{3)
MDEAB=X(4)
MDEAHB=X(5)
DEAB=X(6)
DEAHB=X(T)
DEACOOB=X(8)
CO3B=X(9)

C if INTER=0, then let's compute interface concentrations
INTER=0
N=12

C Initial guesses for interf. concent.
READ(I1,*)X(1)
READ(11,%)X(2)
READ(11,%)X(3)
READ(11,*)X(4)
READ(11.%)X(5)
READ(11,%)X(6)
READ(11,%)X(7)
READ(11,*)X(8)
READ(11,%)X{9)



READ(11,%)X(10)
READ(I1,)X(1D)
READ(11,%*)X(12)

C READ DIFFUS!" (TIES

READ(]1,%)DCO2
READ(11,DOH
READ(11,%)DHCO3
READ(!1,)DMDEA
READ(11,DMDEAH
READ(11,5)DDEA
READ(I1,*)DDEAH
READ(11,)DDEACOO
READ(11,4)DCO3
WRITE(6,*)DDEAH,DDEACOQ,DCO3
REWIND 11
CALL HYBRI(FCN.N,X,FVEC FJAC,LDFJAC, XTOL,MAXFEV DIAG,MODE,
* FACTOR,NPRINT,INFO,NFEV NJEV.R, LR QTF,WA1,WA2,
* WA3,WAJ)

WRITE(12,*)INFO,NFEV ,NJEV
WRITE(12,*)CO2',X(13)
WRITE(12,*)OH-,X (1}
WRITE(12,*)HCO3-',X(2)
WRITE(12,*)MDEA", X(3)
WRITE(12,*YMDEAH+ .X(4)
WRITE(12,*YDEA"3(5)
WRITE(12,*YDEAH+ X(6)
WRITE(12.*YDEACOO- X(7)
WRITE(12,*)CO3='X(8)
WRITE(12,*)DIFFFLUX='"X(9)
WRITE(12,*)CO2(carb.)= X (10}
WRITE(12,*)CO2(HCO3)="X(11)
WRITE(12,*)CO2(mixt.)='X(12)
WRITE(12,#)'E_CO2="X(14)

C SAVE CALCULATED FLUX INTO "F(I)”

C

F(H=X(9)
write(6,%)F(J).]
J=J+1
IF G LENPOINT) GO TO 199
RETURN
EN:

CHRSEHOHEH R

SUBROUTINE FCN(N, X.FVEC,FIAC LDFJAC,JFLAG)

COMMON /CONST/K1,K2,K3.K4 K5, TCOZ TDEA TMDEA

COMMON /RATEC/KMDEA KMDEAOH KMDEADE KDEA KDEAMDE
COMMON /POINTER/INTER

CO*MON /SOLFLAG/SOL

CGMON /CO2P/PCO2,MCO2 KL, PCO2EQ
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CCHMMON /DIFF/DCO2,DOH.DHCO3, DMDEA DMDEAH, DDEA DDEAH DDEACOO,

* DCO3
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COMMON /BULK/CO2B,0HB,HCO3B MDEAR MDEAHB ,DEAB.DEAHB,

* DEACOOB,CO3B

INTEGER NLDFIACIFLAG

DOUBLE PRECISION K1,K2,K3,K4,K5 X(15),FVEC(15),FTAC(15,15),

TCO2,TDEA, TMDEA,PCO2,MCO02,CO2LK1BICAR,

CO2B,0HB,HCO3B MDEAB MDEAHB, DEAB DEAHB,DEACOOB,CO3B,
KEMDEA KMDEAOH KMDEADE KDEA KDEAMDE, K1CARB, PHEKX1B.EL
EC02,DCO2,DOH,DHCO3,DMDEA DMDEAH,DDEA , DDEAH . DDEACOO,
DCO3,FCARB,RATCARB RATBICA FLUXCAR FLUCBIC,KL

IF IFLAG = I CALCULATE THE FUNCTIONS AT X AND

RETURN THIS VECTOR IN FVEC. DO NOT ALTER FJAC.

IF IFLAG = 2 CALCULATE TH JACOBIAN AT X AND

RETURN THIS MATRIX IN FJAC. DO NOT ALTER FVEC,

L I B

IF (INTER.EQ.1) THEN
Block for the bulk calculations
IF (IFLAG.EQ.1) THEN

5ok o sk o o o o 3 sk o sk b sk ok e o e o o o ok e ke o e s ot o ke ok ke ok ke ok o e o o o ok R o ke sk sk o SR e sk ke sk R R R O R R K RO R
If 509%MDEA/50% water

IF (ISOL.EQ.1) THEN
X(6)=0.

X (=0,

X(8)=0.

END IF

IF (ISOL.EQ.4) THEN
X(4=0.

X(5)=0.

END IF

C FUNCTIONS: F(I)=0

C

FVEC(1)=K 1*X(3)-X(1)*X(2)

EVEC(2)=X(3)*X(2)-K2*X(9)

FVEC(3)=K 3*X(4)-X(2)*X(5)

FVEC(4)=K4%X(6) -X(2)*X(7)

FVEC(5)=K5*X(8)-X(6)*X(3)

FVEC(6)=TCO2 - X(1)-X{3)-X(9)-X(8)

EVEC(7)=TMDEA - X(4) - X(5)

FVEC(8)=TDEA - X(6) - X{7) - X(8)

FVEC(9)=X(7) + X(5) - X(3) - 2.D0*X(9)-X(8) - X(2)
DO 299 I=1,9

¢ 299 WRITE(6.*) FYEC(D)

END IF
IF (IFLAG.EQ.2) THEN
DO 1I=1N
DO 1J=1N

1 FTAC(I,1)=0.0
EJAC(1,1)=-X(2)
FIAC(1,2)=-X(1)
FIAC(1,3)=K]1
FIAC(2,2)= X(3)
FIAC(2,3)= X{2)



FIJAC(2,9)= -K2
FIAC(3,2)=-X(5)
FJAC(3,4)= K3
FIAC(3,5)= -X(2)
FIAC(4,2)= -X(7)
FIAC(4,6)= K4
FIAC(4,7)=-X(2)
FIAC(5,3)= -X(6)
FIAC(5.6)= -X(3)
FIAC(5,8)=K5
FIAC(6,1)= -1.D0
FIAC(6,3)= -1.D0
FIAC(6,8)=-1.D0
FIAC(6,9)=-1.D0
FIAC(7,4)= -1.D0
FIAC(7,5)=-1.D0
FIAC(8,6)=-1.D0
FIAC(8.7)=-1.D0
FIAC(8,8)=-1.D0
FIAC(9,2)=-1.D0
FIAC(9,3)=-1.D0
FIAC(9,5)=1.D0
FIAC(9,7)= 1.D0
FIAC(9,8)=-1.D0
FIAC(9.9)= -2.D0

IF (ISOL.EQ.1} THEN

FIAC(5.3)=0.
FIAC(S,8)=0.
FIAC(4,2)=0.
FIAC?4,6)=0.
FIAC(9,7)=0.
FIAC(9,8)=0.
FIAC(6,8)=0.
DO 331=1.9

33 FIAC(8,D=0.

C

END IF

IF (1ISOL.EQ.4) THE.-

FIAC(9,5)=0.
DO 34 1=1,9

FIAC(7.1)=0.
FIAC(3,1)=0.

34 CONTINUE

C End of block for Jacobian calculation

C End of block for bulk calculations

END IF

ENDIF

ENDIF

IF (INTER.EQ.1) GO TO 5
IF (INTER.EQ.0) THEN

127



IF (IFLAG.EQ.1) THEN

C **************************************

C Concentration of CO2 at the interface (C=P/H, H: HENRY'S CONSTANT)
CO2l=PCO2*MCO2
K1BICAR=KMDEA *X(3)+KMDEAOH*X(3)*X(1)+KMDEADE*X(3)*X(5)
KICARB=KDEA*X(5)+KDEAMDE*X(3)*X(5)

C  write(6,%)K1CARB,K1BICAR,CO2I

C  WRITE(6,*)X(3),X(5)
FCARB=KI1CARB/(KICARB+KIBICAR)
RATCARB=KICARB*(CO2I-X{10)}
RATBICA=K1BICAR*(CO2I-X{11))
FLUXCAR:KL*DSQRT(DDEACOO/DCOZ}*(X(‘;‘)—DEACOOB)
FLUXBIC=KL*(CO21-CO2B+DSQRT(DHCO3/DCO2)*(X(2)-HCO3B)+
* DSQRT(DCO3/MDCO2)*(X(8)-CO3B))
PHI=(X{12)-C0O2B)/(CO2I-CO2B)

K1B=K1BICAR+K1CARB

EI=DSQRT(1.D0 + (KI1B*DCO2/(KL**2.)})

ECO2=1.D0+EI-1.D0)*(1.DO-PHI)
C AMINE FLUX EQUATIONS
C

IF (ISOL.EQ.1) THEN

X(5)=0.

X(6)=0.

X(7)=0.

X(10)=0.

RATCARB=0.

END IF

iF (ISOL.EQ.4) THEN

X(3)=0.

X(4)=0.

K1BICAR=0.

RATBICA=0.

END IF

FVEC( ):DSQRT{DDEA)*(X(S)-DEAB)+DSQRT(DDEAH}*(X{6)-DEAHB)+
* DSQRTDDEACOO*(X(7)-DEACGOB)
FVEC(2)=DSQRT(DMDEA)*(X{3)—MDEAB)+DSQRT(DMDEAH)*{X(4)-
* MDEAHB)

C CHARGE FLUX
FVEC(3)=DSQRT(DMDEAH)*(X(4)-MDEAHB)+DSQRT(DDEAH)*(X(6)—DEAHB}-
* DSQRT(DOH)*(X(1 1-OHB}-2.DO*DSQRT(DCO3)*(X(8)-CO3B)-
* DSQRT(DHCO3)*(X(2)-HCO3B }-DSQRT(DDEACOOM(X(T)-
* DEACOOB)

FVEC(4)=K3*X(3)-X(1)*X(4}
FVEC{5)=K4*X(5)-X(1)*X{(6)

FVEC(H)=K2*X(8)-X(2*X(1)

0o 0O 0o O
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FVEC(7)=X(9)-KL*(CO21-CO!B + DSQRT(DHCO3/DCO2)*(X(2)-HCO3B)+
* DSQRT(DCO3MDC : H*(X(8)-CO3IBMDSQRT(DDEACOO/MDCO2Z*
* (X(7»DEACOORB)

FVEC(8)=KL*ECO2*(CG2I-CO2B) - X(9)
FVEC(9)=X(12)-FCARB*X(10)-(1.D0-FCARB)*X(11)
FVEC(10)=X(10)*X(5)*X(1)-K1¥K5*X(7)

FVEC(1 D=X(11)*X(1)}-K1*X(2)
FVEC(12)=FLUXBIC*RATCARB-RATBICA*FLUXCAR
END IF

IF (IFLAG.EQ.2) THEN

DO 2I=1,N

DO 21=1,N
2FJACII)=0.0

C JACOBIAN

FIAC(1,5)=DSQRT(DDEA)

FIAC(1,6)=DSQRT(DDEAH)

FIAC(1,7)=DSQRT(DDEACOQ)

FIAC(2,3)=DSQRT(DMDEA)

FIAC(2,4)=DSQRT(DMDEAH)

FIAC(3,1)=-DSQRT(DOH)

FIAC(3,2)=-DSQRT(DHCO3)

EJAC(3,4)=DSQRT(DMDEAH)

FIAC(3,6)=DSQRT(DDEAH)

FJAC(3,7)=-DSQRT(DDEACOQ)

FJAC(3,8)=-2.DO*DSQRT(DCO3)

FIAC(4,1)=-X(4)

FIAC(4,3)=K3

FIAC(4,4)=-X(1}

FIAC(5,1)=-X(6)

FIAC(5,5)=K4

FIAC(5,6)=-X(1)

FIAC(6,1)=-X(2)

FIAC(6,2)=-X(1)

FIAC(6,8)= K2

FIAC(7,2)=-KL*DSQRT(DHCO3/DCO2)
FIAC(7,T)=-KL*DSQRT(DDEACOO/DCO2)
FIAC(7.8)=-KL*DSQRT(DCO3/DCO2)

EJAC(7.9)= 1.D0
FIAC(8,1)=KL*(CO21-CO2B*(1-PHI*0.5D0*1.ODO/DSQRT(1.0D0+
* (K1B*DCO2)/KL**2 )*DCOUKL**2*KMDEAOH*X(3)
FIAC(8,3)=KL*(CO2I-CO2B y*(1-PHI*0.5D0* 1. ODO/DSQRT(1.0D0+
* (K1B*DCO2)/KL**2 }*DCO2KL**2*(KMDEA+KMDEAOH*X(1)+
* KDEAMDE*X(5))
FTAC(8,5)=KL*(CO2I-CO2B)*MCO2*(1-PHI*0.5D0* | ODO/DSQRT(1.0D0+
* (K1B*DCO2YKL**2,)*DCOUKL**2*(KMDEADE*X(3)+KDEA+
* KDEAMDE*X(3))
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FIAC(8,12)=KL*(1-EI)

FIAC(8.9)= -1.D0

FIAC(9,1)=(X(10} -X(11))*K1CARB/(K ICARB+K1BICAR)**2 *KMDEAOH*X(3)
FIAC(9,3)=-(X(10) -X(1 D}*KDEAMDE*X(5)(K1CARB+K1BICAR)-

* K1CARB/(K1CARB+K | BICAR)**2 *(KDEAMDE*X(5)+KMDEA+
* KMDEAOH*X(1)}+KMDEADE*X(5)))

FIAC(9,5)=-(X(10)-X(1 ))*((-K1CARB*(KDEA+KDEAMDE*X(3)+KMDEADE*
* X(3(KICARB+K IBICAR)**2.) +(KDEA+KDEAMDE*X(3))/

* (K1CARB+K1BICAR)}

FJAC(9,10)= -FCARB

FJAC(9,11)=-1.D0+FCARB

FJAC(9,12)= 1.0D0

FIAC(10,1)= X(10)*X(5)

FIAC(10,5)= X(10)*X(1)

FIAC(10,7)= -K1*K5

FIAC(10,10)= X(5)*X(1)

FIAC(11,D)=X(11)

FIAC{11,11)= X(1)

FIAC(11.2)= -KI

FIAC(12,1)= -FLUXCAR*KMDEAQH*X(3)*(CO2I-X{11))

FIAC(12,2)= RATCARB*DSQRT(DHCO3/DCO2)*KL

FIAC(12,3)= FLUXBIC*(CO2I-X(10))*KDEAMDE*X(5)-FLUXCAR*

* (CO21-X(11))*(KMDEA+KMDEACH*X(1)+KMDEADE*X(5))
FJAC(12,5)=FLUXBIC*(CO2I-X(10)y*(KDEA+KDEAMDE*X(3))-

* FLUXCAR*KMDEADE*X(3)*(CO21-X(11))

FIAC(12,7)= -RATBICA * KL * DSQRT(DDEACOO/DCO2)

FJAC(12.8)= RATCARB * DSQRT{DCO3/DCO2)*KL

FJAC(12,10)= -FLUXBIC*K1CARB

FJIAC(12,11)= FLUXCAR *K1BICAR

IF (ISOL.EQ.1) THEN
FIAC(3,7)=0.
FJAC(3.6)=0.
FIAC(7.7)=0.

