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Oxidative degradation of monoethanolamine (MEA) was quantified by
measuring NHj3 evolution using FT-IR analysis. This study used a sparged and an
agitated reactor, controlled to within £1°C. The rate of NH;3 evolution was quantified at
55°C, representative of absorber conditions in a typical MEA absorption/stripping
process for CO, removal from flue gas. The effect of important process parameters,
Fe/Cu/MEA/O, concentrations, CO;, loading, pH, and agitation was studied. NHj;
evolution rates ranged from 0.15 — 8.7x10” mol/L-hr.

Under significant experimental and industrial conditions, the rate of NHj
evolution is controlled by the rate of O, absorption. Under some experimental
conditions the rate of NHj evolution depends only on kinetics, and under other
conditions the rate depends on both kinetics and O, mass transfer. NHs evolution rates

increased with agitation and increased linearly with O, concentration. With low
X



catalyst (below 0.5 mM Fe/Cu) and MEA (less than 2.0 molal), NH; evolution was
controlled by kinetics. With high catalyst (above 0.5 mM Fe/Cu) and MEA (above 7.0
molal), NH; evolution was controlled by the rate of O, mass transfer. Solutions
between 2.0 and 7.0 m MEA showed effects of both O, mass transfer and degradation
kinetics.

Previously reported degradation studies reported lower degradation rates under
lower O, mass transfer conditions, indicating that these studies were also O, mass
transfer limited. Industrial degradation rates were predicted for CO; capture from flue
gas assuming degradation was limited by the rate of O, absorption. Results under-
predict rates reported in the literature, indicating that in industrial applications oxidative
degradation of MEA is likely controlled by the rate of O, absorption.

Chelating agents, stable salts, O, scavengers and reaction inhibitors, were tested
as possible inhibitors. Only O, scavengers and reaction inhibitors show enough
reduction in NH; evolution rates to be considered viable additives in an industrial
application. Inhibitor A, a reaction inhibitor, is a stable inorganic compound. Na,SO;
and formaldehyde are both O, scavengers and are consumed stoichiometrically at the
rate of O, mass transfer. All three inhibitors are more effective at reducing Cu
catalyzed degradation and effectively reduce oxidative degradation at concentrations of

approximately 100 to 250 mM.
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Chapter 1: Introduction

This chapter gives an overview of CO, emission sources and the problems
associated with these emissions. Emissions sources are identified and the best targets
for emissions reductions are identified. A comparison of various removal technologies
is presented along with various methods of CO, sequestration. Information on the
traditional absorption/stripping process is given including information on solvent

degradation. Finally, the objectives and scope of the current project are discussed.

1.1. Global Warming and CO, Emissions

1.1.1. Overview

The longest study of atmospheric CO, concentrations, measured at Mauna Loa,
Hawaii since 1958, shows that CO, concentrations have risen by 19% over the last 45
years (Keeling and Whorf 2004). The Intergovernmental Panel on Climate Change
(IPCC) has reported various environmental observations that indicate effects of global
warming. Annual average temperatures of the Earth’s surface, lower atmosphere and

oceans are increasing, while areas with year round snow coverage is decreasing and



glaciers are retreating (IPCC 2001). These trends are significantly different from the
long term trends in CO, concentrations. A new report shows that recent trends, over the
last 200 years, in both CH4 and CO; concentrations are significantly higher than what is
expected based on past long term trends (Ruddiman 2005). The findings of the IPCC
were supported by the National Research Council, who also agreed that greenhouse
gases are accumulating in the atmosphere, which is “likely mostly due to human
activities” (NRC 2001).

Global warming is increasingly becoming a policy issue, with debate centering
on the 1997 Kyoto Protocol, which originally called for an overall 20% reduction CO,
emissions, by 2010, relative to 1990 emission levels. The international response to
mitigate global warming was to ratify the Kyoto Protocol, which came into effect on
February 16, 2005 and requires at least a 5% reduction in 1990 level CO, emissions by
2012 for each signatory (Kyoto Protocol 2004). Even though the United States did not
sign the Kyoto Protocol, regulations on CO, emissions are coming in the near future.
The nature of the global economy means that U.S. companies will be affected by the
Kyoto Protocol since many of these companies have plants in countries that have signed
the treaty; therefore, there is a demand for research in the area of CO, capture

technologies both within and outside the U.S.

1.1.2. CO, Source and Sink Emissions

In the global carbon cycle there are primarily three CO, sinks: the atmospheric,

oceanic, and terrestrial ecosystems (bio-mass and soil accumulation) (Grace 2004).



Nearly all of the anthropogenic CO; is emitted directly to the atmosphere, but only
about 40% of the CO, accumulates there. Another 30% of the CO, is dissolved into the
oceans, and the remainder ends up being sequestered in biological ecosystems.

In 2002 the worldwide CO; emissions from anthropogenic sources was 24,533
million metric tons of CO, (Energy Information Administration 2004b). The U.S.
emitted 23% of the worldwide CO, emissions with less than 5% of the world’s
population (U.S. Census Bureau 2004). Approximately 98% of the CO, emissions in
the U.S. comes from the consumption and flaring of fossil fuels (Energy Information
Administration 2004a). Figure 1.1 shows a breakdown of U.S. CO; emissions in 2002,

which can be used to identify the best target applications for reducing CO, emissions.
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Figure 1.1 Breakdown of U.S. CO, Emissions from the Consumption and Flaring of
Fossil Fuels in 2002 (Total = 5,729x10° mtons CO,) (Energy Information
Administration 2004a)

The largest source of CO, emissions is from electricity generation and the

second is from transportation. Targeting the transportation sector for CO, removal is



problematic since each automobile itself is only a small source of emissions, and in
order to significantly reduce CO, emissions a large economic investment must be made
to develop and install removal systems for each vehicle. Fossil fuel fired power plants,
however, are large point source emitters that represent the best target for reducing CO,
emissions. The U.S. economy is heavily dependent on electricity, and electric power
generation has increased by 13,000% since 1949 (Energy Information Administration
2004b). Figure 1.2 shows that only 10% of the electricity generated in the U.S. comes
from renewable energy sources. While 50% of the electricity comes from coal fired
power plants, these plants account for 83% of the CO, emissions produced from
electricity generation. This makes coal fired power plants the most likely target for

reducing CO; emissions from a point source.
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Figure 1.2 U.S. Net Electricity Generation since 1949 by Fuel Type
(Energy Information Administration 2004b)



1.1.3. CO; Capture and Sequestration

CO; capture from power plants represents the best target for emissions reduction
since power plants represent large point source emissions that emit 39% of the total
U.S. CO; emissions. There are two different scenarios for CO, removal from flue gas
that are usually discussed, pre-combustion and post-combustion capture (Davison et al.
2001). Pre-combustion capture refers to gasifying a fuel with O, to form a syn-gas of
CO and H,. The CO can easily be converted to CO, and removed from the H, before
the combustion process, since the syn-gas is produced at high pressure. This type of
process is most commonly associated with a coal gasified power plant, or integrated
gasification combined cycle (IGCC) power plant.

Post-combustion CO, capture involves various methods of removing the CO;
from the flue gas at the end of the power plant cycle. This type of removal method is
generally associated with a retrofit of a pulverized fuel (coal) power plant with flue gas
desulphurization (PF+FGD) or a natural gas combined cycle (NGCC) power plant. A
fourth type of power plant is generally discussed, which is a modification of the
PF+FGD design. Instead of burning coal with air, this plant uses pure O, with recycled
CO; to control the temperature of the boilers (CO,/O,). While producing pure O, is
expensive, the CO, recycle gives a significant concentration increase in the flue gas,
which can reduce the cost of post-combustion CO, capture.

Table 1.1 shows a comparison of a 500 MW power plant base case without CO,
removal for each of the four types of plants discussed above (Alstom Power Inc. et al.

2001; IEA 1999; McGlamery et al. 1975). Not only do coal fired power plants emit the



most CO,, but the CO; is more concentrated in the flue gas. This makes CO, easier to
separate from a removal standpoint, and further supports that coal fired power plants are

the best target for CO, emissions reductions.

Table 1.1 Comparison of Flue Gas Rates and Composition for 4 Power Plant
Configurations (Alstom Power Inc. et al. 2001; IEA 1999; McGlamery et al. 1975)

PF+FGD GTCC IGCC 0,/CO,
Flue Gas (scfm) 954,803 2,011,679 1,655,340 238,141
CO, (kg/s) 115 56 107 139
CO; (wet vol. %) 13 3 7 63
O, (wet vol. %) 5 10
CO; (mton/day) 9,936 4,831 9,276 12,010

Several methods of post-combustion CO; capture are currently being developed.
The most common technologies are cryogenics, membranes, adsorption, and aqueous
absorption/stripping (Davison et al. 2001; IEA 1999; 2003). Cryogenic separation of
CO; is generally only used for gas streams with high concentrations of CO,. Due to the
cold temperatures of the cryogenic solvents, the gas stream must be dehydrated, which
is costly when treating the large gas volumes associated with power plant flues gas.
Additionally, the cost of refrigeration is high in these processes and makes the
economics of cryogenic CO, capture unsuitable for a flue gas application. It is difficult
to achieve a high purity CO, product with membrane separation of flue gas without
extensive process modifications like recycles and multiple stage separations. This
would lead to increased costs associated with re-compression of the flue gas and large
capital investments, making membrane separation an unsuitable technology.

Adsorbents are solids, such as zeolites or activated carbon, that selectively bind

CO; from the flue gas. The adsorbent beds are regenerated by either applying heat to




liberate the CO,, temperature swing adsorption (TSA), or by reducing the pressure to
allow the CO; to desorb from the solid, pressure swing adsorption (PSA). The heat
duty associated with TSA is large and PSA requires pulling a vacuum on the adsorbent
bed or compressing the flues gas prior to the CO, separation step. Additionally, current
adsorbents are limited by low selectivity and poor CO; capacity (Davison et al. 2001).
The final method of post-combustion capture is aqueous absorption/stripping.
This process involves counter-currently contacting the flue gas with an aqueous solvent,
typically an amine, that reacts reversibly with the CO, in an absorber column. The
solvent is then regenerated in the stripper by applying heat to reverse the reaction and
liberate the CO,. Table 1.2 lists several amines commonly used in absorption/stripping
for natural gas treating, H; purification, and NH3 production to remove acidic impurities
like CO, and H,S (Kohl and Nielsen 1997). Aqueous absorption/stripping is currently
the only technology that is developed enough for commercial application of CO,
capture from flue gas. Monoethanolamine, the current solvent of choice, will be

discussed in detail below.

Table 1.2 Common Amines used in Acid Gas Treating (Kohl and Nielsen 1997)

OH OH
HO/\/NHZ \)\/NHJ\/
Monoethanolamine (MEA) Di-isopropanolamine (DIIPA)
|
Diethanolamine (DEA) Methyl-diethanolamine (MDEA)
OH
HO
HO_\_N/_/ g N N2
\—\ Di-glycolamine® (DGA®) is a registered
OH trademark of Huntsman Chemical
Triethanolamine (TEA)




After removing the CO, from the flue gas it must be permanently stored to
ensure it will not be released to the atmosphere. The two methods of sequestration are
either ocean storage or geological sequestration. Geological storage is currently
accepted as the best sequestration method, which includes storage in depleted oil and
gas reservoirs, deep saline reservoirs, and unminable coal seams (Davison et al. 2001).
Injecting CO, into depleted oil and gas reservoirs can enhance the recovery of oil and
gas by 10-15%. This technique, enhanced oil recovery (EOR), is an established
technique but not widely in use today. Injection of CO, into unminable coal seams also
recovers methane that is adsorbed on the coal. Deep saline aquifers are capped by a
solid rock layer with low CO, permeability that would ensure the CO, stayed
permanently sequestered. These aquifers are deep underground and contain salt water
making them unsuitable for drinking water supply, and large volumes of reservoirs are
available for CO, sequestration.

Both EOR and CO; injection into unminable coal seams results in the additional
recovery of valuable products (oil and natural gas) which can help offset the cost of
CO; capture and sequestration, but the capacities of these reservoirs are limited. Table
1.3 shows the capacity of the three types of reservoirs worldwide and the percentage of
the projected CO;, emissions from 2000 to 2050 each type of reservoir could sequester

(Davison et al. 2001).



Table 1.3 Capacity of Natural Reservoirs for CO, Sequestration (Davison et al. 2001)

Global Capacity
10° mtons CO, % of emissions to 2050
Depleted oil and gas fields 920 45
Deep saline reservoirs 400 - 10,000 20-500
Unminable coal seams > 15 >1

1.2. CO, Capture by Aqueous Absorption/Stripping

Alkanolamine systems are the current technology of choice for CO, capture
from flue gas, with monoethanolamine (MEA) being the most widely used solvent.
MEA is chosen as the current solvent of choice for flue gas treating because of its high
capacity for CO,, fast reaction kinetics, and high removal efficiencies (Kohl and
Nielsen 1997). In the aqueous absorption/stripping process, shown in Figure 1.3, the
flue gas, containing up to 15 vol. % CO; and 5 — 10 vol. % O, (from Table 1.1), is
counter-currently contacted with the aqueous amine solution in an absorber column.
The CO; reacts reversibly with MEA to form an MEA carbamate, shown in Equation
1.1. The rich amine solution, with a CO, loading (o) of around 0.40 moles CO,/mole
MEA, is then sent through a counter-current heat exchanger, where it is pre-heated by
the lean amine solution before being sent to the stripper column.

2 H,NCH,CH,OH + CO; «» HOCH,CH,NH-COO™ + HOCH,CH,NH;" 1.1

In the stripper heat is provided in the reboiler by steam, and is used to reverse

the chemical equilibrium between MEA and the MEA-carbamate, thus liberating the



CO,. The gas leaving the stripper contains CO, and water, and is de-hydrated and
compressed before being pumped to an aquifer for geological sequestration. The hot
lean amine solution, a = 0.15, is then sent through the counter-current heat exchanger
where it is cooled before being recycled to the absorber. Additionally, a reclaimer takes
a slip stream from the stripper to remove heat stable salts (such as formate and sulfate)

and high molecular weight degradation products.

OXIDATIVE DEGRADATION REGION
TREATED
FLUE GAS a = 0.15 mol CO,/mol MEA PURIFIED CO,
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Figure 1.3 Process Flow Diagram for CO, Capture with Aqueous Absorption/Stripping
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Alkanolamine systems for acid gas removal have severe corrosion problems
associated with them. MEA by itself is a known corrosion inhibitor in aqueous
solutions in the absence of CO, (Riggs 1973). This would suggest that neither the
amine nor the protonated amine is responsible for iron corrosion; however, amine
carbamates are known complexing agents, and could cause the increase in the corrosion
rates (Nakayanagi 1996). Plant tests have indicated a much higher dissolved iron
concentration than would be expected based on pH speciation calculations (Comeaux
1962; Hofmeyer et al. 1956; Wong et al. 1985). This increased solubility is most likely
explained by the complexing of the MEA carbamate with the Fe. Because of this,
corrosion inhibitors are used in these systems. Corrosion inhibitors used in acid gas
treating systems are primarily heavy metal based. Copper salts are the most commonly
used (Cringle et al. 1987; Pearce 1984; Pearce et al. 1984; Wolcott et al. 1985) while
vanadium salts, usually in the form of vanadate, are also known corrosion inhibitors for
acid gas treating (Ranney 1976).

The CO; absorption reaction (Equation 1.1) is highly exothermic, resulting in a
large heat duty for solvent regeneration. The high heat duty associated with solvent
regeneration is the largest economic factor in the cost of CO; capture and results in an
efficiency loss of 8 — 13 % for the power plant (IEA 2003). The overall cost of CO,
capture from a PF+FGD or NGCC power plant is estimated at $35 to $50 / mton CO,
(IEA 2003).

Amine solvents in these processes are subject to three types of degradation:

thermal, carbamate polymerization, and oxidative (Rochelle et al. 2001). Thermal
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degradation only occurs at temperatures in excess of 200°C, and should not be a
problem in flue gas applications. Carbamate polymerization results in the formation of
high molecular weight degradation products, and will occur in any process where an
alkanolamine forms a carbamate with CO,. Oxidative degradation occurs in the
presence of oxygen, and results in fragmentation of the amine solvent. This process is
not normally encountered in most acid gas treating processes, such as natural gas
purification, since these processes do not contain O,; therefore, oxidative degradation
provides an additional mechanism for MEA degradation in CO; capture from flue gas

which contains O, (Table 1.1).

1.3. Research Objectives and Scope

In carbon dioxide removal systems using amine solvents, degradation of the
amine contributes a significant cost associated with the make-up rate for the solvent.
This make-up rate can depend on several factors such as thermal degradation, oxidative
degradation, amine carbamate polymerization, and evaporative losses. The loaded
amine solutions will corrode carbon steel equipment, which will in turn catalyze the
degradation rates. Since most gas treating processes that use alkanolamines for CO,
removal are applications without oxygen, oxidative degradation is an additional source
of solvent degradation in flue gas treating applications that has not been properly
quantified. There are three main reasons the oxidative degradation of MEA must be
quantified: potential adverse environmental impact of degradation products, process

economics, and process performance.
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Known oxidative degradation products of MEA include various aldehydes, NH3,
and nitrosamines (Rochelle et al. 2001). Any release of the volatile degradation
products can have adverse environmental impact. Nitrosamines are known carcinogens,
and NH; forms particulates which are regulated by the U.S. EPA. Most of the
degradation products are removed from the process through solvent reclaiming. The
liquid and solid waste from this process must be disposed of, and currently the
composition, toxicity, and volume of this waste is not well known, and is potentially
considered hazardous waste.

Economic losses come from solvent purification and replacement. MEA costs
around $1.48/kg (CMR 2003), and must be continually fed to the process to replace the
degraded solvent. Currently solvent degradation is estimated to be around 10% of the
total cost of CO; capture (Rao and Rubin 2002). It was stated above that the primary
economic cost is the heat duty associated with solvent regeneration, but the reclaiming
process also uses steam at a higher temperature than the reboiler. While this heat duty
is much smaller than the heat duty of the reboiler, any decrease in steam requirements is
beneficial to the process. The cost of waste disposal is not cheap, especially for
hazardous waste, and has not accurately been accounted for in economic models of CO,
capture since the degradation process is not well understood.

Another significant cost is associated with equipment corrosion. The MEA
solvents are highly corrosive, and the degradation products have been shown to
significantly increase the rate of corrosion of process equipment (Hofmeyer et al. 1956;

Tanthapanichakoon and Veawab 2003; Veawab and Aroonwilas 2002; Veawab et al.
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1999). Both Fe, present in solution as a corrosion product, and the Cu corrosion
inhibitors have been shown to catalyze the rate of oxidative degradation of MEA
(Blachly and Ravner 1963; Chi 2000; Goff and Rochelle 2004). This represents a
serious dilemma in the overall design of the process and can seriously affect the process
economics. The corrosion and degradation mechanisms are not understood, so this
represents a large technology gap that must be filled.

Oxidative degradation also affects the performance of the system. As the MEA
degrades the solvent has a reduced capacity for CO, absorption and must be replaced.
Freguia showed that the accumulation of heat stable salts (degradation products) can
have a catalytic effect on the CO, absorption kinetics (Freguia 2002). This is again a
major tradeoff since the degradation products increase corrosion and solvent-make-up
increases operating costs.

Most previous studies on the oxidative degradation of MEA were long time
experiments, taking anywhere from several days to several weeks for a single data
point. Some works have been focused only on identifying the liquid phase degradation
products (Bello and Idem 2005; Strazisar et al. 2003), while other studies have
attempted to quantify degradation rates by measuring the rate of formation of these
products (Lawal and Idem 2005; Lawal et al. 2005; Rooney et al. 1998). In an effort to
improve the efficiency of degradation experiments, the current study will quantify the
rate of oxidative degradation by measuring the rate of NH3 evolution from the degraded

MEA solutions. This is a proven method that has been used previously by several
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investigators (Blachly and Ravner 1963; Chi 2000; Hofmeyer et al. 1956), and is valid
since NHj is the primary amino degradation product of MEA (Petryaev et al. 1984).

The overall goal of this project is to quantify the significance of MEA oxidative
degradation and to examine potential methods of minimizing the oxidative degradation
rates of monoethanolamine. This study does not include investigations of the other
methods of solvent degradation, carbamate polymerization or thermal degradation.
Additionally, the effect of other flue gas impurities, such as NOy, SOy, etc., on the
oxidative degradation of MEA is not included in the scope of this work. The catalysts
of interest are Fe and Cu since these will be present in industrial applications. Chi only
quantified the effect of Fe on the oxidative degradation of MEA (Chi 2000), and the
early studies by the U.S. Navy only quantified Cu over a narrow set of conditions
(Blachly and Ravner 1963; 1964; 1965; 1966). The current work proposes to expand
upon this work and also quantify the effect of the mixed catalyst system on the rate of
NH; evolution. Vanadium, while a known corrosion inhibitor (Ranney 1976), is not
known to be used commercially in any MEA CO, removal application and was not
included in this study.

The experimental conditions in this study are representative of conditions
encountered in an actual CO; capture from flue gas process. An average absorber
temperature of 55°C will be used exclusively throughout this study. CO, loadings of
0.0, 0.15, and 0.40 will be used along with MEA concentrations ranging from 1.0 to
14.0 molal (m). O, concentrations will be varied from zero to 18 wet vol. % (air).

The specific goals of the project are as follows:
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Quantify the effect of process variables such as temperature, oxygen
concentration, CO; loading, amine concentration, as well as dissolved iron and
copper on the oxidative degradation rate of MEA by measuring the rate of NHj3
evolution.

Determine where in the CO, removal process oxidative degradation is most
likely to occur.

To identify oxidative degradation inhibitors suitable for use in an industrial CO,
capture process and to quantify the effect of these inhibitors on the oxidative

degradation rate in the presence of Fe and Cu alone and together.
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Chapter 2: Literature Review

This chapter introduces the current body of knowledge on the oxidative
degradation of MEA. Information on degradation chemistry, degradation products, and
O, stoichiometry is presented. A review of previous studies on the oxidative
degradation of MEA is presented, as well as a comparison of the oxidative degradation
resistance for various amines. Finally, this chapter introduces the basic theory of mass
transfer with chemical reaction and how this applies to the current study when

interpreting experimental results.

2.1. Degradation Chemistry

The mechanism for the oxidative fragmentation of MEA is still unclear. There
are primarily two different mechanisms that give the same degradation products. The
first degradation mechanism involves the abstraction of an electron from the lone pair
of the nitrogen, while the second mechanism involves the abstraction of a hydrogen

atom from the nitrogen, a-carbon, or 3-carbon.
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2.1.1. Electron Abstraction Mechanism

Figure 2.1, illustrating the proposed mechanism involving the electron
abstraction, is based largely on a series of studies performed at the Edgewood Arsenal
by the U.S. Army Chemical Research and Development Laboratories. While these
experiments studied the oxidation of amines using chlorine dioxide and other single
electron oxidants, these studies focused primarily on the oxidation of tertiary amines
(Dennis et al. 1967; Hull et al. 1967; Rosenblatt et al. 1963; Rosenblatt et al. 1967).
The studies concluded that the rate-limiting step is the electron abstraction, rather than
the hydrogen abstraction (Hull et al. 1967). In this mechanism a free radical, such as
Fe™, removes an electron from the nitrogen of the amine, forming an amine radical.
The amine radical then de-protonates to form an imine radical. From here, the studies
show that the imine radical reacts with a second free radical to form an imine, which
reacts with water to form an aldehyde and ammonia. In addition to the imine radical
reacting with a free radical, Chi and Rochelle (Chi and Rochelle 2002) propose that the
imine radical can react with oxygen to form an amino-peroxide radical. The peroxide
radical could then react with another molecule of MEA to form an amino-peroxide and
another aminium radical. The peroxide could then decompose to form hydrogen
peroxide and an imine, which would in turn react with water to form an aldehyde and

ammonia.
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Figure 2.1 Electron Abstraction Mechanism for the Oxidative Degradation of MEA
(Chi and Rochelle 2002)

2.1.2. Hydrogen Abstraction Mechanism

As stated previously, most of the amines studied at Edgewood Arsenal were
tertiary amines. The investigators recognized the hydrogen abstraction mechanism, but
determined for tertiary amines the electron abstraction dominated. Only one primary
amine was tested, benzylamine, and the study showed that 73% of the amine that
degraded proceeded via hydrogen abstraction from the a-carbon (Hull et al. 1967).
Another study has shown that MEA will degrade via the hydrogen abstraction
mechanism (Petryaev et al. 1984). In this study, aqueous solutions of alkanolamines

were degraded by using ionization radiation as the initiation step. The radiation formed
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initiating radicals from the aqueous amine solutions, such as H:, OH:, €'4q), H», and
H,0,. The investigators proposed that the mechanism proceeded through a 5-
membered cyclic, hydrogen bonded conformation of MEA at pH’s greater than 6. In
aqueous solution, MEA can form a cyclic conformation by hydrogen bonds between
HN---O or OH---N. Free radicals can abstract a hydrogen atom from the nitrogen, the
a-carbon, or the B-carbon. The newly formed amine radical can then transfer the
radical internally through the ring structure, which ultimately results in cleavage of the
N---C bond. The degradation products are NH3 and an aldehyde or aldehyde radical,
which can be seen in Figure 2.2. In the case of the aldehyde radical formation, this
radical would act as an initiator by abstracting another hydrogen from a second
molecule of MEA, forming the MEA radical and the aldehyde.

The validity of the cyclic transition state is supported by several molecular
simulation studies (Alejandre et al. 2000; Button et al. 1996; Vorobyov et al. 2002).
These studies predicted and validated the existence of the cyclic conformation in
aqueous solutions by spectroscopic methods. The properties predicted by the molecular
simulations have been able to reproduce observed data with good accuracy. The
mechanism of hydrogen abstraction is further supported by these studies by validating
the formation of the 5S-membered ring. Specifically, one study shows that there are 2
conformations of the OH---N ring, and 4 conformations of the NH---O ring (Vorobyov
et al. 2002). Additionally, Vorobyov predicts that the strength of the hydrogen bond in
one of the OH---N conformations is at least 4 times stronger than any of the other

conformations. In the hydrogen abstraction mechanism above, two of the three
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intermediates involve the OH---N conformation and result in ammonia as the primary
amino degradation compound. Since the molecular simulations predict that this is the
most stable of the conformations, ammonia, and not methyl-amine, is the most likely

amino degradation product from the oxidative degradation of MEA.

o

H,C

Figure 2.2 Hydrogen Abstraction Mechanism for the Oxidative Degradation of MEA
(Petryaev et al. 1984)
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2.1.3. Degradation Products

Both of the previously presented mechanisms predict the primary degradation
product of MEA is ammonia, followed by various aldehydes. It has been well
established that aldehydes are very susceptible to autoxidation in the presence of
oxygen (Fessenden and Fessenden 1994). Oxygen has two unpaired electrons in its
ground state and is therefore considered a diradical, often represented as -O-O-. The
oxygen will react with aldehydes to form carboxylic acids via a peroxy acid
intermediate. Since the MEA solutions have high pH (9-12), the carboxylic acids
would dissociate in solution to form heat stable salts with MEA, partially neutralizing
the amine and reducing the capacity for CO, absorption. The presence of organic acids
in degraded MEA solutions has been documented by several investigators, particularly a
study by The Dow Chemical Co. (Rooney et al. 1998), and will discussed in detail
below in Section 2.2.

While the two mechanisms presented above are useful in qualitatively showing
the route to the degradation products, neither of these mechanisms directly accounts for
the role of oxygen or the dissolved metals. Additionally, the mechanisms are written
only in terms of free MEA degrading, while in fact there are actually three MEA species
present in CO, loaded solutions. The effects of speciation and pH will need to be

included in a comprehensive degradation mechanism.
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2.1.4. O, Stoichiometry

It is important to note that while the pathway described by both of the above
mechanisms is different, the degradation products are the same. Both of the
mechanisms predict the primary amino degradation product of MEA is ammonia,
followed by various aldehydes, which will be oxidized to carboxylic acids in the
presence of oxygen. The formation of the carboxylic acids has a strong effect on the
overall oxygen stoichiometry of the system, depending on which acid is formed.

Table 2.2 shows the formation of various organic acids in loaded and unloaded
amine solutions. This study was able to identify the most common anions being formed
as acetate, formate, glycolate, and oxalate. These experiments also show that the
primary anion that is formed for MEA degradation is formate, in both loaded and
unloaded solutions. Another minor degradation product formed for both the loaded and
unloaded solutions is acetate, while oxalate was only detected in the unloaded solutions.

The oxygen stoichiometry is extremely important when trying to extract kinetics
from degradation measurements. Table 2.1 shows a comparison of the O, stoichiometry
involved in the formation of various degradation products, based on the elementary
reaction of O, with one molecule of MEA. This reaction represents a minimum
stoichiometry to achieve the given degradation product. All of the degradation products
listed in Table 2.1 are predicted from the mechanisms presented above with the
exception of CO and CO,. These products have been included as final oxidation
products and should represent the highest oxidation state of products that could possibly

be formed. The stoichiometry can vary from 0.5 to 2.5 depending on what degradation
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product is being formed, with the 2.5 representing an extreme upper limit on the
expected stoichiometry. It should also be noted that degradation products will be
formed in parallel, so the actual stoichiometry of the process should fall somewhere in
the range of 0.5 to 2.5. It should be noted that the stoichiometry for acetaldehyde is 0.0,
which means acetaldehyde can be formed by any free radical and this reaction can occur

in the absence of O,.

Table 2.1 Oxygen Stoichiometry for the Formation of Various Degradation Products

MEA + vO,; — NH3; + Degradation Products
Product Stoichiometry (v)
Acetaldehyde 0.0
Formaldehyde 0.5

Acetic Acid 0.5
Hydroxyacetaldehyde 0.5

Glycolic Acid 1.0

Formic Acid 1.5

Cco 1.5

Oxalic Acid 2.0

CO, 2.5

Since the rate of oxidative degradation in this study is quantified by the rate of
NH; evolution from the MEA solution, the O, stoichiometry relates this rate to the rate
of O, consumption by Equation 2.1. The uncertainty of the factor of 5 associated with
the oxygen stoichiometry must be accounted for when interpreting measured
degradation rates or predicting MEA degradation rates from the rate of O, absorption

based on process conditions.
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Rate of O, Consumption

Rate of NH, Evolution = 2.1

14

2.2. Previous MEA Oxidative Degradation Studies

Several different studies have previously been performed on the oxidative
degradation of MEA. These studies were performed over a wide range of experimental
conditions, making direct comparison of the results difficult. No mechanistic studies
for the oxidative degradation of MEA have been performed, and only one study
unsuccessfully attempted to extract kinetics from the experimental data. Several studies
have partially or completely analyzed the liquid solution for aqueous, non-volatile
degradation products; however, no study has been conducted that was able to close the
gas and liquid phase material balances for the MEA solution. A summary of each of

these studies follows.

2.2.1. The Dow Chemical Co.

Two studies on MEA degradation were performed by The Dow Chemical Co.
The first study quantified the rate of oxidative degradation by measuring the rate of NHj3
evolution from the amine solution and the basicity loss of the liquid amine solution
(Hofmeyer et al. 1956; Lloyd 1956). The rates reported in this study are the highest
rates reported in the literature besides rates reported by studies in the current research
group. In this study it was shown that the NH3 loss from the MEA solution accounted
for 40% of the total basicity loss of the solvent. The rest of the basicity loss came from

neutralization of free MEA by the formation of heat stable carboxylic acid salts.
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Corrosion tests performed with MEA solutions showed a significant increase in
corrosion rate with the degraded solutions.

The second study performed by The Dow Chemical Co. is the most complete
and accurate experimental study of the aqueous degradation products of MEA
performed to date (Rooney et al. 1998). The formation of carboxylic acids in CO,
loaded (o = 0.25) and unloaded solutions of 20 wt. % MEA, 50 wt. % di-glycol amine®
(DGA®), 30 wt. % diethanolamine (DEA), as well as 30 and 50 wt. % methyl-
diethanolamine (MDEA) over a 28 day period was quantified by liquid analysis with
ion chromatography. Solutions were degraded by bubbling air through the amine
solutions at 180°F.

The study showed that of the unloaded solutions, MEA degraded the fastest.
Both of the MDEA solutions degraded faster than the MEA solutions for the loaded
solutions, and all of the loaded solutions had lower degradation rates than the unloaded
solutions. A summary of the total anions formed at the end of the 28 day experiment
for all of the solutions tested can be found in Table 2.1. The study was able to identify
some of the anions being formed as acetate, formate, glycolate, and oxalate. Based on
this data, it can be seen that the primary anion that is formed for MEA is formate,
regardless of loading. Another minor degradation product formed for both the loaded
and unloaded solutions is acetate, while no oxalate was detected for MEA degradation.
Interestingly enough, glycolate is only detected in the unloaded solutions.

Since this study was able to quantify the distribution of carboxylic acid

degradation products for loaded and unloaded MEA solutions, the O, stoichiometry for
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these solutions can be calculated using the information in Table 2.1 and Equation 2.1.
Since NHj3 is not expected to be the only amino degradation product for MDEA,
DGA®, and DEA, Equation 2.1 cannot be used to estimate O, stoichiometry for these
amines. The O, stoichiometry for MEA is 1.17 for the unloaded solution, and 1.44 for
the loaded solution. While the degradation rate for the unloaded solution is higher, the

O; stoichiometry is lower.

