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Summary

Reactive absorption is a common process in the chemical industry and is used,
among others, in the treatment of CO, containing industrial gas streams. For removal of
CO, from industrial gases by chemical absorption, aqueous solutions of (alkanol)amines
such as MEA, DGA, DEA, DIPA and MDEA (or their mixtures with or without “activators”
such as piperazine) are commonly used. In principle, these systems could be used for the
removal of the greenhouse gas CO, from flue gases, such as from power plants. However,
these solvents have several drawbacks, related to a limited cyclic CO, loading capacity,
resulting in high energy costs for regeneration, they contribute (without counter measures)
to a relatively high equipment corrosion rate and suffer from degradation in an oxygen rich

atmosphere, resulting in toxic degradation products.

Aqueous alkaline salts of amino acids may provide a promising alternative for these aqueous
(alkanol)amine solutions. Generally, amino acid salt solutions can be characterized by a
higher stability towards oxidative degradation, a good level of biodegradability combined
with low toxicity, viscosities and surface tensions similar to water; which is important in
case of membrane gas absorption. They have also the ability to precipitate a solid product
when absorbing CO.,; especially for solutions at high amino acid salt concentration and at
high liquid CO, loading. Although amino acids (salts) have been applied in a number of
industrial applications, information on these systems was still rather limited. The current
work was a part of a project with the aim to assess new reactive solvents based of amino

acid salts for CO, removal from industrial gas streams.

With the use of a smart screening method, the precipitation regime (or the “window of
operation”) for a series of amino acid salts (taurine, sarcosine, L-proline, B-alanine,
6-aminohexanoic acid and DL-methionine) was determined under varying conditions for the
CO, absorption process (varying temperature, CO, partial pressure and solvent
concentration). Except for DL-methionine, a relatively broad window of operation without
precipitation could be observed for all the amino acid salt solutions studied. The transition
zone from non-precipitating to precipitating system has been identified and was found to
be a strong function of the process operational conditions. At constant temperature, the
boundary of precipitation shifts to lower CO, partial pressure with increasing amino acid

salt concentration. Alternatively, at constant CO, partial pressure, this boundary shifts to



SUMMARY

higher solvent concentration with increasing temperature, due to both the influence of
absorption temperature and chemical speciation in the liquid phase on the solubility
products of the precipitates. The identity of the precipitates formed was investigated and
revealed. Their visual appearance was also characterized, which may be very important, e.g.,
from a slurry handling point of view. Some slurries were easily re-suspended, whereas
others formed gels or networks, which are likely to clog process equipment. It was found
that alkaline salts of taurine and DL-methionine precipitate upon saturating the solution
with CO, - the zwitterion (an amino acid itself), whereas L-proline, 3-alanine, sarcosine and
6-aminohexanoic acid form CO, containing solids. In latter case, high aqueous solubility of
the zwitterion in combination with high base strength of the solutions create favourable
conditions for precipitating a bicarbonate salt; for which no earlier reports in literature
could be found. Equilibrium CO, absorption-desorption experiments have been carried out
for 1 mol-dm™ aqueous amino acid salt solutions. Under these screening conditions, the
amino acid salts tested had comparable cyclic capacities (derived as the difference between
CO, solubilities at 313 and 373 K) to the industry standard MEA, but only L-proline and
sarcosine also showed (according to literature) higher reactivity towards CO,, Based on the
results of this study, the (alkaline salt of) imino acid L-proline was chosen for further
investigation in this thesis. For this solvent, important characteristics such as physico-
chemical properties, CO, absorption kinetics, thermodynamic equilibria and energy

consumption for the regeneration were determined.