END IF

ENDIF

Begin block for interface calculations

DO 9% 1=1.N

99 WRITE(6,*) X(I),FVEC(I)
WRJTE{G,*)CO2B,OHB,HC03B,MDEAB,MDEAHB,DEAB,DEAHB,DEACOOB,CO3B
WRITE(6.*)DCO2,DOH,.DHCO3. DMDEA DMDEAH,. DDEA, DDEAH DDEACOO.
* DCO3

X(13)=C021

X(14)=ECO2

END IF

5 RETURN
END

CREE R AR KRR



141

C
C Subroutine to estimate equilibrium constants
SUBROUTINE EQUICON(T,TCO2,ISOL.K1,KZ,KX3,K4,K5)
DOUBLE PRECISION K1,K2,K3,K4,K5,T,TCO2

IF (ISOL.EQ.1) THEN
WRITE{6,*)T, TCQO2
KI=DEXP(13.74000496 - 8497 83098/T - 0.6804 1*DLOG{T)+
*  0.077308*TCO2+0.06916%(TCO2)y**2.}
K2=DEXP(-118.7991 + 1202.7238/T + 18.62966*DLOG(T)-
* B.04841*TCO2+7.44546%(TCO2)**2.)
K3=DEXP(78.1316 -5356.06212/T - 12.8873*DLOG(T)+
*  7.936311*%TCO2 - B.74536*%(TCO2)**2.)
WRITE(6,*) K1,K2,K3
ENDIF
IF (ISOL.EQ.2) THEN
Cli=7.11682643D0
C21=-8199.08759D0
C31=0.30045896
C41=-0.10475731
C51=0.23822403
Ki=DEXP(C11 + C2U/T + C31*DLOG{T)+ C41*¥*TCO2+C51*(TCO2)**2.)
Cl2=-119.714561
C22=1297.44507
C32=18.7349526
C42=-8.015:2412
C52=7 406 38
K2=DEXP((12 4+ C22/T + C32*DLOG(T)+C42*TCO2 + C52*TCO2)**2 .}
C13=83.0765835
C23=-5653.87789
C33=-13.5758975
C43=7.86143345
(C33=-8.75845169
K3=DEXP(Ci3 + C23/T + C33*DLOG({T)+ C43*TCO2+C53*(TCO2y**2.)
Cl4=107.287214
C24=-6(096.3237
C34=-17.4162001
C44=7 20552199
C54=-8.00992394
K4=DEXP(C 14 +C24/T + C34*DLOG(T)+ C44*TCO2 + C34*(TCO2y**2.)
C15=-76.1053454
C25=1947.23603
C35=12.0616197
C45=-G - =00102
C55=0.5. 32832
K5=DEXP(C15 + C25/T + C35*DLOG{T )+ C45*TCO2+CS5*¥(TCO2y**2 )
END IF
C The constants for 25% DEA/ 25% MDEA
IF (ISOL.EQ.3) THEN
C11=-2.73083676D0
C21=-7856.90222D0
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C31= 1.84316532
C41=-0.87471368
C51=x1.00058634
K1=DEXP(C11 + C21/T + C31*DLOG(T)+ CA1*TCO2+C51*(TCO2)**2.)
C12=-118.01557
C22=1283.32997
C32=1R.4215101
C42=-7.69241583
C52=7.05227286
K2=DEXP(C12 + C22/T + C32*DLOG(T)+C42*¥TCO2 + C52*¥(TCO2y**1.)
C13=81.1895591
C23=-5436.03104
(C33=-13.2650336
C43=5.83815753
C53=-7.17787878
K3=DEXP(C13 + C23/T + C33*DLOG(T)+ C43*TCO2+C33I*(TCO2)**2.)
C14=89.2242364
C24=-4947.64214
C34=-14.7655909
C44=4.99442477
C54=-6.38546775
K4=DEXP(C14 +C24/T + C34*DLOG(T)+ C4H4*TCO2 + C54*(TCO2Y**2.)
C15=-76.1960094
C25=1924.29684
C35=12.1186714
C45=-3.08593664
C55=2.73385925
K5=DEXP(C15 + C25/T + C35*DLOG(T)+ C45*TCO2+C35*{TCO2)**2.)
ENDIF
C The constants for 25% DEA
IF (ISOL.EQ.4} THEN
C11=-33.2256523D0
C21=-4468.44182D0
C31=8.81057365
C41=-0.430237538
C51=0.43917897
K1=DEXP(C11 + C21/T + C31*DLOG(T)+ C41 *PCO24+C51*(TCO2)**2.)
C12=-96.590022
C22=87.9287931
C32=13.3730545
C42==-478477224
C52=4.31527632
K2=PEXP(C12 + C22/T + C32*DLOGIT+C42*TCO2 + C52*(TCOZ)y**2.)
K3=0,
C14=170.609828
C24=-8775.9223
(C34=-26.6337924
Ca4=3.78040147
C54=-4.33104387
K4=DEXP(Ct4 +C24/T + C34*DLOG(TH+ Ca4*TCO2 + C34*(TCO2)y**2.)
C15=-58.4438558
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C25=815.266261

C35=9.68782139

C45=-2.04733142

C55==1.42249805

K5=DEXP(C15 + C25/T + C35*DLOG(T)+ C45*TCOZ+C55*(TCO2y*F*2.)
END IF

RETURN

END



APPENDIX G

Program Qutput

Result of parameter estimation runs is presented. These results are, in this
specific order, for 50 wt% MDEA, 25 wt% DEA, 5 wt% DEA/45 wi% MDEA,
and 25 wit% DEA/ 25 wt% MDEA. For each solution type the results are given

for ail three temperatures: 40, 80, and 120°C.
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(.1 GREG RESULTFOR 50 wI'% MDEA

G.1.1 Results at 40°C

kdoskkkoRkkkRkRRx (3 R (G FRRRR Rk Rk

kxkkktx% General Regression Software Package *#¥xs®s
wkkkkd for Nonlinear Parameter Estimnation, ##sskak

Fkkkokok ok ok Version of August, 1990 FREAERTE
sk ke 3k ok s ok 5K 8 ke sk o sk e s s sk ke s st o o sk ok sk ok sk ke o ok oK ok ook 6 oK o SK ok sk ok sk ke ke sk ok sk sk sk sk k

kR Rk [ aye] m [() FRRRRKRKEEE

®REfobRkk  ponlinear least squares with FE¥EkREx

wkkkkkk gptional numerical derivatives, ¥###kxx®
e o e e ok ok sk ok S ok S R R K o OK R o ok koo sk sl ok ok ok sk sk sk ek e ok o ok ke ok ok ke kR K AROR ROK KOk

Start of problem no. 1 with 17 observations and 4 parameters
BNDUP(D)= 3.000000D+00 2.000000D+00 2.000000D+00 2.600000D+00
PAR() = 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(D)= 1.000000D-02 1.000000D+00 1.000000D-02 1.000000D-02

DEL(I) = -1.000000D-02 -1.000000D-02 -1.000000D-02 -1.000000D-02
CHMAX(D= 1.000000D+01 0.000000D+00 0.0000000+00 0.000000D-+00

APIV = 1.0000D-07 RSTOL = 1.6000D-01 ITMAX = 25 LISTS = 2
EMOD = 1.00600D-01 RPTOL = 1.00006D-03 IDIF = 0

AH derivatives are obtained by finite differences

#x#k4%% Jreration no. 1 0o, of function calls  (Q ¥¥*¥*=
PART = 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00

**dkFk Cirrent sum of squares = 1. 7183817 #¥#x*x*

kkkkd% Treration no. 2 no. of function calls 6§ ¥¥FF**
PARD = 1.003047D+00 1.000000D+00 1.0G0000D+00 1.000000D+00

#xdkdx Cyurrent sum of squares = 1.606691-11 #kakesx

**xx%% Ttaration no. 3 no. of function calls 9 Fk*k&kx
PAR(D) = 7.955349D-01 1.000000D+00 1.000000D+00 1.0000002+00

**%&*% Cyrent sum of squares = 1.26314D-1] ¥#¥sx+
wxskkdnd Tepmination criteria satisfied ¥*F+%%x*

*xkexkkxkikk Pingl value of sum of squares = 1.26314D- 11 F¥*sssrrnes



Standard error of weighted residuals = 8.88317D-07
estimated with 17 residuals and 16 degrees of freedom

*kkkk*k )_cioma intervals PAR(I)+-DIF(I) for parameters in basis; *#¥***
%% |ast value and bounds for any parameters that are not in basis ****
UPR(I) = 9.377524D-01 2.000000D+00 2.000000D+00 2.000000D+00
PAR() = 7.955348D-01 1.000000D+00 1.000000D+00 1.000000D-+0}
LWR() = 6.533172D-01 1.000000D+00 1.000000D-02 1.000000D-02
DIF(D) = 1.422176D-01 1.000000D+30 1.000000D+30 1.000000D+30

Normalized test divisors for final basis selection.
Values near 0. 100000(=APIV) or less indicate indeterminate parameters.

1.000000 0.000000 0.000000 0.000000

The model parameter estimate consists of the particular vector par just given,

plus an arbitrary linear combination of the nuli-space basis vectors which follow.

Vector | is the derivative of this solution
with respect to parameter L

Vector 2:

0.000 1.000 0.000 0.000
Vector 3:

G.000 0.000 1.000 0.000
Vector 4:

0.000 0.040 0.000 1.000
Normalized covariances of the posterior parameter distribution

1.00000

0.00600  0.00000

0.00000  0.00000 0.00000

0.00000 0.00000 0.00000 0.00000

observed values predicted values residuals
6.74500D-07 1.30371D-06 -6.29213D-07
1.21100D-06 1.85199D-06 -6.40991D-07
1.80900D-06 2.96775D-06 -1.15875D-06
4.04100D-06 4.48308D-06 -4.42081D-07
5.78200D-06 5.67466D-00 1.07342D-07
7.20100D-06 4.92274D-06 2.27826D-06
5.40200D-07 8.85161D-07 -3.44961D-07
1.47300D-06 2.07828D-06 -6.05278D-07
2.55500D-06 3.79052D-06 -1.23552D-06
3.55300D-06 4.99239D-06 -1.43939D-06
4.29800D-06 4.75938D-06 -4.61379D-07
7.819G0D-07 1.10115D-06 -3.19250D-07
1.90200D-06 2.32719D-06 -4.25189D-07
3.85500D-06 3.93640D-06 -8.14047D-08

5.21800D-06

4.97123D-06

2.46774D-07
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6.12800D-06 5.86171D-06 2.66287 7
1.70100D-06 7.09540D-06 6.056G.:.. 7

MIN =-1.43939D-06 MAX =2.27826D-00

End of problem no. 1 no. of function calis= 18
no. of iterations = 3

G.1.2 Results at 80°C

dokokskokokskokokskokkokk (3 R (§ RERERRRRRRF ARk

##dkkk ik General Regression Software Package **¥##xx=
®#s*+k%0% for Nonlinear Parameter Estimation, ¥rkskkss*

Epokdokh d & Version of August, 1990 gk
s ofe ok o ok ok e ok o seok S ik ok ok ok o sk ok ok ok ok sk o ok ook e R KoK s ke sk sk o ke sk sk ok ok sk ok ok s ok ok ok ok ok o

Kk Kk kR EREkE | ayae] = “)#***********

wdkdkckkk®k  nonlinear least squares with  FFkFRxER

skfxERE® gntional nemerical derivatives, ¥##¥kr**
e ofe ok sk ofe vk o ok sk ok sk sk s sk sk sfe ok sk ke sk ok Sk o sk ok s ok e sde oK SR o ok v ok kR R R R SRR SRR KR Rk ok

Start of problem no. 1 =ith 13 coservations and 4 parameters
BNDUPM= 2.5000000+00 2.500000D+00 2.500000D+00 2.500000D+00
PAR(I) = 1.000000D+00 1.0000C0D+00 1.000000D+00 £.000000D+00
BNDLW(D= 1.000000D-01 1.000000D-01 1.000000D-01 1.000000D-0!

DEL(D = -1.000000D-03 -1.000000D-03 -1.000000D-03 -1.000000D-03
CHMAX(D)= 1.000000D-01 1.000000D-01 1.000000D-01 1.000003D-01

APIV = 1.0000D-01 RSTOL = 1.0000D-01 ITMAX = 25 LISTS = 2
EMOD = 1.0000D-08 RPFTOL = 1.0000D-05 IDIF = 0

All derivatives are obtained by finite differences

kx£5% [laration no. 1 no. of function calls  Q #Fkxs*
PARD = 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00

ks Current sum of squares = 4.95173D-]] #xessx

#*%x%* Jteration no. 2 no. of function calls 10 ®*****
PAR() = 9.000000D-01 1.100000D+00 1.100000D+00 1.100000D+00

fokddork Current sum of squares = 2.6067 1D-] 1 *H*ss

#*¥%*+¥ Iteration no. 3 no. of function calls 19 #¥%x®*
PAR(I} = 7.000000D-01 1.300000D+00 1.276079D+00 1.166051D+00

*xkrdd Current sum of squares = 9.85769D-12 *x#%*=%



*xx*ek Jteration no. 4 no. of function callg 28 *¥kxk
PAR(I} = 4.348740D-01 1.396222D+00 1.314710D+00 1.141097D+00

sk*dok% Cyrrent sum of squares = 6.626361D-12 #H#*ex

®#A*%* [teration no. 5 no. of function calls 37 ¥¥=*¥%
PAR() = 2.872214D-01 1.384775D+00 1.346304D+00 1.098262D+00

#kkxk Cyrrent sum of squares = 6.19839D-12 *#xoxrx

*x*kxE¥ [taration no. 6 no. of function calls 46 #xexk:
PAR(D) = 3.018752D-01 1.383175D+00 1.350792D+00 1.089399D+00

wxkkrk Current sum of squares = 6.168011D-12 #H#sxx

*xkkk¥d* Termination criteria satisfied *#*x****

skkxkkkrekx Final value of sum of squares = 6.16800D- 12 *¥#3sxssorihax

Standard error of weighted residuals = 8.27849D-07
estimated with 13 residuals and 9 degrees of freedom

kxdkkd® 7 gioma intervals PAR(I)+-DIF(I) for parameters in basis; ¥¥xE**
*%%* |ast value and bounds for any parameters that are not in basis ****
UPR() = 6.005262D-01 1.689950D+00 1.572540D+00 1.285414D+00
PAR(I) = 3.013775D-01 1.382968D+00 1.350912D+00 1.085493D+00
LWR®) = 2.228838D-03 1.075985D+00 1.129284D+00 8.935707D-01
DIF() = 2.991487D-01 3.069824D-01 2.216279D-01 1.959219D-01

Normalized test divisors for final basis selection.
Values near 0.100000(=APIV} or less indicate indeterminate parameters.

