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Introduction

This research program is focused on the technical obstacles to the deployment of CO, capture
and sequestration from flue gas by alkanolamine absorption/stripping and on integrating the
design of the capture process with the aquifer storage/enhanced oil recovery process. The
objective is to develop and demonstrate evolutionary improvements to monoethanolamine
(MEA) absorption/stripping for CO; capture from coal-fired flue gas. The Luminant Carbon
Management Program and the Industrial Associates Program for CO, Capture by Aqueous
Absorption support 16 graduate students. These students have prepared detailed quarterly
progress reports for the period July 1, 2009 to September 30, 2009. We have attached
presentations made by Xi Chen and Rochelle at the IEA workshop in Regina. Also included are
paper manuscripts submitted by Freeman, Nguyen, and Plaza.

Conclusions

At 120 to 150 °C, partial pressure of PZ is from 0.2 to 1.6 kPa for 5.5 m PZ; At 120 and 140 °C,
PZ partial pressure is 0.7 and 1.8 kPa for 8.7 m aqueous PZ, and 0.8 to 2.1 for 10.5 m PZ.

The volatility of unloaded amines at 40 °C is in the order: 16 m DGA (1.5 Pa), 8 m PZ (~8-10),
7 m MEA (10), 5 m AMP (14.2), 8 m EDA (17.2).

The normalized flux, k,’, of CO, in MEA and PZ solutions is represented by activity-based
kinetics with a second order dependence on the activity of the free amine. At constant loading,
the k,” is mostly independent of amine concentration and temperature because of canceling
effects on the components of the flux expression. The diffusion of reactants and products ecome
important at greater T and CO; loading.

10 m DGA" is not competitive with 7 m MEA or 8 m PZ. 10 m DGA® has a capacity much
smaller than 8 m PZ, about 80% that of 7 m MEA. 10 m DGA® absorbs CO; at a rate 20% less
than 7 m MEA. The heat of CO, absorption of 10 m DGA® is 81 kJ/mol at average operational
CO; loading, the same as that of 7 m MEA.

The mass transfer area of structured packing is strongly related to packing size (125-500 m*/m’)
and liquid load (2.5-75 m’/m*h). Surface tension (30-72 mN/m) had a weaker but significant
effect. Liquid viscosity (1-15 mPa‘s) and flow channel configuration had essentially no impact.
The ratio of mass transfer area to specific area (a./a,) was correlated by:
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The June 2009 thermodynamic model for PZ accurately predicts VLE and heat capacity but fails
to provide adequate predictions of PZ volatility, heat of CO, absorption, and speciation.

Less complex stripper configurations were modeled for 9 m MEA. The double matrix using only
single-stage flashes required an equivalent work of 33.8 kJ/mole CO,, compared to 35.8 for one
single-stage flash and 35.3 for a simple stripper.

Normalized density of EDA solution is not a strong function of amine concentration, and can be
predicted only using CO, concentration.

Metal concentrations in EDA samples that have been thermally degraded are much higher than
those in PZ and about twice those of MEA, suggesting that EDA will corrode stainless steel.

The C, of loaded 12 m EDA is lower than that of 8 m PZ and 7 m MEA. High amine
concentration with high loading helps to reduce the sensible heat requirement.

8 m 2-PE thermally degrades more slowly than 7 m MEA and EDA, but much more significantly
than PZ. The dimer of 2-PE is the main thermal degradation product. There is colloidal
suspension in thermally degraded 2-PE samples .

With 7 m MDEA the amine loss rate was 61%/week when cycled between 55 and 120 °C. We
have hypothesized that entrained oxygen from the oxidizer at 55 °C is entrained and reacts with
the MDEA at 120 °C.

When DEA is reacted wth PZ or Methyl-PZ at150 °C we observe the expected dimers with
masses of 173.1 and 187.1, corresponding to thermal degradation products also observed in the
degradation of MDEA/PZ.

When MEA was degraded in two successive steps to represent absorber and stripper conditions,
the degradation rate was comparable to that expected from the respective oxidative and thermal
degradation experiments.

The reaction of monoethanolamine (MEA) with formate to form N-formyl-ethanolamine reached
equilibrium in 12 to 2 hours at studied at 55-130 °C.

Dissolved chromium was a mild catalyst of MEA oxidation. Degradation occurred at an average
rate of 0.5 mM/hr and was unaffected by Cr concentration (0.01-1 mM). Equimolar addition of
EDTA reduced the degradation rate by 50%.

Iron-catalyzed degradation of 8 m PZ is greatly reduced by 100 mM A. With 0.4 mM Fe*"/0.1
mM Cr’7/0.05 mM Ni*", the apparent loss of PZ was negligible with some products. With the
addition of 10 mM A, the yield of degradation products was significantly reduced.

In 15 weeks at 175 °C, 8 m PZ degradation produced about 600 mM total formate, and 43 mM
EDA as well. Total formate reached 560 and 690 mM total formate andwhile EDA reached 42
and 45 mM. Accumulation of Fe'", Ni"™", and Cr"" was less than 12 mM, suggesting that 316SS
is resistant to corrosion by 8 m loaded PZ.



The designed skid for a two-stage flash with 0.1 MW nominal capacity will have a footprint of 9
x 6 feet. The major equipment was purchased for $60,000.

1. VLE Study of Aqueous Piperazine at High T p. 12
by Qing Xu

In this quarter a high temperature VLE experimental apparatus was built, tested, and modified.
Experiments were conducted with water and 5, 8, 10 m PZ solutions at 120, 140, and 150 °C. 5
runs for 8 m PZ with about 0.4 CO, loading were conducted at 140 and 150 °C. At 120-150 °C,
partial pressure of PZ ranges from 0.2 to 1.6 kPa for 5.5 m PZ; at 120 and 140 °C, PZ partial
pressure is 0.7 and 1.8 kPa for 8.7 m aqueous PZ, and 0.8 to 2.1 for 10.5 m PZ.

A 500 mL stainless steel autoclave was used as the equilibrium cell, the vapor sample was
continuously analyzed by FTIR, and liquid samples were taken before and after each run. For
CO; loaded aqueous PZ solutions, liquid samples were also taken during the experiment. Liquid
samples were analyzed by TIC and total alkalinity titration.

Several improvements have been made: 1, 3, and 5 min sampling times were selected in
Calmet® software for FTIR analysis and 1 min was found to be the best. The RTD thermometer
was replaced with a low noise K-type thermocouple. The thermal well inside the autoclave was
replaced with a new one. Heating tapes and thermostats were added around the top of the
autoclave and the vapor sampling tubes to avoid condensation in the vapor line. Bigger SS
bombs were used to obtain liquid samples.

2. Volatility and heat capacity of amine alternatives p. 25
by Bich-Thu Nguyen

The volatility of aqueous amine-water systems is explored in this report. A number of amines
was studied at varying concentrations, from very dilute to highly concentrated conditions, at
temperatures from 40-70 °C. While it is not currently possible to compare amine volatilities in
general due to differences in the conditions studied in each case, it is relevant to observe
volatility at the working concentration of each amine (~30-50 wt %) at 40 °C. The amines
studied are ranked as follows in order of increasing volatility: DGA® (diglycolamine — 16 m)
~1.5 Pa; PZ (piperazine — 8 m) < 17.1 Pa (~8-10 Pa); MEA (monoethanolamine — 7 m) ~10 Pa;
AMP (2-amino-2-methyl-1-propanol — 5 m) ~14.2 Pa; EDA (ethylenediamine — 8 m) ~17.2 Pa.
At a most basic level of scientific analysis, DGA® is much less volatile than EDA, the most
volatile amine studied, due to the former being more polar overall (-OH group present) and
therefore is more water-friendly with little to no tendency to leave the solution (volatilize).
Amine volatility is a complex phenomenon dependent on several properties of the molecule,
including its boiling point, molecular weight, and most certainly its polarity as determined by
chemical group contribution and arrangement. In future studies, amine volatility will be
explained in depth in the context of UNIQUAC (a group contribution theory) in an effort to
understand and validate experimental observations.



3. Rate Measurements for MEA and PZ p. 38
by Ross E. Dugas

A Ph.D. dissertation on this work is in preparation. Chapter 5 on modeling is attached.

Using the wetted wall column rate data and available literature data, MEA and PZ spreadsheet
models were created to explain observed rate behavior. The resultant liquid film mass transfer
coefficient, k,’, expressions use termolecular (base catalysis) kinetics and with an activity-based
rate expression. The k,’ expressions were shown to accurately represent rate behavior over the
very wide range of experimental conditions. The model fully explains rate effects with changes
in amine concentration, temperature, and CO; loading. These models allow for rate behavior to
be predicted at any set of conditions as long as the parameters in the k,’ expressions can be
accurately estimated.

An Aspen Plus® RateSep'™ model for MEA was created to model CO; flux in the wetted wall
column. The model was able to fairly accurately calculate CO, flux over the wide range of
experimental conditions but included a systematic error with MEA concentration. The
systematic error results from an inability to properly represent the activity coefficient of MEA.
Due to this limitation, the RateSep ™ model is most accurate when finetuned to one specific
amine concentration. This Aspen Plus® RateSep'™ model allows for scale up to industrial
conditions to examine absorber or stripper performance.

4. Wetted Wall Column Rate Measurements p. 121
by Xi Chen

The CO; solubility and adsorption/desorption rate were measured in the wetted wall column for
10 m Diglycolamine® (DGA®™) with varied CO, loading (mol CO,/mol alkalinity). VLE models
of CO, were regressed from experimental data to calculate CO, capacity and enthalpy of CO,
absorption (AH,s). The liquid film mass transfer coefficients (kg’) and CO, partial pressures
(P*) obtained were compared to those of 8 m piperazine (PZ) and 7 m monoethanolamine
(MEA) as well as other amines studied in the previous quarter. The capacity of DGA®™ is about
20% less than that of 7 m MEA. DGA® has about the same heat of absorption for CO,
(AHs=81 kJ/mol) as MEA, much higher than PZ (70 kJ/mol).

5. Influence of Liquid Properties on Effective Mass Transfer Area of
Structured Packing p. 127

by Robert Tsai
(also supported by the Separations Research Program)

The quarterly effort is included in the attached manuscript.

The mass transfer area of nine structured packings was measured in a 0.427 m ID column via
absorption of CO, from air into 0.1 kmol/m® NaOH. The area was most strongly related to
packing size (125-500 m*/m’) and liquid load (2.5-75 m*/m*h). Surface tension (30—72 mN/m)
had a weaker but significant effect. Liquid viscosity (1-15 mPa's) and flow channel
configuration had essentially no impact on the mass transfer area. Surface texture (embossing)
increased the effective area by 10% at most. The ratio of mass transfer area to specific area
(ac/ap) was correlated within limits of £13% for the entire experimental database:



6. Modeling Stripper Performance for CO, Removal p. 162
by David Van Wagener

Since Hilliard developed thermodynamic models for various amine solvents, additional
experimental data have been collected at new conditions. The data primarily of interest have
been for concentrated piperazine (PZ). The Hilliard model performed well for low PZ
concentrations, 0.9 m—5 m, but 8 m PZ will be used in future simulations. This model was
previously updated with high amine concentration data, resulting in the June 2009 PZ model.
The property predictions by this model were investigated to evaluate the overall accuracy of the
model for 8§ m PZ. The VLE and heat capacity predictions showed little deviation from
laboratory data. The volatility predictions were difficult to scrutinize because there are few data
points from the lab. The Aspen Plus® predictions were systematically lower than the available
lab data, but the deviations may be reduced when new data are collected with new FTIR
software. Unlike these properties, the speciation and heat of absorption predictions are not yet
acceptable. The bicarbonate concentration was large compared to other solvents, but no data are
available for 8 m PZ. The heat of absorption predictions were questionable for two reasons.
First, the predictions did not approximate the magnitude of laboratory data collected at NTNU.
However, there was agreement between the calculated values using the Gibbs-Helmholtz
equation with the measured VLE and Aspen Plus® predictions using this model. The Aspen
Plus® predictions and Gibbs-Helmholtz calculations both have values around 60—70 kJ/mol CO,,
whereas the laboratory data is 20-30 kJ/mol CO, higher with +/-10 kJ/mol CO, scatter for all
temperatures. The second concern with heat of absorption predictions in Aspen Plus® was
whether the Gibbs-Helmbholtz calculations are consistent with calorimetric results. Prior analysis
with MEA demonstrated a slight difference between these two calculation methods, but the
difference is more severe for 8§ m PZ.

Next, analysis of various stripper configurations with different complexity levels using 9 m MEA
was initiated. The most efficient configuration thus far is equilibrium flashes in a double matrix
arrangement. The double matrix configuration has only been evaluated using all equilibrium
flashes, but it had a 4.2% improvement over a simple stripper, with 35.3 kJ/mol CO; and 33.8
kJ/mol CO; for the simple stripper and double matrix, respectively. A configuration developed
by Fluor consisting of a simple stripper with an adiabatic flash on the lean stream also performed
better than the simple stripper, but only reduced the equivalent work requirement to 34.4 kJ/mol
CO,. Other evaluated configurations which did not outperform the simple stripper included 1-
stage and 2-stage flashes.

7. CO, Absorption Modeling Using Aqueous Amines p. 176
by Jorge M. Plaza

Work continued on the development of an absorber model for 8 m PZ. The thermodynamic
model was updated by Van Wagener from version 02/06/09 to version 06/16/09. This update
required re-regression of the density data. A density subroutine was implemented to calculate



this property independent of speciation. However, the developed subroutine could not
adequately represent the density data due to issues related to the average molecular weight.
Density was re-regressed satisfactorily using the Clarke model for liquid molar volume for
electrolyte solutions in Aspen Plus®. The resulting parameters are presented in this report.

The behavior of the activity coefficient of CO, was corrected using the N,O analogy with a
correlation for Henry’s constant presented in Cullinane (2005) for N,O-water and regression
work by Dugas (in progress) for N;O-MEA. A linear relation for the activity of CO, and loading
and temperature has been proposed. Previous work had shown a maximum value around a
loading of 0.30. The activity coefficient was modified using the CO,-ion local contribution
parameters (1) in the e-NRTL model. Resulting values are included in this report.

8. Modeling Absorber/Stripper Performance with MDEA/PZ p. 185
by Peter Frailie

The goal of this study is to evaluate the performance of an absorber/stripper operation that
utilizes the MDEA/PZ blended amine. Before analyzing unit operations and process
configurations, the thermodynamic framework for the blended amine must be satisfactorily
constructed. The approach used in this study is first to construct separate MDEA and PZ models
that can later be reconciled via cross parameters to accurately model the MDEA/PZ blended
amine. Once the MDEA/PZ model has been completed it must be incorporated into separate
absorber and stripper models similar to those developed by Van Wagener and Plaza. This study
is currently in the process of developing the MDEA/PZ model based on thermodynamic data.

Preliminary correlations are presented for density, viscosity, CO, solubility and heat capacity in
7 m MDEA/2 m PZ. The MDEA model has already been completed, but the PZ model is in
need of some major corrections. The goal for the next quarter is to complete the MDEA/PZ
thermodynamic model and begin constructing a rate-based model for the absorber.

9. Solvent Management of MDEA/Piperazine p. 191
by Fred Closmann

(also supported by the Process Science & Technology Center)

The integrated solvent cycling/degradation apparatus (ISDA) was modified in the third quarter to
obtain accurate temperature and oxidation-reduction potential (ORP) measurements. Three
cycling experiments were completed in the quarter. At conditions of 55 °C in the oxidative
reactor and 120 °C in the thermal reactor, we measured a formate production rate of 0.6 mM/hr.
When we reversed the formation of amides in samples from this same experiment, we observed a
formate production rate of 0.98 mM/hr. When the same solvent was cycled at conditions of
55°C in the oxidative reactor and thermal reactors, the formate production rate was 0.004
mM/hr. The measured amine loss rate at the 55/120 °C condition was ~61%/wk, which was over
an order of magnitude greater than the rate (0-2.5%/wk) observed in thermal cylinder
experiments conducted at 120 °C.

Using thermal cylinder experiments and LC-MS analytical detection equipment, we confirmed
the presence of DEA degradation products expected in the presence of strong nucleophiles
including piperazine (PZ) and methyl-PZ. The mass of those degradation products were 173.1
and 187.1, respectively, when DEA was reacted with PZ and methyl-PZ in CO, loaded samples
degraded at 150+ °C.



10. Solvent Management of Concentrated Piperazine p. 227
by Stephanie Freeman

Iron-catalyzed degradation of 8 m PZ is reduced with the addition of 100 mM Inhibitor A. PZ in
the presence of iron loses 10% of the initial amine within 500 hours but A reduces this to
effectively no loss. With 10 mM of A in the presence of stainless steel metals (Fe*", Cr’", Ni*"),
the loss of PZ was not reduced while fewer degradation products were produced

At 175 °C, 8 m PZ lost 71.5 and 73% over 15 weeks with 0.3 and 0.4 mol CO,/mol alkalinity,
respectively. This degradation produced large amounts of formate, total formate, and EDA.
Total formate reached 560 and 690 mM while EDA reached 42 and 45 mM for the two loadings,
respectively. The degradation in these experiments seen in the first 5 weeks matched the rate
observed in previous experiments at this temperature. Despite the high rate of degradation
observed in these two experiments, metal concentrations were low for Fe%, Cr'*, and Ni2+, all
staying below 7 and 12 mM in the two experiments. Unique to these two experiments, Ni** was
found in the highest concentration, not iron as was expected.

The behavior of 16 PZ derivatives was observed in the Cation IC-MS. Most of the amines,
AcPZ, AEPZ, AMPZ, DFPZ, DMPZ, EDA, EPZ, FPZ, HEEDA, HEP, HEMP, MPZ, and
TEDA, behaved as expected producing a single peak with the expected m/z ratio for that analyte.
Doublet signals (m/z = 2*MW+1) were observed in 7 analytes as well. Three species, 2-
Imidazolidone, 2-Methyl-2-Imidazoline, and 2,5-piperazindione, produced very weak signals
without the expected m/z ratio.

Cation IC-MS analysis of 11 oxidation and one thermal degradation sample was performed. In
those where PZ degraded, namely OE2, OE4, and TE9, peaks of EDA and N-Formyl PZ were
identified. Experiments with Inhibitor A both have the same unidentified peak that must be an
adduct of A.

ICP-OES will be used for metals analysis rather than AA because of ability to detect multiple
metals in the same sample, reducing the volume of sample needed for analysis.

11. Ethylenediamine as a solvent for CO, capture p. 261
by Shan Zhou

The density of 8 m and 12 m ethylenediamine (EDA) with different CO, loadings was measured.
The solution density has a linear relationship with CO, concentration in the solutions (mol
COy/kg solution).

8 m EDA samples which had been degraded for 8 weeks in thermal degradation experiments

were measured by atomic absorption. 8§ m EDA is more corrosive than MEA and piperazine
(PZ).

The heat capacity of 12 m EDA was measured. With less water in the solution, the heat capacity
of loaded 12 m EDA is lower than both 8 m PZ and 7 m MEA.

Thermal degradation experiments of 2-Piperidineethanol (2-PE) were performed at 120-150 °C.
Thermal degradation of 2-PE is slower than that of MEA, but 2-PE polymerized in the thermal
degradation process.



12. Oxidative Degradation of MEA p. 271
by Alex Voice

The degradation of MEA was carried out in two successive steps to represent absorber and
stripper conditions. Amine loss was 17.4% after 13 days at 135 °C, before being transferred to
the oxygen environment at 55 °C. Degradation in this environment was initially 1.8%/week, but
dropped off steeply to 0.3%/week by the third week. These rates were consistent with previous
thermal (Davis, 2009) and oxidative (Sexton, 2008) degradation work.

The reaction of monoethanolamine (MEA) with formate to form N-formyl-ethanolamine was
studied at temperatures of 55-130 °C. The activation energy of this reaction was determined to
be 48+6 kJ/mol

Samples from an industrial CO; capture process were analyzed for heat stable salts (HSS). The
lean solution contained 11 mM of total HSS (glycolate and formate were the highest, with 6 and
3 mM, respectively). The reclaimer waste contained 326 mM of HSS and their respective amide
derivatives (N-carboxyl-ethanolamine). Formate and N-formyl-ethanolamine were found at
concentrations of 64 mM and 170 mM, respectively.

Dissolved chromium was found to catalyze oxidation of MEA in the high gas flow apparatus.
Degradation occurred at an average rate of 0.5 mM/hr and was unaffected by Cr concentration
(0.01-1 mM). Equimolar addition of EDTA reduced the degradation rate by 50%.

13. Dynamic Operation of CO, Capture p. 290
by Sepideh Ziaii

This work presents the dynamic behavior of the amine absorption/stripping system in response to
the changes in the capture or steam cycle operating conditions. This dynamic simulation was run
in a flow sheet of Aspen Custom Modeler® by integrating the dynamic models of the absorber
and the stripper and including simplified steady state models of the cross heat exchanger, the
lean solvent cooler, and pumps.

The dynamic results demonstrate that, in the absence of any control system, CO, capture reaches
steady state in less than 30 minutes smoothly after making a step change in the steam rate and
flue gas rate. However the CO, capture continues to vary slowly because no control action is
bringing the water content back to balance.

Regulating the temperature of lean solvent recycling to the absorber is presented as an alternative
strategy to control water balance, however it is not proposed as an instantaneous control action.

In addition, controlling the levels in the inventories in an acceptable range is indicated as a
mandatory control action. It should be considered for amine systems to make sure that thermal
and oxidative degradation and liquid/vapor separation criteria will always be satisfied.

14. Electric Grid Level Implications of Flexible CO, Capture Operation
p. 298

by Stuart Cohen

A first-order model of hourly electric grid dispatch and pricing has been adapted in order to
investigate the implications of flexible carbon dioxide (CO;) capture over a multi-year time



frame with annually varying fuel prices, CO, prices, electricity demand, and power plant fleet.
Preliminary analysis of the Electric Reliability Council of Texas (ERCOT) electric grid over a
21-year period with six natural gas and CO, price path combinations shows that coal-fired plants
continue to be dispatched at base load regardless of the availability of CO, capture unless natural
gas prices are low and CO; prices are high. Operation of flexible CO;, capture in response to
demand-induced electricity price variations depends on complex interactions of fuel and CO,
prices, operating costs, and the current power plant fleet. When the emissions cost penalty of
partial-load CO, capture is only a few dollars per megawatt-hour, flexibility can be used for
modest operating profit improvements, but these improvements could be offset by any operating
cost penalty for using a flexible system. However, by eliminating the need for new capacity to
replace output lost to full-load CO, capture, flexibility can greatly improve the net present value
of a CO; capture investment.

The same dispatch and market model has also been expanded for use in a comparative study of
flexible CO; capture in the United Kingdom (UK) and ERCOT electric grids. The two grids are
similar in market structure and size, but differences in capacity mix, demand variations, and fuel
markets will likely produce diverging behaviors of flexible CO, capture systems.

15. Measurement of Packing Liquid Phase Film Mass Transfer
Coefficient p. 315
by Chao Wang

Packings are widely used in distillation, stripping, and scrubbing processes because of their
relatively low pressure drop, good mass transfer efficiency, and ease of installation. Packings
are also are also being investigated for the post combustion carbon capture process for these
reasons. Research continues to focus on development of high performance packing, especially
on minimizing pressure drop, maximizing mass transfer efficiency, and minimizing costs. The
design of packed absorbers for carbon dioxide capture will require the reliable measurement and
accurate prediction of the effective area, gas and liquid film mass transfer coefficient. A variety
of experimental methods for measuring effective area, gas and liquid film mass transfer
coefficient kra have been reported. Consistent measurements of these important design
parameters will be tried this summer and will continue in the fall.

Absorption of CO, with NaOH is applied to measure the effective area of packings.
Atmospheric carbon dioxide is used as gas phase and 0.1 M NaOH is used as liquid phase. The
effective area can then be determined by the measured overall volumetric gas phase mass
transfer coefficient (K,za, Henry’s constant, carbon dioxide diffusivity, free OH concentration,
and the predicted reaction rate constant). These measurements have been obtained on a wide
variety of random and structured packings by the UT/SRP. In recent years, Robert Tsai has
obtained additional gas/liquid contact area data by adjusting the surface tension and viscosity of
the system.

The absorption of SO, into NaOH solution will be used to measure the gas phase film volumetric
mass transfer coefficient. Sulfur dioxide (SO;), blended with ambient air at a composition of
approximately 80 ppm, will be absorbed by 0.1 M NaOH solution. The gas phase film mass
transfer coefficient may be determined from the measured gas phase volumetric mass transfer
coefficient (kea) and the previously measured gas/liquid contact area (a).



The stripping of toluene from water with air is applied to measure the liquid phase volumetric
mass transfer coefficient (kpa). Ambient air is used to strip soluble toluene from water. The
liquid phase mass transfer coefficient can be determined from the measured liquid phase
volumetric mass transfer coefficient and the previously measured gas/liquid contact area.

In this quarter, a new SO, analyzer has been installed and incorporated into the UT/SRP
air/water pilot plant and DeltaV control system. The SO, analyzer underwent testing and
troubleshooting separately. In addition, a gas chromatographic system was set up to allow
measurements of ppm levels of toluene in water. The analytical system has also been checked
out and trouble-shooted. Three structured packings will be studied in the upcoming quarter:
Raschig-Jaeger RSP250, Sulzer Mellapak 2X, and Koch-Glitsch Flexipac 1.6Y HC. These
packings were obtained during this quarter.

16. Pilot Plant Testing of Advanced Process Concepts using
Concentrated Piperazine p. 327
by Eric Chen

Pilot plant testing of 8 m piperazine in a two-stage heated flash is planned for the spring of 2010.
Substantial modifications to the existing pilot plant at SRP will be needed. The process flow
diagrams (PFD) and piping and instrument diagrams (P&ID) were updated. The high pressure
pump, cross-exchanger, two pressure vessels, and two steam heaters were designed and ordered.
Three-dimensional models of the skid equipment are being developed and will be used to design
the layout of the skid structure and process piping. A list of process instrumentation and control
valves was developed and quotes were obtained.

17. Nitrosamine Formation in CO, Capture Plant p. 346
by Mandana Ashouripashaki (Civil Engineer co-supervised by Howard Liljestrand)

The purpose of this work is to investigate nitrosamine formation in CO, capture plants from
coal-fired power plant flue gas.

Nitrosamines are important, because of their carcinogenic effect on animals and humans.
Almost all studies related to nitrosamines have been done in acidic conditions which are
compatible with in vivo conditions.

The project is going to determine whether nitrosation reagents are present in the system, and, if
there are sufficient nitrosation compounds, what is the possibility of nitrosamine formation in a
basic medium, because amine solutions in CO; capture plants have alkaline and basic properties.

The specific objectives of this work will be:

e Develop an appropriate method for measuring and detecting nitrosamine to monitor
nitrosamine production reaction in CO; capture plants.

¢ Qualify the nitrite sources in CO; capture plants: flue gas, absorber, and stripper.

e Determine nitrite and amine reaction rates to qualify nitrosamine formation in basic
solution.

e Analyze amine oxidation and thermal degradation products and their effects on amine
and nitrite reaction to examine if they are nitrosamine formation catalysts or inhibitors.

e Investigate piperazine behavior in reaction with nitrites and nitrosopiperazine inhibition
methods.
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VLE Study of Aqueous Piperazine at High T

Quarterly Report for July 1 — September 30, 2009
by Qing Xu
Supported by the Luminant Carbon Management Program
and the
Industrial Associates Program for CO, Capture by Aqueous Absorption
Department of Chemical Engineering
The University of Texas at Austin
October 7, 2009

Abstract

In this quarter a high temperature VLE experimental apparatus was built, tested, and modified.
Experiments were conducted with water and 5, 8, 10 m PZ solutions at 120, 140, and 150 °C. 5
runs for 8 m PZ with about 0.4 CO, loading were conducted at 140 and 150 °C. At 120-150 °C,
partial pressure of PZ ranges from 0.2 to 1.6 kPa for 5.5 m PZ; At 120 and 140 °C, PZ partial
pressure is 0.7 and 1.8 kPa for 8.7 m aqueous PZ, and 0.8 to 2.1 for 10.5 m PZ.

A 500 mL stainless steel autoclave was used as the equilibrium cell, the vapor sample was
continuously analyzed by FTIR, and liquid samples were taken before and after each run. For
CO,, loaded aqueous PZ solutions, liquid samples were also taken during the experiment. Liquid
samples were analyzed by TIC and total alkalinity titration.

Several improvements have been made: 1, 3, and 5 min sampling times were selected in
Calmet® software for FTIR analysis and 1 min was found to be the best. The RTD thermometer
was replaced with a low noise K-type thermocouple. The thermal well inside the autoclave was
replaced with a new one. Heating tapes and thermostats were added around the top of the
autoclave and the vapor sampling tubes to avoid condensation in the vapor line. Bigger SS
bombs were used to obtain liquid samples.

Introduction

For concentrated PZ solutions, thermal degradation is negligible up to 150 °C (Freeman et al.,
2008). Many stripper configurations operate more efficiently at elevated temperature and
pressure. Thus for concentrated PZ, better energy performance may be obtained by increasing
stripper temperature without degradation of PZ (Rochelle et al., 2008a). The stripper pressure of
the pilot plant campaign in 2008 approached 60 psia (Rochelle et al., 2008b).

The high temperature VLE measurement also has applications for other amines. For thermal
resistant amines like AMP and DGA®, the stripper temperature can be increased; for amines with
relative high thermal degradation rates (for instance, MEA), stripper temperature is limited but
thermal reclaimers must operate at a much higher temperature. VLE research at high T and P
can help understand these processes.



Experimental Methods

In this period, the apparatus for high temperature range VLE measurement was set up and tested
by water, 5, 8 and 10 m aqueous PZ and 8 m PZ with about 0.4 CO, loading. Temperature for
PZ solution was from 120 to 150°C, for water it was from 100 to 204°C. Water tests were
conducted because of cleaning, calibration and testing for FTIR and needle valves, etc.

Apparatus

The apparatus is shown in Figure 1. Solid lines represent actual tubes while dashed lines
represent electric wire connections. An autoclave (ZipperClave®, by Autoclave Engineers) was
used as the equilibrium cell. Its designed operating range is up to 2000 psia and 232 °C. The
500 mL pressure vessel is made of 316SS stainless steel. Closure is effected by a resilient spring
member (the “Zipper”) inserted through a circumferential groove in the body and cover
(Autoclave Engineers). A quick release/safety lock ensures that the spring is fully inserted and
makes it easy to open and close the equilibrium cell. A magnetic agitator (MAGO75,
MagneDrive Il Series, by Autoclave Engineers) was used to get equilibrium without leaking to
the atmosphere. It was driven by a compressed air motor (2AM-NCC-16, by Gast®). The
agitator is good for both liquid and vapor phases. It has a hollow shaft, which draws the gas into
the middle of the shaft when the agitation starts. It is then dispersed through the impeller hub
and mixes with the liquid.
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Figure 1: High Temperature VLE Apparatus

A low noise K-type thermocouple with miniature connector (model GKMQ-SS-062-U-6, by
Omega®) was installed inside the thermal well of the vessel for temperature measurement. It was
connected to a Fuji Electric PXZ-4 temperature controller. A pressure transducer (Druck® PTX
611, 0-30 bar absolute pressure) was used for pressure measurement. It was connected to a
signal converter and a data logger NI USB 6009; LabView® SignalExpress® software was used
for data recording. The pressure reading system was calibrated by a dead weight pressure tester
(S/N 19189/278, by Budenberg Volumetrics, Inc.). Temperature measurement was calibrated by
measuring pure water vapor pressure from 100 to 204 °C and pressure output conversion was
adjusted to match the data from DIPPR Chemical Database (BYU DIPPR, Thermophysical



Properties Laboratory, 1998). The calibration data and plots are in the results section of this
report. The top and surrounding of the equilibrium cell lid were covered by thermally
conductive adhesive heating tapes from Clayborn Lab® and the temperature was kept between
160 and 175 °C by disc thermostats from Selco Products Company.

One Swagelok® valve and one Parker HRO needle valve were in the vapor sampling line. Two 2
i Swagelok® filters were installed before and after the needle valve. The valves and vapor
sampling tube were wrapped with heating tape from Thermo Scientific®, and the temperature on
the tubing surface was controlled by an Omega® K-type thermocouple and a temperature
controller by Omega®. To obtain good data the T was set at 170-180 °C. N, at 1-5 L/min flow
rate was preheated to 180 °C and joined the sample gas; the mixed gas was kept at 180 °C by the
same heating line.

A Gasmet™ DX-4000 multicomponent FTIR gas analyzer and Calcmet® software were used for
vapor analysis.

Procedures

Before each run, 250 to 300 mL solution was prepared and added into the autoclave. To avoid
the effects of O,, N, or CO, was used to purge air and then the cell was sealed and heating
started. Data recording of pressure started when the system reached the target T. The agitation
rate varied from 1500 RPM to 2500 RPM, depending on the viscosity of the mixture.

After the temperature and pressure had been stable for about 30 min, the vapor sampling valve
was opened. Sample gas was diluted by 2—-3 L/min N, and then the mixed gas entered the FTIR
analyzer. The needle valve opening and N, flow rate were adjusted to get proper concentrations.
The sample gas flow rate was kept above 80 mL/min at standard pressure. Calcmet® software
was used for analyzing vapor sample on line. After the concentration has been relatively
constant for a certain time, the vapor sampling stopped and the autoclave was heated to the next
target temperature.

Liquid samples were collected before and after each experiment and analyzed by TIC and acid
titration. For experiments with loaded CO,, 2 to 5 more liquid samples were collected into 2 or
10 mL SS bomb during the run.

Liquid sample analysis

Total Inorganic Carbon (TIC)

The concentration of CO; in solution was determined by TIC analysis. The liquid samples were
diluted by a factor of 50. About 10-15 pL diluted sample was injected into a CO, analyzer
(Model 525, Horiba PIR 2000). Details can be found in Appendix B.2 of Hilliard’s dissertation
(2008).

Acid Titration

The total alkalinity of solution was determined by acid titration using a Metrohm-Peak 835
Titrando equipped with an automatic dispenser, Metrohm-Peak 801 stirrer, and 3M KCI pH
probe. Details are available in Appendix A.3 of Hilliard (2008) and Appendix F of Sexton
(2008).



Results

Pressure and Thermocouple Calibration
The pressure transducer was calibrated with a dead weight tester. The calibration curve is shown
in Figure 2.

3 Pressure Transducer Calibration
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Figure 2: Pressure Transducer Calibration

LabView® SignalExpress® scales voltage to pressure data using the equation in Figure 2 for the
experiments before September 25. After that an Omega® K-type low noise thermocouple
replaced the normal thermocouple and further pressure calibration associated with temperature
measurement was performed. Pure water vapor pressure was measured at 100 to 204 °C and
compared with literature data from DIPPR chemical databank. The correlation is shown in
Figure 3 below.
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Figure 3: Calibration of Pressure Transducer with Thermocouple

For the experiments after September 25', a combination of the above two equations was input
into Signal Express® and will be used from now on.
y = 14.529860x — 7.400745 1)
y - pressure, bar.
X - voltage, V.

Pressure Measurement
Figure 4 shows a typical pressure graph during the 5 m PZ run.
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Figure 4: Total Pressure of 5 m PZ at 120, 140, and 150 °C

There are 4 basic stages in the pressure curve and they are at 120, 120, 140, and 150 °C. At the
beginning there was N, in the equilibrium cell so the pressure is a little higher than stage 2. The
fluctuation at the beginning of each temperature results from the sudden pressure change at the
opening of the vapor sampling valve. Because of composition changing in the cell, there is a
small incline at each stage. Average pressure was calculated for each stage after P became stable.
The total pressure data generated in this period are shown in Table 1 in the following section.

FTIR Measurement — Concentration and Partial Pressure

Results for Aqueous PZ with CO,:

Figure 5 shows the concentration for water, CO,, and PZ in vapor for run PZ-3 which was 7.9 m
PZ with 0.4 CO; loading. The vapor sampling valve was open during 2 periods in this run: one
started from 14:42, the other started from about 16:00 and the temperatures were 140 and 150 °C,
respectively. The CO, concentration is relatively constant at each temperature. However PZ and
water concentrations peak from time to time.
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Figure 5: FTIR Plot for Run PZ-3, 7.9 m PZ, 0.4 CO, Loading, 140 and 150 °C

Much effort was expended to solve this problem. In the beginning of setting up this apparatus
the vapor sampling line was insulated but not heat traced. One hypothesis was PZ and water
condensation in the vapor sampling line. From experience we know that PZ shows peaks more
readily in the FTIR graph, which indicates that PZ condenses more easily in the sampling line.
Therefore heating tapes, thermostats, and temperature controllers were added to maintain the top
of the equilibrium cell and the vapor sampling line at an appropriate temperature to avoid
condensation. Experiments were conducted with water and aqueous PZ for testing this new
system and better results were achieved. Another hypothesis was liquid entrainment going into
the vapor line. This can be solved by adding an entrainment stopper and will be investigated in
the next quarter.

Analyzing methods were also modified. Longer sampling time in FTIR and the calculation of
rolling average concentrations could help to reduce noise. The disadvantage of using longer
FTIR sampling times is that it would be hard to distinguish an entrainment, if any occurred. Up
to now, the best sampling time found is 1 min.

Results for Aqueous PZ without CO;:
Figure 6 shows a typical FTIR plot for 3 temperatures: 120, 140, and 150 °C.
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Figure 6: FTIR Plot for 5m PZ at 120, 140, and 150 °C

At each temperature the partial pressures of H,O and PZ were calculated from concentrations
using equations 2 and 3:
Py,0 = Pt Yu,0 2
Ppz = P - ypz 3)
P; - total pressure, kPa.
Pr.o - partial pressure of H,O, kPa.
Ppz - partial pressure of PZ, kPa.
YH.0 - mole fraction of H,O in vapor.
Ypz - mole fraction of PZ in vapor.
Then PH,0 and Prz were plotted for each temperature:
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Figure 7: Partial Pressure of Water and PZ at 120 °C in 5 m PZ Experiment

In Figure 7 the points before 14:50 were taken at 20 sec sampling time, while the rest points
were taken at 5 min sampling time. According to the trend curves the partial pressure of water is
about 180.35+0.15 kPa and the partial pressure of PZ is about 0.23+0.15 kPa. More accurate
average values were calculated in Excel. Similar processing was done with other data at
different T and PZ concentration. Only data at relatively stable status were taken into calculation.
Figures 8 and 9 show the partial pressure plots of water and PZ at 140 and 150 °C for 5 m PZ
solution.
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Figure 8: Partial Pressure of Water and PZ at 140 °C in 5 m PZ Experiment
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Figure 9: Partial Pressure of Water and PZ at 150 °C in 5 m PZ Experiment
Figures 10 to 12 show the partial pressure plots of water and PZ for 10 m PZ solution.
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Figure 10: Partial Pressure of Water and PZ at 120 °C in 10 m PZ Experiment
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Figure 11: Partial Pressure of Water and PZ at 140 °C in 10 m PZ Experiment
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Figure 12: Partial Pressure of Water and PZ at 150 °C in 10 m PZ Experiment

In Figure 12 the water and PZ partial pressures fluctuate a lot so no data was usedfrom this graph.
This may result from the high concentration of PZ in the vapor phase. Higher N, flow for
dilution and a higher vapor sample flow rate should be applied in future when PZ concentration
is high.

Table 1 gives a summary of the total pressure and partial pressure measurements in this period.
Table 1: Total Pressure and Partial Pressure Summary of Aqueous PZ



Date Temperature(°C) | PZ(m) | Total Pressure (kPa) | Pr2o (kPa) | Prz (kPa)
20090922 140 8.7 325.81 324.03 1.770
140 9.4 321.28 319.09 2.193
20090924 120 8.7 179.58 179.27 0.307
20090929 120 5.31 180.58 180.35 0.229
140 5.62 324.93 323.65 1.284
150 5.93 430.95 429.35 1.602
92.2 5.93 77.67 N/A N/A
20091001 120 10.37 160.49 159.73 0.758
140 10.73 289.22 287.17 2.055
150 11.12 383.21 N/A N/A
92.2 11.12 66.65 N/A N/A

Conclusions and Recommendations

In this period a high temperature VLE experimental apparatus was built, tested, and modified.
Experiments were conducted with water and 5, 8, 10 m PZ solutions at 120, 140, and 150 °C. 5
runs for 8 m PZ with about 0.4 CO, loading were conducted at 140 and 150 °C. At 120 to
150 °C, partial pressure of PZ is from 0.2 to 1.6 kPa for 5.5 m PZ; At 120 and 140 °C, PZ partial
pressure is 0.7 and 1.8 kPa for 8.7 m aqueous PZ, and 0.8 to 2.1 for 10.5 m PZ.

Equilibrium could be well obtained in the 500 mL stainless steel autoclave. FTIR analyzed
diluted vapor sample continuously; CO, concentration was relatively constant while H,O and PZ
concentration peaked from time to time. By heat tracing of the lid and the top surrounding of the
autoclave, as well as the vapor sampling line, part of this issue was solved for aqueous PZ runs.
It was found that the flow rate of the vapor sample should be kept higher than 80 mL/min at 1
atm to generate good data. Higher N flow for dilution and a higher vapor sample flow rate
should be applied when PZ concentration is high. 1 min was found to be the best sampling time
for FTIR analysis. The low noise K-type thermocouple worked more consistently than the RTD
thermometer when there is magnetic agitation inside.

Issues and Future Work

There are several problems unsolved for this high temperature VLE apparatus and these will be
investigated in future. More experiments will be performed using this apparatus.

In vapor sampling, getting constant concentrations for PZ and water is still a problem. Heat
tracing can solve part of it, but when the PZ concentration increases, there is a tendency for PZ to
condense more easily. Entrainment also needs to be avoided by installing a mist eliminator.

Another problem is the liquid sampling. Samples collected during a run were not very consistent.
Because the agitator shaft circulates bubbles into the liquid phase and does a good job in mixing,
a certain time would be taken for liquid-vapor separation after agitation stops. However during
this time, equilibrium may be disturbed due to the lack of mixing. The liquid sampling line
should also be flushed after each 2 samples. In the future a baffle bar will be added into the
equilibrium cell to accelerate bubble braking; a vacuum pump will be used to assist liquid
sampling. This pump will also be used to vacuum the equilibrium cell before each run.

There may be temperature gradients inside the vessel, but it is difficult to determine whether this
is the case, since there is only one measuring point inside the vessel.



More experiments will be performed with 1 to 10 m PZ at temperatures varying from 120 to
150 °C. PZ solution with CO; loading will also be tested and both vapor and liquid samples will
be analyzed.

Activity of water, PZ, and CO, will be studied based on the experimental VLE data and
compared with literature values. An Aspen Plus® PZ model will be used to generate VLE data as
a comparison to the experimental results.

References

Autoclave Engineers®, Zipperclave® 500&1000 mL stirred reactor,
http://www.autoclaveengineers.com/ae_pdfs/SR_500 1000 Zip.pdf

DIPPR, 1998-Provo, UT: BYU DIPPR, Thermophysical Properties Laboratory, 1998-Version
13.0.

Freeman SA et al. "Carbon dioxide capture with concentrated, aqueous piperazine." GHGT-9.
Washington D.C. 2008.

Hilliard MD. A Predictive Thermodynamic Model for an Aqueous Blend of Potassium
Carbonate, Piperazine, and Monoethanolamine for Carbon Dioxide Capture from Flue Gas.
The University of Texas at Austin. Ph.D. Dissertation. 2008;1083.

Rochelle GT et al. "CO, Capture by Aqueous Absorption, Third Quarterly Progress Report
2008." Luminant Carbon Management Program. The University of Texas at Austin. 2008a.

Rochelle GT et al. "CO, Capture by Aqueous Absorption, Fourth Quarterly Progress Report
2008." Luminant Carbon Management Program. The University of Texas at Austin. 2008b.

Sexton AJ. Amine Oxidation in CO, Capture Processes. The University of Texas at Austin.
Ph.D. Dissertation. 2008.



Amine Volatility for Binary Aqueous Amine-H,O Systems

Progress Report for July 1— September 30, 2009
by Thu Nguyen
Supported by the Luminant Carbon Management Program
and the
Industrial Associates Program for CO, Capture by Aqueous Absorption
Department of Chemical Engineering
The University of Texas at Austin

October 1, 2009

Abstract

The volatility of aqueous amine-water systems is explored in this report. A number of amines
were studied at varying concentrations, from very dilute to highly concentrated conditions, at
temperatures from 40 °C—70 °C. While it is not currently possible to compare amine volatilities
in general due to differences in the conditions studied in each case, it is relevant to observe
volatility at the working concentration of each amine (~30-50 wt %) at 40 °C. The amines
studied are ranked as follows in order of increasing volatility: DGA® (diglycolamine — 16 m)
~1.5 Pa; PZ (piperazine — 8§ m) < 17.1 Pa (~8-10 Pa); MEA (monoethanolamine — 7 m) ~10 Pa;
AMP (2-amino-2-methyl-1-propanol — 5 m) ~14.2 Pa; EDA (ethylenediamine — 8 m) ~17.2 Pa.
At a most basic level of scientific analysis, DGA® is much less volatile than EDA, the most
volatile amine studied, due to the former being more polar overall (-OH group present) and
therefore is more water-friendly with little to no tendency to leave the solution (volatilize).
Amine volatility is a complex phenomenon dependent on several properties of the molecule,
including its boiling point, molecular weight, and most certainly its polarity as determined by
chemical group contribution and arrangement. In future studies, amine volatility will be
explained in depth in the context of UNIQUAC (a group contribution theory) in an effort to
understand and validate experimental observations.

Introduction

The volatility of amines in various amine-H,O systems are studied for scientific understanding.
The amine partial pressure is an indicator of its volatility — also to be analyzed in terms of its
apparent activity coefficient. Amine volatility is to be explained in terms of chemical group
contribution theory as presented by UNIQUAC. This report examines the following aqueous
amine systems from 40 °C-70 °C (typical operating temperature range of the absorber): MEA —
35m 7m, 11 m,23.8m; PZ—2m,5m, 8m, 10 m; AMP —0.3m, 1 m, 5m, 12 m; EDA-0.5
m, 8 m, 20.5 m; DGA® - 0.3 m, 5 m, 17 m. The concentration ranges were chosen to encompass
conditions close to infinite dilution of the amine up to highly concentrated. Amine volatility
measurements at unloaded condition will later be supplemented by measurements at loaded
conditions to present a complete description of the CO, Capture scenario. Recall that amine



volatility at 40°C and lean loading is of greatest interest as this is the existing condition at the top
of the absorber where amine is either vented or is directed into a water wash system.

Experimental Apparatus
Amine Volatility Measurement

Amine volatility was measured in a stirred reactor coupled with a hot gas FTIR analyzer (Fourier
Transform Infrared Spectroscopy, Temet Gasmet Dx-4000) as shown in Figure 1.
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Figure 1: Amine Volatility Experimental Setup

The 1L glass reactor was agitated at 350 rpm. Temperature in the reactor was controlled by
circulating dimethylsilicone oil. The reactor was insulated with thick aluminum insulation
material. Vapor from the headspace of the reactor, primarily 5-10 L/min. nitrogen, was
circulated by a heated sample pump to the FTIR through a heated Teflon line. Both the line and
analyzer were maintained at 180 °C to prevent possible condensation or adsorption of amine.
The FTIR measured amine, CO,, and water concentration in the gas. After the gas passed
through the FTIR, it was returned to the reactor through a heated line maintained ~55 °C hotter
than the reactor. It was determined that the 55 °C difference was sufficient to ensure that the
return gas does not upset the solution that is in equilibrium with the gas inside the reactor, and to
prevent potential heat loss at the bottom of the reactor.

Amine Concentration

The amine concentration was determined by acid titration (Hilliard, 2008) with an automatic
Titrando series titrator with automatic equivalence point detection. A 300X diluted sample was
titrated with 0.1 N H,SO4 to a pH of 2.4. The amount of acid needed to reach the equivalence
point at a pH of 3.9 was used to calculate the total amine concentration.

Theory

Amine volatility is quantified by an apparent activity coefficient (Yamine) as defined by the
modified Raoult’s law.



Yamine = Pamine / [Xamine * Poamine]
(1)yamine 18 the apparent activity coefficient of the amine
Pamine 18 the partial pressure of the amine in the gas
Xamine 18 the liquid phase mole fraction of the amine
P°imine 18 the vapor pressure of the amine at a given temperature

The reference value for yamine is 1 Which is the case of a solution having ideal species interaction.
Note that the activity coefficients presented in this paper are apparent values, instead of being
actual values, as they are computed using X,mine that are not the true liquid phase mole fractions
of free amine present in solution. The liquid composition of the amine in this case assumes total
amine concentration in the presence of total CO, unspeciated.