A study towards the kinetics of CO, in aqueous potassium L-prolinate solutions was
performed in a stirred reactor with a flat gas-liquid interface, for the solution concentration
range of 0.5-3 mol-dm™ and over the temperature range of 290-303 K. To compare the effect
of potassium versus sodium as a counterion, the absorption rate of CO, in aqueous solutions
of sodium salt of L-proline was also measured at 298 K, for the same range of solution
concentrations. The obtained experimental reactive absorption fluxes were interpreted,
using the pseudo-first order approach, into intrinsic reaction kinetics. The reaction order
with respect to the amino acid, assuming power-law kinetics, was found to be between 1.40
and 1.44 for both considered salts; indicating significant contributions from both L-prolinate
and water to the zwitterion deprotonation. In terms of kinetics, potassium salt of L-proline
shows, on average, a 32% higher reactivity towards CO, than the sodium equivalent; and
reacts faster with CO, than most (alkanol)amines and amino acid salts. The second order
kinetic rate constant, k., is found to be 93.710> dm?>mol™s™ at 298 K, with an activation
energy of 43.3 kJ-mol™. Potassium L-prolinate may be therefore attractive in the bulk CO,
capture, either as a solvent or as a kinetic promoter to other high capacity, low energy CO,

capture solutions.



SUMMARY

Complementary to the absorption rate data, the density and dynamic viscosity of potassium,
sodium and lithium salts of L-proline were determined over the temperature range of
284-313 K, for solution concentrations from 0.1 mol-dm™ to the maximum concentration (as
determined during the amino acid salts screening activities, described in Chapter 2 of this
thesis). To estimate the CO, solubility in amino acid salt solutions, essential for deriving
reaction kinetic data, the analogy with the non-reactive N,O was used and therefore the
solubility of N,O in aqueous L-prolinate solutions (potassium and sodium salts) was
measured. For the range of conditions tested, temperatures from 284 to 313 K and solution

concentrations of 0.1 to 3 mol-dm?, a typical “salting out” behaviour was found.

The absorption capacity (“solubility”) of CO, in aqueous solutions of potassium L-prolinate
was measured for temperatures from 285 to 323 K, for the solution concentration range of
0.5-3 mol-dm? and CO, partial pressures relevant to flue gas conditions and up to 70 kPa.
The effect of absorbent concentration, temperature and CO, partial pressure on the overall
CO, solubility was studied and found to be consistent with the trends reported for
(alkanol)amines. A concentration-based chemical equilibrium model was developed and
used to represent the experimental vapour-liquid equilibrium (VLE) data (for a system
without precipitation). In spite of the numerical simplicity of the model, a reasonable good
description of the single acid gas-amine equilibria could be observed. The equilibrium
constant of the carbamate hydrolysis for potassium salt of L-proline was calculated by the
VLE model. The carbamate of L-prolinate salt is more stable towards hydrolysis than a
typical secondary amine (e.g. DEA), more in the range of primary amines or -amino acid
salts. In addition, the heat of reaction of CO, in L-prolinate solutions was estimated using
the solubility data. The value of this parameter is close to those reported for other amino
acids (e.g. glycine), slightly higher than for MDEA and lower when compared to MEA. This
heat of reaction is an important factor in the thermal energy requirements of acid gas
treating through its indirect influence on a temperature sensitivity of the VLE curves.
However, to perform the complete energetic evaluation of this system, other terms (besides

the heat of reaction) contributing to the reboiler duty will have to be taken into account.

In the final chapter, a comprehensive estimation method to calculate the reboiler duty is
presented with a new approach of establishing the H,0:CO, overhead (reflux-) ratio; which
is, next to the heat of reaction, the most important parameter in this type of calculations.
The reboiler duty for stripping CO, from aqueous 5 mol-dm™> MEA solution was calculated
with the method developed in the present work and compared with data obtained in the
working Aspen Plus Example (Aspen Plus v8.0). A good agreement between the data
generated by both methods could be found. The vapour-liquid equilibrium data, with and
without CO, in the system, are needed in these calculations. The CO, solubility in 3 and

4 mol-dm? aqueous solutions of potassium salt of L-proline was measured in the CO, partial
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pressure range of 3.0 to 358 kPa. The experimental methods used were validated by
measuring the CO, solubility in 3 mol-dm? aqueous potassium sarcosinate solutions for the
CO, partial pressure range of 3.3 to 253 kPa. For both amino acids, the experiments were
carried out at temperatures of 363, 393 and 403 K. The vapour pressures of both solvents
were determined at temperatures from 353 to 403 K. The energy requirements for potassium
salt of L-proline was calculated and compared with the literature numbers reported for
other amino acid salts. As found, the reboiler duty of potassium L-prolinate is slightly higher
than that for the 5 M MEA reference system and is within the range reported for other
amino acid salts. The value of the reboiler duty reduces, however, with increasing rich CO,
liquid loading. Further increase in the rich loading by, for example, precipitation may bring

energy savings in amino acid salt-based CO, absorption systems.