0.631367 0.944350 0.878108 0.721437
Normalized covariances of the posterior parameter distribution

1.00060

0.23590 1.00000

-0.34913 -0.08236  1.00000
052779 0.12451 -0.18427 1.00000

observed values predicted values residuals
-1.44100D-06  -1.14026D-06 -3.00742D-07
4.96600D-08 1.16199D-07 -6.65387D-08
1.24600D-06 1.14893D-06 9.70713D-08
2.31700D-06 2.06866D-006 2.48341D-07
-3.44200D-06 -3.34563D-00 -9.63713D-08

-1.93400D-06  -2.33130D-06 3.97297D-07
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-8.66300D-07  -2.13251D-07 -6.53049D-07
6.22400D-07 6.46509D-07 -2.41092D-08
1.67600D-06 1.34777D-06 3.28226D-07

-5.17700D-07 6.60332D-07 -1.17803D-06
6.00000D-G7 1.51517D-06 -9.15173D-07
1.18200D-06 1.94669D-06 -7.64691D-07
3.56000D-06 1.98201D-06 1.57799D-06
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MIN =-1.17803D-06 MAX = 1.57799D-06

End of problem no. "1 no. of function calls = 56
no. of iterations = 6

G.1.3 Resuits at 120°C

RAokdokkRRkRRR Rk (TR G EE S SRR R ]

wxx%+x% General Regression Software Package #¥ %ok
wxx%kk+% for Nonlinear Parameter Estimation, #¥##sks*

skkkekks Vergion of August, 199G xxxekkks
s ok ok okt o 6 o6 o 3K e e s ok sk sk ok s s ok sk s 3 ok ke ok o ok o R o K oK R ok ke ok ok sk sk ke ok sk ok ok o ok sk ok ok

sokkkkkckhkhk [aye] = () FEFEFRRRREOk

wkxekrtx  ponlinear least squares with  Ferss®s*

*#xkEREE onrional numerical derivatives, ¥HokrrREE
e sk sk s o s o o ok o o o oK SR o ook o sk sk o stk ok o ok R ok SRR R K R K R ok ko kR

Start of problem no. 1 with 19 observations and 6 parameters

BNDUPR(D= 3.500000D+00 3.500000D+00 3.500000D+00 3.500000D+00 3.500000D+00
3.500000D+00

PAR(D) = 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00
1.000000D+00

BND® W= 1.200000D-01 1.000000D-01 1.000000D-01 1.000000D-01 1.000000D-01
1.0008 - D-(H

DEL(D) = -1.000000D-02 -1.000000D-03 -1.000000D-03 -1.000000D-03 -1.000000D-03
-1.000000D-03

CHMAX(D= 1.000000D-02 1.000000D-03 1.000000D-03 1.000000D-02 1.000000D-02
1.000000D-02

APIV = 1.0000D-02 RSTOL = 1.0000D-01 ITMAX = 25 LISTS = 2
EMOD = 1.0000D-08 RPTOL = 1.0000D-05 IDIF = 0

All derivatives are obtained by finite differences

=#xk%% freration no. 1 no. of function calls  § ¥¥xxk*

PAR(D) = 1.000000D+00 1.000000D+00 1.000000D+00 {.000000D+00 1.000000D+00
1.000000D+00

#¥kx5% Current sum of squares = 1.61884D-10 ¥#F#x*



®kkickk Ireration no. 2 no. of function calls 4 ¥¥¥***
PAR(I} = 9.900000D-01 1.001000D+00 1.001000D+00
§.900000D-01

**k%k% Current sum of squares = 1.56349D-10 *xxkx
**kkkk* [teration no. 3 no. of function calls 27 **xk#*
PAR(D) = 9.700000D-01 1.003000D+00 1.003000D+00
9.70000015-01

sdxsk Cyrrent sum of squares = I.45547D—i0 FhEREE
wxxdk Jteration no. 4 no. of function calls 4 ¥****+
PAR(I) = 9.300000D-01 1.007000D+00 1.007000D+00
9.300000D-01

dksiokk Cyrrent sum of squares = 1.25034D- 10 *xxsk*
##%kk%* raration no. 5 no. of function calls 53 **x***
PAR(} = 8.500000D-01 1.015000D+00 1.015000D+00)
8.500000D-01

serdokkok Cyrrent sum of squares == 8.85380D-1] ¥¥*x**
***++%* [teration no. 6 no. of function calls 66 Fx**x**
PAR(D) = 6.900000D-01 1.031000D+00 1.031000D+00
6.900000D-01

wxkxckk Current sum of squares = 3.57417D-11 #xxxx
s#kk£k [foration no. 7 no. of function calls 79 *exkks
PAR(I) = 3.700000D-01 1.063000D+00 1.063000D+00
5.294006D-01

skksckk Current sum of squares = 8.91026D-12 ******

*#kr%% Tteration no. & no. of function calls 92 *****+

1.010000D+-00

1.030000D+00

1.070000D+30

1.150000D+00

1.310000D+00

1.630000D+00

PAR(D) = 1.200000D-01 1.106134D+00 1.019866D+00 2.061338D+00

5.049602D-01

The difference step of0.173472D-17 in PAR( 1) is very small.
therefore, the sensitivities for this parameter will be omitted.

wkxsonk Cyrrent sum of squares = 4.06239D-]2 *x#kxx

*#¥kxk [teration no. ¢ no. of function calls 103 *¥¥xxx*

1.010000D+00

1.030000D+00

1.070000D+00

1.150000D+00

1.295811D+00

1.298017D+00

1.2735195400

PARD) = 1.200000D-01 1.163151D+00 9.628488D-01 2.267923D+00 1.247603D+00

4.810057D-01

sk (Cprrent sum of squares = 3.59541D-12 Fr¥¥xx
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*#*%k%* Ttaration no. 10 no. of function calls 114 *F¥x¥x
PAR(D = 1.200000D-01 1.236852D+04 8.891475D-01 2.27694%. . -00 1.247724D+00

4.811986D-01 :

*xxkk Cyurrent sum of squares = 3.49900p-12 #xx**x
wrkerkk Termination criteria satisfied *Hxxese

sksnskkrkrrks Final value of sum of squares = 3.49208D-12 *¥¥eksstttshack

Standard error of weighted residuals = 4.99434D-07
estimated with 19 residuals and 14 degrees of freedom

wadkk** Qsioma intervals PAR{])+-DIF(I) for parameters in basis; *##***
#4k* |agt value and bounds for any parameters that are not in basis *#***
UPR(D) = 3.500000D+00 1.909509D+00 1.210516D+00 2.913636D+00 1.456307D+00

5.361604D-01
PAR(I) = 1.200000D-01 1.262869D+00 8.639430D-01 2.277107D+00 1.247726D+00

4.811942D-01
LWRI)= 1.200000D-01 6.162290D-01 5.173700D-01 1.640578D+00 1.039144D+00

4.262279D-01
DIF(D) = 1.000000D+30 6.466400D-01 3.465730D-01 6.365288D-01 2.085815D-01

5.496624D-02

Normalized test divisors for final basis selection.
Values near 0.010000(=APIV) or less indicate indeterminate parameters.

0.000000 1.000000 1.000000 1.000000 1.000000 1.00000C

The model parameter estimate consists of the particular vector par just gives,
plus an arbitrary linear combination of the null-space basis vectors which follow.
Vector | is the derivative of this solution

with respect to parameter L

Vector i:
1.000 0.000 0.000 0.600 (.000 0.000

Normalized covariances of the posterior parameter distribution

0.00000

0.00000  1.000600

0.00000 0.00000 1.00000

0.00000  0.00000 0.00000  1.00000

0.00000 0.00000 0.00000 0.00000 1.00000
0.00000 0.00000 0.00000  0.00000 0.00000  1.00000

observed values predicted vaiues residuals

-4.320600D-07 -2.68497D-07 -1.63503D-07



4.10000D-07 7.32914D-07 -3.22914D-07
1.62000D-06 1.35454D-06 2.65464D-07
-5.09000D-67  -1.47978D-07 -7.61022D-07
1.92000D-07 5.02396D-07 -3.1€396D-07
1.76000D-06 1.80084D-06 -4,08369D-08
2.21000D-06 1.91925D-06 2.50747D-07
-1.66000D-06  -6.10610D-07 -1.04939D-06
-4.63000D-07  -2.93321D-07 -1.69679D-07
6.21000D-07 4.76518D-07 1.44482D-07
1.25000D-06 8.66404D-07 3.83596D-07
-5.64000D-07  -6.12872D-07 4.88722D-08
3.22000D-07 4.70615D-0G7 -1.48615D-07
7.12000D-07 2.98181D-07 4.13819D-07
8.39000D-07 1.20073D-06 -3.61734D-07
3.65000D-06 3.75232D-06 ~1.02324D-07
-1.39000D-06  ~1.74691D-06 3.56906D-07
-2.34000D-07 5.42697D-07 -7.76697D-07
1.74000D-06 1.33604D-06 4.03965D-07
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MIN =-1.04939D-06 MAX =4.13819D-07

End of problem no. 1 no. of function calls = 126
no. of iterations = 10

G.2 GREG RESULTFOR 25WT % DEA

G.2.1 Results at 40°C

Epokok sk Rk AokRE (3 E G A ok ok ok o ok ok kR ok ok R R

=xkaddrk General Regression Software Package #h=#ts=
sxxxkirs for Nonlinear Parameter Estimation, # %+ oo

ottt Version of August, 1590 ok ok
s ek e ok ok ok ok o ok o o o ok ok o o ok ok 9K o sk e ke el oo ook ok ok e ke ok e o Ak ek ok ok ke e ok ok ok e

EREELE S LS Leve] = [{} ok e e ok sk ek ok kR

REkkkEE*  poplinear least squares with FxEEEREE

RkRkERE*EE oniional numerical derivatives, ¥¥¥FERer
ok ok ok okt okt ok 3k ok ok ok ke ke ok e ke ke ok e ke 3 o o ok ok o e ok ok ok ke sk ok 3 ok ok ok ok ok sk sk sk sk ok ok sk ok o ok

Start of problem no. 1 with 13 observations and 4 parameters
BNDUPD= 2.000000D+30 2.000000D+30 2.000000D+30 2.000000D+30
PAR(I) = 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(D= 1.000000D-31 -2.990000D+01 1.000000D-31 1.000000D-31

DEL(I) = 1.000000D-02 1.000000D-02 1.000000D-02 1.000000D-02
CHMAX(D= 1.000000D+30 0.000000D+0C 0.000000D+00 0.000000D+00

APIV = 1.0000D-0] RSTOL = 1.0000D-01 ITMAX = 50 LISTS = 2
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EMOD = 1.0000D-08 RPTOL = 1.0000D-05 IDIF = 0
All derivatives are obtained by finite differences

sskr** [gration no. 1 no. of function calls  ( ###¥#*
PAR(D) = 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00

*xxxxk Cyrrent sum of squares = 6.33153D-12 *¥x**=

wakad* Jteration no, 2 no. of function calls 4 ##*%**
PAR(D) = 1.227325D+00 1.000000D-+00 1.000000D+00 1.000000D+00

wxxk%x Current sum of squares = 4.06700D-12 ¥x=#x*

*ksdemkk* Termnination criteria satisfied #**#kx*s

sxsorskiorrrik Final value of sum of squares = 4.05854D-12 **#xsxsmrirsx

Standard error of weighted residuals = 5.81559D-07
estimated with 13 residuals and 12 degrees of freedom

waxkxk% 2 gioma intervals PAR(I)+-DIF() for parameters in basis; ®FR¥***
sx#* |55t value and bounds for any parameters that are not in basis ****
UPR(I} = 1.440173D+00 2.000000D+30 2.000000D+30 2.000000D+30
PAR(D) = 1.240561D+00 1.000000D+00 1.000000D+00 1.060000D+00
LWRI) = 1.040949D+00 -2.990000D+01 1.000000D-31 1.000060D-31
DIF(I) = 1.996118D-01 1.000000D+30 1.000000D+30 1.000000D+30

Normalized test divisors for final basis selection.
Values near 0.100000(=APIV) or less indicate indeterminate parameters.

1.000000  0.000000 0.000000  0.000000

The model parameter estimate consists of the particular vector par just given,
plus an arbitrary linear combination of the nuli-space basis vectors which follow,
Vector | is the derivative of this solution

with respect to parameter L

Vector 2:

0.000 1.000 0.000 0.000
Vector 3:

0.000 0.000 1.600 0.000
Vector 4;

0.000 (.000 0.000 1.000
Normalized covariances of the posterior parameter distribution

1.00000
$.00000  0.00000



0.00000  0.00000 0.00000
0.00000 0.00000 0.00000 0.00000

observed values predicted values residuals
4.04000D-07 3.87216D-07 1.67844D-08
7.64000D-07 4,72799D-07 2.91201D-07
1.03000D-06 5.98160D-07 4.31840D-07
1.27000D-06 7.08129D-07 5.618710-07
1.29000D-06 2.06128D-06 -7.71280D-07
3.24000D-06 4.33609D-06 -1.09609D-06
6.42000D-06 6.70969D-06 -2.89687D-07
9.20000D-06 8.58254D-06 6.17462D-07
1.08100D-05 1.07916D-05 1.84160D-08
-1.28900D-08 2.62610D-09 -1.55161D-08
1.22000D-06 1.83357D-06 -6.13566D-07
3.14000D-06 3.29641D-06 -1.56414D-07
6.21000D-06 5.31095D-06 8.95050D-07

MIN =-1.09609D-06 MAX = 8.99050D-07

End of problem no. 1 no. of function calls = 8
no. of iterations = 2

G.2.2 Results at 80°C

oo sk o ook ok ok ok ok koK R K G R EG ¢ o s o e ok ol ke ofe e ok okok ok ok

wxkxtxs* General Regression Software Package ****+%¥x
sxkerxxr for Nonlinear Parameter Estimation, #¥¥¥sxss

*xxxkkxs  Version of August, 1990 FFkmkoex
*****************************************************

skkxkRRAokRRE [aye] = () FRRREERRREES

skxkk¥kE  nonlinear least squares with Frxsseex

sx+xkx%% gptional numerical derivatives. **ees e
———————————.— e P PP TP L EL L EL L LS bbb

Start of problem ro. 1 with 10 observations and 3 parameters

BNDUP(D)= 1.000000D+02 1.000060D+02 5.000000D+01
PAR(D) = 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(D)= 1.000000D-02 1.000000D-02 1.000000D-03

DEL() = -1.000000D-03 -1.000000D-03 -1.000000D-03
CHMAX(I)= 1.000000D-01 1.000000D-01 1.000000D-01

APIV = 1.0000D-03 RSTOL = 1.0000D-01 ITMAX = 50 LISTS = 2

EMOD = 1.0000D-01 RPTOL = 1.0000D-05 IDIF = 0

154



155

All derivatives are obtained by finite differences

=k%%xk [teration no. | no. of function calis 0 ******
PAR(D) = 1.000000D+00 1.000000D+00 1.000000D+060

*%kx® Cyrrent sum of squares = 4.25640D-11 *r*H*x%

#®&*%%% [teration no. 2 no. of function calls  § **¥#**
PAR{D) = 9.000000D-01 1.100000D+00 9.000000D-01

#xx®ix Current sum of squares = 3.01292[D-11 #&xex

kkkk* Ttoration no. 3 no. of function calls 15 *****x
PAR(I) = 7.000000D-01 1.300000D+00 7.000000D-01

kiR Cyrrent sum of squares = 1.33084D-17 ##xkx

*xk%%% teration no. 4 no. of function calls 22 **¥***
PAR(D = 5.067384D-01 1.700000D+00 4.758604D-01

***x4% Cyrrent sum of squares = 5.54219D- 12 *xx+*

wkkdk Tterationno. 5 no. of function calls 30 Fwk**x
PAR(D) = 5.1879438D-01 1.743836D+00 4.828483D-01

*x##E% Current sum of squares = 5.49201D-]2 #kkxks

*k*kx%% Jreration no. 6 no. of function calls 38 F*rs*
PAR(D = 5.300550D-01 1.782377D+00 4.890106D-01

*+¥%%6% Current sum of squares = 5.43]105DD-]2 #kkxk

xkk%%% [targtion no. 7 no. of function calls 46 ®*#kkx
PAR(D) = 5.403958D-01 1.816549D+00 4.9435008D-01

##x#ek Cyrrent sum of squares = 5.41788D- 12 *xerss

*#x%%#% [teration no. 8  no. of function calls 53 *#+$++*
PAR(I) = 6.352147D-01 2.119901D+00 5.434572D-01

*#£%%% Cyrrent sum of squares = 5.28844D-12 #¥¥*x=*

&Rk EF Termination . . oria satisfied F¥kes®ss

shoksoRk kR4 %% Fingl value of sum of squares = 5.27800I)-12 #¥Frissssnsik

Standard error of weighted residuals = 8.68332D-07
estimated with 10 residuals and 7 degrees of freedom



okskxsk 2_gioma intervals PAR(E)4+-DIF(I) for parameters in basis; ok kok
#%%% 1ast value and bounds for any parameters that are not in basis ****
UPR(I} = 1.335350D+00 3.617044D+00 1.063074D+00

PAR(I} = 6.558940D-01 2.126634D+00 5.521652D-01

LWR() = -2.356244D-02 6.362243D-01 4.125608D-02

DIF() = 6.794564D-01 1.490410D+00 5.109091D-01

Normalized test divisors for final basis selection.
Values near 0.001000(=APIV) or less indicate indeterminate parameters.