Data

Table 1: Binary MEA-H,0 Volatility
MEA (m) | T(C) | Pmea(Pa) | ymea
3.5 45.9 5.88 0.391
3.5 51.2 8.00 0.366
3.5 58.9 13.5 0.367
3.5 65.3 19.0 0.343
3.5 42.7 4.51 0.379
3.5 49.4 7.29 0.378
3.5 56.3 11.2 0.362
3.5 65.5 18.2 0.325
3.5 60.0 13.2 0.334
3.5 40.0 4.19 0.431
7.0 72.7 79.0 0.483
7.0 64.7 33.6 0.333
7.0 42.1 10.6 0.493
7.0 49.3 15.6 0.433
7.0 52.8 20.5 0.445
7.0 56.8 21.0 0.349
7.0 61.4 28.3 0.346
7.0 39.8 10.0 0.553
7.0 59.9 27.1 0.365
11.0 60.0 40.2 0.364
11.0 40.0 12.0 0.443
23.8 42.8 24.3 0.402
23.8 49.9 44.7 0.441




23.8 53.9 61.1 0.460

23.8 61.7 141 0.633

Table 2: Binary PZ-H,O Volatility

PZ(m) | T(C) | Prz(Pa) | vpz
1.9 40 2.18 [0.055
1.9 50 3.98 |0.057
1.9 60 6.79 |0.057
1.9 70 132 |0.067
5.0 40 512 ]0.055
5.0 44.7 540 ]0.043
5.0 53.3 10.8 | 0.054
5.0 60 172 ]0.061
7.9 50 17.1 | 0.067
7.9 55 279 |0.084
7.9 60 342 10.079
7.9 65 534 ]0.096
7.9 70 84.8 |0.119
10.0 50 29.9 ]0.097
10.0 55 39.8  |0.099
10.0 60 61.5 |0.117
10.0 65 97.3 |0.144
10.0 70 139.8 | 0.162

Table 3: Binary AMP-H,0 Volatility

AMP (m) T ( C ) PAMP (P a) YAMP
0.29 40 1.55 1.66
0.29 45.5 2.23 1.54
0.29 50.1 3.55 1.73
0.29 55 4.99 1.70
0.29 60 7.09 1.70
0.29 65 10.2 1.76
0.29 70 15.0 1.88
0.92 40 4.10 1.40
0.92 45 6.09 1.39
0.92 50 8.49 1.33




0.92 55 12.9 1.40
0.92 60 18.1 1.39
0.92 65 27.3 1.50
0.92 70 40.2 1.61
4.6 40 14.2 1.03
4.6 45 19.1 0.93
4.6 50 31.9 1.06
4.6 55 48.0 1.11
4.6 60 64.3 1.05
11.5 40 28.8 0.93
11.5 45 40.5 0.88
11.5 50 63.3 0.94
11.5 55 88.6 0.91
11.5 60 120 0.87
11.5 65 183 0.96
11.5 70 261 0.99

Table 4: Binary EDA-H,0 Volatility

EDA (m) T ( C ) PEDA (Pa) YEDA
0.48 40 0.560 0.016
0.48 45 0.869 0.020
0.48 50 1.26 0.022
0.48 55 1.87 0.025
0.48 60 2.74 0.029
0.48 65 5.90 0.050

7.8 40 17.2 0.035
7.8 45.5 26.1 0.040
7.8 50 35.2 0.043
7.8 55 515 0.049
7.8 60 69.4 0.051
7.8 65 112 0.066
7.8 70 157 0.074
20.6 35 225 0.277
20.6 40 282 0.262
20.6 45 380 0.270
20.6 50 509 0.280




20.6 55 687 0.294
20.6 60 909 0.306
20.6 65 1258 0.337
20.6 70 1720 0.368

Table 5: Binary DGA®-H20 Volatility

DGA® (m) | T(C) | Poca (Pa) | Ypca
0.2 46.5 0.100 1.46
0.2 50 0.179 1.97
0.2 55 0.219 1.62
0.2 60 0.269 1.35
0.2 65 0.329 1.14
0.2 70 0.588 1.42
4.8 40 1.27 1.47
4.8 45 1.54 1.16
4.8 50 2.09 1.04
4.8 55 2.24 0.745
4.8 60 2.46 0.557
4.8 65 3.28 0.513
4.8 70 5.71 0.624
16.0 40 1.50 0.617
16.0 45 2.17 0.578
16.0 50 3.29 0.580
16.0 55 4.74 0.561
16.0 60 6.72 0.541
16.0 65 9.13 0.507
16.0 70 13.9 0.542

Results

Figure 2 shows the apparent activity coefficient for 3.5 m, 7.0 m, 11.0 m, and 23.8 m MEA.
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Figure 2: Apparent Activity Coefficient of 3.5 m, 7.0 m, 11.0 m, 23.8 m MEA

The vapor pressure of liquid MEA is given as (DIPPR):
P°uea (Pa) = exp [92.6 + (-1.04x10% / T) — (9.47In T) + (1.9x107*T%)] )

The concentration of MEA in a given solution affects its volatility. For low concentrations, in
this case 3.5 m and 7.0 m MEA, the volatility increases with higher amine concentration as 7.0 m
MEA is more volatile than 3.5 m MEA. Practically speaking, at 40 °C, the apparent activity
coefficient of 7 m MEA (~0.55) is greater than that of 3.5 m MEA (~0.43). However, for more
concentrated MEA solutions, 11.0 m and 23.8 m MEA, volatility is seen to decrease with higher
amine concentration. 23.8 m MEA has a lower apparent activity coefficient than 11 m MEA at
~40 °C. This is likely due to the possibility that MEA has a greater tendency to stay in solution
(less volatile) when it is increasingly surrounded by more of its own kind, as opposed to being
predominantly surrounded by water molecules in the case of dilute solutions which tend to drive
volatility. A competing effect on volatility is temperature as exhibited by the directions of trends
shown. Primarily speaking, temperature drives amine vapor pressure. For 3.5 m, 7.0 m, and
11.0 m MEA, the volatility of amine in these cases is not high enough to offset the rapid increase
in vapor pressure with temperature; therefore, the apparent activity coefficient decreases with
temperature. For a solution as concentrated as 23.8 m MEA, the volatility is great enough to
keep pace with the rising vapor pressure of the liquid with temperature; thus the apparent activity
coefficient in this case is seen to increase with T.

Figure 3 displays the apparent activity coefficient for 2 m, 5 m, 8 m, and 10 m PZ.
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Figure 3: Apparent Activity Coefficient of 2 m, 5 m, 8 m, 10 m PZ

PZ vapor pressure is computed per the following (DIPPR):

P%; (Pa) = exp[70.5 — (7914.5/T) — (6.65In T) + (5.2x10"°T%)] (3)
The apparent activity coefficient increases with PZ concentration. With increasing PZ
concentration, there is more free amine present in solution to volatilize, thereby increasing its
apparent activity coefficient. Amine volatility also increases with temperature in this case.

Finally, it appears that PZ is as volatile as MEA, if not less volatile at lower amine weight
percentages.

Figure 4 shows volatility for 0.3 m, 1 m, 5 m, and 12 m AMP.
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Figure 4: Apparent Activity Coefficient of 0.3 m, 1.0 m, 5.0 m, 12 m AMP

The vapor pressure of AMP is provided as follows (Pappa et al., 2006):
P°amp (kPa) = exp[ 15.155 - (3472.6 / (T — 107.32)) | 4)

AMP volatility decreases as the amine concentration increases. This is likely due to the
possibility that AMP has a greater tendency to stay in solution as it is increasingly surrounded by
its own kind in more concentrated solutions. Also AMP does not show a very strong
temperature behavior as its volatility remains rather constant over the temperature range noted.
This phenomenon suggests that AMP heat of solution is rather independent of temperature.
Additionally, AMP in water is seen to be much more volatile than either aqueous MEA or PZ as
indicated by the high magnitude of the former’s apparent activity coefficient. Unlike PZ, AMP
volatility is not a strong function of its concentration as its apparent activity does not vary much
given the wide range of concentrations shown.

Figure 5 displays the apparent activity coefficient of 0.5 m, 8.0 m, and 20 m EDA.
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Figure 5: Apparent Activity Coefficient of 0.5 m, 8 m, 20 m EDA

EDA vapor pressure is given by the following (DIPPR):
P°pa (Pa) = exp[73.5 - (7572.7/ T) = (7.14 In T) + (1.21x1077T%)] 5)

EDA volatility is a strong function of its concentration, unlike AMP. Its apparent activity
coefficient increases by at least an order of magnitude going from very dilute to highly
concentrated solution, whereas the same is not observed for AMP over the same range of
concentrations. However, like AMP, EDA volatility does not appear to be a very strong function
of temperature as it remains relatively constant at each given concentration over the temperature
range studied. This suggests that EDA heat of solution is rather independent of temperature.

Figure 6 displays volatility in 0.2 m, 4.8 m, 16 m DGA®.
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Figure 6: Apparent Activity Coefficient of 0.2 m, S m, 16 m DGA®

The vapor pressure of DGA® is determined as follows (DIPPR):
P°hga (Pa) =exp[107.3 — 12,191/T — 11.5 In T + 4.15x10"°T°] (6)

The apparent activity coefficient of DGA®™ does not appear to be a strong function of amine
concentration. Indeed, the apparent activity changes by less than an order of magnitude going
from condition close to infinite dilution (0.2 m DGA®™) to highly concentrated (16 m DGA®).
Also, DGA® appears to be more volatile in dilute solutions than in more concentrated solutions.
This is perhaps due to the possibility that DGA® tends to stay in solution (i.e. less volatile) as it
is increasingly surrounded by more of its own molecules as opposed to water. Finally, DGA®
volatility also appears to be a strong function of temperature, at least for low to medium
concentration solutions. Note that the apparent activity coefficient of DGA™ decreases steadily
with temperature for 0.2 m and 4.8 m DGA® as its partial pressure is not able to keep pace with
rising vapor pressure. For 16 m DGA®, however, volatility is rather constant with temperature as
there is just so much free amine present to volatilize in such a way that it evens out the steadily
increasing vapor pressure. Please refer Eq 1 in the Theory section for theoretical context.

Conclusions

There is no standardized basis at which one can rank the volatilities of the amines studied. The
amine volatilities are all measured at different concentrations, making it difficult to compare
them on an equivalent basis. With each amine though, it is possible to select a working
concentration and temperature to minimize volatility; however, the operating conditions chosen
must also be conducive to high capacity, high reaction rates, and high CO, heat of absorption.



Also, it must be noted that volatility is only a concern at the top of the absorber (40 °C and
nominal lean loading) as it is here that there is a risk of venting fugitive amine into the
atmosphere if a water wash tower is not designed adequately.

Although it is not yet possible to compare these amines on exactly the same basis due to varying
conditions studied, it is useful to examine their volatilities at nominal working concentrations at
40 °C. Table 6 summarizes the volatilities of the amines for the condition described above.

Table 6: Unloaded Amine Volatility at Working Concentrations and 40 °C

Amine | Concentration (m) P amine 40°c (Pa)
DGA® 16 1.5
PZ 8 <17.1 (~8-10)
MEA 7 10
AMP 5 14.2
EDA 8 17.2

The amines in the table are listed in order of increasing volatility. The working concentrations
shown are typically between 30%—45% wt % amine. DGA®, however, can be prepared at 16 m
(~62 wt %) without experiencing viscosity issues. Interestingly enough, at such a high
concentration, DGA®™ still shows minimal volatility of only ~1.5 Pa. The rest of the amines
studied, though ranked, have roughly the same volatilities on the same order of magnitude. It is
believed that the volatility of an amine is dependent upon several competing factors, including its
molecular weight, boiling point, and degree of polarity which is determined by its chemical
structure and placement of groups. This report does not attempt to provide an in-depth analysis
of the chemical basis for amine volatility. However, at a cursory level, it is sufficiently clear that
DGA" (the least volatile amine) is more polar than EDA (the most volatile) due to the presence
of an —OH group attached at one end of the molecule. The alcohol group makes the DGA®
molecule more polar relative to its amine counterpart, and essentially this enables DGA® to be
more water-friendly with little to no tendency to leave the solution (or to be volatile).
UNIQUAC, a group contribution theory, will be utilized in the future to explain and validate the
experimental amine volatilities measured.

Future Work

Continuing effort will be made toward screening new amines for their volatilities. Some amines
to be studied in the near future include: 1-methyl piperazine, diaminopropane, 2-piperidine
ethanol (2-PE), hydroxyethyl piperazine (HEP), and an equimolal blend of 1-methyl piperazine
and piperazine. Initially, only binary aqueous solutions of these amines will be studied to satisfy
a scientific interest in understanding amine-water volatility. Effort will be made to explain and
justify these empirical measurements per chemical group contribution theory as outlined by
UNIQUAC. There is also a plan to measure the volatility of these amines at loaded conditions



for practical applications. Ultimately, the empirical measurements will be incorporated into
Aspen Plus® for amine system modeling using e-NRTL. The main modeling focus, however,
will be on constructing a robust thermodynamic framework for MDEA/PZ blend.
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Chapter 5: Modeling

5.1 SPREADSHEET MODELING

As Section 2.2.3 on film theory shows, the liquid film mass transfer coefficient, k,’,
results from both reaction and diffusion resistances. These resistances in the liquid film can be
separated using a series resistance.

11 1 [ AP
—Y = —,,+ (51)
k., k. k° |A[co,],

¢} g I, prod

In Equation 5.1, the first term refers to the reaction resistance which is characterized by
the pseudo first order condition. The second term incorporates the slope of the equilibrium line

and the physical mass transfer coefficient of the reactants and products.

An analytical expression to calculate k,’ at highly concentrated, highly loaded conditions
has previously remained elusive and thus required experimentation to determine CO, mass
transfer rates. This approach attempts to identify and re-evaluate the assumptions in the typical

treatment of calculating k.



The reaction portion of Equation 5.1 requires the reaction rate of CO,. This can be
defined generically by Equation 5.2. In Equation 5.2, the order of the reaction with respect to the

amine is variable. The value of “x” will be determined by evaluating experimental data.
leor = —KV am [Am]x Y co2 ([Coz ] - [Coz ]e ) (5.2)

Solving the material balance and using the proper boundary conditions with the pseudo
first order assumption results in Equation 5.3, which is more complex than the traditional

expression (Equation 2.30).

K = \/k7:m[Am]X Dcoz

9

(5.3)

05
YeorH CO2,H20

The more complex expression requires an understanding of the rate constant, the activity
coefficients of both the amine and CO,, the order of the amine and the diffusion coefficient of
CO,. Equation 5.3 can only represent the reaction resistance. Experimental conditions with
significant diffusion resistances also require an accurate representation of the slope of the
equilibrium line and the mass transfer coefficient of the products and reactants. All of the
varying parameters for both monoethanolamine and piperazine systems are explored in the
following sections. Equation 5.4 combines Equation 5.1 and 5.3 to give the full expression for

calculating k.

*

va 7gngcoz,Hzo n 1 (APCOZ J (5.4)
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5.1.1 Monoethanolamine Systems

5.1.1.1 Activity Coefficients

The rate expression will use the activities of the reactants, not the concentrations. It
cannot be assumed that activity coefficients are near 1.0 in highly loaded, highly concentrated

MEA solutions. These solutions are highly ionic and should be treated so.



MEA activity coefficients can be obtained from amine volatility experiments. CO,
activity coefficients can be obtained from Henry’s solubility data.

5.1.1.1.1 Monoethanolamine Activity Coefficient

Hilliard (2008) provides data for volatility of 3.5, 7, and 11 m MEA. These experiments
coincide with the CO, partial pressure experiments Hilliard conducted in an equilibrium cell.
The FTIR analyzer he used simultaneously measured gas phase concentrations of multiple

components.

The MEA volatility data were treated by the modified Raoult’s Law in Equation 5.5.
Reported values of 164 and 666 Pa were used for the equilibrium partial pressure of pure MEA

at 40 and 60 °C (DIPPR, 1979).

*

yMEAP = I:)MEA = 7MEAXMEAPMEA (55)

Equation 5.5 requires the mole fraction of MEA. The mole fraction of MEA is easy to
determine accurately below 0.4 CO; loading by assuming each mole of CO, reacts with 2 moles
of MEA. Above a 0.45 molcoy/mol,y, bicarbonate concentration can become significant while
free MEA concentration becomes very small. At these high CO; loadings it is very difficult to
accurately determine the free MEA concentration. Due to this uncertainty, no data from Hilliard
(2008) above 0.45 CO; loading were used in the determination of MEA activity coefficients.

Figure 5.1 shows the calculated MEA activity coefficients using the modified Raoult’s law.
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Figure 5.1: Calculated MEA activity coefficients for 3.5, 7, and 11 m MEA at 40 and 60 °C
(Hilliard, 2008).

The Hilliard data show an increasing MEA activity coefficient with increasing CO,
loading. The MEA activity coefficient is also a function of temperature, with higher
temperatures having lower activity coefficients. Amine concentration does not seem to be a
major factor in the determination of the activity coefficient. The 3.5, 7, and 11 m MEA data sets

each tend to mostly overlap.

The data in Figure 5.1 were regressed to produce an expression for MEA activity
coefficient. The expression in Equation 5.6 is plotted as lines in Figure 5.2 to show regressed
values at 40, 60, 80, and 100 °C. Equation 5.6 uses CO; loading in terms of mol/mol,x and

temperature in Kelvin.

Iny,e0 = —5.71+1.74(CO, Loading)+l?-l_£ (5.6)
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Figure 5.2: Calculated MEA activity coefficients for 3.5, 7, and 11 m MEA at 40 and 60 °C
(Hilliard, 2008) with regressed lines at 40, 60, 80, and 100 °C.

5.1.1.1.2 Carbon Dioxide Activity Coefficient

The activity of CO, in loaded MEA solutions can be obtained the physical solubility of
N,O. Unfortunately, very few N,O solubility data have been reported in concentrated, CO,
loaded MEA systems. Browning and Weiland (1994) present 12 N,O solubility data points in
10, 20, and 30 wt % MEA solutions up to 0.4 CO, loading at 25 °C. No other N,O solubility
data varying amine concentration and CO; loading are known. The N,O solubility data were

regressed into Equation 5.7. Equation 5.7 includes the MEA concentration in wt %.

8.3194 +4.52-10°(MEA) - 4.78 107> (COZLdg)J

5.7
+4.56-107*(MEA)(CO, Ldg) =

InH 6 05c = (

Figure 4.14 shows the N,O solubility data points from Browning as well as the regressed

curves for 10, 20, and 30 wt % MEA.
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Figure 5.3: N,O solubility data (Browning and Weiland, 1994) and model (lines) in 10, 20,
and 30 wt % MEA solutions at 25 °C.

Figure 5.3 shows that Equation 5.7 does a very good job of predicting the N,O solubility
as a function of amine concentration and CO, loading. Figure 5.3 also illustrates how drastically
the N,O solubility decreases with increasing loading and amine concentration. It is imperative
that both the amine concentration and CO, loading are considered in the estimation of the
Henry’s constant. Equation 5.7 allows for the calculation of the solubility of CO, in MEA
solutions via the N,O analogy, but only at 25 °C. Laddha (1981) showed that the ratio of N,O
and CO; solubilities remained constant for various organic solutions and that the N,O analogy
can be applied to estimate the solubility of CO, in aqueous alkanolamine solutions. It is not

possible to directly measure CO, solubility in these amine systems since CO, will react with the

(HCO2J =(HCO2J (58)
HNZO soln HN20 H20

The CO; and N,O solubility data in water as a function of temperature have been

amine.

compiled and regressed (Versteeg and Van Swaaij, 1988).

Hcornao =2.82-10° exp(-2044/T) Pa-m’mol ! (5.9)



Hsom20 =8.55-10° exp(—2284/T) Pa-m’mol ™ (5.10)

The traditional implementation of the N,O analogy assumes that N,O and CO; solubility
in concentrated, loaded amines has the same temperature dependence as N,O and CO, in water.
Fortunately this assumption is no longer required for MEA solutions. Hartono (2009) recently
published N,O solubility data in loaded 30 wt % (7 m) MEA solutions. Hartono measured N,O
solubility from 25-87 °C for 0, 0.2, 0.4, and 0.5 CO; loading solutions. Figure 5.4 illustrates the

N>O solubility results for each of the 4 CO; loadings.
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Figure 5.4: N,O solubility data (points) and trend lines for 0, 0.2, 0.4, and 0.5 CO, loaded
7 m MEA solutions (Hartono, 2009)

The natural log of the N,O solubility plotted against inverse temperature yields straight
lines for each of the 4 CO; loadings. The slope of the lines corresponds to the temperature
behavior of N,O solubility in 7 m MEA. The slopes of the four lines are approximately equal
with an average value of -1905/T. The N,O solubility temperature dependence in loaded MEA
solutions can be added to Equation 5.7 which is valid only at 25 °C. Equation 5.11 should be

valid from 25 to at least 87 °C, the temperature range of the regressed data.

8.3194+4.52-10° (MEA) — 4.78-10(CO, Ld
Hyso = exp N (MEA) (CO,Ldg) —1905(1— ! j (5.11)
+4.56-107 (MEA)(CO, Ldg) T 29815




Similar to the N>O solubility from Browning (1994), Hartono shows the N,O solubility
decreasing with increasing CO; loading. Unfortunately, the data do not agree completely. Both
Hartono and Browning measure N,O solubility at 25 °C for 7 m MEA. Figure 5.5 shows the

disagreement in the two data sets.
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Figure 5.5: N,O solubility in 7 m MEA at 25 °C (Browning and Weiland, 1994; Hartono,
2009)

Since these are the only two data sets for N,O solubility in loaded MEA solutions, it is
not possible to tell which data set is erroneous. In this work, the Browning (1994) data set has
been used to quantify the effects of CO; loading and MEA concentration on N,O solubility. The

Hartono (2009) data set has been used to quantify the effect of temperature on N,O solubility.

Using the N,O analogy, the solubility of CO, in loaded MEA solutions can be determined
using Equation 5.11 along with the solubility of CO, and N,O in water at the experimental
temperature. The calculation of the Henry’s constant of CO, allows for the determination of the
activity coefficient of CO, via Equation 5.12. The activity coefficient of CO, is assumed to be

equivalent to the activity coefficient of N,O due to the nature of the analogy.



_ HNZO _ HCOZ, _
VN2 = = =7coz2

Hyzomo  Heoamoo (5.12)

Hcox gives the effective solubility of CO, in the solution. Hcoamo is the true
thermodynamic Henry’s constant which refers to the solubility of CO, in pure water. The
activity coefficient of CO, varies between 1.3 and 3.2 for 7-13 m MEA wetted wall column

experiments at 40 to 100 °C.

5.1.1.2 Diffusion Coefficient of CO,

Work by Versteeg and Van Swaaij (1988) has shown that the diffusion of N,O and CO,
in aqueous amines generally follows the viscosity dependence in Equation 5.13.

(Dys07"* )., = CONSTANT = (D077 (5.13)

ater

The N,O and CO, diffusivity relationship in Equation 5.13 was confirmed with MDEA
solutions but resulted in less satisfactory results for AMP (Tomcej and Otto, 1989; Xu, Otto et
al., 1991). Diaphragm cell experiments in loaded MEA and PZ solutions yield a viscosity
dependence of 0.72 compared to the 0.8 obtained by Versteeg and Van Swaaij (1988) for N,O
(Figure 4.1). Although the 0.72 dependence obtained from the diaphragm cell experiments does
not necessarily represent CO, diffusion, or diffusion of any other specific species, the 0.72

dependence was used for calculation of the diffusion coefficient of CO,.

(DCOZUOI72 ater
(77 o )so In

(DCOZ )soln = (514)

The diffusion coefficient of CO; in water was calculated via Versteeg (1988).

Deo, =2.35:10° exp(-2119/T) m*-s™ (5.15)

The viscosity of water at the wetted wall column experimental temperatures was obtained
from tabulated data by Watson (1986). MEA solution viscosity values were obtained from

Weiland (1998).

[(aQ+Db)T +(c+d)] [a(eQ + fT+g)+1]Qj (5.16)
T2
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Table 5.1: Parameters for MEA viscosity (Weiland, Dingman et al., 1998)

alb C d e f g
0{0f21.186]2373] 0.01015] 0.0093 | -2.2589

5.1.1.3 Free MEA Concentration

The free MEA concentration in molarity, [MEA], was determined using the fraction of
the free amine in the Hilliard (2008) model at each wetted wall column condition. The Hilliard
model is a sequential regression thermodynamic model capable of handling systems containing
H,0, CO,, MEA, PZ, and K. Required density data was obtained from the Weiland (1998)

density correlation for MEA solutions.

_ XamM pm + XHZOM H,0 T Xco, M co,

5.17

v (5.17)

V = XpnVan + XH20VHZO + Xcozvco2 + XAmXHZOV 4+ X am Xcozv - (5.18)
M am

e 5.19

A aT? +bT +c (5-19)

V'=d+e-x,, (5.20)

Table 5.2: Parameters for MEA density (Weiland, Dingman et al., 1998)

%

a b c d e Muan | Veos v
-5.35162E-07 | -4.51417E-04 | 1.19451 0 0 61.09 | 0.047471 -1.8218

5.1.1.4 Monoethanolamine Order

With accurate estimations for the activity coefficients of MEA and CO,, the MEA
concentration dependence on k.’ can be examined. It was found that the rate data show a 2™
order dependence on the MEA concentration. This 2™ order dependence can be satisfied from
either the zwitterion or termolecular mechanism, although the termolecular mechanism is more
likely for MEA. The termolecular mechanism allows for the following base catalysis reaction
expression.

lcor = _(kMEA[MEA]+ kH 20 [Hzo])' [MEA]' [Coz] (5:21)



For the 2™ order dependence to be observed kMEA[MEA] must be much greater than

Kypo[H,O]. Crooks and Donnellan (1989) report kyea and ko values based on 0.02-0.06 M

MEA rate data. They report kyea values about 2200 times larger than kypo. Bronsted theory
which relates base pKa’s to rate constants would also predict a kyea value orders of magnitude
larger than kio. If kmea 1s 2200 times larger than ko, more than 99% of the amine in 7 m
MEA would have to be reacted before the water catalysis significance approached the MEA
catalysis significance. In this analysis with high MEA concentrations, water catalysis has been

neglected.

Density function theory calculations have also shown that water catalysis of the
zwitterion species is thermodynamically implausible due to an increase of energy in the water
catalyzed products (Billet, Schultes et al., 1999). MEA catalyzed products were shown to have a

favorable decrease in energy compared to the zwitterion species.

In order for the 2™ order amine dependence to match the zwitterion mechanism, K, must

be much greater than Zkb [B] in Equation 5.22 yielding Equation 5.23. This is generally not

accepted as true for MEA (Danckwerts, 1979). However, in the previous treatment of literature
data leading to this conclusion, activity coefficients and the Henry’s constant of CO, were not
considered rigorously. At least in these highly concentrated, highly loaded MEA systems, these

parameters are very important.

o2 =~ [AMI[CO, (5.22)

k
+7"
ki kD k,[B]

foor =~ MEAJCO, [ K, [B]
K, (5.23)

This section has been written with respect to concentration for simplicity. However, the

model is activity-based so activity coefficients can be input into these equations.



The majority of the literature data on MEA rates report kinetics with a first order MEA
dependence. These data are generally unloaded and at dilute MEA concentrations using
concentration based kinetics. Concentrated MEA rate experiments evaluated using concentration
based kinetics have shown a greater than 1.0 dependence on the MEA concentration (Aboudheir,
Tontiwachwuthikul et al., 2003). Therefore, it is not unrealistic to observe 2" order MEA
kinetics for highly loaded, concentrated MEA using activity-based kinetics.

0

5.1.1.5 Liquid Phase Mass Transfer Coefficient of Reactants and Products, k",

0

The liquid phase mass transfer coefficient of the reactants and products, K,

was

calculated as shown in Section 3.2.2.2. Since the reactants and products are limiting rather than

CO.,, the diffusion coefficient of the reactants and products must be incorporated.

. 3173912 UEINTEYYRIE /6
K proa = ( 12 0 A 8L DL/rgd (5.24)

™ H

The diffusion coefficients of the products were obtained by utilizing the diaphragm cell
diffusion experiments. Equation 5.25 was obtained from a curve fit of Figure 4.1. The diffusion
coefficient is represented in m?/s and viscosity is in cP.

D ., =82-107""47" (5.25)

prod

Viscosity and density parameters required for Equation 5.26 were once again obtained by

the Weiland (1988) correlations for MEA.

5.1.1.6 Slope of the Equilibrium Line

The slope of the equilibrium line in Equation 5.1 results from converting a concentration-
based mass transfer coefficient to a partial pressure basis. The slope can be difficult to
accurately determine due to the sensitivity at high loading or temperatures. Recall partial
pressure curves are plotted on a log-based y-axis. This produces very high values for the slope.
In cases where diffusion limits CO, mass transfer, a poor estimation of the slope of the

equilibrium can drastically affect the expected mass transfer.



The equilibrium partial pressure can be uniformly predicted from an empirical expression
developed by Xu (Rochelle, Sexton et al., 2009) using literature data. The empirical relationship
in Equation 5.26 is valid for MEA solutions between 40 and 160 °C. Equation 5.26 defines the

partial pressure in Pascals with temperature in Kelvin.

InP.o, = 442+ (116,003 /mol)-———29.7a +11,600% +17.3a> (5.26)
RT T

Figure 5.6 shows the fit to previously referenced CO, partial pressure data in Figure 4.2.
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Figure 5.6: Equilibrium CO; partial pressure measurements in MEA solutions at 40, 60,
80, and 100 °C (Jou, Mather et al. 1995; Hilliard 2008). Lines — Equation 5.26.

Taking the derivative of Equation 5.26 with respect to CO, loading yields a term which
can be multiplied by the alkalinity concentration to obtain the slope of the equilibrium line in the
required units. This analytical approach provides a fairly consistent representation of the slope

of the equilibrium line over a wide range of experimental conditions.



5.1.1.7 Rate Constant

The rate constant for MEA has been reported as Equation 5.27 based on a review of the

available literature data (Versteeg, Van Dijck et al., 1996).
5400

Kyga = 4.4-10° exp(— Tj m’mol "'s™ (5.27)
The temperature dependence of Equation 5.27 has been used in this model although the
equation is only valid up to 40 °C. No reliable literature data were available at higher
temperatures to verify Equation 5.27 at higher temperatures (Versteeg, Van Dijck et al., 1996).

Regardless, this temperature dependence has been extrapolated up to 100 °C for this model.

Equation 5.27 assumes a first order MEA dependence which is not supported by the
wetted wall column experiments in this work. Since a 2™ order amine concentration dependence
was found, the pre-exponential constant required readjustment. It was adjusted until the
expression in Equation 5.28 was minimized.

%

) 2
k —
Z( g,ca;(c' g,meas} (528)

g,meas

The obtained value of kyga is 2.4%¥10° m®mol™s” based on the final rate expression
shown in Equation 5.29. This rate expression leads to the following expression for k,” in MEA

solutions.

leor = _kMEA7|\2/|EA [M EA]2 Y co, [Coz] (5.29)

L.Z 7c0c5>2Hc02,H20 N 01 { 0*02 j (5.30)
Ko k2 [MEAI’Dgo,  K°,., L ALCO. L

I, prod

The evaluation of the model is presented in Section 5.2.



5.1.2 Piperazine

5.1.2.1 Activity Coefficients

The rate expression is determined by the activity of the reactants, not the concentration.
It cannot be assumed that activity coefficients are near 1.0 in highly loaded, highly concentrated
PZ solutions. These solutions are highly ionic and should be treated so.

5.1.2.1.1 Piperazine and Piperazine Carbamate Activity Coefficients

In the MEA analysis, the MEA activity coefficient was obtained via amine volatility data
analyzed by the modified Raoult’s law. Using the modified Raoult’s law for PZ presents a
problem since pure PZ is a solid at the experimental temperatures. Piperazine partial pressure
data from pure liquid piperazine can be extrapolated to 40 °C although the PZ correlation is
limited to temperatures greater than 106 °C. PZ volatility data from Hilliard (2008) utilizing the
modified Raoult’s law approach yield Figure 5.7. The free PZ concentration in Figure 5.7 was

obtained from the Hilliard model.

Yoz P =Poz =51 Xp; P;z (5.31)
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Figure 5.7: PZ volatility data evaluated using the modified Raoult’s law with an
extrapolated Py,



Results in Figure 5.7 do not seem to be reliable since it is somewhat unrealistic to believe
that the activity coefficient of PZ varies a factor of 7 from 0.15 to 0.4 CO, loading at 40 "C.
Since PZ and PZ carbamate concentrations do not change a factor of 10 over this range,
implementing this activity coefficient data would result in a higher PZ activity and a faster CO,
reaction rate at 0.4 than 0.1 CO; loading. Rate experiments have clearly shown that rates are

significantly faster at lower CO; loading.

This phenomenon results from the modified Raoult’s law form which only considers free
piperazine. The free piperazine drops significantly at higher CO, loading and produces very
high PZ activity coefficients. The data generally show a PZ volatility drop about a factor of 2
from low to high loading. Meanwhile the free piperazine concentration may change a factor of

20 or more.

Since PZ has 2 reactive nitrogen groups, the Raoult’s law approach may not be a
trustworthy approach to predicting reaction activity coefficients. Considering the case of PZ
carbamate where one nitrogen group has reacted with CO,, the Raoult’s law approach for
volatility yields a zero thermodynamic activity due to its ionic nature and inability to enter the
vapor phase. The reaction activity is certainly not zero since the 2™ nitrogen group is known to

react very quickly with either CO; or a proton.

Since PZ volatility data cannot be used to predict PZ activity coefficients another
approach needed to be found. The Hilliard (2008) model was used to predict the PZ and PZ
carbamate activity coefficients at wetted wall column conditions. The Hilliard model is based on
the electrolyte non-random two liquid (e-NRTL) model which minimizes the excess Gibbs free

energy in determining interaction parameters. Figure 5.8 shows obtained activity coefficients in

5 mPZ at 60 °C.
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Figure 5.8: Activity coefficient results of the Hilliard (2008) model for 5 m PZ at 60 °C

Table 5.3 shows a summary of the obtained PZ and PZCOO" activity coefficient values at
2 and 5 m at 40 and 60 °C. The wetted wall column experiments for PZ ranged from 0.22 to 0.41

CO; loading. Table 5.3 shows the minimum and maximum values over that loading range.

Table 5.3: PZ and PZCOO" activity coefficients from the Hilliard (2008) model for 2 and
5m PZ at 40 and 60 C between 0.22 and 0.41 CO, loading

Pz PZCOO
Min Max Min Max
2 m 40C 0.054 0.062 0.033 0.048
2 m 60C 0.075 0.082 0.035 0.042
5m 40C 0.071 0.077 0.029 0.043
5m 60C 0.101 0.109 0.034 0.042

It is important to note that the PZ activity coefficients in Table 5.3 are similar to the
values in Figure 5.7 at very low loading. Near zero loading, the modified Raoult’s law should be

able to accurately determine the activity coefficient of PZ since PZCOO' is not present.

Both PZ and PZCOO" are relatively constant with changes in CO, loading at each
condition. The small variance in ypz does not seem to be directly correlated with CO, loading.

However, the PZ activity coefficient increased significantly with increases in amine



concentration and temperature. PZCOO™ activity coefficients were mostly constant despite

varying experimental conditions.

The Hilliard model contains data from 0.9 to 5 m PZ and is accurate at temperatures up to
60 °C (Hilliard, 2008). Above these conditions the model produces some activity coefficients
which were not deemed reliable. Rather than extrapolating the model for 8, 12 m PZ and 80, 100
°C, the data within the reliable range of the model were extrapolated. This was done by
regressing the average PZ activity coefficients to Equation 5.32. Equation 5.32 was used to
extrapolate to 8, 12 m PZ and 80, 100 °C conditions. PZ activity coefficients were regressed on
a wt% amine basis with temperature in Kelvin. Since PZCOO activity coefficients were

relatively constant, an average value was used for all conditions.

Iny,, = 2.325+o.172(Pz)—17r£ (5.32)

=0.038 (5.33)

7 PZCOO~

5.1.2.1.2 Carbon Dioxide Activity Coefficient

No N,O solubility data in concentrated or CO; loaded PZ solutions are available in the
literature. Therefore, the activity coefficient of CO, in PZ solutions cannot be determined via
experimental data. For lack of a better estimate, the N,O solubility in CO, loaded concentrated
PZ solutions was assumed to be identical to CO, loaded concentrated MEA. Equation 5.11,
obtained from solubility data in MEA, was used with one modification. The CO, loading in
Equation 5.11 was multiplied by 2 since the CO, loading is in terms of molcoz/molyy.
Multiplying the CO; loading by 2 allows Equation 5.34 to represent the solubility based on the
CO; concentration. The PZ concentration in Equation 5.34 is represented in wt %. Equation

5.34 was used to determine the Henry’s solubility of N,O in PZ solutions.

8.3194+4.52-10°(PZ)-4.78-10(2-CO,Ld
Hmo=epo ’ (°2) ( 2 g)j—wos(l— ! j] (5.34)

+4.56-107(PZ)(2-CO,Ldg) T 298.15



Again, the CO, and N,O solubility data in water as a function of temperature have been
compiled and regressed (Versteeg and Van Swaaij, 1988). These equations were used along with

the N,O analogy to predict the activity coefficient of CO; in PZ solutions.

H oo a0 =2-82-10° exp(—2044/T) Pa-m’mol ™' (5.35)
H\s0m20 =8.55-10° exp(—2284/T) Pa-m’mol ™ (5.36)
H H
VN2o = H R0 = H = =7Yco2
N20,H20 CO2,H20 (537)

Hcoo gives the effective solubility of CO, in the solution. Hcoxmo is the true
thermodynamic Henry’s constant which refers to the solubility of CO, in pure water. The
activity coefficient of CO, varies between 1.1 and 5.6 for the 2-12 m PZ wetted wall column

experiments.

5.1.2.2 Diffusion Coefficient of CO,

The diffusion coefficient of CO, in PZ solutions was calculated identically to the

diffusion coefficient of CO, in MEA solutions.

PZ solution viscosity values were obtained from regressing 5—12 m PZ viscosity
measurements at 25, 40, and 60 °C from Freeman (Rochelle, Sexton et al., 2008). Details on the

PZ viscosity regression can be found in Appendix E.

5.1.2.3 Piperazine and Piperazine Carbamate Concentrations

Piperazine and piperazine carbamate concentrations were estimated using mole fractions
from the Hilliard (2008) model at each wetted wall column condition. Required density data was
obtained from regressing 2—12 m PZ density measurements at 20, 40 and 60 °C from Freeman

(Rochelle, Sexton et al. 2009). Details on the PZ density regression can be found in Appendix E.



5.1.2.4 Piperazine Order

With estimations for the activity coefficients of PZ, PZCOO™ and CO,, the PZ
concentration dependence on k,’ can be examined. A base catalysis reaction expression similar

to the expression for the MEA system is written below. Equation 5.38 is written generically.

leos = _(kAm [Am]"‘ Kii20 [H zo])' [Am]' [Coz] (5.38)

Like the MEA analysis, catalysis by water was ignored. In concentrated PZ solutions, the
water catalysis should be even more insignificant than in MEA systems because both PZ and PZ
carbamate have a higher pKa than MEA and more free amine is present at the highest loading

conditions.

Neglecting water catalysis but accounting for activity coefficients and both bases in the
PZ system allows Equation 5.38 to be expanded into Equation 5.39. The rate expression could

also be written as Equation 5.40 which clearly shows each reaction permutation.

:_[kpz7pz [PZ] ].[7192 [PZ] ]J'[CO ] (5.39)
€02 7 4K, 72000 PZCOO0 ™ |) L+ ygeo0 [PZCOO™ 2

Koz Vo2 [PZ ]2 +Kpz ez [PZ]}’choo [P20007
feo2 = * Kpzco0 ¥ pzcoo [PZCOO : ]}/pz [PZ] : [COZ] (5.40)

T
+Kpzeo0” ézcoo [PZCOO ]

It is not obvious that this expression is 2" order with respect to the PZ activities but the
expression is analogous to the MEA expression which results in a 2™¢ order MEA dependence.
Ignoring activity coefficients, Equation 5.40 suggests that doubling PZ and PZCOO"
concentrations would lead to a rate expression 4 times larger. Although the expression is more
complex than the expression for MEA systems, the PZ rate expression is also about 2™ order.

5.1.2.5 Liquid Phase Mass Transfer Coefficient of Reactants and Products, k',
0

The liquid phase mass transfer coefficient of the reactants and products, K, .,

was

calculated as shown in Section 3.2.2.2.



Density data was obtained from regressing 2—12 m PZ density measurements at 20, 40
and 60 °C from Freeman (Rochelle, Sexton et al., 2009). PZ solution viscosity values were
obtained from regressing 5—12 m PZ viscosity measurements at 25, 40, and 60 "C from Freeman
(Rochelle, Sexton et al., 2008a). Details on the PZ density and viscosity regressions can be found

in Appendix E.

5.1.2.6 Slope of the Equilibrium Line

The slope of the equilibrium line in Equation 5.1 results from converting a concentration-
based mass transfer coefficient to a partial pressure basis. The slope can be difficult to
accurately determine due to the sensitivity at high loading or temperatures. Recall partial
pressure curves are plotted on a log-based y-axis. This produces very high values for the slope.
In cases where diffusion limits CO, mass transfer, a poor estimation of the slope of the

equilibrium can drastically affect the expected mass transfer.

The equilibrium partial pressure can be uniformly predicted from an empirical expression
developed by Xu (Rochelle, Sexton et al., 2009) using literature data. The empirical relationship
in Equation 5.41 is valid for PZ solutions between 40 and 190 °C. Equation 5.41 defines the

partial pressure in Pascals with the temperature in Kelvin.

InP.,, =38.4+(~102,000J / mol) L 206a+13200% 132307 (5.41)
RT T

Figure 5.9 shows show the fit to previously referenced CO; partial pressure data (Figure

4.3).
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Figure 5.9: Equilibrium CO, partial pressure measurements in PZ solutions at 40, 60, 80,
and 100 °C (Ermatchkov, Perez-Salado Kamps et al., 2006; Hilliard, 2008). Lines —
Equation 5.41.

Taking the derivative of Equation 5.41 with respect to CO, loading yields a term which
can be multiplied by the alkalinity concentration to obtain the slope of the equilibrium line in the
required units. This analytical approach provides a fairly consistent representation of the slope

of the equilibrium line over a wide range of experimental conditions.

5.1.2.7 Rate Constant

The rate constant for PZ is not quite as simple as MEA. Bishnoi (2000) reported a rate

expression with first order PZ dependence leading to Equation 5.42.

33,600

Ko, =4.14-107 exp[ j m’mol 's™ (5.42)

Derks (2006) also reported a rate expression with a first order PZ dependence. Derks

suggests the rate constant expression in Equation 5.43.

34,100

ke, =6.57-107 exp( j m’mol 's™ (5.43)



Cullinane uses a rigorous kinetic model to interpret rate constants. Cullinane reports a
2" order PZ dependence but reports a separate rate constant for each amine-base pairing. The
rate expression used by Cullinane is similar to the expression (Equation 5.40) used in this work

and is shown below.

lco, = Z kAm—B [Am][B][Coz] (5.44)

B

The Cullinane model cannot be compared to the first order models by Derks (2006) and
Bishnoi (2000). It is also difficult to compare to the current model because the current model is

activity-based while the Cullinane model is concentration-based.

Cullinane reports an activation energy of 35 kJ/mol which compares nicely to the 33.6
and 34.1 kJ/mol reported by Bishnoi and Derks. The current model also utilizes an activation

energy of 35 kJ/mol.

The rate expression (Equation 5.39 or 5.40) has 2 pre-exponential constants. The value
for kpzcoo was assumed to be 70% of kpz. This 70% value was used by Cullinane for the
reported kpz.pz, kpz-pzcoo, kpzcoo-pz and kpzcoo-pzcoo rate constants. The 70% ratio is based on
Bronsted theory which relates the pKa of a base to its rate constant. With kpzcoo ratioed to kpy,
the kpz pre-exponential rate constant was adjusted until the expression in Equation 5.45 was
minimized.

) , 2
k -k
Z[ g,ca;(c' g,measJ (545)

g,meas

The values of kpz and kpzcoo are 6.9%107 and 4.8%10” m°mol™s™, respectively, in the
final rate expression shown in Equation 5.46. This rate expression leads to the following

expression for kg’ in PZ solutions.

Kez 752 [PZ ]2 +Kez ez [PZ];/choo [PZCOCY
leo2 = | * Kpzcoo ¥ pzcoo [PZCOO_ ]}/pz [PZ] : [COz] (5.46)

Y
+ Kpzeoo? ézcoo [PZCOO ]



1 VeooH CO2,H20 N 1 ( AP;Z J (5.47)
kg Kez 7;z [PZ ]2 +Kpz Vpz [PZ]7choo [PZC007 kﬁpmd A[C02 ]T

+Kpzco0 ¥ pzcoo [PZCOO B ]VPZ [PZ] Doy
+Kpzeoo ngcoo [PZCOO B ]2

5.2 EXCEL MODEL ANALYSES

With the framework for the MEA and PZ spreadsheet models defined, each model can
now be analyzed. This section looks at how each parameter in the modified k,’ expression is
affected by changes in temperature, amine concentration, and CO, loading. Wetted wall column
experiments have shown that neither temperature nor amine concentration changes significantly
affect k,” for MEA and often PZ systems (Figures 4.7 and 4.8). This section shows why k,’ is

relatively unaffected.

This section also extrapolates the model to explore the resultant k,” for a 20 °C case

which could be feasible in cold locations such as the North Sea.

The final form of the k,’ expressions can be written as Equation 5.48 and 5.49 for MEA
and PZ, respectively. The first term in the k,’ expressions represents the pseudo first order
condition. The second term includes the mass transfer resistance due to diffusion of reactants

and products near the reaction interface.

L. _ j/g'cs)zHCOZ,H 20 + 01 { AF)coz J (548)
Ko Jky2e [MEAP D, ke, L A[CO L
L _ 7882 H cozm20 + 1 [ Ap;g J (5.49)
kg Kez 7/32 [PZ ]2 +Kez 75z [PZ ]7choo [PZCOCY k 1. prod A[C02 ]T
+Kpzco0 ¥ pzcoo [PZCOO B ]}/Pz [PZ] Dcos

1
+Kpzcoo? FZ’ZCOO [PZCOO ]



5.2.1 Monoethanolamine

5.2.1.1 Parameter Dependences

This section shows how each of the parameters in Equation 5.48 change with

temperature, amine concentration, and CO; loading.

The rate constant is independent of amine concentration and CO, loading. Figure 5.10

shows the temperature effect on the rate constant.

10 T
I MEA

R . /
2 ]
5
1S
©
E
=01

0.01 : ‘

20 40 60 80 100
Temperature (C)

120

Figure 5.10: Calculated MEA rate constant from 20-120 °C

It is important to note that the MEA rate constant increases drastically with increasing

temperature, 2 orders of magnitude from 20-120 °C. The rate constant has a 0.5 order

dependence on the pseudo first order term in Equation 5.48.

The MEA activity coefficient is also independent of amine concentration. Figure 5.11

shows how the MEA activity coefficient is affected by changes in temperature and CO; loading.
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Figure 5.11: Calculated MEA activity coefficients from 40-100 °C at CO, loadings from 0.2
t0 0.5

The MEA activity coefficient increases with CO, loading and decreases with
temperature. Values vary about a factor of 3 over the plotted range. The pseudo first order

portion of the k,” expression has a 1% order dependence on the MEA activity coefficient.

The CO, activity coefficient is a function of CO, loading, temperature and amine

concentration. Figure 5.12 plots calculated data for 7 and 13 m MEA.
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Figure 5.12: Calculated CO; activity coefficients from 40-100 °C at CO, loadings from 0.2
t0o0.5in7 and 13 m MEA

The activity coefficient of CO; increases with MEA concentration and CO; loading and
decreases with increasing temperature. CO, activity coefficient values vary about a factor of 2
over the plotted range. The CO, activity coefficient has a -0.5 order effect on the pseudo first

order k,’ expression.

The free MEA concentration is a function of CO; loading and amine concentration. The
free MEA concentration is also a very slight function of temperature due to the speciation of the

Hilliard (2008) model. Figure 5.13 plots the data for 7 and 13 m MEA.
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Figure 5.13:Free MEA concentration from 40-100 °C for 7 and 13 m MEA (Hilliard, 2008).

Figure 5.13 shows a nearly negligible effect of temperature on free MEA. Of course, the
free amine concentration decreases with both increasing CO; loading and decreasing total MEA
concentration. The change with CO, loading is particularly important since the free MEA
concentration can change more than 1 order of magnitude from over the lean to rich CO, loading
range. The free MEA concentration has a 1* order effect on the pseudo first order portion of the

ky’ expression in Equation 5.48.

The diffusion coefficient of CO, is affected by CO, loading, temperature, and amine
concentration since each of these parameters affect viscosity. Figure 5.14 shows how the
calculation of the diffusion coefficient of CO, is affected by changes in each of the three

parameters.
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Figure 5.14: Calculated diffusion coefficient of CO, for 40-100 °C at 0.2-0.5 CO, loadings
in 7 and 13 m MEA

CO; loading has a fairly minor effect on the diffusion coefficient of CO,. Both amine
concentration and temperature have strong effects on Dcop. The data shown in Figure 5.14
exhibit a full order of magnitude difference between the lowest and highest D¢y values. The
diffusion coefficient of CO; has a 0.5 order dependence on the pseudo first order portion of the

ko’ expression.
5.2.1.2 Parameter Significance

The previous section has shown how each of the parameters in Equation 5.48 varies with
changes in CO, loading, temperature, and MEA concentration. However, many of the
parameters have different effects on the k,” expression. This section attempts to compare the
significance of each parameter by showing the changes in each parameter at common conditions.

Note that the order of the parameters is only significant to the pseudo first order portion of



Equation 5.48. If diffusion becomes a significant resistance at a given condition, the pseudo first

order part of Equation 5.48 becomes less meaningful.

Figures 5.15-5.17 are plotted against CO, loading for some extreme conditions: 7 and 13
m MEA. For each parameter the correct dependence in Equation 5.48 is incorporated. Since
Figures 5.15-5.17 each have stated temperatures, only the free MEA concentration, diffusion
coefficient of CO,, and the activity coefficients vary. The values of the rate constant and the

Henry’s solubility in water are constant in each graph.