As reported in Chapter 3, precipitation is encountered when absorbing CO, in 3 mol-dm™
L-prolinate solutions at 285 K and above 6 kPa of CO,; leading to higher loadings of the
solvent at the same partial pressure of CO.,. For L-prolinate, at a certain solution loading, the
corresponding CO, partial pressure is up to half the (extrapolated) value when assuming
that no precipitation takes place. Precipitation upon CO, absorption might create new
possibilities for the (temporarily) storage of CO,. As example, the CO, captured and

precipitated as a solid bicarbonate salt could be used as a feedstock for algae culture.

The potential of L-proline and other (precipitating) amino acid salt solutions for CO,

capture and utilization is still not fully explored and deserves further consideration.



Samenvatting

Reactieve absorptie is een veelvoorkomend proces in de chemische industrie,
onder andere bij de behandeling van CO, bevattende industri€le afgasstromen. Voor het
verwijderen van CO, uit industriéle gassen door middel van chemische absorptie, worden
over het algemeen waterige oplossingen van (alkanol)amines zoals MEA, DGA, DEA, MDEA
en DIPA (of mengsels met of zonder "activators" zoals piperazine) gebruikt. In principe
kunnen deze systemen worden gebruikt voor het verwijderen van het broeikasgas CO. uit
rookgassen, zoals van energiecentrales. Echter, deze oplosmiddelen hebben verscheidene
nadelen zoals een beperkt cyclische CO, laadvermogen, wat resulteert in hoge
energiekosten voor regeneratie. Tevens dragen zij (zonder tegenmaatregelen) bij aan een
relatief hoge corrosiesnelheid van procesapparatuur en zijn ze gevoelig voor degradatie in

een zuurstofrijke atmosfeer, resulterend in toxische afbraakproducten.

Waterige alkalische aminozuur zoutoplossingen kunnen een veelbelovend alternatief zijn
voor de conventionele waterige (alkanol) amine oplossingen. In het algemeen worden
aminozuur zoutoplossingen gekenmerkt door een hogere stabiliteit tegen oxidatieve
degradatie en door een goede biologische afbreekbaarheid, gecombineerd met een lage
toxiciteit en een viscositeit en oppervlaktespanning vergelijkbaar met water. Dit laatste is
met name van belang in het geval van membraangas absorptie processen. Ze bieden ook de
mogelijkheid om een vast product te precipiteren bij het opnemen van CO,, vooral voor
oplossingen met hoge aminozuur zoutconcentratie en hoge CO, belading van de
vloeistoffase. Hoewel aminozuurzouten in een aantal industriéle toepassingen zijn
toegepast, was informatie over deze systemen slechts beperkt beschikbaar. Het hier
gepresenteerde werk was onderdeel van een groter project met als doel om nieuwe, op

aminozuur zout gebaseerde oplosmiddelen voor CO, absorptie uit rookgas te evalueren.

Met behulp van een “smart screening” methode, is het precipitatiegebied (of "werkbereik")
bepaald voor een reeks van aminozuurzouten (te weten taurine, sarcosine, L-proline,
B-alanine, 6-aminohexaanzuur en DL-methionine) voor het CO, absorptieproces onder
verschillende omstandigheden bij gevarieerde temperatuur, CO, partiaaldruk en
oplosmiddelconcentratie. Voor alle bestudeerde aminozuur zoutoplossingen, behalve voor
DL-methionine, kan een betrekkelijk groot werkbereik zonder precipitatie worden