Table 2.2 Comparison of Anion Formation for Various Alkanolamine Solutions over
28 Days of Oxidation (935 g Solution, Air Sparging, 180°F) (Rooney et al. 1998)

1?::321%23::;3:; Acetate | Formate | Glycolate | Oxalate ;l (;::::s
50 wt.% MDEA unloaded 2.8 7.8 10.2 0.0 20.8
50 wt.% MDEA loaded 23 10.3 8.6 0.0 21.2
30 wt.% MDEA unloaded (1) 11.3 7.3 13.2 0.0 31.8
30 wt.% MDEA unloaded (2) 11.0 8.2 14.0 0.0 33.2
30 wt.% MDEA loaded 6.7 6.9 10.0 0.0 23.6
30 wt.% DEA unloaded 1.5 7.4 1.9 0.0 10.8
30 wt.% DEA loaded 1.2 1.8 0.2 0.0 3.2
50 wt.% DGA® unloaded 34 31.5 3.8 0.2 39.0
50 wt.% DGA® loaded 5.2 6.8 0.0 0.2 12.2
20 wt.% MEA unloaded 1.4 27.3 19.5 0.0 48.2
20 wt.% MEA loaded 1.5 16.5 0.0 0.0 18.0

for the loaded solutions o = 0.25

2.2.2. U.S. Department of Energy

The study by the National Energy Technology Laboratory performed
comprehensive liquid analysis on degraded samples from an industrial application
(Strazisar et al. 2003). The IMC Chemicals Facility in Trona, CA removes CO, from a

coal-fired power plant using an aqueous MEA solvent, and uses the purified CO; to
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carbonate brine for the sale of commercial sodium carbonate. This facility has been
removing CO, from flue gas since 1978, which is longer than any other facility.

Solution analysis was performed on make-up MEA (clean), lean MEA (inlet to
the absorber), and the liquid waste from the reclaimer. Volatile compounds were
identified using gas chromatography combined with mass spectrometry (GC-MS), FT-
IR, or atomic emission detection. Ionic species in the liquid were quantified using ion
chromatography and inductively coupled plasma-atomic emission spectroscopy. This is
the first published study to attempt a quantitative analysis of degraded industrial
solutions. In addition to the known carboxylic acid degradation products, several new
degradation compounds were detected in this experiment, but using this data to extract
kinetics or mechanisms for oxidative degradation is problematic.

First, since this analysis was done using an actual flue gas, many of the
degradation products are attributable to reactions with impurities in the flue gas such as
SOx and NOx. Sulfate was found in the liquid solution, as well as nitrosamines. No
solution analysis was performed on the rich MEA solution. This makes it impossible to

b

determine whether the “new” degradation products are being formed in the
absorber/stripper process or in the solvent reclaimer. Additionally, the solid precipitate
in the reclaimer was not analyzed so a complete material balance around the reclaimer
is impossible. No analysis was done on the treated flue gas or the purified CO; stream
to analyze for volatile degradation products like NHj.

Many of the degradation products identified in this study are likely the result of

carbamate polymerization, CO, side reactions, or from thermal degradation in the
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reclaimer. While quantitative data on rates of oxidative degradation of MEA cannot be
determined from this study, the study does show the presence of carboxylic acids in the

degraded solution, which matches the expected degradation products predicted above.

2.2.3. University of Regina

Two studies were performed by different principle investigators at the
University of Regina. The first study was as an attempt to quantify the kinetics of the
oxidative degradation of MEA under conditions encountered in a typical flue gas
treating process (Supap 1999; Supap et al. 2001). Experiments were performed with an
autoclave reactor at elevated temperatures and pressures. Degradation was quantified
by measuring the concentration of MEA using GC-MS. Kinetics were regressed from
the experiments based on the rate of MEA loss and O, consumption. As the O, was
consumed, O, was added to the reactor to maintain constant pressure. Since the partial
pressure of volatile degradation compounds, namely NH3, was not accounted for in the
total pressure measurements, there is some question as to the accuracy of the O,
consumption rate. Additionally, some of the kinetic parameters of the degradation
reactions only have a statistical significance of ~+ 200%. Using the kinetics from this
study to predict the degradation rates expected in the reactors used in this work under-
predicts the degradation rate by an order of magnitude. Based on these results and the
data presented in Chapter 4, these experiments were performed under conditions
controlled by the rate of O, mass transfer, and the degradation kinetics should not be

assumed to be accurate.
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The second study was performed more recently and analyzed the liquid solution
to determine the degradation products and mechanism of degradation for MEA and
mixtures of MEA/MDEA (Bello and Idem 2005; Lawal and Idem 2005; Lawal et al.
2005). Experiments were again performed with an autoclave reactor at temperatures of
55°C, 100°C, and 120°C and O, pressures of 250 or 350 kPa over a several day time
frame. Degradation experiments were performed with and without O, and CO, to
quantify the effect of CO; loading and degradation in the absence of O,. Degradation
products were identified using a GC-MS with methods developed by previous
investigators in the research group (Supap 1999). Concentrations and rates of formation
of the degradation products were not quantified, and MEA/MDEA degradation rates
were quantified by the concentration change of the amine with time.

A significant number of degradation products were identified, most of which
had not previously been identified and reported in the literature, ranging from NH3 and
formate to a 15-member cyclic crown ether. Noticeably absent in the identified
compounds are thermal degradation products and carbamate polymerization products
that have been identified previously by several investigators (Polderman et al. 1955;
Yazvikova et al. 1975). It is unclear whether the products identified in the earlier
studies were included in the sample analysis or not, but complex mechanisms were also
presented to show the formation pathway for all of the measured degradation products.

Compound analysis was performed by doing a library search to mass spectra in
the NIST database. The original work by Supap shows that the statistical match for the

MEA sample spectrum to the NIST reference spectrum is only as good as 86%, and that
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the statistical match of some of the reported major degradation products is as low as
10%. This brings into question the accuracy of the analytical method, with such a poor
statistical match with the reference spectra of the degradation compounds.

Excluding the difficulties with the analytical methods, several trends were
apparent from the data. Degradation rates increased with increasing temperature and O,
partial pressure; however, the degradation rates decreased when the MEA concentration
increased. Unloaded MEA solutions in the presence of O, degraded the fastest,
followed by loaded MEA with O,, and the slowest was loaded MEA with no O,. The
addition of MDEA to the MEA solutions appears to decrease the rate of MEA oxidation
as the MDEA is preferentially oxidized. Since the oxidation kinetics of tertiary amines
are faster than primary amines, MDEA should degrade preferentially to MEA in the

blended solvent under O, mass transfer controlled conditions.

2.2.4. Girdler Corporation

Early studies on the oxidative degradation of alkanolamines were primarily
driven by the U.S. Department of the Navy starting in the early 1950’s (Girdler
Corporation 1950). Alkanolamine systems were being used to remove CO; from the air
supply of nuclear submarines. Oxidative degradation in these types of systems is
particularly important since ammonia, which is a known toxic air pollutant, is volatile
and can be released into the closed atmosphere of the submarine. The study performed

by the Girdler Corporation was intended to screen a wide range of potential amine

31



absorbents based on several properties including resistance to oxidative degradation.
Oxidative degradation tests were performed on 39 amines and 11 blends of amines.
Experiments were performed by sparging a 50/50 blend of CO,/O, through
amine solutions for seven days. Degradation was quantified by measuring free amine
concentration, primary amine concentration, total organic nitrogen content, and NHj;
evolution. Results from the experiments showed significant degradation of MEA when
studied alone and in blends with other amines. MEA was not recommended for further

study as a CO, capture solvent in nuclear submarines due to the high degradation rates.

2.2.5. Navy Studies

Despite the findings of the Girdler Corporation, MEA was selected as a solvent
for air purification in nuclear submarines. Degradation of MEA solutions in nuclear-
powered submarines was noticed by the smell of ammonia in the atmosphere, as well as
a darkening of the solution color, decreased CO, capture efficiencies, and an increase in
amine make-up rates (Blachly and Ravner 1964). A series of studies was conducted in
the early 1960’s to attempt to quantify and inhibit the oxidative degradation of MEA
(Blachly and Ravner 1963; 1964; 1965; 1966; Lockhart and Piatt 1965).

Studies were performed by sparging gas (with various O, and CO;
concentration) through MEA solutions. Degradation was quantified by measuring the
rate of NH3 evolution over several days. These studies are important because they are
the first to quantify the catalytic effect of a range of dissolved metals. In particular,

iron, chromium, and nickel were studied since the submarines use stainless steel
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equipment for the CO, removal process. Copper was also found to be an important
contaminant, and was shown to come primarily from the ships water supply (from the
copper piping). Of the four metals studied, Cu was the only metal that showed
unacceptably high catalytic activity under conditions normally found in a nuclear
submarine (Blachly and Ravner 1964). This is also the first study to show the presence
of peroxide production during the degradation mechanism, although the structure of the
peroxide was not identified.

An inhibitor package was developed based on two additives, the tetra-sodium
salt of ethylene-diamine-tetra-acetic acid (EDTA), and the monosodium salt of N,N-
diethanol glycine (VFS, or bicine). The EDTA was used as a chelating agent to bind
the Cu and other dissolved metals to prevent them from acting as catalysts, and VFS
functioned as a peroxide scavenger to inhibit the degradation mechanism. These
inhibitors were both found to be more effective at inhibiting Cu catalyzed degradation
than any of the other three metals. Specifications were developed for an additive
package consisting of both EDTA and VFS, which was subsequently employed in

nuclear submarines to minimize oxidative degradation of MEA.

2.2.6. The University of Texas at Austin (Rochelle Group)

Until recently, most degradation studies were long-term experiments. The
experiments were performed by sparging a gas containing CO; and O, through a loaded
amine solution, or using pressurized reactors with elevated temperatures and partial

pressure of O,. Studies that analyzed NH3 evolution from the MEA solutions did so by
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passing the reaction gas through a weak acid solution to dissolve the ammonia, and
periodically titrating with a strong acid. Most of these studies were performed at low
gas rates, and subsequently low mass transfer conditions. Degradation rates were low
and required long experimental times to accumulate enough degradation products for
accurate detection.

The studies performed by Chi and Rochelle were able to decrease the
experimental time by instantaneously measuring the concentration of evolved ammonia
by Fourier-Transform Infra-Red (FT-IR) analysis (Chi 2000; Chi and Rochelle 2002).
The degradation rate was quantified by analyzing the rate of evolved NH; normalized to
the liquid volume of amine solution. The benefit of this method is that it allows
instantaneous measurements of gas-phase products (NHj3), without having to run
experiments for long periods of time. Data points were obtained in a matter of hours as
opposed to weeks. Since these experiments were run at conditions with much higher
mass transfer conditions, volatile compounds were stripped from the MEA solutions so
that the concentration of dissolved NHj is negligible. This method allows amine
degradation rates to be quantified only by gas analysis, and eliminates the messy and
complex liquid analysis. Only primary amines that form NH; as the primary
degradation product can use this analysis method.

Chi studied the effect of dissolved Fe on the oxidative degradation of MEA, and
found that dissolved iron, over a concentration range of 0.0001 to 3.2 mM, catalyzed the
degradation rates from 0.12 to 1.10 mmoles NH; evolved / liter of solution-hr. This

degradation rate is significantly higher than the rates encountered in the other reported
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studies. The effect of EDTA and VFS were also studied to confirm the inhibiting
potential in MEA solutions under conditions found in flue gas applications. These
studies showed that a ratio of bicine to total dissolved iron of 100 to 1 cut the
degradation rate by half. EDTA studies by these investigators somewhat contradicted
the findings of Blachly and Ravner. Chi found that in solutions with a CO, loading of
0.40, a ratio of EDTA to total dissolved iron of 22.5 to 1 cut the degradation rate by
40%. A second experiment at a lower total iron concentration showed that at a ratio of
EDTA to iron of 130 to 1, the rate was also decreased by 40%. This data shows that
further study on the effectiveness of EDTA as a degradation inhibitor is needed, since it
appears that EDTA is potentially as strong an inhibitor as VFS for Fe catalyzed
degradation.

A second study carried out co-currently with this work examined the effect of
vanadium as an oxidation catalyst (Ho 2003). The study by Ho used the same Sparged
Reactor as the current study, described in detail in Chapter 3, and combinations of V,
Fe, and Cu. Results from the experiments show that V is a catalyst for oxidative
degradation and rates reported were equivalent to rates with Fe or Cu alone. These

experiments also appear to be limited by the rate of O, mass transfer.

2.3. Oxidative Degradation Stability of Various Solvents

A comprehensive review of the oxidative degradation of a wide range of amines
has been presented elsewhere, but will be summarized here (Rochelle et al. 2001).

Reported data on the resistance to oxidative degradation of various amines used in CO,
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removal processes is inconclusive and conflicting. The original study by the Girdler
Corporation showed that DEA degraded faster than MEA, and tertiary amines (MDEA)
were significantly slower (Girdler Corporation 1950). Hofmeyer et al. reported that the
resistance increased from MEA < DEA < TEA (Hofmeyer et al. 1956). The study by
Rooney et al. (Rooney et al. 1998) contradicts these findings and shows that in unloaded
solutions, resistance to oxidative degradation follows the following trend: 30% DEA >
50% MDEA > 30% MDEA > 50% DGA® > 20% MEA. The trend changes in the
presence of CO; to: 30% DEA > 50% DGA® > 20% MEA > 50% MDEA > 30%
MDEA. Recent studies in the Rochelle Group have shown that oxidative degradation of
aqueous piperazine, a cyclic secondary diamine, in concentrated K,CO; is
approximately the same as aqueous MEA (Alawode 2005 (in progress); Jones 2003).

Studies on the fundamental reaction mechanisms of various amines with free
radicals suggests that rate constants increase in the order of primary amines < secondary
amines < tertiary amines (Hull et al. 1969a; Hull et al. 1969b; Hull et al. 1967; Hull et
al. 1969¢c). Hindered and substituted amines are more resistant to degradation and
amines with hydroxyl groups (alkanolamines) are more likely to degrade than the
corresponding alkylamine.

Kinetic studies suggest that primary amines are expected to react with free
radicals slower than secondary and tertiary amines, which is contradictory to the results
from oxidative degradation experiments presented above. This is possibly due to the
degradation experiments being O, mass transfer limited, discussed in detail in Chapter

4. Secondary and tertiary amines generally have higher viscosities and surface tensions,
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and lower O, diffusivities than primary amines. If the degradation kinetics for these
amines are even higher than primary amines, these systems are even more likely to be

O, mass transfer limited than the MEA system.

2.4. Mass Transfer with Chemical Reaction

When trying to look at the reaction of aqueous MEA with O, it is important to
understand the two types of physical processes that occur and how they interact. First,
the O, must dissolve into the amine solution, and then it can react with MEA to form
the degradation products. This means that the system depends on both the rate of O,
mass transfer from the flue gas into the liquid solution as well as the kinetics of the
interaction of O, with the amine. In order to correctly interpret the results of
degradation experiments and to be able to accurately predict degradation rates in an
actual CO, removal process, it is necessary to understand how the overall degradation
rate depends on the physical absorption rate and the kinetics of the degradation

reactions.

2.4.1. Mass Transfer Theory

The simplest mass transfer theory assumes that all transport between two
different phases occurs in two films of finite thickness, with each film having a different
resistance to mass transfer (Lewis and Whitman 1924). The concentration profile for a
gas absorbing into a liquid with no chemical reaction (physical absorption) is

represented in Figure 2.3. The subscript i refers to concentrations at the gas-liquid
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interface. If the system is at steady state the concentration in the liquid at the gas-liquid
interface is in equilibrium with the concentration of the gas at the interface. Since gases
are sparingly soluble in most liquids, the solubility can be represented by Henry’s law,

where H,, is the Henry’s constant of O,. The concentration of O; in the bulk liquid
can be represented by either C, or P: , which is the partial pressure of O, that is in

equilibrium with the bulk liquid composition (POZJ = Coz,i /Hg).

Bulk
Bulk Gas Interface Liquid

*
Co, or Py,

Gas Film Liquid Film
Figure 2.3 Concentration Profile for Physical Absorption of O, into MEA

In the case of the oxidative degradation of MEA, the O, diffusing into the amine

solution is reacting with the MEA. There are five different regimes of mass transfer
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with chemical reaction: Kinetic, Diffusion, Fast Reaction, Instantaneous Reaction, and
Surface Reaction (Astarita 1966).

The Kinetic Regime occurs when the reaction kinetics are slow enough that all

of the liquid phase is saturated with the diffusing component, O,, or C, = C, . The

kinetics in this regime still show a dependence on reactant or catalyst concentration, but
are slow enough so that all of the reactions take place in the bulk liquid, and the overall
rate of O, consumption can be represented by Equation 2.2.

Rate of O, Consumption = f'(k,,catalyst, MEA,O,) 2.2
Where: k; is the intrinsic rate constant

As the kinetics are increased, the system enters the Diffusion Regime. The
reactions still take place in the bulk liquid, but now the kinetics are fast enough that O,

reacts as quickly as it can diffuse into the bulk liquid. In the Diffusion Regime the

value of C, is much smaller than C; , 1.e. the bulk liquid is no longer saturated with

dissolved O,. An increase in the reaction kinetics does not affect the overall rate of
consumption of O,, since the controlling process is diffusion of O, into the bulk liquid.
At this point the rate of O, consumption can be represented by Equation 2.3.

K;aV

Rate of O, Consumption = (P, —P,) 23

02
Where: K¢ is the overall gas phase mass transfer coefficient,
K¢ = f(diffusion coefficient, viscosity, surface tension, etc.)
a is the contact area/volume,

and V is the total volume of solution
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As the kinetics continue to increase, the system enters the Fast Reaction Regime.
At this point the reactions are fast enough that the reaction takes place in the liquid film
and not the bulk liquid. If the kinetics are further increased, the system again becomes
diffusion limited and enters the Instantaneous Reaction Regime. At this point, the
kinetics are so fast that the liquid reactant is being depleted in the liquid film, and the
kinetics are so fast that the reaction occurs as soon as O, and MEA are brought together
by diffusion transport. If the kinetics are again increased so that the concentration of A
in the liquid film is negligible, the system is in the Surface Reaction Regime. At this
point, the overall rate of consumption of A is controlled by the diffusion of A to the gas-
liquid interface where the reaction takes place instantaneously. The rate of
consumption of A can be considered gas-film controlled, and the rate of mass transfer is

determined by the overall gas-film mass transfer coefficient, K.

2.4.2. O, Mass Transfer and the Oxidative Degradation of MEA

Since the mechanisms for the oxidative degradation of MEA involve a series of
free radical reactions, the overall reaction rate is expected to be very fast. In Chapter 4
it will be shown that under laboratory conditions the degradation rate of MEA is
controlled by the rate of O, mass transfer. One of the primary variables tested in this
study is catalyst concentration (iron and copper). Based on the data presented in
Chapter 4, the reported overall degradation rates range fall in the Kinetic Regime,
Diffusion Regime, or Fast Reaction Regime. Figure 2.4 represents qualitatively the

effect of catalyst concentration over these three mass transfer with chemical reaction
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regimes. At low catalyst concentrations the degradation rate is slow enough to be in the
Kinetic Regime, but as the concentration of catalyst increases, the overall rate begins to
be diffusion controlled. In this regime an increase in the catalyst concentration has little
effect on the overall reaction rate. At high catalyst concentrations the rate begins to

increase again as the system enters the Fast Reaction Regime.
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Figure 2.4 Effect of Catalyst Concentration on the Overall Reaction Rate

The rate of physical absorption of O, into a sparged or agitated tank, the case
shown in Figure 2.3, is described by Equation 2.4. The rate of absorption depends on
the overall gas-side mass transfer coefficient, K¢, the gas-liquid contact area per unit

volume of liquid, a, the total liquid volume, V, and the Henry’s constant for O,
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solubility in the amine solution, H,, . All of these depend on the physical properties of

the amine solution and the fluid hydraulics of the gas-liquid contactor. The driving

force for mass transfer in Equation 2.4 is written in terms of O, partial pressure, where

P

o, 18 the partial pressure of O, in the bulk gas, and P;Z is the partial pressure of O,

that is in equilibrium with the dissolved O; in the bulk liquid.

K.alV

Rate of O, Absorption = (P, — P;z) 24

0,
For a system with mass transfer with chemical reaction that is operating in either
the Kinetic or Fast Reaction Regime, the overall rate is also equal to the kinetics. When
the kinetics are slow, the bulk solution is close to being at equilibrium with bulk gas and

P,, = P, . However, as the kinetics increase, the mass transfer rate is not able to

supply O, fast enough to the bulk liquid and the dissolved O, begins to decrease. In the
Fast Reaction Regime, the dissolved O, in the bulk solution approaches zero, and
Equation 2.4 reduces to Equation 2.5.

_ KsaVp,
Rate of O, Consumption = T 2.5

0,
Many of the reported degradation rates in this study fall within the regimes
where the degradation rate can be described by Equations 2.4 and 2.5. These results
will be presented in Chapter 4, and the above equations will be referred to again in this

chapter.
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Chapter 3: Experimental Methods and Apparatus

This chapter details the experimental methods used to measure the oxidative
degradation of monoethanolamine used throughout this project. Information on
chemicals, solution preparation, equipment calibration, reactor design, and data

interpretation are presented in detail.

3.1. Chemicals

In order to accurately quantify the effect of dissolved metals on the degradation
rate of MEA, a highly purified solvent with known concentrations of impurities was
used. Table 3.1 shows a typical analysis of the LCI (low chloride iron) grade MEA
supplied by Huntsman Chemical. This grade of MEA was used in all experiments.

House air, available at 7.17 barg (104 psig), was used as the primary reaction
gas. CO; was purchased from an industrial gas supplier at 99.9 vol. % purity and N,

purchased from the Cryo-lab in the Department of Physics, was available at 16.2 barg

(235 psig).
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Table 3.1 Certificate of Analysis for LCI Grade Monoethanolamine

Shipment/Tank Lot: 1241603

Container Prefix: 3A30

Container Number: 1 Drum

Analysis Result Units
Appearance Passes
Monoethanolamine 99.92 wt. %
Water 0.12 wt. %
Iron 31 ppb,,
Chloride, as Cl <0.5 ppm,,
Sulfate <0.1 ppm,,
Cobalt 3 Pt - Co
Al, Sb, Ba, B, Cd, Ca, Cr, Cu, Ga, Ge,

Au, Pb, Li, Mg, Mn, Ni, K, Si, Ag, Na, <10 ppm,,
Sr, Ta, Sn, Ti, Zn

A number of solutes were added to the amine solutions to quantify catalytic and
inhibitory effects. These solutes were added to the reactor either directly as a solid or as
an aqueous solution. The metal catalysts were purchased as FeSO,4 x 7 H,O and CuSO4
x5 H,0 and injected directly into the reactors as aqueous solutions. All solutions were
made gravimetrically using de-ionized water. Details for these additives can be found

in Table 3.2.
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Table 3.2 Chemical Reagent Specifications

Chemical CAS # Manufacturer FW Assay Lot
Cupric Sulfate 7758-99-8Mallinckrodt AR 249.68]  0.995] 4844N06693
Iron(IT) Sulfate 7782-63-0[Acros 278.02f 0.995] A012451702
Ethylenedinitrilo-tetraacetic
Acid, Disodium Salt 6381-92-6|EM Science 372.24 0.99 38139842
Bicine 150-25-4| Acros 163.17 A014372601
Glycine 56-40-6|EM Science 75.07  0.985 39141937
Inhibitor A MCB Reagents 0.999
Inhibitor A Fisher Scientific 0.994
Inhibitor A Acros
Formaldehyde 50-0-0|Fisher Scientific 30.03] 0.378 023454
Paraformaldehyde 30525-89-4|Fisher Scientific 30.03] 0.954 037435
Potassium Formate 590-29-4|Alfa Aesar 0.99 10099291
Magnesium Chloride 7791-18-6Fisher Scientific 203.31f 0.999 026132
Magnesium Sulfate 10034-99-8| Acros 246.48 A016693301
Manganese Sulfate 10034-96-5|EM Science 169.02 0.99 33060323
Eastman Organic

Hydroquinone 123-31-9|Chemicals 110.11
Ascorbic Acid 50-81-7|Eastman Chemicals| 176.13
tri-Potassium Phosphate
Heptahydrate 22763-02-6|EM Science 338.38 0.98 9299
Potassium Permanganate 7722-64-7|Mallinckrodt AR 158.03] 0.995] 7068KMDC
Sodium Chloride 7647-14-5|EM Science 58.44 0.99 37255742
Sodium Sulfite 7757-83-7|EM Science 125.05 0.98 33233390
Sodium Bisulfite 7631-90-5|Mallinckrodt AR 104.07 7448KJCD
Sodium Tetrasulfide 12034-39-8 |PPG Industries 174.20
Potassium Chloride 7447-40-7  |Fisher Scientific 74.56 1.003 020948
Potassium Bromide 7758-02-3  |Fisher Scientific 119.01 1.01 037496
tri-Sodium Phosphate 22763-02-6 |EM Science 338.38 0.98 PX1575-1
3.1.1. Solution Preparation

All of the solutions in this study were prepared gravimetrically. Amine

solutions were loaded with CO, by sparging pure CO, through the solutions inside an

ice bath.

The temperature of the solution was kept cold in order to minimize

discoloration of the loaded MEA solution due to formation of irreversible CO, by-

products or carbamate polymerization products. CO, loadings were quantified by TIC
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(total inorganic carbon) analysis using a Model 525 Analyzer from Oceanography
International Corp. and a Horiba PIR-2000 gas phase CO, analyzer using a previously
described procedure (Chi 2000).

Solutions were run with CO, loadings of 0, 0.15, and 0.40 mol CO, / mole
MEA. The last two loadings correspond to the top and bottom of the absorber
respectively. The CO, partial pressure at 55°C was set to 2 vol. % for solutions with o
= 0.40 and to the concentration in air for solutions when a = 0.15 (Jou et al. 1995).

Solutions with o = 0 were run with either air or N,.

3.2. Experimental Equipment

Degradation experiments were performed by bubbling gas through the amine
solution in a temperature controlled semi-batch reactor. Figure 3.1 shows a simple
process flowsheet diagram for the oxidative degradation experiments. Reaction gas,
consisting of house air, N,, CO,, or a mixture of the three, was bubbled through water to
pre-saturate the gas before being sparged through the amine solution in order to
minimize water losses. After the gas was bubbled through the amine solution in the
semi-batch reactor, it entered a heated sample line before being pumped through the FT-
IR for gas analysis and vented into the fume hood. The pre-saturator was a stainless
steel calorimetric bomb located in the reservoir of the heat bath. Temperature was
controlled in the reactor by circulating a heat transfer fluid between the heat bath and

the jacket of the glass reactor. Several different configurations of this apparatus were
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used throughout the course of this study, but all of them followed the same basic

principles illustrated in Figure 3.1.

Heated
Reaction Gas Sample Line
Sample >
Pump FT-IR
Vent
v Heat

== [ ottt " Bath

' Air Semi-batch !

i Pre-saturator Reactor

e e e e e Heat Transfer Fluid _____ 3

Figure 3.1 Oxidative Degradation Experiments Simplified Process Flowsheet

3.2.1. Mass Flow Controllers

Gas flowrates were regulated using Brooks mass flow controllers connected to a
4 channel Brose control box (model 5878). The control box displayed a digital readout
corresponding to the % open of the mass flow controller. Air and N, flowrates were
controlled by a 15 SLPM flow controller (model 5850E) and CO, was controlled with
either a 0.5 SLPM or a 1.0 SLPM flow controller (model 5850E). Flow controllers
were calibrated every 12 months or as needed. Calibrations were performed by
connecting the flow controllers to the appropriate source gas, changing the setting on

the control box, and measuring the volume displacement of soap bubbles in a graduated
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burette as a function of time. The volumetric flowrate of gas was then converted to a
molar flowrate based on the Ideal Gas law. Figure 3.2 shows a typical calibration curve

for air and the 15 SLPM mass flow controller.
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Figure 3.2 Calibration Curve for the 15 SLPM Brooks Mass Flow Controller and Air

3.2.2. Temperature Control Equipment

Two different temperature baths were used in this study. The temperature was
monitored continuously throughout an experiment, for both reactor systems, and the
temperature of the heat baths were adjusted as needed to keep the reactor at a constant
temperature.

The Agitated Reactor system used an IsoTemp 3016H temperature bath

manufactured by Fisher Scientific International. The heat transfer fluid was a di-methyl
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silicone oil (50 cSt viscosity) purchased from Krayden, Inc. Temperature was
controlled within £1°C by monitoring the temperature in the reactor with a thermistor.
For this system, in order to maintain a reactor temperature of 55°C, the temperature bath
was set at a temperature of approximately 63°C depending on ambient conditions.
Temperature was monitored continuously throughout an experiment and the
temperature of the heat bath was adjusted as needed to keep the reactor at a constant
temperature.

The Sparged Reactor used a Lauda MS heat bath with a mixture of ethylene
glycol and water as the heat transfer fluid. Temperature was also controlled to within
+1°C by monitoring the temperature in the reactor with a Type “K” thermocouple

connected to an Omega Engineering 10 channel digital readout box (model 199).

3.2.3. Agitated Reactor System

Figure 3.3 below shows the entire Agitated Reactor system and associated
equipment. The Agitated Reactor, purchased from Ace Glass Inc., was a 1 L jacketed
glass reactor with a 5 neck (threaded, 1 large, 3 medium, and 1 small) top and an 8 mm
bottom drain tube, which served as the gas inlet to the reactor. The reactor is rated for a
pressure of 3.10 barg (45 psig) at 100°C and had an inside diameter of 10 cm and a
depth of 15 cm. The reactor jacket was equipped with 2 threaded “Ace-Safe” taps for
easy connection to tubing. The standard FETFE o-rings which were recommended for

use with MEA dissolved when they came in contact with the pure amine, so all o-rings
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and rubber seals were replaced with CHEMRAZ® perfluorelastomer polymers in order
to ensure proper chemical compatibility.

The center neck of the reactor was equipped with a StedFast™ Stirrer (model SL
1200) by Fisher Scientific International, capable of agitation speeds up to 1450 RPM.
The agitator used a stainless steel stir shaft with a single flat-blade paddle. The impeller
blade rotated parallel to the axis of the drive shaft, and was 5 cm wide and 13 mm high.
The reactor was sealed by inserting the stir shaft through a rubber septum stopper
(sleeve type, outer joints 24/40-24/25, from Chemglass Inc.) lubricated with vacuum
grease. The septum was replaced every 1-2 experiments, or during the experiment if the
septum tore around the rotating agitator shatft.

One of the three medium necks was used for inserting the thermistor into the
reactor, and a second neck was used as the gas outlet. The remaining two openings
were used for additions to the reactor through the course of the experiment. Plugs and
connectors were made of either nylon or Teflon®, and both have proven to be
compatible with MEA. The plug for the gas outlet was packed with air filter media
(NaturalAire Cut-to-fit) to serve as a mist eliminator and eliminate liquid entrainment

into the heated sample line.
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Saturator

<+ Gas Inlet

Figure 3.3 Agitated Reactor System and Associated Equipment

3.2.4. Sparged Reactor System

The Sparged Reactor system was a modified version of an earlier system used to
study MEA degradation catalyzed by iron (Chi 2000). The system was modified to
include a pre-saturator and portable multi-component FT-IR (instead of a desktop
model with fixed wavelength analysis) and also eliminated the condenser used on the
gas outlet. Details of the previous apparatus can be found in Chi’s thesis (Chi 2000).

The Sparged Reactor was a semi-batch 500 ml glass jacketed reactor, sealed

with a Number 14 rubber stopper. The stopper contained ports for a thermometer, gas
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inlet, gas outlet (including a mist eliminator made of the same material used in the
Agitated Reactor), and a sample injection/removal port. Gas was sparged through the
amine solution using a 6.35 mm (1/4”) Teflon® tee with rates ranging from 7.5 to 8.0
LPM. The reactor had a quiescent liquid depth of 3.8 to 5.0 cm (250 to 350 ml of amine
solution). Since the sample pump, located on the discharge end of the sample line, was
used with the Sparged Reactor system, a vacuum pressure gauge was placed on the gas
outlet to measure the reactor pressure. Under normal operation the sample pump
maintained a slight vacuum of 1 to 3 mm Hg in the reactor. Figure 3.4 shows a detailed

representation of the Sparged Reactor.

Gas to FT-IR
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Figure 3.4 Sparged Reactor for Oxidative Degradation Experiments
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3.2.5. FT-IR Analyzer System

The gas phase portable FT-IR analyzer and sample pump were purchased from
Air Quality Analytical, Inc. The portable FT-IR analyzer, a Temet Gasmet™ Dx-4000
(Serial Number 01253), allows for simultaneous analysis of up to 50 components and
the gas cell is temperature controlled at 180°C. The high temperature analysis allows
for direct sample measurement without having to dry or dilute the gas stream to avoid
IR interference due to water absorption. Table 3.3 below gives detailed specifications
for the FT-IR analyzer.