10 1 1E-05
| 7m MEA 40C
(\IA
% S
-~ ©
£ 2 o
£ S1- +1E-06 £
c — )
c L E
(Al -
(@]
X
—<o— Gamma MEA —8a—[MEA] x 103
—a—DCO2M.5x 10 o 1/(Gamma CO2)"0.5
--X---PFO kg' ---4-- Calc kg'
0.1 T T T T T T 1E_O7
0.2 0.25 0.3 0.35 0.4 0.45 0.5
CO; Loading (mol/molyy)

Figure 5.15: Parameter significance versus CO, loading for 7 m MEA at 40 °C

Figure 5.15 shows that the free MEA concentration has nearly the same shape as the
calculated k,’ curves. The mass transfer rate is almost completely controlled by the free amine
concentration for 7 m MEA at 40 C. Each of the other parameters is nearly constant over the

relevant CO; loading range. At 40 °C the pseudo first order k,” and the calculated k,’ are nearly



identical. This is expected because diffusion resistances are very small at low temperature due to

the slope of the equilibrium line.

10 1E-05
t 7m MEA 100C
N"\
% IS
— ~ (-5
2 o
Q= »
e 51+ + 1E-06 =<
C — o
c L S
o =
<
. | —o— Gamma MEA —oa— [MEA] x 1073
—a—DC02".5 x 104 ——o0— 1/(Gamma CO2)"0.5
--X---PFO k¢g' ---4-- Calc kg'
0.1 ‘ ‘ ‘ ‘ ‘ 1 1E07

0.2 0.25 0.3 0.35 0.4 0.45 0.5
CO, Loading (mol/molgk)

Figure 5.16: Parameter significance versus CO; loading for 7 m MEA at 100 °C

Figure 5.16 again shows the parameter significances for 7 m MEA but this time at
100 °C. The diffusion coefficient and activity coefficient of CO, contributions both decrease
slightly with increasing CO, loading. At 100 °C, the activity coefficient of MEA has a stronger
effect than at 40 "C. Again, changes in k,’ result primarily from the change in free MEA. It is
also important to note that the pseudo first order k,’ and the calculated k,’ vary significantly at
low loading and even more at higher loading. At 100 °C, MEA solutions encounter significant

diffusion resistances which limit CO, mass transfer.
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Figure 5.17: Parameter significance versus CO, loading for 13 m MEA at 60 °C

In 13 m MEA at 60 °C, both the activity and diffusion coefficients of CO, have a
decreasing dependence which essentially cancels the increasing effect of the MEA activity
coefficient. Again, the free amine concentration is the main parameter which affects the k,’ of
the system. At 60 °C, there is a small but significant diffusion resistance on the system. This

resistance causes the pseudo first order k,’ and the calculated k,’ to diverge slightly at the higher

CO; loading conditions.

Figure 5.18 directly looks at the effect of the parameters as a function of temperature. An

intermediate condition of 9 m MEA, 0.3 CO; loading was selected for this analysis.
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Figure 5.18: Parameter significance versus temperature for 9 m MEA at 0.3 CO2 loading

Figure 5.18 has shown that k,’ is mostly independent of temperature in MEA solutions.
However, the parameters which comprise the k,” expression have very strong temperature
dependences. The Henry’s solubility in water, the rate constant, the activity coefficient of MEA,
and the diffusion coefficient of CO; are all strongly affected by temperature. However, these
positive and negative dependences mostly cancel each other. The pseudo first order k,” shows
about a 50% increase over the temperature range but that increase is negated by the increased
diffusion resistance at higher temperature. The calculated k,’ is more or less constant but does
have a maximum at intermediate temperatures. A close look at Figure 4.7 shows that this

phenomenon was often seen for MEA experiments in the wetted wall column.

Figure 5.19 shows the significance of each parameter with changes in amine

concentration. 60 °C solutions with a 0.4 CO, loading were selected for this analysis.
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Figure 5.19: Parameter significance versus MEA concentration for 60 °C and 0.4 CO,
loading

Figure 5.19 explains exactly why wetted wall column experiments have shown that k,’ is
independent of MEA concentration. With changes in MEA concentration, most of the
parameters are relatively constant in their effect on k,’. Only the diffusion coefficient of CO,,
the activity coefficient of CO,, and the free amine concentration vary significantly and those

dependences essentially cancel each other.

Figure 5.20 shows the importance of the of the diffusion resistance in 7 and 13 m MEA

over the range of experimental temperatures.



0.8

--— 13 m MEA
— 7 m MEA

e
o

—<o—40C —=-60C
-—a—80C —o—100C

o
N

Fraction of Mass Transfer
Resistance from Diffusion
o
N

0.20 0.25 0.30 0.35 0.40 0.45 0.50
CO; Loading (mol/molgk)

Figure 5.20: Fraction of mass transfer resistance from diffusion for 40-100 °C, 7 and 13 m
MEA

The amine concentration does not affect the ratio of the resistances due to kinetics and
diffusion in Equation 5.48. Figure 5.19 shows that the pseudo first order k,’ does not change
significantly with MEA concentration. This implies that the value of the diffusion resistance
does not change very much either with amine concentration changes. At higher concentrations,
the physical liquid film mass transfer coefficient, k\°, decreases due to viscosity changes.
However, the slope of the equilibrium line also has a concentration term since it must be defined
in Pa/(mol/m®). The increased concentration decreases the slope of the equilibrium line. The
diffusion term in Equation 5.48 divides k;° by the slope and that term is mostly unchanged with

changes in total MEA concentration.

At high temperatures, particularly 100 °C, diffusion limits mass transfer even at moderate
CO; loadings. This is mainly due to a drastic increase in the slope of the equilibrium line in

Equation 5.48.



5.2.1.3 Error Analysis

This analysis seeks to show that systematic error has been removed from the model with
respect to changing temperature and MEA concentration. The lack of systematic error provides
a better confidence in the estimation of the parameters which comprise the k,’ expression,

Equation 5.48.

Figure 5.21 shows an overall graph of all the wetted wall column data: 7-13 m MEA, 40—
100 °C, 0.23-0.50 CO; loading. A parity plot is used to compare measured wetted wall column

ko’ values to the calculated k,” from Equation 5.48.
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Figure 5.21:Parity plot comparing experimentally measured MEA Ky’ values to kq’ values
calculated from Equation 5.48

Figure 5.21 shows that k,’ values vary about a factor of 30 from the lowest loading to the

highest loading conditions. A brief view shows that all of the points fall relatively close to the



parity line. Equation 5.48 represents the measured k,’ in MEA solutions with an average error of

13%.

Figure 5.22 includes all the data in Figure 5.21 but is plotted differently to show

systematic trends in CO; loading. The y-axis is presented on a log scale so that percentage errors

either positive or negative are visually represented clearly.
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Figure 5.22: Calculated/measured kg’ versus CO; loading for all MEA wetted wall column
conditions

Figure 5.22 has dotted lines to show +40% error in the estimation of k,’. All of the data
fall within 40% of the measured k,’ values. This is impressive since k,’ values vary about a
factor of 30. Many of the parameters comprising the k,’ expression change drastically with
changes in temperature, MEA concentration, and CO; loading. Overall, there does not seem to

be a systematic trend with changes in CO, loading since the points are centered around the y=1

line.

Figure 5.23 plots all the experimental data against temperature.
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Figure 5.23: Calculated/measured Ky’ versus temperature for all MEA wetted wall column
conditions

Figure 5.23 shows a slight systematic error with increasing temperature. Recalling
Figure 5.18, many of the parameters comprising k,’ vary wildly with changes in temperature.
The slope of the equilibrium line is also extremely sensitive to temperature. Considering how
sensitive Equation 5.48 is to changes in temperature, the systematic error shown in Figure 5.23 is
quite small. The systematic temperature error in Figure 5.23 is about 4 kJ/mol. This can be
compared to the MEA activation energy of 45 kJ/mol (Equation 5.27). However, the activation
energy should not be adjusted to remove the error since the activation energy is known with

more certainty than the other temperature dependent terms in the k,” expression.

Figure 5.24 plots all the experimental data with MEA concentration on the x-axis.
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Figure 5.24: Calculated/measured ky’ versus MEA concentration for all MEA wetted wall
column conditions

Figure 5.24 shows no systematic error in the calculated k,” values with MEA
concentration. Recall that Figure 5.19 showed that only a few parameters had mild dependences

with changes in amine concentration.

Figures 5.22-5.24 show that systematic error with respect to CO, loading, temperature,
and MEA concentration has mostly been removed from the model. The absence of significant
systematic error increases confidence both in the model and in the determination of each

parameter in the k,’ expression.
5.2.2 Piperazine

5.2.2.1 Parameter Dependences

This section shows how each of the parameters in Equation 5.49 change with

temperature, PZ concentration, and CO, loading.



The PZ and PZCOO rate constants are independent of PZ concentration and CO,

loading. Figure 5.25 shows the temperature effect on the rate constant.
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Figure 5.25: Calculated PZ and PZCOO" rate constants from 20-120 °C

The PZ and PZCOQ" rate constants increase drastically with increasing temperature,
about 1.5 orders of magnitude from 20-120 °C. The PZCOO" rate constant has been set at 70%
of the PZ rate constant based on work by Cullinane (2005). The rate constant dependence in
Equation 5.49 approximates to the 0.5 power of the pseudo first order portion of Equation 4.49.
Due to the complexity of the equation, the dependence cannot be explicitly stated since it will

change as speciation changes.

The PZ activity coefficient is independent of CO; loading. Figure 5.26 shows how the
PZ activity coefficient is affected by changes in temperature and total PZ concentration. The PZ
carbamate activity coefficient is essentially independent of temperature, CO, loading, and amine
concentration. This model defines it as a constant, 0.038. PZ and PZ carbamate activity

coefficients were obtained from the Hilliard model (2008).
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Figure 5.26:PZ activity coefficients for 2-12 m PZ from 40-100 °C (Hilliard, 2008)

The PZ activity coefficient increases with total PZ concentration and temperature.
Values vary about a factor of 2 over the plotted range. Like the rate constants, Equation 5.49
does not define an explicit order for the PZ activity coefficient, but it is approximately 1* order

in the pseudo first order expression.

The CO, activity coefficient is a function of CO, loading, temperature, and amine

concentration. Figure 5.27 plots the calculations for 2 and 12 m PZ.
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Figure 5.27:Calculated CO; activity coefficients at 40-100 "C with 0.2 to 0.45 CO; loadings
in2and 12 m PZ

The activity coefficient of CO, increases with PZ concentration and CO, loading and
decreases with increasing temperature. CO,; activity coefficient values vary about a factor of 10
over the plotted range. The CO, activity coefficient has a -0.5 order effect on the pseudo first

order portion of the k,’ expression.

The free PZ and PZCOO" concentrations are a function of CO, loading and amine
concentration. They are also a function of temperature since the solution speciation changes
with temperature. Figure 5.28 plots the free PZ concentrations for 2 and 8 m PZ. Figure 5.29
plots the free PZCOOQO" concentrations for 2 and 8 m PZ. These values were obtained from the

Hilliard model.
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Figure 5.28: Free PZ concentration from 40-100 °C for 2 and 8 m PZ (Hilliard, 2008)

Oddly enough, free PZ concentrations for 2 m and 8§ m PZ are roughly equivalent at
constant CO; loading. This suggests that the total amine concentration plays a large part in the
speciation of PZ solutions. Overall the free PZ concentration varies about a factor of 10 from the

lean to the rich conditions.
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Figure 5.29:PZCOO" concentration from 40-100 °C for 2 and 8 m PZ (Hilliard, 2008)

Figure 5.29 shows a very large difference in the PZCOQO" concentrations for 2 and 8 m
PZ. This was expected since free PZ concentrations are fairly similar in the Hilliard model. The
PZ material balance must be satisfied. The free PZ concentration is also a significant function of
temperature, especially for the 2 m solution. Again, the order of the free PZ and PZCOO

concentrations in Equation 5.49 is not explicit but they are approximately 1* order since

concentrations are squared under the square root.

Figure 5.30 shows the total free amine concentrations in 2 and 8 m PZ.
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Figure 5.30: Free amine concentrations in 2 and 8 m PZ at 40-100 °C (Hilliard, 2008)

The diffusion coefficient of CO, is affected by CO, loading, temperature, and amine
concentration since each of these parameters affects viscosity. Figure 5.31 shows how the
calculation of the diffusion coefficient of CO, is affected by changes in each of the three

parameters.
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Figure 5.31: Calculated diffusion coefficient of CO, from 40-100 °C in 2 and 8 m PZ

CO; loading has a fairly minor effect on the diffusion coefficient of CO,. Both amine
concentration and temperature have very strong effects on Dco,. Higher amine concentration
and lower temperature increase viscosity and thus lower diffusion coefficients. The data shown
in Figure 5.31 exhibit more than a full order of magnitude difference between the lowest and
highest D¢, values. The diffusion coefficient of CO; has a 0.5 order effect on the pseudo first

order portion of the k,’ expression, Equation 5.49.

5.2.2.2 Parameter Significance

The previous section has shown how each of the parameters in Equation 5.49 varies with
changes in CO, loading, temperature, and MEA concentration. However, many of the
parameters have different dependences on the k,” expression, and some of these dependences
must be approximated due to the form of Equation 5.49. This section attempts to compare the
significance of each parameter by showing the changes in each parameter at common conditions.

Note that the order of the parameters is only significant to the pseudo first order portion of



Equation 5.49. If diffusion becomes significant at a given condition, the pseudo first order part

of Equation 5.49 becomes less meaningful.

Figures 5.32-5.34 are plotted against CO, loading for some extreme conditions: 7 and 13
m MEA. For each parameter the explicit or approximated dependence in Equation 5.49 is
incorporated. Since Figures 5.32-5.34 each have stated temperatures, only the free PZ and
PZCOQO’ concentrations, diffusion coefficient of CO,, and the activity coefficient of CO, vary.

The rate constant and the Henry’s solubility in water are constant in each graph.
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Figure 5.32: Parameter significance versus CO; loading for 2 m PZ at 40 °C

Figure 5.32 shows that for 2 m PZ at 40 °C, the dependences in Equation 5.49 for the
activity and diffusion coefficients of CO, are minor with CO, loading changes. The change in
the liquid film mass transfer coefficient, k,’, with increased CO; loading is almost completely

controlled by the free amine concentrations. The calculated and pseudo first order kg’



calculations are almost identical at this 40 °C condition. This implies that diffusion resistances
are negligible. At 40 °C, the slope of the equilibrium line is very small making the 2" term in

Equation 5.49 of minimal importance.
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Figure 5.33: Parameter significance versus CO, loading for 2 m PZ at 100 °C

Figure 5.33 shows the significance of parameters in 2 m PZ but this time at 100 °C. Only
low loading data are shown here since high loading, high temperature experiments could not be
performed in the wetted wall column. Again, the diffusion and activity coefficients of CO,
change insignificantly with CO, loading. At low loading, PZCOO" concentration remains
relatively unchanged. The change in the pseudo first order slope is almost completely due to the
change in the free PZ concentration. Note that the parameters range 2 decades in Figure 5.33
while the k;’ scale includes 3 decades. Since this 100 “C condition is significantly affected by

diffusion resistances, the calculated k,’ values fall far below pseudo first order k,’ values. The



drop is even more marked at the higher loading since less free amine is available. The diffusion

of fresh amine to the interface limits mass transfer in this case.
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Figure 5.34: Parameter significance versus CO; loading for 12 m PZ at 60 °C

Figure 5.34 shows the parameter significance as a function of CO; loading at 12 m PZ,
60 °C. This condition is not soluble at 0.4 loading so that point is not included. Very similar to

b

the previous 2 graphs, k,’ is almost completely controlled by the change in the free PZ
concentration. The free PZ carbamate concentration begins to contribute to the drop in k,” near
0.35 loading. Since this solution is at 60 °C, there is only a minor diffusion resistance which

increases slightly with increasing CO, loading.

Figure 5.35 looks at the effect on the parameters as a function of temperature.

Intermediate conditions of 5 m PZ at 0.3 CO; loading were selected for this analysis.
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Figure 5.35: Parameter significance versus temperature for 5 m PZ at 0.3 CO; loading

Figure 5.35 shows that nearly all the parameters in Equation 5.49 are strongly affected by
temperature. Only the activity coefficient of CO, dependence remains mostly constant with
changes in temperature. The contributions of the PZ activity coefficient, both rate constants, the
free PZ concentration, and the diffusion coefficient of CO, each increase significantly with
increasing temperature. The thermodynamic Henry’s constant (Hco2mo) and the PZCOO
concentration dependences each decrease significantly with increasing temperature. Those 8
parameters give a significant increase in the pseudo first order rate expression with increasing
temperature. However, the higher temperature increases the diffusion resistance. The increased
diffusion resistance causes k,’ to remain relatively constant from 40 to 70 °C before it begins to

decrease. Overall, the predicted k,” varies a factor of 2 despite 7 parameter dependences which



vary factors of 2—3. The fact that the model accurately predicts the correct temperature behavior

is remarkable considering the wide variance in the parameters.

Figure 5.36 shows the significance of each parameter with changes in total PZ
concentration. Only 5 parameters are included in Figure 5.36 since the Henry’s constant, and

rate constants are constant with temperature.
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Figure 5.36: Parameter significance versus PZ concentration for 60 °C and 0.4 CO, loading

Overall, the parameters do not depend on PZ concentration as much as they depend on
temperature. kg’ varies less than a factor of 2 over the 2-12 m PZ range. One interesting point
in Figure 5.36 is that the pseudo first order k,’ and the non pseudo first order k,’ remain evenly
spaced. This implies that PZ concentration does not affect the fraction of the diffusion
resistance. Essentially, the ratio of the 2 terms in Equation 5.49 is unaffected by the PZ

concentration.



Figure 5.37 explicitly shows the fraction of diffusion resistance for 2 and 8 m PZ.
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Figure 5.37:Fraction of mass transfer resistance from diffusion for 40-100 °C in 2 and 8 m
PZ

As previously stated, the total PZ concentration does not affect the relative importance of
the 2 terms in Equation 5.49. The fraction of resistance due to diffusion remains independent of
PZ concentration. At higher concentrations, the physical liquid film mass transfer coefficient,
k°, decreases due to viscosity changes. However, the slope of the equilibrium line has a
concentration term since it is defined in Pa/(mol/m®). The increased concentration decreases the
slope of the equilibrium line. The diffusion term in Equation 5.49 divides k;° by the slope and

that term is mostly unchanged with changes in total PZ concentration.

5.2.2.3 Error Analysis

Like the MEA error analysis, this is not a typical error analysis. It seeks to show that
most of the systematic error has been removed from the model. The lack of systematic error
provides a better confidence in the estimation of the parameters which comprise the kg’

expression, Equation 5.49.



Figure 5.38 shows an overall graph of all the wetted wall column data: 2—-12 m PZ, 40—
100 °C, 0.22-—0.41 CO; loading. A parity plot is used to compare measured wetted wall column

ko’ values to the calculated k,” from Equation 5.49.
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Figure 5.38: Parity plot comparing experimentally measured PZ kg’ values to ky’ values
calculated from Equation 5.49.

Figure 5.38 shows that k,’ values vary about a factor of 20 from the lowest loading to the
highest loading conditions. A brief view shows that all of the points fall relatively close to the
parity line. There are no obvious trends with temperature or amine concentration. However, to
analyze and detect the systematic error, a closer look into the data is required. Equation 5.49

represents the measured k,,’ in PZ solutions with an average error of 19%.

Figure 5.39 includes all the data in Figure 5.38 but is plotted differently to show
systematic trends in CO; loading. The y-axis is presented on a log scale so that percentage errors

either positive or negative are visually represented clearly.
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Figure 5.39: Calculated/measured Ky’ versus CO; loading for 2-12 m PZ wetted wall
column conditions

Figure 5.39 has dotted lines to show £50% error in the estimation of k,’. All but one of
the data points fall within 50% of the measured k,’ values. This is impressive considering the
range of conditions. k,’ values vary about a factor of 20. Many of the parameters comprising
the k,” expression change drastically with changes in temperature, PZ concentration, and
loading. Overall, there seems to be a minimal systematic trend with CO; loading. Intermediate
CO; loading conditions slightly underestimate k,” while low and high loading conditions seem to

be relatively evenly spaced around the y=1 line.

Figure 5.40 also plots all the experimental data but plots temperature on the x-axis.
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Figure 5.40: Calculated/measured Ky’ versus temperature for 2-12 m PZ wetted wall
column conditions

Figure 5.40 shows no significant systematic error with increasing temperature. Recalling
Figure 5.35, many of the parameters comprising k,’ vary wildly with changes in temperature.
The slope of the equilibrium line is also extremely sensitive to temperature. Considering how
sensitive Equation 5.49 is to changes in temperature, the lack of systematic error is suggests that

the temperature dependent terms are being represented accurately.

Figure 5.41 plots all the experimental data with PZ concentration on the x-axis.
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Figure 5.41: Calculated/measured Ky’ versus PZ concentration for 2-12 m PZ wetted wall
column conditions

Figure 5.41 shows no systematic error in the calculated k,’ values with PZ concentration.
Recall that Figure 5.43 showed that many of the parameters vary significantly with changes in
amine concentration. Regardless, the concentration dependent terms seems to be properly

represented.

Figures 5.39—5.41 show that systematic error with respect to CO, loading, temperature,
and PZ concentration have essentially been removed from the model. The absence of significant
systematic error increases confidence both in the model and in the determination of each

parameter in the k,” expression.
5.2.3 Model Comparisons to Literature Data

5.2.3.1 MEA Model Comparisons to Literature Data

Figure 5.42 shows a comparison of the model to concentrated MEA rate data by

Aboudheir (2002) and Hartono (2009). Aboudheir uses a laminar jet absorber which has a very



fast liquid film physical mass transfer coefficient due to short contact times. To compare to this
pseudo first order condition, the pseudo first order results of the model are plotted in Figure 5.42.
The Hartono data can also be compared to the pseudo first order model results since the diffusion

of reactants and products is unimportant at concentrated, unloaded conditions.
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Figure 5.42:Pseudo first order model results compared to 5 and 7 m MEA literature data
(Aboudheir 2002; Hartono 2009)

The pseudo first order model results for both 7 and 13 m show temperature trends similar
to the Aboudheir data. The model also matches the k,” values fairly well over the entire CO,
loading range. The model shows a more drastic change in kg’ at higher loading. This was seen
in all the experimental data (Figure 4.10). The wetted wall column experimental data could not

justify the flattening of the k,” values at lower CO, loading. The model predicts this observed

trend.

The model can also be extrapolated to 0 loading and more dilute MEA concentrations to

evaluate recent data by Hartono (2009).
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Figure 5.43: MEA model comparison to Hartono (2009) at 40 °C

Overall, the data seem to match the Hartono data fairly well. Rates are under-predicted at
low MEA concentrations and slightly over-predicted at high MEA concentrations. The model

neglects base catalysis by water. This could be significant to the rates at very low MEA
concentrations.
5.2.3.2 Comparison to Cullinane (2006) Piperazine Rate Constants

Figure 4.12 has shown that 1.8 m PZ from the Cullinane model (2005) compares very

favorably to 2 m PZ experiments in the wetted wall column. This analysis seeks to compare the

rate expressions also.

Due to differences in the form of the Cullinane rate expression and the form of the rate
expression used in this work (Equation 5.40), it is difficult to make a straightforward rate

constant comparison. An attempt has been made to compare unloaded 1 M PZ.

Cullinane (2006) reports an overall rate constant of 102,000 s at 25 °C for unloaded 1 M

PZ. This value results from the combination of the kg, 5, and kg, |, , rate constants multiplied

by the PZ and water molarity, respectively. This model ignores the water catalysis effect. At 1



M PZ this effect can be significant. It is easier to exclude the water catalysis from the Cullinane

expression to obtain a 70,100 s™ rate expression only considering PZ catalysis.

The current model can be extrapolated to 1 M but the difference in the form of the
expression must be considered, particularly the activity coefficients. Cullinane utilized a
concentration-based model. Effectively, the Cullinane rate constants include MEA and CO;
activity coefficients used in this model. The CO, activity coefficient approaches 1 for unloaded,
dilute solutions. The unloaded 25 "C PZ activity coefficient was estimated as 0.0393 by the
model. This model predicts the rate constant times the square of the PZ activity coefficient to
yield 78,600 s at 25 °C. This compares very favorably to the 70,100 s value reported by
Cullinane (2006).

5.2.3.3 Piperazine Model Comparisons to Literature Data

Figure 5.44 compares the PZ model to work done by Cullinane. Two unloaded, 1.2 M
PZ data points are compared. A 1.8 m PZ model developed by Cullinane is also compared.
Although Cullinane did not measure rates in CO; loaded aqueous PZ, he was able to build the

model using unloaded PZ and loaded K,CO,/PZ rate data.
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Figure 5.44:PZ model comparison to Cullinane (2005) model and data

Figure 5.44 shows an excellent match between the two 1.8 m PZ models and the 2 m PZ
rate data. The PZ model also does a fair job of predicting k,’ for unloaded PZ solutions. Both
25 and 60 °C experiments by Cullinane are adequately represented by the PZ model. The model
was unable to accurately represent the 0.06-0.30 M PZ data from Bishnoi (2000). The Hilliard
(2008) model did not seem to accurately speciate the dilute PZ solutions. The model predicted

almost all the CO; being converted to bicarbonate, rather than PZCOO".

5.2.4 Significant Case: 20 °C Absorber Operation

Experiments included in this work test a large range of amine concentrations. MEA
concentrations greater than 13 m and PZ concentration greater than 12 m are unlikely to be
relevant for industrial use. The 40-100 °C temperatures tested also exhibit a large range of
conditions. 120 °C is not a particularly interesting condition because mass transfer in those
solutions would be almost completely controlled by diffusion resistances. Special equipment

designs, such as using trays instead of packing, could be used to increase the physical liquid film



mass transfer coefficient, k°. This model is not particularly useful in evaluating that condition
because k;° in this model would be very different than the industrial k;°. Amine solutions at

20 °C could be analyzed accurately by this model since diffusion resistance would be negligible.

In some locations such as the North Sea it may be feasible to cool amine solutions down
to 20 °C. The colder amine solution would allow for a richer solution at the bottom of the
absorber. This analysis uses the spreadsheet model to explore the kinetic implications of
operating an absorber at 20 “C. The analysis has been carried out with 3 solutions, 7 and 13 m

MEA and 8 m PZ.

The bottom of an absorber with flue gas from coal combustion will be approximately
12% CO, near atmospheric pressure. This 12 kPa partial pressure must be significantly more
than the partial pressure of the amine solution for significant absorption to occur. Due to the
reduction of CO, driving force and the slower rates at the bottom of the absorber it is unlikely
that the amine solution would have a CO; loading exhibiting more than a 6 kPa partial pressure.
Therefore 20 °C amine solutions are analyzed up to a CO; loading which has a 6 kPa CO, partial

pressure.

None of the 20 °C conditions encounter significant diffusion limitations so no adjustment

in k;° is required to adjust to an industrial design.

5.2.4.1 7and 13 mMEA

Using the spreadsheet model, the CO, partial pressure and liquid film mass transfer
coefficient has been calculated for 0.25-0.6 loading in 7 and 13 m MEA. The results are

included in Table 5.4.



Table 5.4: Calculated CO; partial pressure and kq’ for 7 and 13 m MEA at 20 °C

MEA|Temp| CO, Loading | P*co2 ky'

m C | molcos/moly| Pa | molisPam®

0.25 1.2 2.5E-06

0.3 3.1 2.1E-06

0.35 8.8 1.7E-06

7 0.4 28 1.2E-06

0.45 95 6.3E-07

0.5 353 1.7E-07

0.55 1433 3.7E-08

20 0.6 6345 1.5E-08

0.25 1.2 2.5E-06

0.3 3.1 2.0E-06

0.35 8.8 1.5E-06

13 0.4 28 1.0E-06

0.45 95 5.3E-07

0.5 353 8.7E-08

0.55 1433 1.2E-08

0.6 6345 5.6E-09

The values in Table 5.4 at 20 °C are compared to 40—100 °C conditions in Figure 5.45.

7 m MEA conditions are denoted by solid lines while 13 m MEA is represented by dashed lines.
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Figure 5.45: Predicted CO, absorption/desorption rates in 7 and 13 m MEA at 20-100 °C



Figure 5.45 shows that the 20 °C solutions actually perform similarly to the higher
temperature data until near a 100 Pa partial pressure, 0.45 CO; loading. Above this loading the
free amine concentration seems to be too small to produce significant rates. Rates at the rich end

of the absorber in the 2—5 kPa range are 10 times slower than rates at 40 °C.

The 20 °C case is interesting because the colder temperatures allow for the amine solution
to achieve higher CO; loading at the bottom of the absorber. The higher CO, loading leads to a
lower energy consumption in the stripper. However, for MEA, CO, loadings at 20 °C seem too
rich to produce acceptable rates. Operating with a 20 °C rich solution at the bottom of the

absorber does not seem to be advantageous for MEA solutions.

5.242 8mPZ

Ignoring possible PZ solubility issues, 8 m PZ has also been analyzed at 20 °C by the

spreadsheet model. Table 5.5 includes the obtained CO, partial pressure and k,’ results.
Table 5.5: Calculated CO; partial pressure and kg’ for 8 m PZ at 20 °C

PZ [Temp| CO, Loading | P*co2 k'

m C | molgoo/moly | Pa | molisPam?
0.2 4.8 1.7E-06
0.25 17 1.7E-06
0.3 65 1.1E-06

8 20 0.35 243 6.7E-07
0.4 932 3.7E-07
0.45 3627 | 1.4E-07
0.5 14344| 1.1E-08

The values in Table 5.5 at 20 °C are compared to 40—100 °C conditions in Figure 5.46.
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Figure 5.46: Predicted CO; absorption/desorption rates in 8 m PZ at 20-100 °C

8 m PZ rates at the rich end of the absorber in the 2—5 kPa range are about 3 times slower
than rates at 40 °C. However, the 20 °C case achieves higher CO; loadings and a larger CO,
capacity which may yield enough energy savings to offset the slower rates. A comprehensive
absorber/stripper model incorporating both capital and operating costs would be required to
quantify if the 20 °C case were more economically favorable than the 40 °C condition. This

analysis ignores PZ solubility issues.

5.3 AsPEN PLUS® RATESEP ™ MODELING

In addition to the spreadsheet model, an Aspen Plus® RateSep™ model was created.
Rather than predicting the mass transfer coefficient, k,’, the Aspen Plus® RateSep ™ model can
predict CO, flux. This model can be fitted to wetted wall column data and then scaled up to

industrial conditions.

As a starting point the e-NRTL thermodynamic framework of the Hilliard (2008) model

was used. However, this model is not capable of handling the high amine concentration and high



temperature conditions which were tested in the wetted wall column experiments. Hilliard
regressed data up to 11 m MEA and 5 m PZ. CO; partial pressure estimates are reliable up to 60
°C. Wetted wall column experiments utilized amine concentrations up to 13 m MEA and 12 m
PZ at 100 °C. The Hilliard model did not accurately extrapolate to these higher amine

concentrations.

5.3.1 Physical design

The wetted wall column is modeled as an Aspen Plus” RateSep™ column. The actual
wetted wall column has an annulus geometry since the liquid film flows over a rod and the gas
flows around it. The Aspen Plus® RateSep'™ module cannot mimic this geometry. The column
in the model is designed as a typical, cylindrical column. The diameter was adjusted so the
column would have the same cross-sectional area as the wetted wall column. This results in
equivalent gas velocities in the wetted wall column and the model. The design height of the

column is the height of the wetted wall column, 9.1 cm.

Mimicking the wetted area of the column requires a similar manipulation. In the wetted
wall column, the contact area is the surface area of a metal rod which is coated with a thin film
of liquid. The model assumes an arbitrary packing. An interfacial area Fortran subroutine was
written to ensure that the wetted area of the wetted wall column, 38.52 ¢cm?, would be duplicated

in the model.

The model operates with 3 countercurrent stages. The model does not consider pressure

drop.
5.3.2 Primary Monoethanolamine Data Regression

A modified VLE model was created with the same sequential regression approach that
Hilliard employed. Hilliard (2008) used heat of absorption, nuclear magnetic resonance, heat
capacity, amine partial pressure, and CO, partial pressure data to regress thermodynamic

parameters. This model neglects the heat of absorption data.



The main MEA data regression includes nuclear magnetic resonance, heat capacity,
amine partial pressure, and CO; partial pressure from Hilliard. Increased importance was placed
on the MEA partial pressure data since these data lead to MEA activity coefficients which are
very important to the rate behavior. CO, partial pressure data from Jou (1995) and Dugas
(Rochelle, Sexton et al., 2009) were also included in the regression. The 6 highest CO, loading
data points from Dugas were excluded from the regressed data because they did not match
Hilliard and Jou data very well, recall Figure 4.2. The MEA VLE model includes data ranging
from 3.5 m MEA to 13 m MEA with temperatures from 25 to 120 °C. Only data with CO,

loadings between 0.25 and 0.6 molcoz/molyvea were included in the regression.

In an effort to simplify the regressions and obtain better CO, partial pressure predictions,
significantly fewer parameters were regressed in this work than that of Hilliard. Some binary
interaction parameter pairings were deemed insignificant and deleted. The complexity of the
temperature dependence of the molecule, anion-cation pairings was also simplified by deleting

some of the temperature dependent terms.

Table 5.6 gives the regressed parameters for the system. Heat of formation, free energy
of formation, heat capacity and molecule, anion-cation binary interaction parameters were
regressed. Figures 5.47-5.50 show the CO; partial pressure fit of the model against 7, 9, 11, and
13 m MEA. In each figure, the points include various amine concentrations since amine
concentration does not seem to affect the CO, partial pressure, at least at CO, loadings below

0.45.



Table 5.6: Regressed Thermodynamic Parameters for the MEA/CO,/H,0 System

Parameter Component i Component j Value (SI units) Std Dev
DGAQFM/1 MEACOO- -496158959 1.74E+11
DHAQFM/1 MEACOO- -697951174 1.74E+11

CPAQO/1 MEACOO- 130947.417 1.74E+11
GMELCC/1 H20 (MEA+,HCO3-) 14.8093684 | 0.64199251
GMELCD/1 H20 (MEA+,HCO3-) -86.190984 186.650961
GMELCC/1 (MEA+,HCO3-) H20 -5.0211477 0.13851185
GMELCC/1 H20 (MEA+,MEACOO-) 14.5192817 1.37165807
GMELCD/1 H20 (MEA+ MEACOO-) -296.81634 433.860025
GMELCC/1 | (MEA+ MEACOO-) H20 -5.2861271 0.06415175
GMELCC/1 MEA (MEA+ MEACOQOO-) 59.9691675 | 3962.31577
GMELCD/1 MEA (MEA+,MEACOO-) 1058.22129 1.74E+11
GMELCC/1 | (MEA+ MEACOO-) MEA 4.36696398 26.194822

NRTL/1 H20 MEA -126.92543 23.7472366
NRTL/2 H20 MEA 4058.34113 1007.37814
NRTL/5 H20 MEA 20.7342464 | 3.92797305
NRTL/6 H20 MEA -0.0243425 0.0061571
NRTL/1 MEA H20 0.58508807 | 5.29404778
NRTL/2 MEA H20 774.507514 1775.65575
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Figure 5.47:CO, Partial Pressure Regression Results — 7 m MEA
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Figure 5.48: CO, Partial Pressure Regression Results — 9 m MEA
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Figure 5.49: CO; Partial Pressure Regression Results — 11 m MEA
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Figure 5.50: CO, Partial Pressure Regression Results — 13 m MEA

The regression fits the 7 m MEA data at each of the temperatures. At higher amine
concentrations the regression accuracy declines, particularly at the rich loadings. The model is
least accurate where the bicarbonate concentration is highest, 13 m MEA at high CO; loading.
Although the regressed CO, partial pressure fit is not exceptional, it seems to be the best that can

be achieved.

5.3.3 Primary Piperazine Data Regression

A satisfactory regression of the PZ data was not obtained. PZ and PZ carbamate activity
coefficients could not be represented properly. Since the rate model has a very strong
dependence on the activity coefficients, a significant error in the PZ and PZ carbamate activity
coefficient representation undermines the integrity of the model. CO; activity coefficients could
not be manually adjusted to desired values by adjusting electrolyte pair parameters. An Aspen

Plus® RateSep™ model for PZ solutions was not created.



5.3.4 CO; loading adjustment

Since the predicted CO, partial pressure does not always fit the experimental data, the
model has the capability to predict CO, absorption when desorption should be occurring. Any
conditions operating near the CO, equilibrium partial pressure will also produce drastically
incorrect CO; fluxes. In a model designed to predict flux, this is unacceptable. Therefore, the
CO; loading of the inlet amine solutions was adjusted to fit the CO, partial pressure exactly.
This solves the unacceptable CO, driving force issue at the expense of adjusting the free amine
concentration. The error introduced into the model by adjusting the free amine concentration is
very much less than not correcting the erroneous CO, partial pressure. Table 5.7 gives the MEA
wetted wall column conditions and the adjusted Aspen Plus® loading that was used to match the

measured equilibrium partial pressure.

Table 5.7: Wetted wall column conditions with the adjusted Aspen Plus® CO, loading to
fit CO, partial pressure data

Experimental | Adjusted Aspen Experimental | Adjusted Aspen
MEA|Temp| CO;Loading [ CO,Loading [P*co2| |MEA|Temp| CO; Loading| CO,Loading | P*co2
m C mol/mol mol/mol, Pa m C mol/mol, mol/moly, Pa
0.252 0.218 15.7 0.261 0.268 14.0
40 0.351 0.379 77 40 0.353 0.355 67
0.432 0.456 465 0.428 0.426 434
0.496 0.522 4216 0.461 0.461 1509
0.252 - 109 0.261 0.249 96
7 60 0.351 0.383 660 11 60 0.353 0.361 634
0.432 0.460 3434 0.428 0.428 3463
0.496 0.516 16157 0.461 0.455 8171
80 0.271 0.237 1053 80 0.256 0.271 860
0.366 0.387 4443 0.359 0.359 3923
100 0.271 - 5297 100 0.256 0.261 4274
0.366 0.375 19008 0.359 0.354 18657
0.231 0.228 10.4 0.252 0.253 12.3
0.324 0.329 34 40 0.372 0.349 84
40 0.382 0.389 107 0.435 0.414 491
0.441 0.440 417 0.502 0.485 8792
0.496 0.507 5354 0.252 0.248 100
0.231 - 61 13 60 0.372 0.349 694
9 0.324 0.324 263 0.435 0.414 3859
60 0.382 0.391 892 0.502 0.472 29427
0.441 0.438 2862 80 0.254 0.264 873
0.496 0.501 21249 0.355 0.343 3964
80 0.265 0.279 979 100 0.254 0.248 3876
0.356 0.384 4797 0.355 0.337 18406
100 0.265 0.268 4940
0.356 0.376 21534




In most cases the change in loading is insignificant. At the highest CO, loadings, near
0.5, even relatively small changes in the CO, loading can drastically affect the free MEA
concentration. This introduces a very large amount of error into the Aspen Plus® RateSep ™

results for these high CO; loading conditions.

Three conditions did not produce Aspen Plus® CO, loadings which match the partial
pressure. These solutions suffer from CO, partial pressure curves which flatten at lower CO,
loading. The Aspen Plus® CO, loading could either not be calculated or was drastically different

in these three cases.

5.3.5 CO; Activity Coefficients

CO; activity coefficients were not represented correctly by the main data regressions
because no data concerning CO, activity coefficients were included in the regression. CO,
activity coefficients in MEA solutions were characterized outside of Aspen Plus® using
experimental data (Browning and Weiland, 1994; Hartono, 2009). The regressed dependences
(Equation 5.11) were implemented into the model by manually adjusting 2 electrolyte pair
interaction parameters. Table 5.8 shows the obtained fit of the Aspen Plus® calculated CO,

activity coefficient with the calculated CO; activity coefficient from Equation 5.11.

Table 5.8: Adjusted electrolyte pair interaction parameters to fit CO, activity coefficient

data
Component i Component j Value Default Value
GMELCC| MEA+ MEACOO CcO2 -10.25 -8

GMELCE | MEA+ MEACOO CO2 175 0




Table 5.9: CO; activity coefficient fit in MEA solutions

MEA | CO, Loading | Temp | Calc ycoz'| Model yeoo | Calc yeo, /Model yeos

m mol/mol, C

7 0.25 40 1.54 1.45 0.95
7 0.25 60 1.43 1.16 0.81
7 0.25 80 1.34 112 0.83
7 0.25 100 1.26 1.21 0.96
7 0.35 40 1.72 1.68 0.98
7 0.35 60 1.60 1.29 0.81
7 0.35 80 1.50 1.27 0.85
7 0.35 100 1.41 1.44 1.02
7 0.45 40 1.90 1.92 1.01
7 0.45 60 1.76 1.42 0.81
11 0.25 40 1.76 1.90 1.08
11 0.25 60 1.63 1.41 0.86
11 0.25 80 1.53 1.36 0.89
11 0.25 100 1.44 1.53 1.06
11 0.35 40 2.01 2.20 1.10
11 0.35 60 1.87 1.56 0.84
11 0.35 80 1.75 1.54 0.88
11 0.35 100 1.65 1.88 1.14
11 0.45 40 2.26 2.36 1.05
11 0.45 60 2.10 1.62 0.77
13 0.25 40 1.84 2.14 1.16
13 0.25 60 1.71 1.54 0.90
13 0.25 80 1.61 1.48 0.92
13 0.25 100 1.52 1.71 1.12
13 0.35 40 2.12 2.41 1.14
13 0.35 60 1.97 1.66 0.84
13 0.35 80 1.85 1.65 0.89
13 0.35 100 1.75 2.07 1.19
13 0.45 40 2.40 2.48 1.03
13 0.45 60 2.23 1.65 0.74

1 - Calculated from Equation 5.11

Adjusting the 2 parameters in Table 5.8 does not significantly affect the CO, partial
pressure. Interaction parameters are implemented on a mole fraction basis and dissolved CO,
concentrations are extremely small. CO, partial pressure is mainly dependent on interaction
parameters such as H,O/MEA" MEACOO™ and MEA/MEA" MEACOO" since MEA and CO,
comprise the majority of the solvent mole fraction. Only interaction pairings containing CO,

will be considered for the calculation of the CO; activity coefficient.

5.3.6 Physical Properties

Correctly representing density and viscosity solutions in the model is particularly
important because they affect other important parameters. Density values affect the thickness of
the liquid film which is important for the liquid film mass transfer coefficient. The density also

plays into the viscosity calculation so it is important to regress density parameters before



viscosity parameters. Viscosity parameters will have a strong effect on the diffusion coefficients
of the species in solution. Diffusion coefficients are sometimes strongly tied to mass transfer

rates, drastically limiting mass transfer.
5.3.6.1 Density

Monoethanolamine density values were obtained from a correlation produced by Weiland
(1998). MEA density values were calculated for 7, 9, 11, and 13 m MEA at loadings ranging

from 0.1 to 0.5 at 0.05 increments. Densities were calculated at 40, 60, 80, and 100 °C.

Density values for the nonionic species (MEA, H,O, CO,) are determined using the
Rackett liquid molar volume model. Density values for ionic species are determined using the
Clarke liquid density model which uses cation-anion pairing parameters. Detailed information

and the equations used in these models can be found in the Aspen Plus® help files.

Since the Clarke liquid density model uses apparent electrolyte mole fractions, not every
anion-cation species pairing needs to be regressed. Only the species combinations that are both
present in significant concentration are important to predict density. The regressed density

parameters for MEA are shown in Table 5.10.
Table 5.10: Regressed Monoethanolamine Density Parameters

Parameter | Component i| Component j| Value (Sl units) | Std Dev
RKTZRA/1 MEA 0.2403 0.0003
VLCLK/1 MEA+ MEACOQO- 0.1311 0.0016
VLCLK/2 MEA+ MEACQO- -0.0628 0.0075
VLCLK/M MEA+ HCO3- 0.0568 0.0211
VLCLK/2 MEA+ HCO3- 0.1548 0.0977

Figures 5.51 and 5.52 graphically show how well the regressions fit 7 and 13 m MEA.

For all cases, the fit is satisfactory.
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Figure 5.51: 7 m MEA Density Regression: Points - Weiland Correlation (1998); Lines -
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Aspen Plus® Regression



5.3.6.2 Viscosity

Monoethanolamine viscosity data for the regression was again obtained from Weiland
(1998) correlations. MEA viscosity values were calculated for 7, 9, 11, and 13 m MEA at 40,

60, 80, and 100 °C with loadings ranging from 0.2 to 0.5 at 0.05 increments.

Viscosity values for nonionic species are determined using the DIPPR liquid viscosity
model. The Jones-Dole electrolyte model is used to account for the viscosity contributions of the
ionic species. Table 5.11 summarizes the regressed viscosity parameters for the MEA system.
Figures 5.53 and 5.54 show how well the regression was able to match the 7 and 13 m MEA

data.

Table 5.11: Regressed Monoethanolamine Viscosity Parameters

Parameter | Component i| Value (S| units) | Std Dev
IONMUB/1 MEA+ -23.57 4.09
IONMUB/1| MEACOO- 2413 4.09
MULDIP/1 MEA -43.21 3.38
MULDIP/2 MEA 13411 1087
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Figure 5.53:7 m MEA Viscosity Regression: Points - Weiland Correlation (1998); Lines -
Aspen Plus® Regression
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- Aspen Plus® Regression 5.3.7 Mass Transfer Coefficients

The gas and liquid film mass transfer coefficient correlations obtained from the wetted
wall column were coded into a Fortran subroutine. This causes Aspen Plus” to use the same gas
and liquid film mass transfer coefficients as the wetted wall column. k, and k° correlations are

discussed in Section 3.2.2.
5.3.8 Reactions

The reactions for the MEA/CO,/H,0O system are shown in Table 5.12. Two pairs of

forward and reverse kinetic reactions and 5 equilibrium reactions were used.

Table 5.12: Kinetic and Equilibrium Reactions of the MEA/CO,/H,0 System

Rxn No. | Reaction type Stoichiometry
1 Kinetic 2 MEA + CO2 --> MEACOO- + MEA+
2 Kinetic MEACOO- + MEA+ --> 2 MEA + CO2
3 Kinetic MEA + CO2 + H20 --> MEACOO- + H30+
4 Kinetic MEACOO- + H30+ --> MEA + CO2 + H20
5 Equilibrium 2 H20 <--> H30+ + OH-
6 Equilibrium CO2 + 2H20 <--> H30+ + HCO3-
7 Equilibrium HCO3- + H20 <--> H30+ + CO3--
8 Equilibrium MEA+ + H20 <--> MEA + H30O+
9 Equilibrium MEACOO- + H20 <--> MEA + HCO3-




This analysis uses the same rate expression as the spreadsheet model, repeated in
Equation 5.50. Recall the expression is actually activity-based, not concentration-based. The
ratio between kyea and kppo was set at 2192, based on termolecular rate constants in MEA

solutions (Crooks and Donnellan, 1989). foo, = —(Kyea[MEA]+ k..o [H,0])- [MEA]-[CO, |

(5.50)

K4 can be calculated by the activities of the species in each reaction when the solution is
in equilibrium. At equilibrium, the total forward reaction must be equal to the reverse reaction.
The K4 is coupled with the activities of the species and the rate constants as shown in Equation

5.51.

k a
K :_f: products (551)
a

reac tants

K¢q was calculated at 40, 60, 80, 100 °C for each of the forward reactions. The
temperature dependence of K¢q is shown in Equation 5.52. Calculated K4 values can be fitted to

this form accurately.
InKeq=A +B/T+ ClIn(T), T in (K) (5.52)

Aspen Plus® uses a power law rate expression as shown in Equation 5.53 where k is the
pre-exponential constant, T is the temperature, Ty is a reference temperature, E4 is the activation

energy, and R is the gas constant.

TY [-E.(1 1

The equilibrium constant form relates nicely to the power law rate expression form. The

A in the K4 expression can be related to the rate constant while B and C can be related to Ea/R
and n, respectively. A simple equation can be implemented inside a design specification in the
model to ensure that the reverse rate expression is always thermodynamically consistent with the

forward rate expression.



The activation energy was input as 44.9 kJ/mol, based on the value reported by Versteeg
(1996). The reference temperature is 298.15 K. Fitting the rate constant to the data produced a

value of 6.1x10° for the MEA catalysis reaction.

5.3.9 Model Results

Figures 5.55-5.57 show the error in the flux with respect to the MEA concentration, CO,
loading, and temperature. The final model balances the negative and positive flux errors by
adjusting the rate constant until the sum of the squares of the errors was minimized. The final

pre-exponential rate constant obtained was 6.1*10° based on the form of Equation 5.53.

2
Z( I:qumodel B Fluxmeas ] (554)

FIUX e

Not all the wetted wall column conditions have been plotted in Figures 5.55-5.57. Some
conditions introduce very large, expected errors so they were excluded from the analysis. Data
points at the highest CO; loading, near 0.5, were excluded because the model cannot accurately
predict the correct free amine concentration after the CO, loading is adjusted to fit the partial
pressure data. The 0.46 CO, loading data for 11 m MEA was retained in the analysis. At each
experimental condition, 6 inlet CO, partial pressures were tested in the wetted wall column. This
analysis only includes the 2 extremes, the most absorption and the most desorption cases. Any
points which had inlet CO; partial pressures within 25% of the equilibrium partial pressure were
excluded. Also, 7m MEA, 60 °C at 0.252 loading; 7 m MEA, 100 °C at 0.271 CO, loading; and
9 m MEA, 60 °C at 0.231 CO, loading were excluded from this analysis. Each of these
conditions presented very large changes in CO; loading when the partial pressure was matched.

These errors resulted from a flattening of the CO, partial pressure curve at low CO, loading.
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Errors in the flux calculated by the model are always within 50% of the wetted wall
column measured fluxes. This is not bad, considering the magnitude of the flux varies about a
factor of 100. Absorption and desorption runs are both considered. Model errors seem to spread
evenly with changes in CO, loading and temperature. There is a significant systematic error in

the predicted flux with changes in amine concentration.