waargenomen. De overgangszone van niet-precipiterende naar precipiterende condities
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bleek een sterke functie van de operationele procescondities. Bij constante temperatuur
verschuift de precipitatiegrens naar lagere CO, partiaaldruk bij toenemende aminozuur
zoutconcentratie. Bij constante CO, partiaaldruk, verschuift deze grens naar hogere
concentraties oplosmiddel bij toenemende temperatuur, als gevolg van zowel de invloed
van de absorptietemperatuur als ook van de chemische samenstelling in de vloeistoffase op
de oplosbaarheidsproducten van de precipitaten. De identiteit van de gevormde
precipitaten was onderzocht en onthuld en ook hun visuele verschijning is beschreven. Dit
laatste aspect kan van groot operationeel belang zijn, b.v. met betrekking tot het
verpompen van de gevormde slurrie. Sommige slurries zijn gemakkelijk opnieuw te
suspenderen, terwijl in andere systemen gels of netwerken gevormd worden die mogelijk
procesapparatuur kunnen verstoppen. Gevonden werd dat voor alkalische zouten van
taurine en DL-methionine de aminozuren zelf (als zwitterion) precipiteren bij verzadiging
van de oplossing met CO,, terwijl voor L-proline, p-alanine, sarcosine en
6-aminohexaanzuur vaste stoffen worden gevormd die CO, bevatten. In het laatste geval,
creéert de hoge oplosbaarheid van het zwitterion in combinatie met een hoge base sterkte
van de oplossing gunstige voorwaarden voor het neerslaan van een bicarbonaatzout;
waarvoor geen eerdere melding in de literatuur kon worden gevonden. Evenwichtsmetingen
voor CO, absorptie-desorptie zijn uitgevoerd voor 1 mol-dmaminozuur zoutoplossingen in
water. Onder deze omstandigheden, hadden de geteste aminozuurzouten een vergelijkbare
cyclische capaciteit (vastgesteld als het verschil in CO, oplosbaarheid bij 313 en 373K) met
de industriéle standaard MEA, maar hiervan vertoonden alleen L-proline en sarcosine
(volgens literatuur) een hogere reactiviteit met CO,. Op basis van de resultaten in deze
studie, is het alkalisch zout van het iminozuur L-proline gekozen voor nader onderzoek in
dit proefschrift. Voor deze stof zijn de belangrijkste kenmerken ter evaluatie van dit
oplosmiddel voor CO, verwijdering uit rookgas, zoals de fysisch-chemische eigenschappen,
de CO, absorptiekinetiek, thermodynamische evenwichten en het energieverbruik voor de

regeneratie van het oplosmiddel bepaald.

De reactiekinetiek van CO, in waterige oplossingen van kalium L-prolinaat werd bepaald in
een geroerde cel reactor met een vlak, geometrisch bepaald, gas-vloeistof grensvlak voor het
concentratie bereik van 0.5-3 mol-dm™ en in het temperatuur bereik van 290- 303 K. Om het
effect van kalium ten opzichte van natrium als kation te vergelijken, werd de
absorptiesnelheid van CO, in waterige oplossingen van het natriumzout van L-proline
gemeten bij 298 K, voor dezelfde reeks van concentraties. De experimenteel verkregen
reactieve absorptie fluxen zijn vertaald, met behulp van de pseudo-eerste orde benadering,
naar intrinsieke reactiekinetiek. De reactieorde ten opzichte van het aminozuur, uitgaande
van machtswet kinetiek, bleek tussen 1.40 en 1.44 te liggen voor beide behandelde zouten.
Deze waarde wijst op aanzienlijke bijdragen van zowel L-prolinaat als van water aan de

deprotonering van het zwitterion. In termen van reaktiekinetiek, laat het kaliumzout van

Vi
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L-proline gemiddeld een 32% hogere reactiviteit naar CO, zien dan het natrium equivalent;
bovendien reageert het sneller dan de meeste conventionele (alkanol)amines en aminozuur
zouten. De tweede orde reaktiesnelheidsconstante, k., is bepaald op 93.710°> dm?-mol™s™ bij
208 K, met een activeringsenergie van 43.3 kJ-mol”. Kalium L-prolinaat kan daarom
aantrekkelijk zijn in bulk CO, afvang, hetzij als zelfstandig oplosmiddel danwel als

kinetische promotor voor andere hoge capaciteit, lage energiebehoefte oplosmiddelen.