The gas sampler had dual temperature control (for the sample pump and the
heated sample line) as well as pressure gauges for the sample inlet and the vent line.
The heated sample line was a 15 ft. long insulated Teflon® tube with PFA tubing for
the gas sample. Both the sample pump and the sample line were controlled at a
temperature of 180°C to avoid any liquid entrainment into the gas sample cell or

condensation of liquid onto the gold plated mirrors.
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Table 3.3 Temet Gasmet™ Dx-4000 FT-IR Gas Analyzer Technical Specifications

General Parameters

Model
Serial Number
Supplier

Measurement principle

Performance

Operating temperature

Storage temperature

DX-4000

01253

Air Quality Analytical, Inc. (www.airqa.com)
FT-IR (Fourier Transform Infrared)
Simultaneous analysis of up to 50 compounds
20 £ 20°C, optimum 15 - 25°C non condensing
-20 — 60°C, non condensing

Power supply 12 VDC or 100-240 VAC / 50 - 60 Hz
Software Calcmet™ for Windows v 4.41
Spectrometer

Interferometer Temet Carousel Interferometer
Resolution 8cm™” (7.76 cm™)

Scan frequency 10 spectra/s

Aperture 2.54 cm

Detector MCTP (Mercury, Cadmium, Tellurium, Pelletier Cooled)
IR-source Ceramic, SiC, 1550 K temperature
Beamsplitter ZnSe

Window material BaF,

Wavenumber range 900 — 4200 cm’

Sample Cell

Structure Multi-pass, fixed path length 5.0 m
Material Gold/Ruthenium/Nickel coated extruded Aluminum
Mirrors fixed, protected gold coating

Volume 1.0 L nominal

Connectors Swagelok 6.35 mm (1/4”)

Gaskets Teflon® coated Viton®

Temperature 180°C

Maximum sample gas 2 bar

pressure

Flow rate 1-5 L/min

Response time

Required gas filtration

Sample condition

3 cell flushes (depends on gas rate)
Filtration of particulates (2 microns)
non condensing

Measuring parameters

Zero point calibration

Zero point drift
Sensitivity drift
Accuracy
Temperature drift
Pressure influence

Every 24 hours calibrate with N, (minimum)

2 % of smallest measuring range per zero point calibration interval
None

2 % of smallest measuring range

2 % of smallest measuring range per 10 °C temperature change

1 % change of measuring value for 1 % sample pressure change

Enclosure

Material/Weight
Dimensions (mm)

Aluminum/16 kg
433 = 185 % 425
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3.3. Analytical Methods

Several different analytical methods were used throughout this project, with
infrared spectroscopy being the most important and widely used. This section details

the types of measurements that were made and detailed analytical methods.

3.3.1. Infrared spectroscopy

The composition of gas leaving the degradation reactor was quantified using the
Temet Gasmet™ Dx-4000 FT-IR gas analyzer detailed above. The application of
infrared radiation (600 — 4200 cm™) to a molecule excites both the rotational and
vibrational energy levels of the molecule. The transition from a lower energy level to a
higher energy level requires a discrete amount of energy, which corresponds to a given
wavelength, or wavenumber (the inverse wavelength), in the infrared region. Every
molecule absorbs radiation over a distinct set of wavelengths, providing a unique
spectrum with which to identify the molecule. In order for a molecule to undergo a
transition in its vibrational or rotational energy level, it must exhibit a net dipole
moment to allow interaction with the electric field of the infrared radiation. Since
homo-nuclear diatomic molecules do not exhibit a net dipole moment with any
vibrational or rotational changes, these molecules are IR inactive and show no
absorption spectra in the IR region.

The absorption spectra from IR radiation can be used quantitatively to determine
the concentration of a compound using the Beer-Lambert law (Equation 3.1). Radiation

of a known intensity is measured before and after the radiation has come in contact with
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the gas sample. Transmittance, T, is defined as the fraction of radiation that passes
through the gas. Absorbance, A, is the logarithm of the inverse transmittance, and is
proportional to a constant, the optical path length, and the concentration of the species
in the gas sample. The molar absorptivity, a, is unique for each molecule and each
wavelength.

The Beer-Lambert law states that for a given optical path length, the absorbance
is proportional to the concentration of the species in the gas sample at a fixed
wavelength. This is true only if the molar absorptivity, a, does not change with
concentration. At high concentrations, or for strongly absorbing wavelengths, this will
no longer be true and the value for the molar absorptivity is only good over a narrow
concentration range. Additionally, changes in temperature and pressure can affect the

absorptivity and must be accounted for to accurately calculate the concentration.

A= logw(%oj = log(%) = abc 3.1
Where: A = absorbance

Iy = incident radiation intensity

I = intensity of radiation after contacting sample

T = transmittance

a = molar absorptivity, dependent on wavelength

b = optical path length

¢ = concentration of species in the sample

Reactions between gas species generally do not occur; therefore, the total
absorbance of the gas sample is the sum of the absorbance by each species. This allows

for simultaneous analysis of multiple compounds in the gas sample. Quantification of

the gas species and their concentrations requires the availability of reference absorption
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spectra for each component over the concentration range of interest.  Simple
compounds over small concentration ranges require fewer spectra since the molar
absorptivity is nearly constant, but other species such as water and CO, will require
more reference spectra to account for the changing molar absorptivity at some
wavelengths.

Using the Beer-Lambert law (Equation 3.1), an absorbance of 1.0 corresponds to
a transmittance of 10%, meaning that the compound is absorbing 90% of the incident
radiation at that wavelength. Two problems will occur at an absorbance above 1.0. The
first problem is that, in general, above 1.0 absorbance units, the compound is generally
not obeying the Beer-Lambert law anymore, and the molar absorptivity for that
wavenumber is no longer a linear function of concentration. In order to accurately
account for this, reference spectra must be generated over much smaller concentration
intervals.

The second problem that arises at an absorbance over 1.0 has to do with physical
limitations of the detector. In order to have meaningful results, the absorbance signal
generally needs to be 3 times the noise, (or a signal-to-noise ratio of 3.0). For a current
top of the line analyzer, the noise level might be 1% (absorbance basis), resulting in a
maximum absorbance of 1.52 (keeping the signal-to-noise ratio at 3.0). The Temet
Gasmet™ Dx-4000 has a noise level of ~ 2% (absorbance basis), resulting in a
maximum absorbance of approximately 1.2 absorbance units; therefore, a spectrum
containing an absorbance above 1.2 absorbance units will not contain useful

information (Nelson 2005).
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Even though the physical limitations of the detector allow for detection of
compounds above 1.0 absorbance units, for this study a maximum absorbance of 1.0
was used in order to account for deviations from the Beer-Lambert law and possible
noise level fluctuations. For very strongly absorbing compounds, such as water and
CO,, the absorbance maximum is generally set lower than 1.0. The details of

absorbance maxima will be covered later in this chapter.

3.3.1.3. Reference Spectra Generation

Reference spectra for gas compounds were generated by blending the gas with
nitrogen in known ratios using the mass flow controllers detailed above. The flow
controllers were re-calibrated for each gas to ensure accurate flow measurements. The
spectra were recorded using the FT-IR until the concentration reached steady state.
Steady state spectra were then examined, and the cleanest average spectrum (no
baseline shift or interference from background CO, or HO) was then selected to be the
reference spectrum in the software library for that particular concentration.

Compounds that are a liquid at standard conditions, such as monoethanolamine,
must be vaporized in order to obtain reference spectra. An apparatus supplied by Air
Quality Analytical Inc. was used to generate reference spectra for MEA. The apparatus
consisted of a syringe connected to a gear pump, a Brooks mass flow controller, a
furnace, and a heated sample line run at 180°C. MEA was loaded into the syringe, and
a volumetric flowrate was set for the gear pump. The MEA was pumped into the

furnace where it was evaporated and mixed with N, (controlled by the mass flow
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controller) before passing through the heated line to the FT-IR. The same procedure for
selecting the reference spectra was used for MEA as for the gas compounds.

Spectra generated on other FT-IR analyzers can also be used as reference spectra
as long as corrections are made for path length, temperature, and pressure. This
assumes that the sample and reference are at a concentration where the Beer-Lambert
law still holds. Air Quality Analytical, Inc. provides a library of reference spectra with
the purchase of the gas analyzer. Several reference spectra that were not generated on
the Dx-4000 (SN 01253) were used during this analysis. Any reference spectra in the
library titled “Library 01253 were generated on the FT-IR used in this study, while
reference spectra from the library titled “Library 180 were generated on other
analyzers at a temperature of 180°C.

In Chapter 2, NH3 was shown to be the primary amino degradation product for
MEA and is used in this study to quantify the oxidative degradation rate. Figure 3.5
shows a 214 ppm, reference spectrum for NH;. Vibrational-rotational transitions occur
at lower energy levels (600 — 1300 cm™) and are closely spaced resulting in many
narrow line peaks. The two sharp absorption peaks at 934 and 965 cm™ are from the
inversion transition of the ammonia hydrogen atoms and are the primary peaks used in
the IR analysis of NHs. The other noticeable absorption peak at 3200 to 3600 cm
results from the N-H stretch. The absorption peak is the second region used for IR
analysis of NHj3. Analysis regions are discussed in more detail in the next session.
Reference spectra for water, CO,, and MEA can be found in Figure 3.6, Figure 3.7, and

Figure 3.8 respectively. Additional reference spectra used throughout this study for gas
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analysis can be found in Appendix A, including concentration ranges and reference

spectra library locations.

0.30

e ?\ Inversion Transition\é/

™~

0.25

214 ppm, NH; in N,
020 r

Rotational Transitions

Absorbance
(=)
[
T

0.10
Vibrational Transitions

N-H Stretch Transitions ( \
0.05 X i

0.00
4200 3800 3400 3000 2600 2200 1800 1400 1000 600

Wavenumber (cm'l)

Figure 3.5 Reference Spectrum for NH3 (214 ppm,, 180°C, 5 m path length)
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3.3.1.4. Multiple Component Analysis

Each compound in the gas sample absorbs infrared radiation independently of
each of the other compounds, resulting in a cumulative absorption spectrum.
Specifically, the FT-IR detects the transmittance of the infrared radiation from 900 to
4200 cm™ and converts this to absorbance via the Beer-Lambert law (Equation 3.1).
This absorbance spectrum is the sum of the absorbance spectra for each compound in
the gas sample. Multiple components can be resolved from this combined spectrum by
multiplying a reference spectrum for each compound by a factor X; (to change the
concentration) and subtracting the result from the combined absorbance spectrum. The

multipliers and reference spectra are changed to minimize the residual absorbance

62



spectrum that is left after all the components have been subtracted from the absorbance
spectrum. Details of the mathematical methods used by the Calcmet™ software for
resolving multiple components from a single absorbance spectrum can be found
elsewhere (Saarinen and Kauppinen 1991), while a sample analysis will be shown later
in this section.

In order to properly resolve multiple compounds, different analysis areas
(wavenumber regions) can be set for each component. The Calcmet™ software allows
for up to 3 analysis areas to be set for each compound, each with a different absorbance
maximum. If the absorbance of the sample spectrum goes above the set maximum, the
software will no longer use this analysis region for that compound. The analysis
regions are also determined by choosing regions where absorption peaks for multiple
compounds do not overlap or interfere with each other. These regions have been
identified and refined multiple times over the course of the project, and all of the data
was re-analyzed after each change. This has resulted in an analysis method that is valid
for all of the experiments performed in this study. One method was developed and
optimized for the Sparged Reactor and a second for the Agitated Reactor, and are
detailed in Appendix B. Table 3.4 shows the analysis regions used for each compound
in the multi-component analysis for the Agitated Reactor application along with the
associated absorbance limit for each measuring range and the number of references used

for each component.
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Table 3.4 Analysis Regions and Absorbance Limits for Compounds Studied in the
Agitated Reactor Oxidative Degradation Experiments

Measuring Range 1 | Measuring Range 2 | Measuring Range 3
Compound Conc. 1 Abs. 1 Abs. 1 Abs.
om limit em limit cm limit | R

Water vol. % | 1883 2161 1.0 3142 3319 0.5 13
CO, vol. % 980 1130 1.0| 1999 2208 0.5] 2450 2650 0.5 3
Cco ppm, 2007 2207 0.5] 2624 2750 1.0 8
N,O ppm, 2107 2246 0.5] 2647 2900 0.5 5
NO ppm, 1760 1868 0.8 1869 1991 0.8] 2550 2650 1.0 4
NO, ppm, 2550 2933 0.5 3
NH; ppm, 910 964 1.0 980 1196 0.5] 3219 3396 0.5 4
Formaldehyde ppm, 988 1111 1.0| 2450 2600 0.6] 2650 3211 0.5 3
Acetaldehyde ppm, 1034 1243 1.0] 2638 2916 1.0 3
MEA ppm, 980 1119 1.0| 2624 3150 1.0 1
Methanol ppm, 980 1281 1.0| 2450 2650 1.0 2763 3304 1.0 7
Methylamine ppm, 980 1303 1.0[ 2450 2650 1.0[ 2800 3450 1.0 3
CH, ppm, 2833 3203 0.5] 3018 3203 0.5 2

Since the absorbance peaks for different compounds can overlap, it is necessary
to specify possible interferences from other compounds. For example, water has two
major absorption peaks that stretch over almost the entire IR region, as shown
previously in Figure 3.6. These major peaks of water will interfere with every
component in the analysis, and must be specified as a possible interference for these
compounds. Conversely, not every component is an interference for water. Take the
example of methylamine and water, shown in Figure 3.9 below where the regions being
used for analysis are shown with bold lines and regions not used for analysis are shown
in dashed or light solid lines. The three analysis regions for methylamine, and the
significant absorbance peaks, do not interfere with the significant absorbance peaks
used in water analysis; therefore, methylamine is not a significant source of interference

with water. This kind of analysis was completed for all of the components and entered
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into the Calcmet™ software prior to sample analysis. A correlation matrix of the
interferences between the compounds studied in the oxidative degradation experiments

is shown in Table 3.5.
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Figure 3.9 Comparison of IR Reference Spectra for Water and Methylamine
(solid lines are regions used for analysis)

The Calcmet™ software also allows for corrections due to pressure, temperature
and path length. Temperature and pressure corrections are made using the Ideal Gas
law to calculate the new concentration, and then path length corrections are made using
the Beer-Lambert law (Equation 3.1). Each reference file has a temperature, pressure

and path length assigned to it, and if these conditions are different from the sample
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conditions, the sample data is transformed to match the conditions of the reference

spectrum.

Table 3.5 Correlation Matrix for Interfering Compounds for FT-IR Analysis
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3.3.1.5. Example of Multi-component Analysis

Once the reference spectra, analysis regions, and interferences have been
specified for each component, the Calcmet™ software can analyze any sample
spectrum. The first thing in each experiment is to take a background scan. This is done
by flowing N, through the heated sample line and heated sample cell. The raw data for
the background scan, shown in Figure 3.10, shows the intensity count for a single beam
of the analyzer. The peaks in the range of 1300 to 1800 cm™ and 3550 to 3800 cm™' are
from water absorbance and the small peak around 2350 cm™ is from CO, absorbance.

Even though the analyzer optics are being purged with N,, the optics casings are not
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hermetically sealed, so some air (water and CO;) will still be present. The observed
spectrum utilizing the N, purge shows a significant improvement in these analysis

regions when compared to a background scan without the purge.

70,000
__ __ __ __Saturation Limit of Detector (65,535) __ ___ |
A

60,000 Max. Absorbance below 65,000 /\/ \’/\/\
;’ 50,000 \W—/’
wn
g
s H,O0
= 40,000 -
g
<
D
M
= 30,000 +
a0 Max. Absorbance
72 above 20,000

20,000 1= === == — st m = = = m e e e - - — -

10,000 T Y

H,0
0 r— T T T T T T T T T [ T T T T [ T T T T T T T T T T T T T T T T T T T
4100 3600 3100 2600 2100 1600 1100 600

Wavenumber (cm")

Figure 3.10 Background Scan for Experiment 20040607 (5 minute scan at 180°C)

The MCTP detector has a physical saturation limit of 65,535 for the incident
radiation intensity (Ip). If the intensity is above this value, meaningful data
(transmittance or absorbance) cannot be gathered at that wavenumber since the true
value of Iy is unknown. In order to correct this, the gain of the instrumentation should
be decreased. The desired values of the maximum Iy should be above 20,000 and below
65,000, and are also shown in Figure 3.10. The background scan for Experiment

20040607 shows that between 1760 and 1938 cm™ the detector is saturated and data
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between these wavenumbers should not be used for analysis. This was corrected
subsequently by reducing the gain of the X Digital Trimmer for future experiments.

After the background scan has been completed, the experiment can be started.
For this example, analysis will be shown for Sample 060704 00534 taken from
Experiment 20040607, detailed later in this chapter. Figure 3.11 shows the raw
absorbance spectrum for this sample prior to analysis. Absorbance spectra are saved for
each experiment, as well as the component analysis. This is particularly useful since
additional compounds can be added to the analysis at a later date, and the samples can
be re-analyzed to determine the presence or absence of the new component in the old
gas sample.

Table 3.4 shows that the maximum absorbance for any component in the
analysis is 1.0. The spectrum in Figure 3.11 shows that from 1450 to 1775 ¢cm™ and
3574 to 3906 cm™ the absorbance is above this limit and no data from these regions will
be used in the regression for resolving multiple components. Looking at the absorbance
spectrum and comparing it to the reference for water, it is clear that the sample has a
high concentration of water which results in the absorbance above 1.0. The results for
the multi-component analysis performed by Calcmet™ are shown in Table 3.6 (located
on Page 70). The residual shown for each compound is the absolute value of the
maximum residual in the analysis ranges used for that compound. This shows a “worst

case” residual for each component.
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Figure 3.11 Absorbance Spectrum for Sample 060704 00534 (1 minute scan at 180°C)

In this particular analysis, Calcmet™ has calculated a negative concentration for
both NO and formaldehyde. In the software settings for the Calcmet™ program, there
is an option to allow negative concentrations to be calculated. The benefit in using this
setting is that it enables a powerful troubleshooting method. If the analysis calculates
negative concentrations, whose magnitude exceeds the noise amplitude, this could
indicate a baseline drift in the IR signal or an interference with another compound
(either an incorrect specification in the interference table or an interference with a
compound not currently specified in the application settings). In this example,

formaldehyde shows a slightly negative concentration (-0.99 ppm,). With such a small
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negative deviation, this is likely due to noise in the spectrum, indicating that the

analysis is working correctly and there is no formaldehyde in the sample.

Table 3.6 Component Analysis Results for Sample 060704 00534

Compound Concentration ??lfs.ol:f)sai:li::i
Water 1091  vol. % 0.0055
CO, 0.01  vol. % 0.0047
CO 0.36  ppm, 0.0017
N,O 0.59 ppm, 0.0010
NO -8.30  ppm, 0.0044
NO, 0.66  ppm, 0.0007
NH; 63.06  ppm, 0.0044
Formaldehyde -0.99 ppm, 0.0035
Acetaldehyde 392 ppm, 0.0041
MEA 13.69 ppm, 0.0038
Methanol 0.12 ppm, 0.0038
Methylamine 0.02 ppm, 0.0039
CH,4 4.22 ppm, 0.0016

Recall from Table 3.3 that the detection limit for a compound is ~ 2% of the
smallest measuring range specified as long as this is above the noise level of the
detector. The lowest concentration reference spectrum for NO used in the analysis is 10
ppm, (Appendix B), so the detection limit for NO is 0.2 ppm,. This is below the noise
level, so the noise actually determines the detection of NO in this analysis method.
Since the analysis calculates a large negative value for NO, -8.30 ppmy, which is above

magnitude of the noise, this indicates a problem with the analysis. In order to
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troubleshoot this problem, examine the component residual spectrum and compare this
to the reference spectrum for NO. This comparison can be seen in Figure 3.12.

Table 3.4 shows the analysis region for NO starts at 1760 cm” with an
absorption limit of 0.8 in this analysis region; however, the sample spectrum is above
this absorbance until 1806 cm™, which is where the analysis of this sample starts for
NO. The residual for NO is larger than the absorbance spectrum for NO at almost every
wavelength. The largest residual, -0.0044, occurs at 1883 cm™ in the trough of the NO
double peak. This is easily explained by recalling that the background spectrum was
saturated between 1760 and 1938 cm™, making analysis in this region impossible. NO
is a very weak IR absorber and only displays one signature absorption peak. The
analysis region from 2550 to 2650 cm™ is used primarily as a baseline check. The only
analysis region for NO that is not saturating the detector and for which the background
scan is not saturated is from 1938 — 1991 cm™. Since an analysis region of 200 cm™' is
generally needed for a quantitative analysis, the concentration of NO will not be able to

be determined for this experiment.
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Figure 3.12 Comparison of Reference and Component Residual Spectra for NO

3.3.2. Ultraviolet-Visible Spectroscopy

Ultraviolet-Visible (UV-VIS) spectroscopy is often used to quantify the color
and composition of transition metal complexes in aqueous solution. The principles of
UV-VIS are the same as IR spectroscopy except that the radiation here involves
electronic transitions of bonding electrons. These transitions are higher energy than the
rotational and vibrational transitions encountered in IR spectroscopy, and generally
occur in the region of 200 to 800 nm. The oxidative degradation of MEA is catalyzed
by metals like Cu and Fe, both of which are transition metals and will complex with
MEA and other degradation products. Degraded solutions are always strongly colored

and the solutions range from a clear light yellow to a nearly opaque dark purple color.
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In order to qualitatively compare these solutions, UV-VIS was performed on a number
of the samples to account for these color changes.

Analysis was performed using a HP 8452A Diode Array Spectrophotometer
equipped with a deuterium lamp, and capable of a 2 nm resolution. Data was collected
in the range of 200 - 800 nm using 5 ml polycarbonate cuvettes with a 1 cm path length.
The sample time was 0.5 sec. Samples with an absorbance above 1.0 cannot be used for
qualitative analysis as described previously due to deviations from the Beer-Lambert

law. Details of the UV-VIS scans can be found in Appendix H.

3.4. Experimental Data Interpretation

Section 3.3.1.5 gave a detailed example of multi-component analysis of Sample
20040607 _00534. This type of analysis is performed for each sample spectrum
collected during the experiment. In Chapter 2 it was shown that the primary amino
degradation product of MEA is expected to be NHs. The rate of oxidative degradation
of MEA is quantified in these experiments by measuring the rate of NH3 evolution from
the amine solution. By operating the reactor at high mass transfer conditions, this
ensures the amount of NHj left in solution is negligible compared to the amount of NHj3
being stripped by the reaction gas.

The gas rate being fed to the reactor is calculated from the calibrations on the
Brooks mass flow controllers. This gas is dry and is partially saturated by being

bubbled through the heated saturator bomb. Using the water concentration from the FT-
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IR analysis, the total gas flowrate through the reactor is back calculated. The moles of
NHs in the outlet were calculated by multiplying the flowrate by the NH; concentration.

Since the saturator bomb does not completely saturate the inlet gas some water
loss from the amine solutions occurs. The average mass of the solution, subtracting
additions made throughout the experiment, is used to calculate the average volume of
MEA solution in the reactor. Density calculations are based on experimental data from
existing correlations (Weiland 1996). The rate of NH; evolution is then calculated by
normalizing the moles of NHj; leaving the reactor by the average volume of MEA
solution. Rates are reported in units of mmoles NHj3 evolved / liter of MEA solution-
hour, or mM/hr. Detailed tabulations for the experiments can be found in the appendix.
Figure 3.13 shows a sample analysis for Experiment 20040607.

The initial spike in the degradation rate comes from stripping NH; from the
solution which has accumulated during solvent storage. The first steady state is reached
after approximately 2 hours. At this point, the system can be perturbed by changing the
agitation rate, or adding a catalyst or inhibitor to the solution. After approximately 160
minutes, 0.01 mM Cu was added to the reactor, and the NH; evolution rate began to
increase, and reached the next steady state at 400 minutes.

The initial steady state for this experiment with no added catalyst (0.0002 mM
Fe) represents a baseline degradation rate that is always encountered. The lowest
measured rate for these experiments is 0.15 mM/hr, which is used as a baseline
degradation rate in Chapter 5. This represents the minimum amount of oxidative

degradation that will occur for aqueous MEA.
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Figure 3.13 Sample Analysis for Experiment 20040607
(55°C, 7.0 m MEA, a = 0.15, Air, Agitated Reactor Data, 1400 RPM)

Experiment 20040607 is a typical representative degradation experiment for the
Agitated Reactor. Under these conditions the concentrations of MEA, acetaldehyde,
and formaldehyde remain relatively unchanged throughout the experiment and are

approximately 3 ppmy, 3.6 ppm, and 0.5 ppm, respectively.
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Chapter 4: Oxygen Mass Transfer

This chapter details key results that show the rate of MEA degradation is
controlled by the rate of O, absorption under significant industrial and laboratory
conditions. The effect of important process parameters, catalyst/MEA/O,
concentrations, CO, loading (o), pH, and agitation is presented. Re-analysis of
previous studies shows that they were also mass transfer limited. Predicted degradation

rates in an industrial application match reported solvent make-up rates.

4.1. Introduction

The mechanism for the oxidative degradation of MEA presented in Chapter 2
showed that the reactions can be considered as a set of free radical reactions. Reactions
involving free radicals are generally very fast due to the instability of the intermediates.
In processes involving both mass transfer and chemical reactions, it is necessary to
determine which process dominates the overall observed rates. Experiments were
performed to quantify the effect of catalyst concentration (both Cu and Fe), MEA

concentration, gas phase O, concentration, CO; loading (o), pH, and agitation on the
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rate of NH3 evolution from MEA solutions at 55°C. Results from these studies suggest
that the rate of NHj evolution is controlled by the rate of O, mass transfer into the
amine solution and not the kinetics of the degradation reactions.

These results were then compared to results from previous experiments by other
investigators, which were discussed in Chapter 2. This comparison shows that the mass
transfer capabilities of both the Sparged Reactor system and the Agitated Reactor
system are much higher than what was observed in previous studies. Additionally,
degradation rates in this work are much higher than rates observed by previous
investigators, indicating that the previous studies were actually reporting O, mass
transfer rates and not kinetics.

The final validation of the O, mass transfer findings comes from estimating the
rate of oxidative degradation in an actual flue gas treating application. The rate of O,
absorption was estimated using the rigorous AspenPlus simulation developed by
Freguia for CO, absorption with aqueous MEA (Freguia 2002). Results from the
estimate were compared with literature values, and were found to be larger than the
rates calculated by assuming that the oxidative degradation of MEA is controlled by

rate of O, absorption under typical industrial operating conditions.

4.1.1. Evolution of the Degradation Apparatus

Initial experiments were performed using the apparatus developed to study
oxidative degradation of MEA catalyzed by iron (Chi 2000). Results from these initial

screening experiments indicated that better analytical methods were needed to
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accurately quantify the rate of NHj evolution, and the new Gasmet™ FT-IR system was
added to the apparatus. The sparged apparatus described in Chapter 3 was then used to
expand upon the initial findings. Results from the initial experiments using the
apparatus developed by Chi can be found in Appendix C and are not presented in detail
in this chapter.

Experiments performed with the Sparged Reactor showed two problems. The
first problem was reproducibility and the second was water loss from the reactor.
Appendix D shows that experiments with the Sparged Reactor show significant mass
loss, as high as 33% (data from experiments with mass loss greater than this were not
reported). Additionally, the spread in the data was significant for experiments
performed under similar conditions. The results from the experiments using the
Sparged Reactor, however, were able to show effects of O, mass transfer. In order to
attempt to validate these findings, experiments were performed to measure the rate of
O, absorption in the sparged rector by measuring the rate of sulfite oxidation. These
results indicated that the Sparged Reactor results were likely controlled by O, mass
transfer rate.

In order to quantify the mass transfer effects, the Agitated Reactor was built, and
several experiments from the Sparged Reactor experiments were repeated. The
Agitated Reactor experiments show better reproducibility, higher mass transfer
capabilities, and less water loss from the amine solution than the Sparged Reactor
experiments. The experiments were then expanded to quantify the effect of O, mass

transfer over a wider range of conditions.
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4.2. Experimental Results

This section will present key results from O, mass transfer experiments carried
out in both the Sparged Reactor and the Agitated Reactor. Details from all these
experiments can be found in the appendix. A summary of the experiments performed,
including the date and experimental conditions can be found below in Table 4.1 and

Table 4.2 for the Sparged Reactor and the Agitated Reactor systems respectively.

Table 4.1 Summary of Sparged Reactor Experiments (7.0 molal MEA, 55°C)

Date Variable a! Catalysts Comments
06/25/02 Catalyst 0.40 | Fe
06/26/02 Catalyst 0.40 | Fe Cu
06/27/02 Catalyst 0.40 | Fe Cu
07/01/02 Catalyst 0.40 | Fe Cu
07/11/02 Catalyst 0.40 | Fe
07/15/02 Catalyst 0.40 | Fe Cu
07/17/02 Catalyst 0.15 | Fe precipitate formed
07/18/02 Catalyst 0.15 | Fe Cu foaming problems
07/19/02 Catalyst 0.15 | Fe Cu
10/15/02 Catalyst 0.40 | Fe Cu highest Cu conc. tested

10/18/02> Catalyst and pH | 0.21 | Fe Cu pH=10.3, precipitate
forms, foaming problems

10/21/02° Catalystand pH | 0.50 | Fe Cu pH=28.9
10/30/02° Catalystand pH | 0.05 | Fe Cu pH=11.0

11/13/02 0, 0.15 | Fe Cu
11/18/02 0O, 0.15 | Fe Cu
12/05/02 Catalyst 0.15 | Fe Cu
12/06/02 Catalyst 0.40 | Fe Cu
12/09/02 Catalyst 0.15 | Fe Cu
12/10/02 Catalyst 0.00 | Fe Cu foaming problems

" a. = moles CO, / mole MEA
? Loading for these experiments is moles SO;~ / mol MEA
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Table 4.2 Summary of Agitated Reactor Experiments (7.0 molal MEA, 55°C)

Date MEA (m) a! Fe [mM] | Cu [mM] (3:) RPM
09/16/03 7.0 0.15 0.0002 0.00 air vary
09/22/03 7.0 0.15 0.0002 0.00 air vary
09/23/03 7.0 0.15 0.0002 0.00 air vary
09/24/03 7.0 0.15 0.0002 0.00 air vary
09/29/03° 7.0 0.15 0.0002 0.18 air vary
09/30/03° 7.0 0.15 0.0002 0.18 air vary
10/03/03* 7.0 0.15 0.0002 0.18 air vary
10/20/03 7.0 0.15 0.1429 0.00 air vary
10/21/03 7.0 0.15 0.1429 0.00 air vary
10/24/03 7.0 0.15 0.0002 0.17 8.2% | vary
10/27/03 7.0 0.15 0.0002 0.20 vary | 1400
10/28/03 3.5 0.15 0.0001 0.22 vary 1400
10/30/03 3.5 0.15 0.0001 0.24 vary | 1400
11/01/03 14.0 0.15 0.0003 0.20 vary | 1400
11/03/03 14.0 0.15 0.0003 0.20 vary | 1400
11/10/03 7.0 0.15 0.0002 0.19 air vary
11/13/03 7.0 0.15 0.0002 0.20 vary 1400
11/14/03° 3.5 0.15 0.0001 0.20 vary | 1400
05/26/04" 2.0 0.15 0.0001 0.21 vary | vary
06/03/04 1.0 0.15 0.0000 0.21 air vary
06/04/04 1.0 0.15 0.0000 0.20 4.6% | vary
06/07/04 7.0 0.15 0.0002 vary air 1400
06/26/04 7.0 0.15 Vary 0.00 air 1400
06/28/04 7.0 0.00 0.0002 vary air 1400

"o = moles CO, / mole MEA

? solution contains 37 mM Formaldehyde
3 solution contains 0.5 molal NaCl

* solution contains 1.6 molal Nacl

The metal catalysts were purchased as FeSO4 x 7 H;O and CuSO4 % 5 H,O and
injected directly into the reactors as aqueous solutions. All solutions were made

gravimetrically using de-ionized water.
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4.2.1. Catalyst Concentrations and CO; Loading

The first variable studied in the Sparged Reactor was catalyst concentration.
Dissolved metals catalyze the oxidative degradation of MEA. Dissolved iron is present
in industrial applications because the amine solution is corrosive to the steel process
equipment; therefore, Cu corrosion inhibitors are added to the MEA solution to
decrease the corrosion rates (Cringle et al. 1987; Pearce 1984; Pearce et al. 1984;
Wolcott et al. 1985). Both of these metals have been shown to catalyze the oxidative
degradation of MEA (Blachly and Ravner 1963; Chi 2000), but no quantitative study
has been performed to determine the effect of Cu on the oxidative degradation of MEA.
Experiments were carried out using the Sparged Reactor at CO, loadings of 0.00, 0.15,
and 0.40 mol CO,/mol MEA, corresponding to the conditions at the top and bottom of
the absorber at 55°C with 7.0 molal MEA solutions. Figure 4.1 and Figure 4.2 show the
results from the solutions with rich and lean CO, loadings respectively.