The MEA model has a flaw in its ability to predict flux with changing MEA
concentration because of an inability to properly regress MEA activity coefficients. Figure 5.2,
utilizing MEA volatility data from Hilliard (2008), showed that the MEA activity coefficient was
independent of amine concentration. The spreadsheet model showed no systematic trend with
MEA concentration, suggesting that MEA dependent parameters in the k,” rate expression
(Equation 5.48) are likely correct. Although the MEA volatility data had 3 times the emphasis as
other data in the main MEA regression, the model still shows significant MEA concentration

dependences in the MEA activity coefficient. Figure 5.58 includes the same conditions as in



Figure 5.2 but the activity coefficients are from the model rather than the modified Raoult’s law

equation.
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Figure 5.58: Aspen Plus® RateSep™ model prediction of MEA activity coefficients at
Hilliard MEA volatility experiment conditions.

The increasing activity coefficient with increasing MEA concentration ensures that the
model under-predicts rates at low MEA concentrations while over-predicting CO, mass transfer

rates at the highest MEA concentrations.

Due to the limitation in representing the MEA activity coefficient, the RateSep' " model
is most accurate when finetuned to one specific amine concentration. The error in the predicted

flux seems to be about 25% for each amine concentration.
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Abstract

The CO; solubility and adsorption/desorption rates were measured in the wetted wall column for
10 m Diglycolamine® (DGA"™) with varied CO, loading (mol CO,/mol alkalinity). VLE models
of CO, were regressed from experimental data to calculate CO, capacity and enthalpy of CO,
absorption (AH,s). The liquid film mass transfer coefficients (kg’) and CO, partial pressures
(P*) obtained were compared to those of 8 m piperazine (PZ) and 7 m monoethanolamine
(MEA) as well as other amines studied in the previous quarter. The capacity of DGA®™ is about
20% less than that of 7 m MEA. DGA® has about the same heat of absorption for CO;
(AHs=81 kJ/mol) as MEA, much higher than PZ (70 kJ/mol).

Introduction

This quarter the measurement with the wetted wall column (WWC) focused on 10 m DGA®.
The names and chemical structures of amines that have been studied so far are shown in Table 1.

Table 1: Name and chemical structure of the amines screened in this work

Name Chemical structure
OH
N-(2-hydroxyethyl)piperazine K\N/\/
(HEP) HN\)
NH,
1-(2-Aminoethyl)piperazine K\N/\/
(AEP) HN\)
HO CHj
2-amino-2-methyl-1-propanol _>LNH2
(AMP) HyC
H
2-piperidineethanol N on
(2-PE)




HoN
Ethylenediamine \—\
(EDA) NH,
. . CHa /N
Methyldiethanolamine (MDEA) lll HN NH
/Piperazine (PZ) Ho™ >\ "oH ___/
DGA® H,N /\/ © \/\ OH

Experimental Methods

Experimental apparatus, procedure, and analytical methods have been described in previous
reports and will not be repeated here. DGA® (Diglycolamine®, 98%, Acros), CO, (99.99%,
Matheson Tri-Gas), and deionized water (Millipore, Direct-Q) were used in this study.

Results and Discussion

CO; partial pressure
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Figure 1: CO, solubility for 10 m DGA®

As shown in Figure 1, the filled points are experimental data for 10 m DGA® from this work.
Parameters for the following semi-empirical VLE equation were regressed and the model is
presented as solid curves in the figure.



InP=a+b/T+c-a+d-a/T+e-a’ (1)

The curves fit the points satisfactorily. The data from Dingman et al. (1983) for 17.7 m DGA® at
38 °C and 82 °C are represented by those empty points. Values at 38 °C from Dingman agree
with our values at 40 °C reasonably well. The slight difference in solubility could be attributed
to the difference in amine concentration and temperature.

Heat of CO, absorption

Heat of absorption was calculated from the model by applying the following thermodynamic
equation:

d(InP)
abs — -R————=
d(1/T) 2
Absorption/Desorption rates
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Figure 2: kg’ vs. CO, partial pressure @ 40 °C for 10 m DGA®

kg’ vs. CO, partial pressure at 40 °C was plotted for 10 m DGA" in Figure 2. The rate at 40 °C
was compared to that of 7 m MEA and 8 m PZ. At 40 °C, 10 m DGA® has a similar kg’ as MEA
when P*¢g, < 1 kPa but becomes slower than MEA at higher P*¢,. For the same loaded DGA®
solution, a change in temperature from 40 °C to 60 °C did not affect the value of kg’.

The data for VLE and kg’ are also tabulated in Table 2.



Table 2: CO, solubility and kg’ at different temperatures for DGA®

[DGA®] Temp CO, Loading Pcon kg'
(m) (°O) (mol/mol alka) (kPa) (x10'mol/s-Pa-m?)
10 40 0.307 0.02 30.7
10 40 0.399 0.39 9.7
10 40 0.453 1.51 4.6
10 40 0.491 5.79 2.0
10 60 0.212 0.15 37.1
10 60 0.307 0.63 22.8
10 60 0.399 2.67 9.8
10 60 0.453 8.87 4.9
10 60 0.491 26.93 1.7
10 80 0.212 1.42 31.4
10 80 0.307 4.36 17.4
10 80 0.399 16.27 7.7
10 80 0.453 50.09 2.4
10 100 0.212 6.25 24.5
10 100 0.307 18.04 14.0

Figure 3 compares the kg’ values for the amines that have been tested so far. DGA® shows a

performance comparable to 8 m 2-PE at CO, partial pressures from 0.5 kPa to 5 kPa.

addition, DGA"is a slower solvent than MDEA/PZ and HEP.

In
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Figure 3: Comparison of CO, mass transfer at 40 °C for some of the amines studied so far.

Table 3: Summary table for all the tested amines

CO, Capacity kg’ @PCO, =5kPa AH;‘;S%@;;COZ
. Conc. ~oKba
Amine
(m)
(mol/kg 7 o2

(water+amine)) (x10'mol/s-Pa-m”) (kJ/mol)
MDEA/PZ  7/2 0.71 5.7 67
PZ 8 0.79 53 70
MEA 7 0.47 3.1 82
HEP 7.7 0.68 2.9 69
AEP 6 0.66 2.3 72




2-PE 8 1.23 2 73

AMP 4.8 0.96 1.7 73
EDA 12 0.78 1.6 80
DGA® 10 0.38 2.4 81

In Table 3, cyclic capacity, kg’ at rich conditions, and average heat of absorption of CO, are
compared among MEA, PZ, DGA® as well as other amines. DGA® has a smaller capacity and is
a slower solvent than MEA and PZ. AH, for DGA® is about the same as MEA, presumably
because they are both primary amines.

Conclusions

CO; solubility and absorption rate for 10 m DGA®™ were measured with the WWC in this quarter
and compared to those amines tested previously. 10 m DGA® has a capacity much smaller than
8 m PZ, about 80% that of 7 m MEA. 10 m DGA® absorbs CO; at a rate 20% less than 7 m
MEA. Heat of CO, absorption of 10 m DGA" is about 81 kJ/mol at average operational CO,
loading, the same as that of 7 m MEA. Results show that 10 m DGA" is not competitive as a
solvent candidate in comparison to 7 m MEA or 8 m PZ.

Future Work

A proprietary amine was also tested successfully this quarter. Those results will be presented at
the research review meeting in January 2010. An amino acid salt and N-Methyl-1,3-
Propanediamine will be tested using the wetted wall column in the next quarter.
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Abstract

The mass transfer area of nine structured packings was measured in a 0.427 m ID column
via absorption of CO, from air into 0.1 kmol/m’ NaOH. The area was most strongly related to
packing size (125-500 m*/m’) and liquid load (2.5-75 m*/m*h). Surface tension (30-72 mN/m)
had a weaker but significant effect. Liquid viscosity (1-15 mPa-s) and flow channel
configuration had essentially no impact on the mass transfer area. Surface texture (embossing)
increased the effective area by 10% at most. The ratio of mass transfer area to specific area

(ac/ap) was correlated within limits of +£13% for the entire experimental database:
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Introduction

Packing is commonly used in absorption and distillation columns to promote efficient
gas-liquid contacting. For CO, capture by aqueous amine absorption, structured packing is an
attractive option because of its favorable mass transfer and hydraulic characteristics."” In this
application, the CO, absorption rate is typically independent of conventional mass transfer
coefficients (kg or k.°) but remains directly proportional to the effective mass transfer area (a.).
Therefore, a reliable structured packing area model is especially critical for the analysis and
design of these processes.

Wang et al.’ performed an extensive review of the numerous structured packing area
correlations that have been proposed and noted that the problem has not been satisfactorily
solved. Various issues with the models are apparent. Many rely on packing-specific constants,
which limit their adaptability and also imply a degree of discontinuity between the seemingly
relatable packings. The different correlations predict contrasting effects of properties like liquid
viscosity and surface tension as well, indicating that the internal fluid flow behavior is not well
understood. It is evident that there is ample margin for improvement in current predictive
capabilities.

The correlations of Rocha et al.* and Billet and Schultes’ are two widely used structured
packing mass transfer area models. Both were based on large experimental databases of
“lumped” (e.g. HETP) mass transfer data and were validated accordingly. In other words, the
capability of the models to handle overall mass transfer performance was tested; however, the
specific mass transfer parameters (kg, kL', a.) themselves were never independently verified.
Consequently, it is possible that the individual parameter correlations have been inherently

confounded by interacting effects. For instance, during the model development, a viscosity



impact on mass transfer efficiency may have been correlated with the effective area, when it
really should have been associated with the mass transfer coefficient. This issue makes it
difficult to use these correlations with a high level of confidence.

Recently, there has been a drive toward characterization methods that decouple the mass
transfer parameters via appropriate test system selections, thereby facilitating a cleaner
interpretation of the mass transfer performance.®” The present work was in consensus with this
approach, with the specific objective being the development of an improved mass transfer area
model for structured packing. The basis of this area model was a comprehensive set of area
data; effective areas of a variety of packings were evaluated as a function of liquid load, liquid
viscosity, and surface tension. The experiments were planned with the physical property ranges
of amine solvents in mind,*'? although the test conditions were certainly of general relevance as
well. Measurements were made via the absorption of dilute CO, into aqueous NaOH. This
method has been identified by Sharma and Danckwerts,"> among many others, as a convenient
means by which gas-liquid interfacial areas can be determined. With sufficient free hydroxide,
the concentration of bicarbonate (HCOs") is negligible, and the overall reaction may be written
as:

CO,(aq)+20H — CO; +H,0 (1)
The reaction can be considered as practically irreversible, with a rate expression given by
equation 2.

r=k, [OH][CO,] ()

When CO; partial pressures are low and hydroxide ion is present in relative excess, the reaction

can be treated as pseudo-first-order. Equation 2 consequently simplifies to:



I

k,[CO,] (3)
Experimental
Materials

The NaOH solutions for wetted-wall column experiments were purchased from Fisher
Scientific (certified grade). The solutions for packed column tests were prepared using solid
NaOH pellets (PHARMCO-AAPER, 98.5% or EMD Chemicals Inc., 97.0%). A nonionic

1™ NP-7 (Dow), was used to reduce the surface tension of solutions.

surfactant, Tergito
POLYOX™ WSR N750 (Dow) — essentially, poly(ethylene oxide) with a molecular weight of
300,000 — was employed as a viscosity enhancer. With both of these reagents, suppression of
foam was found to be necessary, particularly during packed column experiments. Dow Corning”
Q2-3183A antifoam was utilized for this purpose in concentrations typically ranging from 50-
100 ppmyy.
Packed column

The packed column had an outside diameter of 0.46 m, an inside diameter of 0.427 m,
and a 3-m packed height. Operation was countercurrent, with ambient air entering below the
packing bed and flowing upward through the tower. The liquid (typically 0.75 m’ inventory)
was pumped in a closed loop and was distributed at the top of the column using a pressurized
fractal distributor with 108 drip points/m®. Additional details about the equipment are in Tsai et
al.,'* and a complete procedural description can be found in Tsai."
Wetted-wall column (WWC)

The wetted-wall column (WWC) was a bench-scale gas-liquid contactor with a known

interfacial area (38.52 cm?) that was used the measure the kinetics of various systems. The



apparatus has previously been used and described by Bishnoi and Rochelle,'® Cullinane and
Rochelle,'” and Tsai et al.'
Supplementary equipment

The goniometer (ramé-hart Inc., model #100-00) included an adjustable stage, a syringe
support arm, a computer-linked camera for live image display, and a light source. This system
was used with FTA32 Video 2.0 software (developed by First Ten Angstroms, Inc.) to make
surface tension measurements via pendant drop analysis.

A Physica MCR 300 rheometer (Anton Paar, USA) equipped with a cone-plate spindle
(CP 50-1) was used for viscosity measurements. Temperature was regulated (+0.1°C) with a
Peltier unit (TEK 150P-C) and a Julabo F25 water bath unit (for counter-cooling). Measurement
profiles consisted of a logarithmically ramped or decremented shear rate (100-500 s™), with a
minimum of 10 points taken at 15 second intervals.
Governing equations and data analysis

The performance of both the WWC and the packed column was modeled by series

resistance (equation 4). The overall mass transfer resistance is the sum of the gas- and liquid-

side resistances.

- @)

For the WWC experiments, the overall mass transfer coefficient (Kg) was determined from the
CO; flux and the partial pressure driving force. The gas-side mass transfer coefficient (kg) was a
function of physical properties and was calculated using a WWC-specific correlation.'®

Equation 4 was solved for k,', which has been defined as a liquid-side mass transfer coefficient

expressed in terms of a CO; partial pressure driving force (equation 5).



Nco2 :kg (Pcio2 _PC*OZ):kg Pcioz (5)
In equation 5, P*Coz is zero because of the irreversibility of the CO,-NaOH reaction. Under the

assumption of pseudo-first-order conditions, surface renewal theory may be used to present the

kD P!
NCO2 — k]? 1+ 1 (?OZZ,L Coz (6)
(kL ) Hco2

19,20

16,18
flux as:

The Hatta number (Ha) for pseudo-first-order reactions has been defined in various sources:

Ha = \/leCOZ,L

7
00 (7)
For Ha® >> 1 equation 6 can be simplified to:
leCO L i
Neo, = V0t pi (®)
CcO HCO2 CcO
Combination of equations 5 and 8 leads to the following theoretical expression for k,":
! \/leCOZ,L \/kOH, [OH ™ ]DCOZ,L
kg = = (9)
H H

co, co,
Experimental k," values from the WWC (equation 4) were compared with calculated ones
(equation 9), evaluated using the correlations of Pohorecki and Moniuk®' for the diffusion
coefficient (Dcoa.L), Henry’s constant (Hcoz), and reaction rate constant (kop.).

For the packed column experiment, gas-side resistance was intentionally limited by using
dilute caustic solution (0.1 kmol/m’) and operating at high superficial air velocities (0.6, 1, or 1.5
m/s). This resistance was calculated from the correlation of Rocha et al.* to account for 1-2% of
the overall mass transfer resistance on average; measurements consisting of the absorption of

SO, into caustic solution have supported this estimate. The 1/kg term in equation 4 was



neglected, and K was assumed to be equal to k,’. This approximation enabled the effective area

(ac) to be determined by separating it from the volumetric mass transfer coefficient (Kga.).

Yo, in Yco, i Yco, i
ug In ug In ug In
yC02 out yC02 out yC02,out HCO
= - ~ - = 2 (10)

= ~ =

© ZKGRT Zk, RT ZRT ko, [OH 1Dy,

To legitimately interpret &,' in the manner outlined above (equation 9), Ha® must be large,
and there must be minimal interfacial depletion of reactants. Haubrock et al.,20 among others,
quantified these requirements:

1. Ha>?2
2. Ex/Ha>5
The enhancement factor for an instantaneous, irreversible reaction (E) is expressed in equation

11.

DOH’,L [OH7 ]HCOz

E, =1+ i
DC02,LPC02

(1)

All of the experiments performed in this work satisfied these conditions. For reference, Ha* for
the WWC was on the order of 10%. k" was estimated from the theory of Pigford,** Hobler,” and
Bird et al.,** which Pacheco® found to be in good agreement (within 15%) with experimental
values. The large Ha” criterion was slightly weaker for the packed column tests. Ha” was 12 in
the absolute worst case, but it was at least 30 for 95% of the recorded data points. Here, k° was
calculated from the correlation of Rocha et al.*
Wetted-Wall Column (WWC) Results

The WWC was used to evaluate the baseline CO,-NaOH kinetics or essentially, k,'
values. It was also utilized to test for potential impacts of the property-modifying additives
(Tergitol NP-7 or POLYOX WSR N750) on k,". The WWC results are summarized in Table 1,
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expressed as a normalized k' (experimental &, / calculated k,"). For the base case and surfactant
systems, the calculated k" was simply the “Pohorecki” k,'. For the POLYOX system, a different
Dcoz 1. was applied to account for the polymer-based viscosity enhancement, in accordance with

the work of Lohse et al.?

This rather interesting modification was discussed in detail in Tsai et
al.”’

Table 1. Summary of WWC Results (Experimental Conditions: 27-35°C, 0.15-0.32 m/s

(Gas), 1.5-4.2 cm®/s (Liquid), 150-630 Pa CO; at Inlet)

Test system Approx. yp and/or 6 Number of  Normalized &’
data points
0.1 kmol/m® NaOH (Baseline) 0.8 mPa's, 70 mN/m 111 1.10 £ 0.09
0.1 kmol/m® NaOH + 125 ppm, Tergitol NP-7 + 50 ppm,, 30 mN/m 32 1.08 £0.07
Dow Corning Q2-3183A antifoam
0.1 kmol/m® NaOH + 1.25 wt % POLYOX WSR N750 8 mPa-s 10 0.94 + 0.05

The baseline measurements gave values of flux (k,") that were 10% higher than predicted by
Pohorecki and Moniuk.?! Nevertheless, the disparity was not believed to be drastic enough to
reject their model. The Pohorecki k,” was therefore presumed to be acceptable for the
interpretation of the packing mass transfer area measurements (equation 10). There was no
statistically confirmable impact of surfactant and antifoam, implying that the same k,’ could be
applied in this case as well; explanations for this result were offered in Tsai et al."* The WWC
data with POLYOX were in good agreement with the Lohse-corrected Pohorecki k," values; this
combined &, model was consequently used for packing experiments involving this system.
Packing Mass Transfer Area Results
Effect of air rate (M125Y/M250Y/F1Y/M500Y)

As stated in the Experimental Section, three air velocities (0.6, 1.0, or 1.5 m/s) were
generally run within a given experiment. The results in Figure 1 are distinguished accordingly.

The mass transfer area data for three Mellapak™ packings (M125Y/M250Y/M500Y), as well as



Flexipac™ 1Y (F1Y), are shown at the maximum operating liquid load for the high velocity (1.5
m/s) condition for each packing — basically, nearing the upper limit of the pre-loading region,
where gas flow rate might be more likely to affect the results. One could possibly argue that
there was a slight increase in area with velocity, particularly considering the lowest M250Y
measurement, but it was believed that this point was somewhat anomalous and that inferring a
trend would be an incorrect interpretation of the results. The mass transfer area was concluded
to be insensitive to the air rate. Thus, it was considered acceptable to treat all of the data
obtained at a given liquid load on equivalent terms. Figure 2 displays the baseline M250Y
measurements, where the points at each liquid load have been averaged for clarity. For
reference, most of the figures that follow will show results that have been consolidated in this

manncr.
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Figure 1. Mass transfer area data at maximum operating liquid load for gas velocity of
1.5 m/s for M125Y (a, = 125 m*m?®, 61.1 m*m*h), M250Y (a, = 250 m¥m?, 61.1 m* m?h),

F1Y (a, = 410 m*/m>, 36.7 m*/m?-h), and M500Y (a, = 500 m*/m>, 18.3 m*/m?h).
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Figure 2. Averaged mass transfer area data for M250Y (a, = 250 m?%/m?3).

Global model

Table 2 lists the packings included in the mass transfer area database, along with their
relevant physical dimensions and approximate conditions at which they were tested. The low
surface tension (30 mN/m) and high viscosity (10 mPa-s) conditions were simulated using the
same additives as tested in the WWC — that is, 125 ppm, Tergitol NP-7 and 1.25 wt % POLYOX
WSR N750, respectively. Moderate viscosity (5 mPa-s) cases were run using a slightly lower
POLYOX concentration (0.85 wt %); this system was not explicitly investigated in the WWC
but was assumed to fall under the same model as the high viscosity scenario. Antifoam
concentration sometimes varied (50-100 ppmy,) compared to the specific WWC experiments,
but this was not believed to affect the k;' interpretation. The channel dimensions (S, B, &) were
defined in the same fashion as in other publications.”®*’ All packings were manufactured by
Sulzer Chemtech, with the exception of Flexipac 1Y (Koch-Glitsch Inc.) and the prototype 500-

series packing. Every packing was perforated.

10



Table 2. Structured Packing Database

Packing Specific  Corrugation Channel Channel  Crimp Parameter Conditions:
area, a, angle, o side, S  base, B height, i source(s) u” (mPa-s) /
(m*/m’) ©) (mm) (mm) (mm) ¢ (mN/m)
Mellapak 250Y 250 45 17 24.1 11.9 Petre etal.’®  1/73,0.8/31,
(M250Y) 4/58, 14/44
Mellapak 500Y 500 45 8.1 9.6 6.53 Aroonwilas®  1/73, 0.9/31,
(M500Y) 4/45,10/42
Mellapak 250X 250 60 17 24.1 11.9 Measured 1/73, 1/30,
(M250X) 11/42
MellapakPlus™ 250 45 17 24.1 11.9 Measured 0.8/71,
252Y 0.8/30, 8/42
(MP252Y)
Mellapak 250Y 250° 45 17 24.1 11.9 Measured 1.1/73, 1/31
(smooth)
(M250YS)
Mellapak 125Y 125 45 37 55 24.8 Measured 0.9/72,
(M125Y) 0.8/31
Mellapak 2Y 205 45 21.5 33 13.8 Sulzer 0.9/72
(M2Y) Measured
Flexipac 1Y 410 45 9 12.7 6.4 Koch-Glitsch  0.8/71, 6/63
(F1Y) Petre et al.*
Prototype 500 500 45 8.1 9.6 6.53 Assumed same 0.9/72,
(P500) as M500Y 0.9/31

*For base case system (0.1 kmol/m® NaOH), calculated from correlation of Moniuk and Pohorecki
® For base case system (0.1 kmol/m® NaOH), assumed same as water and calculated from fit of data in Haar et al.”
¢ Denotes uncertainty in actual specific area

The mass transfer area model first presented in Tsai et al.”’ is displayed in equation 12 in

its most updated form.

L _ 1.339[(WeL XEr ) ]m

a,

(12)

The standard errors from the regression were: (ac/ap) = 6.5%, 1.339 £ 0.9%, and 0.116 + 0.002.
The dimensionless (Wep)(Fri)"? grouping, with characteristic length (&) defined by the

“classical” Nusselt film thickness,** is shown expanded in equation 13.

11
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Figure 3 is a plot of the entire packing mass transfer area database, along with the global model
(equation 12) and dashed lines denoting two standard deviations (+13%). The data can be found

in detailed, tabulated form in Tsai."
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Figure 3. Structured packing mass transfer area database, compared with global
correlation (equation 12).
The fit of the model was quite acceptable given the broad scope of the database, which as
indicated in Table 2, consisted of packing sizes ranging from 125-500 m*/m’, viscosity from
roughly 1-15 mPa-s, and surface tension from 30-72 mN/m. The liquid load and specific area,
reflected in the flow rate per wetted perimeter term (Q/L,) in equation 13, most strongly dictated
the mass transfer area. Surface tension and liquid density were also correlated as relevant
parameters, although the latter was never explicitly varied. Notably absent from the model was
liquid viscosity, which, over the range of values tested, was concluded to have a negligible effect
on area. Also not included were terms involving the packing corrugation angle (M250X),

element interface (MP252Y), and surface texture (M250YS), since none of these features were
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found to appreciably affect the effective area. These results are all discussed in detail in the
subsequent sections.
Effect of liquid load and packing size (M125Y/M250Y/F1Y/M500Y)

Figure 4 illustrates the strong influence of both liquid load (2.5-75 m*/m*-h) and packing
size (125-500 m*/m®) on the mass transfer area. Every packing exhibited an increase in effective
area with increasing liquid load. This was naturally attributable to a greater portion of the
packing being wetted and therefore available to participate in the mass transfer process. It could

be speculated, based on rivulet flow studies,34’35

that the effective area was governed by the
ability of the liquid to spread within the individual flow channels. When considering both the
relatively small geometric boundaries (S < 40 mm) and the surface tension-related results
(covered in the next section), it seems more reasonable to infer that the trend with liquid load
was dictated by the distribution of liquid to the channels themselves — not necessarily the degree
of coverage within a singular channel.

The standard M250Y packing performed well on a fractional area (ac/a,) basis; measured
values ranged from 0.65 to 1.12. Its specific area was clearly being well utilized, but as might be
expected of a structured packing, there was little mass transfer occurring beyond the packing
surface. This is in contrast with random packing, where the effective area often exceeds the
nominal area, sometimes by more than 50%.°® It was quite interesting, then, that M125Y
exhibited higher (10%) fractional areas than M250Y, approaching a value of 1.3 at the high-end
loads. Mass transfer from the column wall (9.3 m*/m®) was not accounted for, but it would have
a greater relative effect for M125Y (7.5%) than for M250Y (3.7%) and therefore could have

factored into the observed deviation in fractional area. Still, it alone was not enough to justify

the 10% difference. Hence, it would seem that as structured packings become coarser, their

13



fractional area efficiency tends toward that of random packings. Henriques de Brito et al.’’
speculated that low a, packings could be more prone to liquid flow instabilities such as rippling
or formation of satellite droplets due to longer film running lengths. These phenomena certainly
could have contributed to the M125Y mass transfer areas. The fractional area efficiency of the
finer packings (F1Y and M500Y) was notably lower; both were found to plateau far below unity.
The trend with liquid load also appears to differ from the coarser packings, in that a more distinct
fractional area asymptote was reached at the highest liquid loads. While F1Y and M500Y could
have been less subject to mass-transfer-enhancing film instabilities, the capillary phenomena
hypothesis proposed by Tsai et al.'* was thought to provide the best explanation for these results.
Essentially, the poorer efficiencies could be attributed to detrimental liquid bridging and pooling
between packing sheets, which could be a foreseeable problem for fine packings due to their high
internal density. This could justify the asymptotic behavior too — a reflection of the packings
becoming clogged near their upper capacity limits and therefore unable to benefit from

additional liquid throughput.
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Figure 4. Comparison of mass transfer area data for M125Y (a, = 125 m?%/m?), M250Y (ap =
250 m¥m?), F1Y (a, = 410 m*/m?), and M500Y (a, = 500 m*/m>).
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To demonstrate the ability of equation 12 to collapse the various data sets, the results in
Figure 4 have been re-plotted in dimensionless form in Figure 5. The model captures the overall
combination of liquid load and geometry well, but it misses subtle aspects like the tendency of
F1Y and M500Y to flatten out. Thus, while it is satisfactory in its current form, further
improvements can obviously be made. An additional term could be required to account for the
liquid accumulation induced by the narrow, constricted sheets of the finer packings, although it
would not necessarily make sense to use the Nusselt film thickness as the characteristic
dimension here, since the film is basically unbounded. Instead, it would perhaps be more logical
to use a geometric parameter — for instance, the sheet spacing — for the length scale. This is all

just speculation, however; progress has yet to be made in this regard.
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Figure 5. Representation of M125/M250Y/F1Y/M500Y data on dimensionless basis.

Effect of surface tension (M250Y/M500Y/P500)

Extensive tests showed that the mass transfer area was always enhanced by a reduction in
surface tension (30 mN/m), regardless of packing geometry. A greater effect of surface tension
on finer packings (500-series) relative to coarser ones (250-series and lower) was observed.
Effective areas were higher by 15-20% on average for the fine packings, whereas the increase
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was 10% or less for the coarse ones. The data sets for M250Y (Figure 6) and M500Y/P500
(Figure 7) are shown for illustration. It is unclear why P500 slightly outperformed M500Y for
the base case but then overlapped at low surface tension. It could be possible that the geometry
(e.g. surface texture) of P500 was less conducive to undesirable liquid bridging but lost its
advantage when the surface tension was reduced. Regardless, the purpose of the P500
experiment was to verify the stronger linkage of high a, packings to surface tension, which was
indeed affirmed even though the difference was smaller than the one observed with M500Y.

A lower surface tension would intuitively be associated with a lower contact angle — a
relation confirmed in Tsai et al.'"* — and hence, better liquid spreading. If spreading were a valid
explanation for the increase in wetted area, though, then one would expect a substantially bigger
deviation from the base case at low liquid loads (i.e. 10 m’/m*h and below), due to surface
coverage limitations. This was not reflected in the data. The mass transfer area improvement
was fairly constant for every packing as a function of liquid load, with the greatest departure
actually occurring at the upper capacity limit of the 500-series packings. This consistency
suggests that the enhancement was attributable to a common mechanism other than liquid
spreading, such as creation of satellite droplets or wave formation. This same idea was proposed
in the previous section when discussing the M125Y results. Thus, it could be that increasing
packing coarseness or decreasing surface tension induces similar instabilities to the liquid films
on the packing surface. The additional 5-10% distinction between coarse and fine packings was
believed to be related to capillary phenomena. As with the asymptotic trend, it should be
emphasized that the model presently fails to account for this difference but perhaps could be

corrected with the incorporation of an additional parameter.
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It should be recognized that Tsai et al.' presented mass transfer area data for M250Y and
M500Y and concluded that a reduction in surface tension (35 mN/m) from the base case (72
mN/m) had no impact on M250Y and a dramatic effect (50%) on M500Y. Improvements to the
experimental set-up since then (see Tsai'") could explain the discrepancy between the more
recent data and this previous report. The past mass transfer area data were not included in the

current database.

1.2
11 t  Equation 12 @ ,, ¢
!BQ P - ¢
= e
g *
«
o
S
%09
©
g (@)
£08 | / 73 mN/m
@
S
Lo, | @31 mN/m
0.6
0 20 40 60 80

Liquid load (m3/m2-h)
Figure 6. Comparison of baseline and low surface tension mass transfer area data for
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Effect of liquid viscosity (M250Y/M500Y)

Figure 8 compares results with M250Y at low viscosity (baseline), moderate viscosity (4
mPa-s, 58 mN/m), and high viscosity (14 mPa's, 44 mN/m). It was not possible to increase
viscosity without also changing surface tension because POLYOX WSR N750 affects both
parameters. The results are plotted in dimensionless form to remove the expected effect of
surface tension. The area at high viscosity appears to be about 5% less than that at low viscosity.
However, this deviation is well within the experimental noise limits, and therefore, it is logical to
conclude that there is a negligible effect of viscosity on the mass transfer area.

The M500Y results confounded the matter somewhat. Baseline, moderate viscosity (4
mPa-s, 45 mN/m), and high viscosity (10 mPa-s, 42 mN/m) data are displayed in Figure 9. If
viscosity were assumed to have no influence, the viscous points would be expected to fall
somewhat above the baseline, owing to the inability of the (Wep)(Fr.)"” grouping to fully
capture the surface tension effect for M500Y. The moderate viscosity data were reasonable in

this context. The high viscosity results, in contrast, aligned with the baseline, which would
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imply there to be a negative impact of viscosity equal to the gain from the reduced surface
tension (on the order of 10%). Since the majority of related data suggested that viscosity was
basically irrelevant, however, it was decided to not over-analyze this one data set, which was
perhaps exacerbated by other factors like minor foaming (particularly at high liquid loads).

The lack of a viscosity effect was not overly surprising. The elevated viscosities
presumably resulted in slightly thicker liquid films on the packing surface. In the idealized
scenario of a smooth, inclined plate, this change would merely raise the gas-liquid contact line

further above the surface. It would not affect the interfacial area of the two fluids in any way.
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Effect of corrugation angle (M250Y/M250X) and element interface (M250Y/MP252Y)

The M250Y, M250X, and MP252Y mass transfer area data are shown in Figure 10.
M250X had steeper flow channels (60°) than M250Y (45°) but otherwise was geometrically
equivalent. Its measured area appears to be lower than M250Y but by less than 5% — insufficient
to be distinguished from the experimental noise — and consequently, it was concluded that the
two packings had the same effective area. While this result would seemingly contradict past
investigations®’ that reported a 20-30% decrease in mass transfer performance when shifting
from a 45° to a 60° inclination, it is important to realize that the literature studies were
interpreted on an HETP basis and therefore could be more reflective of the mass transfer
coefficient than the effective area. Olujic et al.*® found that Montz B1-250 (45°) had a 20%
lower HETP than Montz B1-250.60 (60°). However, the model of Rocha et al.* would also
predict the 45° packing to have a 15-20% greater gas-side mass transfer coefficient (kg). Hence,

the poorer HETP of Montz B1-250.60 could have been entirely attributable to a lower kg, which
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would imply that the wetted areas of the Montz packings were the same — just as the results in
Figure 10 would indicate.

The concept of high capacity packings has been discussed in the literature.* Essentially,
the idea is to expand the operational limits of packing by smoothing the sheets near the interface
between elements, often referred to as the joint and cited as a problem-spot possessing much
higher liquid hold-up than the element bulk,*' from the standard 45° inclination to a vertical
(90°) orientation. Our particular high capacity packing (MP252Y) resembled M250Y except for
the aforementioned modification, which occurred at the top/bottom 1.25-cm of each 21-cm tall
element. The channel dimensions (S, B, &) were measured to be the same as for M250Y, and the
specific area was assumed to be 250 m*/m’ as well. (It should be noted that Alix and Raynal*
listed slightly different dimensions for MP252Y than the values in Table 2, but even if their
numbers were used, the calculated wetted perimeters of MP252Y and M250Y would still be
within 3% of each other.) The M250Y and MP252Y data were practically indistinguishable,
which would suggest that the joint does not tangibly contribute to the mass transfer area. It is
worth noting that the majority of data was collected far from the loading region, where one
would not expect there to be a great deal of gas-liquid turbulence or mixing between elements.
This could explain the lack of a joint effect. That is, the two packings could possibly only
deviate (in terms of mass transfer area) near flooding, where M250Y might be anticipated to
exhibit greater mass transfer (at the expense of pressure drop) because of its more abrupt joint

transition.
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The fact that the mass transfer areas of the three 250-series packings was identical was
especially striking in the context of their pressure drop behavior. Figures 11 and 12 respectively
compare the dry and irrigated (24.4 m*/m”h, with water) pressure drop for the packings. The
results have been normalized by equation 14, a simple power law expression obtained from a

regression of the M250Y dry pressure drop data as a function of the gas flow factor (F5%).

APdry,ZMZSOY — 30.921751.856 (14)
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Figure 12. Comparison of pressure drop data at liquid load of 24.4 m*/m?-h for M250Y,

M250X, and MP252Y.
The M250X and MP252Y dry pressure drops were 40% and 70% of those of M250Y; this
relative ratio was maintained even under irrigated conditions (pre-loading). Given that the
packings exhibited very similar wetted areas, it would seem that the channel configuration has a

far greater impact on the vapor flow path than on the liquid.
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On the sole basis of effective area, it obviously would not make sense to select M250Y
over M250X or MP252Y, on account of its significantly poorer hydraulic performance. The
M250X/MP252Y tradeoff is not as straightforward; the former offered lower pressure drops but
the latter seemed to better resist flooding (10% greater capacity). Based on these findings,
geometric designs not currently commercially available but seemingly worth pursuing might
include a packing with channels steeper than 60° or possibly a hybrid 60°/smoothed joint
packing (“MellapakPlus 252X”).

Effect of texture (M250Y/M250YS)

M250YS was an untextured (smooth) version of M250Y. The two packings were
otherwise geometrically identical and were both assumed to have a specific area of 250 m*/m’.
Figure 13 displays the mass transfer area results for the packings.

McGlamery34 speculated that surface texture could increase mass transfer via two
mechanisms: greater liquid spreading and enhanced turbulence. While the M250Y'S points were
lower than the M250Y points, the difference between the two data sets was constant (10%) over
the investigated liquid loads, which, based on prior arguments, would favor turbulence as the
explanation when interpreting the results.

Alternatively, it is possible that because the surface of M250Y'S was not embossed, it had
an appreciably lower (at least 10%) specific area than M250Y. In this case, we would conclude
the impact of texture on the effective area to be negligible. Hydraulic measurements showed the
M250YS pressure drops to be 15-20% lower under dry and irrigated (pre-loading) conditions,
which would coincide with M250YS possessing less surface area. Frictional differences were
considered as a possible theory, but it seemed unlikely that they alone would account for such a

large discrepancy. Hydraulic data with other packings suggested a fairly direct scaling of
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pressure drop with specific area, so both area (10-15%) and friction (5-10%) could be
contributing to the 15-20% effect.

While the latter premise appears to have credibility, there is nothing to disprove the first
theory, about enhancement from turbulence. Thus, the only definite conclusion that can be made

1s that texture has at most a weak effect on the mass transfer area.
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Figure 13. Comparison of mass transfer area data for M250Y and M250YS (a, = 250
m?/m°).

Comparison with literature models

Tsai et al.”’ demonstrated the models of Rocha et al.* and Billet and Schultes’ to be
notably poor in their handling of aqueous systems and speculated that this could be due to their
reliance on distillation data (Rocha et al. especially), which generally consist of very low surface
tension systems. An important objective of this entire research project was to address this
shortcoming and establish a model suitable for aqueous solvents. Ideally, though, this model
would be universal, capable of bridging the apparent gap between hydrocarbon and aqueous
systems. To test this, equation 12 was evaluated at conditions reported in a distillation study

(cyclohexane/n-heptane) conducted by the Separations Research Program at the University of
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Texas.”® The highest pressure scenario (414 kPa) deviated most from water and was selected to
offer the most rigorous assessment of the model. Liquid loads were between 2.5 and 50 m*/m*h,
and the relevant physical properties (averaged at the column bottom) were: pp = 561 kg/m’, p =
0.16 mPa's, and 6 = 8 mN/m. Figure 14 compares equation 12 with the literature correlations for
this distillation condition and for water. For this analysis, the assumed properties of water were:
pr = 1000 kg/m3, pur = 1 mPa-s, and o = 72 mN/m. The mass transfer areas of the cyclohexane/n-
heptane system were predicted to be 20% higher than the areas with water for M250Y. This was
a somewhat liberal extrapolation of the 10% effect observed during the low surface tension
experiments, but at the very least, the predicted fractional areas were plausible, ranging from
0.74 to 1.18. The model was undoubtedly more flexible than Rocha et al. and Billet and
Schultes, which clearly do not handle aqueous conditions well. Nevertheless, it should be
emphasized that because equation 12 was developed using aqueous systems, it is still best suited
for applications of this nature. As with any model, caution should be exercised when
extrapolating beyond the databank upon which it was based.

It was interesting to note that the two literature models converged for cyclohexane/n-
heptane, which was perhaps indicative of their common source basis. Also worth pointing out
was the much better agreement of the models with equation 12 (relative to the water scenario),
particularly at moderate liquid loads (25-50 m*/m*h). Thus, while the use of the Rocha et al. or
Billet and Schultes correlations for the analysis of aqueous systems is not recommended, they
could actually be acceptable when applied toward the distillation-type systems from which they

were developed.
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Conclusions

Rates of absorption of CO; into 0.1 kmol/m® NaOH were measured. The k' models for
the base case, low surface tension (125 ppm, Tergitol NP-7 + 50 ppmy,, Dow Corning Q2-
3183A antifoam), and high viscosity (1.25 wt % POLYOX WSR N750) systems were found to
match the data within 10% and were therefore believed to be acceptable for use with no further
modifications.

The mass transfer area of nine structured packings was measured via absorption of CO,
into 0.1 kmol/m® NaOH. The global model that was regressed as a function of (Wep)(Fro)"” was
capable of representing the entire database with acceptable accuracy (+13%). It was also
satisfactory in its treatment of both aqueous and hydrocarbon systems, unlike the Rocha et al.*
and Billet and Schultes® correlations. The model was certainly not without flaws, though, and
most notably was unable to account for two features that distinguished the high a, packings from

the others: a more prominent asymptote with liquid load and a stronger dependence on surface
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tension. Both were suspected to be a function of internal liquid bridging and could possibly be
captured with appropriate adjustments to the correlation.

Packing size (125-500 m?*/m’) and liquid load (2.5-75 m’/m?*h) had the largest influence
on the mass transfer area. A greater area was generally always associated with a higher liquid
load, and fractional area (a./a,) efficiency increased with increasing coarseness.

A reduction in surface tension (30 mN/m) enhanced the mass transfer area. The
difference was more pronounced for the finer packings (15-20%) than for the coarser ones
(10%). No significant dependence on liquid viscosity (1-15 mPa-s) was observed.

Flow channel configuration (45° vs. 60° or smoothed element interfaces) had essentially
no bearing on the effective area but drastically affected the hydraulics. Dry and pre-loading
pressure drops for the 250-series packings were in the order: M250X (0.4) < MP252Y (0.7) <
M250Y, with the numbers in parentheses representing the values relative to M250Y.

The effect of surface texture on the mass transfer area was debatable but was weak at
best; the gain from embossing (vs. smooth) was a maximum of 10%.
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Notation

. 2
A = cross-sectional area of column, m
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a. = effective area of packing, m*/m’

ap = specific (geometric) area of packing, m?*/m’

B = packing channel base, m

Dcos 1. = diffusion coefficient of CO; in solution, m?/s
Don. 1. = diffusion coefficient of OH" in solution, m?/s
F = gas flow factor, (m/s)(kg/m3)0'5 or (Pa)’”’

g = gravitational constant; 9.81 m/s’

Hco, = Henry’s constant of CO,, m>-Pa/kmol

h = packing crimp height, m

K = overall mass transfer coefficient, kmol/m*Pa-s

ki = pseudo-first-order reaction rate constant, s

kg = gas-side mass transfer coefficient, kmol/m*Pa-s
ke = liquid-side mass transfer coefficient, kmol/m*-Pa-s
k.° = physical liquid-side mass transfer coefficient, m/s
kon. = second-order reaction rate constant, m>/kmol-s
L, = wetted perimeter in cross-sectional slice of packing, m
Nco> = molar flux of CO,, kmol/m*s

P = pressure, Pa

P’ o, = equilibrium partial pressure of CO,, Pa

P'coa = partial pressure of CO; at gas-liquid interface, Pa
O = volumetric flow rate, m*/s

R = ideal gas constant, m’-Pa/kmol-K

. . 3
r = chemical reaction rate, kmol/m’-s
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S = packing channel side, m

T = temperature, K

ug = superficial gas velocity, m/s

Ycon.inout = Mole fraction of CO; at inlet/outlet

Z = packed height, m

Greek letters

o = corrugation angle (with respect to the horizontal), deg
AP = pressure drop, Pa

0 = characteristic length, m

= liquid viscosity, kg/m-s or Pas

pr = liquid density, kg/m’

o = surface tension, N/m

Dimensionless groups

ar = fractional area of packing, a./a,

2
Fry = Froude number for liquid, u—;
g

2
Wer, = Weber number for liquid, 'OL—M
o
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Abstract

Since Hilliard developed thermodynamic models for various amine solvents, additional
experimental data have been collected at new conditions. The data primarily of interest have
been for concentrated piperazine (PZ). The Hilliard model performed well for low PZ
concentrations, 0.9 m-5 m, but 8 m PZ will be used in future simulations. This model was
previously updated with high amine concentration data, resulting in the June 2009 PZ model.
The property predictions by this model were investigated to evaluate the overall accuracy of the
model for 8 m PZ. The VLE and heat capacity predictions showed little deviation from
laboratory data. The volatility predictions were difficult to scrutinize because there are few data
points from the lab. The Aspen Plus® predictions were systematically lower than the available
lab data, but the deviations may be reduced when new data are collected with new FTIR
software. Unlike these properties, the speciation and heat of absorption predictions are not yet
acceptable. The bicarbonate concentration was large compared to other solvents, but no data are
available for 8 m PZ. The heat of absorption predictions were questionable for two reasons.
First, the predictions did not approximate the magnitude of laboratory data collected at NTNU.
However, there was agreement between the calculated values using the Gibbs-Helmholtz
equation with the measured VLE and Aspen Plus® predictions using this model. The Aspen
predictions and Gibbs-Helmholtz calculations both have values around 60-70 kJ/mol CO,,
whereas the laboratory data is 20-30 kJ/mol CO; higher with +/-10 kJ/mol CO, scatter for all
temperatures. The second concern with heat of absorption predictions in Aspen Plus® was
whether the Gibbs-Helmholtz calculations are consistent with calorimetric results. Prior analysis
with MEA demonstrated a slight difference between these two calculation methods, but the
difference is more severe for 8 m PZ.

Next, analysis of various stripper configurations with different complexity levels using 9 m MEA
was initiated. The most efficient configuration thus far is equilibrium flashes in a double matrix
arrangement. The double matrix configuration has only been evaluated using all equilibrium
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flashes, but it had a 4.2% improvement over a simple stripper, with 35.3 kJ/mol CO, and 33.8
kJ/mol CO, for the simple stripper and double matrix, respectively. A configuration developed
by Fluor consisting of a simple stripper with an adiabatic flash on the lean stream also performed
better than the simple stripper, but only reduced the equivalent work requirement to 34.4 kJ/mol
CO,. Other evaluated configurations which did not outperform the simple stripper included 1-
stage and 2-stage flashes.

Introduction

Piperazine (PZ) is of interest as a solvent for CO, capture because it has significantly higher
capacity than 7 m monoethanolamine (MEA), the baseline and industry standard. A PZ
molecule has two amine groups, which leads to this increased capacity. High solvent capacity
results in less solvent being circulated between the absorber and stripper, so the stripper reboiler
duty decreases because the sensible heat input for the solvent is lowered. The CO, absorption
rate for piperazine is enhanced over MEA as well, also possibly due to the two amine groups per
molecule. As an added benefit, PZ has no detectable thermal degradation up to 150 °C. Many
explored stripper configurations operate more efficiently at high temperatures, so it is expected
that PZ will perform better than MEA (Freeman et al., 2008).

Previously, a thermodynamic model was developed for PZ (Hilliard, 2008) and it was used to
simulate a simple stripper with the accompanying rich and lean pumps, cross heat exchanger, and
multi-stage compressor. The simulations produced results with few convergence errors;
however, the behavior while varying the lean loading specification was unexpected. Typically
the calculated equivalent work of the stripper has a single distinct optimum lean loading
(Oyenekan, 2007), but in this case, the PZ stimulation demonstrated both a local and global
optimum (Van Wagener, 2008) . The local optimum was at a lean loading of 0.30, an expected
value based upon the measured VLE at absorber conditions. The global optimum was at a lean
loading of 0.15, and the temperature profile was very hot; reaching temperatures over 120 °C. A
suggested source for this unusual behavior was the accuracy of the model predictions of
thermodynamic values for the solvent. The predictions that seemed particularly questionable
were the solvent heat capacity and heat of absorption of CO,. Prior work generated heat capacity
data for 8 m PZ by using trends in lower concentration PZ solvents. The model parameters were
regressed to better predict heat capacity. However, the fit was not improved. The heat capacity
data used for the regression were extrapolated from values at lower PZ concentrations. Though
not an ideal source of data, these values were the only ones available at the time.

More recently, heat capacity data for 8 m PZ were collected by Nguyen. These data were used to
improve the heat capacity predictions in a new regression incorporating A-E heat capacity
parameters. In addition to regressing the parameters for the electrolytes in the system, the
dielectric constant for PZ was also included to improve the fit of the VLE. This inclusion
seemed to greatly benefit the accuracy of the Aspen Plus® predictions, though it was an atypical
set of parameters to regress because the values of dielectric constants are generally known from
lab experiments. However, these data were not readily available for PZ, and the values used by
Hilliard took the values for piperidine and were corrected using one available data point for PZ.
Piperidine was used because it has similar structure to PZ; it is a cyclic molecule with only one
amine group. In this quarter, the accuracy of the June 2009 PZ model is further assessed.



It has been hypothesized that there is a relation between configuration complexity and
performance that can be correlated. Determining this relation will be the bulk of this Ph.D.
project, and some preliminary work in this area has been conducted this quarter. Since
complexity is a broad undertaking, the analysis starts at the most simple separation method, a
single heated flash, and progresses systematically to more complex configurations.

Methods and Results
Assessment of PZ Thermodynamic Model Accuracy

Last quarter, a PZ model was developed, called the June 2009 model (061609 PZ Model). By
the time of the last quarterly report, the VLE and heat capacity data were compared against
experimental data and the model was shown to offer a significant improvement in predictions for
these properties for 8 m PZ over the original Hilliard PZ model. The fit of these properties are
shown below in Figure 1 and Figure 2.
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Figure 1: CO; solubility predictions for 8 m PZ. Points: data collected by Hilliard and
Dugas, Lines: model predictions.
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Figure 2: Liquid mixture heat capacity predictions for 8 m PZ. Points: data collected by
Nguyen, Lines: model predictions.

The accuracy of the volatility predictions was investigated this quarter. Only a few laboratory
measurements have been gathered thus far by Nguyen. Additionally, the software in the FTIR
used for collecting volatility measurement has since been updated to improve the accuracy,
suggesting that the current data points need to be replaced by data collected with the new
software. The more recent data for other solvents collected with the new software have generally
been lower than previous measurements at similar conditions, so the same could be expected for
the 8 m PZ data. A plot of the Aspen Plus® volatility predictions along with the old volatility
measurement is shown in Figure 3.
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Figure 3: Solvent volatility for 8 m PZ. Points: data collected by Nguyen, Lines: model
predictions.