Complementair aan de absorptiesnelheidsdata, werden de dichtheid en de dynamische
viscositeit van oplossingen van kalium, natrium en lithium zouten van L-proline bepaald in
het temperatuurbereik van 284-313 K, voor concentraties van 0.1 mol-dm? tot de maximale
concentratie, zoals vastgesteld tijdens de aminozuur zouten screening activiteiten,
beschreven in hoofdstuk 2 van dit proefschrift. Om de fysische oplosbaarheid van CO, in de
aminozuur zoutoplossingen te schatten, hetgeen essentieel is voor het afleiden van
reaktiekinetiek, is de analogie met het niet-reactieve N,O gebruikt en derhalve is de
oplosbaarheid van N,O in waterige L-prolinaat oplossingen (kalium en natriumzouten)
gemeten. Voor een reeks van condities, temperaturen 284-313 K en oplossing concentraties

van 0,1 tot 3 mol-dm?, werd het kenmerkende "uitzout" gedrag gevonden.

De absorptiecapaciteit ("oplosbaarheid") van CO, in waterige kalium zoutoplossingen van
L-proline werd gemeten over een brede range van condities relevant voor CO, afvangst uit
rookgas; bij temperaturen van 285-323 K, bij concentraties van o.5 tot 3 mol-dm? en bij een
partiéle druk voor CO, tot 70 kPa. Het effect van oplosmiddelconcentratie, de temperatuur
en CO, partiaaldruk op de totale CO, oplosbaarheid werd consistent bevonden met trends
gerapporteerd voor de oplosbaarheid in (alkanol)amine oplossingen. Een op concentraties
gebaseerd chemisch evenwichtsmodel is in deze studie ontwikkeld en gebruikt om de
experimentele damp-vloeistof evenwichtsgegevens (VLE) te representeren (voor een
systeem zonder neerslag). Ondanks de numerieke eenvoud van het model is een goede
beschrijving van de gas-vloeistof evenwichten verkregen. Uit de data is de
evenwichtsconstante van de carbamaathydrolyse van het kalium zout van L-proline
berekend met het VLE model. Het carbamaat van het L-prolinaat zout is stabieler bij/tijdens
hydrolyse dan een gemiddeld secundair amine (bijvoorbeeld DEA), en deze stabiliteit is
meer vergelijkbaar met primaire amines of -aminozuur zouten. Daarnaast werd de
reactiewarmte van CO, in L-prolinaat oplossingen afgeschat vanuit de verkregen
oplosbaarheidsdata. De waarde van deze parameter ligt dichtbij die gerapporteerd voor
andere aminozuren (bijvoorbeeld glycine) en is iets hoger dan MDEA en lager dan in MEA.
Deze reaktiewarmte is een belangrijke factor in de bepaling van de thermische
energievereisten voor CO, verwijdering uit rookgas vanwege de indirecte invloed op de
temperatuur gevoeligheid van de VLE curves. Om een volledige energetische evaluatie van

zo'n CO, afvangsysteem gebaseerd op het gebruik van L-proline te kunnen uitvoeren, zal
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naast de reactiewarmte ook rekening moeten worden gehouden met andere termen die

bijdragen aan het benodigde vermogen in de reboiler van de regeneratiekolom.