Up to ~ 0.2 mM Fe all of the solutions show a strong dependence on the catalyst
concentration, although the increase in NH; evolution rate is less than first order with
respect to both Fe and Cu concentration for both the rich and the lean solutions.
Solutions containing only Fe degrade slower than solutions that contain both Fe and Cu,
and the rate of NH; evolution shows a stronger dependence on the Cu concentration
than the concentration of dissolved Fe. Another major observation from Figure 4.1 and
Figure 4.2 is that the solutions with lean loading appear to degrade 1.5 to 2 times faster

than the solutions with rich loading.
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Figure 4.1 Effect of Fe and Cu on the Oxidative Degradation Rate of Rich MEA
(55°C, 7.0 m MEA, a = 0.40, Air, Sparged Reactor)

For all of the solutions shown in Figure 4.1 and Figure 4.2 the rate of NHj
evolution increases exponentially up to ~ 0.2 mM Fe and then flattens off. This is a
strong indication that the degradation of solutions above 0.2 mM Fe is controlled by the
rate of O, absorption. Solutions with concentrations above 0.2 mM Fe still show a
dependence on the Cu concentration, which seems to contradict the observation that
these solutions are controlled by the rate of O, mass transfer. The rate of NH; evolution
is related to the rate of O, consumption by the O, stoichiometry of the degradation
reactions. If the stoichiometry of the degradation reactions changes, the rate of NH;

evolution will be directly affected. The addition of a second catalyst to the amine
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solution can change the overall stoichiometry of the degradation reactions, and thus the
rate of NH; evolution, even if the system is mass transfer controlled. Different catalysts
can promote different steps in the reaction mechanism, have a stronger effect on the
same reaction, or completely change the reaction pathway; therefore, copper could
either be changing the rate limiting step in the reaction, or simply be changing the
selectivity of the formation of degradation products, thereby changing the overall O,

stoichiometry of the degradation reactions.
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Figure 4.2 Effect of Fe and Cu on the Oxidative Degradation Rate of Lean MEA
(55°C, 7.0 m MEA, a = 0.15, Air, Sparged Reactor)

The results in Figure 4.1 and Figure 4.2 show that the rate of NH; evolution

decreases with increasing CO, loading. Figure 4.3 shows the effect of CO, loading in a
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mixed Cu/Fe catalyst system. The rich solutions show the lowest degradation rates,
while the lean solutions show the highest degradation rates. The unloaded solution
shows an increase in NH; evolution as the concentration of Fe increases, but the lean
and rich solutions are essentially independent of Fe concentration. This indicates that
the loaded solutions are in an O, mass transfer controlled regime, while the unloaded
solutions are still in a regime where the kinetics at least partially determine the NHj
evolution rate. Since the carbamate is playing a role in rate of oxidative degradation of
MEA, it is necessary to examine the effect of MEA speciation on the overall oxidative

degradation rate.
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Figure 4.3 Effect of CO, Loading on the Rate of NH3 Evolution from 7.0 m MEA
(55°C, 0.01 mM Cu, Air, Sparged Reactor)
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4.2.2. Speciation and pH

The degradation mechanism discussed in Chapter 2 was written in terms of free
MEA as the actively degrading species. In loaded solutions there are three species of
MEA that could undergo oxidative degradation: free MEA, protonated MEA (MEAH),
and the MEA carbamate (MEACOQ"). Figure 4.4 shows the distribution of these
species as a function of CO, loading at 55°C for a 7.0 molal solution calculated using
the equilibrium constants reported by Freguia (Freguia 2002) which were modified
from the original data of Austgen (Austgen 1989). As the CO; reacts with the MEA,
the relative concentrations of carbamate and protonated MEA both increase. The
carbamate concentration passes through a maximum at a loading of approximately 0.5
mol CO,/mol MEA. At higher loadings, the buffer capacity of the free amine reaction
is surpassed, and the dominant absorption mechanism is the conversion of CO; to
bicarbonate, resulting in the maxima in carbamate concentration.

The degradation rates presented above clearly show that the rate of NHj;
evolution is a function of CO; loading. Degradation rates are highest for solutions with
o = 0.15, lowest for solutions with a. = 0.40, and in between for solutions with o = 0.0.
From the speciation data in Figure 4.4, it can be seen that above o ~ 0.35, MEAH" is
the dominant species, and below a ~ 0.35 free MEA is the dominant species. The
dominant amine species for both the lean solutions (oo = 0.15) and the unloaded

solutions is free MEA. The primary difference is that the lean solutions contain

carbamate, with a ratio of MEAH'/MEA = 0.2. Since the solutions where MEA is the
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dominant amine species in aqueous solution show the highest rates of oxidative

degradation, this would suggest that free MEA 1is the active species being degraded.
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Figure 4.4 Speciation of CO; Loaded 7.0 molal MEA Solutions at 55°C
In order to verify this observation, unloaded solutions of 7.0 m MEA were
titrated with sulfuric acid to manipulate the ratio of MEAH'/MEA in the absence of
CO,. The solution pH was measured before the degradation experiments, and was
compared to the measured pH of the loaded solutions. Table 4.3 shows a comparison of
speciation for the pH experiments and typical MEA solutions, while Figure 4.5 shows

the results for the pH experiments.
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Table 4.3 Speciation Comparison for CO; and H,SO4 Loaded 7.0 m MEA

pH | mol COy molMEA | ™! PII\ZSE(:‘/ mol | NMEAH/MEA
9 0.00 0.41 4.4

10 0.00 0.18 0.6

11 0.00 0.05 0.1

10 0.40 0.00 2.0

1 0.15 0.00 0.2

12 0.00 0.00

The ratio of MEAH'/MEA follows the expected trends. Namely, as the pH
becomes more acidic the ratio of MEAH/MEA increases and the rate of NH; evolution
decreases. This matches the trends observed in CO, loaded solutions. The primary
difference in these experiments is the magnitude of the degradation rates; the loaded
solutions appear to degrade faster. The ionic strength in the H,SO4 loaded solutions is
much higher than the equivalent MEA solutions, which can account for the lower rates
in all of these solutions.

Solutions with a CO, loading = 0.40 have a ratio of MEAH/MEA = 2.0 and
solutions with o = 0.15 have a ratio of 0.2. Comparing Figure 4.5 to Figure 4.1 and
Figure 4.2 above, the degradation rates with CO, present are higher than the solutions
with no CO, at the same ratio of MEAH /MEA. If O, solubility alone were accounting
for the change in degradation rates, the solutions with o = 0 should degrade the fastest,
followed by solutions with oo = 0.15 and then o = 0.40. This clearly indicates that the
carbamate is affecting the degradation rate and explains why solutions with zero loading

degrade slower than the lean solutions. While it does not appear that the carbamate is
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the actively degrading species in aqueous solution, it could be playing a catalytic role

by stabilizing an intermediate in the degradation mechanism.
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Figure 4.5 Effect of MEA Speciation on Oxidative Degradation
(7.0 m MEA, 55°C, 0.001 mM Cau, titrated with H,SO4, Air, Sparged Reactor)

4.2.3. Sulfite Oxidation Experiments

The results from the Sparged Reactor experiments, presented above in Section
4.2.1 indicate that the observed rates of NH3 evolution are controlled by the rate of O,
absorption into the MEA solutions. In order to validate this observation, experiments
were performed to attempt to quantify the rate of O, absorption into the Sparged
Reactor. This was done by measuring the rate of sulfite oxidation in aqueous solution, a

widely used method for determining mass transfer coefficients in gas-liquid contactors.
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The sulfite oxidation kinetics are very fast, and this system is controlled by the rate of
O, absorption. Unlike the MEA system, the O, stoichiometry for sulfite oxidation is
known; therefore, by measuring the rate of sulfite oxidation, the rate of O, absorption is
also known. The overall reaction is shown below in Equation 4.1.
SO;* + ! 0, — 5 50,” 4.1
In order to accurately model the mass transfer characteristics of the Sparged
Reactor, it would be desirable to measure the O, uptake in situ; however, since the O,
would be competitively reacting with both MEA and sulfite, this would not allow for an
accurate measurement of the total rate of O, absorption. A solvent system was selected
that closely matched the physical properties of MEA that are important in determining
mass transfer coefficients, namely viscosity, surface tension, and O, solubility (Henry’s
constant). Concentrated aqueous solutions of MgSO4 were used for the sulfite
oxidation experiments. Viscosities for the concentrated solutions were measured in a
Cannon-Fenske viscometer (Cannon Instrument Co., No. 100, 3-15 c¢St) using a
previously detailed method (Cullinane 2005). A comparison of the viscosities for
various MgSQO;, solutions (both experimental and literature values) to both water and
loaded MEA solutions (from literature data) is shown below in Figure 4.6.
At 55°C the viscosity of water is around 0.5 cP, while the viscosity of the lean
MEA solutions is 1.4 cP and the rich solutions is 3.0 cP. The viscosity of the MgSO,
solutions increases with increasing salt concentration. Figure 4.6 shows that the 15 wt.

% MgSO, solutions have nearly the same viscosity as the lean MEA solution (o =
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0.15), with a difference of only ~ 7 % at 55°C. Similarly, the 20 wt. % MgSO4
solutions closely match the viscosity of the rich MEA solution (a0 = 0.40) with only ~
3% difference at 55°C. Since the viscosity of the 15 wt. % MgSO4 matches the lean
loaded amine solutions, which show the highest degradation rates and therefore the

highest rate of O, absorption, this solvent was chosen as a suitable choice to compare to

the MEA solutions.
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Figure 4.6 Viscosities of Water, Loaded Mea, and MgSOy (aq.) Solutions
) (Weiland 1996), T (Korosi and Fabuss 1968), i (Perry et al. 1997)

The second physical property to match is surface tension. Surface tension
measurements of loaded amine solutions are difficult to measure due to CO, desorption

during the measurements. Measurements have been made in unloaded solutions
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(Vazquez et al. 1997), but no reproducible measurements have been made in loaded
solutions (Weiland 1996). Surface tension measurements of MgSQO;, (aq.) are available
in the literature (Jones and Ray 1942), and a comparison between these measurements

and the surface tension of unloaded MEA solutions is shown in Figure 4.7.
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Figure 4.7 Surface Tension of MgSO,4 and Unloaded MEA at 25°C

The surface tension increases as the concentration of MgSQy increases, while
the surface tension of MEA solutions decreases with increasing amine concentration. In
general, a lower surface tension results in an increased gas-liquid contact area (larger
bubbles are more stable) and a higher mass transfer coefficient. Unloaded MEA
solutions have a low ionic strength, but loaded solutions have a much higher ionic

strength, which tends to increase the surface tension. It might be expected that the
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surface tension of loaded solutions would be higher than what is predicted by the
unloaded solutions. This has been observed in other alkanolamine solutions where the
surface tension has increased by 10 — 20 % from a loading of 0.0 to 0.40 (Weiland
1996). The 15 wt. % MgSO, solution is only 20% higher than the unloaded 7 molal
MEA (30 wt. %). The surface tension will be even closer to the loaded solutions, and
matches the surface tension of the MEA solutions adequately enough to use this
solution for the sulfite oxidation experiments.

The final physical property to match is O, solubility. Gas solubility in
electrolyte solutions is generally calculated by modifying the Henry’s constant for the
gas in pure water to account for increased or decreased solubility from the electrolytes.
These constants are called van Krevelen constants and have been shown to accurately
model the solubility of gases in electrolyte systems over a wide range on conditions.
These constants have been measured for both the MgSO,4 system (Tromans 2000) and
loaded amine solutions (Weiland 1996). No value of the Henry’s constant for O,
solubility in aqueous MEA has been reported in the literature; therefore, it was assumed
that the solubility in MEA (aq.) was the same as water. The same Henry’s constant was
used for both the MgSO, system and the MEA system (Dean 1992). Figure 4.8 shows
the solubility of O, in MgSO, (aq.) and loaded 7.0 molal MEA solutions relative to pure

water (¢ = Craq / Caq = solubility in electrolyte solution / solubility in water).
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Figure 4.8 O, Solubility in MgSO, (aq.) and Loaded 7.0 molal MEA Relative to Water

In both the MEA and MgSO, solutions, the O, solubility decreases with
increasing ionic strength. The relative solubility of O, decreases by 60% when the
MgSO4 concentration is increased to 15 wt. % and the CO, loading is increased to 0.40.
The relative solubility in the lean MEA solutions (o = 0.15) is roughly half of that with
¢ =0.7. If the solubility of O, in unloaded 7.0 m MEA is the same as water, this means
that the 15 wt. % MgSOj closely matches the solubility in the MEA solutions.

Since the 15 wt. % MgSO;4 solutions closely matches the viscosity, surface
tension, and O, solubility of loaded MEA solutions, this solvent was selected for use in
the sulfite oxidation experiments. The experiments were run using a 0.05 m Na,SOs3

solution, which is buffered by 0.20 m NaHSO;. Air was bubbled through a saturator
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and then sparged through the reactor solution over a range of flow rates. The pH was
measured continuously through the experiment. As the sulfite was oxidized, the pH of
the solution decreased as the bisulfite was converted to sulfite to maintain
thermodynamic equilibrium. The reactor solution was then titrated with a 1.0 m
Na,S0; solution to replace the oxidized sulfite. The solution was then brought back to
the original pH as some of the sulfite converted back to bisulfite. The O, absorption
rate was then calculated by relating the rate of sulfite addition to the rate of oxygen
absorption by the O, stoichiometry shown in Equation 4.1. Detailed results from the
sulfite oxidation experiments can be found in Appendix E, and Figure 4.9 shows

representative results from these experiments.
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Figure 4.9 O, Absorption into Concentrated MgSO4 Measured by Sulfite Oxidation
(Sparged Reactor, 55°C, 0.05 m Na,SO; / 0.20 m NaHSO3)
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The rate of O, absorption decreases dramatically in the MgSO4 solutions
compared to the rate in pure water. There is no observable difference in the rate of O,
absorption between the 10 and 15 wt. % MgSO, solutions. Since there is no artificial
agitation of the amine solution, gas-liquid mixing and agitation is directly dependent on
the air flow rate. The rate of O, absorption increases with air flow rate for each of the
systems, proving that the rate of sulfite oxidation is mass transfer controlled.

The NHj; evolution rates shown above in Section 4.2.1 are as high as 3.3 mM/hr
and air flow rates ranged from 6.6 to 8.8 LPM. Recall from Chapter 2 that the O,
stoichiometry for MEA oxidation is unknown and ranges from 0.5 to 2.5 depending on
the degradation product. Assuming that the rate of O, absorption into the loaded MEA
solutions matches the rates for the 15 wt. % MgSO, solutions, the rate of NH; evolution
could be as high as twice the rates in Figure 4.4. Since the observed NHj evolution
rates in the Sparged Reactor system are on the same order as the O, absorption into the
MgSO; solutions, this further suggests that the degradation rates are at least partially
controlled by O, mass transfer and not the kinetics of the amine solution. In order to
attempt to measure NH; evolution rates under kinetic controlled conditions, a new

reactor system was built with artificial agitation of the amine solution.

4.2.4. Comparison of Reactor Systems

In order to compare the mass transfer capabilities of the two reactor systems, a
number of experiments were run in the Agitated Reactor at the same conditions as

experiments in the Sparged Reactor. Figure 4.10 shows a comparison of NH3 evolution
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from several solutions with lean CO, loading and varying catalyst concentrations in the
Agitated Reactor and the Sparged Reactor. The bottom three curves are the same data
from Figure 4.2 and the top two curves are data from the Agitated Reactor, where the

agitation rate was set to 1400 RPM.
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Figure 4.10 Comparison of NH; Evolution in Lean MEA Solutions in the Sparged and
Agitated Reactor Systems (55°C, a = 0.15, Air, Agitated Reactor Data at 1400 RPM)

Both of the solutions run in the Agitated Reactor show significantly higher
degradation rates than the three solutions from the Sparged Reactor. The Fe only
solutions from the Agitated Reactor, fourth series from the bottom, show degradation
rates twice as high as the same solution from the Sparged Reactor, the bottom series, at

1 mM Fe. The system with only Cu, the top series, shows the highest degradation rates
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yet observed, reaching 7.5 mM/hr when the Cu concentration is 3.4 mM. The solid
portion of the curve represents a regressed trendline for the Cu data excluding the last
data point at 3.3 mM. The dashed portion of the curve shows that the measured data fits
the expected trend of a system controlled by the rate of O, mass transfer, as discussed in
Chapter 2. For Cu concentrations below 0.6 mM, the rate of NH; evolution is
controlled by the kinetics of the degradation reactions. Between 0.6 and 3 mM Cu the
rate of NHj evolution is controlled by the rate of O, mass transfer into the amine
solution, and for Cu concentrations above 3 mM the rate is controlled again by the
kinetics as the reaction begins to take place in the liquid boundary layer instead of the
bulk solution, resulting in enhanced mass transfer.

Since the Agitated Reactor has a much higher mass transfer capability than the
Sparged Reactor, and reactor systems from other previous studies, this indicates the
experimentally determined oxidative degradation rates of MEA are likely reporting the

rate of O, mass transfer and not degradation kinetics as was previously believed.

4.2.5. Agitation and Time of Experiments

In order to investigate the possibility that the data being measured is actually the
O, mass transfer rates and not the degradation kinetics, the Agitated Reactor was built.
This reactor system allows for independent control of the O, mass transfer via the
external agitator. Additionally, experiments performed in the Agitated Reactor were
more reproducible and the mass balance was generally better than experiments

performed with the Sparged Reactor system. In order to test the effect of O, mass
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transfer on the observed degradation rates, it was necessary to select solutions that gave
the highest rates for this study. If these solutions show that they are not controlled by
the rate of O, mass transfer, solutions that give lower rates of NHj3 evolution are also
not controlled by the rate of O, absorption. Since it was shown above that solutions
with lean CO; loading degrade faster than solutions with high CO; loading, experiments
performed with the Agitated Reactor focused primarily on using MEA solutions with o
= 0.15. Figure 4.11 shows the effect of changing the agitation rate on the NHj

evolution rate in 7.0 m MEA at 55°C.
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Figure 4.11 Effect of Agitation on the Rate of NH3 Evolution from MEA Solutions in
the Presence of Fe and Cu (a0 = 0.15, 55°C, 7.0 m MEA, Air, Agitated Reactor)
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The data generated in the Agitated Reactor again shows the same trends as the
data shown in Figure 4.1 and Figure 4.2, but NH3 evolution rates are a factor of 2 higher
than the data with the Sparged Reactor. The degradation rates increase as the Fe
concentration increases and the solutions with copper degrade faster than the solutions
with only iron at a fixed agitation rate. For the baseline Fe solution, 0.0002 mM, the
NH; evolution rate appears to follow the classic curve for mass transfer effects with a
reactive system. The degradation rate increases from 0 to 300 RPM and then levels off
and shows little effect until around 900 RPM when the rate begins to increase again.
This is analogous to the trends discussed in Chapter 2 which illustrate the effect of
concentration on overall reaction rates. Below 300 RPM the baseline Fe solution is
likely mass transfer controlled, from 300 to 900 RPM the system is controlled by both
kinetics and mass transfer, and above 900 RPM the solution shows effects of O, mass
transfer again. The increase in degradation rates at higher agitation rates will be
discussed below.

As the Fe concentration is increased, the degradation rate increases. The
solution containing 0.14 mM Fe shows only a weak effect of agitation on degradation
rates, but the rate increases by 60% when the agitation rate is increased from 200 to
1400 RPM. This solution appears to show a minimum in NH3 evolution around 400
RPM, and above this the rate begins to increase just like the solution with lower Fe.

The solution containing 0.20 mM Cu shows the highest NH; evolution rates and

the most pronounced effect of agitation. As the agitation rate is increased from 0 to 250
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RPM the rate of NHj; evolution decreases. As the agitation is further increased, the
degradation rate increases by more than a factor of 3 between 350 and 1400 RPM.

The minimum in the NHj3 evolution rate can easily be explained by the observed
fluid mechanics. At low agitation rates, there are actually fewer bubbles in the solution,
and the observed mass transfer is less than with no agitation. As the agitation is further
increased and the solution begins to vortex, the gas is better dispersed in the amine
solution and there are visibly more bubbles with a smaller diameter. At high agitation
rates, above 900 RPM, the rate of NH; evolution increases for all three solutions. This
is likely due to increased back mixing of the gas with the liquid, increasing the gas-
liquid contact time and allowing for more O, to be absorbed into the amine solution.
This again directly supports that the observed rates are in fact measuring the rate of O,
mass transfer instead of degradation kinetics.

In order to validate the current method of gas phase analysis for determining the
degradation rates of MEA, it was necessary to check the effect of time on the
degradation rates. Degradation rates were observed over the course of 2 days for
several sets of experiments, and showed that time has little or no effect on the
degradation rates. The results for iron catalyzed degradation can be seen in Figure 4.12.
Again the NHj; evolution rates show the same dependence on the agitation rates as in
Figure 4.11. Over the course of 33 hours, the degradation rate is virtually unaffected
since the data appears to be within + 0.2 mM/hr, which is within the error of this
experiment. This would suggest that degradation products, which accumulate during

the course of a run, have no effect on the degradation of MEA.
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Figure 4.12 Effect of Time on the Rate of NH; Evolution from MEA Solutions in the
Presence of 0.14 mM Fe (a0 = 0.15, 55°C, 7.0 m MEA, Air, Agitated Reactor)

This is further supported by the data in Figure 4.13, which compares the NH3
evolution rates during the second day of an experiment where formaldehyde was added
to the MEA solution at the beginning of the experiment to an experiment where no
formaldehyde was added. Enough formaldehyde was added to approximate the
accumulated concentration of formate after one day of operation. Both solutions show a
strong effect of agitation on the rate of NH; evolution, indicating they are both
controlled by the rate of O, mass transfer. Since the formaldehyde will oxidize to
formate, the primary carboxylic acid degradation product of MEA, this experiment

represents a partially degraded solution. Again, there is no difference between the
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experiments with and without formaldehyde below 600 RPM. At higher agitation rates,
the solution with formaldehyde present appears to give lower NHj3 evolution rates,
which could indicate that kinetics begin to be important under these conditions;
however, the data point at 1200 RPM could just be an outlier. Additional experiments
with formaldehyde are detailed in Chapter 5. The results from Figure 4.13 indicate that
the accumulation of degradation products in the amine solution likely has little or no

effect on the oxidative degradation rate.
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Figure 4.13 Effect of Formaldehyde on the NH3 Evolution Rate from MEA Solutions
(o =0.15, 55°C, 7.0 m MEA, Air, 0.0002 mM Fe, 0.2 mM Cu, Agitated Reactor)
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4.2.6. O, Partial Pressure and MEA Concentration

In order to further quantify the observed mass transfer phenomenon,

experiments were performed to look at the effect of O, concentration and MEA

concentration on the rate of NHj3 evolution. The results from these experiments are

shown in Figure 4.14. For all experiments, the total gas rate was held constant, and air

was diluted with N» to change the O, concentration. If the system is in a region where

the rates are controlled by the rate of O, mass transfer, the NH; evolution rate should

have a linear dependence on the O, concentration.

observed in Figure 4.14 for all amine concentrations.
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Figure 4.14 Effect of O, and MEA Concentrations on the Rate of NH3 Evolution from

MEA Solutions (a=0.15, 55°C, <0.0002 mM Fe, 0.2 mM Cu, 1400 RPM)
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Solutions below 3.5 m MEA show a weaker dependence on the O, concentration
and could be in the region where the kinetics partially or totally control the rate of NHj
evolution. Figure 4.15 shows the effect of agitation on several MEA solutions with

reduced concentrations of O,.
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Figure 4.15 Effect of Agitation on NH; Evolution from MEA Solutions with Reduced
O, Concentration (o = 0.15, 55°C, <0.0002 mM Fe, 0.2 mM Cu, Agitated Reactor)

The 7.0 m solution with 8.2 vol. % O, (roughly half that of air) still shows a

strong dependence on agitation, decreasing by 71% from 1400 to 700 RPM. The 1.0 m

and 2.0 m MEA solutions showed a less pronounced effect of agitation on the

degradation rates. The 2.0 m MEA solution with 7.6 vol. % O, decreased by 39% when

the agitation rate changed from 1400 to 700 RPM. The solutions with 4.6 vol. % O,

104



showed a decrease of 22% and 19% for the 2.0 m and 1.0 m MEA solutions when the
agitation rate was changed from 1400 to 700 RPM. This indicates that the 1.0 m and
2.0 m MEA solutions are in a region where the rate of NHj3 evolution is kinetic
controlled. The 1.0 m solution in particular shows NH3 evolution rates approaching the
baseline rates observed in this study, indicating that the kinetics are important in these

solutions.

MEA solutions below 7.0 m MEA show a dependence on MEA concentration,
indicating that they are at least partially controlled by kinetics of the degradation
reactions. Solutions below 3.5 molal show a weak dependence on O, concentration and
agitation rate, indicating that they are likely kinetic controlled. The 3.5 m MEA
solution appears to be in the middle of the two regimes. The ionic strength is changing
considerably in these solutions between 1.0 and 14.0 m MEA, and it was shown above
in Figure 4.8 that ionic strength plays a significant role in O, solubility. To test the
effect of ionic strength on the 3.5 m MEA solution, 1.6 m NaCl was added to increase
the ionic strength of the 3.5 m MEA solution to be equal to the 7.0 m MEA solution.

The results of this experiment are shown in Figure 4.16.

The rate of NH; evolution was only slightly lower in the 1.6 m NaCl solution,
with the exception of the air data point (O, = 17.5%) which could be an outlier. If the
kinetics are fast enough so that all of the O, has reacted before it diffuses into the bulk
solution (Diffusion Regime), an increase in the ionic strength, and subsequent decrease

in the bulk solution O, solubility, should have no effect on the rate of NH;3 evolution.
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The slightly lower rates in the 1.6 m NaCl can be explained by a decrease in the the
Henry’s constant of O, (Equation 2.3). Since the solutions do show a dependence on
the bulk gas phase concentration of O, and the MEA concentration, this indicates that
both kinetics and O, mass transfer contribute to the rate of NH3 evolution in the 3.5 m

MEA solutions.
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Figure 4.16 Effect of lonic Strength on NH; evolution from a 3.5 m MEA Solution
(a=0.15, 55°C, <0.0002 mM Fe, 0.2 mM Cu, 1400 RPM)

Solutions with high MEA concentrations (7.0 m and 14.0 m) showed
degradation rates that would indicate they are in the regime controlled by mass transfer
rates only. At low amine concentrations, the ionic strength is low and O, is more

soluble and has a higher diffusion coefficient, suggesting that the degradation rates are
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controlled by kinetics. At high amine concentrations, the ionic strength goes up and the
diffusion coefficient goes down, resulting in lower O, solubility. This suggests that at
high MEA concentrations, the degradation rates are controlled by the rate of O, mass
transfer. For solutions of intermediate MEA concentrations, around 3.5 m MEA, the
degradation rates show some dependence on agitation as well as MEA and O
concentration, indicating that the oxidative degradation rate depends on both the rate of

O, mass transfer and the degradation kinetics.

4.3. Comparison with Previous Degradation Studies

Previous oxidative degradation studies have all been interpreted as being kinetic
controlled. Based on the data presented above, the degradation process is likely
controlled by the rate of O, mass transfer and not kinetics; therefore, the results from
previous studies need to be re-evaluated to determine if they also support this finding.
In order to do this, several key degradation studies will be compared to the current
work.

Most of the previous studies performed long term degradation studies at low gas
rates relative to the volume of amine solution. Primarily, analysis was done on the
liquid solution instead of analyzing for NH3 in the gas. Since the degradation rates are
relatively slow, and liquid analysis is complicated, the experiments take a long time to
accumulate enough of the degradation products to make an accurate measurement.
Additionally, the previous degradation studies were performed at inconsistent

conditions, i.e. various amine concentrations, temperatures, and gas compositions.
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While all of the experiments used loaded MEA solutions, the value of the CO; loading
also varied. In order to compare these various studies on the same basis, mass transfer
coefficients for each study were estimated.

Recall from Chapter 2 that for a reacting system that is controlled by the rate of
mass transfer, the rate of O, absorption/consumption can be determined using Equation

4.2 below.

Kga
H,

Rate of O, Consumption = d (P, —P,) 4.2

If the kinetics are fast enough that the bulk concentration of O, is negligible, Equation
4.2 reduces to Equation 4.3:

_ K;aVF,
Rate of O, Consumption = g 43

0,
Since all of the previous studies report both degradation rates and oxygen partial
pressure, a comparison between studies can be made by using an apparent overall gas
phase mass transfer coefficient Kg, shown below, and the space time (liquid volume /
gas flow rate). A comparison of some of the key parameters from these studies can be

found in Table 4.4.

_ (Rate of O, Consumption)  K,aV
P H

0,

K, = Apparent Mass Transfer Coefficient 44

0,

With the exception of the current study, all of the studies in Table 4.4 were

performed by sparging a gas through the amine solution with no additional agitation.
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The studies by Hofmeyer, Chi and Rochelle, Goff and Rochelle, and the Current Study
analyzed the outlet gas for NHj evolution instead of doing liquid analysis, while the rest

of the studies used some kind of liquid analysis and were long term degradation studies.

Table 4.4 Comparison of Key Parameters for Various Experiments Measuring the
Oxidative Degradation of MEA

Study T [MEA|Reaction {;L‘}: STl:f:: Rate K¢'
°O)| (m) Gas @) |(min) (mM/hr) |(mM/hr-bar)
(Rooney et al.
1998) 82| 54 Air 1.0 |181.82{0.03-0.07] 0.2- 04
(Blachly and
Ravner 1964) 551 54 Air 0.3 | 1.00 |0.02-0.14] 0.1- 0.8
(Girdler
Corporation 1950) | 80 | 3.1 | 50% O, | 0.1 | 1.00 |0.36—-132| 0.7- 2.6
(Hofmeyer et al.
1956; Lloyd 1956) | 75 | 54 | Pure O, | 0.2 | 0.35 5.00 5.0
(Chi and Rochelle
2002) 551 7.0 Air 04 | 0.05]0.10-232] 0.6-12.9
(Goff and Rochelle
2003) 551 7.0 Air 0.3 | 0.04 |0.48-5.00] 2.7-27.8
Current Study 551 7.0 Air 0.5 | 0.06 |0.25—-8.25] 1.4-45.8
Space Time = Liquid Volume/Gas Flowrate
K¢'= Apparent Mass Transfer Coefficient = Rate/ P,
this assumes no dissolved O, in the bulk liquid

In order to compare the mass transfer characteristics of the various studies, one
can compare the space time and the apparent mass transfer coefficient, Kg', for each of
the experiments. Simply speaking, at low space times, the system should have a
relatively high amount of agitation and mixing, and therefore a higher value of K¢'.
Conversely, at high space times, the gas is very slowly sparged through the solution,

and there is likely minimum mixing and agitation, resulting in much lower values of
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Kg'. While it is recognized that most of the methods for predicting mass transfer
coefficients in gas-liquid contactors depend on the superficial gas velocity (Gaddis
1999; Van't Riet 1979), the space time was used in the current analysis since the
geometry of the degradation reactor was not reported in any of the compared studies.
Figure 4.17 shows that the apparent mass transfer coefficient does in fact
correlate with the space time for the studies in Table 4.4, and that K¢', the apparent
mass transfer coefficient, depends on the square root of the space time. All of the
studies fit this trend with the exception of the current study. This is easily explained as
the current study uses additional agitation which accounts for the much higher values of
K¢' at a space time similar to the studies by Chi and Rochelle and Goff and Rochelle.
All of the previous studies report degradation rates lower than those reported in
the current study under conditions with smaller values of Kg'. As the space time
increases, Kg' decreases, and the degradation rate goes down. This is consistent with
the assumption that the experiments are operating in the mass transfer controlled
regime. Since it is clear that all of the previous experiments had smaller degradation
rates than the current study, which was shown above to be O, mass transfer limited, and
had larger space velocities and smaller values of K¢', the data suggests that all of these
previous studies were also performed under conditions that were actually measuring the

rate of O, mass transfer and not the kinetics of MEA degradation.
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Figure 4.17 Correlation of Space Time and the Apparent Mass Transfer Coefficient,
K¢', from Various Studies on the Oxidative Degradation of MEA Using Sparged or
Agitated Reactors

4.4. Estimation of Industrial Degradation Rates

As a final verification that the oxidative degradation of MEA is controlled by
the rate of O, mass transfer instead of the degradation kinetics, a comparison of
predicted degradation rates for an industrial application was made with literature values
of observed degradation rates. In order to make this calculation, details of the physical
performance of an absorber column must be known. The information for this
calculation came from the base case of the rigorous model developed by Freguia for

modeling CO, removal from flue gas using MEA (Freguia 2002).
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The calculations were made assuming 85% CO, removal from a flue gas

containing 3% CO, and 5% O, on a wet volume basis. The solvent was a 7.0 m MEA

solution, and the absorber operated with a lean CO, loading of 0.15 and a rich loading

of 0.40. The column had 15.2 m (50 ft.) of stainless steel CMR#2 packing, and

operated at atmospheric pressure. The absorber operated with a nominal temperature of

55°C, and the superficial liquid and gas velocities were 8.7x10° kg/m*-hr and 10.8x10°

kg/m’hr respectively. In order to complete the estimation of the degradation rates, the

following assumptions were made:

Degradation occurred only in the absorber packing. No degradation occurs
in the absorber sump.

The bulk liquid O, concentration was negligible. This assumed fast reaction
kinetics, but not fast enough to have enhanced mass transfer. This
represented a worst case scenario for fast kinetics, as this gave the largest
possible partial pressure driving force, and the O, consumption rate was then
estimated by Equation 4.3.

Mass transfer coefficients and wetted packing area were estimated using the
method of Onda in order to calculate the performance of the packing (Onda
et al. 1968).

Calculations were performed using the average physical properties of the
amine solution (i.e. o = 0.275 and 55°C). The viscosity and density of the

amine solution was estimated using the correlations by Weiland (Weiland
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1996) and the surface tension of MEA was calculated from data gathered by
Vazquez et al. (Vazquez et al. 1997).

Since no literature data could be found on the diffusivity of O, in aqueous
solutions of MEA, the diffusion coefficient was estimated using the Wilke-
Chang Equation and the average physical properties of the solvent and was
calculated to be 2.98 x 10 cm*/sec (Seader and Henley 1997).

Physical solubility of O, in the amine solution was assumed to be the same
as the solubility in water, 1116 L-atm/mol (Dean 1992). The Henry’s
Constant was then corrected for the effect of ionic strength on the physical
solubility to 1436 L-atm/mol, using the values of the van Krevelan Constants
for aqueous MEA species (Weiland 1996).