Two properties without reliable laboratory data are heat of absorption and speciation. Heat of
absorption has been measured by Freeman using the apparatus at NTNU, but there is excessive
scatter in the measurements and the values are 30-40% higher than what is expected by
estimating the heat of absorption using the VLE and the Gibbs-Helmholtz relation. The heat of
absorption is expected to be 60-70 kJ/mol CO,, which can be used as a basis for analyzing the
heat of absorption predicted by the Aspen Plus® model. The speciation is predicted by the Aspen
Plus® model in order to fit all other thermodynamic properties. Next, the speciation of 8 m PZ
has not been measured, but the trends approximately follow what is expected. As no data were
available, speciation was not used for the regression, though, and its accuracy is essential
because all other properties depend on it in some form. Comparing the predicted speciation of
8m PZ to previous data for other solvents (Hilliard, 2008) suggests that the bicarbonate
concentration is far too high. This will be an important point for improvement in future
regressions. The heat of absorption and speciation predictions are shown below in Figures 4 &
5, respectively.
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In addition to recognizing the potential speciation issue, the heat of absorption predictions have
also become a concern. Heat of absorption predictions in Aspen Plus® can be calculated using
the calorimetric method as well as the Gibbs-Helmholtz equation. The calorimetric method
utilizes a flash to absorb a differential amount of gaseous CO; into the amine solvent at a specific
temperature and loading. The amount of absorbed CO, is kept low to prevent a significant
change in loading or speciation. The heat duty required to absorb the CO, while maintaining the
temperature and pressure is equal to the heat of absorption when normalized by the CO; rate:

AI-Iabs = Qabs/ncoz (1)

The Gibbs-Helmholtz equation can be naturally transformed to directly calculate the heat of
absorption. The traditional form of equation uses the heat of vaporization when considering a
pure liquid, but this term becomes the heat of absorption when there are multiple components
and a reaction is occurring in the liquid phase. The equation is as follows:

d(ln Pcoz) _ AH 4p5co, @)

d(Y/r) R

These two methods should provide equivalent results; however, the PZ model predictions are not
consistent. Previous MEA models, like the one by Hilliard, also demonstrated this issue, but
only to a small extent. As shown in Figure 6 the difference between the two calculation methods
is exaggerated for the PZ model. The results for 40 °C are selectively shown, but the trends are

similar for 60 °C-150 °C. A collaboration with AspenTech is currently trying to resolve this
issue to ensure that the regressed model is behaving accurately.
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Figure 6: Aspen Plus® model predictions of heat of absorption for 8 m PZ at 40 °C using
Gibbs-Helmholtz and calorimetric calculations.



Complexity Modeling

In this quarter, the analysis of the effect of configuration complexity on performance has started.
The definition of complexity is still loose, but it is expected that the number of process units in
the configuration is roughly related to a complexity "value". At this point, the complexity is
calculated as the total number of major pieces of equipment, excluding typical pumping and
compression equipment. For example, a single-stage heated flash has a value of 2 (a heater and
separation vessel), and a simple stripper has a value of 3 (a heater, vessel, and packing). The end
goal will be to analyze the performance of a wide range of configurations with varying levels of
complexity. It is expected that more complex configurations will improve performance but have
a diminishing return at higher complexity. It is also expected that different configurations with
similar complexity values will perform differently according to how efficiently the process units
are arranged. A systematic justification for the arrangement of process units as it relates to
performance may be possible.

The analysis has begun at the most simple separation method, a 1-stage flash, and is building
upward in total number of pressure stages. Each stage has a number of options: flash vs.
packing, heated vs. adiabatic, and recompression of the vapor to the prior stage. The
configurations that have been modeled thus far are: 1-stage flash, 2-stage flash (isothermal, only
heat stage 1, and only heat stage 2), simple stripper, stripper with adiabatic flash on lean
(patented configuration by Fluor), and double matrix configuration with equilibrium flashes.
The diagrams of these configurations can be found in Figures 7-11.
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The model for MEA developed by Hilliard (2008) works well for the 9 m solvent, so it was used
for this analysis. The simulations were performed with as many variables held constant as
possible. With this goal in mind, the stripped CO, was compressed to 15 MPa using 7 stages in
all simulations. The rich pumps achieved the vessel pressure for a given configuration, and it
also accounted for an additional 50 kPa for possible frictional losses as well as 250 kPa for
gravitational losses if a column was used in exchange for a flash vessel. A constant rich loading
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of 0.5 was used, which corresponds approximately to a CO, partial pressure of 5 kPa in the
solvent. A 5 °C cold side approach was specified on all heat exchangers. A 10 °C approach on
the steam reboilers was used for calculations of equivalent work. As in previous work,
equivalent work was calculated as follows:

Nyeboilers
T; + 10K — Ty
Weq = Z 0.75 % Q; ( i — 10Ksln ) + Wpumps + Wcomps (€))
i=1 ¢

where Q; and T; are the duty and temperature for reboiler i. The lean loading was optimized to
minimize total equivalent work for each configuration. The equivalent work was evaluated for
lean loadings ranging from 0.2 to 0.45. The optimum lean loadings were all above 0.35, but the
performance was evaluated down to lean loadings of 0.2 because many industrial users prefer
these low lean loadings to improve absorber performance.

This analysis considered only isothermal operation, with the exception of the configurations with
adiabatic flashes. All configurations were evaluated using heater/reboiler temperatures of
110 °C, 120 °C, and 130 °C. 120 °C is considered to be the ceiling temperature for MEA due to
thermal degradation issues at higher temperatures. However, 130 °C was included for
completeness. To minimize the total number of graphs, Figure 12 below shows the performance
of all six configurations using 120 °C as the reboiler temperature. There are two curves for the
double matrix configuration with equilibrium flashes. One uses a split ratio of 20 : 80 between
the low pressure and high pressure columns because this was found to be the optimum in much
earlier work using 4.5 m K*/4.5 m PZ. Following this analysis using the previous optimum split
ratio, another case for 120 °C using this configuration was done while simultaneously optimizing
the split ratio for each lean loading.

11
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Figure 12: Equivalent work optimization for configurations of varying complexity, 9 m
MEA, 120°C.

Through the evaluation of these configurations, the double matrix equilibrium flash
configuration performed the best with an equivalent work of 33.8 kJ/mol CO, at an optimum
lean loading of 0.39 using a split ratio of 7.5:92.5, whereas the work requirement was 34.2
kJ/mol CO, at an optimum loading of 0.37 using a split ratio of 20 : 80. The 2-stage isothermal
flash configuration shows only minimal improvement over a simple stripper. The 2-stage flash
configurations with only one heat stage demonstrated optimum performance roughly equivalent
to the simple stripper, but with a slightly higher optimum loading. The placement of the heat
stage for these configurations made minimal difference, but heating the first stage required
slightly less energy because it was more isothermal over the case where the second stage was
heated.

The configuration patented by Fluor, a stripper with an adiabatic flash on the lean solvent with
vapor recompression, performed significantly better than the simple stripper, but was not as good
as the double matrix. However, the two stripper configurations operate significantly more
efficiently at very lean loadings compared to the configurations utilizing only equilibrium
flashes. This result is a consequence of the packing having significant interfacial area for CO,
stripping to take place. At low lean loadings where the CO, capacity of the solvent is high,
packing removes the CO, more efficiently. The packing spreads a low mass transfer driving
force across the height of the column instead of having single large driving forces in the
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reboilers. For this reason, it is expected that applying packing to the flash configurations
investigated will improve their performance at low lean loadings. It is uncertain whether their
performance at the optimum lean loading will change significantly.

Conclusions

The property predictions by the June 2009 PZ model were investigated to evaluate the overall
accuracy of the model for 8 m PZ. As documented in the previous quarter, the VLE and heat
capacity predictions were very accurate. The volatility predictions were difficult to scrutinize
because there are few data points from the lab. However, the Aspen Plus® predictions were
systematically lower than the lab data, which may be accounted for when new data are collected
with new FTIR software. Unlike these properties, the speciation and heat of absorption
predictions were not adequate. The bicarbonate concentration seemed large, but no data are
available for comparison with the solvent. The heat of absorption predictions were questionable
for two reasons. First, the predictions did not approximate the magnitude of laboratory data
collected at NTNU. However, the expected magnitude of the heat of absorption can be
calculated using VLE data and the Gibbs-Helmholtz equation. The Aspen Plus® predictions and
Gibbs-Helmholtz calculations both have values around 60-70 kJ/mol CO,, whereas the
laboratory data value is 20-30 kJ/mol CO, higher. The second concern with heat of absorption
predictions in Aspen Plus® was whether the Gibbs-Helmholtz calculations are consistent with
calorimetric results. Prior analysis with MEA demonstrated a slight difference between these
two calculation methods, but the difference is severe for 8 m PZ.

The analysis of various stripper configurations with varying levels of complexity using 9 m
MEA demonstrated a great benefit by using the double matrix setup. Only the configuration
using equilibrium flashes in a double matrix arrangement has been evaluated thus far, but it had a
4.2% improvement over a simple stripper, with 35.3 kJ/mol CO; and 33.8 kJ/mol CO; for the
simple stripper and double matrix, respectively. A significant portion of this work requirement is
due to the compression of CO, to 150 atm and is unavoidable. A configuration developed by
Fluor consisting of a simple stripper with an adiabatic flash on the lean stream also performed
better than the simple stripper, but only reduced the equivalent work requirement to
34.4 kJ/mol CO,. Other evaluated configurations which did not outperform the simple stripper
included 1-stage and 2-stage flashes.

Future Work

Further improvement of the PZ model has been passed on to other members of the group with
more direct access to laboratory data. The connection with AspenTech will be maintained to
properly address the inconsistency in heat of absorption calculations using the Gibbs-Helmholtz
method and calorimetric method.

The complexity analysis will be continued with 9 m MEA. The double matrix configuration
with packing in place of any/all of the flashes will be addressed first. Other 2-stage
configurations will also be analyzed, such as a stripper with a high-pressure preflash.
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Abstract

Work continued on the development of an absorber model for 8 m PZ. The thermodynamic
model was updated by Van Wagener from version 02/06/09 to version 06/16/09. This update
required re-regression of the density data. A density subroutine was implemented to calculate
this property independent of speciation. However, the developed subroutine could not
adequately represent the density data due to issues related to the average molecular weight.
Density was re-regressed satisfactorily using the Clarke model for liquid molar volume for
electrolyte solutions in Aspen Plus®. The resulting parameters are presented in this report.

The behavior of the activity coefficient of CO, was corrected using the N,O analogy with a
correlation for Henry’s constant presented in Cullinane (2005) for N,O-water and regression
work by Dugas (in progress) for NoO-MEA. A linear relation for the activity of CO, and loading
and temperature has been proposed. Previous work had shown a maximum value around a
loading of 0.30. The activity coefficient was modified using the CO;-ion local contribution
parameters (7) in the e-NRTL model. Resulting values are included in this report.

PZ Model Development

Physical Properties

Van Wagener (Rochelle et al., 2009b) re-regressed the PZ model to improve heat of absorption
predictions and model convergence on the 02/06/09 version. This new version, 06/16/09,
presented variations on the speciation that required revision of the previously fitted physical
properties. Since the liquid viscosity is calculated using a FORTRAN subroutine based on
loading, the changes in the thermodynamic model had no effect on this property. On the other
hand, density was fit using the Clarke model for liquid molar volume for electrolyte solutions
(Rochelle et al., 2009b) and required re-regression. A FORTRAN subroutine was created to
calculate density independent of speciation. The form of the regressed equation uses the molar
volume because that is the variable used in Aspen Plus®. The proposed equation was as follows:

Vsol

Vi,o

Xco,

= ln [AXCOZ +BxPz+C +D] (1)

Xpz



Where V, is the molar volume in cm3/gmol and x is the weight fraction. Table 1 shows the
obtained constants.

Table 1: Regression results for the constants for the molar volume correlation (equation 1)

Constant A B C D

Value -1.9278 5.7465 0.6569 1.8554

The resulting correlation adequately fits the density data for 5 m, 7 m, 8§ m, and 9 m PZ and from
0.20 to 0.46 mol CO,/mol alkalinity (Rochelle et al., 2009b) as shown in Figure 1. However,
when implemented in Aspen Plus® the correlation is no longer satisfactory (Figure 2).
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Figure 1: Density fit for 8 m PZ. Points by Freeman (Rochelle et al., 2009b). Lines using
equation 1. Data for 80 °C and 100 °C are included to show extrapolation capacity of the
correlation.



1.2

1.16 -

1.12

p (g/cm’)

1.04 . .
0.20 0.30 0.40 0.50
Loading (mol CO,/mol alkalinity)

Figure 2: Density fit for 8 m PZ. Points by Freeman (Rochelle et al., 2009b). Lines
generated in Aspen Plus® using a FORTRAN subroutine with equation 1.

The reason for these discrepancies seems to lie in the calculation of the average molecular
weight. Since Aspen requires the molar volume to calculate the density, the experimental data is
regressed using the average molecular weight (MW,,.) to convert to molar volume. The
developed correlations are based on an average molecular weight calculated using the molar
fractions of water, total piperazine, and CO,. The average molecular weight in Aspen Plus® uses
the true species thus the two values are different, as shown in Figure 3. These results
demonstrate that it is not possible to decouple this calculation from the system speciation making
the use of a FORTRAN subroutine to calculate density, pointless. Therefore, density was re-
regressed using the Clarke model for liquid molar volume for electrolyte solutions as presented
in a previous report (Rochelle et al., 2009c). The final model parameters are presented in Table
2 and the obtained fit is shown in Figure 4.
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Figure 3: Average molecular weight change for 8 m PZ at 40 °C. (=)calculated using
speciation in Aspen Plus®. (- -) calculated using total mole fraction of PZ, CO; and water.



Table 2: Regressed parameters for the density of PZ-CO,-H,0O

Parameter Component(s) Value
RA Pz 0.2519
Z{** (RKTZRA)
CO, 0.1144
PZH - PZCOO 0.1341
Vea” (VCA) PZH - PZ(COO), 0.2418
PZH - HCO;5 0.2101
A, (ACA) PZH" - PZCOO 0.2126
“ PZH" - HCOy -0.5582
1.14 -
g = 40C
)
= 1.1 -
1.06 .
0.20 0.30 0.40

Loading (mol CO,/mol alkalinity)

Figure 4: Density fit for 8 m PZ. Points by Freeman (Rochelle et al., 2009b). Lines
generated in Aspen Plus® using the Clarke model for liquid molar volume for electrolyte
solutions.

CO2 Activity Coefficient:

Previous work (Rochelle et al., 2009¢c) showed an unexpected maximum for the activity
coefficient of CO; (yco2) in 8 m PZ around a loading of 0.30. This variable is expected to be
linear with respect to loading so work has been done to address this issue. Currently, there is no
experimental data available for this system so the solubility of N,O in water and MEA was used.
The N,O analogy was applied to calculate the activity coefficient of CO, in 8 m PZ. It assumes
that since N>O has a similar electrical configuration and the same molecular weight as CO,, it
behaves like CO, in reactive systems. This assumption implies that the ratio of solubilities for
N0 and CO; is constant for all systems so:



H
—% _ constant (2)

Hy,o

Since CO; has fast reactions rates with amines it is not possible to measure its Henry’s constant
in the amine so the solubility of N,O is used:

Hco, _ Heo,
N0/ Ay N0/,
where the sub index sy refers to the amine solvent and , to water.

Henry’s constant for N,O-water (Hnyo") was taken from Versteeg as reported in Cullinane
(2005):

2284
HY. o = 1.17x1077 exp (T) )

where Hyoo" is in mol/m>-Pa and T is the temperature in Kelvin.
The Henry’s constant for N;O-PZ (Hy20"?) is not available for 8 m PZ so an equation regressed
by Dugas for N,O-MEA was used as an approximation:

1 1 1
e = (4093 + 1831y — 11151dg + 294.7xyz4ldg)exp (—1905 (? - m)) (5)
where Hyzo"™" is in Pa-m’/mol, xyga is the amine weight fraction free of CO, and 1dg is the
loading of CO, (mol CO,/mol alkalinity). This equation was used with the values for PZ.

The activity coefficient of CO, in PZ was then calculated using Henry’s law:

Pco, = Hcoz)’éozxco2 (6)
where y"cos is the activity, Xcoz the mol fraction and Pcoy is the equilibrium pressure of CO».
Since the selected reference state is infinite dilution in water y'co, approaches one. Henry’s
constant is then equal to:

Pco2
Hco2 = Xco (7
2

When calculating Hco, from solubility data in the solvent the deviation from equation 7 can be
assigned to the activity coefficient of CO; in the amine solution, thus:
Héo,
véd, = ®)
€O,

where y*coy is the activity of CO, in the amine solvent. Hcoy™™ is the apparent Henry’s
constant in the solvent and Hco," is Henry’s constant in water. Using the N,O analogy this

equation becomes:
Hyzo
Pz _ _No
Ve, = 4w ©)
N20

Figure 5 shows the resulting CO, activity coefficients in 8 m PZ for loadings from 0.1-0.5 and
various temperatures.
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Figure 5: CO; Activity coefficients obtained using the N,O analogy and data by Cullinane
(2005) and Dugas (in progress)

The CO; activity coefficient was fit in Aspen Plus® with the local contribution parameters (t) for
CO;- ion interaction used in calculating activity coefficients in the e-NRTL model. This had to
be done as a trial and error in Aspen Plus® using the property analysis mode. Data at 40 °C and
70 °C and loadings 0f 0.2, 0.3, and 0.4 were fit using the A and B parameters of the t:
B
T=A+ T (10)
Table 3 shows the resulting values from the activity coefficient fit. Even though the activity

coefficients at 40 °C and 70 °C were fit, there is an unexpected maximum in the temperature
behavior (Figure 6) and convergence issues approaching a loading of 0.5. Additionally, the
previously observed maximum with respect to loading can still be observed past 0.4 loading
(Figure 7)

Table 3: T parameters used to fit CO; activity coefficients in 8 m PZ at 40 °C and 70 °C

Parameter Pair A (GMELCC-1) B (GMELCD-1)
PZH',PZCOO/CO, 23.5863 -8059.3067
CO,/PZH' PZCOO -659.1767 222078.6732

CO,/PZH" HCO5 28.9609 -6626.5411

PZH" HCO;3/CO, 45.2129 -15223.1349
PZH", PZ(COO),/CO, 55.3741 -17766.2939
CO,/PZH", PZ(COO'), -3.0527 3617.7332
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Figure 6: Change in activity coefficient of CO, with respect to temperature in 8 m PZ at
various loadings predicted by Aspen Plus®.
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Figure 7: Change in activity coefficient of CO, with loading in 8 m PZ predicted in Aspen
Plus®. Solid lines for fitted conditions (40 °C & 70 °C)



The CO;-ion local parameters were selected to change yco, because it was expected that due to
the low concentration of CO; in solution their effect on the VLE would be negligible. Figure 8
shows the VLE obtained after introducing the new parameters. It is consistent with the values
obtained experimentally. However, there are convergence issues above 90 °C.
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Figure 8: VLE verification for the Hilliard modified by Van Wagner version 06/16/09
(Rochelle et al., 2009¢) with the modified CO; activity coefficients. Points by Dugas
(Rochelle et al., 2009a). Solid lines in Aspen Plus®.

Conclusions

Physical Properties

It is not possible to set up a model for density independent of speciation using the proposed
correlation and FORTRAN subroutine. Aspen Plus® uses the molar volume to generate density
data and the conversion from molar volume to density requires the average molecular weight of
the solution that depends on the speciation of the solution. However, the use of the Clarke model
for liquid molar volume for electrolyte solutions proved adequate to model density although it
requires re-regression of its parameters if the VLE is modified.

CO2 Activity Coefficient

The activity coefficient of CO, has been linearized for 8 m PZ and loadings between 0.1 and
0.42 (Figure 7). Above this range the activity coefficient behaves erratically. The temperature
dependence shows a maximum for all studied loadings (Figure 6). Above 80 °C an additional
change of slope can be observed.

The expected loading operating range for the absorber and the available pilot plant data falls in
the linearized activity coefficient region, so this fit is satisfactory. The temperature behavior will
require further analysis due to the observed maximum.



The use of CO;-ion 1 parameters to modify the activity coefficient of CO, did not affect the VLE
for CO,-PZ. It was accurately represented with the modified parameters (Figure 8).

Further analysis is required to determine the applicability of this model at various amine
concentrations since the regression work for yco, was done at 8 m PZ.

Future Work

The modified thermodynamics will be used to create a wetted wall column (WWC) model in
Aspen Plus® to extract kinetic constants for PZ from data generated by Dugas (Rochelle et al.,
2009a). An absorber model will then be implemented and validated using data from the
November 2008 campaign. Data reconciliation in Aspen Plus® will be used for this purpose.
This new model will be used to evaluate absorber configurations.
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Abstract

The goal of this study is to evaluate the performance of an absorber/stripper operation that
utilizes the MDEA/PZ blended amine. Before analyzing unit operations and process
configurations the thermodynamic framework for the blended amine must be satisfactorily
constructed. The approach used in this study is first to construct separate MDEA and PZ models
that can later be reconciled via cross parameters to accurately model the MDEA/PZ blended
amine. Once the MDEA/PZ model has been completed it must be incorporated into separate
absorber and stripper models similar to those developed by Van Wagener and Plaza. This study
is currently in the process of developing the MDEA/PZ model based on thermodynamic data.
The MDEA model has already been completed, but the PZ model is in need of some major
corrections. The goal for the next quarter is to complete the MDEA/PZ thermodynamic model
and begin constructing a rate-based model for the absorber.

Introduction

The removal of CO, from process gases using alkanolamine absorption/stripping has been
extensively studied for several solvents and solvent blends. An advantage of using blends is that
the addition of certain solvents can enhance the overall performance of the CO, removal system.
A disadvantage of using blends is that they are very complex relative to a single solvent, thus
making them much more difficult to model.

This study will focus on a blended amine solvent containing piperazine (PZ) and
methyldiethanolamine (MDEA). Previous studies have shown that this particular blend has the
potential to combine the high capacity of MDEA with the attractive kinetics of PZ (Bishnoi,
2000). These studies have supplied a rudimentary Aspen Plus® based model for an absorber
with  MDEA/PZ. The report also makes the recommendation that more Kinetic and
thermodynamic data must be acquired concerning the MDEA/PZ blend before the model can be
significantly improved. Two researchers in the Rochelle lab have been acquiring this data, and |
am in the process of incorporating it into the model. One of the major goals of this study will be
to improve the supplied Aspen Plus® absorber model with up to date thermodynamic and kinetic



data. Another major goal of this study will be to make improvements to the MDEA and PZ
thermodynamic models, which should simplify the construction of the blended amine model.

Methods and Discussion

This quarter’s work dealt primarily with the MDEA and MDEA/PZ models. The MDEA model
had already been regressed to include VLE, heat capacity, density, viscosity, and volatility data.
The only improvement made to it this quarter was the inclusion of data for the activity
coefficient of CO,. Because Aspen Plus® cannot directly regress activity coefficients, an
iterative method involving Microsoft Excel had to be employed. Tau parameters for key
cation/anion pairs in CO, were adjusted until Aspen Plus® predicted values for the activity
coefficient of CO, consistent with literature values (Weiland, 1994; Rinker, 1997). Figure 1
compares the experimental values (filled points) for the activity coefficient of CO, as a function
of loading to the values predicted by the Aspen Plus® (lines) and Microsoft Excel (open points)
regressions at temperatures of 25, 40, and 60 °C.
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Figure 1: Activity Coefficient of CO, as a function of loading at temperatures of 25, 40, and
60 °C.

It should be noted that there was quite a bit of variation in the data at 25 °C. Both the blue and
black points represent data at that temperature. Because of this variability, a Microsoft Excel
regression was performed that expressed activity coefficient of CO, as a function of loading,
temperature, and weight fraction of amine. Then, rather than attempting to fit the Aspen Plus® to
the experimental points, it was fit to the Microsoft Excel regression. Over the loading range of
interest (0.1 to 0.25) the percent difference between the Microsoft Excel and Aspen Plus®
regressions was less than 10%. Table 1 contains the final values for the tau parameters used in
this regression.



Table 1: Tau parameters used to fit the activity coefficient of CO,

Parameter Species Value Units
NRTL/1 CO,/MDEA 2.5 N/A
NRTL/3 CO,/MDEA 0.3 N/A

GMELCC | CO,(MDEAH*/HCO3) 15 N/A

GMELCC | (MDEAH'/HCO3) CO; 93.5 N/A

GMELCC CO, (MDEAH*/CO5%) 15 N/A

GMELCC (MDEAH'/CO3%) CO, -8 N/A

GMELCD | CO, (MDEAH'/HCO?) 0 °C

GMELCD | (MDEAH'/HCO3) CO, -30000 °C

GMELCD | CO, (MDEAH'/HCO?) 0 °C

GMELCD | (MDEAH'/HCO3) CO, 0 °C

The only parameters regressed while constructing the MDEA/PZ model were the cross
parameters (i.e. those that concern both MDEA and PZ). The ultimate goal of this exercise is to
generate a model that will work for MDEA, PZ, and the blended system. Because it would be
detrimental to this goal to alter parameters that had been set while constructing the single amine
models, only the cross parameters were regressed. The first two sets of data incorporated into
the model were the density and viscosity of the blended amine. Rather than using the Aspen
Plus® default parameters for these two properties, Fortran subroutines were constructed to
directly incorporate the data. The density subroutine used a polynomial expression to calculate
density as a function of amine mole fraction, CO, mole fraction, and temperature in Kelvin.
Equation 1 is the final result of the Microsoft Excel regression.

Peeng = (1.3—0.00069T )In{O.leCOZ T 145% 0 + o.ss(ﬂj n 2.39} 1)

XAMINE

The expression for the viscosity was also determined in Microsoft Excel and inserted directly
into the Fortran subroutine, but it was expressed as a function of loading, temperature in Kelvin,
weight fraction of amine, and the viscosity of water under similar conditions. Equations 2
through 4 constitute the expression entered into the subroutine.

AA % BB *wt
Hgiend = Hu20 EXp[ T2 AMINE ) 2
AA = (—0.014wt e +0.042)T +(—0.001wt e +0.0213) (3)
BB = 1dg(3526Wt e )+1 (4)

Figures 2 and 3 compare the experimental data (open points), Microsoft Excel regressions
(lines), and Aspen Plus® predictions (shaded points) for the density and viscosity data,
respectively.
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Figure 2: Density of 7 m/2 m MDEA/PZ blend as a function of loading at temperatures of
20, 40, 60, and 100 °C.
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Figure 3: Viscosity of 7 m/2 m MDEA/PZ blend as a function of loading at temperatures of
20, 40, 60, and 100 °C.

Just as with the MDEA model, Aspen Plus® regressions were performed to incorporate the VLE
and heat capacity data. Figures 4 and 5 compare the experimental data (open points) with Aspen
Plus® predictions (lines) for the VLE and heat capacity data, respectively.
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Figure 5: Heat capacity of 7 m/2 m MDEA/PZ blend as a function of temperature at
loadings of 0.1 and 0.25 moles CO;, per mole of alkalinity.

As mentioned earlier, the only parameters used to regress this data were the cross parameters
between the MDEA and PZ solvent systems. This includes the tau parameters for molecule-
molecule interactions and the tau parameters for cation-anion interactions in the presence of a

particular solvent.



Though the regression converged fairly easily, there are several issues with the thermodynamics
that still need to be resolved. These issues primarily concern the MDEA and PZ models (not the
blend), and they are discussed in much more detail in the Future Work section of this report.

Conclusions

Data for the activity coefficient of CO, in loaded MDEA solutions was successfully incorporated
into Aspen Plus®, thus completing the MDEA model. Density and viscosity data for the
MDEA/PZ blend were inserted directly into the model via Fortran subroutines. When cross
parameters for the MDEA/PZ blend were regressed to fit the blended amine VLE and heat
capacity data, the data easily converged. However, emerging problems in the PZ thermodynamic
model necessitate a reevaluation of the approach to constructing the blended amine
thermodynamic model.

Future Work

Before much progress can be made with the blended amine, the PZ thermodynamic model must
be satisfactorily completed. Several problems with the PZ model have been documented by
current and past researchers, and a couple of them must be resolved before continuing the
MDEA/PZ model development. The problems of interest are amine volatility and the treatment
of H'PZCOO'. In the past the amine volatility problem has been ignored due to its relatively
insignificant impact on model operation. However, resolution of this problem is absolutely
necessary if amine losses are ever going to be accounted for, and volatility data must be
incorporated very early in the model development process. H'PZCOO™ has always been treated
as an ion with a charge of 10, even though it is technically uncharged. This treatment has led to
a sometimes problematic charge imbalance at high loadings, and Aspen Plus® always predicts
that H'PZCOO™ will have an activity coefficient of one. To remedy this H'PZCOO™ will be
treated as a Henry’s component with an extraordinarily small Henry’s constant, which will allow
it to be treated as an ion with a net charge of zero in the aqueous phase. The goal for the next
quarter will be to collaborate with other researchers in the lab to fix these problems in the PZ
thermodynamic model and finally complete the construction of the MDEA/PZ thermodynamic
model.
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Abstract

The integrated solvent cycling/degradation apparatus (ISDA) was modified in the third quarter to
obtain accurate temperature and oxidation-reduction potential (ORP) measurements. Three
cycling experiments were completed in the quarter. At conditions of 55 °C in the oxidative
reactor and 120 °C in the thermal reactor, we measured a formate production rate of 0.6 mM/hr.
When we reversed the formation of amides in samples from this same experiment, we observed a
formate production rate of 0.98 mM/hr. When the same solvent was cycled at 55 °C in the
oxidative reactor and thermal reactors, the formate production rate was 0.004 mM/hr. The
measured amine loss rate at the 55/120 °C condition was ~61%/wk, which was over an order of
magnitude greater than the rate (0-2.5%/wk) observed in thermal cylinder experiments
conducted at 120 °C.

Using thermal cylinder experiments and LC-MS analytical detection equipment, we confirmed
the presence of DEA degradation products expected in the presence of strong nucleophiles
including piperazine (PZ) and methyl-PZ. The mass of those degradation products was 173.1
and 187.1, respectively, when DEA was reacted with PZ and methyl-PZ in CO, loaded samples
degraded at 150+ °C.

Introduction

During the 3" Quarter 2009, we completed modifications to the solvent cycling apparatus,
including installation of electronic temperature measurement equipment, and the installation of
oxidation-reduction potential (ORP) sensor loops at two locations in the system. In order to
understand degradation pathways in the MDEA/PZ blend, as well as the characteristics of the
solvent cycling system, we have conducted initial cycling studies (C-1, C-2, and C-3) using 7 m
MDEA. Once the degradation of 7 m MDEA is understood, we will conduct further cycling
studies using MDEA/PZ. We will be studying several solvents in the future, with priority placed
on studying 7 m MDEA/2 m PZ.



We have utilized cation chromatography (I1C) coupled to a mass spectrometre (MS), as well as an
HPLC coupled to MS to identify degradation products and better understand thermal degradation
pathways. These methods were used to analyze degraded solvents collected from previous
experiments including Thermal No. 7, Thermal No. 8, and cycling experiment C-1.
Additionally, three high temperature, short-term thermal degradation experiments were
conducted to understand the degradation of DEA, the interactions between DEA (an MDEA
degradation product) and other strong nucleophiles in degraded solvents including PZ and
methyl-PZ. Key findings of those experiments (RPN-1, RPN-2, and RPN-3) are presented
below.

At the end of the quarter, we sacrificed all samples from a thermal experiment (Thermal No. 9B)
for cation analysis. This thermal degradation experiment utilized 7 m MDEA/2 m PZ treated
with H,SO,4 in sufficient quantity to neutralize 10% of total alkalinity. The solvent was not
loaded with CO,. Those data are not yet available, and will be presented in the next quarterly
report.

Cycling/Integrated Solvent Degradation Apparatus

During the quarter, we completed the construction of the ISDA (solvent cycling), and tested
temperature limits of the system using the MDEA/PZ blend. In testing, the system was
simultaneously operated at 55 °C in the oxidative reactor and 129 °C in the thermal reactor. At
those conditions and a nominal loading of 0.1 moles CO,/mole alkalinity with the 7 m
MDEA/2 m PZ blend, the pressurized section of the system (thermal reactor segment) required a
back-pressure condition of >58 psig.

We installed two bimetal thermocouples, one inserted into the thermal reactor, and one into the
oxidative reactor, such that accurate on-line electronic measurement of temperatures can be
obtained. We will investigate the possibility that “hot spots” exist in the thermal reactor at
internal metal surfaces (see discussion below). Another modification to the system is the
installation of on-line measurement points for ORP at two locations; an ORP sensor (Hanna
Instruments) designed for industrial use was purchasedfor this purpose. One ORP measurement
bypass loop was installed just downstream of the positive displacement pump discharge, and a
second loop was installed downstream of the counter-current cross-exchanger. The first location
is expected to yield results indicative of an oxidizing condition, while the latter is expected to
indicate reduced conditions when compared to the first. The purpose of these measurements is to
understand whether an oxidizing condition prevails in solvents once they leave an absorber
(oxidative reactor), and the extent to which a reduced condition exists at stripper conditions
(thermal reactor).

After testing the system for safe operation, we completed three cycling experiments with 7 m
MDEA at a loading of 0.1 moles CO,/mole alkalinity (C-1, C-2, and C-3). A fourth experiment
(C-4) was initiated but has not been completed yet. Table 1 lists the conditions of the
experiments.



Table 1: MDEA and PZ Thermal Degradation Rates

Loading (moles Conditions
Experiment Solvent CO,/mole alk) Additives (Tox/Tth °C)
C-1 7 m MDEA 0.1 None 55/120
C-2 7 m MDEA 0.1 None 55/55
C-3 7 m MDEA 0.1 0.4 mM Fe/0.1 mM Cr/0.05 mM Ni 55/55
0.4 mM Fe/0.1 mM Cr/0.05 mM Ni
Cc-4 7 m MDEA 0.1 (Reduced stir rate in oxid reactor) 55/55

Cycling Experiment C-1

Sampling and analysis procedures for the cycling experiments followed the same protocols used
for the low-gas and thermal cylinder experiments. A single sample of degraded amine was
collected each day at the start of the cycling operation, but after ten minutes of low temperature
circulation. A final sample was collected at the completion of operations. The duration of the
experiment was eight days (~60 hours), with the system operated only during daytime; a daily
start-up and shutdown procedure was utilized which entailed a one-hour warm-up and one hour
warm-down to/from operational conditions. Samples were subjected to analyses for cations
(amines) and anions (heat stable salts such as formate and glycolate). Each sample was
hydrolyzed with 5N NaOH to reverse the formation of amides to heat stable salts which are
measurable using anion chromatography (IC).

Figure 1 presents the concentration of total heat stable salts and MDEA measured in samples
collected daily from C-1. Samples in this experiment only exhibited the heat stable salts formate
and glycolate. After approximately 60 hours of operation, over 1,700 ppm formate (41 mM) and
940 ppm glycolate (13.2 mM) were produced in the cycling reactor. When the amides
(formamide) were reverted to heat stable salts (formate) and measured with cation I1C, we
measured 3-351 ppm (78.6 mM) formate. After 60 hours of cycling operation, the MDEA
concentration had decreased from approximately 6.35 m to 5 m, with an accompanying increase
in heat stable salts. However, the concentrations of formate and glycolate only account for a
fraction of the loss in MDEA.
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Figure 1: Cycling Experiment C-1, 7 m MDEA (55 °C/120 °C), a = 0.1

Experiment C-2 was conducted in the cycling apparatus at conditions of 55 °C in both the
oxidative and thermal reactors operated simultaneously for approximately 64 hours. Figure 2
presents the formate concentrations from C-2. The data indicate that the amount of oxidative
degradation resulting in production of formate is minimal, with approximately 0.15 mM formate
measured at the end of the experiment. When amide formation was reversed through hydrolysis
with 5N NaOH (not shown), the measured formate showed a lot of variability, with the highest
amount detected at approximately 0.1 mM formate. Ignoring the last data point, the decrease in
MDEA concentration in this experiment was minimal (6.7 m to ~6.2 m). This reduction is
approximately half the measured reduction in C-1 experiment (6.4 m to ~5.5 m). Of note, the
stirred section of the oxidative reactor is approximately 350 ml, and the entire system volume is
approximately 2,400 ml; the oxidative reactor, therefore, comprises approximately 15% of the
overall system volume.

We compared formate production in cycling experiments C-1 and C-2 with 7 m MDEA to
measurements made in a low-gas experiment on the same solvent with a similar loading, but
augmented with 1 mM Fe?* (Figure 3). From this comparison, it is apparent that accelerated
oxidation of MDEA is occurring when the thermal reactor is operated at 120+ °C (red squares),
resulting in an order of magnitude greater concentration of formate. Further, in previous
experiments with this solvent, the level of glycolate production was below detection using the
methods we currently employ.
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Figure 4 presents the concentration of MDEA from experiment C-1, and from experiments using
thermal cylinders for degradation of 7 m MDEA at 120 and 135 °C. The rate of decrease in
MDEA concentration in the cycling experiment was much greater than in the thermal cylinders
maintained at 120 °C for up to 120 days (Thermal No. 3). From the thermal cylinders
maintained at 135 °C for over 800 hours, the 7 m MDEA degraded much more rapidly over the
initial 200-hour period, but leveled off. Table 2 lists % loss rates for MDEA from the above-
described experiments to illustrate the differences in rates observed; the MDEA loss rate
(61%/wk) was a full order of magnitude greater than that measured in the thermal cylinders at
120 and 135 °C.

We utilized LC-MS methods to assess the degradation products in degraded C-1 samples. We
determined that diethanolamine (DEA) was prevalent in degraded samples after only twelve
hours of cycling from 55 to 120 °C. Thereafter, DEA was present in degraded samples in this
experiment. Other compounds were also present, but at lower levels due to smaller peak
response. One of those compounds has been definitively identified as methylaminoethanol
(MAE) with a mass of 75.1.
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Figure 4: MDEA Comparison: Cycling (C-1) and Thermal Cylinders, 7 m MDEA, a = 0.1



Table 2: MDEA and PZ Thermal Degradation Rates

MDEA Loss Rate
Experiment
Type Solvent Temp (°C) Loss (%/wk)

Cycling (C-1) 7 m MDEA 55/120 61

Thermal

Cylinders 7 m MDEA 120 and 135 ~0/23

Thermal

Cylinders 7 m MDEA/2 m PZ 120 and 135 2.5/2.7

We currently believe that the design of the oxidative reactor (250 ml hold-up section) is resulting
in the entrainment of undissolved gas bubbles in the inlet to the positive displacement pump
which is located immediately upstream of the oxidative reactor hold-up section and cycles the
fluids throughout the system. The entrained gas bubbles are likely 98% O, and 2% CO, and the
result of surface interactions in the oxidative reactor. After becoming entrained, the bubbles
gradually dissolve in the amine in the Ys-inch tubing, heat exchanger, preheater tubing, and
thermal reactor until consumed in the oxidation reactions with MDEA and its degradation
products. The entrained gas bubbles represent a source of dissolved oxygen as the solvent
travels through the system in plug flow fashion and warms to the final temperature in the thermal
reactor (120 °C). This oxygen source allows for greater oxidation of MDEA than is observed in
the low-gas apparatus. It is possible that the MDEA thermal degradation products (including
DEA, MAE, DMAE) are more easily oxidized to heat stable salts than MDEA, resulting in
accelerated degradation and formate production over that observed in low-gas experiments. This
effect is more pronounced in experiments using higher temperatures in the thermal reactor (e.g.,
C-1, 120 °C) because the oxidative degradation would be facilitated at gradually higher
temperatures (up to 120 °C) than those existing in the low-gas experiments (55 °C). The effect
of bubble entrainment is being tested through an experiment (C-4) utilizing a lower shaft rotation
rate (~250 rpm vs. 1440 rpm) in the oxidative reactor. In preliminary experiments, we have
determined that lowering the shaft rotation rate to less than 300 rpm in the oxidative reactor
minimizes the amount of bubble entrainment in the amine solvent.

Pathway Assessments and Thermal Experiments

RPN-1, RPN-1, and RPN-3

Using IC-MS and LC-MS methods, DEA can be consistently detected in samples of MDEA/PZ
when degraded in thermal cylinders and the cycling system. To better understand how the
solvent blend thermally degrades, three short-term high temperature (135-175 °C) degradation
experiments using Swagelok® thermal cylinders were conducted. Those experiments were
specifically designed to determine how DEA interacts with other components of the degraded
blend at high temperatures. The premise for these studies was the degradation pathway
developed by Polderman (1956) wherein DEA, when in the presence of CO,, will form a
carbamate and subsequently cyclize to hydroxyethyl oxazolidone (HEOD). This compound will
in turn react with a strong nucleophile yielding other products. We have observed methyl-PZ in
degraded MDEA/PZ samples, making this compound one candidate for a strong nucleophile in
the degraded blend.



Knowing that methyl-PZ and PZ will behave as strong nucleophiles in solution, we conducted
RPN-1 and RPN-2 with these compounds. Figure 5 illustrates one possible pathway for the
reactions which occur once MDEA degrades to DEA in the presence of PZ and one of its
degradation products, methyl-PZ. We tested for this possible pathway in RPN-1 by reacting 1 m
DEA with 1.5 m methyl-PZ loaded to 0.6 moles CO,/mole alkalinity. Using LC-MS, we
detected the presence of a compound with a mass of 187.1 after three days of degradation at
150 °C. This compound, depicted in Figure 5, is 2-[[2-(4-methyl-1-piperazinyl)
ethyllamino]ethanol is unavailable as a standard, preventing us from making a definitive
identification of the compound detected in degraded RPN-1 samples with this mass.

Figure 6 depicts another possible pathway for the formation of degradation products once
MDEA degrades to DEA. In RPN-2, we reacted 1 m DEA with 1.5 m PZ at a loading of 0.25
moles CO,/mole alkalinity to test whether this pathway could be occurring. Using LC-MS, we
detected a compound with a mass of 173.1 in a sample degraded at 150 °C for two days. This
compound, named 2-[[2-(1-piperazinyl)ethyl]amino]ethanol, is currently unavailable as a
standard, preventing us from making a definitive identification of the compound detected with
the same mass. However, when using LC-MS, the compound detected with this mass provided
the greatest response in terms of relative abundance at a retention time of ~22 minutes. In a
sample degraded at 175 °C, we detected a compound with this mass after only 3.5 minutes.

In summary, we believe that DEA-carbamate cyclizes to HEOD, which is susceptible to attack at
a C-N bond within the ringed structure, resulting in the opening of the structure and creation of
triamines detected with masses of 187.1 and 173.1, respectively, in RPN-1 and RPN-2. Finally,
RPN-3 was conducted with loaded 1 m DEA only to determine how this compound breaks down,
and whether either of the degradation products with masses of 187.1 and 173.1 can be detected in
this degraded solvent. Those results are unavailable at this time.
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Conclusions

The latest experimental work indicates that accelerated oxidative degradation is occurring in 7 m
MDEA when cycled in ISDA. We observed amine loss rates of 61%/wk at cycling temperatures
of 55/120 °C in experiment C-1. This loss rate is an order of magnitude or greater than the rates
observed at 120 °C in degradation experiments in the thermal cylinders at the same temperature.
Formate production was measured (C-1) at 0.59 mM/hr in the cycling apparatus when operated
at 55 °C in the oxidative reactor and 120 °C in the thermal reactor. When we reversed the amide
formation, we observed formate production at 0.98 mM/hr. These rates are also much greater
than those observed in the low-gas experiment conducted at 55 °C with mM Fe?*. Those rates
were 0.024 and 0.026 mM/hr, respectively. When we operated the cycling system at 55 °C in
both reactors, the formate production rate (0.004 mM/hr) was less than the rate observed in the
low-gas system. The MDEA loss rate in the cycling system is an order of magnitude greater than
that observed in our thermal cylinders maintained at 120 to 135 °C for comparable periods of
time.

The current design of the cycling system allows for entrainment of undissolved bubbles at the
inlet to the positive displacement pump, providing a source of dissolved oxygen downstream of
the oxidative reactor as these bubbles dissolve into the amine. This dissolution effect leads to
greater formate production, especially at higher thermal reactor temperatures.

We tested for possible degradation pathways in degraded MDEA/PZ blends in two experiments
wherein we reacted DEA with PZ and methyl-PZ in loaded systems. We detected products with
masses of 173.1 and 187.1, respectively. Both of these products were expected, based on the
degradation of MDEA to DEA in loaded systems. The DEA was expected to subsequently
cyclize and react with a strong nucleophile in solution (PZ and methyl-PZ).



Future Work

Future work will include the completion of cycling experiment C-4 which includes conditions of
55 °C in the oxidative and thermal reactors, but a reduced stir rate in the oxidative reactor to less
than 300 rpm to test the effect of bubble entrainment on overall solvent degradation. We will
also conduct a minimum of three more cycling experiments in the upcoming quarter with the
cycling system. It is currently expected that those experiments will include one more experiment
with 7 m MDEA at conditions of 55 °C in the oxidative reactor and 100 °C in the thermal reactor
to test for accelerated degradation of the solvent. The stir rate of that experiment will be
determined based on the results of C-4. We will then cycle the solvent PZ in the system to
determine its resistance to degradation under the cycling environment.

All future experimental work will include the measurement of ORP at the two sensor loop
locations installed in the third quarter; ORP data will be compared to understand whether
solvents undergo a significant change in ORP when they pass from the oxidative reactor through
the cross-exchanger and into the thermal reactor.

In parallel with cycling experiments, we will continue to analyze samples from RPN-1 through
RPN-3 to assess the MDEA/PZ degradation pathway.

Finally, we recently initiated a thermal cylinder experiment (Thermal No. 11), which is a repeat
of the Thermal No. 7 utilizing 7 m MDEA/2 m PZ to provide a greater body of thermal
degradation data on this solvent and determine degradation rates over the range 120 to 150 °C.

My Ph.D. dissertation proposal was submitted to my committee in the third quarter and is
attached to this quarterly report (Closmann, 2009).
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Problem Statement

The solvent blend methyldiethanolamine/piperazine (MDEA/PZ) is known to thermally degrade at 120+
°C. Understanding what chemical mechanisms lead to its degradation is complicated by the likelihood
that secondary reactions between MDEA and PZ will occur in CO, loaded solvents once degradation is
initiated. Another complicating factor in accurately assessing degradation characteristics is that in
industrial applications solvents will be continuously cycled through oxidative and thermal degradation
conditions, resulting in secondary effects thus far not adequately investigated. The degradation
behavior of MDEA/PZ presents the need for the proposed investigative work in this document.

1.0 Description of the Problem

Alkanolamines have seen extensive use in the oil and gas industry for acid gas treatment for many years.
Should global agreements and resulting cap and trade legislation (e.g., proposed legislation by Waxman
and Markey, H.R. 2454, May 15, 2009) force the power generation industry to curtail CO, emissions in
the future, the use of amines to scrub CO, from power plant flue gases would likely become a key tool in
the effort to meet greenhouse gas emissions reduction requirements. The potential exists that a new
generation of power plants incorporating flue gas CO, absorption/stripping systems will become the
industry standard. The potential wide-spread use of this technology presents new challenges to the
power generation industry looking for more reliable and cost-effective process designs.

Key performance considerations in the selection of an amine solvent for CO, capture purposes include
CO, reaction rate, capture capacity, mass transfer characteristics, degradation resistance, corrosivity and
foaming potential. The sum of these operational considerations determines how well a solvent will
perform, but in practice, the screening and characterization of solvent degradation potential (oxidative
and thermal) has emerged as a critical step in the early stages of solvent selection.
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Figure 1: Absorber/Stripper System and Degradation Conditions
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Predicting how a solvent will degrade in a system designed for CO, capture from flue gas streams
requires an understanding of a typical absorber/stripper configuration. Figure 1 presents a process flow
diagram for an absorber/stripper system intended for CO, removal from flue gas. Flue gas enters the
absorber with approximately 7.5% O,, 13.5% CO, and a temperature of 60 °C (Fayette Power Plant Unit
3, LCRA, June 2008). The flue gas is counter-currently contacted with a lean amine for CO, absorption in
a reaction which is reversible. Absorber design generally includes a hold-up section sized for
approximately five minutes of solvent retention time. After passing through a cross exchanger, the CO,-
rich amine enters a steam stripper for reversal of the CO, absorption process. Steam stripping increases
the amine temperature to 120 °C or greater for desorption and removal of CO, for subsequent
dehumidification and sequestration. Typical absorber operating conditions for MEA include a
temperature of 55 to 60 °C with a potential temperature bulge of up to 74 °C (Kvamsdal, H. and G.
Rochelle, 2008). The steam stripper (regenerator) would be operated at 1 atm and temperatures in the
range of 100 to 120 °C (Aaron, D. and C. Tsouris, 2007).

It is anticipated that the prevailing degradation mechanism(s) in the absorber and absorber hold-up
would follow oxidative pathways, with some oxidation of solvents continuing to occur in the cross-
exchanger as dissolved and entrained O, is depleted. In contrast, it has been assumed that in the
stripper, a high-temperature and oxygen-depleted environment would exist, resulting in chemical
degradation processes including disproportionation and polymerization of carbamate structures
(Rochelle et al., 2001); the latter mechanism occurs with amines which form carbamates (primary and
secondary). We also anticipate that thermal degradation will occur in the rich amine as it is heated in
the cross-exchanger before entering the steam stripper. The extent to which dissolved or entrained
oxygen is carried over to the stripper resulting in an oxidative environment at higher temperatures has
generally been assumed to be low. However, due to a general lack of pilot or full-scale data from flue
gas CO, capture systems, the extent of entrainment or dissolution of O, in these applications is generally
unknown; typical acid gas treatment feed gases in the oil and gas industry have less than 1% O, (Astarita
et al., 1983).