0.109912 0.186981 0.210524
Normalized covariances of the posterior parameter distribution
1.00000

090168 1.00000
0.88852 0.80116 1.00030

observed values predicted values residuals
4.34000D-07 2.45930D-09 4.31540D-07
1.79500D-06 1.89442D-06 -9.94197D-08
4.18200D-06  4.32492D-06 -1.42924D-07
5.92300D-06 5.94554D-06 -2.25432D-08
6.95100D-06 7.02255D-06 -7.15469D-08
-2.79700D-07 1.05557D-06 -1.33527D-06
1.12200D-06 2.57254D-06 -1.45054D-06
3.78400D-06 3.76746D-06 1.65394D-08
5.10000D-G6 4.44398D-06 6.56019D-07
5.90800D-06 5.04881D-06 8.59188D-07

MIN =-1.45054D-06 MAX = 8.59188D-07

End of problem no. 1 no. of function calls = 61
no, of iterations = 8§

(G.2.3 Results at 120°C

s e e ok sk ofe ke ok ok o ek Ak R G REREG o ok o ohe o ok e o ek ok e ok ke R

#*xx06%% Genera] Regression Software Package ***#k*®*
*xxxxxk® for Nonlinear Parameter Estimation, *¥*%x%%

wkkkkrrt  Vercign of August, 1990 ReRRRkE
e ke o s o ok o ke ko ok ok ok o ok sk 5 Sk ke S sk ok ok ok ok ok sk ok 5K o 3k sk ok o ok ok ok sk sk ok ok ok RoROR

e o ke o ok ok o ade ok ok ok Le\"e] = ]O e ok ok ok ok ok o ke kR K

wakskkkE®  ponlinear least squares with FxxRRREE

REkEREEE optional numerical derivatives, FHFHRREE
e 3k ok o s ke s ke o ke o e ok ok ok s o ok o ok sk o oK sk ok ok kool o oK o ok s sk ok ok ok kR sk skl ok e skok ok
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Start of probiem no. 1 with 15 observations and 4 parameters
BNDUPI)= 3.500000D+00 3.500000D+00 3.500000D+00 3.500000D+00
PAR(D) = 1.000000D+00 1.::20000D+00 1.000000D+00 1.000000D+00
BNDLW(D= 1.000000D-01 1.000000D-01 1.000000D-01 1.000000D-01

DEL{]) =-1.000000D-03 -1.0000000-03 -1.000000D-03 -1.000G00D-03
CHMAX(I)= 1.000000D-01 1.000000D-01 1.000000D-01 1.000000D-01

APIV = 1.0000D-03 RSTOL = 1.0000D-01 ITMAX = 50 LISTS = 2
EMOD = 1.0000D-08 RPTOL = 1.0000D-05 IDIF = 0

All derivatives are obtained by finite differences

#kkEx¥ [teration no. 1 no. of function callg () FH*x**
PAR = 1.000000D400 1.000000D+00 1.000000D+00 1.000000D+00

*xxrrk Courrent sum of squares = 5.64034D-1( wxxxx+

#kkckk¥ Treration no. 2 no. of function calls 10 *#%***
PAR(D) = 9.000000D-01 {.058568D+00 9.000000D-01 9.000000D5-01

*#%kx% Cyrrent sumn of squares = 4.18096D-10 *#*x%2

**+*%%% Jreration no. 3 no. of function calls 19 *#**x*
PAR(D) = 7.000000D-01 1.055862D+00 7.000000D-01 7.000000D-01

*=xxx4% Cyrrent sum of squares = 1.85008D-1( ******

*#%3%% [terarion no. 4 no. of function calls 28 *¥*¥*=*
PAR(D = 6.734665D-01 1.054093D+00 3.000000D-01 3.000000D-01

wkkdx Current sum of squares = 6.15509D-12 *xxkk

k%% Jteration no. 5 00, of function calls 37 *¥ks*x*
PAR(I}) = 1.041115D+400 1.069363D+00 3.414879D-01 3.558638D-01

*FFkEE Current sum of squares = 3.79990D- 12 ##wess

*kxkkr freration no. 6 no. of function calls 46 *¥*****

PAR(D) = 1.134185D+00 1.066674D+00 3.351240D-01 3.474679D-01
wxdFkk Cyrrent sum of squares = 3.503(5D-12 #Hr#**

wEF*FF%F Termination criteria satisfied Frxkxxss

*x&kHHFRFRR*RF Final value of sum of squares = 3.56294[D- 12 Fxkswkdationns



Standard error of weighted residuals = 5.69125D-07
estimated with 15 residuals and 11 degrees of freedom

***+kr% 7 cioma intervals PAR(+-DIF(Y) for parameters in basig; **k*sk
**%#* |ast value and bounds for any parameters that are not in basis ****
UPR(D) = 1.716746D+00 1.174953D+00 3.681316D-01 3.838051D-01
PAR(D) = 1.132954D+) 1.066645D+00 3.352766D-01 3.476751D-01
LWR() = 5.491614D-01 9.583380D-01 3.024216D-01 3.115451D-01
DIE([) = 5.837924D-01 1.083073D-01 3.285502D-02 3.613000D-02

Normalized test divisors for final basis selection.
Values near 0.001000(=APIV) or less indicate indeterminate parameters

0775408 0.989856 0.903471 0.852839
Normalized covariances of the posterior parameter distribution
1.00000
0.10072  1.00000

031069 0.03129 1.00000
0.38362 0.03864 (.11919 1.00000

observed values predicted values residuals
-2.69530D-06  -2.83756D-06 1.42265D-07
-5.91430D-07  -7.10379D-07 -2.81051D-07
8.05200D-07 1.54505D-06 -7.39847D-07
2.49200D-06 2.36584D-06 1.26157D-07
3.87690D-06 3.16792D-06 7.08983D-07
-1.54240D-06  ~1.57144D-06 2.90378D-08
1.06600D-07 3.09168D-07 -2.02568D-07
1.60100D-06 2.16716D-06 -5.66164D-07
1.47600D-06 1.27843D-06 1.97575D-07
2.28500D-06 1.98410D-06 3.00900D-07
-2.34000D-06  -2.41939D-06 7.95850D-08
-3.05000D-07 5.65760D-07 -8.70760D-07
1.64240D-06 2.19471D-06 -5.52310D-07
2.97000D-06 3.03487D-06 -6.48734D-08
3.22000D-06 2.30788D-06 9.12115D-07

MIN =-8.70760D-07 MAX =9.12115D-07

End of problemn no.
no. of 1terations

I no. of function calls = 56
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G.3 GREG RESULTFOR 5 WI% DEA/45 WT% IDEA

.3.1 Results at 40°C

sk Ak Rk (R ([ Rk - kckdek

=xxxxx%® (General Regression Software Package ¥¥#*xaks
*#*¥#%%% for Nonlinear Parameter Estimation, *#x¥¥sss

#kdwriix  Version of August, 1990 ke
s sk ok e ok ok e ok o8 Sk e o ok o o R o 3o ke ok sk ok o sk ok ok ok KR ok ok ek sk ok sk ke sk ok sk ko kb ok

o ok ok Rk R Kok R L€V€1= K]************

kdkkkkdkk  ponlinear least squares with CH¥ERERRE
*aokRkkk anional numerical derivatives, ®x¥sssE®

ok ok sk sk ok o ok sk ok ok ok sk ok o ok ok ok s ok e ke sk sk 3 sk o sk o s s ke ke ok ol e o sl ke ek sk koo ook sk
Start of problem no, 1 with 23 observ: »nsand 35 parameters
BNDUP(D= 3.000000D+00 3.0000008--30 3.500000D+04 3.500000D+00 3.500000D+00
PAR(D = 6.000000D-01 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(D=1.000000D-03 1.000000D-02 1.030000D-02 1.000000D-02 1.000000D-02

DEL(I} =-1.000000D-03 -1.000000D-03 -1 000000D-03 -1.000000D-03 -1.000000D-03
CHMAX(D= 1.150000D-03 1.150000D-03 1.150000D-03 1.150000D-03 1.150000D-03

APIV = 1.0000D-01 RSTOL = 1.000:-01 TTMAX = 25 LISTS = 2
EMOD = 1.0000D-02 RPTOL = {.00LuD-01 IDIF = 1

Ali derivatives are obtained by finite differences

s#k4 Trarationno. 1 no. of functicn calls () ¥Hx®**
PAER = 6.000000D-01 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00

*rrxek Cyrrent sum of squares = 2.46494D-]2 F#kss*

w#kfx* Jraration no. 2 no. of function calls 7 *¥*¥***
PAR(D) = 6.0113500D-01 9.988500D-01 1.000837D+00 9.988500D-01 1.001150D+00

#**¥%x Cyrrent sum of squares = 2.45990D-12 #rs®s

®*#%#%% Ttaration no. 3 no. of function calls 14 *¥ks=

PAR() = 6.011095D-01 9.988718D-01 1.000722D+00 9.986200D-01 1.001380D+00
wEekEk Cyrrent sum of squares = 2.45909D-12 ****

*kxkkk [raration no. 4 no. of function calls 22 ¥H¥x*
PAR(I} = 6.011173D-01 9.988488D-01 1.000716D+00 9.986085D-CG1 1.001392D+00

*akdkk Current sum of squares = 2.45904D-12 *#orx*

wkkEk [laration no, 5 no. of function calls 30 *#x***
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PAR(D) = 6.011138D-01 9.988987D-01 1.000672D+00 9.985196D-01 1.001480D+00
*xxkkk Clrrent sum of squares = 2.45873D-12 ¥¥*#%+

®kkkkk Jraration no. @ no. of function calls 38 k¥*k**
PAR(D = 6.009149D-01 9.985749D-01 1.000631D+(0 9.984386D-01 1.001561D+X)

*xkkkk Current sum of squares = 2.45843D-§2 *##**++

xkfkkk [taration no. 7 no. of function calls 44 FkkE
PAR() = 6.008997D-01 5.979160D-01 1.000349D+00 9.982739D-01 1.001726D+00

*xdkr* Cyurrent sum of squares = 2.45760D-12 Rk

=xxkk* Yraration no. &  no. of function calls 52 *¥*¥**
PAR(I) = 6.008337D-01 9.979081D-01 1.000524D+00 9.982230D-01 1.001777D+00

*xxxas Corrent sum of squares = 2.4574510.12 *xkkex

*#kkk% § cannot be reduced further for THE MODEL AND DERIVATIVES AS
CALCULATED, #¥kwkx

Summary of search: grid points factor RHO:=
HT ST  (ST-SOY(PRED 51-50)
1.00000D+00 2.84630D-12  -3.26841D+02
1.00000D-01 2.46610D-12 -7.26561D+00
1.00000D-02 2.82334D-12  -3.09221D+02
1.00000D-03 2.84576D-12  -3.26384D+(2
1.00000D-04 2.46621D-12  -7.36251D+00
1.00000D-05 2.46621D-12  -7.36260D+00
1.00000D-06 2.46621D-12  -7.36260D+00
1.00000D-07 2.46621D-12  -7.36260D+00
1.00000D-08 2.46621D-12  -7.36260D+00
1.00000D-09 2.46621D-12  -7.36260D+00
0.00000D+00 2.45745D-12  0.00000D+00

sk 3k Sk sk e sk s ok e b o 2 ok ok o o o ook 8 3K Sk sk ok 3k ke o ok s ofe ke o ke e ok e ol K ke Ak oK ok Sk ok e o Sk 3k ok Sk ok sk ok sk ok ok ok ok sk Ok KOR

*xek* The following termination criteria are not satisfied; *¥¥¥**
e ot sk o ok s ke o s o sk e e sk ok o she ok sk ok ok ok ke ok o Sk e ok sk o e o s e ok e ke e o ok ok e e ok e oK o o R R s o SR ke e ok ke sk ke sk ok sk

CHMAX was active in the latest solution for the following parameters:
0 -2 -3 -4 5

wrskskskrax* Final value of sum of squares = 2.45745D-12 #*+xxsxskaiunk

Standard error of weighted residuats = 3.34215D-07
estimated with 23 residuals and 22 degrees of freedom

*kkrkkk D_cioma intervals PAR()+-DIF(I) for parameters in basis; **%##*
**** |a¢t value and bounds for any parameters that are not in basis ****
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UPR(D) = 6.021822D-01 3.000000D+00 3.500000D+00 3.500000D+00 3.500000D+06
PAR{I) = 6.008337D-01 9.979081D-01 1.000524D+00 9.982230D-01 1.001777D+00
LWR{) = 5.994852D-01 1.000000D-02 1.000000D-02 1.000000D-02 1.000600D-02
DIFI) = 1.348505D-03 1.000000D+30 1.000000D+30 1.000000D+430 1.000000D+30

Normalized test divisors for final basis selection.
Values near 0.100000(=APIV) or less indicate indeterminate parameter:,

1.000000 0.000098 0.999999 1.000000 0.999996
Normalized covariances of the posterior parameter distribution

1.00000

0.00000  0.00000

0.004:50  0.00000  0.00000

0.00¢:00  0.00000  0.00000  0.00000
0.00000 0.00000 {.00000 0.00000  0.00000

observed values predicted values residuals
-1.11000D-07  -1.05477D-07 -5.52279D-09
5.00000D-07 3.36968D-07 1.63032D-07
1.04000D-06 1.21519D-06 -1.75192D-07
2.31000D-06 2.12264D-06 1.87355D-07
3.01000D-06 3.08306D-06 -7.30551D-08
5.22000D-06 4.75334D-06 4.66462D-07
-1.51000D-07  -1.68063D-07 1.70634D-08
2.93000D-07 2.91318D-07 1.68240D-09
6.96000D-07 7.76352D-07 -8.03521D-08
2.29000D-06 2.21094D-06 7.90581D-08
3.82000D-06 3.64353D-06 1.76470D-07
4.50000D-06 4.50880D-06 -8.80475D-09
-3.12000D-07  -5.62403D-08 -2.55760D-07
1.28000D-07 1.3A509D-07 -8.50865D-08
4.02000D-07 © o 156D-07 -1.47256D-07
1.40000D-06 L 18D-06 -1.61176D-07
2.91000D-06 2.0#914D-06 5.10864D-07
3.56000D-06 2.63574D-06 9.24257D-07
3.74000D-06 2.85664D-06 8.83359D-07
1.67590D-06 1.72190D-06 -4.60047D-08
3.11510D-G6 3.08997D-06 2.51301D-08
4.99000D-06 5.08201D-06 -9.20119D-08
6.23000D-06 6.50926D-06 -2.79257D-07