In order to calculate the total degradation rate, the amount of liquid holdup
in the packing was estimated to be 4.7% using the correlation developed by

Billet and Schultes (Billet 1997).

Based on these assumptions, a fractional liquid holdup of 4.7% was calculated,

which gave a liquid residence time of 5.1 minutes in the packing. The calculation also

estimated that the packing yields a total of 18.7 overall liquid transfer units, or a height

equivalent of a theoretical plate (HETP) of 0.82 m. These estimates all fall within the

expected values for the design of a CO, absorber system, and therefore should provide

an accurate estimate of the performance of the absorber.

Using the mass transfer coefficients estimated from the above calculation, the

rate of O, absorption is 7.1 mM/hr. In order to relate the O, absorption to MEA loss,
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the stoichiometry must be known. As stated previously, the actual stoichiometry for the
MEA system is not known, so we can estimate a range of degradation rates based on the
O, stoichiometry from Chapter 2. Using a stoichiometry range of 0.5 to 2.5 moles of O,
per mole of MEA, the MEA loss is somewhere between 2.9 and 14.2 mmol
MEA/Lpoiaup-hr. Multiplying this by the total estimated amount of liquid holdup gives a
MEA degradation rate of 0.29 to 0.73 kg MEA/mton CO; captured. In economic terms,
this amounts to $0.40 to $2.00 per mton CO, captured assuming a price of $1.48/kg
MEA (CMR 2003).

The degradation rate estimated for the physical absorption of O, in an amine
scrubber unit is approximately the same as the observed rates in the current
experimental study. One literature value reports a degradation rate of 3.6 kg MEA per
mton CO; captured (Arnold et al. 1982). This value is reported for CO, capture using a
5.4 m MEA solution (20 wt. %), and is much higher than the estimated degradation
rates because it includes MEA losses from other types of degradation, evaporative
losses, spills, etc. A more recent estimate of degradation losses for the same solvent is
0.45 kg MEA per mton CO, captured for the same solvent system (ABB 1998). It
should also be noted that the literature values of MEA degradation also include MEA
loss from the formation of heat stable salts from the reaction of MEA with SO, in the
flue gas. The solvent loss associated with heat stable salt formation is not insignificant;
therefore, the rate of MEA loss due to the oxidative degradation of the solvent can be

significantly less than what is reported as the total solvent makeup rate.
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Literature values for MEA solvent makeup in industrial applications are either
within or larger than the rates predicted when assuming physical absorption of O, into
MEA. This would suggest that the oxidative degradation of MEA is controlled by the
rate of O, absorption and not the kinetics of the degradation reactions in an industrial
process. Additionally it would suggest that the O, is not completely depleted in the

bulk solution since this assumption causes an over-estimation of the degradation rates.

4.5. Conclusions

Experiments were performed in both the Sparged Reactor and the Agitated
Reactor to quantify the effect of catalyst concentration (both Cu and Fe), MEA
concentration, gas phase O, concentration, CO; loading, pH, and agitation on the rate of
NH; evolution from MEA solutions at 55°C. Results from these experiments show that
the oxidative degradation of MEA can be O, mass transfer limited under laboratory
conditions. Under some experimental conditions the rate of NH;3 evolution depends on
only kinetics or O, mass transfer, and under other conditions the rate shows effects of
both kinetics and O, mass transfer.

In general, the rate of NH; evolution increased as the agitation rate was
increased, and also increased linearly with increasing O, concentration. At low
concentrations of catalyst (less than 0.5 mM Fe or Cu) and MEA (less than 2.0 molal),
the rate of NH; evolution was controlled by the degradation kinetics. At high

concentrations of catalyst (above 0.5 mM Fe or Cu) and MEA (above 7.0 m) the rate of
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NH; evolution was controlled by the rate of O, mass transfer. Solutions between 2.0
and 7.0 m MEA showed effects of both O, mass transfer and degradation kinetics.

The rate of NH; evolution increases when the concentration of dissolved Fe and
Cu are increased, and the rate is less than first order with respect to catalyst
concentration. In the Sparged Reactor, it was observed that kinetics controlled the rate
of NH; evolution for concentrations of Fe below 0.2 mM regardless of Cu
concentration. Above 0.2 mM Fe the rates were independent of Fe concentration,
indicating the rate is limited by the rate of O, absorption. The rate of NHj3 evolution
shows a stronger dependence on Cu concentration than iron concentration, which can be
attributed to a change in the overall O, stoichiometry from the Fe system, the rate
limiting reaction step, or the reaction mechanism itself.

Solutions with lean CO, loading, o = 0.15, degrade 1.5 to 2 times faster than
solutions with rich CO; loading, o = 0.40. Unloaded MEA solutions degrade faster
than the rich solutions but slower than the lean solutions. MEA solutions partially
neutralized with H,SO4 show that as the ratio of protonated MEA to MEA increases the
rate of NH; evolution decreases. Solutions of SO, loaded MEA with the same
MEAH /MEA ratio as CO, loaded MEA solutions showed a slower rate of NH;
evolution. This indicates that while the free MEA is likely the degrading species in
solution, the presence of the MEA carbamate appears to increase the rate of NHj
evolution.

The mass transfer capability of the Sparged Reactor was quantified by

measuring the rate of sulfite oxidation in concentrated MgSO, (aq.) solutions. This
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solvent system was chosen because the viscosity, surface tension, and O, solubility
closely match the properties of loaded MEA solutions. Results from these experiments
show that given the factor of 5 uncertainty in the O, stoichiometry of the MEA system,
the observed NHj evolution rates are on the same order as the O, absorption rates in the
sulfite experiments. This further suggests that the degradation rates are at least partially
controlled by O, mass transfer and not the kinetics of the amine solution. In order to
attempt to measure NH; evolution rates under kinetic controlled conditions, a new
reactor system was built with artificial agitation of the amine solution.

Experiments in the Agitated Reactor showed the same trends as the experiments
with the Sparged Reactor, but the NH; evolution rates were approximately twice as high
for the same catalyst concentrations. This increase in NH; evolution rates from the
Sparged Reactor to the Agitated Reactor with solution of the same catalyst
concentration can only be explained by O, mass transfer limitations in the Sparged
Reactor. Experiments with Cu alone showed that the NH; evolution rate appeared to be
controlled by oxidation kinetics below 0.6 mM Cu. The rate was controlled by O, mass
transfer between 0.6 and 3.0 mM Cu, and above this the system enters the Fast Reaction
Regime where the reactions take place primarily in the liquid film.

Experiments in the Agitated Reactor showed that as the agitation rate increases,
the rate of NH; evolution increases with both Fe and Cu catalyzed solutions. The Cu
catalysis resulted in significantly higher degradation rates, which again can be explained
by a change in the O, stoichiometry. The O, stoichiometry for these systems was never

verified independently, and was beyond the scope of this project. Since increasing the
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agitation rate increases the rate of NH; evolution, this indicates that oxidative
degradation is at least partially controlled by the rate of O, mass transfer.

The addition of formaldehyde to the MEA solution does not significantly change
the rate of NH; evolution over a 2 day experiment when compared to solutions without
formaldehyde. This indicates that the accumulation of formate in the MEA solution
does not significantly affect the oxidative degradation of MEA.

Additional experiments in the Agitated Reactor examined the effect of MEA
concentration and O, concentration on the rate of NH; evolution in lean loaded
solutions catalyzed by 0.20 mM Cu. MEA solutions ranging from 1.0 m to 14.0 m
show a linear dependence on the O, concentration up to 17 vol. %, following the
expected trend if the rate of NH; evolution is O, mass transfer limited. MEA solutions
below 7.0 m show a dependence on MEA concentration. Solutions between 2.0 m and
7.0 m appear to show effects of both O, mass transfer and kinetics on the rate of NHj
evolution. Solutions with 1.0 m MEA show only a weak dependence on both agitation
and O, concentration, indicating that kinetics dominate the rate of NH; from these
solutions.

Since the current study shows the experimentally observed degradation rates are
partially or completely controlled by the rate of O, absorption over a range of
significant conditions, previously published investigations were re-examined to
determine if they too were actually reporting the rate of O, absorption instead of
degradation kinetics. In order to compare studies that differed in experimental

conditions on the same basis, apparent mass transfer coefficients (calculated by taking
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the maximum reported rate and normalizing by the gas O, concentration) were
correlated with the gas space time (liquid volume / gas rate). The results showed that
the both the Sparged Reactor and Agitated Reactor had higher apparent mass transfer
coefficients and reported higher degradation rates than any of the previous studies.
Since the current work is O, mass transfer limited, data suggests that all of these
previous studies were also performed under conditions that were actually measuring the
rate of O, mass transfer and not the kinetics of MEA degradation.

As a final verification that the oxidative degradation of MEA is controlled by
the rate of O, mass transfer instead of the degradation kinetics, a comparison of
predicted degradation rates for an industrial application was made with literature values
of observed industrial degradation rates. Estimates were made using a rigorous
AspenPlus simulation developed by Freguia for CO, absorption from flue gas using
MEA. Oxidative degradation rates of MEA in industrial applications are predicted to be
0.29 to 0.73 kg MEA/mton CO,. This was estimated assuming the rate of O, absorption
limited the degradation rates and that degradation only occurred in the packing of the
absorber. Reported industrial makeup rates are within or greater than the estimated
range of degradation rates for O, mass transfer limited degradation. Since reported
MEA makeup rates match the rates predicted by assuming an O, mass transfer
limitation, this indicates that MEA degradation is likely determined by the rate of O,

absorption under typical industrial conditions.
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Chapter 5: Inhibitors for Oxidative Degradation

This chapter details the experimental results for a number of additives tested to
inhibit the oxidative degradation of MEA using the Agitated Reactor. In addition,
observations on heats of reactions, solution color, and trends of other gas phase

degradation products are included.

5.1. Inhibitor Screening

In Chapter 4 it was shown that the oxidative degradation of monoethanolamine
is likely controlled by the rate of O, absorption under typical conditions in a flue gas
treating application. This finding influences the way degradation can be inhibited in an
industrial process: instead of making process modifications, an additive can be added to
the solution to further decrease the reaction rates. A scavenger could be added to the
solution to either react competitively with O, or to react with another free radical or
intermediate in the reaction mechanism. The scavenger must react faster with O,/free
radicals than MEA. The second method of inhibition is to add a chelating agent to bind

with the dissolved metals and prevent them from participating in the reaction
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mechanism. The final method of inhibition involves salting out the O,. Gases generally
have decreasing solubility in aqueous solutions as the ionic strength increases, so the
addition of a stable salt could effectively reduce O, solubility and the rate of absorption.

Table 5.1 shows the compounds examined in this study categorized by O;
scavengers and reaction inhibitors, chelating agents, and stable salts. Only three
compounds were successful at inhibiting the oxidative degradation of MEA at
concentrations low enough to be suitable for an industrial application: one reaction

inhibitor, Inhibitor A, and two O, scavengers, Na,SO; and formaldehyde.

Table 5.1 Additives Screened for Inhibiting the Oxidative Degradation of MEA.

0O, Scavengers and .

Reaction Inhibitors Chelating Agents Stable Salts
Quinone Manganese Salts |[EDTA Potassium Chloride
Ascorbic Acid Inhibitor A (ethylene-diamine-tetra-acetic acid) Potassium Bromide
Na,SO; Sodium Phosphate Potassium Formate
Formaldehyde Na,S,

Screening experiments were first performed under conditions that gave the
highest observed degradation rates in a single metal system, i.e. 7.0 m MEA, 0.20 mM
Cu, a = 0.15 mol CO;, / mol MEA, 1400 RPM. Successful inhibitors were then tested
over a range of conditions including Fe concentration. Results are presented
normalized to the baseline degradation rate of 0.15 mM/hr, which represents the lowest
degradation rate achievable (refer to Figure 3.13). Table 5.2 shows a comprehensive
list of experiments performed during the inhibitor study; detailed analysis for each

experiment can be found in Appendix G.
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Table 5.2 Degradation Inhibitor Experiments (7.0 molal MEA, 55°C, 1400 RPM)

Date Inhibitor o Metal Comments
01/28/04 | Na,SO; 0.15 Cu
01/29/04 | Na,SO; 0.15 Cu Continuation of 01/28/04
02/05/04 | Na,SO; 0.15 Cu
02/06/04 | Na,SO; 0.15 Cu Continuation of 02/05/04
02/09/04 | Na,SO; 0.15 Cu
02/20/04 | Na,SO; 0.15 Cu Some problems with mist eliminator
02/21/04 | Ascorbic Acid / Inhibitor A | 0.15 Cu AA was possible catalyst
02/23/04 | Inhibitor A 0.15 Cu
02/27/04 | Na,SOs 0.40 Cu
03/16/04 | Inhibitor A 0.40 Cu
03/22/04 | Inhibitor A 0.40 Cu
07/06/04 | KBr/KBrO; 0.15 Cu
07/07/04 | KC1 0.15 Cu
07/08/04 | MnSOy, 0.15 Cu Solid formation. Clean with EDTA
07/12/04 | MnSO, 0.15 Cu
07/14/04 | KMnOy, 0.15 Cu
07/19/04 | EDTA 0.15 Cu
07/21/04 | KHCO 0.15 Cu
07/22/04 | KHCO 0.15 Cu Continuation of 07/21/04
07/26/04 | Quinone 0.15 Cu
07/28/04 | Formaldehyde 0.15 Cu MEA + Formalin for stock soln.
07/29/04 | Formaldehyde 0.15 Cu Continuation of 07/28/04
07/31/04 | Inhibitor A 0.15 Cu
08/02/04 | Inhibitor A 0.15 Cu Continuation of 07/31/04
08/04/04 | K5PO, 0.15 Cu
08/07/04 | Inhibitor A 0.15 Cu
08/08/04 | Inhibitor A 0.15 Cu Continuation of 08/07/04
08/09/04 | Inhibitor A 0.15 Cu
08/10/04 | Inhibitor A 0.15 Cu Continuation of 08/09/04
08/12/04 | MnSO, 0.15 Cu
08/13/04 | MnSO,4 0.15 Cu Continuation of 08/12/04
08/19/04 | Inhibitor A 0.15 Cu Use new KI instead of old KI
08/20/04 | Inhibitor A 0.15 Cu Continuation of 08/19/04
08/24/04 | MnSO, 0.15 Cu Middle conc. Range for Mn.
08/25/04 | MnSO, 0.15 Cu Continuation of 08/24/04
10/25/04 | Inhibitor A 0.15 Fe
10/26/04 | Inhibitor A 0.15 Fe Continuation of 10/25/04
11/01/04 | Inhibitor A 0.40 Fe
11/02/04 | Inhibitor A 0.40 Fe Continuation of 11/01/04
12/01/04 | Formaldehyde 0.15 Fe
12/02/04 | Formaldehyde 0.15 Fe Continuation of 12/01/04
12/07/04 | Inhibitor A 0.15 Fe
12/08/04 | Inhibitor A 0.15 Fe Continuation of 12/07/04
1/10/05 | Inhibitor A / Formaldehyde 0.15 Fe
1/11/05 | Inhibitor A / Formaldehyde | 0.15 Fe Continuation of 1/10/05
1/13/05 | Inhibitor A / Formaldehyde | 0.15 Fe
1/14/05 | Inhibitor A / Formaldehyde | 0.15 Fe Continuation of 1/13/05
1/24/05 | Na,SO; 0.15 Fe
1/31/05 | Inhibitor A 0.15 Fe & Cu
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5.2. O, Scavengers and Reaction Inhibitors

5.2.1. Inhibitor A

Inhibitor A is an inorganic additive that effectively inhibits oxidative
degradation. Results from the Inhibitor A experiments can be seen in Figure 5.1, where
the solid lines represent lean solutions with o = 0.15 mol CO,/mol MEA and the dashed
lines represent rich solutions with a = 0.40. As the concentration of Inhibitor A
increases, the NH; production decreases for all of the solutions. Rich solutions show a
lower NH; evolution rate and are more easily inhibited than lean solutions. Solutions
containing dissolved Cu also show higher degradation rates than solutions with
dissolved Fe and are more easily inhibited by Inhibitor A. With Cu solutions, the NHj
evolution is reduced to 1.5 times the baseline rate at 9 mM Inhibitor A with rich
solutions and 2.3 times the baseline rate at 280 mM Inhibitor A with lean solutions.
The Fe solutions are reduced to 1.5 times the baseline rate at 100 mM Inhibitor A with
rich solutions and 3.7 times the baseline rate at ~ 270 mM Inhibitor A with lean
solutions. When the concentration of Inhibitor A is increased by an order of magnitude
in the lean solutions, this amounts to a factor of 5.6 decrease in degradation for the Cu
solutions and 2.8 for the Fe solutions.

Inhibitor A is not expected to degrade; therefore, it will not need to be
continuously fed to the process. This makes Inhibitor A an attractive additive for
industrial applications. Since the effectiveness of Inhibitor A depends on both the

catalyst present and the concentration of MEA (represented here as CO; loading), this
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additive functions as a reaction mechanism inhibitor. Additionally, available literature
suggests that there is no mechanism by which Inhibitor A could act as an O, scavenger.
The concentrations used for Inhibitor A are less than 5 wt. %, making this inhibitor a

viable additive to MEA solutions for industrial applications.
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Figure 5.1 Effect of Inhibitor A on the Oxidative Degradation of MEA in the Presence
of Copper or Iron (55°C, 7.0 m MEA, 1400 RPM, Baseline = 0.15 mM/hr)

Since Cu is added to the MEA process to inhibit corrosion, both Cu and Fe will
be present in solution in industrial applications. Any degradation inhibitor added to this
process needs to be effective in the presence of both Cu and Fe and should not interfere

with Cu inhibiting the corrosion of carbon steel. Figure 5.2 shows the results of the
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three different systems, Cu by itself, Fe by itself, and Cu and Fe mixed, with lean CO,

loadings.
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Figure 5.2 Effect of Inhibitor A on the Oxidative Degradation of MEA with both
Copper and Iron (55°C, 7.0 m MEA, o = 0.15, 1400 RPM, Baseline = 0.15 mM/hr)

The system with the mixed metals shows a higher degradation rate at each
concentration of Inhibitor A than either system with only one metal. Inhibitor A is also
less effective with the mixed system than the Cu only system, as shown by the
shallower slope of the curve. For example, compare the change in the rate of NHj3
evolution for the three catalyst systems when the concentration of Inhibitor A is
increased from ~ 20 mM to 200 mM. The NHj evolution rate decreases by a factor of

4 for catalysis by both Fe and Cu, while the rate decreases by a factor of 6 and 3 for the
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Cu only solutions and the Fe only solutions respectively. While it does take a higher
concentration of Inhibitor A to reduce the NH3 evolution rate in the presence of both Fe
and Cu, this inhibitor is still effective at reducing the oxidative degradation of MEA.
Three different oxidation states of Inhibitor A were selected for study, ranging
from a moderately reduced oxidation state to a high oxidation state. Two different salts
with different reduced oxidation states were tested, and both salts behaved the same
way in terms of the inhibiting behavior. The oxidized form of the salt was less effective
at inhibiting the oxidative degradation of MEA for the Cu catalyzed system, as shown

in Figure 5.3.
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Figure 5.3 Effect of the Oxidation State of Inhibitor A on the Oxidative Degradation of
MEA with Copper (55°C, 7.0 m MEA, o =0.15, 1400 RPM, Baseline = 0.15 mM/hr)
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5.2.1.1. Miscellaneous Solution Observations with Inhibitor A

The gas phase FT-IR analysis looked at a range of compounds detailed in
Chapter 3. In general, the only detectable compounds were acetaldehyde and
formaldehyde (occasionally). The acetaldehyde was present at a concentration of less
than 5 ppm, and decreased as the rate of NH; evolution decreased. Formaldehyde was
generally not detectable. When solutions containing Inhibitor A were sealed overnight,
there was a spike of acetaldehyde and formaldehyde when the experiment was started
the next day. After this initial inventory had been stripped from the solution, the
concentration of the compounds in the gas phase was undetectable.

When neutral salts of Inhibitor A were added to the Agitated Reactor, no
significant temperature change was observed for one of the reduced oxidation state
salts, however, the second form of the reduced salt showed a noticeable temperature
spike upon addition to the MEA solution. The oxidized form of Inhibitor A showed a
temperature decrease upon addition and the temperature of the heat bath had to be
increased by ~ 0.5°C in order to keep the temperature constant in the reactor.

For systems containing no inhibitor, the solution is a clear orange color when the
system reaches the initial steady state. Upon the addition of Inhibitor A, the solutions
change color, sometimes slowly, to a clear yellow color (straw colored). This transition
generally occurs between a concentration of 25 mM and 100 mM of Inhibitor A. The
oxidized form of Inhibitor A made the solutions a yellowish-orange color
(approximately the color of orange juice), but these solutions were more orange than

any of the other solutions. Solutions containing only Cu were stable when sealed
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overnight and did not change color. Solutions containing Fe, including the mixed Cu
and Fe solutions, turned a dark red color (sometimes a very dark purple) when sealed
overnight. These solutions were so dark that they almost appeared to be opaque, but in
actuality were clear. When the solutions were again sparged with air, the color turned
back to a light orange color, but never completely turned yellow. When the air sparging
was turned off, these solutions again turned the dark red color within a half hour. UV-
VIS analysis was performed on samples after the end of the experiments in order to

attempt to quantify the observed colors. Details can be found in Appendix H.

5.2.2. NCIZSOg

Na,S0s is a known oxygen scavenger that is used in a range of applications
varying from boiler feed-water treating to food packaging (Hakka and Ouimet 2004;
Somogyi 2004; White 2001). One drawback of O, scavengers is that they are
consumed at the rate of O, absorption and must be constantly fed to the system.
Additionally, they form oxidized degradation products that accumulate and must be
purged from the solution. The kinetics of sulfite oxidation in aqueous solutions is
known to be very fast and the rate of oxidation is controlled by the rate of O, absorption
(Lee 1986; Ulrich 1983).

SO; is regulated pollutant in flue gas, and is currently removed by absorption in
a limestone slurry scrubber. SO, reacts quickly with O, in MEA solutions to form
sulfate (SO47), forming a heat stable salt with MEA (Kohl and Nielsen 1997). This

heat stable salt binds up the amine and prevents it from reacting with CO,, effectively
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reducing the capacity of the solvent. In order to regenerate the solvent, a slip stream
from the stripper bottoms is sent to a reclaimer. For applications containing SO, the
minimum rate of reclaiming is equal to the moles of SO, absorbed into the MEA
solvent. Typical coal fired flue gas will contain approximately 100 ppm, SO, after the
limestone slurry scrubber, but most estimates suggest that this will need to be reduced
to less than 10 ppm, to reduce the rate of solvent reclaiming (ABB 1998). Since there is
always some SO, present in coal fired power plant flue gas, SO, represents a viable
additive for reducing the oxidative degradation of MEA since this scavenger will not
need to be bought and added continuously to the solvent.

Figure 5.4 shows the effect of Na,SO; on the rate of NHj3 evolution from 7.0 m
MEA solutions. With Cu catalysis the relative rate of NH3 evolution decreases as more
Na,S0s is added to solution up to 100 mM, resulting in a decrease in NH3 evolution by
a factor of 6 from 20 mM to 100 mM. Above 100 mM, the rate begins to increase until
the solubility limit is reached, between 0.8 M and 1.0 M. Since this additive is an O,
scavenger and does not affect or participate in the mechanism of MEA degradation, the
inhibiting power is independent of CO, loading. The increase in the relative rate of
NH; evolution above 100 mM could be explained by conjugated oxidation or enhanced
O, mass transfer. It has been observed that both Cu and Fe can enhance the rate of O,
absorption into aqueous solutions of sulfite at concentrations as low as 0.1 mM (Ulrich
1983). The increase in NH; evolution at higher concentrations of Na,SO; with Cu
could be due to enhanced O, mass transfer into the amine solution. This continues to

increase until the solubility limit of Na,SOj; is reached between 0.8 M and 1.0 M.
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Figure 5.4 Effect of Sulfite on the Oxidative Degradation of MEA in the Presence of
Copper or Iron (55°C, 7.0 m MEA, 1400 RPM, Baseline = 0.15 mM/hr)

Na,SOs; also decreases NHj3 evolution catalyzed by Fe, although it is not as
effective at inhibiting Fe as Cu. The rate of NH;3 evolution decreases by approximately
40% when the Na,SO; concentration is increased from 12 mM to 670 mM. The Fe
system does not appear to exhibit the same minimum in NHj3 evolution as the Cu
catalyzed degradation. Since the slope of the Na,SO; / Cu system is much steeper than
the curve for Na,SO; / Fe this also indicates that Cu is a better catalyst for sulfite
oxidation. In a previous study measuring the effect of transition metals on the rate of
sulfite oxidation in aqueous solutions, the rate constant for Cu was shown to be more

than an order of magnitude higher than the rate constant for Fe (Ulrich 1983). Other
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studies have shown that sulfite oxidation shows a square root dependence on the
catalyst concentration, independent of the metal being used, and the dependence on O,
and SO;” concentration is also independent of catalyst (Barron and O'Hern 1966;
Bengtsson and Bjerle 1975; Chen and Barron 1972; Conklin and Hoffmann 1988). For
the scavenger systems, the O, can react with the scavenger or the amine. Assuming that
the rate of O, consumption is constant for the cases in Figure 5.4, the larger slope of the
Cu curve further confirms that Cu is a better catalyst than Fe for sulfite oxidation.
Na,SOs; inhibits both Cu and Fe catalyzed degradation of MEA to some extent;
therefore, the presence of SO, in the absorber feed may be helping to reduce the rate of
oxidative degradation of MEA in commercial CO, capture systems. While Na,SOs is
not as effective an inhibitor as Inhibitor A, it is a “free” additive in coal fired power
plant applications, and some benefit may be derived by allowing some SO, to enter the

CO; removal process.

5.2.2.1. Miscellaneous Solution Observations with Na,SO;

Na,SO; was added to the Agitated Reactor as a solid. No significant
temperature change was observed for either Cu or Fe solutions upon addition of
Na,S0s;. Gas phase concentrations of formaldehyde were generally undetectable, and
the concentration of acetaldehyde ranged from 2 to 4 ppm,. Unlike the behavior of
acetaldehyde in the presence of Inhibitor A, acetaldehyde concentrations remained
constant through the sulfite experiments and did not noticeably change with increasing

Na,SO; concentration.
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For systems containing no inhibitor, the solution is a clear orange color when the
system reaches the initial steady state. Upon the addition of Na,SOs, the solutions
behave like the solutions with Inhibitor A, changing to a clear yellow color (straw
colored). When solutions containing Na,SO; and either Cu or Fe were sealed
overnight, the solutions returned to the orange color. If the solutions were then sparged
with air again, they stayed orange and did not turn yellow again. In experiments with
higher Cu concentrations (2.3 mM Cu on 01/28/04 and 01/29/04) the solutions turned
emerald green when the solution was sealed overnight, and turned back to yellow the
next day when it was sparged with air. Unlike solutions with Inhibitor A and Fe,
solutions with Na,SO3 and Fe did not turn red when sealed overnight. Details of UV-

VIS scans for these samples can be found in Appendix H.

5.2.3. Formaldehyde

In Chapter 2 it was shown that formaldehyde is an expected intermediate in the
oxidative degradation of MEA. It has also been shown that formate is an observed
degradation product in industrial processes, and it likely comes from the oxidation of
formaldehyde. Since aldehydes are easily oxidized to the corresponding carboxylic
acids in the presence of O, (Fessenden and Fessenden 1994), and since formaldehyde
should be present to some extent in industrial CO; capture applications as a degradation
intermediate, formaldehyde is a suitable compound to screen as a possible degradation
inhibitor. While formaldehyde itself is considered an air toxic under the Clean Air Act

(EPA 1990), the presence of O, should oxidize the formaldehyde to formate and thus

132



minimize the potential environmental impact from releasing formaldehyde to the
atmosphere. Since formate is also a heat stable salt that neutralizes MEA just like
sulfate, it must also be removed from the solution via solvent reclaiming.

Figure 5.5 shows the effect of formaldehyde on the relative rate of NHj
evolution with 7.0 molal MEA solutions at lean CO; loadings. With both Cu and Fe the
rate of NH; evolution decreases as the concentration of formaldehyde is increased. Just
like Inhibitor A and Na,SOs;, formaldehyde is a more effective inhibitor for Cu than for
Fe catalyzed degradation. When the concentration of formaldehyde is increased from ~
50 mM to ~ 250 mM the Cu catalyzed degradation is decreased by a factor of 5, while
the Fe catalyzed degradation is only decreased by a factor of 1.5. Assuming that the
form of the kinetic expression for formaldehyde oxidation is the same for both Cu and
Fe and that the total rate of O, consumption is unchanged for each data point, Figure 5.5
indicates that Cu is a better catalyst than Fe for oxidizing formaldehyde.

Formaldehyde is potentially a better inhibitor than Na,SOj; since it is not
solubility limited at higher concentrations, and appears to shut down Cu catalyzed
degradation at 500 mM. Na,SO; is more effective at lower concentrations than
formaldehyde, but both show significant inhibiting effects at concentrations of 100 mM.
Since formaldehyde is an intermediate in the degradation mechanism, this means that
the oxidative degradation of MEA is possibly self limiting, in that that the degradation

products being formed begin to compete with MEA for the available oxygen.
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Figure 5.5 Effect of Formaldehyde on Copper or Iron Catalyzed Oxidative
Degradation of MEA (55°C, 7.0 m MEA, a = 0.15, 1400 RPM, Baseline = 0.15 mM/hr)

5.2.3.1. Gas Phase Aldehyde Analysis

Several forms of formaldehyde were used in these experiments. Initially,
formaldehyde was added to the reactor as formalin solution (37.8 wt. % formaldehyde,
11.0 % methanol, 51.2 wt. % water), but the methanol made IR analysis very difficult
and the formaldehyde was easily stripped from the solution. In order to help combat
this, a solution was prepared containing 30 wt. % MEA by adding MEA to the formalin
solution. When the MEA was added to the solution a gas was evolved and the solution
heated to the point where the solution was almost boiling. Experiments 07/28/04 and

07/29/04 were run with this solution, and the formaldehyde volatility was decreased, but
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the methanol still interfered with the IR analysis. All other experiments were run using
paraformaldehyde solid as the source of formaldehyde to minimize volatility losses.
Generally, formaldehyde and acetaldehyde vapor concentrations are less than 5
ppm,. When formaldehyde is added to the MEA solution, there is a spike in
acetaldehyde concentration which decreases to a concentration lower than the steady
state value before formaldehyde addition. This trend was consistently observed, and the
concentration of formaldehyde was always less than 10 ppm,. At concentrations of
formaldehyde below ~ 100 mM, acetaldehyde has a higher gas concentration, and
somewhere between 100 mM and 250 mM formaldehyde has the highest gas
concentration. Figure 5.6 shows an example of this from the 7/29/04 experiment. At a
formaldehyde concentration of 91 mM, the gas concentrations of formaldehyde and
acetaldehyde are 1 ppm, and 3.8 ppm, respectively. After then next addition, bringing
the dissolved formaldehyde concentration to 260 mM, the gas concentrations of

formaldehyde and acetaldehyde are 2.8 ppm, and 0.8 ppm, respectively.
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Figure 5.6 Example of Gas Concentrations of Acetaldehyde and Formaldehyde
(55°C, 7.0 m MEA, a = 0.15, 0.22 mM Cu, 1400 RPM, 07/29/04)

5.2.3.2. Formaldehyde and Inhibitor A

blend of Inhibitor A and formaldehyde. Inhibitor A was added at a concentration of
48.0 mM, which was selected by examining Figure 5.1. This concentration was enough
to significantly inhibit the NHj rate, but the rate is still ~ 6 times the baseline rate of
0.15 mM/hr. Formaldehyde was then added to the solution, and the results are shown in
Figure 5.7. At concentrations of formaldehyde below 150 mM the system behaves as if
the solution only contained Inhibitor A, while at concentrations above 150 mM

formaldehyde the solution behaves as if there were no Inhibitor A in solution. Based on

Since formaldehyde is a better inhibitor than Na,SO;, it was desired to try a

this, there is no benefit of using a blend of Inhibitor A and formaldehyde.
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Figure 5.7 Inhibitor A/Formaldehyde Mixed System for Inhibiting Fe Catalyzed
Degradation of MEA (55°C, 7.0 m MEA, a = 0.15, 1400 RPM, Baseline = 0.15 mM/hr)

5.2.3.3. Miscellaneous Solution Observations with Formaldehyde

The addition of the MEA/formalin mixture to the Agitated Reactor did not result
in any noticeable temperature change. Just as the addition of MEA to formalin was
exothermic, the addition of paraformaldehyde to the reactor resulted in a noticeable
temperature spike of 0.5 to 1.2°C, depending on the amount of solid added. The reactor
temperature exponentially decreased over a matter of several minutes to the temperature
prior to addition.

The color of solutions containing formaldehyde follows basically the same trend
as solutions with Inhibitor A and Na,SOs;. The solutions start out orange and turn

yellow as the NHj evolution rate decreases. Fe solutions turn dark red when sealed
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overnight, and remain orange (although a lighter shade of orange than the color before
the initial addition of formaldehyde) when sparged with air the next day. Details of the

UV-VIS scans for these experiments can be found in Appendix H.