One of the most commonly used alkanolamines in the acid gas treating industry is monoethanolamine
(MEA); MEA is particularly effective for CO, removal due to its fast reaction with CO, and its formation of
an MEA-carbamate. However, MEA is known to degrade in acid gas field applications. After studying
degraded field samples of MEA, Polderman, et.al. (1955) reported that MEA breaks down at elevated
temperatures to form 2-oxazolidone (HEOD) and 1-(2-hydroxyethyl)-2-imidazolidone (HEIA). Davis (PhD.
Dissertation, 2009) reported that MEA thermally degrades with a rate constant of 0.021 wks™ at 120 °C,
and will preferentially degrade in blended amine systems. MEA will also degrade oxidatively to form
heat stable salts including acetate, formate and glycolate, as reported by Rooney et al. (1998). Sexton
found (PhD. Dissertation, 2009) that as much as 70 % MEA was lost after ten days when degraded
oxidatively at 55 °C. The overall effect of this solvent degradation is to diminish CO, absorption capacity.

Because of other performance characteristics which limit their effectiveness for CO, capture, most
amines provide a less-than ideal alternative for CO, capture in coal-fired power plant flue gas streams.
One approach to solvent selection is the use of blends of those already in use (Appl et al., 1990) which
utilize a tertiary amine such as MDEA promoted with a fast reacting diamine such as piperazine (PZ).
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When combined at a ratio of 7 m (molal, or moles/kg water) of MDEA and 2 m PZ, the faster reacting PZ
(kaeg ~ 0.2 gmol/L vs. 0.02 - 0.2 gmol/L for MDEA) (Rochelle et al., 2001) ensures that the overall rate of
reaction of CO, in the blend will be as good or better than in single amines already in use (i.e., MEA,
MDEA, and DEA). The presence of MDEA at a concentration of 7 m improves capacity to absorb CO, by
behaving as a sink for protons through formation of protonated MDEA (MDEAH").

Despite having performance advantages over non-blend solvents such as the industry standard
monoethanolamine (MEA), the blend methyldiethanolamine/piperazine (MDEA/PZ) is known to
thermally degrade at 120+ °C (Closmann, Quarterly Report, April 2009). Understanding what chemical
mechanisms lead to its degradation is complicated by the likelihood that secondary reactions between
MDEA and PZ will occur in CO,-loaded solvents once degradation is initiated. The degradation behavior
of MDEA/PZ presents the need for the proposed investigative work in this document.

2.0 Pertinent Literature

2.1 Thermal Degradation

The published amine thermal degradation work generally relies on batch experimentation using a single
autoclave or multiple sample cylinders for rapid screening of multiple solvents, as in use at The
University of Texas at Austin. The bulk of that work focused on MEA, but data relevant to the MDEA/PZ
blend has been published. This section reviews the relevant work.

Polderman, et.al. (1955) studied MEA solutions from acid gas treatment systems to understand why
most operations undergo a gradual loss in capture capacity. The authors reported the presence of
degradation products including 2-oxazolidone and 1-(2-hydroxyethyl) imidazolidone (HEIA), and that the
HEIA undergoes hydrolysis to N-(2-hydroxyethyl) ethylenediamine (HEEDA). The HEIA contributes no
basicity or acid gas absorbing capacity, whereas the hydrolysis of the HEIA to HEEDA restores part of the
lost alkalinity and acid gas absorption capacity.

Chakma and Meisen (1988) degraded MDEA in an autoclave for 144 hours at 180 °C and a CO, partial
pressure of 2.59 MPa, and utilized gas chromatography/mass spectrometry (GC-MS) methods to identify
degradation products. In doing so, they reported the presence of several compounds, most notably
ethylene glycol, 2-(dimethylamino)ethanol (DMAE), 1,4-dimethylpiperazine, N-
(hydroxyethyl)methylpiperazine (HMP), triethanolamine (TEA), and N,N-bis(hydroxyethyl)piperazine
(BHEP). They also identified 3-(hydroxyethyl)-2-oxazolidone (HEOD) and N,N,N-tris-
(hydroxyethyl)ethylenediamine (THEED) in degraded MDEA samples. Later, the same authors (1997)
reported that MDEA will degrade at 200 °C to form several products including N,N-dimethylethanamine
(DMEA), DMAE, diethanolamine (DEA) and BHEP. Using the same GC/MS techniques, Dawodu and
Meisen (1996) reported the presence of many of the same compounds as well as methyl aminoethanol
(MAE) which they termed a reactive intermediate in the thermal degradation of MDEA/MEA and
MDEA/DEA blends.
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Polderman and later Kennard and Meisen (April 1980) suggested that the mechanism for thermal
degradation of DEA involved the formation of the oxazolidone of DEA (HEOD), and subsequent
formation of BHEP (Figure 2).
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Figure 2: Degradation of DEA (Kennard & Meisen, 1980)

Their work was followed by that of Kim and Sartori (1984) wherein a kinetic model was derived based on
degradation studies of CO, loaded solutions. The authors reported that the presence of CO, in aqueous
DEA solutions was necessary to catalyze the degradation process. They reported a similar pathway for
degradation of DEA involving the formation of HEOD, which degrades to THEED, then BHEP and other
products.

Holub and Critchfield (1998) reported that when they analyzed acid gas field samples where DEA and
MDEA had been in service, the primary degradation products they saw were the substituted
ethylenediamines including THEED. In one case, they reported that approximately 25 % of the original
DEA was converted to THEED in only six months of acid gas treatment operation. They also note that as
in laboratory studies of the same solvents, they detect BHEP in field samples, but at far lower
concentrations.

Using GC-MS, Lepaumier et al. (2009) reported that when they degraded DEA at 140 °C in a 100-ml
stainless steel reactor for 15 days, the vast majority of degradation occurred due to ring closure which
occurs after the DEA forms a carbamate. The DEA-carbamate will undergo ring closure to the
oxazolidone structure easier than it will undergo an addition reaction. The authors also note that
oxazolidones are very sensitive to nucleophilic reactions and react easily with another amine, resulting
in addition products (dimers).

More recently, Bedell (Dow Chemical, February 2009) reported that when they thermally degraded the
MDEA/PZ blend, they identified DMAE, DEA, TEA, methyl piperazine, and HMP. Bedell also reported
that it is initially possible to close the carbon mass balance on the degraded solvent by accounting for
the DMAE and TEA, but closing the balance becomes difficult as degradation proceeds further due to the
evolution of CO,.

2.2 Oxidative Degradation
In 1950, the Girdler Corporation (Kindrick et al.) reported a series of accelerated oxidative screening
studies designed to determine the relative resistance of amines and amine blends to oxidative
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degradation. Based on free amine concentration before and after oxidation, the authors reported that
tertiary amines such as MDEA, as a group, are the most resistant to oxidation, whereas the primary
amines (MEA) are the most susceptible to oxidation. The authors also reported that MEA degrades to
form appreciable amounts of non-alkaline corrosive products.

In 1956, Hofmeyer et al. reported that up to 40 % of basicity loss in MEA can be attributed to oxidative
deamination to form ammonia, with the remaining products being formic acid, a carbonyl compound
and a high molecular weight polymer. Blachly and Ravner (1964) reported that when CO, free air was
passed through 4N MEA at 131 °F (55 °C) for several days, no perceptible degradation occurred.
However, the presence of just 1 % CO, resulted in almost instantaneous degradation, as evidenced by
the generation of ammonia and peroxide. The authors also reported that N,N-diethanolglycine (VFS)
can be used as an anti-oxidant to reduce the peroxide and prevent further degradation of MEA.

Rooney et al. (1998) studied the oxidative degradation of various amines including MDEA, MEA, DEA and
DGA, and reported the presence of acetate, formate, and glycolate in each of these solvents after only 7
days. They also reported the presence of DEA in degraded MDEA solutions, but when the same
experiments were conducted with a nitrogen blanket, no DEA was detected. The latter observation was
noted as evidence of the role oxygen plays in the degradation of MDEA at elevated temperatures. The
authors proposed pathways for the sequential oxidative degradation of MEA to end products including
formic acid, acetic acid, and oxalic acid (Figure 3).
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Figure 3: Oxidative Degradation of MEA (Rooney et al.)

Strazisar et al. (2003) attempted to develop a fundamental understanding of the degradation pathways
associated with MEA by studying samples collected from the IMC Chemicals facility in Trona CA which
uses MEA for scrubbing CO,. Using GC methods, the authors analyzed process samples including
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reclaimer bottoms to quantify degradation products. They reported that carbamate dimerization of
MEA resulting in oxazolidone formation was not a significant pathway. The authors proposed that an
alternate pathway wherein MEA reacts with acetic acid to form N-acetylethanolamine occurs. They also
reported that the latter compound reacts with MEA to form an acetamide compound, which may then
form a six-membered ring compound by internally eliminating water to form 1-hydroxyethyl-2-
piperazinone or 4-hydroxyethyl-2-piperizinone.

We reported that CO, loaded solutions of 7 m MDEA/2 m PZ (~3.8 M MDEA/1.1 M PZ) with dissolved
metals are fairly resistant to oxidative degradation at 55 °C (Closmann, Quarterly Report, January, 2009).
For example, using our low gas apparatus on 7 m MDEA/2 m PZ with a loading of 0.30 moles CO,/mole
alkalinity and 1 mM Fe”, we measured a formate production rate of 0.011 mM/hr at 55 °C, with very
little production of other heat stable salts. This rate is over an order of magnitude lower than that
observed at the same conditions for MEA (0.39 mM/hr) (Sexton, 2009). Importantly, we also reported
very little loss of total alkalinity and total MDEA or PZ concentrations in oxidatively degraded blend,
whereas, at the same conditions, we see significant loss of 7 m MEA (Figure 4). Using the same
experimental apparatus, Freeman (2008) attempted to oxidatively degrade 10 m PZ with various metals
for catalyst, but reported a similarly low production of formate, and very little loss of PZ concentration
as evidenced by alkalinity and IC measurement methods.
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Figure 4: Oxidatively Degraded Solvents; 1 mM Fe®*, 100 mM Inh A, 7 m MEA Data from Sexton (2008)

From MEA oxidative degradation studies, Sexton (2009) reported that the formation of heat stable salts
can be followed by a reaction with MEA and the production of amides; formamide will be the product of
a reaction between formic acid and MEA. Formamide can be converted back to formate through a
simple hydrolysis step using 5N NaOH, and quantified through comparison of formate measured in
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hydrolyzed versus unhydrolyzed samples. This hydrolysis step was performed on 7 m MDEA samples
degraded in a solvent cycling apparatus (discussed below) for 60 hours, resulting in the production of as
much as 37 mM formamide. When degraded in our low-gas apparatus, we observed no more than 7
mM formamide after 192 hours of degradation.

3.0 Objectives of Research

3.1 Degradation Mechanisms in MDEA/PZ (Primary Objective)

The primary objective of this research is to develop a fundamental understanding of the degradation
mechanisms that occur in the MDEA/PZ blended solvent when used for CO, capture from flue gas feed
streams. Emphasis will be placed on the MDEA/PZ blend because of its commercial use. Versions of this
solvent are already in commercial use for acid gas treatment, and its performance benefits make its
consideration as an alternative to MEA for CO, capture from flue gas attractive. We will seek to identify
the degradation products of this solvent when used for CO, capture, and to understand the oxidative
and thermal degradation mechanisms that simultaneously occur so that methods for preventing
degradation can be developed. This may lead us to the specification of optimal operating conditions for
this solvent.

As discussed above, MDEA is known to thermally degrade to DEA quite readily, with further degradation
to other amine products well documented. Secondary reactions with PZ in the MDEA/PZ blend have
been confirmed through detection of products such as methyl- and dimethyl-PZ. An understanding of
the mechanisms leading to these secondary reactions is lacking. The subject research will seek to fill
these data gaps.

The proposal scope will include similar degradation studies of one to two other blends with PZ, with 2-
amino-2-methylpropanol (AMP) a likely candidate to replace MDEA in the blend. The purpose of this
substitution is to investigate whether the hindered amine (AMP) initiates similar degradation processes
in the blend, leading to secondary reactions with PZ and loss of both the AMP and PZ.

3.2 Investigating Effects of Solvent Cycling (Secondary Objective)

In addition to developing a basic understanding of the degradation mechanisms for the MDEA/PZ blend,
this research will focus on the combined effects of oxidative and thermal degradation occurring in cycled
solvents. To-date, the published data has typically been generated by performing batch experiments
wherein the thermal and oxidative degradation effects are studied separately. The scope-of-work of my
research will utilize an Integrated Solvent Degradation Apparatus (ISDA). ISDA continuously cycles a
single charge of approximately 2.5 kg of solvent through oxidative and thermal degradation conditions
in order to mimic the degradation environment of an absorber/stripper system. ISDA does not achieve
CO, absorption and stripping as in a true absorber/stripper configuration. Instead, ISDA will cycle
solvents at a preselected CO, loading, corresponding to either the rich or lean end of expected
conditions.

Central to studies using ISDA is the need to understand why the rate of formation of heat stable salts in
7 m MDEA observed in Cycling Experiment C-1 was more than an order of magnitude greater than that
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observed in oxidative experiments conducted with our low-gas apparatus. We will explore the potential
that this observation was due to entrainment of O, in cycled solvents, thus allowing accelerated
oxidative processes to occur in the thermal reactor at the higher temperature of 120 °C. The
importance of this conclusion is that accelerated oxidation may occur in a stripper in flue gas
applications where O, is present in the feed, thus requiring engineers to compensate for detrimental
oxidative effects in CO, scrubber systems. This effect is in contrast to acid gas treatment applications
where O, feed concentrations are typically less than 1 %. We will also investigate secondary reactions
involving the oxidative degradation of thermal degradation products to heat stable salts (i.e., DEA
degradation to formate).

4.0 Proposed Methods of Conducting Research

In the proposed research, emphasis will be placed on degrading solvents in a cycling environment
wherein the solvents are alternately exposed to both oxidative and thermal degradation conditions in a
single integrated apparatus (ISDA). The majority of the planned future work will utilize ISDA (described
below). Other methods will also be utilized including: (1) thermal degradation in 10-ml 316 stainless
steel sample cylinders at temperatures of 100 to 175 °C, and (2) oxidative degradation in a 400-ml low-
gas reactor at atmospheric pressure and 55 °C. This section discusses each method of degrading
solvents, and the analytical techniques we will use to analyze samples.

4.1 Thermal Degradation (Sample Cylinders)

Batch thermal degradation screening studies will be performed in sample cylinders constructed of 316
stainless steel tubing and Swagelok® compression fitting endcaps with a nominal volume of 10 ml. Each
sample cylinder is charged with 8 to 10 ml of solvent, sealed, and placed in a forced convection oven at a
preset temperature for a period of time. Cylinders are removed from the oven(s) over time and the
solvent samples sacrificed for analysis.

Several sample cylinders are utilized for each experiment to provide several data points for each
temperature and CO, loading. The sample cylinders allow us to rapidly screen solvents and degradation
conditions, with multiple experiments possible at one time. The sample cylinder volume is adequate to
allow a full suite of analyses including IC, IC/MS, HPLC, LC/MS, metals, TIC, and titrations. One limitation
to the sample cylinders is the possibility that the amines are able to corrode the sample cylinders,
despite being constructed of 316 stainless steel. Given this possibility, we will analyze for metals in
degraded samples in all future experiments.

4.2 Oxidative Degradation (Low-Gas Reactor)

Rapid oxidative degradation screening will be achieved with a low-gas flow glass reactor with a nominal
volume of 400 ml. The reactor is designed with a jacket to allow circulation of a temperature-controlled
water bath in the reactor wall, thus maintaining solvent temperature at 53-55 °C. A gas mixture of 98 %
0,/2 % CO, is continuously pumped into the reactor headspace at a rate of 100 ml/min, forcing air out
and limiting the driving force of CO, from solution to the atmosphere. The solvent is agitated with a
stirring shaft and impeller operated at approximately 1440 rpm to induce rapid mixing and creation of a
vortex. The operating conditions are designed to overcome mass transfer limitations associated with
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dissolving O, into the solvent as degradation progresses. Solvents are degraded in the low-gas reactor
for up to three weeks at a time, with samples collected daily for analysis.

The low-gas apparatus has the advantage of allowing rapid screening of the oxidative degradation
potential of solvents while working with less than 0.5 L at a time. Using this method, we determined
that 7 m MDEA/2 m PZ maintains nearly all of its MDEA and PZ concentration when degraded for three
weeks at 55 °C with 1 mM Fe®*. Under similar conditions (55 °C and 1 mM Fe?*), we determined that 7 m
MEA loses almost 70 % of its amine concentration and functionality (Sexton, 2009).

The low-gas apparatus has one significant limitation in that we have typically been unable to close the
mass balance on oxidatively degraded solvents in past studies. Because the low-gas reactor is not a
sealed vessel, the system experiences loss of gas-phase degradation products through the impeller shaft
opening, thus preventing us from accounting for the evolution of volatile products such as ammonia and
CO,. This apparatus also requires that we maintain the water balance due to daily water losses of
approximately 3 %; liquid loss is assumed to be 100 % water, and is accounted for through careful
measurement of liquid level, and daily additions of make-up water. Another method employed to
account for liquid loss entails the use of a non-volatile (inorganic) tracer such as sulfate.

4.3 Integrated Solvent Degradation Apparatus (ISDA)

The research described in this proposal places emphasis on the degradation of solvents in a cycling
environment through use of the new degradation study tool ISDA (Figure 5). Its specifications are listed
in Table 1. ISDA allows us to integrate the study of oxidative and thermal degradation of solvents in a
single apparatus that mimics degradation conditions observed in an absorber/stripper configuration
designed for CO, capture. Each batch of solvent is continuously cycled from the oxidative conditions
that mirror an absorber to the thermal conditions prevalent in a stripper. It is anticipated that, when
combined into a single experimental apparatus, the corresponding degradation processes will lead to
secondary effects typically observed in field application samples. ISDA provides the possibility and
flexibility to study degradation processes that occur in the field without having to rely on field samples
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Figure 5: Integrated Solvent Degradation Apparatus (ISDA)
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Table 1 - Integrated Solvent Degradation Apparatus (ISDA)

Equipment Type Specifications Manufacturer
Pump Positive Displacement 50 - 5000 ml/min Cole-Parmer
Cross Exchanger Tube-in-tube 316 SS; 60 inch length Exergy
Coiled Tube/Oil Bath 316 SS Tubing, ~60 inch
Pre-Heaters Immersion length UT ChE Shop Fab
Trim Cooler Tube-in-tube 316 SS; 18 inchlength Exergy
Flow-through Stirred 0.4 L Top Section, 0.25 L Glass Fabrication
Oxidative Reactor Reactor Bottom Section (Welch)
Thermal Reactor Tube-in-tube Reactor 316SS; 0.9 L UT ChE Shop Fab
Tubing SS Tubing 316 SS Swagelok®
Heat Baths Water/Oil Circulation 2.25 kW Lauda E200/E300

The oxidative reactor, which mimics conditions in an absorber, is a jacketed glass reactor with a top and
bottom section. The top section has a nominal volume of 400 ml, while the bottom section, which
mimics the absorber hold-up section, has a volume of approximately 250 ml providing hold-up retention
times of 2 to 5 minutes, depending on solvent flow rate. The top section is agitated with an impeller
shaft rotated at ~1,450 rpm to create a vortex on the liquid surface, thus ensuring the system is
kinetically limited as opposed to mass transfer limited. We operate at a nominal flow rate of ~120
ml/min. The oxidative reactor is operated at atmospheric pressure and temperatures in the range of 53
to 55 °C.

CO,-loaded amine is continuously pumped from the bottom section of the oxidative reactor through a
positive displacement pump and into the shell side of a single-pass tube-in-tube cross-exchanger where
it takes on heat from amine exiting the thermal reactor counter-currently. The amine is then passed
through a series of two pre-heaters consisting of stainless steel coiled tubing immersed in Lauda oil
baths operated at 110 and 132 °C, respectively. The amine exits the second pre-heater and enters the
internal section of a thermal reactor, which is a stainless steel tube-in-tube heat exchanger with a
nominal volume of 0.9 L. Dimethyl silicone oil is passed through the jacket side of the thermal reactor to
impart heat to the amine; amine and jacket-side oil are operated in co-current fashion to ensure fully
flooded operation of the thermal reactor. The amine then exits the thermal reactor and passes back
through the inner tubing of the tube-in-tube cross-exchanger where it gives up heat to the amine
passing on the shell side. The amine is then passed through the inner tube of a tube-in-tube trim cooler
(heat exchanger) where it is cooled by tap water at ambient temperature passed through the shell side.
Finally, the cooled amine is passed through a back-pressure valve (%-inch metering valve) and returned
to the oxidative reactor at a location just above the vortex liquid level at atmospheric pressure. All
tubing is Y%-inch nominal size. Materials of construction include 316 stainless steel for all tubing,
compression fittings, cross-exchanger, and thermal reactor, and PPS (polypropylene) for the pump head.
The oxidative reactor is of glass construction.
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4.4 Analytical Methods

Degraded samples are analyzed for a number of chemical parameters including: (1) total inorganic
carbon (TIC) for CO, loading, (2) titration for alkalinity, (3) cation and anion chromatography for
degradation product concentrations, (4) IC-MS and LC-MS to separate degradation compounds and
determine their respective masses, (5) HPLC to separate and identify non-ionic degradation products,
and (6) flame atomic absorption (AA) for individual metals. This section briefly discusses the analytical
methods and how they will be used in my research.

Total Inorganic Carbon (TIC)

We measure CO, concentrations in prepared solutions and degraded samples using our TIC equipment
which consists of a gas purge cell and Horiba infrared (IR) detector. Solvent samples are acidified in the
gas purge cell with 30 wt % H3;PO, to convert all CO, species to gaseous CO,, and nitrogen purge gas
sweeps the sample to the IR detector. Carbon standards are injected for comparison and the CO,
loading of a sample is calculated based on moles of CO, per mole of alkalinity. Data acquisition is
achieved through a PC and PicolLog software connected to the IR detector.

Total Organic Carbon (TOC)

Total organic carbon (TOC) is measured in degraded samples using a Shimadzu 5050A TOC Analyzer
(Kyoto, Japan). The analyzer measures TIC and total carbon of samples. The difference between these
two measurements is TOC. In a similar fashion to that described above, TIC measurements involve
liberating CO, species (aqueous CO,, carbonate (CO;>), bicarbonate (HCO;) and amine carbamates)
from solution as gaseous CO, with 25 wt % phosphoric acid (H;PO,). The CO, is carried by nitrogen gas
to a non-dispersive infrared (NDIR) analyzer. For total carbon analysis, a slipstream of sample is
metered and combusted over a platinum catalyst at 680 °C with ultra pure air. The CO, created by this
combustion is carried to the NDIR detector for measurement of response. A 1000 ppm standard made
of a mixture of sodium carbonate (Na,COs) and sodium bicarbonate (NaHCO3) in ultrapure water is used
to calibrate instrument response. For TOC measurements, the Shimadzu has detection limit of four ppb
and a range of up to 4000 ppm (Sexton, 2008).

Titration

Sample alkalinity of solvents is measured through acid titration with a Titrando auto titrator using 0.1N
H,SO,. The results are used to determine the amount of amine functionality lost during degradation.
Amine concentration and solution alkalinity are calculated based on the amount of acid needed to reach
an equivalence point at a pH of 3.9.

lon Chromatography (IC) — Cation and Anion

We utilize a Dionex 1CS-2500 lon Chromatography System (IC) with autosampler to quantify cations in
degraded solutions (Dionex Corporation, Sunnyvale, CA). Our current separation method utilizes an
lonPac CS17 analytical column (4 X 250 mm). The column is a sulfonated styrene divinyl benzene
copolymer medium which can achieve separation of cations encountered in amine solvents when eluted
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with a combination of ultrapure (deionized) water and methanesulfonic acid (MSA). The system is
equipped with a Cationic Self-Generating Suppressor (CSRS) for anion suppression/removal prior to
passing eluted material through the Dionex CD25 conductivity detector. Chromeleon proprietary
software is used for all Dionex system controls and data acquisition.

A Dionex Dual RFIC ICS-3000 ion chromatograph is used for anion separation and quantification. The
instrument is equipped with an RFIC EluGen KOH eluent generator; the method currently in use for
anion separations utilizes a KOH gradient in ultrapure (deionized) water. Separations are achieved with
an lonPac AS15 column (4X 250 mm) column which is a sulfonated styrene divinyl benzene copolymer
medium. Separated samples are passed from the column through a 4-mm Anionic Self-Regenerating
Suppressor (ASRS) device to remove cationic species. The system also utilizes two carbonate removal
devices to remove excess carbonate species from samples (Continuously Regenerated Anion Trap
Column or CR-ATC), and a conductivity detector for anion quantification. Chromeleon software on a PC
is used to control the entire IC system, modify and launch sequences, and perform data acquisition.

Mass Spectrometry (MS) Coupled with IC and Liquid Chromatography

Degraded samples are also analyzed with a Dionex ICS-2000 RFIC Chromatography System coupled to a
ThermoFinnigan TSQuantum mass spectrometer (MS) with an electrospray ionization detector. The
Dionex system can be configured for cation IC or liquid chromatography (LC) mode coupled with the
mass spectrometer (MS).

The TSQuantum consists of three basic components: (i) ion source, (ii) mass analyser, and (iii) ion
detector. In the electrospray ionization, the liquid sample is electrostaticly sprayed through a needle
held at high voltage, imparting a positive or negative charge to ions in the liquid. The ions are attracted
to the entrance of the mass analyzer and emerge from a cone formed by the elongation of the solution
at the needle tip. A counter-current dry gas evaporates the ionized liquid further, leaving ions which
move closer together, eventually becoming small solvent-free ions that are passed through the mass
analyzer and detected.

When coupled with the IC, which separates compounds in samples by cation activity, or LC which
separates compounds in samples by polarity, the MS provides a spectrum of charge-to-mass ratios
which is synchronized with the elution of the compounds from the respective column and detector,
allowing determination of molecular weight of compounds aligned with elution time from the
chromatograph. The utility of this combined analytical technique to the proposed work is that we can
separate and detect cations or polar compounds in degraded amine samples, and assign molecular
weights to peaks. In combination with knowledge about amine behavior (mono-amine vs. diamine
functionality) and where these elute in IC, we can accurately determine the structure of degradation
products with cationic behavior. For non-ionic species such as ureas, we see separation in elution times
with the LC based on polarity, and assign mass in a similar fashion.
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HPLC

The Dionex ICS-3000 modular Dual RFIC lon Chromatography System contains an HPLC for analysis of
degraded samples for non-ionic species. Our current separation method utilizes a gradient of methanol
in ultrapure water to achieve separation of non-ionic species in an Atlantis T3 3um column (4.6 X 150
mm) (Waters Corporation, Milford, MA). Samples are separated on the stationary phase column and
passed through an evaporative light scattering detector (ELSD). The mobile phase entering the detector
is nebulized with nitrogen to form aerosol droplets which then pass through a heated coil where the
eluent is evaporated, leaving residual analyte. These analyte particles enter an optical chamber where
they pass through a light beam which gets scattered. The magnitude of this scattered light is dependent
on the size of the particle formed and is sensed by a photodiode. Suitability of a compound for
detection with ELSD is generally dictated by vapour pressure (the lower the better); semi- and non-
volatile species are more likely to be detected with ELSD than volatile species. In degraded amines, we
expect that some urea compounds will be detectable with ELSD.

Atomic Absorption

We use a Perkin-Elmer atomic absorption (AA) spectrometer for metals analysis in degraded samples.
The Perkin-Elmer AA spectrometer uses a flame to atomize liquid samples, and produce free analyte
atoms from the samples; the source of energy for the free atom source is heat. The flame AA utilizes an
air/acetylene flame. The sample is introduced as an aerosol into the flame by a nebulizer and spray
chamber. A light beam source, either a cathode lamp (HCL) or an electrode-less discharge lamp (EDL), is
aligned to pass light through the flame. The metals, which exist as ground state atoms, absorb energy in
the form of light of a specific wavelength elevating them to an excited state. The amount of light energy
absorbed at a given wavelength will increase as the number of atoms of the selected element in the
light path increase. The relationship between the amount of light absorbed and the concentration of
analytes present in standards is used to determine the concentration of the element in unknown
samples. Each metal of interest requires a different light source emitting at a different wavelength.
Measurements of metals concentrations are rapidly made in 10X dilution samples.

5.0 Data Analysis Methods

This research will generate amine degradation samples through several methods including ISDA, thermal
degradation batch cylinders, and the low-gas oxidative degradation reactor. The analytical data from
the instrumentation described above will be used for comparative analysis. We will compare the ISDA
degradation data including identified degradation products from IC and MS methods to that collected
using the other two experimental methods (Swagelok® sample cylinders and low-gas oxidative reactor).
The following discussion articulates the basic analyses | will implement. Rates of degradation will be
calculated, and relationships for how amine degradation is affected by temperature, CO,-loading, and
amine concentration will be derived through data regression.
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5.1 Determination of Enhanced Degradation Effects in ISDA

At its most basic level, the data will be used to determine whether enhanced degradation effects are
occurring when we continuously cycle the solvents over simple batch experiments. Analyses will include
comparing degradation rates of known products (heat stable salts and cation products such as DEA), and
assessing whether new products appear in ISDA samples. We will be able to use the data generated in
past experiments (Thermal No.s 1-10 and OD-1 through OD-5) as a base of knowledge for how MDEA
and MDEA/PZ degrade both thermally and oxidatively. Building on this data, cycling experiments will be
designed for direct comparison at similar solvent concentrations (7m MDEA and the 7 m MDEA/2 m PZ
blend), loadings (0.1 through 0.3 moles CO,/mole alkalinity), and temperatures (oxidative degradation at
55 °C and thermal degradation at 120 °C).

5.2 Development of Thermal Degradation Mechanisms

We will seek to determine chemical degradation mechanisms in the MDEA/PZ blend through review of
the time progression of degradation product appearance and concentration. For example, when we
degrade MDEA, we start to form DEA after only four hours of operation in ISDA with concentrations of
55 and 120 °C in the oxidative and thermal reactors, respectively. The concentration increases with time
for the duration of the experiment. In the presence of free CO,, we can expect that DEA-carbamates will
form, and lead to the formation of the oxazolidone and HEIA. In the presence of PZ, however, we expect
that a set of competing reactions involving arm-switching will occur, as evidenced by the presence of N-
methyl-PZ in thermal studies with batch cylinders. This work will strive to define the specific
mechanisms that are occurring. Mechanisms have been postulated in Section 7.0.

5.3 Closure of Mass Balance

We will seek to close the carbon and nitrogen mass balances in degraded MDEA/PZ samples using IC, IC-
MS, LC-MS and HPLC methods. When we degraded 7 m MDEA/2 m PZ using our sealed sample
cylinders, we found that as much as 35 % of MDEA and over 90 % of PZ mass were lost after 42 days of
degradation at 150 °C. Because total sample mass was not actually lost, we should be able to account
for MDEA and PZ mass loss through identification of degradation products using the described analytical
methods. IC-MS allows us to separate degradation products with cationic functionality (active nitrogen
groups exhibiting alkalinity) and identify their mass. With the identification of the compounds exhibiting
cation behavior in associated IC-MS analyses, we are only able to account for a fraction (<20 %) of the
lost MDEA and PZ mass and alkalinity in this experiment. We will utilize LC-MS and HPLC to identify and
guantify degradation products including non-ionic polar compounds such as ureas (HEIA) and dimers of
urea.

6.0 Preliminary Data

Through experiments conducted to-date on 7 m MDEA, 8 m PZ, and the 7m MDEA/2 m PZ blend, we
have developed a basic understanding of the degradation potential and behavior of these solvents.
Experiments with the individual amines have been essential to understanding the more complex nature
of the blend. The more important findings from my completed research are presented in this section.
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6.1 Thermal Degradation

Figure 6 presents the concentrations of MDEA and PZ from a batch cylinder thermal degradation study
conducted on 7 m MDEA/2 m PZ at a loading of 0.26 moles CO,/moles alkalinity and temperatures of
135 and 150 °C. The concentration of PZ decreases to zero in less than 20 days at 150 °C, and less than
35 days at 135 °C. PZ losses are accompanied by apparent equimolar losses in MDEA concentration over
the initial period of the experiment while PZ is being lost. At 135 °C, the MDEA loss rate slows after
complete loss of PZ in the blend, with a distinct leveling out after 69 days in the study. However, at 150
°C, we see a continued loss in MDEA concentration, with determination of the longer term trend limited
by lack of data past 69 days in the study.
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Figure 6: 7 m MDEA/2 m PZ Degradation (Thermal Cylinders)

Table 2 presents a summary table of thermal degradation rates measured in 7 m MDEA and 7 m
MDEA/2 m PZ at nominal loadings of 0.1 and 0.2 moles CO,/mole alkalinity. Using cation IC, we
measured amine concentrations including undegraded solvent (MDEA and PZ) and degradation
products. We estimated the concentration of diamine compounds appearing in degraded samples,
calculated diamine appearance rates, and correlated PZ and MDEA loss rates with diamine appearance
rates. Assuming PZ degrades in the blend to diamine products, the rates between PZ loss and diamine
appearance generally matched. In general, the rates correlated well on an order of magnitude basis,
with the exception of the higher loading (0.2 moles CO,/mole alk), and at 150 °C. The most significant
pattern arising from the data was an increase in the PZ loss rates from the blended solvent when the
temperature was increased from 100 to 150 °C. Across the investigation temperature range, an increase
in loading from 0.1 to 0.2 moles CO,/moles alkalinity had little effect on the PZ loss rate, but a large
effect on the MDEA loss rates, indicating that CO, played a role in MDEA loss. The mechanisms for loss
of amine in the blend rely on a reaction with CO, to form either protonated MDEA or a DEA-carbamate
(see Section 7.0), leading to further reactions. Hence, the observation that an increase in loading plays a
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large role in amine degradation is consistent with assumptions about degradation mechanisms.

Accounting for diamine production through cation analyses does not allow us to close the mass balance

on degraded samples in the blend.

Table 2 - Thermal Degradation Rates - Average MDEA/PZ Loss/Diamine Appearance Rates
MDEA Deg Rate PZ Deg Rate Diamine Appearance
Duration (mmolality/day) (mmolality/day) Rate (mmolality/day)
Solvent Temp (°C)| (Days) a=0.1 a=0.2 a=0.1 a=0.2 a=0.1 a=0.2
100 63 6+6 18 + 52 NA NA NA NA
7m MDEA 120 63 0.2+11 21+16 NA NA NA NA
135 69 55 53 NA NA NA NA
7m MDEA 150 69 66 112 NA NA NA NA
100 54 3+13 19+4 24 61 1+2 22
7m MDEA/2m PZ 120 54 11+11 720 3 95 22 S5.&2
7m MDEA/2m PZ w/ 1 100 42 NA 3+£13 NA 2+5 NA 2:23
mM Fe?* 120 49 NA 18+ 20 NA 11 +10 NA 12 +32
7m MDEA/2m PZ 125 28 8+37 0+20 30+15 30+11 44 £12 51+8
7m MDEA/2m PZ* 150 28 8+57 66 +21 79 +£20 50 +25 NA 5+15

Figure 7 of this proposal is a typical cation IC chromatogram for 7 m MDEA/2 m PZ loaded to 0.25 moles
CO,/mole alkalinity and degraded at 135 °C for 21 days. This sample was analyzed with an IC-MS, and
the molecular weights of corresponding peaks are presented to illustrate the cation degradation

products identified to-date. In this sample, we were able to account for four and possibly five (MW =

133.2 tentatively identified as diethanolethylamine) degradation products.
time, this solvent degraded to yield additional unidentified peaks.
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Figure 7: Cation Chromatogram/Mass Spectrum
7m MDEA/2m PZ, o = 0.25, T = 135 °C, 21 Days
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Freeman (April 2009) reported that the cyclic amine PZ does not thermally degrade at temperatures up
to 150 °C, despite forming a carbamate in CO, loaded solutions. However, | reported (Closmann, July
2009) that, when blended with MDEA at concentrations of 7 m MDEA/2 m PZ, both the MDEA and PZ
are degraded, with complete PZ degradation within 30 days at 150 °C in batch cylinder degradation
studies. We believe the MDEA undergoes thermal degradation to form DEA, which reacts with CO, to
form DEA-carbamate. As demonstrated by Polderman, the DEA-carbamate will form an oxazolidone
(HEOD), and in an analogous fashion to that reported by Davis (2009), will react with the strong
nucleophile PZ to form a PZ derivative. We have been unable to identify the final PZ derivative(s) in
degraded blends to-date. However, we have identified the compounds listed in Table 2 in MDEA/PZ
blend studies using IC-MS. That list includes methyl piperazine, dimethyl piperazine, and 1-(2-
aminoethyl)piperazine. We also detected compounds with molecular weights of 120.7, 127.6, 133.2,
169 and 187.2 at significant enough frequency and concentration to warrant further investigation.

In summary, our thermal degradation studies with the MDEA/PZ blend confirm the breakdown of MDEA
to DEA and its degradation products. We also believe that PZ is acting as a strong nucleophile and
reacting with these degradation products to form the PZ derivatives listed in Table 3. These findings are
consistent with that of Davis (2009) who found that blends of MEA and another amine preferentially
degraded the other amine over studies with the other amine alone, and with Lepaumier (2009) who
reported that the oxazolidones are sensitive to nucleophilic reactions with other amines, which would
include PZ.

Table 3 - Compounds Detected in Thermally Degraded MDEA/PZ

Compound Acronym Intermediate/End Product* | Molecular Weight Method
ethylenediamine EDA Intermediate 60.1 IC
methylaminoethanol MAE Intermediate 75.1 IC
dimethyl aminoethanol DMAE Intermediate 89.1 IC-MS, LC-MS
N-methyl piperazine N-methyl PZ Final 100.1 IC-MS
diethanolamine DEA intermediate 105.1 IC-MS, LC-MS
N,N’-dimethyl piperazine | 2-methyl PZ Final 114.2 IC-MS, LC-MS
N,N’-diethyl - Final 117.2 IC-MS
ethanolamine
1-(2-aminoethyl)- - Final 129.2 IC
piperazine
Diethanolethylamine - - 133.2 LC-MS
1-(2-hydroxyethyl)-4- HMP Final 144.1 IC-MS, LC-MS
methyl piperazine
Dihydroxyethyl BHEP Final 174.1 LC-MS
piperazine

* Terminology provided in literature (Chakma & Meisen, 1997)
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6.2 Oxidative Degradation and Cycling in ISDA

Figure 8 presents formate concentrations with time for oxidatively degraded 7 m MDEA from three
studies. The first study was that conducted by Rooney et al. (1998). In 2008, we measured formate
concentrations when we degraded the same solvent in our low-gas reactor. Most recently, we utilized
ISDA to cycle and degrade the same solvent in Experiment C-1. We reported an order of magnitude
greater production of formate and formamide (measured as formate) through cycling of the solvent in
ISDA. Figure 9 presents the concentrations of MDEA, heat stable salts and amide (measured as formate
in hydrolyzed samples) from that same cycling experiment. Note that losses in MDEA and production of
heat stable salts and amides are not on the same order of magnitude. In fact, when we attempted to
close the mass balance on degraded 7 m MDEA in experiment C-1, we were able to account for
approximately 20 % of MDEA loss through estimates of DEA (cation IC), formate, gylcolate, formate and
formamide concentration.

These data may indicate that thermal degradation products of MDEA are being oxidatively degraded to
heat stable salts (formate), and/or the entrainment of gas bubbles (primarily O,) is causing enhanced
oxidative degradation to occur in the cross exchanger and thermal reactor in ISDA over that observed in
our low-gas apparatus. These effects will be investigated in the proposed scope-of-work.
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Figure 8: Formate Production in Oxidative Degradation of 7 m MDEA (Various Studies)

In order to understand whether corrosion played a role in the degradation of 7 m MDEA and the
corresponding production of heat stable salts, we measured the concentration of iron, chromium and
nickel in the daily samples from that experiment using flame AA. We found less than 5 ppm of iron at
the very end of the experiment, but nickel and chromium were below detection.
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Figure 9: Degradation Products in 7 m MDEA (Cycling for 60 Hrs in ISDA)

7.0 Degradation Mechanisms

We have postulated thermal degradation mechanisms in the MDEA/PZ blend. Three of those
mechanisms are presented in this section. Using IC, IC-MS, LC-MS and HPLC methods with standards,
we will continue the work of identifying products in degraded MDEA/PZ samples so that we can confirm
these degradation mechanisms, and/or postulate new ones.

Currently published data indicate that, when MDEA/PZ is loaded with CO,, the MDEA thermally
degrades at temperatures of 120 °C and above to form DEA, MAE, DMAE and other products. This initial
degradation step is followed by other reactions. DEA in particular, will form a DEA-carbamate in the
presence of CO,, and progress through the pathway first described by Polderman (1950) to form an
oxazolidone and ethylenediamine compound. In the presence of PZ, which will act as a strong
nucleophile (pK~9.82), additional products such as 2-[[2-(1-piperazinyl)ethyllamino]ethanol (MW=173)
could be formed through attack of the carbon-oxygen bond at the ester-oxygen on the oxazolidone by
free PZ (Figure 10). We believe that this reaction would be possible at loadings below the point at which
all PZ reacts with CO, to form PZ-dicarbamate (i.e., < 4 /11 moles CO,/moles total alkalinity). As of this
time, we have not identified this compound using IC or other methods.
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Figure 10: Thermal Degradation Mechanism — DEA-Carbamate Formation/PZ Nucleophile

Another proposed mechanism (Willson and Closmann, 2009) involves the protonation of MDEA
(MDEAH+) in CO,-loaded MDEA/PZ (Figure 11). MDEAH+ would be reactive and unstable, and in the
presence of PZ, could undergo secondary reactions to form methyl-PZ and DEA, both of which have
been observed in our degraded MDEA/PZ samples. From this point, the DEA would continue to degrade
through the mechanism described above wherein the DEA-carbamate polymerizes then undergoes
dehydration to form an oxazolidone. At this point, the mechanism described above would be possible,
resulting in PZ derivatives.
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Figure 11: MDEA Protonation Pathway (Closmann/Willson, 2009)
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A third mechanism we have considered (Figure 12) is similar to that presented in Figure 10 wherein
MDEA degrades to DEA, forms the DEA-carbamate, and subsequently the oxazolidone (HEOD). The
oxazolidone then reacts with N-methyl PZ which we have observed in thermally degraded samples. This
reaction leads to the formation of the compound 2-[[2-(4-methyl-1-piperazinyl)ethyl]lamino]ethanol
with a molecular weight of 187.1. This compound will have an active nitrogen group and likely continue
to react with DEA-carbamate and/or other strong nucleophiles in solution such as free PZ to form other
compounds. We have observed a peak with a molecular weight of 187.1 through LC-MS analysis of
samples of 7 m MDEA/2 m PZ thermally degraded for 3 to 15 days at 150 °C. Samples in this same series
degraded for longer periods at 150 °C (69 days) do not exhibit this compound, possibly indicating their
participation in additional reactions. Finally, this last mechanism is consistent with the protonation
mechanism presented in Figure 11 which resulted in the production of both DEA and N-methyl PZ.

8.0 Planned Future Experiments

The proposed work is designed to fill data gaps and fulfill the research objectives reviewed in Section
3.0. Experiments will be sequenced to separate and understand the chemical degradation mechanisms
occurring in the individual amines (MDEA and PZ) first, followed by developing that same understanding
in the MDEA/PZ blend. For example, three cycling experiments utilizing ISDA for degradation of 7 m
MDEA have been completed since July 2009. Each of these experiments has been designed to further
our understanding of the degradation behavior of MDEA in the absence of PZ in the cycling environment
created by ISDA (see Figure 8). After completion of MDEA experiments in ISDA, we will perform similar
experiments with 2 m PZ. These experiments will be followed by a series of experiments in ISDA with 7
m MDEA/2 m PZ. In parallel with these experiments in ISDA, we will perform low-gas and thermal
cylinder experiments on the same solvents as necessary to isolate oxidative and thermal degradation
effects in these solvents. This overall sequence of experiments will provide the greatest opportunity to
determine mechanisms in the blend.
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Figure 12: Thermal Degradation Mechanism — DEA-Carbamate Formation/N-methyl PZ Nucleophile
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In an analogous fashion to the above-stated approach, we will investigate the degradation potential of a
blend of the sterically hindered amine AMP with PZ.

| will utilize the analytical methods discussed in Section 4.0 on all degradation samples in order to
achieve the research objectives stated in this proposal. Emphasis will be placed on utilizing IC-MS, LC-
MS and HPLC to separate and identify degradation products in the experimental work. A significant
amount of effort will be placed on refining our existing methods to learn more about the degradation
processes with each experiment.

Typical cycling experiments require approximately ten to fifteen days to complete, and a one week
turnaround period. Over the next 20 months, | anticipate completing a matrix of up to 18 experiments
in ISDA to meet the research objectives. Thermal degradation experiments in Swagelok® cylinders will
be conducted in parallel with cycling and low-gas experiments, allowing completion of all proposed
experimental work in 20 months.
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Abstract

Iron-catalyzed degradation of 8 m PZ is reduced with the addition of 100 mM Inhibitor A. PZ in
the presence of iron loses 10% of the initial amine within 500 hours but A reduces this to
effectively no loss. With 10 mM of A in the presence of stainless steel metals (F ez+, Cr3+, Ni2+),
the loss of PZ was not reduced while fewer degradation products were produced

At 175 °C, 8 m PZ lost 71.5 and 73% over 15 weeks with 0.3 and 0.4 mol CO,/mol alkalinity,
respectively. This degradation produced large amounts of formate, total formate, and EDA.
Total formate reached 560 and 690 mM while EDA reached 42 and 45 mM for the two loadings,
respectively. The degradation in these experiments seen in the first 5 weeks matched the rate
observed in previous experiments at this temperature. Despite the high rate of degradation
observed in these two experiments, metal concentrations were low for Fe?*, Cr’*, and Ni*", all
staying below 7 and 12 mM in the two experiments. Unique to these two experiments, Ni** was
found in the highest concentration, not iron as is expected.

The behavior of 16 PZ derivatives was observed in the Cation IC-MS. Most of the amines,
AcPZ, AEPZ, AMPZ, DFPZ, DMPZ, EDA, EPZ, FPZ, HEEDA, HEP, HEMP, MPZ, and
TEDA, behaved as expected producing a single peak with the expected m/z ratio for that analyte.
Doublet signals (m/z = 2*MW+1) were observed in 7 analytes as well. Three species, 2-
Imidazolidone, 2-Methyl-2-Imidazoline, and 2,5-piperazindione, produced very weak signals
without the expected m/z ratio. Cation IC-MS analysis of 11 oxidation and one thermal
degradation sample was performed. In those where PZ degraded, namely OE2, OE4, and TE9,
peaks of EDA and N-Formyl PZ were identified. Experiments with Inhibitor A both have the
same unidentified peak that must be an adduct of A.ICP-OES will be used for metals analysis
rather than AA because of ability to detect multiple metals in the same sample, reducing the
volume of sample needed for analysis.



Introduction

Concentrated aqueous piperazine (PZ) is being investigated as a possible alternative to 30 wt %
(or 7 m) MEA in absorber/stripper systems to remove CO, from coal-fired power plant flue gas.
Preliminary investigations of PZ have shown numerous advantages over 7 m MEA (Freeman et
al., 2009). PZ solutions have less oxidative and thermal degradation, as previously shown at
concentrations of 5 and 8 m PZ (see previous quarterly reports). The kinetics of CO, absorption
are faster in concentrated PZ (Cullinane and Rochelle, 2006; Dugas and Rochelle, 2009). The
capacity of concentrated PZ is greater than that of MEA while the heat of absorption and
volatilities are comparable (Freeman et al., 2009).

This quarter was focused on gathering experimental data in various areas related to the
degradation of PZ. Four oxidation experiments were completed with iron and stainless steel-
catalyzed degradation and the effect of Inhibitor A. Two thermal degradation experiments at
175 °C were completed and analyzed. Four new thermal experiments were started. Analysis of
standards and experimental samples by Cation IC-MS was completed and analyzed. Finally,
analyzing for metals concentration was done with both AA and ICP-OES and the results were
compared.

Analytical Methods

Total Inorganic Carbon Analysis (TIC)

Quantification of CO, loading was performed using a total inorganic carbon analyzer. In this
method, a sample is acidified with 30 wt % H3;PO4 to release the CO, present in solution
(Hilliard, 2008). The CO; is carried in the nitrogen carrier gas stream to the detector. PicolLog
software was used to record the peaks produced from each sample. A calibration curve was
prepared at the end of each analysis using a TIC standard mixture of K,CO; and KHCOs. The
TIC method quantifies the CO,, C03'2, and HCOj™ present in solution. These species are in
equilibrium in the series of reactions shown below.

CO;* +2H < HCO; + H' < H,CO; «» CO, + H,0

Acidification of the sample shifts the equilibrium toward CO, which bubbles out of solution and
is detected in the analyzer.

Acid pH Titration

Titration with 0.2 N H,SO,4 was used to determine the concentration of amines in experimental
samples. The automated Titrando apparatus (Metrohm AG, Herisau, Switzerland) was used for
this method. A known mass of sample was diluted with water and the autotitration method was
then used. The Titrando titrates the sample with acid while monitoring the pH. The equivalence
points are recorded. The equivalence point around a pH of 3.9 corresponds to basic amine
species in solution (Hilliard, 2008). The test is not sensitive to the type of amine, so if PZ has
degraded to ethylenediamine (EDA), the titration test will detect the sum of contributions from
the species.

Anion IC



The anion IC was used to determine the concentration of glycolate, acetate, formate, chloride,
nitrite, sulfate, oxalate, and nitrate in experimental samples. A Dionex ICS-3000 instrument
with AS15 TonPac column, 4-mm Anionic Self-Regenerating Suppressor (ASRS), carbonate
removal device (CRD), and carbonate removal from eluent generation was used as previously
described by Andrew Sexton using a linear KOH eluent concentration (Sexton, 2008). No major
modifications have been made to the method in this quarter.