MIN =-2.79257D-07 MAX =9.24257D-07

End of problem ro. 1 no. of function calls = 68
no. of iterations = 8§
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(.3.2 Results at 80°C

e e ok ok oK ok ok o oo ke ke G REG s s e ok sk ke ok ok ok ok ok

*xxkrrkd General Regression Software Package ¥*# ke
#kkrodrd for Nonlinear Parameter Estimation, #xxkss

*pdokkdokk  Version of August, 1990 rxkokeks
e 3k 3 ok K ok ok o e e 2k ok et ok ok sk ke s ok e e 3R e e ok sk o ok ke ok ok ok ok o o ok ek e Ko R oK o ok R R ok

sk deddobRroR Aok [ aye] = () o kkk Kok kkx

*Hkkxrdk  nonlinear least squares with Fsxkeks
*eERFEE: aptonal numerical derivatives, *¥¥¥*%**

s o o A ok e o s oo Sl R R 3K 3K i o o o o s e sk e ode ofe ok skeoke sk s ke ke sk ok ok ok s ke e st ok ke ok ok ke ke ke ok
Start of problem no. 1 with 13 observations and 3 parameters
BNDUP{I)= 3.500000D+0¢ 3.500000D+00 3.500000D+00
PAR{I) = 1.000000D+00 1.000000D+0C 1.000000D+00
BNILW(I)= 1.000000D-02 1.000000D-01 1.000000D-01

DEL(I) = -1.000000D-02 -1.000000D-02 -1.000000D-02
CHMAX(D= 1.000000D-01 1.000000D-01 1.000000D-01

APIV = 1.0000D-01 RSTOL = 1.0000D-01 ITMAX = 25 LISTS = 2
EMOD = 1.0000D-01 RPTOL = 1.0000D-01 IDIF = 1

All derivatives are obtained by finite differences

®=kex3k Treration no. 1 no. of funciion cails  Q ¥x¥x**
PAR{I) = 1.000000D+00 1.000000D+00 1.000000D+00

wxskxcrk Current sum of squares = [ 70B58D-11 ##¥*x*

*¥rFREF Tteration no. 2 no. of function calls  § *¥***+*
PAR() = 9.756303D-01 9.986232D-01 9.716485D-01

*dkkrk Cyrrent sum of squares = 1.577910-11 #kekxx
®Exckdokiok Termination criteria satisfigd ¥ *¥x*x

wHxRrkkRE R+ Final value of sum of squares = 1 57751 D] ##wxkkaunsnis

Standard error of weighted residuals = 1.25599D-06
estimated with 13 residuals and 10 degrees of freedom

*kkhokk ) sigma intervals PAR(I+-DIF(I) for parameters 1n basis; *#**xx
*+%% |ast value and bounds for any parameters that are not in basis *¥**



UPR(I) = 1.078604D+00 1.213929D+00 9.941405D-01
PAR(Y) = 9.753057D-01 9.985965D-01 9.716223D-01
LWR(D) = 8.720074D-01 7.832636D-01 9.491042D-01
DIF(D) = 1.032984D-01 2.153329D-01 2.251813D-02

Normalized test divisors for final basis selection.

Values near 0. 100000(=APIV) or less indicate indeterminate parameters.

0.996015 0.999992 0.996023
Normalized covariances of the posterior parameter distribution
1.00000

$.00286  1.00000
-0.06306 -0.00018  1.00000

observed vaiues predicted values residuals
-1.75000D-07  -2.64102D-08 ~1.48590D-07
1.30000D-07 1.60853D-07 -3.08532D-08
3.99000D-07 5.41176D-07 -1.42176D-07
8.81000D-07 1.07060D-06 -1.89596D-07
1.71100D-06 2.00144D-06 -2.90438D-07
3.29000D-06 2.89880D-06 3.91202D-07
5.620000-06 9.25652D-06 -3.63652D-06
-1.66000D-06  -1.03855D-06 -6.21453D-07
-8.41000D-07  -1.31599D-07 -7.09401D-07
6.71000D-08 7.03375D-07 -6.36275D-07
1.43000D-06 2.00316D-06 -3.73157D-07
3.22000D-06 3.27951D-06 -5.95056D-08
5.15000D-06 4.37036D-06 7.79645D-07

MIN =-3.63652D-06 MAX = 7.79645D-07

End of problem no. | no. of function calls = 14

no. of iterations = 2

(G.3.3 Results at 120°C

o o o o ok o o o ok ok o K K Sk R G R E G EEFFETEELEE L L3
*xxxdn® (General Regression Software Package ¥+*s+++x
wxkakdnk for Nonlinear Parameter Estimation, ®##%# %8

#kkkEEEE  Version of August, 1990 RERRRERE
S 3K o o R SR S Sk sk o ke ok ok ok o o ok s ok o o ok ok 2k ok ok oK o oK oK oK SRSk Rt ok o ok R R R sk sk sk sk ok

X2 S E LIRS E LT LeVB] = ]0 K s ok sk ke e ok e ke ok ok

*EEx£REE nonlinear least squares with  F¥REREEERE
sxekkExE gntional numerical derivatives, FHx*¥*¥
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sk ok s 3K 3k ok ok Sk ok 3k sk 3 e o 3K ok ok st ofe ke e ok oK 3 ok sk sk ok ke ok ok ok o o ok ofe oK e ok ok ok sk ke ok
Start of problem no. 1 with 14 observations and 4 parameters
BNDUPM= 3.50000CD+00 3.500000D+00 3.500000D+00 3.500000D+00
PAR() = 1.000000D+} 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(D)= 1.000000D-03 1.000000D-01 1.000000D-01 1.000000D-01

DEL() =-1.000000D-02 -1.000000D-02 -1.000000D-02 - 1.000000D-02
CHMAX(D= 1.000000D-01 5.000000D-01 5.000000D-01 5.000000D-01

APIV = 1.0000D-01 RSTOL = 1.0000D-01 ITMAX = 25 LISTS = 2
EMOD = 1.0000D-02 RPTOL = 3.0000D-01 IDIF = 1

All derivatives are obtained by finite differences

*xgkkk Tteration no. | no. of function calls () ¥*¥++**
PAR(I} = 1.000000D+00 1.000000D+00 1.000000D+00 1.000000D+00

sRssRF Cyrrent sum of squares = 3.20486)-1] #*xrx*x

*x%x%* [teration no. 2 no. of function calls 6 **¥*+¥
PAR{D) = 1.100000D+00 1.500000D-+00 1.500000D+00 1.500000D+00

*xkkkk Current sum of squares = 1.63479D-11 #¥#®ks

*xf#%% [tapation no. 3 no. of function calls 11 ##¥*x*
PAR(I} = 1.254166D+00 1.552521D+00 1.874108D+00 2.270829D+3)

s¥%xxk Cyrrent sum of squares = 8.21628D-12 ¥x=¥**

wx%*%% Jreration no. 4 no. of function calls 16 *¥xk=*
PAR(D) = 1.466321D+00 1.884095D+00 1.857192D+00 2.309624D+00

ks * Cyrrent sum of squares = 5.65363D-12 *x*%x*

*x*%%% Jlaration no. 5 no. of function calls 24 S¥¥*k*
PAR(D) = 1.447000D+00 1.899242D+00 1.858095D+00 2.312123D+00

skxxk% Cyrrent sum of squares = 5.34727D-12 #xxxrk
sxxserx Tarmination criteria satisfied ***xsek

sxtkeerxsrast Final value of sum of squares = 5.34725D-12 ¥rsssenmiadiy
logout

Standard error of weighted residuals = 7.31249D-07
estimated with 14 residuals and 10 degrees of freedom



##xkk%% 2 gioma intervals PAR(D+-DIF(I) for parameters in basis; #***#%
**%* |agt value and bounds for any parameters that are not in basis ****
UPR(D) = 1.503646D+00 2.144205D+00 2.835629D+00 3.298571D+00
PAR(D) = 1.447001D+00 1.899242D+00 1.858095D+00 2.312129D+00
LWR(D) = 1.390356D+00 1.654190D+00 8.805612D-01 1.325586D+00
DIF(I) = 5.664498D-02 2.450526D-01 9.775339D-01 9.864425D-01

Normalized test divisors for final basis selection.
Values near 0.100000(=APIV) or less indicate indeterminate parameters.

0.670000 0.670008 0.999994 0.999980
Normalized covariances of the posterior parameter distribution

1.000C0

0.57445 1.00000

-0.00247 -0.00142  1.00000
-3.00337 -0.00194  0.00001  1.00000

observed values predicted values residuals
-1.08000D-06  -8.81606D-08 -9.91839D-07
7.42000D-08  -4.18425D-07 4.92625D-07
9.12060D-07 1.44119D-06 -5.29186D-07
2.19000D-06 1.99278D-06 1.97219D-07
-1.03000D-07 2.29281D-08 -1.25928D-07
4.32000D-07 7.36861D-07 -3.04861D-07
1.32000D-06 7.11630D-07 6.08370D-07
2.14000D-06 1.63143D-06 5.08571D-07
2.37000D-06 2.83664D-06 -4.66637D-07
-3.33000D-07 1.57084D-07 -4 90084D-07
8.40000D-07 1.95691D-06 -1.11691D-06
1.54000D-06 7.61761D-07 7.78239D-07
2.12000D-06 2 87134D-06 -7.51343D-07
2.49000D-06 o 12446D-06 -4.34457D-07

MIN =-1.11691D-06 MAX =7.78239D-07

End of problem no. 1 no. of function cails = 37
no. of iterations = 5

G.4 GREG RESULTFOR 25 WT % DEA/ 25 wT % MDEA

G.4.1 Resuits at 40°C

FhkpRE R Rk k (] R (G FERRoRoRRRR R %
ki Genara] Regression Software Package *=#Fsss
sk for Nonlinear Parameter Estimation, ®#sskdox
FErakEEx  Version of August, 1990 #FxweEEx
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sk e ok e o ok ok ok o o o sk e ok ok o o o e sk o e ok ok o ok ke ok o R o ok ke ok ok oK R KR Sk ke ok ok ook R o
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#*###%%%  nonlinear least squares with FrxrsEEE

sHxkRRAE oprional numerical derivatives, ¥ xkxsnek
s ok e st s ok ok ke e ok o8 33 oK 3 e sk sk ok sk o e ok ok ok e o ok o ok o o e e oK o o o ke e ook ok koK ok ko sk ko

Start of problem no. 1 with 10 observations and 3 parameters

BNDUP(D= 1.000000D+01 4.000000D+00 4.000000D+00
PAR(D) = 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(I)= 1.000000D-01 1.000000D-02 1.000000D-02

DEL(I) = 1.000000D-01 1.000000D-01 1.000000D-01
CHMAX (D= 1.000000D+01 0.000000D+00 1.000000D-+01

APIV = 1.0000D-01 RSTOL = 8.0000D-01 ITMAX = 50 LISTS = 2
EMOD = 3.7253D-09 RPTOL = 8.0000D-0]1 IDIF = 0

All derivatives are obtained by finite differences

#xsex* Treration no. 1 no. of function calls () #¥#%*=*
PAR(I) = 1.000000D+0C 1.000000D+00 1.000000D+00

ssx++% Current sum of squares = 6.30329D-1] *##***
sxkkekxk Termination criteria satisfied ***es s

wxkraxn ke Final value of sum of squares = 5.87835D- 1] srwiorionkrsis

Standard error of weighted residuals = 2.71071D-06
estimated with 10 residuals and 8 degrees of freedom

#k®xkkk 2 cioma intervals PAR(I)+-DIF(1) for parameters in basig; *¥k***
##%% |55t value and bounds for any parameters that are not in basis **#*
UPR() = 2.018070D+00 4.000000D+00 1.421123D+00

PAR(D) = 4.268449D-01 1.000000D+00 1.106665D+00

LWR() = -1.164380D+00 1.000000D-02 7.922064D-01

DIF(I) = 1.591225D+00 1.000000D+30 3.144583D-01

Normalized test divisors for final basis selection.
Values near 0.100000{=APIV) or less indicate indeterminate parameters.

(.984958 (0.000000 0.984958

The model parameter estimate consists of the particular vector par just given,
plus an arbitrary linear combination of the nuil-space basis vectors which follow.
Vector | is the derivative of this solution

with respect to parameter 1.



Vector 2:
0.060 1.000G 0.000

Normalized covariances of the posterior parameter distribution

1.00000

0.00000  0.00000
0.12265  0.00000 1.00000

observed values predicted values residuals
1.33000D-06 2.34398D-06 -1.01398D-06
3.21000D-06 5.87031D-06 -2.66031D-06
6.49000D-06 8.56738D-06 -2.07738D-06
9.71000D-06 9.80038D-06 -9.03804D-08
1.29100D-05 1.01160D-05 2.79399D-06
1.24000D-05 7.33152D-06 5.06848D-06
8.75000D-06 6.06451D-06 2.68549D-06
5.52000D-06 4.58030D-06 9.39704D-07
1.79000D-06 3.78472D-06 -1.99472D-06
8.78000D-07 1.76390D-06 -8.85902D-07

MIN =-2.66031D-06

End of problem no.
no. of iterations

MAX = 5.06848D-06

1 no. of function calls= 7

(G.4.2 Results at 80°C

e 3 o o o e o R K R OK K R OR G R E G ok 3k ok e ok o o o e ok o ke A ek

*skexx%% General Regression Software Package #hsskesx
#xFxxk%% for Nonlinear Parameter Estimation, #*¥k®xkx

kK Rk Kk Version of August, 1990 wok ko Ak
53 e o o ok ok oo e o oK ok ok ok ok o e o8 Sk ok oK ok oK 0 0 ok stk ok sk ok ok ke ok e ok KRk ke

LR EEE L2 Rk T Level =10 ook e o ok ok ok ek K

#*xxx%k%  nonlinear least squares with FRFFEEEE

*xdkkrdk optional numerical derivatives, *¥¥sress
e e ook 2k 2k e ok oK oK sk o S ok ok o ok 3k o o e ok ok sk ok e ok ok ok o oK K SR K oK 3K ok ok sk ok ok ook ok ok k

Start of problem no. 1 with 11 observations and 3 parameters

BNDUP(= 5.000000D+00 2.000000D+00 2.000000D-+00
PAR(D) = 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(D= 1.000000D-02 1.000000D-02 1.000000D-02
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DEL(D) = 1.000000D-01 1.000000D-0f 1.000000D-01
CHMAX(I)= 1.000000D-01 1.000000D-01 1.000000D-01

APIV = 1.0000D-01 RSTOL = 1.0000D-01 ITMAX = 50 LISTS = 2
EMOD = 1.0000D-02 RPTOL = 1.0000D-01 IDIF = O

All derivatives are obtained by finite differences

wkxwkk [reration no. 1 no. of function calls ¢ FF¥ckx*
PAR(I} = 1.000000D+00 1.000000D+00 1.000000D+00

wxdokkr Cyrrent sum of squares = 6.36301D-11 *#¥#**#

wxiwst Treration no. 2 no. of function calls 8 *¥¥¥*x*
PAR(D) = 1.100000D+00 9.219740D-01 9.000000D-G1

wdonkkd Cyrrent sum of squares = 2,29270D)-11 Hkeir

*%kk%* [teration no. 3 no. of function calls 15 *¥¥*#*
PAR(I) = 1.105530D+00 8.219740D-01 9.547570D-01

skfFdk Cyrrent sum of squares = 1.17750D-11 #sssss

*F#kk¥ [reration no. 4 no. of function calls 22 *#*+**
PAR(D) = 1.126873D+00 7.392293D-01 $.264027D-01

wxa Cyrrent sum of squares = 1.098B4D-11 *+xxx
*w#kkskk Termpination criteria satisfied =essxses

skdxkkkRRRRRR Final value of sum of squares = 1.06682D-1] #3xxrsksunoes

Standard error of weighted residuals = 1.15478D-06
estimated with 11 residuats and 8 degrees of freedom

wxxxxx% 2 _sioma intervals PAR(I)+-DIF(I) for parameters in basis; ******
#%%* Jast value and bounds for any parameters that are not in basis ****
UPR(E) = 1.149266D+00 9.250306D-01 1.703538D+00

PAR(D = 1.120677D+00 7.536811D-01 9.204193D-01

LWR(I) = 1.092087D+00 5.823317D-01 1.373008D-01

DIF() = 2.858973D-02 1.713495D-01 7.831185D-01

Normaiized test divisors for final basis selection,
Values near 0, 100000(=APIV) or less indicate indeterminate parameters.