5.2.4. Hydroquinone and Ascorbic Acid

Not all O, scavengers are effective at inhibiting the oxidative degradation of
MEA. Hydroquinone is a known O, scavenger in alkanolamine systems (Veldman and
Trahan 1997; Veldman and Trahan 2001). Industrial applications that use
hydroquinone are typically O, starved, so the behavior of hydroquinone in a flue gas
application with excess O, could be quite different. Figure 5.8 shows that upon addition
of 11 mM hydroquinone to an MEA solution, the rate of NHj3 evolution actually
increases by more than a factor of 4. As the hydroquinone is oxidized, the rate of NHj3
evolution decreases and eventually returns to the original value. Similar behavior is
also observed for ascorbic acid, a known free radical scavenger used as an antioxidant
in food packaging (Somogyi 2004). When 65.5 mM ascorbic acid was added to a 7.0
molal MEA solution the rate of NH3 evolution increased by more than a factor of 2.5

and decreases to the original value as the ascorbic acid is consumed.
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Figure 5.8 Effect of Hydroquinone on the Oxidative Degradation of MEA in the
Presence of Copper (55°C, 7.0 m MEA, a = 0.15, 0.21 mM Cu, 1400 RPM)

Hydroquinone and ascorbic acid do not contain nitrogen, so the increase in NH3

evolution must come from the degradation of MEA. Both of these additives form

“stable radicals” when they interact with O,. Since the mechanism of the oxidative

degradation of MEA is initiated by free radicals, the intermediates from hydroquinone
and ascorbic acid oxidation catalyze the degradation of MEA. The addition of either of
these compounds appears to produce a stoichiometric concentration of NH3 which will
be addressed in more detail in Section 5.2.6. Since these O, scavengers increase the

rate of NHj3 evolution, they are not suitable additives for an industrial process to inhibit

the oxidative degradation of MEA.
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5.2.4.1. Miscellaneous Solution Observations with Hydroquinone and

Ascorbic Acid

No observable temperature change was detected when the hydroquinone was
added to the Agitated Reactor. Prior to the hydroquinone addition, the gas
concentration of acetaldehyde was 3 ppm, and formaldehyde was undetectable. After
the addition, the formaldehyde spiked to 9 ppm, and slowly decreased back to zero (at a
time of ~ 1100 min. in Figure 5.8) as the hydroquinone was consumed. As the
formaldehyde concentration spiked, the concentration of acetaldehyde fell to zero and
remained undetectable for nearly 3 hours (time of 700 min.) and rose to the initial value
of 3 ppm, by the time the formaldehyde had disappeared. After the hydroquinone was
added to the reactor, the solution went from the usual orange color to a brownish red
that was nearly opaque. This solution resembled prune juice in consistency and color.
After the experiment was over, the reactor was coated with a brown residue, and the
reactor had to be flushed several times with a dilute acid solution.

The addition of ascorbic acid caused a temperature increase of approximately
0.8°C, which decreased to the original value as the ascorbic acid was consumed. Along
with an increase in NHj evolution, the concentration of acetaldehyde increased from
approximately 3 to 6 ppm,, while formaldehyde increased from 0 to 7.5 ppm,. CO also
increased in concentration from 0 to 2.5 ppm,. The solution also changed color from
the usual orange to a very dark orange, almost red color. Details of the UV-VIS scans

for both hydroquinone and ascorbic acid can be found in Appendix H.
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5.2.5. Manganese Salts

The final additive examined as a possible inhibitor for oxidative degradation of
MEA is manganese. Limestone slurry scrubbers for SOy removal from flue gas use
organic acids as pH buffers, and Mn" has been shown to be an effective inhibitor for
organic acid oxidation (Lee 1986). Manganese was added to the oxidative degradation
experiments separately as MnSO,4 and KMnOy, and both forms of Mn showed catalytic
effects on the oxidation of MEA. Figure 5.9 shows the results from one experiment

with KMnOQOsy.
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Figure 5.9 Effect of KMnO, on the Oxidative Degradation of MEA
(55°C, 7.0 m MEA, o = 0.15, 0.21 mM Cu, 1400 RPM)
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Upon addition of Mn, NH3 evolution increased, decreased to a minimum, and
increased again. The maximum rate for Mn catalyzed degradation is higher than rates
observed for Cu catalyzed degradation at equivalent concentrations (recall data from
Chapter 4). Unlike Cu or Fe catalyzed degradation, the NHj rate changes with time for
Mn catalyzed degradation. This would indicate that Mn is participating in the oxidation
mechanism in a different way than either Cu or Fe.

The initial increase in rate indicates that Mn is reacting with an intermediate or
oxidizing a degradation product. If this reaction is faster than the Cu and MEA
reactions, the degradation rate would then decrease as the intermediate or degradation
product is consumed, and the oxidation state of Mn changes. In the absence of the
degradation product, Mn would be regenerated to the active oxidation state by reacting
with MEA or O,. If this Mn reaction is slower than the Cu and MEA reactions, the
intermediate or degradation product can accumulate. Mn then begins to react with this
compound increasing the rate of NHj3; evolution again. Once the degradation
product/reaction intermediate had again accumulated, Mn is regenerated by reacting
with the intermediate. Both Mn'™ and MnO,™ are known catalysts for the oxidation of
formate (Taylor and Halpern 1959; Wiberg and Stewart 1955), which is the primary
carboxylic acid degradation product of MEA (Rooney et al. 1998). This supports the
likelihood that Mn is oxidizing one of the degradation products or intermediates of

MEA degradation.
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NH; produced from adding Mn is not stoichiometric, which can be seen in
Figure 5.9. Since Mn shows catalytic effects on the rate of NH3 evolution, it is an

unsuitable additive for inhibiting oxidative degradation.

5.2.5.1. Miscellaneous Solution Observations with Mn Salts

The addition of either Mn salt produced no noticeable effect on the temperature
of the reactor. Additionally, no noticeable trends were observed with the gas phase
concentration of other degradation products. Solutions turned from the normal orange
color to a brown color. At concentrations above 6 mM Mn, a black solid formed, and a
brownish scale was observed coating the inside of the glass reactor for all the Mn
experiments. Cleaning was difficult and usually required rinsing with a strong chelating
agent, EDTA, then a dilute acid rinse, and then flushing several times with water. This
was repeated up to three times to ensure the reactor was completely clean. Details of

the UV-VIS scans for the Mn experiments can be found in Appendix H.

5.2.6. Scavenger Consumption and Stoichiometry

Inhibitor A is not consumed by O,; however, the O, scavengers tested, Na,SOs,
formaldehyde, hydroquinone, and ascorbic acid, are consumed stoichiometrically at the
rate of O, absorption. Scavengers that are oxidized must be continually replaced, and
the degradation products must be removed to avoid accumulation in the circulating
solvent. This makes Na,SO; and formaldehyde less attractive as oxidation inhibitors
than Inhibitor A, but they are still viable alternatives. The reclaimer, shown in the PFD

in Figure 1.3, serves a dual purpose in the MEA process. The first is to remove the
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MEA degradation products and the second is to remove sulfate which accumulates from
the absorption of SO, in the flue gas. If the degradation of MEA is completely
inhibited, the reclaimer must still be run in order to purge the sulfate. While adding an
O, scavenger which degrades creates additional degradation products that must also be
purged, the net effect on the reclaimer heat duty can still be decreased.

Both Na,SO; and formaldehyde are consumed over time, and show a
stoichiometric decrease in NH; production. Hydroquinone and ascorbic acid increase
the rate of NH; evolution, and also show a stoichiometric relationship to the amount of
NH; produced. Table 2 shows a comparison of the stoichiometry for additives tested in
this section. The stoichiometry was calculated by taking the difference between the
expected NHj3 evolution (at the base rate conditions) and the actual observed NHj
evolution over the observed time of the inhibition/catalysis, and normalized by the

moles of additive.

Table 5.3 Stoichiometric Effects of Various Additives on NH; Evolution from
Oxidizing MEA Solutions (55°C, 7.0 m MEA, o =0.15, 0.21 mM Cu, 1400 RPM)

Molar Stoichiometry
Additive Additive / NH; Additive / NH;3
Avoided Produced

Inhibitor A - —
Na,SOs; 5.8
Formaldehyde 15.5 —
Hydroquinone - 2.6
Ascorbic Acid -—- 0.7
Manganese - not stoichiometric
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5.3. Chelating Agents

Chelating agents are compounds that chemically bond with dissolved metals.
An effective chelator for oxidation inhibition would render the metal catalysts inactive.
For this study, a representative organic and inorganic chelating agent was selected for
analysis. The tetra-sodium salt of ethylene-diamine-tetra-acetic acid (EDTA) was
selected as the organic chelator. EDTA is widely acknowledged as a strong chelating
compound, having four carboxylic acid groups available to co-ordinate with dissolved
metals. Experiments from the 1960’s, performed by the U.S. Department of the Navy,
identified EDTA as an additive to stabilize MEA solutions to oxidative degradation
(Blachly and Ravner 1964; 1965; 1966). These studies also identified bicine as a
stabilizer, but it was much less effective. Previous studies in this research group
confirmed these findings, and found that EDTA was the most effective chelating agent
for both Fe and Cu (Chi 2000; Goff and Rochelle 2003). Two inorganic chelating
agents were selected: tri-sodium phosphate (Na;PO,) and sodium tetra-sulfide (Na,Ss).
Figure 5.10 compares the results for the inhibiting effect of EDTA and phosphate.

EDTA is clearly a more effective inhibitor than phosphate. Relative to the
initial rate, EDTA shows a 65% reduction in NH3 evolution at a 0.9:1.0 ratio of EDTA
to Cu, but the rate is still 14 times the baseline rate. This is much higher than the rates
observed with Inhibitor A, Na,SOs, or formaldehyde, although the concentration of
EDTA is significantly lower. Phosphate is only a weak inhibitor, resulting in an NHj3
evolution rate 24 times that of the baseline case (23% reduction) at a 474:1 ratio of

phosphate to Cu. Phosphate is a stable compound that is not oxidized and doesn’t
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degrade. While EDTA shows a significant decrease in NHj; evolution at low
concentrations, experiments showed that over time EDTA was no longer inhibiting the

degradation.
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Figure 5.10 Inhibiting the Oxidative Degradation of MEA with EDTA or Phosphate
(55°C, 7.0 m MEA, a = 0.15, 0.20 mM Cu, 1400 RPM, Baseline = 0.15 mM/hr)

Fe is a known catalyst for EDTA oxidation (Seibig and van Eldik 1997), and Cu
could also be a catalyst. It appeared that over the course of the experiment the rate of
NH; evolution increased as EDTA was being consumed. The Navy studies from the
1960’s did not observe the consumption of EDTA since the rate of O, mass transfer in
these experiments was significantly less than rates in the current apparatus (Goff and

Rochelle 2004). If EDTA is oxidized, the degradation products would accumulate in an
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absorber/stripper system and must be removed, and the EDTA must be replaced. A
second possibility to explain the decline in inhibition is that the complexed form of Cu
is still an active catalyst. This could result in a change in stoichiometry or mechanism,
resulting in a time lag in NH3 production. Since EDTA is consumed over time and both
EDTA and phosphate are weak inhibitors compared to Inhibitor A, Na,SO;, and
formaldehyde, chelating agents appear to be unsuitable alternatives for minimizing
oxidative degradation of MEA in an industrial application.

Na,Sy4 is a known compound for precipitating metal compounds. Experiments
performed with loaded MEA solutions showed that a precipitate formed when Na,S,
was added to solutions containing Cu. This would effectively decrease the oxidative
degradation rates, but would eliminate the corrosion inhibitor, which was added to the
process in the first place. While this experiment shows that Na,S, is an effective
compound for precipitating metals from loaded MEA solutions, it is an unacceptable

solution for implementation in a CO; capture process.

5.3.1. Miscellaneous Solution Observations with EDTA and Na;PO,

The addition of EDTA and K3;PO4 did not result in any noticeable temperature
difference in the reactor. Additionally, no noticeable trends were observed with the gas
phase concentration of other degradation products. Solutions did not change color
noticeably upon the addition of either EDTA, while the KsPOj4 solution turned a darker

orange color. Details of the UV-VIS scans can be found in Appendix H.
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5.4. Stable Salts

Three stable salts, potassium chloride, potassium bromide, and potassium
formate, were added to MEA solutions at concentrations up to 1.1 M. The results of the
salt experiments can be seen in Figure 5.11. The addition of KCl resulted in an increase
in the rate of NH3 evolution. Neutral salts are known to increase the rate constants in
reactions involving charged intermediates. A recent study has shown a significant
catalytic effect with the addition of KCl on the rate constant of piperazine, a cyclic
diamine, with CO; (Cullinane 2005). While the salts can increase the rate constants of
the kinetics, the increase in ionic strength generally decreases the solubility of gases in
water. If the increase in the kinetics is larger than the decrease in the solubility of O,,
the overall rate of NH; evolution can increase.

Both potassium formate and potassium bromide slightly decrease the rate of
NHj; evolution. The relative rate of NH; evolution is still 34 times the base rate (15%
reduction) at a potassium formate concentration of 775 mM and 29 times the base rate
at a potassium bromide concentration of 1.0 M. Potassium formate is of particular
interest since formate has been shown as a significant degradation product of MEA and
will accumulate in the amine solution in an industrial application (Rooney et al. 1998).

While both KBr and potassium formate show an ability to inhibit NH; evolution,
the effect is very weak compared to the scavengers that were tested. The high
concentrations required to achieve even a minimal reduction in degradation rates makes
stable salts an unsuitable method for minimizing oxidative degradation of MEA. While

adding salts that are not normally present is economically unfeasible, Figure 5.11 shows

148



that allowing formate to accumulate to significant concentrations will give some benefit

by mildly reducing NHj evolution.
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Figure 5.11 Stable Salt Effect on Copper Catalyzed Oxidative Degradation of MEA
(55°C, 7.0 m MEA, a.=0.15, 0.21 mM Cu, 1400 RPM, Baseline = 0.15 mM/hr)

5.4.1. Miscellaneous Solution Observations with Stable Salts

The addition of potassium chloride, bromide, and formate did not result in any
noticeable temperature difference in the reactor. Additionally, no noticeable trends
were observed with the gas phase concentration of other degradation products.
Solutions containing potassium chloride and bromide did not change color noticeably
and remained an orange color. Solutions containing potassium formate remained an

orange color, but the solution containing 775 mM formate turned a dark red after the air
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sparging and agitation were stopped. Details of the UV-VIS scans can be found in

Appendix H.

5.5. Degradation Inhibitors and Corrosion

While Inhibitor A, Na,SOs;, and formaldehyde all show promise as viable
additives for oxidative degradation inhibition, the effect of the compounds on corrosion
is unknown. No corrosion experiments have been performed with these additives in an
MEA solution. Initial literature findings suggest that Inhibitor A is also a corrosion
inhibitor. This dual inhibition capacity makes Inhibitor A an extremely attractive
additive for MEA solutions; however, detailed corrosion studies must be performed
before any of these compounds could be put into service in an industrial CO; capture
plant. Since both heat stable salts and chelating agents would likely increase the
corrosion rates of steel, this gives an additional reason for excluding these classes of

compounds as possible additives to decrease oxidative degradation of MEA.

5.6. Conclusions

In Chapter 4 it was shown that the rate of oxidative degradation of MEA is
likely controlled by rate of O, absorption under typical conditions in a flue gas treating
application. In order to minimize oxidative degradation, several categories of additives
have been tested as possible inhibitors: O, scavengers and reaction inhibitors, chelating

agents, and stable salts. Of the additives tested, only the O, scavengers and reaction
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inhibitors show a significant enough reduction in the rate of NHj evolution to make
these viable additives in an industrial application.

Inhibitor A is an inorganic compound that is stable and not consumed, and acts
as a reaction mechanism inhibitor. It was shown to be effective at inhibiting oxidative
degradation catalyzed by Cu, Fe, and both Cu and Fe. The NH; evolution rate was
equal to the baseline rate at 250 mM Inhibitor A for solutions with oo = 0.15 and at 100
mM Inhibitor A for solutions with o = 0.40. Inhibitor A is also more effective at
inhibiting Cu catalyzed degradation than Fe catalyzed degradation.

Na,SO; and formaldehyde were also shown to be effective degradation
inhibitors, and were independent of CO, loading. Like Inhibitor A, these O, scavengers
were more effective at inhibiting Cu catalyzed degradation than Fe catalyzed
degradation. Neither of the scavengers were as effective as Inhibitor A and both are
consumed stoichiometrically at the rate of O, absorption. For the Cu solutions the
relative rate of NH3 evolution decreases as more Na,SO; is added to solution, up to 100
mM, resulting in a factor of 6 decrease in NHj evolution from 20 mM to 100 mM.
Above this concentration the NH3 evolution increases until the solubility limit between
0.8 M and 1.0 M. The rate of NH3 evolution decreases by approximately 40% when the
Na,SOs concentration is increased from 12 mM to 670 mM. The Fe system does not
appear to exhibit the same minimum in NH3 evolution as the Cu catalyzed degradation.

When the concentration of formaldehyde is increased from ~ 50 mM to ~ 250
mM the Cu catalyzed degradation is decreased by a factor of 5, while the Fe catalyzed

degradation is only decreased by a factor of 1.5 when a = 0.15. Formaldehyde is
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potentially a better inhibitor than Na,SOs; since it is not solubility limited at higher
concentrations, and appears to shut down Cu catalyzed degradation at concentrations
500 mM. Na,SOs; is more effective at lower concentrations than formaldehyde, but
both show significant inhibiting effects at concentrations of 100 mM.

Two other well known oxidation inhibitors, hydroquinone and ascorbic acid,
increase the rate of NH; evolution. Hydroquinone increases the rate by more than a
factor of 4 at a concentration of 11 mM, while ascorbic acid increases the rate by a
factor 2.5 at a concentration of 65.5 mM. As hydroquinone and ascorbic acid are
consumed the rate decreases to its original value. Since both hydroquinone and
ascorbic acid increase the rate of NHj; evolution, they are ineffective oxidation
inhibitors.

Under experimental conditions in this study, MnSO4 and KMnQOy4 both showed
complex catalytic activity by increasing the rate of NH; evolution. The increase in NHj
evolution is not stoichiometric to the amount of Mn added to solution. The catalytic
activity of Mn makes this an unsuitable additive for inhibiting oxidative degradation.

Scavengers are consumed stoichiometrically at the rate of O, mass transfer. In
an industrial application the scavengers must be replaced, and the degradation products
must be removed to avoid accumulation in the circulating solvent. The molar ratio of
additive to NH3 avoided is 5.8 and 15.5 for Na,SO; and formaldehyde respectively.
Hydroquinone and ascorbic acid have a molar stoichiometry of 2.6 and 0.7

additive/NH; produced.
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EDTA can inhibit NH3 production by 65% at a 0.9 to 1 ratio of EDTA to Cu,
while phosphate only reduces NHj3 evolution by 23% at a 500 to 1 ratio. While
phosphate is a stable compound, EDTA loses inhibiting capacity with time. Since
EDTA is consumed by reacting with O, and phosphate is a weak inhibitor, chelating
agents are not viable additives for reducing oxidative degradation of MEA in an
industrial process.

Three stable potassium salts, chloride, bromide, and formate, were chosen to
increase the ionic strength and decrease the dissolved O, solubility. These salts proved
to be ineffective inhibitors even at concentrations above 1.0 M. While KCI appears to
weakly increase the degradation rates, both KBr and potassium formate are weak
inhibitors.  Formate, the primary carboxylic acid degradation product of MEA,
decreases the NHj evolution by 15% at 0.55 M.

While Inhibitor A, Na,SO;, and formaldehyde show promise as additives for
reducing the oxidative degradation of MEA, the effect of these compounds on the
corrosion of steel has not been tested. Although initial literature findings indicate that
Inhibitor A is also a corrosion inhibitor, detailed corrosion studies must be performed

before these chemicals could be used in an industrial application.
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Chapter 6: Conclusions and Recommendations

This chapter details the key findings of this study on the oxidative degradation
of monoethanolamine. Results are presented from the O, mass transfer study and the
study on degradation inhibitors. This project shows that under significant laboratory
and industrial conditions, the rate of oxidative degradation is controlled by the rate of
O, mass transfer. Three compounds were identified as potential additives in an
industrial application to inhibit oxidative degradation. Finally, recommendations are

made for future work on oxidative degradation of MEA.

6.1. Conclusions Summary

The oxidative degradation rate of MEA was quantified by measuring the rate of
NHj; using FT-IR gas analysis. This study used a Sparged Reactor and an Agitated
reactor, both of which were jacketed and temperature controlled to within £1°C. The
rate of NHj evolution was quantified at 55°C, which was representative of absorber
conditions in a typical MEA absorption/stripping process for CO, removal from flue

gas. The first part of the work focused on quantifying the effect of O, mass transfer
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rates on the rate of NHj evolution, and the second part of the study examined a number
of chemical additives as potential degradation inhibitors.

The study on O, mass transfer shows that under significant experimental and
industrial conditions, the rate of NHj; evolution is controlled by the rate of O,
absorption. Under some experimental conditions the rate of NH; evolution depends on
only kinetics, and under other conditions the rate shows effects of both kinetics and O,
mass transfer. In general, the rate of NH; evolution increased as the agitation rate was
increased, and also increased linearly with increasing O, concentration. At low
concentrations of catalyst (less than 0.5 mM Fe or Cu) and MEA (less than 2.0 m), the
rate of NH; evolution was controlled by the degradation kinetics. At high
concentrations of catalyst (above 0.5 mM Fe or Cu) and MEA (above 7.0 m) the rate of
NH; evolution was controlled by the rate of O, mass transfer. Solutions between 2.0
and 7.0 m MEA showed effects of both O, mass transfer and degradation kinetics.

Previously reported degradation studies using sparged reactors were compared
to the current study, and were found to report lower degradation rates at conditions
expected to give lower rates of O, mass transfer. This indicates that the previous
studies were also mass transfer limited and were reporting O, absorption rates and not
degradation kinetics. Industrial degradation rates were predicted for CO, capture from
a natural gas fired power plant assuming degradation occurs only in the packing and is
limited by the rate of O, absorption. The results under-predict the rates reported in the
literature, indicating that under industrial conditions the oxidative degradation of MEA

is probably controlled by the rate of O, absorption into the amine solution.
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In order to minimize oxidative degradation, several categories of additives have
been tested as possible inhibitors: O, scavengers and reaction inhibitors, chelating
agents, and stable salts. Of the additives tested, only the O, scavengers and reaction
inhibitors show a significant enough reduction in the rate of NHj evolution to make
these viable additives in an industrial application. Inhibitor A acts as a reaction
mechanism inhibitor, is a stable inorganic compound, and is the best of the tested
additives for inhibiting oxidative degradation of MEA. Na,SO; and formaldehyde both
act as O, scavengers and are consumed stoichiometrically at the rate of O, mass
transfer. All three inhibitors are more effective at reducing Cu catalyzed degradation
and effectively reduce oxidative degradation at concentrations of approximately 100 to

250 mM for all three inhibitors.

6.2. O, Mass Transfer Conclusions

Experiments performed in the Sparged Reactor and the Agitated Reactor
indicate that over a range of significant laboratory and industrial conditions the
oxidative degradation of MEA is controlled by the rate of O, absorption. Under some
experimental conditions the rate of NHs evolution appears to be controlled by the
degradation kinetics, and under other conditions the rate shows effects of both kinetics

and O, mass transfer. The conditions for these three sets of data are detailed below.
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6.2.1. Effects of Degradation Kinetics

Below 0.2 mM Fe or Cu in the Sparged Reactor, the rate of NH;3 evolution
shows a dependence on the catalyst concentration consistent with kinetic control. The
same phenomenon is observed in the Agitated Reactor for Fe and Cu below 0.5 mM.
The rates of NH; evolution by Cu catalysis are always higher than the rates observed
with Fe catalysis at the same concentrations in the Kinetic Regime and the Diffusion
Regime. A change in the overall O, stoichiometry with different catalysts (Fe
compared to Cu) would result in a change in NH3 evolution even if the system were
mass transfer controlled.

The concentration of free MEA appears to affect the rate of NH3 evolution. This
was measured in three different ways. For solutions of 7.0 m MEA the rate of NH;j
evolution varied with CO, loading as follows: o = 0.40 < 0.0 < 0.15. This is different
from the expected results based on mass transfer conditions; as a increases the viscosity
and ionic strength increase, and the O, solubility and diffusivity should decrease. This
is consistent when comparing the results for the loaded solutions, but does not explain
the high rates observed in solutions with zero loading. To examine the effect of the
MEA carbamate, solutions were loaded with sulfuric acid (instead of CO;) to match
both pH and CO, loadings. The order of the rate of NH; evolution as a function of
equivalent CO, loading changed in these solutions to: o = 0.40 < 0.15 < 0.0. This

follows the trend of NH; evolution increasing with free MEA concentration, but
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indicates the presence of the MEA carbamate can be affecting the degradation
mechanism or kinetics.

For 1.0 and 2.0 m MEA at a. = 0.15, the rate of NH; evolution shows only a very
weak dependence on the rate of agitation (~ 20% change when agitation changes from
700 to 1400 RPM) and O, concentration. Under these conditions the rate appears to be
approximately pseudo-first-order with O, and first order with MEA. The pseudo-first-
order dependence on O; is consistent with operating in the Kinetic Regime, where the

bulk liquid is saturated with O,.

6.2.2. Effects of O, Mass Transfer

The rate of NH3 evolution from solutions in the Sparged Reactor is a factor of 2
lower than the rate from the same solutions in the Agitated Reactor at 1400 RPM. This
can only be explained by O, mass transfer limitations in the Sparged Reactor. Above
0.2 mM and 0.5 mM catalyst for the Sparged Reactor and Agitated Reactor
respectively, the rate of NHj3 evolution is independent of catalyst concentration. This
indicates that the system is operating in the Diffusion Regime and the rate of NHj
evolution is controlled by the rate of O, absorption into the bulk solution. At
concentrations above 3.5 mM Cu, the rate begins to increase again as the system enters
the Fast Reaction Regime and kinetics again control the overall rate of NH3 evolution.

Solutions of 7.0 m MEA with lean CO; loading show significant dependence of
the rate of NH; evolution on the agitation rate. When no additional Fe is added to the

solution, the agitation shows no effect on the rate of NH; evolution below 800 RPM.
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The rate of NHj evolution from solutions with 0.14 mM Fe show a weak dependence on
agitation rate over the entire range, while solutions with 0.20 mM Cu show a strong
dependence on agitation increasing by a factor of 3 up to 1400 RPM.

Lean loaded amine solutions with 3.5 to 14.0 m MEA show a linear dependence
of the rate of NH; evolution on the bulk gas O, concentration. For systems controlled
by the rate of O, absorption, the rate of NH; evolution depends on a partial pressure
driving force of O, concentration. A decrease in the gas concentration of O, results in a
decrease in NH3 evolution, which is consistent with the observed results. When the
MEA concentration is increased from 7.0 to 14.0 m MEA at 1400 RPM the rate of NH3
evolution does not significantly increase. This indicates a mass transfer limitation since
the rates no longer follow the trends observed in the Kinetic Regime. As the viscosity
and ionic strength increase, the O, solubility and diffusivity decrease, and the rate of
NH; evolution should decrease. Since other important mass transfer parameters, like
surface tension and O, solubility, are unknown for this system, a slight increase in the
overall NH; evolution rate still indicates mass transfer control.

Previously reported degradation studies reported lower degradation rates under
lower O, mass transfer conditions, indicating that these studies were also O, mass
transfer limited. Results from the previous studies were re-analyzed to determine the
mass transfer capabilities of the respective systems. To compare results from studies
performed over a wide range of conditions, the maximum reported degradation rate was
normalized by the bulk gas O, concentration, to assume mass transfer control. Results

from this analysis show that the current study reports significantly higher degradation
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rates under higher mass transfer conditions than any other reported study. Since the
current work shows evidence of being mass transfer controlled, the previous studies are
also limited by the rate of O, mass transfer and not the degradation kinetics.

Estimated MEA degradation rates for a typical CO, capture process, assuming
O, mass transfer control, under-predict reported degradation rates. This indicates that in
industrial applications the rate of oxidative degradation of MEA is likely controlled by
the rate of O, absorption. The degradation of MEA in an industrial CO, absorber was
predicted assuming the rate was controlled by the rate of O, mass transfer into the
amine solution, that degradation takes place only in the packing of the absorber column,
and that the bulk concentration of dissolved O; is negligible. This represents a worst
case scenario, since all of the absorbed O, reacts with MEA, and an upper limit of the
expected degradation rate. O, absorption rates were predicting using performance
properties from CO, absorption from a natural gas fired power plant into a 7.0 m MEA
solution using the model developed by Freguia (Freguia 2002). The predicted
degradation rate of 0.29 to 0.73 kg MEA / mton CO; captured is significantly less than
rates reported in the literature (ABB 1998; Arnold et al. 1982). Assuming O, mass
transfer control, which gives higher degradation rates than kinetic controlled rates,
under-predicts industrial solvent make-up rates. This indicates that under industrial
conditions the rate of oxidative degradation of MEA is controlled by the rate of O,

absorption.
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6.2.3. Effects of both Degradation Kinetics and O, Mass Transfer

Several sets of experiments show effects of both kinetics and O, mass transfer,
indicating the system is not fully in either the Kinetic or Diffusion Regime. One clear
example of this is the speciation and pH study performed in the Sparged Reactor. The
order of the rate of NH3 evolution as a function of equivalent CO, loading changed in
these solutions to: oo = 0.40 < 0.15 < 0.0. As the ratio of free MEA increased, the rate of
NHj evolution increased. The solutions loaded with H,SO, degrade significantly
slower than the solutions with equivalent CO, loadings, and they also have significantly
higher ionic strength. The O, solubility should be lower in the H,SO4 loaded solutions,
which could account for the decreased NH; rates in these solutions. The order of the
NH; evolution rates with respect to loading is different in the two systems. The rate of
NH; evolution varied with CO, loading as follows: o = 0.40 < 0.0 < 0.15. This trend
does not follow the expected trends based on O, solubility or free MEA alone. The
presence of the MEA carbamate appears to have an effect on the degradation kinetics
for solutions with moderate CO; loadings, and the decrease in NHj evolution for the
rich solutions is accounted for in the low concentration of free MEA in these solutions.

Experiments that vary the concentration of both MEA and O, also exhibit effects
of both O, mass transfer and degradation kinetics. These experiments were performed
with 0.20 mM Cu and o = 0.15 and 1400 RPM. The rate of NH3 evolution appears to
exhibit a first order dependence on MEA between 2.0 and 7.0 m, which is consistent

with a kinetic effect. Increasing the agitation rate also increases the rate of NHj
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evolution, which is consistent with an O, mass transfer effect. These solutions also
show a linear, nearly first order, dependence on O, concentration which is the expected
effect in the Diffusion Regime, but this could also be a kinetic effect where the kinetics
are nearly first order with respect to O, concentration. Additionally, increasing the
ionic strength in these solutions appears to have no effect, which is inconsistent with
expected results for a system operating in either the Kinetic or Diffusion Regime.

The physical properties of the amine solution are changing significantly over
these concentration ranges. Values for the surface tension, O, solubility, and O,
diffusivity are unknown. Additionally, the system is operated at constant agitation rate,
not constant power input, and the effect of MEA concentration on the mass transfer
coefficients for the Agitated Reactor are unknown. This makes clear analysis of data in
the regions that exhibit effects of both O, mass transfer and degradation kinetics

difficult.

6.2.4. Oxidative Degradation of Other Amine Solvents

The oxidative degradation of other aqueous amine solvents is likely controlled
by the rate of O, mass transfer. This includes solvents used in CO, removal from flue
gas, natural gas processing, and other applications at both low and high O, partial
pressures. The rate of O, absorption into the amine solution can be estimated from
physical properties of the amine solutions and performance of the CO, absorber. The
O, absorption rate can then be converted to an MEA degradation rate by the O,

stoichiometry, which ranges from 0.5 to 2.5 mol Oy/mol MEA. Other alkanolamine

162



systems, including blended amine systems, generally have higher viscosities than MEA
systems (Weiland 1996; Weiland et al. 1998). In these systems the rate of O, mass
transfer should be even slower than the MEA solutions. Since the kinetic studies
presented in Chapter 2 suggest that secondary and tertiary amines react even faster than
MEA with O,, the oxidative degradation rates of these amines should also be controlled
by the rate of physical absorption of O, into the amine solution. This implies that for
any amine system, the oxidative degradation rate can be estimated from the rate of O,
absorption and the O, stoichiometry of the degradation reactions.

In blended amine solutions the amine with the fastest kinetics will react with O,
preferentially over the amine with slower kinetics. This was observed in blends of
MEA/MDEA where the MDEA was preferentially oxidized over MEA (Lawal and
Idem 2005; Lawal et al. 2005). This has serious implications when selecting mixed
amine solvents for use in flue gas treating applications. Sterically hindered amines and
other amines with faster CO, reaction kinetics, such as piperazine, can be added to
MEA as a promoter for CO, absorption (Cullinane 2005; Dang 2000). These amines
are several times more expensive than MEA and can potentially preferentially react
with O, and act as O, scavengers in a blended solvent. In this case, the added cost of
solvent replacement from oxidative degradation becomes a much more significant
factor in the overall economics of CO, capture than in the MEA solvent alone. For
some promoted or blended solvents, the benefit to CO, absorption rates can be
overcome by the added cost of solvent replacement, and could dictate which amine is

ultimately selected to use as a rate promoter in flue gas applications.
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6.3. Degradation Inhibitor Conclusions

In order to minimize oxidative degradation, several categories of additives were
tested as possible inhibitors: O, scavengers and reaction inhibitors, chelating agents,
and stable salts. Of the additives tested, only the O, scavengers and reaction inhibitors
show enough reduction in NHj3 evolution rates to make these viable additives in an
industrial application.