Cation IC

The cation IC was used to determine the concentration of PZ and ethylenediamine (EDA) in
experimental samples. A Dionex ICS-2500 instrument with CS17 IonPac column with 4-mm
Cationic Self-Regenerating Suppressor (CSRS) was used as previously described by Andrew
Sexton with a linear increase of methanesulfonic acid (MSA) concentration in the eluent (Sexton,
2008). No major modifications have been made to the method in this quarter.

NaOH Treatment for Amides

An analytical test for the formation of amides was developed by Andrew Sexton and has been
included in the results shown here. Experimental samples were treated with 5 N NaOH (in equal
gravimetric amounts) and allowed to sit overnight. The anion IC analytical method was then
used to quantify increases in the concentrations of analytes as compared to the original samples
(Sexton, 2008). In most cases, the main increases were in the production of formate and oxalate
following NaOH treatment.

The addition of strong base reverses the amide formation reaction that has occurred during the
experiment. As an example, the formation of N-formylPZ is shown in Eq. 1 below:

HN /\‘\| ﬁ HN /\‘\|
\\/NH ) L - \\/N\#O .
(PZ) (Formate) (N-formylPZ)

The addition of NaOH hydrolyzes the bond between the amine group and the carbon of the
formyl group to reverse the reaction. In this way, the free formate created from reversing this
reaction can be used to identify the formate bound as N-formylPZ. The same process can be
used to identify the oxalate amine of PZ.

Inductively-Coupled Plasma Optical Emission Spectrometry (ICP-OES)

The concentration of multiple elements was measured using a Varian 710-ES Axial Inductively-
Coupled Plasma Optical Emission Spectrometer (Varian Inc., Palo Alto, CA). The ICP-OES is
effective for measuring the concentration of multiple analytes (heavy metals and other elements)
simultaneously in a single dilution. The system is controlled through ICP Expert I Software.
Samples are prepared by first making the desired dilution (10-1000X) and then adding 1%
concentrated HNO;. Each sample needs to be approximately 10 mL in volume and created in a
plastic vial. An autosampler holds all the standards and samples to be run and each is pumped to
the glass, concentric spray chamber, or nebulizer, where an argon stream nebulizes the sample
and it is sent directly to the plasma flame. The molecules break down in the plasma into their



atoms and lose electrons, giving off optical wavelengths characteristic to each element. The
emitted wavelengths are then sent to the solid state CCD detector. The plasma is created by
electromagnetic induction, or time-varying magnetic fields, and creates energy that breaks down
argon, the carrier or rarefield gas, into plasma. The plasma flame is stable and maintained at
7000 K.

For each element of interest, the four wavelengths with the highest intensity of absorption are
measured and one argon wavelength as a background measurement. A separate calibration curve
is made for each wavelength and the final concentration reported for each element is the average
of the calibrated concentration of all four wavelengths. ICP-OES allows for quick analysis of
multiple metals in solution which is especially useful for samples that corroded stainless steel
(Fe, Cr, and Ni) or low gas flow experiments where multiple metals and tracers have been added
(Fe, Cr, Ni, Cu, V, K, or Na).

Atomic Absorption Spectrophotometry (AA)

The concentration of individual heavy metals in solution has been measured using a Perkin
Elmer 1100B flame atomic absorption spectrophotometer (AA). The AA uses a lamp producing
a specific wavelength of light for each metal of interest. The AA also uses a flame fueled by
acetylene with air added at either a rich or lean ratio. For iron and nickel, a lean (blue) flame is
used that requires 2.5 L/min of acetylene with 8 L/min of air. Chromium requires a rich (yellow)
flame with a higher acetylene-to-air ratio, so 4.0 L/min of acetylene was used. Samples analyzed
for chromium also require the addition of 2% ammonium chloride (NH4Cl) to suppress
interference from iron and nickel. The AA atomizes the liquid sample and mixes it with fuel and
air that is then sent to the flame. In the flame, the elements of interest are reduced to unexcited
atoms which absorb the light at the characteristic wavelength of that metal. The absorbance of
light is measured on the opposite end of the lamp to determine the amount of light absorbed by
the analyte of interest. This is correlated to concentration using a set of known standards and a
third order polynomial calibration curve.

Cation IC — Mass Spectrometry (MS)

Mass spectrometry (MS) with cation IC is used to help identify unknown peaks on cation IC
chromatography or other unknown cations in solution. A thermal TSQ MS is attached to a
Dionex ICS-2500 IC with an IonPac CS17 analytical column (4 x 250 mm), lonPac CG17 guard
column (4 x 50 mm), Dionex AS-25 autosampler, and 4-mm CSRS is used as described above.
The main modification is that the suppressor does not run in regeneration mode, the outlet
analyte stream is sent to the MS and an additional water stream is added into the suppressor.
After separation on the cation IC column, the sample stream enters the MS, which uses
electrospray ionization (ESI) to ionize the molecules in solution. The ions then enter the mass
analyzer of the MS which sorts ions based on their mass-to-charge ratio (m/z) using an electric
field. The standard conditions used are a range of 50 to 300 m/z. There is a 2.2 minute delay in
the resolution of the cation IC chromatogram and the MS spectrum that is taken into account
when analyzing data.



Results and Discussion

Oxidative Degradation

An ongoing focus of this project is the oxidation of concentrated PZ solutions. The results listed
in this section all relate to this topic and include a variety of work including low gas flow
experiments, MS, and NMR work.

Reanalysis of OE9, OE10, OE11, and OE12 Samples

Last quarter, the results of four low gas flow experiments (OE9, OE10, OE11, and OE12) were
reported. These experiments were blank experiments looking at PZ loss in the reactor without
added metal catalysts and repeatability of the entire low gas flow procedure. OE9 and OE10 had
an inlet gas with 98% N, and 2% CO, while OE11 and OE12 had 98% O, and 2% CO,. These
samples were reanalyzed on Anion and Cation IC because there were some discrepancies
between the two pairs of experiments where the data should have been similar. After
reanalyzing the data, it was found that the EDA data was incorrect in OE9 and OE11. In both
experiments, the amount of EDA was less than first reported. The corrected data for OE9 and
OE10 are shown in Figure 1. The new data for OE11 and OE12 are not shown because the EDA
was just changed to zero, the other concentrations were not changed.
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Figure 1: Comparison of OE9 and OE10 Concentration Profiles (Closed = OE9, Open =
OE10)



EDA analysis is difficult because of the nature of cation IC analysis. A large dilution (5000 to
10000X) is required to get the PZ concentration low enough to detect with the conductivity
detector. Since the amount of EDA is very small compared to the amount of PZ, at this low
dilution the peak for EDA, if there is one, is very small. Manually trimming the peak can prove
difficult because any small change in the area of the peak results in a large change in the
concentration after the large dilution factor is applied.

New Oxidative Experiments

Four new oxidative experiments were completed this quarter. The important characteristics of
these experiments are detailed in Table 1. The goal of these experiments was to obtain new
baseline oxidation data for iron-catalyzed (OE13) and stainless steel-catalyzed (OE15) oxidation.
The effect of Inhibitor A on these systems was also analyzed (OE14 and OE16) at the same time.

Table 1: Summary of Recent Oxidation Experiments

Expt  Solvent Catalysts Inhibitors Length
(mM) (mM) (hrs)
OE13 8mPZ 1.0 Fe** - 523
OEl4 8mPZ 1.0 Fe** 100 A 380
OE15 8mPZ 04Fe*, 0.1Cr" 0.05Ni*" - 427
OEl16 8mPZ 0.4Fe*, 0.1Cr 0.05Ni*" 10 A 427

OE13 and OE14 were performed to establish a baseline degradation rate for iron-catalyzed
degradation with and without Inhibitor A. The iron concentration for both experiments was 1.0
mM while 100 mM of A was used in OE14. The concentration profiles for PZ and the
degradation for these experiments are shown in Figures 2 and 3 below. EDA concentrations
were below detectable levels in both experiments. Overall, low concentrations of degradation
products were produced, as with most PZ oxidation experiments, resulting in at most about 10
mM of anion degradation products.
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One part of the analytical protocol was changed for these experiments. The NaOH treatment
normally performed to determine the amine of amides in solution was modified to use more 5 N
NaOH. The usual protocol calls for 1 g NaOH solution per 1 g sample while these samples were
treated with 4 g NaOH solution per 1 g sample. This change was made based on the analysis of
NMR data of OE5B that indicated that NaOH treated samples (using the original protocol) still
have some protonated piperazine functionalities. It was believed that additional NaOH may be
needed to fully basify the solution and convert all PZ species to PZ alone or PZ mono- or di-
carbamate.

This new NaOH treatment changed the profile of amides produced. Surprisingly, this treatment
removed any trace of formate in the treated samples. Any formate detected in the original
sample was not found in the treated sample. Also, the level of acetate increased dramatically,
reaching close to 10 mM in both experiments. Significantly increased levels of acetate after
NaOH treatment have not been observed to date and this must be due to the change in the NaOH
protocol. Possible N-acetyl amides include Acetamide and N-acetylpiperazine, shown below.
N-acetylethylenediamine, would also be a possible species, but no EDA was found in these
experiments. These species have not been confirmed, but are the most likely since PZ has the
most prevalent amino groups for an amide formation reaction.

— O O
HN N—/( J\
n/ CHs H,C NH,

N-Acetylpiperazine Acetamide

In these two experiments, it is also apparent that something went wrong at the time point of 380
hours. In both experiments, the data at this point deviate from the trends before it. In OE13, it is
the data point third from the end and is the point where formate, total acetate, and PZ spike
upward and acetate spikes downward. In OE14, this point is the final point were formate and
acetate spike upward and PZ spikes downward.

OE15 and OE16 were performed to analyze the stainless steel-catalyzed degradation of 8 m PZ
with and without Inhibitor A. Both experiments had 0.4 mM Fe®, 0.1 mM Cr*", 0.05 mM Ni**
while OE16 had 10 mM of Inhibitor A. The concentration profiles of both experiments are
shown in Figures 4 and 5 below. Overall, very little degradation was observed with the
maximum degradation products found being up to 8 mM in total. No EDA was detected in either
experiment.
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A comparison between the two experiments demonstrates the effect of 10 mM of A. The PZ,
formate, post-NaOH formate, and acetate concentrations are shown for both OE15 and OE16 in
Figure 6 below.
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Figure 6: Comparison of OE15 and OE16 Concentration Profiles (Closed = OE15, Open =

There is not a very large difference between the two experiments. In OE15, more degradation
products were formed, both formate and acetate, than OE16 but the levels overall are very low,
only reaching 6 mM. For the PZ, the experiment without A (OE15) actually gained in
concentration while the experiment with A went down and came back up to rest near the initial
value. The PZ data itself are not conclusive since there was so little degradation that fluctuations
in this data can easily occur due to water balance issues or small errors in the analytical
procedure. At face value though, the effect was the opposite of what was expected where the A
OE16)would reduce the loss of PZ. The degradation product data indicate that only 10 mM of A
is enough to reduce the amount of formate and acetate produced during 450 hours of
degradation.

Thermal Degradation

Two thermal degradation experiments ended this quarter (TE12 and TE13), four continued
through the quarter (TE10, TE11, TE14 and TEI15), and four new experiments were started
(TEl6, TE17, TE1S8, and TE19). A summary of the current and recently ended experiments is
shown below in Table 2.
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Table 2: Summary of Current Thermal Degradation Experiments

Expt Solution Loading Temperature  Duration  Expected
(mol CO,/mol alk) (°O) (weeks) End Date
TE10 8 mPZ 0.3 135 72 Oct 2010
TE11 8 mPZ 0.4 135 72 Oct 2010
TE12 8 mPZ 0.3 175 12 Aug 2009
TE13 8 m PZ 0.4 175 12 Aug 2009
TE14 8 mPZ 0.3 150 30 Jan 2010
TE15 8 m PZ 0.4 150 30 Jan 2010
TEl6 e Proprietary =~ ----------
TE17 e Proprietary =~ ----------
TE18 8 mPZ 0.3 175 6 Oct 2009
TE19 8 m PZ 0.4 175 6 Oct 2009

Experiments TE12 and TE13 were conducted to determine the behavior of 8 m PZ at 175 °C at
two loadings, 0.3 and 0.4 mol/mol alkalinity. There was a greater amount of degradation found
in both experiments, significantly more than at lower temperatures and in oxidation experiments.
The concentration profiles for degradation products and PZ are shown below in Figures 7 and 8
for TE12 and TE13, respectively.
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Figure 7: Concentration profiles for PZ and Degradation Products for TE12 (8 m PZ,
0=0.3, 150 °C)
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Overall, TE12 lost 71.5% of the initial PZ and TE13 lost 73% of the initial PZ. This is the most
degradation observed to date in either oxidation or thermal degradation. The effect of loading on
thermal degradation and the production of degradation products at this temperature appear to be
minimal. Both experiments produced larger concentrations of formate, total formate, EDA,
acetate, and total acetate. The loss of PZ in these experiments is similar to 4 previous short term
experiments completed at 175 °C. TES, TES, TE6, and TES all looked at 8 m PZ with a loading
of 0.3 mol/mol alkalinity at 175 °C. TE4 was a neat PZ solution while TES, TE6, and TES each
had a different additive. The additives for those three experiments, respectively, were: 0.1 mM
Fe’" + 5.0 mM Cu’’, 0.1 mM Fe*" + 5.0 mM Cu’* + 100 mM A, and 0.1 mM Fe*" + 0.6 mM
Cr’" + 0.1 mM Ni*". The loss of PZ as a fraction of the initial PZ is shown for these four
experiments and the two recently completed long term 175 °C experiments, TE12 and TE13, in
Figure 9 below.
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In the above figure, all six experiments track very similarly considering the various conditions.
The first four experiments contained additives that did not affect the overall loss of PZ. This
conclusion was reached with just analyzing these four experiments (Rochelle, 2008). The new
data at 175°C confirm earlier conclusions and match the overall loss of PZ observed.
Unfortunately, the TE12 data at a loading of 0.3 mol/mol alkalinity doesn’t match quite as close
as the TE13 data that was at a loading of 0.4 mol/mol alkalinity. TE4 and TE12 are essentially
repeats of each other, although the TE12 data extends to 15 weeks. All of TE4 through TES
were at a loading of 0.3 mol/mol alkalinity, so the TE12 and TE13 results appear to be opposite
of what was expected. The CO, loading appears, therefore, to have a minimal effect on overall
PZ loss. This is not expected and contrary to the conclusions of Jason Davis’ thesis. Davis saw
a noticeable reduction in degradation at lower initial CO, loadings (Davis, 2009). To analyze PZ
thermal degradation from another angle, the degradation experienced in TE12 is compared to
that in OE2, an oxidation experiment with 10 m PZ and 4.0 mM Cu2+. Both of these
experiments represent the most degradation observed with concentrated PZ via each pathway
(temperature or oxygen). The loss of PZ and the concentration profiles for formate, total formate
and EDA are shown below for the two experiments in Figure 10.
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Figure 10: Comparison of Thermal Degradation and Oxidation of Concentrated PZ
(Closed = Thermal Degradation at 175 °C, Open Points = Oxidation with 4.0 mM Cu2+)

The loss of PZ between these two experiments is very similar — about 30% of the initial amine
after 3 weeks. Also, the concentration profiles for formate and total formate are surprisingly
similar given the very different degradation conditions experienced in each experiment. The
mechanisms for loss are assumed to be different between the two processes but I think this
comparison is still interesting in that the same degradation is being done to PZ with both similar
(formate) and different results (EDA). This points decisively to different mechanisms for
degradation, as expected, but also allows a general comparison of how each process can
contribute to overall solvent degradation in an industrial system.

Metals Analysis of Thermal Degradation Experiments

Last quarter, the concentration of metals in solution was first discussed and initial results were
reported. Among those were data for 8 m PZ thermally degraded at 150 °C (TE9). At the time,
AA was used to measure iron and nickel concentrations. Since then, the same samples have been
reanalyzed with ICP-OES to include analysis for chromium. The difference between AA and
ICP-OES is discussed below. The new concentrations for iron, chromium, and nickel are
reported for TE9 in Figure 11 as measured by ICP-OES.
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Figure 11: Concentration profiles for Iron, Chromium, and Nickel in TE9 (8 m PZ, 0=0.3,
150 °C) Analyzed by ICP-OES

The iron and nickel concentrations are very similar to those reported last quarter from AA
analysis. The concentration of iron at week 18 is 0.84 mM with ICP-OES and was reported as
0.9 mM last quarter with AA. The concentration of nickel at week 18 is 0.72 mM with ICP-OES
and was reported as 0.7 mM last quarter with AA. The chromium concentration is lower than
the iron, and starts lower than nickel but ends up larger at 18 weeks. Overall, the concentration
of the three metals is very close with all of them only reaching a maximum concentration
between 0.5 mM and 1.0 mM. These results reinforce the conclusions made last quarter that the
amount of metal found in thermally degraded PZ samples is much lower than in 7 m MEA
samples.

The concentration of stainless steel metals (iron, chromium, and nickel) was analyzed in both
TE12 and TE13. Both of these experiments were 15 weeks in length and at 175 °C. At this high
temperature, 71.5 and 73% of the PZ was lost in each experiment, respectively. The
concentration profiles for iron, nickel, and chromium are shown below in Figures 12 and 13 for
TE12 and TE13.
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Figure 12: Concentration profiles for Iron, Chromium, and Nickel in TE12 (8 m PZ, ¢=0.3,
150 °C) Analyzed by ICP-OES
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Figure 13: Concentration profiles for Iron, Chromium, and Nickel in TE13 (8 m PZ, a=0.4,
150 °C) Analyzed by ICP-OES
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In both experiments, the metal present in the highest concetration was nickel. This was
unexpected and contrary to previously presented results for TE9. The composition of 316
stainless steel is such that on a mass basis, the expected concentrations of iron, chromium, and
nickel are 10:2.5:2. Given that they have very similar molecular weights, the trends in mM
should follow. The results for TE9 made more sense in that at least iron was the most prevalent
metal followed by chromium and nickel at similar concentrations. It is not clear at this point if
the temperature alone caused such a high nickel concentration. Between TE9 and TE12, the only
difference was an increase in temperature from 150 to 175 °C as both solutions were 8 m PZ
with a loading of 0.3 mol/mol alkalinity.

Mass Spectrometry (MS) for Identification of Unknown Compounds

Standards of PZ Derivatives

PZ derivatives that are suspected degradation products were analyzed this quarter using Cation
IC-MS. IC-MS was used to identify where the compounds would show up on the chromatogram
and what mass-to-charge (m/z) ratios would be shown for each compound. It is expected that
each compound would acquire one proton making its m/z equal to the molecular weight plus one.
However, it is possible that each molecule could behave differently than expected. For example,
two molecules can attach to the same charge (m/z = 2*MW + 1) or a molecule can attach to
potassium or sodium ion in the system (m/z =MW + 23 or 40).

The compounds tested are shown below in Table 3. The molecular weight and expected m/z for
each compound is shown as well as its chemical structure. The Cation IC-MS chromatograms
for a 1000 ppm solution of each species are shown in Figures 14 through 29. In each figure, the
top panel is the total MS signal over the course of the chromatographic separation. The bottom
panel is the Cation IC chromatogram total conductivity signal. The panels are aligned so that
they correspond in time.

Table 3: Summary of PZ Derivatives Analyzed by Cation IC-MS

MW Expected

Compound Abbr (@/mol) /. Chemical Structure

0
2-Imidazolidone - 86.1 87.1 i /H\NH

_/

CH,
2-Methyl-2-imidazoline - 84.1 85.1 N ,),-\NH
2,5-piperazindione - 114.1 115.1 -N/_/<+'

r~
—\ o
N-Acetyl PZ AcPZ 128.2 129.2 HN N
N/ CH,
N-(2-Aminoethyl) PZ AEPZ 12922 130.2 HN N —\_NH
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MW Expected .
Compound Abbr (e/mol) m/z Chemical Structure
N-Amino-N’-Methyl-PZ AMPZ 115.2 116.2 HiC—N N—NH,
] — 8]
N,N’-Diformyl PZ DFPZ 142.2 143.2 \\—N NJ
N/

. / N\
N,N’-Dimethyl PZ DMPZ 114.2 115.2 HiC—N N—CH,
Ethylenediamine EDA 60.1 61.1 HN NH,

CHy
N-Ethyl PZ EPZ 1142 115.2 i w—
— O
N-Formyl PZ FPZ 114.2 115.2 HN N—//
__/
N-(2-Hydroxyethyl) EDA HEEDA  104.2 1052 ™S e Ny
OH
N-Hydroxyethyl PZ HEP 1302 131.2 aw W—/
— JH
N-(2-Hydroxyethyl)-N’-Methyl PZ HEMP 144.2 145.2 HaC—N N —/_
\_/
N-Methyl PZ MPZ 100.2 101.2 HHM N—CH,
_/
N
Triethyl iami TEDA 112.2 113.2 /ﬁ
riethylenediamine 3 b[\]
RT: 0.00 - 42.92 A
100 7 73 EI:1E?
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Figure 14: Cation IC-MS Chromatogram for 1000 ppm 2-Imidazolidone
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Figure 15: Cation IC-MS Chromatogram for 1000 ppm 2-Methyl-2-Imidazoline
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Figure 16: Cation IC-MS Chromatogram for 1000 ppm 2,5-Piperazindione
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Figure 17: Cation IC-MS Chromatogram for 1000 ppm N-Acetyl PZ (AcPZ)
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Figure 18: Cation IC-MS Chromatogram for 1000 ppm N-(2-Aminoethyl) PZ (AEPZ)
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Figure 19: Cation IC-MS Chromatogram for 1000 ppm N-Amino-N’-methyl PZ (AMPZ)
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Figure 20: Cation IC-MS Chromatogram for 1000 ppm N,N’-Diformyl PZ (DFPZ)
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Figure 21: Cation IC-MS Chromatogram for 1000 ppm N,N’-Dimethyl PZ (DMPZ)
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Figure 22: Cation IC-MS Chromatogram for 1000 ppm EDA
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Figure 23: Cation IC-MS Chromatogram for 1000 ppm N-Ethyl PZ (EPZ)
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Figure 24: Cation IC-MS Chromatogram for 1000 ppm N-Formyl PZ (FPZ)
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Figure 25: Cation IC-MS Chromatogram for 1000 ppm N-(2-Hydroxyethyl) EDA
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Figure 26: Cation IC-MS Chromatogram for 1000 ppm N-Hydroxylethyl PZ (HEP)
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Figure 27: Cation IC-MS Chromatogram for 1000 ppm N-(2-Hydroxyethyl)-N’-Methyl PZ
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Figure 28: Cation IC-MS Chromatogram for 1000 ppm N-Methyl PZ (MPZ)
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Figure 29: Cation IC-MS Chromatogram for 1000 ppm Triethylenediamine (TEDA)
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Of the 16 derivatives analyzed by Cation IC-MS, 13 of the species, AcPZ, AEPZ, AMPZ, DFPZ,
DMPZ, EDA, EPZ, FPZ, HEEDA, HEP, HEMP, MPZ, and TEDA, all gave clear
chromatograms with good responses from the primary analyte. Each of these chromatograms
had a primary peak that is significantly larger than any secondary peaks and contained the
expected m/z value for the given compound. The retention times varied and a few, such as FPZ,
had visible PZ contamination peaks.

A comparison of the analytes and their performance on Cation IC-MS is shown below in Table
4. For each analyte, the retention time of the main peak, any other m/z ratios found in that peak,
and the maximum signal response of the main peak is shown. The other m/z ratios found in the
main peak are indicated because 7 of the analytes formed doublets in the main peak (indicated by
* in the table). Doublets occur when two analyte molecules attach to one charge, giving a m/z
ratio that corresponds to 2*MW+1. Two analytes, DMPZ and EPZ, behaved differently as the
main secondary m/z in the primary peak corresponded to 2*MW-1. It is not clear at this time
how this m/z resulted or how the structure of DMPZ and EPZ led to this difference. Also, since
all the analytes were 1000 ppm, the maximum response gives an indication of the response factor
a particular analyte has for the Cation IC conductivity detector.

Table 4: Summary of PZ Derivative Cation IC-MS Results

. . Maximum
Compound Abbr (riii) A;ZZISEHMI/;II Response  Notes
(uAU)
2-Imidazolidone 9.43 105.1 0.2
2-Methyl-2-imidazoline 14.22 103.1, 205.1 23 *x
2,5-piperazindione 9.32 77.0, 129.2 1.4 *x
N-Acetyl PZ AcPZ 17.10 257.2% 6 oAk
N-(2-Aminoethyl) PZ AEPZ 33.56 130.1 28
N-Amino-N’-Methyl-PZ AMPZ  ~31-32 114.1 2
N,N’-Diformyl PZ DFPZ 9.22 161.1 0.2
N,N’-Dimethyl PZ DMPZ 32.74 227.2% 8
Ethylenediamine EDA 2542 121.1* 40
N-Ethyl PZ EPZ 32.08 227.2% 20 oAk
N-Formyl PZ FPZ 15.51 229.1%, 87.1 15 ok
N-(2-Hydroxyethyl) EDA HEEDA  27.25 209.1% 22
N-Hydroxyethyl PZ HEP 31.18 129.1 16
N-(2-Hydroxyethyl)-N’-Methyl PZ HEMP 32.43 145.1, 287.1%* 6
N-Methyl PZ MPZ 31.41 101.1, 119.1 16
Triethylenediamine TEDA 32.14 113.1, 225.2* 15

* Secondary m/z found in peak is doublet of analyte
** Primary analyte is not in main peak. Details of main peak are still given.
**% PZ contamination is present at PZ RT of ~30.5 to 31 min

The results shown in Table 4 reveal important information on what PZ derivatives we can expect
to see in future chromatograms of degraded PZ samples. First, the differences in maximum

24



response are very helpful. For the same concentration (1000 ppm), the responses vary from 0.2
to 40. This explains why EDA is one of the easiest degradation products to detect with Cation
IC. EDA has a retention time separate from most of the other analytes and has a large response
factor. Analytes that have small response factors (2-Imidazolidone, AMPZ, and DFPZ) are not
likely to be detected in experimental samples unless their concentrations are very high. The
retention times also indicate that quite a few analytes overlap and elude at similar times, making
it very difficult to distinguish between the two (or more) analytes. Two sets of three analytes,
DFPZ, 2,5-piperazindione, and 2-imidazolidone and HEP, AMPZ, and MPZ, elude within 0.2
minutes of each other. EDA and HEEDA are within 0.2 minutes of each other and both are
withinl.8 minutes of PZ. Finally, EPZ, HEMP, and DMPZ are all within 0.6 minutes of each
other.

MS Analysis of Experimental Samples

The final samples of multiple experiments were also analyzed by Cation IC-MS this quarter.
Only the final samples were analyzed to observe any possible degradation products not already
analyzed for on the standard Cation IC and Anion IC analysis done at the end of the experiment.
The Cation IC-MS chromatograms for OE1 through OE10 and TE9 are shown below in Figures
30 through 41. The chromatographs are displayed in the same way as the PZ derivatives panels
above (Figures 14 through 29): the top panel is the total MS signal while the bottom panel is the
Cation IC chromatogram total conductivity signal. The panels are aligned so that they
correspond in time. In each of these chromatographs, peaks that are known to correspond to a
particular species are indicated. They all contain PZ, the primary peak at ~30.5 mins. Other
peaks positively identified include EDA, N-Formyl PZ, MEA, and MDEA. Other peaks with
well established m/z values are shown and tentative identifications of peaks are indicated with a
question mark.
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Figure 30: Cation IC-MS Chromatogram for the Final Sample of OE1 (10 m PZ, 55 °C,
2% CO,, 0.26 mM Fe?*, 0.65 mM Cr’", 0.26 mM Ni*")
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Figure 31: Cation IC-MS Chromatogram for the Final Sample of OE2 (10 m PZ, 55 °C,

2% CO,, 4.0 mM Cu*")
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Figure 32: Cation IC-MS Chromatogram for the Final Sample of OE3 (8 m PZ, 55 °C, 2%

CO,, 0.1 mM Fe**, 0.1 mM V*)
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Figure 33: Cation IC-MS Chromatogram for the Final Sample of OE4 (8 m PZ, 55 °C, 2%

CO,, 5.0 mM Cu?*, 0.1 mM Fe?*, 100 mM Inhibitor A)
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Figure 34: Cation IC-MS Chromatogram for the Final Sample of OESB (8 m PZ, 55 °C,

2% CO,, 1.0 mM Fe*")
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Figure 35: Cation IC-MS Chromatogram for the Final Sample of OE6B (8 m PZ, 55 °C,

2% CO,, 1.0 mM Fe?*, 100 mM Inhibitor A)
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Figure 36: Cation IC-MS Chromatogram for the Final Sample of OE7 (8 m PZ, 55 °C, 2%

CO,, 1.0 mM Fe*, 20 mM Inhibitor B)
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Figure 37: Cation IC-MS Chromatogram for the Final Sample of OE8 (8 m PZ, 55 °C, 2%
CO,, 1.0 mM Fe**, 30 mM EDTA)
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Figure 38: Cation IC-MS Chromatogram for the Final Sample of OE9 (8 m PZ, 55 °C, 2%

CO;in N,)
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Figure 39: Cation IC-MS Chromatogram for the Final Sample of OE10 (8 m PZ, 55 °C,
2% CO; in Ny)
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Figure 40: Cation IC-MS Chromatogram for the Final Sample of OE10 Treated with SN
NaOH (8 m PZ, 55 °C, 2% CO; in N)
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Figure 41: Cation IC-MS Chromatogram for the Final Sample of TE9 (8 m PZ, 0=0.3
mol/mol alkalinity, 150 °C)

A few peaks in the final OE9 sample (Figure 39) have been identified as MEA and MDEA. This
sample was analyzed in a run with other people’s samples. The retention time and m/z are
consistent with MEA and MDEA contamination and are not believed to be actual degradation
products. The only two experiments with Inhibitor A have an unidentified peak at a retention
time of 10.9 with a m/z of 75.0. This molecule has not been specifically identified yet, but must
relate to the A in solution.

Trace Metals Analysis — AA vs. ICP-OES

The concentration of metals in nearly all of my experimental solutions is important. For
oxidation experiments, metals are added as catalysts while metals in thermal degradation
experiments are the result of corrosion. In either case, a reliable method for determining the
concentration of important metals is crucial and must be accurate, fast, and require a small
volume of sample. To this end, a comparison was made this quarter between two methods,
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Flame Atomic Absorption Spectrophotometry (AA) and Inductively-Coupled Plasma Optical
Emission Spectrometry (ICP-OES), for determining metals concentration.

In Flame AA, a single element is measured at a time with an element specific lamp. A
calibration is performed each time samples are run to ensure accuracy. Lamps are available for
all the metals we are interested in but interferences do occur. The measurement is manual and
requires acetylene and air as the fuel for the flame. In ICP-OES, high temperature plasma
creates emissions of light from elements of interest. Multiple elements (as many as desired) are
measured from one sample and multiple wavelengths for each are determined simultaneously.
There is a convenient autosampler that draws the desired sample and the system requires argon
as the carrier gas.

To compare these methods, the same four samples were run under a variety of conditions. The
five samples were 7 m MEA thermally degraded at 150 °C for 4 weeks. The AA analysis had
four different solvents as the diluents: water, ammonium chloride (NH4Cl), hydrochloric acid
(HCI), and both NH4Cl1 and HCI. The standard procedure for AA is acidification of the sample
with a strong acid (HCI or HNO3) to increase the solubility of the metals for analysis. This was
not originally done to the samples so the difference this acidification made was assessed. Also,
the Perkin Elmer AA Cookbook suggested the use of NH4Cl to reduce interference between
chromium and iron. The use of NH4Cl and NH4Cl with acid were used to dilute the samples to
see how metals concentrations would be affected. The figures below show the comparison
between the four AA solvents and the ICP-OES method using the standard protocol for iron
(Figure 42), chromium (Figure 43), and nickel (Figure 44).
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Figure 42: Iron Concentration for 7 m MEA at 150 °C measured by AA and ICP-OES
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Figure 44: Nickel Concentration for 7 m MEA at 150 °C measured by AA and ICP-OES
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For iron, the five methods measured the concentration to be 952 + 120 ppm. The largest
difference in concentration was 302 ppm between the NH4Cl method and the ICP-OES. For
chromium, the predicted concentration was 279 + 45.0 ppm. The spread of data at 4 weeks was
at most 77.2 ppm between the HCI and the NH4Cl + HCI treatments. There was very little
difference observed between the five methods for the nickel measurement as the concentration
was predicted to be 237 + 5.46 ppm. In fact, the four AA methods produced nearly identical
results while the ICP-OES method measured slightly lower concentrations throughout. The
spread of data at 4 weeks for nickel was only 15.1 ppm. Unfortunately, the iron results showed
the least consistency and iron is generally the most important of the three metals because of its
known catalytic effect on amines. This large spread is also a function of the high concentration
in these samples due to significant corrosion caused by MEA.

Another set of data has been analyzed by both AA and ICP-OES but only for iron and nickel. As
mentioned above in the thermal degradation section, TE9 was analyzed for these metals last
quarter and the samples were subsequently reanalyzed this quarter using ICP-OES. Figure 45
below shows the comparison between the two sets of data.

1.2

Concentration (mM)

0.0 B

0 5 10 15
Time (weeks)

Figure 45: Iron (blue, top) and Nickel (red, bottom) Concentration for 8 m PZ at 150 °C
(TE9) measured by AA (Closed Points) and ICP-OES (Open)

As with the MEA data in Figures 42 and 44, the iron and nickel concentrations overall are very
similar with both methods. The nickel is especially close, with the data essentially overlapping.
With the iron, the AA concentrations are slightly higher although the biggest difference between
the two sets of data is 0.16 mM at 5 weeks. This matches the MEA data where the AA found
larger concentrations of iron.
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I will use the ICP-OES method for all future corrosion and metals work. Although finding
slightly lower iron concentration in the test samples compared to AA, the ease of sample
handling and ability to do multi-element analysis are very important positives. The reason for
larger iron concentrations in AA is not clear at this point and I am not able to conclude if the
ICP-OES underestimates or the AA overestimates the true value. Future work may need to
analyze additional metals such as copper, vanadium, or manganese so the ability to quickly
analyze any number of metals (1 to 10) in one solution is very advantageous. Additionally, using
a computer and autosampler to automate calibration and sampling handling is an important time
saver.

Conclusions

Iron-catalyzed degradation of 8 m PZ is reduced with the addition of 100 mM A. With only 10
mM of A, stainless steel-catalyzed PZ degradation was not significantly affected while the
production of degradation products was reduced. The loss of PZ is so small in the presence of
stainless steel metals that any improvement from 10 mM A was difficult to determine
considering the experimental and analytical error.

At 175 °C, 8 m PZ significantly degraded losing 71.5 and 73% over 15 weeks for solutions with
loadings of 0.3 and 0.4 mol/mol alkalinity, respectively. This degradation produced large
amounts of formate, total formate, and EDA as well. Total formate reached 560 and 690 mM
while EDA reached 42 and 45 mM for the two loadings, respectively. The degradation in these
experiments seen in the first 5 weeks matched the rate observed in previous experiments at this
temperature. Despite the high rate of degradation observed in these two experiments, metals
concentrations were low for iron, nickel, and chromium, all staying below 7 and 12 mM in the
two experiments. Unique to these two experiments, nickel was found in the highest
concentration, not iron as was expected.

The behavior of 16 PZ derivatives was observed in the Cation IC-MS. Most of the amines,
AcPZ, AEPZ, AMPZ, DFPZ, DMPZ, EDA, EPZ, FPZ, HEEDA, HEP, HEMP, MPZ, and
TEDA, behaved as expected, producing a single peak with the expected m/z ratio for that
analyte. Doublet signals (m/z = 2*MW+1) were observed in 7 analytes. Three species, 2-
Imidazolidone, 2-Methyl-2-Imidazoline, and 2,5-piperazindione, produced very weak signals
without the expected m/z ratio.

Cation IC-MS analysis of 11 oxidation and one thermal degradation sample was performed. The
results were not enlightening as most of the experiments experienced very little PZ degradation.
In those where PZ degraded, namely OE2, OE4, and TE9, peaks of EDA and N-Formyl PZ were
identified. Experiments with Inhibitor A both have the same unidentified peak that must be an
adduct of A.

ICP-OES and AA are both effective and efficient ways to measure aqueous metals in
experimentally degraded solutions. ICP-OES will be used from now on because of its ability to
detect multiple metals in the same sample, reducing the volume of sample needed for analysis.
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Future Work

The final quarter of 2009 will focus on work relating to identifying degradation products of PZ.
Work with the Cation IC-MS and LC-MS is making progress overall and appears promising to
help identify degradation products that can fill in the mass balance gaps.

The main focus on the oxidation of PZ will be in testing the new oxidation reactor. The glass
reactor was finished this quarter and most of the major pieces are in place. Testing will begin in
the early portion of the next quarter with, it is hoped, two or three experiments completed before
the end of 2010.

Thermal degradation experiments will continue to be sampled periodically throughout the end of
this year with most current experiments finishing in the first quarter of 2010.
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Abstract

The density of 8 m and 12 m ethylenediamine (EDA) with different CO, loading was measured.
The solution density has a linear relationship with CO, concentration in the solutions (mol
COy/kg solution).

8 m EDA samples which had been degraded for 8 weeks in thermal degradation experiment were
measured by atomic absorption. 8 m EDA is more corrosive than MEA and piperazine (PZ).

Heat capacity of 12 m EDA was measured. With less water in the solution, the heat capacity of
loaded 12 m EDA is lower than both 8 m PZ and 7 m MEA.

Thermal degradation experiments of 2-Piperidineethanol (2-PE) were performed at 120-150 °C.
Thermal degradation of 2-PE is slower than that of MEA, but 2-PE polymerized in the thermal
degradation process.

Introduction

CO, absorption in ethylenediamine (EDA) was studied by several authors since 1955. Jensen
and Christensen (1955) reported that CO, reacts with EDA to produce both monocarbamate and
dicarbamate. Trass and Weiland (1971) measured CO, solubility and tested 1.6~4.2M EDA in a
pilot plant. Sharma (1965) , Sada (1977) , Hikita et al. (1977) and Li et al. (2007) obtained
similar rate constants for CO, absorption into EDA solution with different experiment methods.
Based on this previous work, EDA reacts at a faster rate with CO, than MEA at low amine
concentration (< 2 M) with low CO; loading (< 0.1). At 298K, second order rate constant is 15.1
m’ mol's for EDA, and 7.6 m® mol™'s™ for MEA (Sharma, 1965).

Thermal degradation, oxidative degradation, foaminess, volatility, and reaction rate of CO, were
tested for EDA solution. 8 m EDA with 0.4 loading showed a similar thermal degradation rate
with 7 m MEA with 0.4 loading at 135 °C. The degradation rate decreases significantly as
temperature decreases. 90% EDA remained after 16 weeks at 100 °C. The oxidative degradation
rate is also similar to MEA. Inhibitor A can protect EDA from oxidation effectively in the
environment with 1 mM Fe*". Oxidative degradation rate is reduced 80% with A. Although the
absorption rate of CO; into EDA is less than 50% of that of 7 m MEA with rich loading, the



working capacity of 12 m EDA is more than 1.5 times that of 7 m MEA. EDA shows similar
foaminess with MEA. Its reasonable price also makes EDA an attractive alternative solvent for
CO; capture.

2-Piperidineethanol (2-PE) was screened in the wetted wall column by Chen (Rochelle et al.,
2009). Although the CO, absorption rate for 8 m 2-PE is a little slower than for MEA, 2-PE
showed a CO, working capacity 2.6 times that of 7 m MEA. 2-PE may be a promising amine if
its degradation rate is slow.

Experimental Methods

Density was measured using a Mettler-Toledo DE40 densitometer (Mettler-Toledo, Inc,
Columbus, Ohio, USA). It measures density by vibrating the glass u-tube inside the meter at a
certain frequency. Calibration is performed with air and degassed-deionized (DDI) water at each
temperature that measurements are taken. The accuracy is 0.0001 g/cm’ (Mettler Toledo US,
2009). Liquid samples are pumped into the measurement u-tube and pumped out after the
measurement is completed. The u-tube is cleaned with DI water and acetone after each sample
(Freeman, 2009).

Atomic absorption analysis was carried out using a Perkin Elmer 1100B flame atomic absorption
spectrophotometer. The device was operated using acetylene as a fuel source and air as the
oxidant at 2.5 and 8 L/min, respectively (Rochelle et al., 2009).

The heat capacity determination was performed in accordance with ASTM E 1269-05 (Hilliard,
2008). A 304 stainless steel pan is filled to capacity with 60 pL of solution before being sealed
with its lid and O-ring. A vapor headspace of roughly 5-15% in volume is estimated to exist in
the sealed unit. The sample pan is then placed against an empty reference pan inside a
Differential Scanning Calorimeter (DSC) to measure the difference in the amounts of heat
absorbed by the two pans. This heat differential is subsequently used to determine the heat
capacity of the solution. A more detailed description can be found in the first quarterly report of
2009.

Thermal degradation experiments were performed as detailed in the Davis dissertation (2009).
2-PE was sealed in 10 mL stainless steel bombs. All the bombs were put in a forced convection
oven at 120 °C to 150 °C for different times.

Analytical Methods

Cation IC: A Dionex ICS-2500 Ton Chromatography System with CS17 TonPac column with
CSRS 4 mm self-regenerating suppressor was used to determine concentrations of EDA and the
cationic species in degraded solutions. The system and analytical method are the same as
described by Davis (2009). All the samples were diluted about 10,000 times for cation analysis.

IC/MS: A Thermal TSQ mass spectrometer coupled with a Dionex-2500 IC was used for mass

determination of ionic products in 2-PE degraded sample. The programming method is also
documented by Davis (2009).

TIC: The concentration of carbon dioxide in the solution was measured using the Total
Inorganic Carbon Analyzer. CO; loading of solutions can be calculated from the result of TIC.

Acid pH Titration: Metrohm 835 Titrando with an 801 stirrer was used to determine the total
concentration of amines in the solution. The analytical method is the same as described by
Freeman (2009)



Material

Table 1: Chemical Reagent Specifications

Reagent CASH# Supplier Molecular Weight | Assay % Lot#
Ethylenediamine | 107-15-3 | Strem Chemicals 60.10 99 A4879029(v)
2- Piperidineethanol| 1484-84-0 | ACROS Organics 129.2 95 A0262351
Results
All the experiment data are listed below.
Table 2: Density of 8 m EDA
CO; loading Density (g/cm’)
(mol CO, / equiv EDA) 20 °C 30 °C 40 °C 50 °C 60 °C
0.47 1.178 1.1732 1.1682 1.1631 1.158
0.43 1.1619 1.1567 1.152 1.1471 1.142
0.40 1.1455 1.1408 1.1356 1.1307 1.1255
0.35 1.1287 1.124 1.1188 1.1138 1.1085
0.30 1.1111 1.1065 1.1013 1.0961 1.0908
0.21 1.0748 1.0702 1.0647 1.0594 1.0538
0 0.9852 0.9722
Table 3: Density of 12 m EDA
CO; loading Density (g/cm’)
(mol CO; / equiv EDA) 20 °C 30 °C 40 °C 50 °C 60 °C
0.48 1.2135 1.2086 1.2034 1.1983 1.1932
0.43 1.1976 1.1928 1.1876 1.1825 1.1775
0.38 1.1776 1.1728 1.1674 1.1623 1.1571
0.33 1.1581 1.1531 1.1478 1.1426 1.1374
0.29 1.1374 1.1324 1.1269 1.1217 1.1163
0.20 1.0938 1.0885 1.0827 1.0771 1.0712
0 0.9848 0.97

Table 4: Metal concentration, 8 m EDA,0.4 loading, 8 weeks thermal degradation

Metal concentration (mM

T (°C) Fe Ni Cr
100 25 5 4
120 26 7 5
135 54! 12 7

[Fe] in the solution is out of calibration range. This number is estimated according to the calibration curve.

Table 5: Heat capacity (J/ (g*K)) of 12 m EDA

T (°C) a=0 a=0.35 0=0.4 a=0.45
40 3.72 2.87 2.78 2.75
45 3.76 2.89 2.81 2.79
50 3.79 2.91 2.84 2.82




55 3.83 2.94 2.87 2.84
60 3.85 2.96 2.89 2.85
65 3.89 2.98 291 2.88
70 3.91 3.00 2.93 2.90
75 3.94 3.02 2.95 2.92
80 3.97 3.04 2.97 2.95
85 3.99 3.06 3.00 2.98
90 4.01 3.08 3.02 3.01
95 4.03 3.10 3.05 3.04
100 4.05 3.13 3.07 3.07
105 4.07 3.15 3.10 3.11
110 4.08 3.17 3.13 3.15
115 4.08 3.19 3.17 3.19
120 4.08 3.22 3.20 3.24

Where a is the CO, loading in mol CO,/equivalent EDA

Table 6: 2-PE concentration (M) in thermal degradation experiment

Solution T (°C) > 1 Time gweek) y -
150 3.6 2.5 2.1% 1.7*
8 m 0.4 loading 135 3.6 3.0 2.7* 2.4%*
120 3.6 3.2 3.1
7 m 0.6 loading 135 3.3 2.6 2.4% 2.1%
7 m 0.4 loading 135 33 2.8 2.5%

* There was colloidal suspension in the sample.

The specific gravity of partially loaded 8 m and 12 m EDA is given in Figure 1. The density of
solution was divided by density of water at the same temperature. Normalized density of EDA
solution is not a strong function of amine concentration, and can be predicted only by CO,
concentration. Therefore, CO, concentration can be inferred from on-line measurements of
solution density in this range of EDA concentration. In the operation loading range, the density
of 12 m EDA is between 1.15 and 1.2 g/cm’, which is similar to that of 8 m PZ.

Metal concentration in thermally degraded EDA samples was measured by atomic absorption.
Thermally degraded samples were treated with HNO; to dissolve the metal in the solution and
then introduced into the AA spectrophotometer. Corrosivity of EDA increases with temperature.
Typical metal concentration data of MEA (Voice, 2009), PZ (Freeman, 2009), and EDA are
compared in Figure 2. Metal concentrations in the EDA sample are much higher than those in
PZ, and similar to those of MEA. The corrosion rate of 316L stainless steel will be about 5*10°
®m/y when EDA solution is used between 100 °C and 120 °C.
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Figure 2: Corrosivity of MEA, PZ, and EDA thermally degraded sample, 8 weeks

The heat capacity of 12 m EDA was measured. Raw data of loaded sample are plotted in Figure
3. G, is also reported on a CO, free basis (J/(gm20+epa*K)) in Figure 4. At temperatures lower
than 90 °C, the heat capacity of EDA solution increases as CO; loading decreases. Meanwhile,
the apparent C, increase rate with temperature is higher with higher CO, loading. The same
phenomenon was also observed on concentrated PZ solution. The apparent partial heat capacity
of total CO; in loaded solution is negigible. H20 and CO, vaporized into the headspace of the
cell and required more heat at higher temperature. More CO; vaporized at higher loading, which
makes the apparent C, of higher loading solutions increase faster than lower loading solutions.

The C, of loaded 12 m EDA is lower than that of 8 m PZ and 7 m MEA due to higher CO,



content. Higher amine concentration and higher loading can help to reduce the sensible heat

requirment.
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Figure 5 is a typical cation chromatogram of a thermally degraded 2-PE sample. This
chromatogram has been smoothed by subtracting out the response of a blank. The main contents
in the sample are labeled by the molecular weight from IC/MS. 129 stands for 2-PE. The
retention time of 2-PE is about double that of MEA. This may be due to the larger molecular
weight. 143 is presumed to be N-methyl-2-(2-hydroxyethyl)-piperidine, one of the expected side
products in the 2-PE production process (Meagher, 2000). It also appears in the chromatogram
of the fresh solution, but does not grow in the degraded samples. 240 is the main degradation
product which can be seen from cation IC. Compared with the degradation products of 2-
piperidine methanol (2PD) (Davis, 2009), 240 is probably the dimer of 2-PE, 1-[2-(2-piperidinyl)
ethyl]-2-piperidineethanol. The retention time of this species is longer than that of diamine with
smaller molecular weight. The structures of these molecules and probable reaction paths are
shown below. 99 and 210 are the products that appeared in heavily degraded samples. These
two molecules are still not identified.

N
0]
N OH /
H +COs--------- > o +H0
129 : 2-piperidineethanol (2-PE)
N
HN
N NH
/>—O

o} +HO > OH+CO,

129 : 2-piperidineethanol (2-PE)  240: 1-[2-(2-piperidinyl)ethyl]-
2-piperidineethanol
OH

N—CH3

143: N-methyl-2-(2-hydroxythyl)-piperidine
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Figure 5: Cation chromatogram of thermally degraded 2-PE, 04=0.4, T=135 °C, t=8 weeks

Figure 6 shows 2-PE remaining in thermal degradation experiment. 2-PE loss is significant in
thermal degradation at 135 °C and 150 °C, but the degradation rate is slower than MEA and EDA.
About 24% 2-PE was lost after 4 weeks at 135 °C. This value for MEA is 37% (Davis, 2009).
However, colloidal suspension appeared in the thermally degraded 2-PE samples at 135 °C and
150 °C. The colloidal suspension blocked the thermal bombs when samples were poured into
vials and stayed on the top of clear solutions. Clear solutions at the bottom were sampled,
diluted, and analyzed in cation IC. The dimer of 2-PE is the main product on cation IC. Other 2-
PE molecules can go on to combine with the dimer 2-PE. The colloidal suspension may be a
polymerization product of 2-PE.

Piperazine has a foaming problem after degradation although it degraded insignificantly
(Rochelle et al., 2008). 2-PE is a cyclic compound like PZ. The degradation product of 2-PE
may also cause the foaming problem.
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Conclusions

Normalized density of EDA solution is not a strong function of amine concentration, and can be
predicted only using CO, concentration.

Metal concentrations in EDA samples are much higher than those in PZ and about twice those of
MEA. EDA may have a corrosivity problem.