0.762274 0.763960 0.993726

Normalized covariances of the posterior parameter distribution



£.00000

-0.48378  1.00000
-0.07921  0.03832 1.00000

observed vaiues predicted values residuais
-3.79000D-06  -5.11957D-06 1.32957D-06
-2.95000D-06  -2.12376D-06 -8.26242D-07
-1.15000D-06  -3.52191D-07 -7.97809D-07
1.41550D-06 1.91693D-06 -5.01433D-07
5.40000D-06 4.98573D-06 4.14273D-07
-2.51000D-06  -1.41754D-07 -2.36825D-06
1.00000D-06 1.61725D-06 -6.17252D-07
2.92000D-06 3.15801D-06 -2.38005D-07
4.64800D-06 4.80369D-06 -1.55687D-07
5.81000D-06 5.34295D-06 4.67048D-07
7.36000D-06 6.42748D-06 9.32517p-07

MIN =-2.36825D-06 MAX =1.32957D-06

End of problem no. | no. of function calls = 30
no. of iterations = 4

G.4.3 Results at 120°C

kg EERskkRaik (3R E (F #EsFRnskbsoiekks
wksskkk* General Regression Software Package ##¥**=**
*xx*xx4x for Nonlinear Parameter Estimation, ###skks

#kRExat Version of August, 1990 stk
sk sk sk e ke o ok ok sk sk ok sk sk sk 3ok sk o ke ke o o o R oK o o R o o ook ke sk ok ok ok ok sk ek ok ok skok ok

FakhkFkRRkEER | aya] = 10 ook e ok e o e e ek ok ok

*kkkkkkx  ponlinear least squares with FreeEsxEs

wrwxkE optional numerical derivatives, F¥ERRERE
3k 3k ok o ok ok sk sk ok ok 3K ok ok ok sk ok 3 o ok ok o sk o R KK R R ok ok sk ke sk ke e e ok ke ke R SRR R ek sk

Start of problem no. 1 with 11 observations and 3 parameters

BNDUP(I)= 1.000000D+01 4.000000D+00 4.000000D+00
PAR() = 1.000000D+00 1.000000D+00 1.000000D+00
BNDLW(I)= 5.000000D-01 1.000000D-01 1.000000D-01

DEL(I) = 1.000000D-01 1.000000D-01 1.000000D-01
CHMAX(D)= 2.000000D-01 2.000000D-01 2.000000D-01

APTV = 1.0000D-01 RSTOL = 1.0000D-01 ITMAX = 50 LISTS = 2
EMOD = 1.0000D-02 RPTOL = [.0000D-02 IDIF = 0
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All derivatives are obtained by finite differences

=xk¥x [rarationno., 1 no. of function calls  ( ¥Fxke*
PAR(I) = 1.000000D+00 1.000000D+00 1.000000D+00

*#xx4% Current sum of squares = 5.44865D-]] #4¥oeks

*d#k*%% [taration no. 2 no. of function callg 8 *#kack*
PAR(D) = 8.000000D-01 &.000000D-01 8.000000D-01

#+xx:* Cyrrent sum of squares = 4.357141D-11 *x¥ws*

#dkkkk Tteration no. 3 no. of function calls 15 #¥¥E*
PAR(D = 1.200000D+00 5.521365D-01 4.000000D-01

#axkkkk Cyrent sum of squares = 3.81613D- 11 ¥xrek*

wkkkkk [roration no. 4 no. of function calls 23 *#*%**
PAR(M = 1.217320D+00 4.433951D-01 3.952803D-01

*x%x%* Cyrrent sum of squares = 2.26930D)-11 F#xxxs

*kkkx [laration no. 5 no. of function calls 3] Hxskex
PAR() = 1.096057D+00 3.879232D-01 3.975792D-01

#*¥%%%% Cyrrent sum of squares = 1.97228D-]7 *iwsir

#*kxx% Heration no. 6 no. of function calls 38 F¥***#
PAR(D) = 1.036780D+00 3.897991D-01 3.890874D-01

w5k Cyrrent sum of squares = 1.56790D- 11 *+*xxx

#dkdck® [taration no. 7 no. of function calls 47 ¥##***
PAR(T) = 1.042327D+00 3.898445D-01 3.939557D-01

*rdokkk Cyurrent sum of squares = 1.51969D-11 ###%*%

**%44% [teration no. 8 no. of function calls 57 *¥¥***
PAR(D = 1.042382D+00 3.8983560D-01 3.940028D-01

wxsickk Current sum of squares = 1.51923D-11 ¥x**%%

wxexxx ftaration no. 9 no. of function calls 66 F*****
PAR(D) = 1.042748D+00 3.899154D-01 3.940475D-01

*xkkkk Current sum of squares = 1.51883D-11 #¥*iors

sxxxx [reration no. 10 no. of function calls 74 #¥*&e*
PAR(D) = 1.030036D+00 3.900659D-01 3.943835D-01

#xxx% Cyurrent swm of squares = [.51692D-1] F¥*x*s



#dkkdk iaration no. 31 no. of function calls 82 Fk****
PAR(I) = 1.053681D+00 3.901111D-01 3.945515D-01

®Rx*%E% Cyrrent sum of squares = 1.51598[0- 11 #&¥ks*

##%#%% Jleration no. 12 no. of function calls 90 #*****
PAR(D) = 1.055503D+00 3.912530D-01 3.946356D-01

#xkxxx Current sum of squares = 1.51482D-11 #***==

®hE*%® Jtaration no. 13 no. of function calls 99 FHxwkx
PAR(I} = 1.055682D+00 3.913011D-01 3.946436D-01

**x%% Cyrrent sum of squares = 1.51474D-11 **#xxs

*kkk4% Jraration no. 14 no. of function calls 1(7 ****++*
PAR(D = 1.056575D+00 3.914396D-01 3.946841D-01

#h*xrk Cyurrent sum of squares = [.51445D-]1 *xserk

#dkkkk Jraration no. 15  no. of function calls 1§ *¥***
PAR(D) = 1.036620D+00 3.914438D-01 3.946861D-01

*rxkkk Cyrrent sum of squares = 1.51443]D-11 *xexxs®
*¥+x€4%% Termination criteria satisfied =+***#k*

ssekspssR k£ 20+ Final value of sum of squares = 1.51434D- 11 *¥#*#srxririrx

Standard error of weighted residuals = 1.29715D-06
estimated with 11 residuals and 9 degrees of freedom

**xx®xx 2 gioma intervals PAR(D+-DIF(I) for parameters in basis; St
#%%% Jast value and bounds for any parameters that are not in basis ****
UPR(D) = 1.062886D+00 3.925043D-01 4.000000D+00

PAR(I) = 1.056549D+00 3.915742D-01 3.946861D-0}

LWR() = 1.050211D+00 3.906441D-01 1.000000D-01

DIF(I) = 6.337450D-03 9.300979D-04 1.000000D+30

Normalized test divisors for final basis selection.
Values near 0. 100000¢{=APIV) or less indicate indeterrninate parameters.

1000000 1.000000  0.000002

The mode] parameter estimate consists of the particular vector par just given,
plus an arbitrary linear combination of the null-space basis vectors which follow,
Vector I is the derivative of this solution

with respect to parameter L
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Vector 3:

1.000 1.000

0.000

Normalized covariances of the posterior parameter distribution

1.00000

0.00063  1.00000

0.00000 0.00000 0.00000

observed values predicted values residuals

-1.17000D-06  -1.22261D-06 5.26053D-08
2.82000D-07 1.12614D-07 1.69386D-(7
1.77000D-06  -3.14023D-07 2.08402D-06
3.54000D-06 3.39955D-06 1.40449D-07
3.49000D-06 3.85260D-06 -3.62598D-07
-2.34000D-06  -3.23817D-07 -2.01618D-06
-1.34000D-06  -1.16160D-07 -1.22384D-06
3.47000D-07 3.20107D-07 2.68934D-08
1.55500D-06 3.04338D-06 -1.48838D-06
2.28000D-06 3.41940D-06 -1.13940D-06
2.83000D-06 4.07122D-06 -1.24122D-06

MIN =-2.01618D-06 MAX = 2.08402D-06

End of problem no.
no. of iterations

1 no. of function calls = 124



APPENDIX H

Detailed Program Output

A detailed results showing the concentrations of al' species at both the
bulk and the interface, along with the model calculated fluxes and enhancement
factors are presented. These results are specific to the 25 wt% DEA/ 25 WT%

MDEA case at 80°C .
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RESULTS FOR POINT NUMBER 1
BULK PHASE

CO2 3.7726855964076528E-02

OH- 1.3368255938615402E-05
HCO3- 1.15829512084344]

MDEA 0.8749523959403662
MDEAH+ 1.222847604059634

DEA 0.4765961305752891

DEAH+ 0.9860741701170352
DEACOQ- 0.9150296993076756

CO3= 6.7791792884806900E-(2
INTERFACE

C02 1.2136348543500000E-02

OH- 1.5953444166207400E-05

HCO3- 1.167131020497127

MDEA 0.9662212397122565
MDEAH+ 1.131578760287715

DEA 0.5766845730637564

DEAH+ 0.9998105136857G71
DEACOO- (1.3012049132504322
CO3= 8.1518693390788986E-02
DIFFFLUX= -5.1195694337889395E-06
CO2¢carb.)= 2.2876601171611952E-02
CO2(HCO3)= 3.1854536777320073E-02
CO2{mixt.}= 2.3806963314304835E-02
E_CO2= 2.953312120670808

RESULTS FOR POINT NUMBER 2
BULK PHASE

CO2 3.0240397872609653E-02

OH- 1.5369826560640477E-05

HCO3- 1.069329725789363

MDEA 0.9351197756457297
MDEAH+ 1.162680224354270

DEA 0.5171978080622921

DEAH+ (.95393284022846112
DEACOO- (.9065693517092467
CO3= 7.03493086287380418E-02
INTERFACE

CO2 2.003954648180(000E-02

OH- 1.6528110368052738E-05
HCO3- 1.072453578889362

MDEA 0.9729082964608624
MDEAH+ 1.124891703539134

DEA 0.5591149013233093

DEAH+ 0.9589764764309690
DEACOO- 0.8596086222457249
CO3= 7.5874725362323727E-02
DIFFFLUX= -2.1237579824090590E-06
CO2(carb.)= 2.4665424951731714E-02
CO2(HCOM)= 2.8204364871927012E-02
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CO2{mixt.)= 2.5044202039552006E-02
E_CO2= 3.054940410849867

RESULTS FOR POINT NUMBER 3
BULK PHASE

CO2 2.8134617191873575E-02

OH- 1.6075417342311903E-05

HCO3- 1.040900519712858

MDEA 0.9554332845558363
MDEAH+ 1.142366715444164

DEA 0.5314290321234264

DEAH+ 0.9433902153047940
DEACOO- 0.9028807525717797

CO3= 7.0979791523488888E-02
INTERFACE

CO2 2.6425820862400000E-02

OH- 1.6269448234253242E-05

HCO3- 1.041426679867455

MDEA 0.9616788183972555
MDEAH+ 1.136121181602745

DEA 0.5383189060698353

DEAH+ 0.9442242634201661
DEACOO- 0.8951568305099986
CO3= 7.1872832598611490E-02
DIFFFLUX= -3.5219057162314509E-G7
CO2(carh.)= 2.7208513869413877E-02
COZ(HCO3)= 2.7813133269205027E-02
CO2(mixt.)= 2.7274932601038780E-02
E_CO2= 3.025601392254957

RESULTS FOR POINT NUMBER 4
BULK PHASE

CO2 2.7883502723174532E-02
OH- 1.61064935859915119E-05
HCO3- 1.037391320996866
MDEA 0.9579790415710208
MDEAH+ 1.139820958028979
DEA 0.5332319915363342
DEAH+ 0.9420779759236305
DEACOO- 0.9023900325400353
CO3= 7.1050707739924283E-02
INTERFACE

C02 3.7664807280000000E-02
OH- 1.5147580509811450E-05
HCO3- 1.034207077895164
MDEA (.9242509430244079
MDEAH+ 1.173549056975622
DEA 0.4970092599358883
DEAH+ 0.9370566567657213
DEACQOO- (.9436340832988626
CO3= 6.6374702483534333E-02

175



DIFFFLUX= 1.9169328105604415E-06

CO2(carb.)= 3.3384055321148031E-02

COZ(HCO3)= 2.9664903542636491E-02
CO2(mixt.)= 3.2957025486691033E-02

E_CO2= 2.869388845163953

RESULTS FOR POINT NUMBER 5
BULK PHASE

CO2 3.7028120356652113E-02

OH- 1.3528380815188255E-05

HCO3- 1.150675829614610

MDEA (.8799123139278924
MDEAH+ 1.217887686072108

DEA 0.47985891601952064

DEAH+ (.9833638149843712
DEACQO- 0.9144772689964223
CO3= 6.8042437032315769E-02
INTERFACE

C02 6.8780623337000000E-02

OH- 1.1456500144805%43E-05

HCO3- 1.138663089395455

MDEA 0.7963065498980442
MDEAH+ 1.301493450101936

DEA 0.3988037778707127

DEAH+ 0.9650587960826803
DEACOO- 1.013837426046607

CO3= 3.7020137121214640E-02
DIFFFLUX= 4.9857267550008709E-06
CO2(carb.)= 5.8327750971998251E-02
COZ(HCO3)= 4.3268(04929248093E-02
CO2(mixt.)= 5.6431401333761209E-02
E_CO2= 2.073751320289238

RESULTS FOR POINT NUMBER 6
BULK PHASE

CO2 8.921642057823293%E-04
OH- 1.0674438806422818E-04
HCO3- 0.1603757442657969
MDEA 1.917868321616892
MDEAH+ 0.1799316783831083
DEA 1.813664786172406
DEAH+ 0.2913931379961286
DEACOO- 0.27264207583146358
CO3= 1.9100125696954968E-02
INTERFACE

CO2 6.6727124999999999E-04
OH- 1.0760468899509746E-04
HCO3- 0.1604245623158936
MDEA 1.919183627596087
MDEAH+ (.1786163724039128
DEA 1.8184731355666068
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DEAH+ 0.2898311623819447
DEACOO- 0.2693957020513864