Inhibitor A is an inorganic compound that is not consumed, and acts as a
reaction mechanism inhibitor. It was shown to be effective at inhibiting oxidative
degradation catalyzed by Cu, Fe, and both Cu and Fe. At 250 mM Inhibitor A the NHj
evolution rate was equal to the baseline rate with o = 0.15 and at 100 mM Inhibitor A
with o = 0.40. Inhibitor A is also more effective at inhibiting Cu catalyzed degradation
than Fe catalyzed degradation.

Na,SO; and formaldehyde were also shown to be effective degradation
inhibitors, and were independent of CO; loading. Like Inhibitor A, these O, scavengers
were more effective at inhibiting Cu catalyzed degradation than Fe catalyzed
degradation. Neither of the scavengers were as effective as Inhibitor A and both are
consumed stoichiometrically at the rate of O, absorption. With Cu solutions the relative
rate of NHj; evolution decreases as more Na,SO; is added to solution, up to 100 mM,
resulting in a factor of 6 decrease in NH; evolution from 20 mM to 100 mM Na,SOs.
Above this concentration the NH3 evolution increases until the solubility limit between

0.8 M and 1.0 M. The rate of NH; evolution decreases by approximately 40% when the
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Na,S0; concentration is increased from 12 mM to 670 mM. The Fe system does not
appear to exhibit the same minimum in NH; evolution as the Cu catalyzed degradation.

When the concentration of formaldehyde is increased from ~ 50 mM to ~ 250
mM the Cu catalyzed degradation is decreased by a factor of 5, while the Fe catalyzed
degradation is only decreased by a factor of 1.5 when a = 0.15. Formaldehyde is
potentially a better inhibitor than Na,SOj; since it is not solubility limited at higher
concentrations, and appears to shut down Cu catalyzed degradation at concentrations
500 mM. Na,SOs is more effective at lower concentrations than formaldehyde, but
both show significant inhibiting effects at concentrations of 100 mM.

Scavengers are consumed stoichiometrically at the rate of O, mass transfer. In
an industrial application the scavengers must be replaced, and the degradation products
must be removed to avoid accumulation in the circulating solvent. The molar ratio of
additive to NHj3 avoided is 5.8 and 15.5 for Na,SO;3 and formaldehyde respectively.
Since Inhibitor A is a stable compound that does not need to be continuously fed to the
process, it is a very attractive additive for use in an industrial process.

While Inhibitor A, Na;SO;, and formaldehyde show promise as additives for
reducing the oxidative degradation of MEA, the effect of these compounds on the
corrosion of steel has not been tested. Although initial literature findings indicate that
Inhibitor A is also a corrosion inhibitor, detailed corrosion studies must be performed

before these chemicals could be used in an industrial application.
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6.4. Process Design Implications

When designing and optimizing a CO, capture process, the rate of solvent
degradation is important from an economic and environmental standpoint. The findings
presented in this work have several major implications on the overall process design of
an absorption/stripping system.

The concentration of O, in the gas to be treated should be minimized. The
presence of excess O, has no detrimental effects on current NOy control and flue gas
desulphurization processes; however, it was shown in this work that the rate of
oxidative degradation of MEA increases linearly with O, concentration. The
combustion process should be optimized to operate as close as possible to the
stoichiometric O, concentration. If additional dilution gas is needed, such as in natural
gas fired power plants, the CO; recycle (O,/CO, power plant) option could be a very
attractive alternative for CO, capture applications.

The CO, absorber should not be over-designed. Since both CO, and O;
absorption into MEA solutions is controlled by the rate of mass transfer across the
liquid film, over-design of the absorber (for CO, absorption) will result in increased
solvent degradation. Contactor selection is also important since the mass transfer
coefficients in tray towers are typically much higher than packing. Oxidative
degradation should occur faster with trays than packing. Most absorbers use structured
or random packing to minimize pressure drop, but selection is also important for

oxidative degradation. Packing should be selected that has a high wetted area, but gives
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low liquid hold-up inside the tower. An increase in liquid hold-up corresponds to a
larger volume of MEA that is in contact with O, and results in more degradation.

O, stripping from the absorber sump is not likely to significantly affect the rate
of oxidative degradation. It was previously believed that the degradation kinetics were
slow enough that the majority of the oxidative degradation occurred in the sump of the
absorber. The MEA solution was assumed to be saturated with O, as it entered the
sump, and the O, was consumed after the solution was no longer contacting the flue
gas. One idea proposed sparging the absorber sump with an inert gas, like Ny, to strip
out the dissolved O, before it could react with MEA (Chakravarti and Gupta 2001).
Based on the findings in this work, the oxidative degradation takes place in the absorber
packing, and the dissolved O, is sufficiently depleted by the time the MEA solution
enters the absorber sump; therefore, O, stripping is not likely to have much affect on
reducing solvent degradation.

Process equipment should be constructed from corrosion resistant materials or
use non-metallic corrosion inhibitors. It has been shown that Cu and V corrosion
inhibitors catalyze the rate of oxidative degradation of MEA. Building the process
equipment out of materials resistant to corrosion, possibly stainless steel, FRP, or more
expensive metal alloys, will increase the capital investment for the process but could
result in decreased operating costs associated with solvent make-up and reclaiming.
This would eliminate the need for the metal corrosion inhibitors. Using a non-metallic
corrosion inhibitor that does not participate in oxidative degradation would still allow

the use of carbon steel process equipment, while decreasing the rate of oxidative
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degradation relative to the current process. The corrosion mechanism is not well
understood; however, and serious work must be done to identify effective corrosion
inhibitors that are stable and do not catalyze oxidative degradation.

Solvents with high viscosity and/or ionic strength should have lower oxidative
degradation rates. While it is expected that secondary and tertiary amines have faster
degradation kinetics, the decreased O, absorption rates in these solvents should result in
an overall decrease in the rate of oxidative degradation. The use of hindered amines,
promoted K,COs; solvents, promoted secondary or tertiary alkanolamines, or
alkanolamine blends could be very attractive alternatives to the traditional MEA process

from an oxidative degradation standpoint.

6.5. Recommendations

6.5.1. Characterization of Agitated Reactor Mass Transfer Coefficients

The mass transfer characteristics of the Agitated Reactor should be measured
and correlated. The O, absorption rate was measured in the Sparged Reactor by
measuring the rate of sulfite oxidation in concentrated MgSOj (aq.), but the upper limit
for the rate of O, absorption in the Agitated Reactor was never independently measured
or predicted. Extensive amounts of literature are available on predicting mass transfer
coefficients in agitated reactors that do not vortex or have gas back mixing (Chapman et
al. 1982; Gaddis 1999; Garcia-Ochoa and Gomez 1998; Linek and Vacek 1981; Van't
Riet 1979). Most of these studies explicitly state that correlations for the mass transfer

coefficients are no longer valid for reactors that form a vortex.
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Several of the literature studies state that measuring mass transfer coefficients in
one solvent and extending the correlations to other solvents, even solvent with similar
physical properties, can result in significant error in estimating mass transfer
coefficients. O, absorption rates cannot be measured in situ with MEA solutions since
the O, immediately begins to react with MEA. In order to pick a suitable solvent to
measure equivalent O, uptake rates, data should be collected to provide a better
understanding of the physical properties of MEA solutions. Specifically, measurements
should be made to measure the surface tension of loaded MEA solutions. This is a
difficult measurement and has not been reproducible in the past (Weiland 1996).

The O, solubility in MEA solutions is also currently unknown. In order to
accurately model absorption rate in a system that is in the Diffusion Regime, the bulk
liquid concentration of O, must be known. Two different methods were used
unsuccessfully in the study to attempt to measure O, solubility in MEA. Two different
dissolved O, electrodes were used as well as a fiber optic O, sensor from Ocean Optics,
Inc. The O, electrodes gave slow response times and samples had to be withdrawn
from the reactor to perform the measurements. Since the O, reactions are very fast,
most of the O, was gone by the time the measurement was made and an accurate value
of the dissolved O, could not be made. The fiber optic O, sensor was found to be
chemically incompatible with the MEA solution. This system would have allowed for
in-situ measurements of dissolved O, in the Agitated Reactor up to 80°C, but the
protective overcoat on the probe was dissolved by the amine. Several different

configurations were used and none of them worked. A new formulation that allegedly
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is compatible with the amine may be forthcoming from Ocean Optics, Inc. This system
could possibly be used to measure O, solubility, but other methods might have to be

used.

6.5.2. Determination of O, Stoichiometry

The most important piece of information missing from this study is the value of
the O, stoichiometry for Cu and Fe catalyzed reactions. This parameter is essential for
estimating degradation rates in industrial applications and extraction of kinetics
information from the mass transfer controlled data. A known value for the O,
stoichiometry can also help to accurately explain the rate differences observed for Cu
and Fe catalyzed solutions in the Diffusion Regime. Liquid analysis for degradation
products is extremely difficult and development of analytical methods is slow and
tedious. Difficulties of this type of analysis are evident from any of the studies that
attempted to perform liquid analysis (Alawode 2005; Bello and Idem 2005; Jones 2003;
Lawal and Idem 2005; Lawal et al. 2005; Supap 1999).

In order to accumulate degradation products to concentrations high enough for
accurate detection longer time experiments must be performed. This is currently
limited in the Agitated Reactor by control of the water balance. The saturator bomb
must be refilled every 1-2 hours and the system cannot be run unattended.
Modifications must be made to correct this, or a new apparatus must be built. Some of
the current analytical methods that can be used for detection of various liquid phase

degradation products are: ion-chromatography, gas-chromatography/mass spec, FT-IR,
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and NMR. NMR is the most powerful tool for component identification but is hindered
by the presence of paramagnetic ions such as Fe and Cu which cause severe peak
broadening at low concentrations.

The O; stoichiometry should be determined for Cu alone, Fe alone, and in the
mixed catalyst system. Additionally, since Inhibitor A acts as a reaction inhibitor, the
effect of this additive on the O, stoichiometry should be determined. Experiments
should be performed up to the boiling point of the amine solution to account for
possible reactions encountered in the solvent reclaimer. Experiments should be run

with and without O, and in loaded and unloaded MEA solutions.

6.5.3. Kinetic Study

An experimental study should be performed to quantify the kinetics for the rate
of formation of the major degradation products after they have been identified by the O,
stoichiometry study. The role of O, and metal catalysts is not well defined in the
degradation mechanisms presented in Chapter 2. The oxidation state of the metals in
solution as well as what amine species the metal is complexed to can have a significant
affect on the catalytic properties of the metal. Rate constants and activation energies for
the primary reactions will allow for direct calculation of changing O, stoichiometry
based on the selectivity of the reactions at different process conditions. A complete
understanding of the degradation mechanism will allow for selection of additional
reaction inhibitors, potentially more environmentally friendly than the three additives

determined in the current work, as possible additives for use in an industrial application.
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6.5.4. Computer Modeling

The AspenPlus simulation developed by Freguia (Freguia 2002) allows for
prediction of process performance of CO, absorption with MEA. The addition of
reaction kinetics for the primary degradation reaction into this model would allow for
more accurate estimation of oxidative degradation rates under actual operating
conditions in a CO; capture process. This model could be used for a systematic study to
identify beneficial process modifications to minimize the degradation rates.
Additionally, this model would allow for more accurate quantification of solvent make-
up rates and would improve the accuracy of the CO, capture economics. The economic
impact of degradation inhibitors could also accurately be modeled and would allow for

advanced screening of degradation inhibitors based on overall process economics.

6.5.5. General Laboratory Considerations

Several experimental difficulties were encountered throughout this work and
should be addressed if the Agitated Reactor is used for additional future studies. The
first issue is the water balance. The current pre-saturator is a small calorimeter bomb
that must be refilled every 1-2 hours. If the bomb is filled too full the high gas rate
entrains the liquid and floods the reactor, but if the liquid level in the bomb is too low
the gas does not saturate, which results in water loss from the reactor. A better saturator
should be designed with automatic liquid level control. If this system worked properly,
the Agitated Reactor could be run unattended, which would allow for longer

experiments to be conducted.
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The current apparatus is sealed using a rubber septum around the agitator shaft.
This septum has to be replaced at least every day or it will tear and allow more water to
escape from the reactor. When the septum tears the concentration of all of the measured
compounds decreases in the FT-IR significantly, and the experiment must be interrupted
so the septum can be replaced. Replacing the seal with a more compatible tighter seal
will eliminate this problem as well as allow the reactor to be sealed and operated at
elevated temperatures and pressure.

The de-ionized (DI) water supply at the university is connected to the cooling
water system, which is made of copper tubing. Since Cu has been shown to be a potent
catalyst for oxidative degradation, contamination of Cu in the DI water can lead to
increased degradation rates in the experiments. This is a possible explanation for
baseline fluctuations encountered during the current study. It is recommended that
future experiments be performed using ultra-high purity water, the same quality used
for ion-chromatography, in order to reduce the potential of un-quantified metal
contamination.

The current system uses house air as a source of oxygen. It is recommended that
future studies use a blend of N,, O,, and CO,. NOy species have been observed at low
concentrations throughout the course of this study and the source of the NOx has not
been determined. Some of the NOy could be formed during the degradation reactions,
but it is more probable that the source is from the house air supply. NOx are known
free radicals, which can initiate the degradation reactions, and also form nitrosamines

by reacting with secondary amines (Fessenden and Fessenden 1994). By artificially
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creating a synthesis gas from pure gas cylinders of N,, O,, and CO, the possibility of
NOy contamination is significantly reduced and the presence of these species in the gas

product can be attributed to formation in the reactor.

174



Appendix A: FT-IR Reference Spectra

This appendix presents an example of a reference FT-IR spectrum for each
compound included in the analysis of gas-phase degradation products for both the
Sparged and Agitated Reactors. Details on sample temperature, concentration and path

length are included for each sample spectrum.
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Appendix B: FT-IR Multi-Component Analysis Methods

This appendix documents the input files for the Calcmet™ software for the two
analysis methods developed in this study. The method for the Agitated Reactor is
named Degradation 20040825.LIB, and the method for the Sparged Reactor is named
OLD-MEA-Degradation.LIB. Unless otherwise notated, reference files are located in
the folder C:\Library01235. These reference spectra were generated on the FT-IR
analyzer used in this study. Reference spectra from the folder C:\Libraryl80 were

generated on other analyzers at 180°C, and the path length is noted within the files.
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Table B.3 Input File for Calcmet™ Application Degradation 20040825.LIB
(Agitated Reactor Analysis Method)

.
ComponentNumber = 1
ComponentName = Water vapor H20
ConcentrationUnit = vol-%
ActiveLines = All
AutoAnalyze =1 (1=Yes)
OutputChannel = 0
ViewResults = 1 (1=Yes)
AllowNegative = 0 (I1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0
Rangel =05
Range2 =0 25
AlarmLimits = 0 25
AlarmSound =0
Compensations=1110-11
Calibrations =004 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 1 (1=Yes)
AutolnterferenceUpdate = 0 0.001
DefaultReference = 1
BaselineCorrections = 1 0
MethodNumber = 0 (1=Yes)
AnalysisArea =1 1883 2161 1
AnalysisArea = 02092 2223 1
AnalysisArea = 1 3142 3319 0.5
Interference = 0110110110000000000000001
CrossInterferences=0000 0
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 O1.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20_02.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 03.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 _04.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 06.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 08.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 _10.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 12.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 14.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 16.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 _18.ref
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ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20_20.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 22.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 24.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 26.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 _28.ref
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H20 30.ref

ComponentNumber = 2
ComponentName = Carbon dioxide CO2
ConcentrationUnit = vol-%

ActiveLines = All

AutoAnalyze =1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 0 (I1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0

RangeSetting = 0

Rangel =01

Range2 =035

AlarmLimits = 0 30

AlarmSound = 0
Compensations=1110-11
Calibrations=04 02
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 0.01
DefaultReference = 3
BaselineCorrections = 1 0
MethodNumber = 0 (1=Yes)
AnalysisArea = 1980 1130 1
AnalysisArea = 1 2450 2650 0.5
AnalysisArea = 1 1999 2208 0.5
Interference = 101010111000000000000100111
CrossInterferences=0000 0
ReferenceFile = CO2_03.ref
ReferenceFile = C:\Library 01253\George's References\CO2_1.0vol%.ref
ReferenceFile = C:\Library 01253\George's References\CO2_0.15vol%.ref

ComponentNumber = 3
ComponentName = Carbon monoxide CO
ConcentrationUnit = ppm
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ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel = 0
ViewResults =1 (1=Yes)
AllowNegative =0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =010

Range2 =0 500

AlarmLimits = 0 5000
AlarmSound =0
Compensations=1110-11
Calibrations =004 2
ResidualWarningLimit = 0.01
Residual ErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 0.001
DefaultReference = 2
BaselineCorrections = 1 0
MethodNumber = 0 (I1=Yes)
AnalysisArea = 12007 2207 0.5
AnalysisArea = 1 2624 2750 1
AnalysisArea = 0 2550 2600 1
Interference = 110011110000000000001100111
CrossInterferences=0000 0
ReferenceFile = CO_998.ref
ReferenceFile = CO_11.ref
ReferenceFile = CO_200.ref
ReferenceFile = CO_402.ref
ReferenceFile = CO_51.ref
ReferenceFile = CO_602.ref
ReferenceFile = CO_805.ref
ReferenceFile = CO_100.ref

ComponentNumber = 5
ComponentName = Nitrous oxide N20
ConcentrationUnit = ppm

ActiveLines = All

AutoAnalyze =1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 1 (I1=Yes)
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ConversionMultiplier = 1

ResultSmoothing = 0

RangeSetting = 0

Rangel =0 100

Range2 =0 500

AlarmLimits = 0 100000

AlarmSound = 1

Compensations=1110-11

Calibrations =000 2

ResidualWarninglLimit = 0.01

ResidualErrorLimit = 0.02

UseDoubleReferences = 0 (1=Yes)

AutolnterferenceUpdate = 1 0.001

DefaultReference = 5

BaselineCorrections = 1 0

MethodNumber = 0 (1=Yes)

AnalysisArea = 12107 2246 0.5

AnalysisArea = 1 2647 2900 0.5

AnalysisArea = 0 2400 2700 1

Interference = 11110111000000000000110011101
CrossInterferences=0000 0

ReferenceFile = C:\Library 01253\George's References\N20O 100000ppmG.ref
ReferenceFile = C:\Library 01253\George's References\N20 4882ppmG.ref
ReferenceFile = C:\Library 01253\George's References\N20O_50000ppmG.ref
ReferenceFile = C:\Library180\Nitrous oxide N20 122 ppm.ref
ReferenceFile = C:\Library180\Nitrous oxide N20 0050 ppm.ref
.
ComponentNumber = 6

ComponentName = Nitrogen monoxide NO

ConcentrationUnit = ppm

ActiveLines = All

AutoAnalyze =1 (1=Yes)

OutputChannel = 0

ViewResults = 1 (1=Yes)

AllowNegative = 1 (I1=Yes)

ConversionMultiplier = 1

ResultSmoothing = 0

RangeSetting = 0

Rangel =0 20

Range2 =0 150

AlarmLimits = 0 1000

AlarmSound =0

Compensations=1110-11
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Calibrations =004 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 0 0.001
DefaultReference = 3
BaselineCorrections = 1 0
MethodNumber = 0 (1=Yes)
AnalysisArea =1 1760 1868 0.8
AnalysisArea =1 1869 1991 0.8
AnalysisArea = 1 2550 2650 1
Interference = 1110100110000000000001001
CrossInterferences=0000 0
ReferenceFile = NO_99.ref
ReferenceFile = NO_194.ref
ReferenceFile = NO_50.ref
ReferenceFile = NO_10.ref
e —————————————————————————————————————————————————————————————————————————
ComponentNumber = 7
ComponentName = Nitrogen dioxide NO2
ConcentrationUnit = ppm
ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =0 20

Range2 =0 1000

AlarmLimits = 0 1000
AlarmSound =0
Compensations=1110-11
Calibrations =00 4 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 0.001
DefaultReference = 2
BaselineCorrections = 1 0
MethodNumber = 0 (1=Yes)
AnalysisArea =0 941 1397 1
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AnalysisArea =0 1497 1706 1.8

AnalysisArea = 1 2550 2933 0.5

Interference = 11011001000000000000110011101
CrossInterferences=0000 0

ReferenceFile = C:\Library180\Nitrogen dioxide NO2 0050 ppm.ref
ReferenceFile = C:\Library180\Nitrogen dioxide NO2 0005 ppm.ref
ReferenceFile = NO2 194 .ref

ComponentNumber =9
ComponentName = Ammonia NH3
ConcentrationUnit = ppm
ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0

RangeSetting = 0

Rangel =0 100

Range2 =0 300

AlarmLimits = 0 500

AlarmSound =0
Compensations=1110-11
Calibrations =04 0 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 0.001
DefaultReference = 3
BaselineCorrections = 1 0
MethodNumber = 0 (1=Yes)
AnalysisArea=1910 964 1
AnalysisArea = 1980 1196 0.5
AnalysisArea =1 3219 3396 0.5
Interference = 110010110000000000001100111
CrossInterferences=0000 0
ReferenceFile = NH3 11.ref
ReferenceFile = NH3 3.ref
ReferenceFile = C:\Library180\Ammonia NH3 0214 ppm.ref
ReferenceFile = C:\Library 1 80\Ammonia NH3 0531 ppm.ref
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ComponentNumber = 21

ComponentName = Formaldehyde
ConcentrationUnit = ppm

ActiveLines = All

AutoAnalyze = 1 (1=Yes)

OutputChannel = 0

ViewResults = 1 (1=Yes)

AllowNegative =1 (1=Yes)
ConversionMultiplier = 1

ResultSmoothing = 0

RangeSetting = 0

Rangel =0 10

Range2 =0 100

AlarmLimits = 0 100

AlarmSound = 0

Compensations=1110-11

Calibrations =004 2

ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 0.001
DefaultReference = 1

BaselineCorrections = 1 0

MethodNumber = 0 (1=Yes)
AnalysisArea=1988 1111 1

AnalysisArea = 1 2450 2600 0.6
AnalysisArea =1 2650 3211 0.5

Interference = 11011011100000000000010011101
CrossInterferences=0000 0

ReferenceFile = C:\Library 180\HCHO _10.ref
ReferenceFile = C:\Library180\HCHO_50.ref
ReferenceFile = C:\Library180\Formaldehyde CH20O.ref
.
ComponentNumber = 22

ComponentName = Acetaldehyde
ConcentrationUnit = ppm

ActiveLines = All

AutoAnalyze =1 (1=Yes)

OutputChannel = 0

ViewResults = 1 (1=Yes)

AllowNegative = 0 (I1=Yes)
ConversionMultiplier = 1

ResultSmoothing = 0
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RangeSetting = 0

Rangel =0 10

Range2 =0 100

AlarmLimits =0 100

AlarmSound =0

Compensations=1110-11

Calibrations =04 0 2

ResidualWarningLimit = 0.01

ResidualErrorLimit = 0.02

UseDoubleReferences = 0 (1=Yes)

AutolnterferenceUpdate = 1 0.001

DefaultReference = 3

BaselineCorrections = 1 0

MethodNumber = 0 (1=Yes)

AnalysisArea =1 1034 1243 1

AnalysisArea =0 1798 2038 0.5

AnalysisArea = 1 2638 2916 1

Interference = 11011011100000000000100011101
CrossInterferences=0000 0

ReferenceFile = C:\Library180\Acetaldehyde C2H40 0500 ppm.ref
ReferenceFile = C:\Library180\Acetaldehyde C2H40 0100 ppm.ref
ReferenceFile = C:\Library180\Acetaldehyde C2H40 05.ref

ComponentNumber = 25
ComponentName = MEA
ConcentrationUnit = ppm
ActiveLines = All
AutoAnalyze =1 (1=Yes)
OutputChannel = 0
ViewResults = 1 (1=Yes)
AllowNegative = 0 (I1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =0 100

Range2 =0 250

AlarmLimits = 0 250
AlarmSound =0
Compensations=1110-11
Calibrations =000 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
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AutolnterferenceUpdate = 1 0.005

DefaultReference = 1

BaselineCorrections = 1 0

MethodNumber =0 (1=Yes)

AnalysisArea = 12624 3150 1

AnalysisArea=1980 1119 1

AnalysisArea = 0 3500 4000 1

Interference = 11011011100000000000110001101
CrossInterferences=0000 0

ReferenceFile = C:\Library 01253\George's References\MEA_500.ref

ComponentNumber = 26
ComponentName = Methanol
ConcentrationUnit = Auto
ActiveLines = All

AutoAnalyze =1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 1 (I1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =0 50

Range2 =0 500

AlarmLimits = 0 1000
AlarmSound = 0
Compensations=1110-11
Calibrations=004 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 0.005
DefaultReference = 3
BaselineCorrections = 1 0
MethodNumber = 0 (1=Yes)
AnalysisArea =1 980 1281 1
AnalysisArea = 1 2450 2650 1
AnalysisArea = 12763 3304 1
Interference = 11011011100000000000110010101
CrossInterferences=0000 0
ReferenceFile = Methanol 5000.ref

ComponentNumber = 27
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ComponentName = Methylamine
ConcentrationUnit = Auto

ActiveLines = All

AutoAnalyze = 1 (1=Yes)

OutputChannel = 0

ViewResults = 1 (1=Yes)

AllowNegative = 1 (1=Yes)

ConversionMultiplier = 1

ResultSmoothing = 0

RangeSetting = 0

Rangel =0 10

Range2 =0 100

AlarmLimits = 0 100

AlarmSound =0

Compensations=1110-11

Calibrations =004 2

ResidualWarningLimit = 0.01

Residual ErrorLimit = 0.02

UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 0.001
DefaultReference = 2

BaselineCorrections = 1 0

MethodNumber = 0 (1=Yes)

AnalysisArea = 1980 1303 1

AnalysisArea = 1 2450 2650 1

AnalysisArea = 1 2800 3450 1

Interference = 11011011100000000000110011001
CrossInterferences=0000 0

ReferenceFile = C:\Library180\Methylamine CH5N 0894 ppm.ref
ReferenceFile = C:\Library180\Methylamine CH5N 0100 ppm.ref
ReferenceFile = C:\Library180\Methylamine CH5N 0500 ppm.ref

ComponentNumber = 29
ComponentName = Methane CH4
ConcentrationUnit = Auto
ActiveLines = All
AutoAnalyze = 1 (1=Yes)
OutputChannel = 0
ViewResults = 1 (1=Yes)
AllowNegative = 1 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0
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Rangel =0 10

Range2 =0 100

AlarmLimits = 0 100

AlarmSound =0

Compensations=0000 -11

Calibrations =004 2

ResidualWarningLimit = 0.01

ResidualErrorLimit = 0.02

UseDoubleReferences = 0 (1=Yes)

AutolnterferenceUpdate = 1 0.001

DefaultReference = 1

BaselineCorrections =1 0

MethodNumber = 0 (1=Yes)

AnalysisArea =0 1292 1412 0.5

AnalysisArea = 1 2833 3203 0.5

AnalysisArea= 13018 3203 0.5

Interference = 110110111000000000001100111
CrossInterferences=0000 0

ReferenceFile = C:\Library180\Methane CH4 0050 ppm.ref
ReferenceFile = C:\Library180\Methane CH4 0101 ppm.ref
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Table B.4 Input File for Calecmet™ OLD-MEA-Degradation.LIB

ComponentNumber = 1
ComponentName = Water vapor H20
ConcentrationUnit = vol-%
ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel = 0
ViewResults = 1 (1=Yes)
AllowNegative = 0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =05

Range2 =0 25

AlarmLimits =0 25
Calibrations =000 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound = 0
UseDoubleReferences = 1 (1=Yes)
AutolnterferenceUpdate = 0 (1=Yes)
DefaultReference = 4
BaselineCorrections =1 0 0
Compensations=1110-11
MethodNumber = 0 (1=Yes)
AnalysisArea=0 1814 1875 1
AnalysisArea =1 1922 2146 1
AnalysisArea =1 3049 3250 0.5
Interference = 0110110110000000000000001
CrossInterferences=0000 0
ReferenceFile = H20 10.ref
ReferenceFile = H20 14.ref
ReferenceFile = H20 18.ref
ReferenceFile = H20 22.ref
ReferenceFile = H20 26.ref
ReferenceFile = H20 30.ref
ReferenceFile = H20 34.ref
ReferenceFile = H20 38.ref
ReferenceFile = H20 04.ref
ReferenceFile = H20 02.ref
ReferenceFile = H20 06.ref
ReferenceFile = H20 0.5.ref
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ReferenceFile = H20 08.ref

ComponentNumber = 2
ComponentName = Carbon dioxide CO2
ConcentrationUnit = vol-%
ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =05

Range2 =0 35

AlarmLimits = 0 30

Calibrations =00 4 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound = 0
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 0 (1=Yes)
DefaultReference = 4
BaselineCorrections =1 0 0
Compensations=1110-11
MethodNumber = 0 (1=Yes)
AnalysisArea=1918 1119 1
AnalysisArea =1 1950 2130 1
AnalysisArea = 0 3300 3800 1
Interference = 1011100111100000000111111
CrossInterferences=0000 0
ReferenceFile = CO2_30.ref
ReferenceFile = CO2_03.ref
ReferenceFile = CO2_06.ref
ReferenceFile = CO2 09.ref
ReferenceFile = CO2 12.ref
ReferenceFile = CO2 15.ref
ReferenceFile = CO2 18.ref
ReferenceFile = CO2 21.ref
ReferenceFile = CO2 24.ref
ReferenceFile = CO2_27.ref
ReferenceFile = CO2_0.5.ref
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ComponentNumber = 3
ComponentName = Carbon monoxide CO
ConcentrationUnit = ppm
ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative =0 (I1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =0 10

Range2 =0 500

AlarmLimits = 0 5000
Calibrations =004 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound =0
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 (1=Yes)
DefaultReference = 1
BaselineCorrections =10 0
Compensations=1110-11
MethodNumber = 0 (1=Yes)
AnalysisArea = 1 2007 2099 0.5
AnalysisArea = 1 2624 2750 1
AnalysisArea =0 2550 2600 1

Interference = 11001001100000000000110011

CrossInterferences =0000 0
ReferenceFile = CO_998.ref
ReferenceFile = CO_11.ref
ReferenceFile = CO_200.ref
ReferenceFile = CO_402.ref
ReferenceFile = CO_51.ref
ReferenceFile = CO_602.ref
ReferenceFile = CO_805.ref
ReferenceFile = CO_100.ref

ComponentNumber = 5
ComponentName = Nitrous oxide N20O
ConcentrationUnit = ppm

ActiveLines = All

AutoAnalyze = 1 (1=Yes)
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OutputChannel =0

ViewResults =1 (1=Yes)

AllowNegative = 0 (1=Yes)

ConversionMultiplier = 1

ResultSmoothing = 0

RangeSetting = 2

Rangel =0 5000

Range2 =0 100000

AlarmLimits = 0 100000

Calibrations =000 2

ResidualWarningLimit = 0.01

ResidualErrorLimit = 0.02

AlarmSound = 1

UseDoubleReferences = 0 (1=Yes)

AutolnterferenceUpdate = 0 (1=Yes)

DefaultReference = 2

BaselineCorrections = 1 0 0

Compensations=1110-11

MethodNumber = 0 (I=Yes)

AnalysisArea=1920 1119 1

AnalysisArea = 1 2647 2900 0.5

AnalysisArea = 0 2400 2700 1

Interference = 1110010110000000000011001

CrossInterferences=0000 0

ReferenceFile = C:\Library 01253\George's References\N20O_100000ppmG.ref
ReferenceFile = C:\Library 01253\George's References\N20 4882ppmG.ref
ReferenceFile = C:\Library 01253\George's References\N20_50000ppmG.ref

ComponentNumber = 6
ComponentName = Nitrogen monoxide NO
ConcentrationUnit = ppm
ActiveLines = All
AutoAnalyze = 1 (1=Yes)
OutputChannel = 0
ViewResults = 1 (1=Yes)
AllowNegative = 0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =0 20

Range2 =0 150
AlarmLimits = 0 1000
Calibrations =004 2
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ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound = 0
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 0 (1=Yes)
DefaultReference = 1
BaselineCorrections =0 0 0
Compensations=1110-11
MethodNumber = 0 (1=Yes)
AnalysisArea =0 1760 1868 0.8
AnalysisArea =1 1869 1991 0.8
AnalysisArea =0 2550 2600 1
Interference = 1110100110000000000001001
CrossInterferences=0000 0
ReferenceFile = NO_99.ref
ReferenceFile = NO_194.ref
ReferenceFile = NO_50.ref
ReferenceFile = NO 98.ref
ReferenceFile = NO_10.ref

ComponentNumber = 7
ComponentName = Nitrogen dioxide NO2
ConcentrationUnit = ppm
ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =0 20

Range2 =0 1000

AlarmLimits = 0 1000
Calibrations =00 4 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound = 0
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 0 (1=Yes)
DefaultReference = 1
BaselineCorrections =10 0
Compensations=1110-11
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MethodNumber = 0 (1=Yes)

AnalysisArea =0 941 1397 1

AnalysisArea =0 1497 1706 1.8
AnalysisArea = 1 2550 2933 0.5

Interference = 1101101010100000000011001
CrossInterferences=0000 0

ReferenceFile = C:\Library180\Nitrogen dioxide NO2 0050 ppm.ref
ReferenceFile = C:\Library180\Nitrogen dioxide NO2 0005 ppm.ref
.
ComponentNumber = 9

ComponentName = Ammonia NH3
ConcentrationUnit = ppm

ActiveLines = All

AutoAnalyze =1 (1=Yes)

OutputChannel = 0

ViewResults = 1 (1=Yes)

AllowNegative = 0 (I1=Yes)
ConversionMultiplier = 1

ResultSmoothing = 0

RangeSetting = 0

Rangel =0 50

Range2 =0 250

AlarmLimits = 0 500

Calibrations =040 2

ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02

AlarmSound =0

UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 0 (1=Yes)
DefaultReference = 1

BaselineCorrections =0 0 0
Compensations=1110-11

MethodNumber = 0 (1=Yes)

AnalysisArea =1 910 1000 1

AnalysisArea =0 1551 1667 0.75
AnalysisArea = 0 3265 3396 0.5

Interference = 1110111100000000000011001
CrossInterferences=0000 0

ReferenceFile = NH3 100.ref

ReferenceFile = NH3 11.ref

ReferenceFile = NH3 200.ref

ReferenceFile = NH3 3.ref

ReferenceFile = NH3 49.ref
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ComponentNumber = 21
ComponentName = Formaldehyde
ConcentrationUnit = ppm
ActiveLines = All

AutoAnalyze =1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 0 (I1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0

Rangel =0 10

Range2 =0 100

AlarmLimits = 0 100

Calibrations =004 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound =0
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 (1=Yes)
DefaultReference = 1
BaselineCorrections =10 0
Compensations=1110-11
MethodNumber = 0 (1=Yes)
AnalysisArea =1 1134 1204 1
AnalysisArea =0 1605 1868 0.6
AnalysisArea =1 2650 3211 0.5
Interference = 11011011100000000000010011
CrossInterferences=0000 0
ReferenceFile = C:\Library180\Formaldehyde CH2O.ref
I E S S — I —
ComponentNumber = 22
ComponentName = Acetaldehyde
ConcentrationUnit = ppm
ActiveLines = All

AutoAnalyze = 1 (1=Yes)
OutputChannel =0

ViewResults = 1 (1=Yes)
AllowNegative =0 (1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0
RangeSetting = 0
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Rangel =0 10

Range2 =0 100

AlarmLimits = 0 100
Calibrations=04 02
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound =0
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 1 (1=Yes)
DefaultReference = 1
BaselineCorrections =1 0 0
Compensations=1110-11
MethodNumber = 0 (1=Yes)
AnalysisArea=0 1073 1157 0.5
AnalysisArea =0 1798 2038 0.5
AnalysisArea =1 2638 2916 1
Interference = 1101101110000000000010001 1
CrossInterferences=0000 0
ReferenceFile = C:\Library180\Acetaldehyde C2H40 0500 ppm.ref
ReferenceFile = C:\Library180\Acetaldehyde C2H40 0100 ppm.ref
.
ComponentNumber = 25
ComponentName = MEA
ConcentrationUnit = ppm
ActiveLines = All

AutoAnalyze =1 (1=Yes)
OutputChannel = 0

ViewResults = 1 (1=Yes)
AllowNegative = 0 (I1=Yes)
ConversionMultiplier = 1
ResultSmoothing = 0

RangeSetting = 0

Rangel =0 100

Range2 =0 1000

AlarmLimits = 0 100
Calibrations=000 2
ResidualWarningLimit = 0.01
ResidualErrorLimit = 0.02
AlarmSound =0
UseDoubleReferences = 0 (1=Yes)
AutolnterferenceUpdate = 0 (1=Yes)
DefaultReference = 1
BaselineCorrections =10 0
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Compensations =000 0-11

MethodNumber = 0 (1=Yes)

AnalysisArea = 12624 3150 1

AnalysisArea=1940 1119 1

AnalysisArea = 0 3500 4000 1

Interference = 110011111000000000001 1
CrossInterferences=0000 0

ReferenceFile = C:\Library 01253\George's References\MEA_500.ref
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Appendix C: Original Sparged Reactor Experiments

This appendix presents results from the initial screening experiments using the
original Sparged Reactor system developed by Chi (Chi 2000). An overall flow
diagram for the apparatus used in the degradation experiments is shown in Figure C.1.
The apparatus was capable of bubbling air, air with additional CO,, pure CO,, or N,
through a jacketed reactor containing the amine solution. The degradation products
were vented and sent to the bench top FT-IR system. This setup allows for bypassing
the reactor with a mixture of NH; and N, in order to calibrate the FT-IR signal to a
known source of NHs.