The C, of loaded 12 m EDA is lower than that of 8 m PZ and 7 m MEA. High amine
concentration with high loading helps to reduce the sensible heat requirement.

8 m 2-PE thermally degrades slower than 7 m MEA and EDA, but much more significantly than
PZ. Dimer of 2-PE is the main thermal degradation product. There is colloidal suspension in
thermally degraded 2-PE samples.

Future Work

A new series of thermal degradation experiments is being performed. The tested amine is 1,2-
Diaminopropane, which has one more methyl group than EDA. This new amine will be
compared with EDA.
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Abstract

The degradation of MEA was carried out in two successive steps to represent absorber and
stripper conditions. Amine loss was 17.4% after 13 days at 135 °C, before being transferred to
the oxygen environment at 55 °C. Degradation in this environment was initially 1.8%/week, but
dropped off steeply to 0.3%/week by the third week. These rates were consistent with previous
thermal (Davis, 2009) and oxidative (Sexton, 2008) degradation work.

The reaction of monoethanolamine (MEA) with formate to form N-formyl-ethanolamine was
studied at temperatures of 55-130 °C. The activation energy of this reaction was determined to
be 48+6 kJ/mol

Samples from an industrial CO, capture process were analyzed for heat stable salts (HSS). The
lean solution contained 11 mM of total HSS (glycolate and formate were the highest, with 6 and
3 mM, respectively). The reclaimer waste contained 326 mM of HSS and their respective amide
derivatives (N-carboxyl-ethanolamine). Formate and N-formyl-ethanolamine were found at
concentrations of 64 mM and 170 mM, respectively.

Dissolved chromium was found to catalyze oxidation of MEA in the high gas flow apparatus.
Degradation occurred at an average rate of 0.48mmol/kg/hr and was unaffected by Cr
concentration (0.01-1 mM). Equimolar addition of EDTA reduced the degradation rate by 50%.

The thermal degradation rate of 7 m MEA was the same in the presence of formate and
formamide as in the neat solution. The loss of MEA was consistent with Davis’ data for thermal
degradation of MEA.

Introduction

Solvent degradation is a serious problem for many carbon capture systems employing amine
absorption/stripping technology. It can contribute to loss of capacity and corrosion, which
increase operating costs and reduce the life of the plant. Degradation can be divided into two
main categories: oxidative degradation, which occurs primarily in the absorber packing and
sump (due to the presence of oxygen), and thermal degradation, which occurs primarily in the
stripper, cross exchanger and reboiler (due to elevated temperature).



The oxidative degradation mechanism for MEA is not fully understood, although several

pathways have been proposed (Petryaev et al., 1984; Chi and Rochelle, 2002). Oxidative

degradation is understood to occur in the presence of dissolved metals (Blachly and Ravner,

1965), and contribute to the formation of heat stable salts (HSS) in solution (Rooney, 1998) and

ammonia (Goff, 2005). Oxidative degradation has also been shown to lead to the formation of

the N-carboxyl-ethanolamine derivatives of these HSS (Sexton, 2008). The HSS and amide

derivatives should exist in equilibrium with one another, although it is unclear where this

equilibrium lies or which species is the primary degradation product (equation 1).
OH-CH,-CH,-NH; + -OOC-R €<- OH-CH,-CH,-NH-OC-R (1)

R = H (formate)

R = CH3; (acetate)

R = COO- (oxalate)

R = CH,-OH (glycolate)

R = CO-NH-CH,-CH,-OH (N-oxamyl-ethanolamine)

Factors which enhance oxidative degradation include:
e High temperature
e High oxygen mass transfer
e High solvent concentration
e High metals concentrations

Thermal degradation occurs by a polymerization pathway, which has been thoroughly studied.
In the proposed mechanism, MEA carbamate attacks itself to form the cyclic, five-membered 2-
oxazolidone by dehydrolysis of the carboxyl group. This intermediate can in turn react to form
1-(2-hydroxyethyl)-2-imidazolidone (HEIA), another cyclic molecule. HEIA can be hydrolyzed
to N-(2-hydroxyethyl)-ethylenediamine (HEEDA), a dimer of MEA, and CO, (Polderman,
1955).
OH-CH,-CH,-NH-COO- - 2-oxazolidone = HEIA - OH-CH,-CH,-NH,-CH,-CH,-NH,
(HEEDA)

HEEDA can go on to react by the same mechanism to form trimer and quatromer degradation
products. Many of these products have been identified in thermally degraded samples by LCMS
and ICMS. In addition, this polymerization pathway has been shown to occur only at
temperatures above 100 °C, and is significant only above 120 °C (Davis, 2009).

Factors which enhance thermal degradation include:

e High loading
e High temperature
e High solvent concentration

Analytical Methods
Amide reversal

Anion chromatography was used to quantify heat stable salts formed during oxidative
degradation. This method can also be used to quantify amides (presumed to be of the form N-
carboxyl-MEA). Degraded samples were treated 2:1 (v/v) with a solution of 5 N sodium
hydroxide and allowed to react for 24 hours. This hydrolizes the amide, converting it to the
corresponding carboxylate anion, which can be detected by anion chromatography.



OH-CH,-CH,-NH-OC-R + NaOH(xs) = OH-CH,-CH,-NH, + -OOC-R

Carboxylate/N-Carboxyl-MEA Equilibrium

The equilibrium of MEA and carboxylate degradation products was studied by reacting MEA
with the carboxylic acid at various temperatures. The reaction was carried out in a make-shift
reactor comprised of 2-inch stainless steel (SS-316L) tubing cut to 10 cm lengths and capped.
The stainless steel tubes were then placed in either a convection oven or a water bath. The
contents of the tube remained sealed during exposure to high temperature. In this work, all
variables except temperature were kept constant. The solution was 7 m MEA at 0.2 loading,
with 0.1mols of formate (added as formic acid) per mol of MEA. The reaction was assumed to

be of the form:

Ca—Cye
£ 2o exp (—ktcA_eq)
C4,i—C4eq

In(k)=a+b/T

ca = Concentration of species A

Caeq = Equilibrium concentration of species A

ca ;i = Initial concentration of species A

k = Temperature dependent reaction rate constant
t=Time

Single-Cycle Experiment

In the single-cycle experiment, an amine was degraded thermally for a sufficient period of time
to achieve significant thermal degradation (10-20% amine loss). The degraded amine was then
placed in a reactor (low gas flow system) and degraded oxidatively in 98% oxygen and 2% CO,
at 55 °C. The purpose of this experiment was to determine the fate of thermal degradation
products when they are cycled back to the stripper, and study any other synergies that exist
between the two degradation regimes. Samples were taken prior to thermal degradation, after 13
days of thermal degradation, and at regular intervals over 25 days of oxidative degradation.

LCMS and HPLC

An analytical method for identifying unknown degradation products by LCMS was developed
this quarter. The instrument employed is a reverse phase liquid chromatogram, which uses a
water-methanol-acetonitrile mobile phase and a C-18 stationary phase. The program ramps the
methanol concentration from 2%v. to 100%v.

The HPLC and LCMS instruments both use essentially the same method. The key difference is
that the HPLC uses an evaporative light scattering detector, while the LCMS has a UV detector.
The machine detects the absorbance at 3 wavelengths (230, 254, and 280nm) as well as the total
UV absorbance.

The mass spectrometer program was developed by Jason Davis (2009). The program will
register any mass between 50 and 300 Daltons, and has a resolution of 0.7 Daltons.

Previous Analytical Methods

Table 1: Summary of Previous Analytical Methods for Degradation



Method

Analyte (s)

Total inorganic carbon (by phosphoric acid
release)

Dissolved carbon dioxide

Cation chromatography

Amines (ethanolamine, ethylene diamine,
piperazine, etc.)

Thermal degradation products (MEA-
oxazolidone, MEA-urea)

Anion chromatography

Organic carboxylic acids (Formate, oxalate,
glycolate, acetate)

Amides (Formamide, oxalamide, glycolamide,
acetamide)

Inorganic salts (Nitrates, nitrites, sulfates,
chloride)

Cation chromatography mass spectroscopy

Unknown cation degradation products

Titration

Total alkalinity ~ amine concentration, exact
for unloaded neat solns

High pressure liquid chromatography

Hydroxyethyl imidazole, N-formyl-
ethanolamine (MEA-formamide), 1-(2-
hydroxyethyl)-2-imidazolidone (HEIA)

Fourier transform infrared (FTIR) analyzer

Gas phase degradation products (ammonia,
N,O, NOy)

Gas phase inerts (water, carbon dioxide)

Other gas phase components (including not
limited to methane, ethylene, formaldehyde,
acetaldehyde, methanol, methylamine)

Previous Experimental Methods

The low gas flow reactor was used for conducting oxidative degradation experiments. In this
system, 350 mL of amine solution was loaded into a glass jacketed reactor. The reactor was
heated to 55 °C and stirred at 1450RPM. Oxygen (98%) and carbon dioxide (2%) were fed to
the head space in the reactor at a rate of 100 mL/min. The gas exits around the gap where the

agitator passes through the stopper.

The high gas flow reactor is similar to the low gas system in that the temperature, solution
volume, and agitation rate are all the same. However, the gas rate and makeup are different—
they are 6.5LPM and 20.5% oxygen. In addition, the HGF system is connected to an FTIR

analyzer for continuous gas-phase analysis.




Results
Analysis of a Pilot Plant Solution

A solution of aqueous ethanolamine from a carbon dioxide absorption/stripping process was
analyzed for amine content, loading, and HSS concentrations. The reported conditions of the
process are given in Table 2 below.

Table 2: Relevant Pilot Plant Process Conditions

Stripper Bottom Temperature (°C) 86.1
Rich Amine Temperature (°C) 52.2
Solvent Rate (LPM) 2760
Solvent Inventory (L) 68040
MEA Concentration (wt %) 16

MEA concentration of the lean solution leaving the stripper and the reclaimer bottoms (waste)
were analyzed by cation chromatography. The calibration curve is shown below.
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Figure 1: Calibration of MEA on Cation Chromatography
Table 3: Cation Analysis of a Field Sample

Sample Name Area Concentration
(uS*min) (ppm)
100 ppm 3.287 98.9
200 ppm 5.653 198.2
300 ppm 7.743 297.9
400 ppm 9.751 402.6
500 ppm 11.447 495.9
Lean 5.084 173.7
Reclaimer 13.535 621.5
Waste




Total inorganic carbon was assessed by elution of carbon dioxide by treatment with phosphoric
acid. The calibration curve for this method is shown below.
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Figure 2: Calibration Curve for Total Inorganic Carbon
The solution was also analyzed via titration with sulfuric acid. The endpoint volume of sulfuric
acid was used to determine the weight fraction of MEA in the sample. The cation
chromatography analysis is more accurate because it involves direct analysis of the component
of interest, whereas other acids or bases in solution can interfere with the titration analysis.

Table 4: Field Sample Lean Solution Composition by Weight
Component Lean Reclaimer

Solution Waste
(wt. frac)
CcO2 0.0930 0.0148
MEA 0.1737 0.6215

Water 0.7333 0.3637

MEA by 0.1470 0.6031
titration

Concentrations of all heat stable salts in the lean solution were very low: formate, formamide,
and glycolate were the only salts present in significant quantities. The reclaimer waste, however,
contained high concentrations of several degradation products, most prominently formate and
formamide.
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Figure 3: Heat Stable Salt Concentrations in Field Sample
Table 5: HSS in Field Sample (mmol/kg solution)

Lean | Reclaimer
Glycolate 5.83 7.59
Acetate 0.00 4.72
Formate 2.86 58.61
Chloride 0.32 10.36
Oxalate 0.39 1.03
Nitrate 0.42 22.77
Nitrite 0.10 0.19
Sulfate 0.08 1.96
Glycolamides | 0.00 6.68
Acetamides 0.00 21.86
Formamides 0.79 157.51
Oxalamides 0.02 9.46

Single Cycle Experiment

Results are presented from an experiment where MEA was thermally degraded for 13 days at
135 °C. MEA loss occurred at a rate comparable to that in Sexton’s experiments. The rate of
oxidative degradation of the thermally degraded solution was found to be more than that of neat
solution with 1 mM Fe added, but less than that of experiments conducted by Sexton in the
presence of Cr and Ni or Cu and Fe. Analysis of metals in solution by atomic absorption found
23 mM Fe, 4.8 mM Cr, and 6.9 mM Ni. Neat MEA was degraded in the presence of these
metals (“High Metals™) in an attempt to separate the effects of thermal degradation on oxidative
degradation from that of the catalyst concentration. Significant quantities of metals were
observed to precipitate in this solution. The degradation rate of the high metals experiment was



less than that of the single cycle experiment. This suggests that some of the MEA loss is due to a
synergistic effect of thermal degradation.

Table 6: Single Cycle Experiment Operating Conditions
Thermal Degradation Oxidative Degradation
Temperature 135°C 55°C
CO, 0.4 loading 2% CO, 1n 98% O,
Time 13 Days 25 Days
Apparatus 10 ml SS316 Cylinder LGF Apparatus
Solution 7 m MEA Thermally degraded MEA
100
5mM Cu + +
90 | —mvoice-sc-1 //‘\'lmM ke .1mM Ni -
—— Davis Model
80 - =& Sexton-LGF-1mM Fe \//
—Voice-HGF-11m MEA + 1mM Fe / __./'/.\'
70 1 sexton-HGF-1mMFe Fe=23mM
~0—Sexten-LGF-.1mMFe + 5mM Cu
< i — .
X 60 Sexton-LGF-.5mM Cr + .LmM Ni \ Ni=6.9mM
A ) ) Single Cycle
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S 50 /
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MEA Loss = 19.99% HGF €= eom LGF
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Degradation
0 17.35%
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Figure 4: Comparison of Low Gas Flow Experiments with Single-cycle (SC-1) Experiment
Table 7: MEA Oxidative Degradation Comparison

Voice-Single Cycle- | Sexton-LGF-4/08 Sexton-LGF-7/08 | Sexton-LGF-9/07
7/09
Fe=23mM Cr=0.6 mM Fe=0.1 mM Fe=1mM
Cr=4.8 mM Ni=0.1 mM Cu=5mM
Ni=6.9 mM
Time | Amine Time Amine Time Amine | Time Amine
(Days) | Loss (%) (Days) | Loss (%) | (Days) Loss (Days) | Loss
(%) (%)




13.00 | 17.35 0.00 0.00 0.00 0.00 0 0.00
15.04 | 42.78 0.92 2.86 1.79 32.86 6.00 37.14
16.98 | 55.00 1.88 8.57 4.71 60.00 8.88 41.43
20.00 |61.31 3.83 12.86 7.25 70.00 18.54 | 44.29
22.06 | 66.53 6.42 20.00 9.17 72.86 | 20.67 37.14
23.94 | 71.55 12.17 60.00

27.02 | 72.67

30.07 | 75.17

36.08 | 76.44

38.09 | 74.84

Samples from SC-1 were hydrolyzed and analyzed for HSS by anion chromatography. The
result is displayed below along with data from a previous 7 m MEA/1 mM Fe low gas flow
experiment (Sexton, 2008). The data show that production of formamide from the thermally
degraded solution is significantly higher than in Sexton’s experiment with 1 mM Fe. Production

Table 8: Thermal Degradation Estimate

Time (hrs) | Predicted Amine Loss (%)
% Loss = .474%(1-¢ %"
0 0.00
10 0.83
35 2.83
70 5.48
100 7.63
140 10.33
190 13.45
250 16.84
312 19.99

7 m MEA/0.4 loading/135 °C

Values are estimated from data in Davis, 2009 for

of oxalamide was also higher, although production of nitrite was significantly lower.
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Table 9: Production of Heat Stable Salts in thermally degraded 7 m MEA in LGF

Time Formamide | Formate | Oxalate Oxamate Oxalamide Nitrate Nitrite
(hrs) (mmol/kg) | (mmol/kg) | (mmol/kg) | (mmol/kg) | (mmol/kg) | (mmol/kg) | (mmol/kg)
-312.0 0 2 2 0 0 0 0
0.0 3 5 0 0 0 0 0
48.9 430 41 4 13 78 11 16
95.5 511 68 9 25 101 16 22
168.1 519 68 10 26 158 16 21
217.5 632 102 17 41 234 20 27
262.5 593 134 20 48 21 28
336.4 632 152 24 53 344 21 28
409.7 617 180 30 63 23 29
553.9 714 191 34 63 22 27
602.1 629 225 37 68 587 22 27
Table 10: Production of Heat Stable Salts in LGF with 22 mM Fe, 4.8 mM Cr, 6.9 mM Ni
Time | Formate | Formamide | Oxalate | Oxalamide | Nitrate | Nitrite
0.00 0 2 0 0 0 0
25.55 6 51 1 18 4 12
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73.55 16 103 2 31 10 24
142.68 28 142 4 45 15 34
215.22 37 188 5 56 17 38
309.63 43 194 2 59 18 39
Table 11: 7 m MEA/1 mM Fe — LGF Experiment (Sexton, 2008)
Time | Formamide | Formate | Oxalate | Oxalamide | Nitrate | Nitrite
(hrs)
0 1.26 0.44 0 0 0 0
144 110.99 38.44 1.65 16.2 12.66 56.12
213 150.82 73.69 3.98 29.14 26.36 80.76
445 195.5 115.8 7.94 58.62 37.76 90.59
496 176.19 143.57 10.06 44 .34 42.03 89.39

Carboxylate/N-Carboxyl-MEA Equilibrium

Stainless steel reactors with 10 mL volume were used to react formic acid with ethanolamine at
various temperatures. Formamide concentrations were evaluated by sodium hydroxide
hydrolysis. The reaction is observed to reach equilibrium faster at higher temperatures. Data
from four temperatures were used to calculate the activation energy of the reaction as
48+6kJ/mol.

Formate Conversion in 7m MEA at
Various Temperatures
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Figure 8: Conversion of Formate to Formamide at Different Temperatures
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Table 12: Conversion of Formate to Formamide in 10 mL Stainless Steel Reactors at
55 and 100 °C

55°C 100 °C
Time Formate | Formamide | Time Formate Formamide
(hours) (hours)
0.00 666 85 0 506 0
25.55 656 196 1.53 506
73.55 648 191 2.38 485 55
142.68 609 242 5.13 444 54
215.22 545 307 6.72 426 73
309.63 518 328 8.72 404 108
11.73 386 130
120 °C 135°C
Time Formate | Formamide | Time (hrs) | Formate Formamide
(hrs)
0 387 0.00 372 119
0.53 322 166 0.53 288 116
0.98 332 0.98 283 195
1.83 295 196 1.83 252 215
3.78 281 204
6.27 268.4
243 286.6 206

Oxidative Degradation Catalyzed by Cr

MEA was degraded in the presence of 0.01-1 mM Cr in the high gas flow apparatus. The
reactor is semi-batch: dry air and 2% CO; flow continuously through the batch of MEA. Water
is fed directly to the reactor to make up water removed by the dry gas. Some evaporation and
condensation occurs when the flow rates do not match, which results in a corresponding change
in volatility. An equimolar addition of EDTA reduced the ammonia rate by 50%. Further
addition of EDTA did not affect the NHj rate.
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Table 13: Selected Data from FTIR Gas Phase Analysis of MEA Degradation

Time | NH; Cum Volatility | Cum
(hr) | (mM/hr) | NH; (mM/hr) | Volatility
(mM) (mM)

0.16 | 1.382 1.559 0.765 1.518

8.36 |0.202 3.819 1.107 12.655
16.56 | 0.277 5.835 0.999 21.243
24.77 | 0.416 8.466 1.154 29.468
33.85 | 0.503 12.933 1.216 42.029
42.03 | 0.612 17.45 1.342 52.533
50.21 1 0.728 22.807 1.329 63.625
58.39 | 0.386 27.009 1.006 72.745
67.66 | 0.366 30.696 0.954 80.912

Formate Consumption in the HGF

Formate is converted to formamide in the presence of Inhibitor A in the HGF. The consumption
of formate may match formamide production, although there is significant scatter in the data.
MEA consumption is significantly greater than formamide production, and is higher than
expected when formamide production, volatility, and degradation are considered.
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Figure 11: Formate Conversion in 7 m MEA/0.41dg/0.1molCOQO /mol MEA
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Table 14: Formate Conversion in 7 m MEA/0.41dg/0.1molCOO/mol MEA

Time MEA Formate Formamide
Consumed | Consumed | Produced

0.0 0 0 20

3.1 -70 17 -10

21.5 55 70 84

28.3 417 127 60

Thermal Degradation in the Presence of Additives

All four solutions appear to match Davis’ experimental data for thermal degradation of 7 m
MEA at 0.4 loading. There is no clear dependence of thermal degradation on formic acid or
formaldehyde additives

Thermal Degradation of 7m MEA with Additives
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Figure 12: Metals in Thermally Degraded 7 m MEA/0.4ldg/135 °C with additives
Table 15: Metals in Thermally Degraded 7 m MEA/0.41dg/135 °C with additives

;F};:;S) % MEA Loss
Davis, 7 m Neat 7 m Formic acid Formaldehyde | Formic acid and
MEA, 0.4 ldg | MEA, 0.41dg formaldehyde
0 0 -0.018 0.003 0.002 0.014
1 -0.028 0.039 0.037
2 -0.001 0.034 0.054 0.030
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3 0.000 0.089 0.076 0.076
4 0.067143

6 0.119 0.129 0.143
8 0.142857

13 0.161 0.195 0.152
13 0.182 0.317

14 0.211429

20 0.311 0.367 0.325
20 0.324 0.337
28 0.377143 0.313 0.424 0.392 0.388
28 0.392 0.337 0.394
28 0.409 0.389

56 0.61

Iron concentrations in thermally degraded solutions are scattered, although a general trend
emerges. Concentrations as high as 1000ppm are observed in some solutions. The amount of
iron in the different samples does not appear to be a function of the additives.
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Figure 13: Iron in Thermally Degraded 7 m MEA with Various Additives at 135 °C /0.4ldg
Table 16: Iron in Thermally Degraded 7 m MEA with Various Additives at 135 °C /0.4ldg

Time (Days) Neat 7m Formic acid | Formaldehyde Formic acid and
MEA, .4ldg formaldehyde
0 0 0 0.0006 0.0006
1 0.0464 0.0422 0.0122
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2 0.0808 0.1006 0.1204 0.1422
3 0.1226 0.1268 0.1466
4 0.0422

6 0.1472 0.1486 0.1512
8

13 0.1974 0.1832 0.1884
13 0.1554 0.1866 0.1878
14

20 0.1984 0.2062 0.1892
20 0.2216 0.2166
28 0.2288 0.2124 0.205 0.1948
28 0.1762 0.2152 0.2056
28 0.2012 0.213

A solution of 43.8 wt % proline was prepared. The solution was cooled from 55 °C, and was
observed to be soluble down to 4 °C.

Table 17: Preparation of Aqueous Potassium Proline Solution

Masses Added | Molar Weight % | Analysis Notes
Concentration
(mol/kg)
Proline 44175 ¢g 3.806 43.8% 41.6% 10.12-12.8
molal*
Potassium 2.663 g 2.2945 26.4% TIC not 1.004 mol K+/
Carbonate analyzed mol proline;
Water 3.0 mL 2.5849 29.8% 0.502 mol
CO,/mol
proline

*Depending on speciation 2H" + COs> > H,0 + CO, and whether the gravimetric or titration
amine concentration is used

Future Work

The liquid chromatography method requires further refinement. Future work will involve
identifying unknown peaks, improving the resolution of early peaks, and achieving better
detection. Unknown peaks will be qualified by injecting pure components and use of LCMS;
better separation can be achieved by modifying the eluent gradient ramp and flow rate; detection
may be improved by tuning the ELSD settings or using a different detector.

A method was developed for evaluating activity coefficients of CO, using FTIR. This method
was convenient to develop due to experience working with the high gas flow reactor system,
which will be used to take this measurement. Under the proposed method, the glass jacketed
reactor will be charged with the amine solution of interest. CO; will then be sparged into the
system; the reactor gas will be analyzed by FTIR. When the CO, concentration in the gas stream
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stabilizes, N,O will be sparged into the system, until the NoO concentration in the reactor gas
stabilizes. The equilibrium liquid phase N>O can be determined by integrating the difference
between N,O observed in the gas phase during loading and the concentration at equilibrium.

Conversion of formate to MEA-formamide may be catalyzed by dissolved metals. Future
experiments will explore this effect through the addition of FeSO4 to MEA/formate solutions in
glass reactors.

The field sample described in this report requires further analysis. Future analysis by LCMS and
ICMS will be used to determine the existence, or lack thereof, of known and unknown
degradation products. Samples from other pilot plants will be acquired for purposes of
comparison.

Future degradation work will focus on repeating the results of SC-1 and identification of
unknown peaks observed in this experiment. Additional amines will be tested in the HGF system
to confirm the production of NHj3 or other gas phase oxidative degradation products (such as
short chain alkylamines, NOy, and N,O. Finally, the viability of proline and other amino acids
will be investigated through oxidative and thermal degradation screening.
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Abstract

This work presents the dynamic behavior of the amine absorption/stripping system in response to
the changes in the capture or steam cycles operating conditions. This dynamic simulation was
run in a flow sheet of Aspen Custom Modeler® (ACM®) by integrating the dynamic models of
the absorber and the stripper and including simplified steady state models of the cross heat
exchangers, the lean solvent cooler, and pumps.

The dynamic results demonstrate that, in the absence of any control system, the CO, capture
reaches steady state in less than 30 minutes smoothly after making a step change in the steam
rate and flue gas rate. However the CO, capture continues to vary slowly because no control
action is bringing the water content back to balance.

Regulating the temperature of lean solvent recycling to the absorber is presented as an alternative
strategy to control the water balance, but it is not proposed as an instantaneous control action.

In addition, controlling the levels in the inventories in an acceptable range is indicated as a
mandatory control action. It should be considered for amine systems to make sure that thermal
and oxidative degradation and liquid/vapor separation criteria will always being satisfied.

Introduction

Several studies have been done on optimizing the absorber performance, minimizing energy
requirement for solvent regeneration and CO, compression. However, almost all of them are
based on steady state simulations. There is little work on understanding the dynamics and
operability of post-combustion capture with varying load. Previous work was limited to
modeling the absorber or stripper columns and has not addressed any effective strategies for
regulatory control purposes or wide range operation for the whole system. In this work, the
dynamic model of amine absorption/stripping process is expanded into an ACM® flow sheet and
dynamic responses to small changes in reboiler steam rate and inlet flue gas rate are presented in
the following sections of this report.



Discussion

The dynamic model of the absorber and stripper which has been developed is connected in a
flow sheet of ACM® framework. The integrated model includes simplified steady state models
of lean and rich solution pumps, the cross heat exchanger, and the lean solvent cooler. The
dynamic behavior of the system was evaluated separately in response to a couple of possible
changes in the plant: a step change in the reboiler steam rate and a step change in the flue gas
rate as a result of any change in the boiler load.

In the current integrated model, it is assumed that the steam cycle can provide an almost constant
pressure at the extraction point for the steam used for solvent regeneration, even though the
boiler load or extracted steam rate changes. This assumption might be valid when we investigate
the dynamics and control of the capture from a regulatory control point of view. Nevertheless,
the assumption is likely to be incorrect when we have a big change in the capture and power
cycle operating conditions. Therefore, we need to include IP/LP crossover pressure as a function
of extracted steam rate and boiler for future studies on dynamics and control of the capture over
a wide range of operation.

We have a plan to compare the dynamics and control performances of the capture using 7 M
MEA running at different lean loadings: high, low, and medium (around critical L/G). In the
first case study being discussed in this report, the capture is running at a high lean loading of
0.44. The pressure at the top of the stripper is kept constant at 270 kPa. The steady state design
of the cross heat exchanger and reboiler are based on 5 °C, and 10 °C temperature approaches,
respectively. The absorber contains 10 m of Mellapak 250Y packing and the stripper contains 3
m of the same packing. Both columns are sized based on 80% flood.

Dynamics of open loop system

The simulation was run for two cases separately. In the first case, the steam valve opening was
reduced within 5% at 0.01 hr in order to understand the dynamic behavior of the whole plant in
response to the steam rate change and steam temperature in the absence of any control loop. As
already mentioned, we assumed that upstream of the steam valve, the pressure of steam extracted
from the steam turbines remains constant when the steam rate varies. In the second case, a -5%
step change was made for flue gas at 0.01 hr to study the dynamic behavior in response to the
flue gas flow disturbance from the boiler side.

When the steam valve closes, the pressure drop across the valve increases instantly and with
constant upstream pressure, and the steam side temperature of the reboiler initially drops fast
(Figure 1). Afterwards it decreases slowly as the steam rate moves to the asymptote. However,
in the solvent side of the reboiler, one-minute hold-up time is considered in the initial point,
which results in the temperature dropping more slowly than in the steam side (Figure 2).



steam temperature in the reboiler shell,C

time, hr

Figure 1: The response of the steam side temperature of the reboiler to a 5% closing of the
steam valve

The steam rate, which is affected by temperature driving force in the reboiler, indicates an initial
inverse response due to the different time constants associated with the temperature in both sides
(Figure 3).

In this system, no control loop is designed to control the liquid level in the absorber and the
stripper. With a change in the steam rate or flue gas flow rate, an increased liquid hold-up is
expected in one column, and a decreased liquid hold-up in the other one, because the amount of
liquid in the system remains almost constant, and varies only slightly due to the change in CO,
hold-up and water content.

Figures 4 and 5 indicate the response of the liquid level in the stripper and the absorber sumps
respectively for each case. In the first case, as the steam rate decreases, the liquid is accumulated
in the stripper because of the lower rate of vaporization. The liquid level tends to increase in the
stripper and decrease in the absorber before reaching steady state in around one hour. As shown
in figures 4 and 5, the levels tend to reach to a steady state at first, but eventually never become
constant. The system shows this kind of unstable behavior whenever something is changing in
the plant, because there is no control on the amount of water leaving the absorber. This
unbalanced water content condition could result in losing water from the solvent or bringing up
water in the solvent continuously and causing the amine concentration to vary over time.

Because the accumulation or elimination of water from the system is not an immediate effect but
a long-term effect, an instant automatic control action for balancing the water in the system may
not be necessary. It can be controlled manually by adding or removing water every week if a
significant loss or accumulation of water is observed. The amine concentration control is also a
long-term control; it may be controlled once a day by regulating the injection of amine.

Comparing the liquid level responses in the absorber and the stripper sumps in figures 4 and 5,
the necessity of controlling the levels in an acceptable range becomes remarkable. If we do not
consider any control action for balancing the liquid levels among the columns or added
inventories, a small change in the steam rate or flue gas rate or any other possible disturbance



can cause some process or safety problems. For instance, an increase in the liquid hold-up can
cause the packing or sump to flood and make the column inefficient. On the other hand,
decreasing liquid hold-up can result in less than minimum hold-up for liquid/vapor separation in
the sump and/or enough time for mass/heat transfer on the packing. For our system, it is more
likely to have a tight control for levels, as we need to meet the criteria of minimizing oxidative
and thermal degradation.
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Figure 2: The response of the solvent side temperature in the reboiler to a 5% closing of the
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Figure 3: Steam rate response to a 5% closing of the steam valve



53

525 f -

I e i
5% closing steam valve

BAB - mm = mmm e m e m oo T T oo

-5% step change in the flue gas rate

liquid level in the stripper sump,m

0.01 0.1 1 10 100
time, hr

Figure 4: The dynamic response of the liquid level in the stripper sump

3.13

w

=

N
|

w

=

[N
|

-5% step change in the flue gas rate

w
N
|

liquid level in the absorber sump,m

3.04 T T T
0.01 0.1 1 10 100

time, hr

Figure 5: The dynamic response of liquid level in the absorber sump

The dynamic response of the liquid level on the packing of the stripper indicates two time
constants, which are different by an order of magnitude. (Figure 6)

The initial rapid drop of the liquid hold-up over about 1 minute could have resulted from a
sudden decrease in the vapor rate. The second response intending to reach the second asymptote
in about 20 minutes might be the result of combination of dynamics of cooling the solution in the
reboiler and changing the solvent circulation rate.
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Figure 6: The dynamic response of liquid level on the packing in the stripper

Stabilizing the plant by lean solution temperature control

As already discussed, if the amine system is exposed to a disturbance, the amount of water gets
out of balance and the plant does not remain constant at the new steady state, but its process
variables continuously change. Because the changes are not rapid, we think it is not necessary to
implement an instant control action to bring the water in balance. However, if instant control
over the water balance is required, it can be done by controlling the temperature of the lean
solution entering the absorber by regulating the cooling water flow rate.

This control strategy was simulated with our current dynamic model by measuring and
controlling solvent flow rate using a PI control to calculate the required outlet cooler temperature
(set point of temperature control loop). The dynamic responses show that this strategy is able to
stabilize the plant, but it creates oscillatory responses. Comparing the CO, removal response to
step changes in steam valve position and flue gas rate with and without controlling the lean
solvent temperature shows that an open loop system produces faster and smoother dynamic
behavior. (Figures 7 and 8)

As demonstrated in Figure 8, in the closed loop system the CO, removal reaches steady state in
about 2 hours and because of oscillatory behavior during the transition time we will lose the
capture performance.
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Figure 8: CO, removal responses in the presence of lean solvent temperature control loop

Conclusions

Dynamic simulation of the integrated absorption/stripping process was performed in ACM®.
The dynamic behavior of the plant was evaluated in response to two possible disturbances in the
system: a step change in the steam rate, and a step change in the flue gas rate.



Dynamic results demonstrated that, in the absence of any control loop, the system gets to steady
state in less than half an hour smoothly but it continues to vary slowly because the water content
becomes out of balance in response to any possible change in the plant. We can control the
water balance in the absorber by controlling the temperature of solvent recycling to the absorber,
however an immediate control turns out not to be necessary as it just makes the system responses
oscillatory and leads in losing CO, capture efficiency during the transition time.

As expected, dynamic responses of liquid hold-ups in the inventories show the necessity of
controlling the levels in an acceptable range to balance the hold-ups and meet the thermal and
oxidative degradation and liquid/vapor separation criteria.

Future Work

In this work, we assumed that the pressure of steam extracted from the crossover point of IP/LP
turbines is always constant and it does not change when the steam rate or boiler load changes.
We also assumed the pressure at the top of the stripper is constant.

In future, we will include a realistic steam pressure performance as a function of steam rate and
boiler load in order to investigate the influence of power plant steam cycle on the design and
operation of capture and the possibility and benefits of running the stripper at variable pressure.

In addition, the ratio control strategy which was proposed by Ziaii et al., (2008) as an alternative
strategy will be implemented in the simulation in order to keep the capture at the optimum
condition (minimum equivalent work).
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Abstract

A first-order model of hourly electric grid dispatch and pricing has been adapted in order to
investigate the implications of flexible carbon dioxide (CO,) capture over a multi-year time
frame with annually varying fuel prices, CO, prices, electricity demand, and power plant fleet.
Preliminary analysis of the Electric Reliability Council of Texas (ERCOT) electric grid over a
21-year period with six natural gas and CO; price path combinations shows that coal-fired plants
continue to be dispatched at base load regardless of the availability of CO, capture unless natural
gas prices are low and CO, prices are high. Operation of flexible CO, capture in response to
demand-induced electricity price variations depends on complex interactions of fuel and CO,
prices, operating costs, and the current power plant fleet. When the emissions cost penalty of
partial-load CO, capture is only a few dollars per megawatt-hour, flexibility can be used for
modest operating profit improvements, but these improvements could be offset by any operating
cost penalty for using a flexible system. However, by eliminating the need for new capacity to
replace output lost to full-load CO, capture, flexibility can greatly improve the net present value
of a CO; capture investment.

The same dispatch and market model has also been expanded for use in a comparative study of
flexible CO, capture in the United Kingdom (UK) and ERCOT electric grids. The two grids are
similar in market structure and size, but differences in capacity mix, demand variations, and fuel
markets will likely produce diverging behaviors of flexible CO, capture systems.

Background and Introduction to Flexible CO, Capture

Flexible operation of a post-combustion amine absorption and stripping system could allow plant
operators to recover some or all of the energy required for carbon dioxide (CO,) capture and
increase power output under appropriate electricity market conditions. Flexible operation would
consist of redirecting some or all of the steam being used for solvent regeneration back to the
power cycle, thereby reducing the need for energy to compress CO,.

Operating the energy intensive components of the amine absorption/stripping process at partial-
or zero-load could allow the plant operator to choose the CO, capture operating point that



provides the most economical combination of cost and output under current electricity market
conditions. For instance, it may be profitable to operate CO, capture at partial- or zero-load
when electricity prices are high if additional electricity sales offset any increase in CO;
emissions costs under a CO, regulatory framework (Ziaii, Cohen et al., 2008).

In addition, operating CO, capture at zero-load during annual peak electricity demand can
eliminate the need to spend billions of dollars to replace generation capacity lost when CO,
capture operates at full-load (Cohen, Rochelle et al., 2008).

There are two basic concepts for flexible CO, capture with an amine absorption/stripping system.
This report will focus on the concept shown in Figure 1, where the steam and rich solvent flow
rates to the stripper are reduced equally and simultaneously during partial- or zero-load operation
(Ziaii, Cohen et al., 2008). At partial-load, rich solvent that is not sent to the stripper is recycled
to the absorber, so CO, removal rates in the absorber will decrease as solvent becomes saturated
with CO,. Zero-load could involve recirculating all solvent through the absorber, or the CO;
capture system could be bypassed completely. This design’s primary disadvantage is increased
CO; emissions at partial- or zero-load, which would incur additional CO, costs under a CO,
regulatory regime.
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Figure 1: Simultaneously reducing steam and rich solvent flow to the stripper allows
increased output but at the expense of additional CO, emissions.

The other concept for flexible CO, capture involves using large scale solvent storage tanks to
allow continued CO, absorption when stripping and compression systems operate at partial- or
zero-load. This concept is described in detail in the 2" Quarterly Report of 2009 and will not be
discussed further in this report (Rochelle et al., 2009b).

Investment Life Analysis Using a Dynamic ERCOT Model

A primary research activity this quarter was utilizing the analysis methodology first described in
the 4™ Quarterly Report of 2008 to investigate the performance, economic, and environmental



implications of flexible CO, capture over an investment lifetime using a dynamic electric grid
modeling framework (Rochelle et al., 2009a). Typically, complexity and calculation time make
electric grid-level models unsuitable for analysis periods that span several years, but the first-
order nature of my electricity dispatch and market model allows calculations to be made rapidly
enough to allow multi-year analysis. The dynamic model makes dispatch calculations in hourly
time intervals that can subsequently be aggregated into annual and lifetime performance
measures as well as annual cash flows for use in a discounted cash flow analysis. Consideration
of several natural gas and CO, price paths provides insight into electric grid and CO, capture
operation under several market outlook scenarios.

Methodology

Brief Description of the Dynamic ERCOT Dispatch Model

The electric grid-level has been described in detail in several other reports and publications, so |
will only discuss it briefly here (Cohen, 2009). The deterministic model operates in a MATLAB
environment and compares electric grid scenarios with and without flexible and inflexible CO,
capture systems. The model can be used for any electricity system with the proper input data,
but the Electric Reliability Council of Texas (ERCOT) electric grid has been the primary case
study due to data availability.

In each hour, the model calculates the marginal generation costs of each facility in the electric
grid, creates a cost-ordered power plant dispatch order, chooses the least expensive plants
available to meet the current electricity demand, and sets the electricity price for that hour equal
to the marginal costs of the most expensive plant dispatched in that hour. Marginal generation
costs at each facility include any applicable fuel, CO,, and operation and maintenance costs as
well as any additional costs associated with CO, capture. Marginal costs for plants with CO,
capture account for changes in plant efficiency and CO, emissions rate as well as costs
associated with solvent makeup, solvent reclaiming, reclaimer waste disposal, additional water
use, transport and storage, and additional maintenance, labor, and administration.

Costs and electricity prices in each hour are used to find profits, and the total generation of each
plant can be used to calculate its CO, emissions. The rule-based dispatch algorithm does not
account for sophisticated plant- and grid-level constraints such as transmission congestion and
ramp rates, but it successfully approximates a competitive market for electricity in order to
provide insight into the role of flexible and inflexible CO, capture facilities in the electric grid
under varying market conditions.

Scenarios Considered
As in previous work, the model considers the following scenarios.

BAU: Business as Usual — No CO, Capture
The business as usual scenario does not allow for any CO, capture facilities.
CCS Base: Inflexible CO, Capture

For the base case CO, capture scenario, CO, capture systems must be operated at 100% load
continuously throughout the year.

FLEX Op Costs: Flexible CO, Capture Option



In this flexible scenario, plants with CO, capture choose the operating condition (20% or 100%
load) that has the lowest marginal cost of electricity production.

FLEX Profit: Flexible CO, Capture Option

In every hour, each plant with CO, capture calculates its hourly profits for two scenarios: if all
plants with CO, capture operate at (A) 100% load or (B) 20% load. If profits are greater for a
particular plant for Option A, that plant will operate capture at 100% load; otherwise, it will
operate at 20% load.

Utilizing the Dispatch Model for Investment Life Analysis

In order to adapt the model to efficiently calculate plant dispatch over an investment lifetime, the
model reads an input file with long-term projections of coal, natural gas, and CO, prices and
automatically cycles through each year in the investment life, exporting annual results
summaries after each year of calculations. Electricity demand and the ERCOT fleet of power
plants may change throughout the investment life, so the model also imports electricity demand
and power plant information that are specific to the current calculation year.

Once annual calculations are made for all years, lifetime trends and totals are determined, and
annual operating profits are included in a discounted cash flow analysis that accounts for capital
costs, capital depreciation, and profit taxes. Using National Energy Technology Lab (NETL)
guidelines, the investment life is 20 years starting in 2012, the first year when CO, prices would
exist in the U.S. under recent proposed legislation such as the Lieberman-Warner or Waxman-
Markey climate bills (NETL, 2005; USEIA, 2008; USEIA, 2009). The cash flow analysis uses a
NETL recommended discount rate of 10.3%, capital depreciation under a 20-year Modified
Accelerated Cost Recovery System (MACRS) half-year convention, and a 38% profit tax
(NETL, 2005). Since the half-year convention is used, depreciation takes place in 21 different
calendar years, so the analysis considers a 21-year period. Rather than attempt to replicate an
all-inclusive cash flow analysis like that performed in an engineering design study, the cash flow
analysis in this study is meant to demonstrate broad economic tradeoffs across the coal-based
fleet under no-capture, inflexible capture, and flexible capture scenarios.

Capital costs used in the cash flow analysis are $221 per kilowatt (kW) for any required sulfur
dioxide (SO;) removal systems and $908/kW for CO, capture systems (USNETL, 2007).
Because the need for new capacity to replace any output permanently lost to CO, capture, its
plant type, and how it may be accounted for is unclear, the sensitivity of the cash flow analysis to
replacement capacity cost is investigated.

Representation of CO, Capture Systems

Among current plants, eight are chosen to be considered for CO, capture based on their operating
costs with CO, capture, capital costs of CO, capture systems, and capital costs of any required
SO, removal systems that must be installed to prevent solvent degradation (Davidson, 2007). In
addition, any new coal-fired plants installed after 2006 utilize CO; capture in the CCS Base and
flexible CO, capture scenarios. This quantity of CO, capture retrofits would reduce coal fleet
emissions by more than 50% if CO, capture systems operate continuously at 100% load, even if
all coal-fired plants remain base load facilities.

As in previous work, any flexible CO, capture systems may operate at 20% or 100% load, and
any CO; not captured at 20% load is assumed to be vented to the atmosphere. CO; capture



performance at these load points is shown in Table 1 below. System response time is not
incorporated explicitly in the model, but it is assumed that results from one-hour calculation
intervals will approximate those found using the 1-2 hour response time found in process
modeling results (Ziaii, Cohen et al., 2008).

Table 1: Energy performance of CO, capture is similar at 20% and 100% load, but CO,
removal is much lower at 20% load.

Parameter 20% Load 100% Load
CO, Capture Energy Requirement (MWh/tCO,)* 0.281 0.269
CO; Removal (%) 18 90

Annual Demand Growth

ERCOT electricity demand growth is based on the ERCOT 2008 long-term energy forecast of
1.79% growth per year (ERCOT, 2008). Using historical data as a reference, there will then be
342 million MWh of electricity demand in 2012 and 488 million MWh in 2032.

Changes to the ERCOT Power Plant Fleet

The Environmental Protection Agency’s (EPA) eGRID power plant database is used for
performance parameters of all plants installed through 2004 (USEPA, 2007). To represent the
ERCOT plant fleet through 2031, additional power plants are added based on installations since
2004 and planned installations through 2018 from reports by the Public Utilities Commission of
Texas (PUC) and the Texas Water Development Board (TWDB) (King, Duncan et al., 2008;
ERCOT, 2008). Performance parameters of any new plants are assumed to be similar to those of
typical plants of the same type.

Figure 2 displays the resulting estimate of the ERCOT fleet through 2032 in terms of installed
capacity in gigawatts (GW)2. There are several coal-fired plant installations planned through
2013, three of which are Integrated Gasification Combined Cycle (IGCC) facilities. Three new
petroleum coke-fired plants are also included in the coal-fired capacity category since these
plants have similar performance characteristics to coal-based plants. Since wind turbines are
typically built on a relatively short-term planning horizon, there are currently no planned wind
turbine installations after 2012. Though obvious regulatory and economic hurdles remain,
Texas’s existing nuclear power plants are scheduled for a capacity doubling in 2015, and two
new nuclear plants are scheduled to come online in 2018. Some additional natural gas-fired
facilities are also to be installed through 2014. The current planning horizon does not extend
past 2018, but new natural gas-fired capacity is added in 2029-2032 so that there is enough
capacity available to meet peak demand. Natural gas is chosen for this new capacity in an
attempt to minimize the potential effect on coal-fired generation, which is the main focus of this
study.

! MWh — megawatt-hour, tCO, — metric ton of CO,

Z Installed capacity is the product of the plant’s rated capacity (maximum output under design conditions) and an
availability factor, which accounts for the average amount of time throughout a year that the plant is not available
due to a planned or unplanned outage.
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Figure 2: Publicly released planning reports estimate the installed capacity of each power
plant type in the ERCOT grid through 2032 (USEPA, 2007; King, Duncan et al., 2008;
ERCOT, 2008)

Fuel and CO, Price Paths

Two natural gas price paths and three CO;, price paths are analyzed, for six different price path
combinations. Since coal prices are expected to be significantly less volatile than natural gas and
CO;, prices, coal prices are kept constant throughout all calculations, and results shown below
use a coal price of $1.45 per million British thermal units (MMBTU).

The chosen price paths, shown in Figure 3, are not meant to be predictive; they are chosen
primarily to demonstrate a broad a range of plant and electric grid behaviors. The High Natural
Gas price path is characterized by a linear increase from $5/MMBTU to $15.5/MMBTU, where
the Inverted Natural Gas price path symbolizes a dramatic long-term transition in the natural gas
market where prices increase rapidly from $5/MMBTU then fall to below $9/MMBTU in 2032.
The Low CO; path is identical to the CO, price path in the Core case of the Energy Information
Administration’s (EIA) analysis of the Lieberman-Warner Climate Bill, the most recent proposed
U.S. climate legislation when this analysis began (USEIA, 2008). The High CO, price path is
meant to create an electricity market where coal-fired power plants have a clear advantage in
operating economics if CO; capture is available. The “best FLEX” CO; price path is intended to
establish a CO, price where, when combined with the High Natural Gas price path, creates
electricity market conditions such that operating economics at coal-fired power plants are better
with flexible CO, capture than with inflexible CO, capture or no CO, capture at all. This price
path was estimated using previous analysis of flexible CO, capture under different fuel price



combinations (Cohen, Fyffe et al., 2009). The success of the “best FLEX” CO; path in finding
the best economic conditions for flexible CO, capture will be evaluated in the results.
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Figure 3: Two natural gas and three CO; price paths are investigated in the analysis.

Preliminary Results

This section contains some preliminary results from the investment life analysis in order to
provide a general overview of the types of outputs available. These data incorporate a large
overestimate of the additional maintenance costs of CO, capture flexibility and a slightly lower
than desired coal price. Final results will integrate changes to these parameters and will be
submitted to the American Society of Mechanical Engineers (ASME) 4™ Annual Conference on
Energy Sustainability, to be held May 2010 in Phoenix, Arizona.

Generation and Utilization of Flexible CO, Capture

The long-term analysis can be used to investigate trends in generation by plant type over the
years. As an example, Figure 5 displays annual generation by plant type for the BAU (no CO,
capture) and CCS Base (inflexible CO, capture) scenarios with the inverted natural gas and high
CO; price paths. Initially, low natural gas prices depress coal-fired generation; however, rising
gas prices and new nuclear capacity dramatically decrease natural gas-based generation that only
recovers throughout the years because no new plants are built. When natural gas prices begin to
decline, gas-fired plants start to displace higher cost coal-fired facilities in the dispatch order,
causing coal-based generation to decrease in the latter years of the study.

From 2013-2029, there is more coal-based generation in BAU than CCS Base due to the energy
requirement of CO, capture. Despite high CO, prices, high natural gas prices allow coal-fired
generators to remain at base load even without CO, emissions controls. However, when natural
gas prices fall while CO, prices are high, CO, capture systems allow more coal-based electricity
to remain economical. In both scenarios, generation from new nuclear installations primarily
displaces natural gas-based electricity but also replaces some generation from the most expensive
coal-based facilities.
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Figure 4: Under the inverted natural gas and high CO; price paths, there is a much larger
decline in coal-fired generation when natural gas prices are low if CO, capture is
unavailable (BAU).

Figure 5 provides some initial insight into the operation of flexible CO, capture plants in each
scenario. The figure displays the percent of time throughout each year that flexible CO, capture
facilities, when operating, operate at 100% load in the FLEX Profit scenario.

Flexible plants operate continuou