CO3= 1.9259832864790327E-02
DIFFFLUX= -1.4175377502366454E-Q7
CO2(carb.)= 8.7218497114604640E-04
CO2(HCO3)= 8.8530488969328682E-04
CO2{mixt.)= 8.7291006460145732E-04
E_CO2= 8.3986225493767%9

RESULTS FOR POINT NUMBER 7
BULKX PHASE

C0O2 9.2352129970311924E-04

OH- 1.0506727627415373E-(4

HCO3- 0.1636216132464926

MDEA 1.913789753504959
MDEAH+ (1.1840102464950411

DEA 1.803232174064666

DEAH+ 0.2965127667986745
DEACOQ- 0.2779550591366598
CO3= 1.9420636817144486E-02
INTERFACE

CO2 3.5602567T000000001E-03

OH- 9.6213629731495786E-05

HCO3- 0.1629178712730762

MDEA 1.898465958933906
MDEAH+ 0.1993340410660577

DEA 1.74876:317387180

DEAH+ 0.3140170017651569
DEACOQ- 0.3149216808477536
CO3= 1.7707638540338380E-02
DIFFFLUX= 1.6172519675160512E-06
CO2(carb.)= 1.1782213232769720E-03
CO2(HCO3)= £.00<: 557748975536E-03
CO2(mixt.)= 1.168" :0683568547E-03
E_CO2= 8.176961: (93249

RESULTS FOR POINT NUMBER 8
BULK PHASE

CO2 9.9205639743450222E-04
OH- 1.0167400355012616E-04
HCO3- 0.1705680594190627
MDEA 1.905009634950993
MDEAH+ 0.1927903650490069
DEA 1.731066403259388
DEAH+ 0.3073713093845207
DEACOO- (.2892622873560908
CO3= 2.0114826827411961E-02
INTERFACE

CO2 6.2993897400000000E-03
OH- 8.6295504260605966E-05
HCO3- 0.1689651969612025
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MDEA 1.874313112760738
MDEAH+ 0.2234868872388842

DEA 1.675659385544806

DEAH+ 0.3407145757492227
DEACOO- 0.3613260387059494
CO3= 1.6911965907987245E-02
DIFFFLUX= 3.1580052077182055E-06
CO2(carb.)= 1.5518864033430327E-03
CO2(HCO3)= 1.1578643080711432E-03
CO2(mixt.)= 1.5286804532987517E-03
E_CO2= 7.941101438708550

RESULTS FOR POINT NUMBER 9
BULK PHASE

CO2 1.2440861458754620E-03

OH- 9.1640847865445008E-05

HCO3- 0.1946132196548523

MDEA 1.874122603650756
MDEAH+ 0.22367739634924309

DEA 1.706114519447982

DEAH+ 0.3439059874067464
DEACOQO- 0.3276794931452719
CO3= 2.2599515054000290E-02
INTERFACE

CO2 9.7924923000000000E-03

OH- 7.3078019393487241E-05
HCO3- 0.1918635498514576

MDEA 1.824702077842388
. MDEAH+ 0.2730979221585222

DEA 1.548984328062269

DEAH+ 0.3915443044566373
DEACOQ- 0.4371713674892347
CO3= 1.7767115630058796E-02
DIFFFLUX= 4.8036872124994888E-06
CO2(carb.)= 2.2925371659979941E-03
CO2(HCO3)= 1.5380587360043227E-03
CO2(mixt. )= 2.2454298851449189E-03
E_CO2= 7.52967326088%008

RESULTS FOR POINT NUMBER 10
BULK PHASE

CO2 1.6493153148006728E-03
OH- 8.0478450421194353E-05
HCO3- 0.2294488372919073
MDEA 1.828276506679544
MDEAH+ 0.2695234933204561
DEA 1.602761802791543
DEAH+ 0.3938628641608302
DEACOO- 0.3810753330476263
CO3= 2.6390854345665780E-02
INTERFACE
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C0O2 1.1727283380000000E-02

OH- 6.3992899815393494E-05

HCO3- 0.2263570971149912

MDEA 1.769702559516690
MDEAH+ 0.3280974404885%907

DEA 1.432196867519210

DEAH+ 0.4426154665631665
DEACOO- 0.5028876659630761
CO3= 2.0702075546243615E-02
DIFFFLUX= 5.3429524976466280E-06
CO2(carb.)= 3.0632180841877259E-03
COZ(HCO3)= 2.0462550365482069E-03
CO2(mixt.)= 2.9960908538138266E-03
E_CO2= 7.143110774743850

RESULTS FOR POINT NUMBER 11
BULK PHASE

CO2 2.1308809643387277E-03

OH- 7.1448879624502944E-05

HCO3- (.2663707520955131

MDEA 1.778757711018789
MDEAH+ 0.3190422889812113

DEA 1.500413474125777

DEAH+ 0.4429268627366990
DEACOQ- 0.4343596631375237
CO3= 3.0583643802624513E-02
INTERFACE

CO2 1.51447224G0000000E-02

OH- 5.5370025143084917E-05

HCO3- 0.2625082010209662

MDEA 1.703523945682250
MDEAH+ 0.3942760543050181

DEA 1.301300977114926

DEAH+ 0.4957006894633137
DEACOQ- 0.5806983334398952
CO3= 2.3357419642259597E-02
DIFFFLUX= 6.4274825783174499E-06
CO2{carb.)= 4.2385194813422396E-03
CO2(HCO3)= 2.7097937144915587E-03
CO2imixl)= 4.1306180438980671E-03
E _CO2= 6.602356005358959
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APPENDIX 1

Limitations on Experimental Conditions

k2 [amine] Dcoz > 1
o 2
k'LCOZ

Ha=

or

Vikafamine] Dcoz > K/ oy

kLp A[CO2IT > \/ k;CO22 +ko[am] Deoz  A[CO2]

D.
K\ Bag, ACO2T > \/kicozz + knfam] Deoz AICO2)
D.
kiz DC(ljz A[CO2)2T > (kicozz +k2[am] Dco2) A[CO2)2

5 Di A[CO2]2T

0 L0 2
KLcor” Doz A[CO212 Kicoz > kalamlDco2

o 2, Di A[CO2}2T
Ko™ ‘Deon A[CO2]2

-1} > kz[am] Dcon
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k2[am] Dcon
1.8
Kcoz DI A[COQ]ZT (1.8)
DCOZ A[CO2])?
0 k[am}Dco2
Kcor” D;  A[CO212T ) 1.9)
Bcoz arco22-1
or
: 0 ka{am]Dcop
vkz[amine] Dco2 kLC02> D A[CO22T 1 (1.10)
Dcoz A[CO212
Equations 1.2 and 1.10 may be combined to end up with Equation 1.11:
(o]
1> K1co2 > 1 (I.11)
Vkz[am]Dcoz \/ Dp A[CO2%T
Dcoz  A[CO2)2
or
N A[CO2]?
1 <w < Di [COzIT . (1.12)

0 Dcoz A[CO2}2
l(LCOZ

The condition specified by Equation 1.12 is tested to some of the the

conditions used for MDEA at 40°C and 120°C.
L.1 CASE 1

MDEA at 40°C and high loading point:

k2 =7.96 m3/kmol - s
loading = 0.403 mol/mol; Pcop = 4.723 bar
[CO2]p =3.081 x 103 M
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[CO2]; = 6.7683 X 102 M
Y
[CO2]p =Li*4.19 = 0.824 x 4.19 = 3.452 M

[CO2]T,b=Lb * 4.19 = 0.403%4.19 = 1.688 M

A[CO2]T _ 3.452 - 1.6885
A[CO2] ~ 6768 x 10-2 -3.081 x 1073

=27.299

. 2
_\/ Di A[COTT | | \03-27202 -1) = 14.92

Dcoz  A[CO2}2

7.96 x 1.926:Dco2
Ha = =2.
y ‘\/ 3.8x 107 282

1<2.821 < 14918

CASE2

For a lower loading at 0.019 mol/mol
Pcop = 0.293 bar

[CO2];=5.922x 103 M

[CO2]p = 1.7303 x 109 M

[cozl;b = 1.6969 M

[CO2]TiH = 0.0796 M

A[COY'T _ 1.6969-007961 914
2 = 3 5=2ls
A[CO212 ~5.922% 10-3 - 1.7303 x 10

D;i  A[CO2]%T ” 3
: _1 =~0. 73.9)2 - 1 = 150.01
\/Dcoz A[C02]2 L =N03*(739) 0
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A [7.96:4.047.5x10-10
Ha = \/ 421x105 - 088

1 < 3.688 < 150.01

Calculations at other conditions are given in Chapter 4



APPENDIX J

Overall Gas Phase Mass Transfer Coefficient

Table J.1 Overall Mass Transfer Coefficient

Solution T loading Pco2  Pooz* KGx 109
[°C] maol CO2 [bar] [bar] kmot
moi amine m]

50 wt% MDEA 40 0.019 0.293 0.001 4.46
0.033 0.588 0.002 3.16

0.048 0.973 0.005 ©3.07

0.103 1.621 0.018 2.80

0.147 2.235 0.031 2.57

0.329 2.781 0.126 1.85.

0.253 0.478 0.074 2.20

0.262 1.048 0.079 2.15

0.271 1.899 0.083 2.09

0.286 2.568 0.094 2.02

0.395 3.127 0.202 1.63

0.136 0.415 0.027 2.84

0.164 0.950 0.036 2.55

0.184 1.660 0.044 2.44

0.240 2.329 0.068 220

0.271 2,923 0.084 2.07

0.403 4.723 0.215 1.57

80 0.242 1.243 1.747 2.26
0.243 1.809 1.757 2.25

0.245 2.29] 1779 2.24

0.245 2.703 1.779 2.24

0.309 1.009 2.664 2.02

0.309 1.502 2.654 2.02

0.288 2.226 2.328 2.08

0.295 2.742 2.427 2.06

0.301 3.190 2.526 2.03

0.308 2.474 2.151 2.04
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Table J.1 Continned
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Sotution T loading Pcoz  Poop*® KG x 100
(°C] mol CO2 (bar] foal kmol
mol amine Lbar mzs]

0.306 2.864 2.123 2.05

0.316 3.232 2.263 2.01

(0.445 6.562 5.293 1.56

120 0.016 0.074 0.179 2.58
0.026 0.749 0.451 2.45

0.033 1.234 0.667 2.39

0.021 0.152 0.210 2.58

0.021 (.401 0.205 2.57

0.033 1.215 0.483 2.46

0.047 1.698 0.887 2.37

0.021 0.266 0.521 2.39

0.023 0.496 0.620 2.36

(.021 0.718 0.518 2.38

0.041 2.010 1.612 2.17

0.036 0.527 (.784 2.38

0.035 0.958 0.760 2.38

0.064 2179 2.043 2.19

0.064 2.592 2.043 2.19

0.156 5.280 3.435 2.03

0.100 0.984 1.762 225

0.080 1.466 1.232 232

0.100 2.374 1.776 2.23

25 wi% DEA 40 0.040 0.024 0.0001 16.31
0.037 (.029 0.0001 16.45
0.046 0.037 RS L07
0.075 0.047 0.0tu2 15.14
0.075 0.139 10002 14.90
0.095 0.313 0.0004 13.87




Table J.1 Continued
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K(}x106

Solution T loading Pco2 Prog*
R} mol CO2 {bar] {bar] kmol
mol amine [bar m251

0.161 {(.583 0.0012 11.53
0.242 0.954 0.0032 9.02
0.305 1.516 0.0065 7.15
0.232 0.003 0.0029 10.75
0.262 0.194 0.0040 9.67
0.307 0.403 0.0066 8.32
(.342 0.750 0.0099 7.17

80 0.294 0.463 0.457 4.46
0.297 0.907 0.469 4.35
0.296 1.484 .468 4.25
0.316 2.070 0.566 395
0.340 2.646 9.710 .02
0.395 0.601 0.313 371
0.400 1.047 0.331 3.60
(.426 1.565 0.424 3.30
0.470 2.203 0.651 2.87
0.496 2.774 0.844 2.62

120 0.156 0.734 1.384 4.37
0.149 1.095 1.257 4.40
0.149 1.612 1.254 4.32
0.165 2.022 1.449 4.13
0.168 2.377 1.584 3.99
0.226 0.627 0.969 4.59
0.219 0.972 0.905 4.62
(1233 1.530 1.037 4.40
(.292 2.106 1.764 3.74
0.303 2.489 1.938 3.60
0.251 0.704 1.269 4.28
0.215 1022 0.900 4.64
0.229 1.527 1.030 4.42
0.249 1.980 1.249 4.15
0.291] 2.427 1.804 3.70
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Table J.1 Continued

Solution T toading Pcoz  Pooz* K¢ x 100
[°C] 0ol COZ. [bar] [bar] kmol
mol amine bar m2s

5 wt% DEA/4S wt% MDEA 40 0.201 0.011 .0365 4.19
0.198 0.117 0.0354 4.13

0.200 0.347 0.0361 391

0.225 0.659 0.0451 3.46

0.271 1.132 0.0661 2.89

0.306 2.026 0.0866 2.45

(.298 0.029 0.0817 3.16

0.294 0.173 0.0794 3.12

0.290 0.330 0.0770 307

0.301 0.882 0.0839 2.1

(.338 1.665 0.1118 2.35

0.374 2.339 0.1484 2.06

0.385 (.058 0.1611 0.55

0.377 0.207 0.1519 2.47

0.384 0.391 0.1601 2.38

0.384 0.850 0.1601 2.26

0.431 1.491 0.2348 191

0.497 2.095 0.4135 1.57

0.532 2.606 0.5695 1.40

0.086 0.319 0.0079 5.53

0.118 0.688 0.0141 4.59

0.172 1.479 0.0276 3.50

0.196 2.149 0.0350 3.08

80 0.039 0.020 0.047 1.60
0.038 0.070 0.044 6.32

0.036 0.126 0.040 6.31

0.045 0.244 0.061 5.87

0.062 0.489 0.107 5.24

0.3102 0.925 0.250 4.29

0.129 1.692 (.374 7.02

0.178 0.331 0.614 3.67

0.171 0.408 0.575 0.7

0.170 0.768 0.572 3.59




Table J.1 Continued
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Solution T loading Pco2 Pcoa® KG x 106
°C]  _mol CO2 far]  [bar] ol
mol amine [bar mzs]

0.176 1.190 0.603 3.41

0.183 1.660 0.648 3.23

0.199 2.190 0.742 3.02

120 0.018 0.183 0.223 0.92
0.027 0.454 0.480 0.81

0.019 0.882 0.250 277

0.028 1.500 0.497 2.47

0.010 0.127 0.080 1.02

0.011 0.366 0.097 3.30

0.010 0.818 0.074 3.16

0.018 1.504 0.393 2.33

0.032 2.082 1.079 2.09

0.609 0.270 0.112 0.94

0.012 0.893 0.170 2.65

0.023 1.575 0.559 2.27

0.028 2.103 0.812 2.16

0.035 2.531 1.170 2.07

25 wt% DEA/ 25 wt% MDEA 40 0.080 0193 0.0010 12.21
0.040 G.491 0.0003 11.97
0.083 0.811 0.0011 10.58

0.136 1111 0.0628 8.84

0.190 1.374  0.0057 7.39

0.345 1610 (.0371 4.66

0.389 1.530 0.0618 4.13

0.415 1.230 0.0840 4.00

0.423 0.976 0.0874 4.26

0.378 0.387 0.0545 5.30

80 0.487 1.042 3.239 2.33
0.464 1.608 2427 2.59

0.456 2.253 2.398 2.42

0.456 3210 2.377 2.30

0.485 5.902 3.178 1.83

0.101 0.052 0.070 8.04
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Table J.1 Continued
Soluticn loading Pcon Pcoo* Kgx 106
[=C] mol CO2 [bar] [bar] kmol
. mol amine bar mzs]
0.103 0.279 0.072 7.81
0.107 0.506 0.080 7.41
0.122 0.772 0.098 7.13
0.143 0.929 0.131 6.70
0.164 1.206 0.170 6.20
120 0.068 0.181 0.371 6.42
0.053 0.363 0.246 0.97
0.071 0.668 0.994 0.96
0.086 1.184 0.554 5.39
0.106 1.578 0.791 4.90
0.096 0.342 0.675 0.97
0.087 0.565 0.685 0.97
0.085 0.875 0.548 0.98
0.087 1.169 0.587 5.24
0.096 1.349 0.681 5.12
0.106 1.648 0.807 4.84




APPENDIX K
SRP Annual Report

Carbon dioxide Desorption/ Absorption with Aqueous Mixtures of
Methyldiethanolamine and Diethanolamine at 40 to 120°C

K.1 INTRODUCTION

There were three maiﬁ objectives of this work. The first was to design and
construct a mass transfer apparatus for measurements of carbon dioxide
* absorption and desorption with alkanolamine solutions. The second, to perform
the experiments with concentrated solutions at higher temperatures typical of the
stripper. The third, to model the absorption/ desorption process and use the model
in estimation of kinetic parameters.