The degradation experiments were performed using a semi-batch jacketed
reactor. The reactor was heated by circulating a hot solution of ethylene glycol and
water through the jacket of the reactor. The reactor was operated by bubbling air
through the amine solution inside the reactor. The reactor air was then passed through
an ice-water condenser before mixing with dilution air. The water was condensed prior
to mixing in order to decrease condensation of water and adsorption of ammonia inside

the gas lines leading to the Perkin Elmer bench top FT-IR. The exit gas was analyzed
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for ammonia concentration continuously throughout each experiment. Figure C.2
shows a diagram of the reactor setup.

In these experiments, oxidative degradation was quantified by analyzing the rate
of evolution of ammonia from a solution of MEA solvent in contact with a source of
oxygen. The ammonia is stripped from the solution and analyzed by a FT-IR. The
amount of ammonia monitored is the related to the amount of solution in the reactor,
and this is called the degradation rate in units of millimoles of NHj / liter of amine
solution in the reactor. All of the experiments used 7 molal MEA solutions (30% wt).

Table C.1 is a summary of the completed experiments and summarizes the
observed degradation rates as well as the process conditions under which the
experiments were run. Complete data files for each experiment are available from Gary

Rochelle at The University of Texas at Austin.
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Figure C.1 Flow Diagram for the Oxidative Degradation Experimental Apparatus
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Figure C.2 Diagram of the Original Sparged Reactor Apparatus Developed by Chi
(Chi 2000)
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Table C.1 Experimental Results for Experiments Run in the Original Sparged Reactor

A Rate relative

Cu Fe Inhibi Ratio | Conc. NH3. to previous
nhibitor Evolution e
(mM) | (mM) to Cu | (mM) addition
(mM/hr)
(mM/hr)
11/13/2000 a 0.40 (°0) 55 % O, in Air 20
0.0 0.0001 | - | | 020 |
10.0 0.0001 | - | e | - 1.93 1.73
10.0 0.0001 Bicine 2 20 1.91 -0.02
10.0 0.0001 EDTA 2 20 0.09 -1.82
5/16/2001 a 0.40 (°C) 55 % O, in Air 20
0.0 0.0001 | - | e | - 068 | -
4.0 43007070 1 [N U (R — 1.68 1.48
4.0 0.0001 EDTA 0.8 32 1.45 -0.23
4.0 0.0001 EDTA 1.0 4.0 1.16 -0.29
5/18/2001 a 0.40 (°C) 55 % O, in Air 20
DATA SHOWS REVERSE TRENDS-----Rate data inconclusive
5/22/2001 o 0.40 (°C) 55 % O, in Air 20
0.0 0.0001 | - | e | - 023 |
4.0 0.0001 | - | e | e 1.49 1.26
4.0 0.0001 EDTA 0.8 32 1.23 -0.26
4.0 0.0001 EDTA 1.2 4.8 0.21 -1.02
5/23/2001 o 0.40 (°C) 55 % O, in Air 20
0.0 0.0001 | | e | 023 |
4.0 02001 | = | e | e 2.27 2.037
4.0 0.2001 MDEA 110.4 442 2.20 -0.069
4.0 0.2001 Bicine 23.3 93 1.21 -0.988
5/29/2001 a 0.40 (°C) 55 % O, in Air 20
0.000 | 0.0001 | - | e | e 003 |
0.001 0.0001 | - | e | - 0.59 0.57
0.010 0.0001 | - | e | - 1.45 0.86
0.100 0.0001 | - | e | e 2.19 0.74
1.000 0.0001 | - | e | - 2.06 -0.13
1.000 0.0001 EDTA 0.8 0.8 1.62 -0.44
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A Rate relative
. NH; .
Cu Fe Inhibi Ratio | Conc. . to previous
nhibitor Evolution ..
(mM) | (mM) to Cu | (mM) addition
(mM/hr)
(mM/hr)
5/31/2001 (0] 0.40 (°C) 55 % O, in Air 20
0.0 0.0001 | - | e | e 011 |
0.0 ) e R 1.84 1.73
0.1 02001 | = | e | e 3.26 1.42
0.2 02001 | - | e | e 2.90 -0.36
03 02001 | - | e | e 2.56 -0.34
1.0 02001 | === | = | mmee- 2.17 -0.39
6/1/2001 (0] 0.40 (°C) 55 % O, in Air 20
0.0 0.0001 | = | e | 013 |
1.0 0.0001 | - | e | - 1.81 1.68
1.0 0.0011 | === | e | mmee- 2.41 0.60
1.0 0.0101 | === | e | mmee- 2.53 0.11
1.0 0.1001 | === | == | mmee- 2.16 -0.37
6/13/2001 (0] 0.40 (°C) 55 % O, in Air 20
0.000 0.0001 | - | e | e 004 | -
0.001 0.0001 | - | e | - 0.68 0.65
0.001 0.0010 | === | e | - 1.00 0.32
0.010 0.0010 | === | e | - 1.52 0.52
0.010 0.0100 | - | e | - 1.99 0.47
0.010 0.0100 EDTA 1.1 0.011 1.54 045
6/20/2001 (0] 0.40 (°C) 55 % O, in Air 20
0.000 | 0.0001 | - | e | e 007 |
0.001 0.0001 | - | e | - 1.76 1.70
0.010 0.0001 | = | e | meee- 1.80 0.04
0.100 0.0001 | = | e | meee- 2.08 0.28
1.000 0.0001 | - | e | - 1.79 -0.29
1.000 0.0001 H;PO, 100 100 1.45 -0.34
6/22/2001 o 0.40 (°C) 55 % O, in Air 20
0.000 | 0.0001 | - | | e 012 |
0.001 0.0001 | | e | 0.49 0.37
0010 | 0.0001 | - | | e 1.43 0.94
0.100 0.0001 | - | e | - 2.12 0.69
1.000 0.0001 | - | e | - 1.99 -0.13
1.000 0.0001 Na;PO, 100 100 1.72 027
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A Rate relative
q NH; .
Cu Fe Inhibi Ratio | Conc. . to previous
nhibitor Evolution ere
(mM) | (mM) to Cu | (mM) addition
(mM/hr)
(mM/hr)
6/27/2001 a 0.15 °C) 55 % O, in Air 20
0.000 | 0.0001 | | e | e 024 |
0010 | 0.0001 | = | o | e 3.67 3.43
0010 | 0.1000 | - | e | e 4.99 1.32
0.100 | 0.1000 | - | | e 5.12 0.13
Benzoic
0.100 0.1000 Acid 100 10 5.03 -0.09
0.100 0.1000 K,CO; 100 10 4.86 -0.17
6/28/2001 a 0.40 °C) 25 % O, in Air 20
The rate data was too low to be calculated accurately at the current FT-IR set-up.
6/29/2001 a 0.40 (°C) 80 % O, in Air 20
0.000 | 0.0001 | | e | e 012 |
0.001 0.0001 | - | e | e 0.49 0.37
0010 | 0.0001 | | e | e 1.43 0.94
0.100 0.0001 | - | e | - 2.12 0.69
1.000 0.0001 | - | e | - 1.99 -0.13
1.000 0.0001 Na;PO, 100 100 1.72 -0.27
7/11/2001 a 0.15 ({®) 55 % O, in Air 20
0.001 0.0001 | - | - | 000 |
0.010 0.0001 | - | e | - 1.26 1.26
1.000 0.0001 | - | | 4.53 3.27
4000 | 0.0001 | - | e | e 5.77 1.24
1.000 0.0001 EDTA 1.0 1.0 5.32 -0.45
1.000 0.0001 EDTA 1.2 1.2 5.12 -0.20
7/17/2001 a 0.15 ({9 55 % O, in Air 20
0.001 02000 |  —— | - | 3.3 |
0.010 0.2000 | - | e | - 3.92 0.79
0.100 | 02000 | - | e | e 5.34 1.42
1.000 02000 | - | | 4.95 -0.39
4000 | 02000 | | e | e 4.90 -0.05
4.000 0.2000 EDTA 1.0 4.0 1.35 -3.60
4.000 0.2000 EDTA 1.2 4.8 1.21 -0.14
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A Rate relative
. NH; .
Cu Fe Inhibi Ratio | Conc. . to previous
nhibitor Evolution e
(mM) | (mM) to Cu | (mM) addition
(mM/hr) (
mM/hr)
7/19/2001 a 0.15 (°C) 55 % O, in Air 20
0.000 | 0.0010 | - | e | e 039 |
0.000 0.0100 | - | e | e 2.08 1.69
0.000 0.1000 | - | e | e 3.58 1.50
0.000 0.2000 | - | e | - 3.58 0.00
0.000 [ 1.0000 |  -eme | e | e 3.62 0.04
7/20/2001 a 0.15 (°C) 55 % O, in Air 20
0.001 0.0100 | - | e | e 073 | -
0.010 0.0100 | - | e | e 4.02 3.29
0.100 0.0100 | - | e | e 6.42 2.40
1.000 | 0.0100 | - | e | e 6.10 -0.32
4.000 0.0100 | - | e | - 6.03 -0.07
7/23/2001 a 0.40 (°C) 70 % O, in Air 20
0.100 | 0.0010 | - [ —— [ — [ |
4000 | 02000 | - | e | e 0.00
7/30/2001 a 0.40 (°O) 55 % O, in Air 20
0.000 | 0.0001 | - | | e 132 |
0000 | 00010 | - | | e 1.81 0.49
0.000 0.0100 |  -—— | | - 2.00 0.19
0.000 0.1000 | - | e | - 2.22 0.22
0.000 1.0000 | == | e | e 2.69 0.47
8/1/2001 o 0.40 (°C) 55 % O, in Air 20
0.000 0.0001 |  -—-- This Data is not [0y E—
0.010 | 0.0001 | - included in rate 1.97 0.90
0.100 | 02000 | - data. The purpose 232 0.35
of experiment was
to check for MT
0.2000 | - problems. 1/2 Air
1.000 rate. 2.08 -0.24
8/6/2001 a 0.40 (°C) 55 % O, in Air 20
0.010 0.2000 | - | e | e 353 | e
0.100 0.2000 | - | e | - 3.51 -0.02
1.000 0.2000 | - | e | - 2.92 -0.59
4.000 0.2000 | - | e | - 2.84 -0.08
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A Rate relative
. NH3; .
Cu Fe - Ratio | Conc. . to previous

Inhibitor Evolution ere

(mM) | (mM) to Cu | (mM) addition

(mM/hr)
(mM/hr)
8/7/2001 a 0.40 (°C) 55 % O, in Air 20

0.000 | 0.0001 | - | e | e 203 |
0.010 0.2000 | - | e | - 3.21 1.18
0.100 0.2000 | - | e | - 3.29 0.08
1.000 0.2000 | - | e | e 2.83 -0.46
4.000 02000 | - | e | e 2.59 -0.24
4.000 0.2000 Na,SO; 5 20 2.52 -0.07

C.1. Results

The results of this study are somewhat different from later findings due to the
lower mass transfer capabilities of the system and analytical techniques with greater
error. The preliminary findings from this study are as follows.

The addition of copper to MEA solutions containing dissolved iron appears to
catalyze the oxidative degradation rate of MEA. This effect appears to be saturated at a
copper concentration of approximately 0.1 mM, and could possibly decrease at copper
concentrations higher than 0.1 mM. Consequently, in the operating range of 1-4 mM
copper, it appears that 4 mM copper is actually slightly preferential in terms of the
oxidative degradation rate. Additionally, it appears that the most important process
parameter is solution loading. As can been from the data tables, all of the degradation
rates for the lower loadings are higher than the corresponding rates of the higher
loadings. This potentially means that the degradation rates at the top of the absorber are

actually faster than the rates in the absorber sump.
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Any process that uses iron or steel equipment will contain some dissolved iron.
The addition of copper to these systems appears to create a synergistic effect on the
overall rate of oxidative degradation. While an increase of iron concentration at a
constant copper concentration increases the degradation rate, this increase is small. It
appears that the overall oxidative degradation rate is less than first order in both iron
and copper concentrations.

In terms of degradation inhibitors, EDTA is the only inhibitor that has been
tested that shows potential for decreasing the rate of degradation. EDTA was tested at
several ratios of EDTA to copper concentration, and was proven to be effective in
almost eliminating the oxidative degradation due to copper at a ratio of 1.2/1. MDEA
was tested in a solution using 5% wt MDEA, and the decrease in the oxidative
degradation rate was negligible. Bicine was tested by itself as a degradation inhibitor,
but was ineffective. The combination of a 23/1 ratio of bicine to copper, in addition to
the 5% wt MDEA decreased the degradation rate by almost 45%. Finally, both H3PO4
and Na;PO,4 were tested as degradation inhibitors, but both had only small inhibition

potentials.
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Appendix D: Sparged Reactor O, Mass Transfer Experiments

This appendix documents the experimental results from the O, mass transfer
study performed in the Sparged Reactor. All experiments were performed with 7.0 m
MEA at 55°C. Data points in gray font color indicate data points that should not be
used for quantitative analysis. In general these data points have excluded because the
system was not at steady state or there was a problem with the mass balance. Table D.1
tabulates the results from experiments performed in the SpargedReactor. Complete data
files for each experiment are available from Gary Rochelle at The University of Texas

at Austin.
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Appendix E: Sulfite Oxidation Mass Transfer Experiments

This appendix documents the experimental results from the sulfite oxidation
experiments performed in the Sparged Reactor. Experiments were run using 0.05 m
Na,S0; buffered by 0.20 m NaHSO;. The pH was measured continuously through the
experiment; as the sulfite was oxidized, the pH of the solution decreased since the
bisulfite was converted to sulfite in order to maintain thermodynamic equilibrium. The
reactor solution was then titrated with a 1.0 m Na,SO3 solution to replace the oxidized
sulfite, the solution returned to the original pH as some of the sulfite converted back to
bisulfite. The O, absorption rate was then calculated by relating the rate of sulfite
addition to the rate of oxygen absorption by the O, stoichiometry shown in Equation
4.1. Table E.1 and Table E.2 show measured viscosity data for concentrated MgSO4
using a previously developed method (Cullinane 2005). Table E.3 shows data from the
sulfite oxidation study. Complete data files for each experiment are available from

Gary Rochelle at The University of Texas at Austin.

SO;Z + % 02 catalyst SO;Z E 1
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Table E.1 Measured Viscosity of 20 wt. % MgSO4 (aq.) (1.968 molal)

time Pwater | Mwater B
TCC)| (s) |v(eS)| (g/ec) | (cP) | N (Ve Viater) | (cm?*/s?)
24.0 | 22441 3.099 1.00 0.96 3.21 | 0.01381
24.0 | 222.73 3.076 1.00 0.96 3.19 | 0.01381
24.5 | 220.96 3.051 1.00 0.95 3.19 | 0.01381
26.0 | 21096 | 2.913 1.00 0.93 3.12 | 0.01381
26.2 | 20991 2.899 1.00 0.93 3.12 | 0.01381
26.2 | 209.18 2.889 1.00 0.93 3.10 | 0.01381
34.0 | 17342 | 2.395 0.99 0.86 2.78 | 0.01381
34.0 | 172.65 | 2.384 0.99 0.86 2.77 | 0.01381
340 | 171.94 | 2.374 0.99 0.86 2.76 | 0.01381
340 | 171.30 | 2.366 0.99 0.86 2.75 | 0.01381
46.5 | 130.69 1.805 0.99 0.92 1.93 | 0.01381
4751 128.50 1.775 0.99 0.94 1.87 | 0.01381
4751 127.18 1.756 0.99 0.94 1.85 | 0.01381
4751 126.66 1.749 0.99 0.94 1.84 | 0.01381
56.0 | 107.29 1.482 0.98 1.13 1.28 | 0.01381
56.5 | 106.44 1.470 0.98 1.15 1.26 | 0.01381
63.0 94.84 1.310 0.98 1.39 0.92 | 0.01381
64.0 93.81 1.295 0.98 1.43 0.89 | 0.01381
64.5 92.89 1.283 0.98 1.45 0.86 | 0.01381

B is the measured constant specific to this viscometer

Table E.2 Measured Viscosity of 15 wt. % MgSO4 (aq.) (1.387 molal)

time Pwater | Mwater B
TCC)| (s) |v(eS) | (g/ec) | (cP) | N (Ve Viater) | (cm*/s?)
258 | 147.67 | 2.039 1.00 0.93 2.18 | 0.01381
26.0 | 146.89 | 2.029 1.00 0.93 2.17 | 0.01381
26.0 | 14640 | 2.022 1.00 0.93 2.17 | 0.01381
31.0 | 129.40 1.787 0.99 0.87 2.03 | 0.01381
32.0 | 126.70 1.750 0.99 0.87 2.01 | 0.01381
335 | 122.67 1.694 0.99 0.86 1.96 | 0.01381
40.5 | 105.08 1.451 0.99 0.86 1.67 | 0.01381
41.0 | 103.97 1.436 0.99 0.86 1.64 | 0.01381
41.5 | 102.42 1.414 0.99 0.87 1.61 | 0.01381
52.5 83.72 1.156 0.98 1.04 1.10 | 0.01381
53.0 82.54 1.140 0.98 1.05 1.07 | 0.01381
53.5 81.98 1.132 0.98 1.06 1.05 | 0.01381
58.0 75.31 1.040 0.98 1.20 0.85 | 0.01381
59.0 74.74 1.032 0.98 1.23 0.82 | 0.01381
59.0 74.70 1.032 0.98 1.23 0.82 | 0.01381

B is the measured constant specific to this viscometer
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Table E.3 O, Asorption Rates Measured by Sulfite Oxidation in the Sparged Reactor
(0.05 molal Na,SO3 and 0.20 molal NaHSO5)

Date Solution (o]é) A(ill:PRl\?[;e Up(t);ke
(mM/hr)
1/16/2003 | Water 55.0 8.06 39.9
1/20/2003 | 10 wt % MgSOy4 55.0 8.06 9.8
1/22/2003 | 10 wt % MgSO4 57.0 8.06 7.2
1/22/2003 | 10 wt % MgSO4 57.0 5.84 8.7
1/27/2003 | 10 wt % MgSO4 56.5 8.06 13.7
1/27/2003 | 10 wt % MgSO4 57.0 5.88 10.1
1/27/2003 | 10 wt % MgSOy4 57.4 2.89 8.2
3/17/2003 | Water 56.0 8.06 37.2
3/17/2003 | Water 56.0 5.48 253
3/17/2003 | Water 56.0 2.93 19.9
3/30/2003 | 5 wt % MgSO4 54.7 9.39 26.1
3/30/2003 | 5 wt % MgSO4 54.5 8.06 18.0
3/30/2003 | 5 wt % MgSO4 54.6 6.44 14.2
3/30/2003 | 5 wt % MgSO4 54.8 3.78 11.0
4/05/2003 | 15 wt % MgSO4 54.5 9.10 10.3
5/12/2003 | 15 wt % MgSO,4 535 9.12 8.7
5/12/2003 | 15 wt % MgSO, 53.7 7.32 10.9
5/12/2003 | 15 wt % MgSO, 53.8 5.84 11.0
5/12/2003 | 15 wt % MgSO4 54.2 3.34 13.0
5/16/2003 | 15 wt % MgSO4 54.6 9.71 14.0
5/16/2003 | 15 wt % MgSO4 55.6 7.79 3.8
5/16/2003 | 15 wt % MgSO4 55.8 5.84 7.7
5/16/2003 | 15 wt % MgSO,4 55.7 3.01 9.8
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Appendix F: Agitated Reactor O, Mass Transfer Experiments

This appendix documents the experimental results from the O, mass transfer
study performed in the Agitated Reactor. All experiments were performed at 55°C.
Dates in italics indicate a continuation of the previous experiment. Data points in gray
font color indicate data points that should not be used for quantitative analysis. In
general these data points have excluded because the system was not at steady state or
there was a problem with the mass balance.

Table F.1 tabulates the results from experiments performed in the Agitated
Reactor. Complete data files for each experiment are available from Gary Rochelle at

The University of Texas at Austin.
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Appendix G: Experiments with Degradation Inhibitors

This appendix documents the experimental results from the degradation
inhibitors study performed in the Agitated Reactor. All experiments were performed
with 7.0 m MEA at 55°C and 1400 RPM. Dates in italics indicate a continuation of the
previous experiment. Data points in gray font color indicate data points that should not
be used for quantitative analysis. In general these data points have excluded because
the system was not at steady state or there was a problem with the mass balance. Table
G.1 tabulates the results from experiments performed in the Sparged Reactor. Complete
data files for each experiment are available from Gary Rochelle at The University of

Texas at Austin.
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Appendix H: UV-VIS Analysis Data

This appendix documents the results from UV-VIS scans for a large number of
samples collected at the end of many of the experiments performed throughout this
study. Analysis was performed using a HP 8452A Diode Array Spectrophotometer
equipped with a deuterium lamp, and capable of a 2 nm resolution. Data was collected
in the range of 200 - 800 nm using 5 ml polycarbonate cuvettes with a 1 cm path length.
The sample time was 0.5 sec. Samples with an absorbance above 1.0 cannot be used for
qualitative analysis due to deviations from the Beer-Lambert law, as discussed in detail
in Chapter 3.

The first section of this appendix contains UV-VIS spectra for a number of
standards that were run to identify peak locations for Cu'!, Cu™, Fe'?, and Fe", in de-
ionized water and in unloaded MEA. Additional standards were run for pure, loaded,
and unloaded MEA, SO,72, and formate. These spectra can be seen below in Figure H.1
to Figure H.7. The second section deals with tabulated data for each sample that was
analyzed. The color nomenclature assigned to each for Table H.1 lists the nomenclature

and order of colors assigned to all of the samples, and Table H.2 gives detailed
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information about peak analysis. Typically, UV-VIS data is quantified by taking the
maximum height of the peak and multiplying by the width of the peak at half height.
This approximated area corresponds to a concentration. This analysis could not be
performed for most of the analyzed samples due to significant peak overlap and
absorbance heights above the maximum allowable limit. In these cases, a peak width
and height were noted.

The final section lists some observations and conclusions based on the observed
data. Complete data files for the tabulated sample spectra are available from Gary
Rochelle at The University of Texas at Austin. For a complete list of experimental

conditions for each sample, please refer to Appendix C, D, E, or F.
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H.1. UV-VIS Reference Spectra
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Figure H.1 Reference Spectra for CuSO4 in Water and in 7.0 m MEA at 25°C
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Figure H.3 Reference Spectra for FeSO4 in Water and in 7.0 m MEA at 25°C
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Figure H.4 Reference Spectra for FeCls; in Water and in 7.0 m MEA at 25°C
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Figure H.5 Reference Spectra for De-ionized H,O, 38 wt. % Formic Acid, and Glacial
Sulfuric Acid at 25°C
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MEA is a known chelating agent that will form complexes with Fe and Cu in
aqueous solution. The reference spectra for the Cu and Fe solutions shows that in the

! peak at

presence of MEA (aq.) the absorbance peaks are dampened. In MEA the Cu"
600 — 800 nm™' completely disappears, and Cu™ now shows a distinct peak from 500 -
800 nm™. Solutions of Fe” and Fe™ in MEA both show a peak from 200 - 800 nm™".
Figure H.5 shows that de-ionized water has no absorbance in the UV-VIS region, and
both formic acid and sulfuric acid have a weak absorbance peak at 200 — 400 nm'".
Figure H.6 shows scans for new and one year old pure MEA. New MEA is
clear and colorless, but after MEA has been opened and exposed to the atmosphere, the
MEA turns yellow over time. Both samples have a peak at 300 nm™, but the aged
sample saturates the detector and trails to beyond 500 nm™. The loaded solutions show
the same peak, but the intensity of the peak is less. As the loaded solutions age, the
absorption peak increases in both intensity and width. The component responsible for

this peak has not been determined, but is likely formed by an irreversible reaction of

MEA with CO; (Rochelle et al. 2001).

H.2. Data Tabulation for UV-VIS Spectra

The color notation for all solutions was defined as follows:

Dark red (includes purple) < Red-orange < Orange < Yellow-orange < Gold < Yellow <
Yellow-Green < Light Green < Green < Dark Green < Light blue < Blue < Dark blue

Miscellaneous: Cloudy brown, Dark brown, Pinkish purple, Brownish black, Cloudy
red, and Cloudy orange
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Table H.1 Color Notation for Samples that Do Not Have a UV-VIS Scan

Sample Color
6/27/2001 Dark red
7/30/2001 Dark red (purple)
7/19/2001 Cloudy red
7/31/2001 Orange
6/13/2001 Yellow-orange
8/01/2001 Yellow-orange
6/01/2001 Yellow-orange
8/07/2001 Cloudy orange
6/22/2001 Light green
5/29/2001 Light green
6/20/2001 Light green
7/17/2001 Light green
7/16/2001 Dark green
6/28/2001 Dark green
7/11/2001 Dark green
7/23/2001 Dark green
7/10/2001 Dark green

11/13/2000 Light blue

11/13/2000 Light blue

11/13/2000 Blue
7/20/2001 Dark blue
6/29/2001 Dark blue
8/06/2001 Dark blue
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Table H.2 Color Notation for Samples that Do Have a UV-VIS Scan

Date Color Date Color
07/15/02 Yellow-orange | 05/26/04 Gold
07/16/02  Yellow-green | 06/03/04 Yellow
07/17/02 Dark red 06/04/04 Yellow

07/19/02  Yellow-orange | 06/07/04 Dark green
10/15/02  Light green | 06/26/04 Dark red (purple)

10/18/02 Yellow-orange | 06/28/04 Green
10/21/02 Gold 07/07/04 Orange
10/30/02 Orange 07/08/04  Cloudy brown
11/13/02 Dark red 07/12/04 Orange
12/05/02 Dark red 07/14/04 Orange
12/06/02 Dark red 07/19/04 Orange

12/09/02 Dark red 07/26/04  Brownish black
10/03/03 Orange 07/21/04 Dark brown
10/20/03 Dark red 07/29/04 Orange
10/24/03 Yellow 07/31/04 Red-orange
10/27/03  Yellow-orange | 08/04/04 Dark red
10/28/03  Yellow-orange | 08/08/04  Yellow-orange

10/30/03 Gold 08/12/04 Red-orange
11/01/03  Yellow-orange | 08/20/04 Yellow
11/03/03 Gold 10/25/04  Pinkish purple
11/10/03 Gold 11/02/04 Yellow
11/14/03 Yellow 12/01/04  Yellow-orange
01/29/04 Green 01/11/05 Yellow
02/06/04 Orange 01/13/05 Red-orange
03/22/04 Yellow 01/24/05 Yellow

05/24/04 Yellow 01/31/05 Dark brown
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H.3. Results

All of the samples had a large peak that saturated the detector. The samples
could be categorized into two groups: one group where the main peak ended around
500 nm™, and the second group where the peak was much broader. This main peak
includes contributions from Cu'!, Cu™, Fe'?, Fe", SO,2, formate, and the unknown
compound formed in aged MEA solutions. In general, samples that were inhibited, had
a lower MEA concentration, or were run for a shorter time had a narrower main peak.
Based on the reference spectra above, peaks for MEA, sulfate, formate, Fe, Cu,
Fe/MEA, Cu/MEA, and an unknown degradation product that shows up in the pure and
unloaded MEA stock solution all are under this main peak.

Several sets of samples had a second peak that was attached to the first main
peak, and was noted as a shoulder peak in Table H.3. This peak is thought to be an Fe-
MEA complex based on the reference spectra above. Several samples had extremely
wide main peaks that ended between 600 and 700 nm™. This corresponds roughly to
the Cu/MEA complex seen in the reference spectra above. Samples with hydroquinone,
potassium formate, PO,~, and high Fe concentrations all had very broad peaks that
absorbed across the entire wavelength region.

The sample time was changed from 0.5 sec. up to 25 sec. and there was no
noticeable change in spectrum resolution. In order to try to quantify the main peak from
200 to 500 nm™', a typical single peak sample (7/14/04) was diluted multiple times. The

sample had to be diluted by a factor of 160 before the main peak did not exceed 1.0
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absorbance. With a dilution factor of 320 the resolution on the main peak was good
enough for quantification, but at this low a concentration any metals or degradation
products could not be quantified.

In general, solutions with only Cu ranged from light green to dark blue in color,
and solutions with only Fe ranged from dark red to orange. Solutions with both Fe and
Cu tended to be yellow in color. The addition of degradation products and most of the
screened inhibitors tended to make the color darker. Manganese solutions were dark
orange or red, and Inhibitor A solutions were yellow. Formate turned Cu solutions red
orange and Fe solutions yellow-orange. Sulfite turned Cu solutions green or orange and
Fe solutions yellow.

It should also be noted again (Chapter 5), that inhibited Fe solutions tended to
turn darker colors in the absence of O,, but Cu solutions did not exhibit this color

change.
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Appendix I: Inhibitor A Information

This appendix discloses the identity of the proprietary additive Inhibitor A, and
includes a list of available literature. The three different oxidation states of Inhibitor A
used in this work are also identified. The information in this appendix is available from

Gary Rochelle at The University of Texas at Austin.
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