A labofatory wetted wall column was used as a mass transfer apparatus to
collect high temperature data on CO2 absorption/ desorption into concentrated
MDEA, DEA and mixtures of MDEA and DEA solutions. These data can be
used as is for industrial calculations because the mass transfer characteristics of
the laboratory wetted wall column falls in the range of the industrial equipment.
Thus, this work reports the overall mass transfer coefficients under widely varying
conditions.

The rate expression used to describe the reactions of MDEA and CO3 is

given in Equation K.1

Rate = ([CO2]- [CO2]e)[MDEA]; kMpEA (K.1)
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The variable [CO2]. refers to the CO; concentration that would be in
chemical equilibrium with HCO3~ and other species in solution. The effective
second order rate constant kyppa was regressed from the absorption and
desorption data for 50 wt% MDEA. In analyzing the pure DEA data the
following rate expression was used. An effective rate constant, kpga, was

regressed from the 25 wt% DEA data.
rate = {[CO2]-[CO2]eHDEA] kDEA (K.2)

where [CO»]e is the concentration of CO; that would be in chemical equilibrium
with carbamate, protonated amine and free amine.

CO7 reactions with mixed arnines involves all the above reactions specific

to MDEA and DEA systems. The rate expression used for mixed amines was:
rate = ([CO2] - [CO2]e)IMDEA]; KMDEA +

(ICO2]-[CO2]e)IDEAY; {kpEA + kDEA MDEAIMDEA];] (K.3)

The cross apparent rate constant kMpDEADEA was regressed from the mixed

amine data. Table K.1 presents the apparent rate constants regressed for the four

solutions, while the equilibrium CO2 partial pressure results are entered in Table
K.2.

K.2 OVERALL GAS PHASE MASS TRANSFER COEFFICIENT

The two film theory of gas/ liquid mass transfer coefficient usually

represents flux by using mass transfer coefficients and driving iorces defined *=

one of several ways. The overall gas film mass transfer coefficient, KG, uses the
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bulk gas partial pressure, PC(O2, and the equilibrium partial pressure over the bulk

solution, P*C0O2:

K = Flux
G =Pco2 - P*CO2

(K.4)

Equation K.4 was used to calculate overall gas phase mass transfer coefficient
from model calculated flux for each data point. The‘ data points included are those
with absolute flux greater than 0.45 x 10-6 kmol/m2s. This minimizes the
uncertainties in the accuracy of the measured fluxes which the model matches in
estimating parameters, and thus gives good values of overall mass transfer
coefficients. The curves included in the plots are for the purposes of making the
reading easier only. The overall gas phase mass transfer coefficient is found to be

directly affected by temperature, solution type, and CO2 loading.

K.2.1 Temperature Effect

On Figure K.1, KG values for 50 wt% MDEA solution are plotted as a
function of CO2 loading. Thre general trend is for the K¢ to decrease with an
increase in CO7 loading. The values at 40°C varied from 4.46 kmol/ (m? s bar )
at a CO7 loading of 0.019 mol/ mol MDEA to a lowest value of about 1.6
kmol/(mzs bar) at a loading of 0.4 mol CO72/mol MDEA. The values of K@G at
80°C ranged from 2.3 to 1.6 kmol/ (m2s bar) for the respective CO?2 loading range
of 0.24 to 0.45 mol CO2/ mol MDEA. In the range of CO? loading covered by
80°C data, the KG values at 40°C are indistinguishable from those at 80°C. Data
at 120°C covers a range of CO2 loading from 0.016 to 0.156 mol for which the
range of KG vales was 2.6 to 2.0, In this range KG at 120°C are significantly

lower than those at 40°C.
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The K¢ results for 25 wt% DEA solution are presented in Figure K.2. At
40°C the K¢ decreased from 16.5 to 7.1 kmol/(m2s bar) for corresponding CQ2
loading increase from 0.04 to 0.34 mol/ mol DEA. While, at 80°C the range of
K¢G was from 4.5 to 2.6 kmol/(m2s bars) for an increase in CO?7 loading from
0.39 to 0.5 mol/ mol DEA. There was only a slight decrease of KG value at
120°C.  Tts value decreased from 4.4 to 3.7 kmol/(m2s bar) for a CO7 loading
increase from 0.15 to 0.29 mol/ mol DEA. Generally the K¢ valvoe at high
temperatures 80 and 120°C were significantly lower than at 40°C for the same
ioading conditions.

For 5 wt% DEA/45 wt% MDEA the 40°C data with a CO? loading range
from 0.09 to 0.53 mol/ mol amine, had the KG value spanning from 5.5 down to
1.4 kmol/ (m2s bar). The range of loading for 80°C is small but goes to lower end
than data at 40°C. It ranged from 0.04 to 0.2 mol/ moi amine, while the KG
values ranged from 6.3 down to 3.0 kmol/ (m?s bar). In the range of data where
CO? loading overlap for 40°C and 80°C, the KG for 40°C is just slightly higher
than at 80°C. The K values at 120°C were the lowest and they fell from about
3.2 kmol/ (m<s bar) at a CO? loading of 0.01 mol/ mﬁl amine down to 2.0 kmol/
(mZ2s bar) at a loading of 0.03 mol/ mol amine. These results are presented on

Figure K.3.
The results for K¢ for 25 wt% DEA/ 25 wt% MDEA are plotted in Figure

K.4. For this system at all loading levels the KG values decrease with

temperature increase. The values at 40°C decreased from 12.2 kmol/ (m<s bar) at

a CO7 loading of 0.08 mol/ mol CO2 down to 4.0 kmol/ (mZs bar) at a CO?2

loading of 0.42 mol/ mol amine. The range at 80°C was from 8.0 to 1.8 kmol/
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(m2s bar) corresponding to CO? loading of 0.10 to 0.49 mol/ mol amine. The KG
values at 120°C ranged from 6.4 to 4.8 kmol/ (mzs bar) for a CO7 loading range
of 0.07 to 0.11 mol/ mol CO7.

K.2.2 Solution Type Effect

The effect of adding DEA to a solution of MDEA is to increase the overall
gas phase mass transfer coefficient at all levels of CO2 loading and at all three.
temperatures, The effect of addition of DEA is remarkable at 40°C and decreases
with increase in temperature.

K.2.2.1 Solution Type Effect at 40°C

Figure K.5 shows the results at 40°C for all four solution types. For all
solutions K value decreased with increasing loading. 25 wt% DEA had the
highest KG followed by 25 wt% DEA/ 25 wt% MDEA, and then 5 wt%
MDEA/45 wt% DEA, with MDEA having the lowest value. At CO? loadings
higher than 0.3 mol/mol amine 50 wt% MDEA and 5 wt% DEA/45 wt% DEA
have almost the same values of K. This may be because all the DEA has been
depleted by the reaction and only MDEA remains in the mixture.

Overall mass transfer coefficient, KG, values for all four solution types at
80°C are plotted on Figure K.6. Same trends as those described in the previous
section for 40°C are observed. 25 wt% DEA providing the highest value and 50
wt% MDEA giving the lowest.

Figure K.7 presents results for all four solutions at 120°C for the range of

CO7 loading where data overlap for 50 wt% MDEA and 5 wt% DEA/45 wt%
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MDEA the value of KG are the same. 25 wt% DEA/25 wt% MDEA and 25 wt%

DEA seem to have the same values, although data available here do not overlap.
K.3 CONCILUSIONS

A wetted wall column as a laboratory mass transfer device was designed
and fabricated. It was then used in measurement of both absorption into and
desorption of CO? from mixtures of methyldiethanolamine and diethanolamine.
A wide range of conditions in terms of CO2 partial pressure, CO2 loading and
temperature were studied. The data are made available in the form of overall mass
transfer coefficients which may be used in equipment design. These coefficients
are given as a function of solution type, CO?2 loading, and temperature.

Qverall mass transfer coefficient, KG, decreased with the increase in
temperature. This effect was more significant for the change in temperature from
40° to 80°C than between 80°C and 120°C. At a constant temperature and for a
specific amine solution, K(; decreased with increase in CO2 i»ading. Addition of
DEA in a basic solution of MDEA increased the K¢ values at all conditions.
Thus K¢ values decreased in the following order at all conditions: 25 wt% DEA,
25 wt% DEA/ 25 wt% MDEA, 5 wt% DEA/ 45 wt% MDEA, and 50 wt%
MDEA.

A mass transfer model based on the film theory that coupled the chemical
reaction and equilibrium has been developed. The model was used with a
parameter estimation package (GREG). Apparent reaction rate .-:astants and
equilibrium correction factors were estimated. CO? equilibrium correction factor

o was evaluated simultaneously with the apparent rate constants. This parameter
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- allowed for extraction of equilibrium CO72 partial pressure from the rate
measurement data.

Equilibrium data were determined on average within a confidence interval

of 16%. CO2 flux predictions were good. At 80°C and to a larger extent at

120°C the statistical determination of the apparent rate constants were not good.

Table K.1 Apparent Rate Constants

40°C 80°C 120°C

kMDEA [m3/kmol-s] 80+1.4 6+6 24+

kDEA [m3/kmol-s) 186 + 30 66 * 68 68 +133
KDEAMDEA (5/45) [m®/kmol2-s] 60.0 £ 0.1 495 145+ 0.6
kDEAMDEA (25/25) [mﬁfkmolz-s} 43 £ 160 224+ 0.6 21,101

Table K.2 Eq_uilibrium Pressure Over Amine Solutions

Solution Temperature °C loading Peon™ bar

50 wt% MDEA 80 0.243 1.78
0.288 2.36

(1.308 2.17

120 Q.016 0.18
0.021 0.204

0.023 0.67

0.035 0.77

0.08 1.14

25 wt% DEA 80 0.294 0.47
80 0.395 0.32

120 0.149 1.27

120 0.219 0.87

120 0.215 0.87

5 wt% DEA/ 45 wt% MDEA g0 0.038 0.044
&0 0.171 0.57

120 0.027 0.64

120G 0.010 0.11

126 0.010 0.11
25 wi% DEA/ 25 wi% MDEA 40 0.378 0.054
80 0.456 2.88

80 0.101 0.057

120 0.033 0.24
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[Amine}y
bi

co2*

co2*

NOTATION

interfacial area, m2/m?3
coefficient in equilibriwvm expressions on table 3.1

total initial amine concentration, kmol/m>

basic species in amine solution

concentration, kmol/m3

Carbon dioxide concentration that would be in equilibrium with the
local concentrations of carbamate, protonated DEA and other
species in solution.

Carbon dioxide concentration that would be in equilibrium with the
local concentrations of bicarbonate, protonated MDEA and other
species in solution.

difference between interfacial and bulk concentrations of species i

interfacial concentration

concentration of CO?7 in inlet gas stream

concentration of CO?7 in outlet gas stream

diffusion coefficient, m%/s
diffusion coefficient for all other species i, where i is not CO?2
activation energy, kcal/gmol

enhancement factor, ratio of absorption rate with and without
reaction calculsted f; -m actual experimental data

enhancement factor, ratio of absorption rate with and without
reaction

enhancement factor, calculated using interfacial concentrations
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Eins instantaneous enhancement factor

EG ethylene glycol
G gas flow rate, m3/s

g gravitational acceleration, m/s?

3
Ga Galileo number, Ga = g%
v

Hcop  Henry's constant, m3bar/kmol for CO2

k rate constant
kbi Second order forward rate constant in equation (2.6) m3/kmol-s
K-hi Second order reverse rate constant in equation (2.6) m3/kmol-s

KCARB  equilibrium constant of reaction {3.8)
KCO2 equilibrium constant of reaction (3.4)

KDEA  equilibrium constant of reaction (3.7)

kpgAa apparent second order rate constant, m3/kmol-s
KG overall gas phase mass transfer coefficient, kmol/m2/bar/s
kG gas film mass transfer coefficient, kmol/mZ/bar/s

KHCO3  equilibrium constant of reaction (3.5)

Kj equilibrium constant

ki physical mass transfer coefficient, m/s

KMDEA  equilibrium constant of reaction (3.6)

KMDEA  apparent second order rate constant, m3/kmol-s

k1 pseudo first order rate constant, 1/s



k-1
k2

KTref

Lco2

mCo2

P*
P*co;

P*coup

IMDEA

Re

Sc
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reverse rate constant in equation (2.5)

second order rate constant, m3/kmol-s

apparent second order rate constant at reference temperature,
m3/kmol-s

carbon dioxide loading, gmol COz/gmol amine
length of wetted wall column, m

solubility parameter of CO; in unloaded amine solution, kmol/m?>
bar

molarity

flux, kmols/m<s

Flux of A, kmoles/mZs

pressure, bar

equilibrium pressure, bar

CO7 equilibrium pressure at interface, bar

CO7 equilibrium pressure at bulk phase, bar

volumetric flow rate per unit perimeter, m2/s
mass transfer rate
net production rate of species, kmol/s

relative factor for effect of loading on viscosity for 50 wt% MDEA
defined by Equation B.6

4q

AY

Reynolds number,

Schmidt number, Do
cO2



Sh

Soin

To

Tref

VL
wam
WMDEA

WDEA

k;_)_.COQ !
Sherwood number, D
COz
solution
time

temperature, K
inlet temperature
outlet temperature

reference temperature

velocity,

volume of solution

weight fraction of amine in solution
weight fraction of MDEA in solution
weight fraction of DEA in solution

film thickness

Greek Letters

correction factor to KCO2

film thickness, m

dimensionless driving force defined by Equation A.17
coefficient in equation 4.10

mass flow rate per unit width, kg/m/s

absolute viscosity, cP
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v kinematic viscosity, m2/s
p density, kg/m3
Subscripts
am amine
b bulk phase
calc calculated
e equilibrium
i interface, inlet, chemical species
ins instantaneocus
max maximum
meas measured
0 outlet
Superscripts
® registration mark

™ trade mark
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