In het laatste hoofdstuk wordt derhalve een schattingsmethode voor het berekenen van het
vermogen in de reboiler gepresenteerd, inclusief een nieuwe aanpak voor het verkrijgen van
de H,0:CO, overhead (reflux-) verhouding. Deze verhouding is, naast de reactiewarmte, de
belangrijkste parameter in dergelijke berekeningen. Het benodigde vermogen in de reboiler
voor het strippen van CO, uit een waterige 5 mol-dm> MEA oplossing werd berekend met
de methode ontwikkeld in het huidige werk en vergeleken met de resultaten van een
voorbeeldtoepassing uit het flowsheet pakket Aspen Plus (Aspen Plus v8.0), waarbij een
goede overeenkomst tussen de door beide methoden gegenereerde gegevens werd
gevonden. Voor de berekeningsmethode is kennis van het damp-vloeistof evenwicht nodig,
met en zonder CO, in het systeem. De oplosbaarheid van CO, in 3 en 4 mol-dm?
oplossingen van het kalium zout van L-proline werd gemeten over het CO, partiaaldruk
gebied van 3.0 tot 358 kPa. De experimentele methode werd gevalideerd met metingen van
de CO, oplosbaarheid in een 3 mol-dm™ waterige kalium sarcosinaat oplossing voor CO,
partiaaldrukken van 3.3 tot 253 kPa. Voor beide aminozuur zoutoplossingen werden de
experimenten uitgevoerd bij temperaturen van 363, 393 en 403 K. De dampspanningen van
de onbeladen oplossingen werden bepaald bij temperaturen van 353 tot 403 K. De
uiteindelijke energiebehoefte voor regeneratie van beladen oplossingen van het kalium zout
van L-proline is berekend en vergeleken met de literatuurwaarden gerapporteerd voor
andere aminozuur zouten. Uit de resultaten blijkt dat het vermogen in de reboiler bij
kalium L-prolinaat iets hoger is dan voor het 5 M MEA referentiesysteem en in het gebied
ligt zoals gevonden voor andere aminozuur zouten. Het benodigde vermogen van de
reboiler voor regeneratie vermindert echter sterk met toenemende CO, belading. Een
verdere verhoging van de belading bij absorptie, door bijvoorbeeld precipitatie, zou daarom
verder energiebesparingen kunnen opleveren voor op aminozuur zout gebaseerde CO,

absorptie systemen.

Zoals gemeld in hoofdstuk 3, wordt een neerslag gevonden bij het absorberen van CO, in
3 mol'dm™ L-prolinaat oplossingen bij 285 K en boven 6 kPa van CO,; hetgeen leidt tot
hogere ladingen van het oplosmiddel bij dezelfde partiaaldruk CO,. In dit gebied is voor
L-prolinaat, bij een bepaalde oplossingsbelading, de overeenkomstige CO, partiaaldruk tot
de helft van de (geéxtrapoleerde) waarde, wanneer aangenomen dat precipitatie niet
plaatsvindt. Neerslag tijdens CO, absorptie kan wellicht nieuwe toepassingsmogelijkheden
creéren voor de (tijdelijke) opslag van CO,. De CO,, afgevangen en neergeslagen als een
vaste stof in de vorm van een bicarbonaatzout, kan bijvoorbeeld worden gebruikt als

grondstof voor algencultuur.
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Het potentieel van L-proline en andere neerslag vormende aminozuur zoutoplossingen voor

CO, afvang en hergebruik is nog niet volledig onderzocht en verdient nadere overweging.
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Chapter 1

General Introduction

1.1 Carbon dioxide capture

The removal of carbon dioxide (CO,) from a process gas stream is an important
step in many industrial processes and can be required for operational, economical and/or
environmental reasons. In an aqueous environment, CO, can react with water to form a
weak acid known as carbonic acid which lowers the pH of water and promotes corrosion of
industrial equipment. Carbon dioxide is also a common impurity in natural gas streams and
must often be removed to a large extent to meet the heating value requirements of the gas
or to meet pipeline specifications. Other examples can be found in the production of
liquefied natural gas (LNG), where CO, must be removed to prevent freezing in the low-
temperature chillers, and in the manufacture of ammonia, where small amounts of CO, can
act as a poison to the catalytic process (Kohl and Nielsen, 1997). Finally, CO, as a major
greenhouse gas is held responsible for the observed global warming over the past decades
and the concerns for related climate change and its possible effect on mankind. In general,
technologies to separate CO, from gas streams are based on absorption, adsorption,
membranes or other physical, chemical and biological separation methods. In the present
work, absorption with reactive solvents is considered for post-combustion CO, capture from

flue gas.

1.2 Solvent based CO, capture processes

Industrially, solvent-based CO, capture processes have been operated for many
years. In Figure 1.1 below a typical flow scheme of CO, recovery using chemical solvents is
shown. The feed gas, in principle either a process stream or flue gas, is passed upward
through an absorber column, where it is brought in contact with a counter-current stream
of reactive absorbent. For post-combustion of CO, from flue gases from a power plant,
normally the flue gas is slightly pressurized and cooled after the desulfurization step

upstream, before entering the absorber. In the absorber, at temperatures typically between
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313 and 333 K, the solution is gradually saturated, while flowing downward, with CO,, until
it leaves the absorber at the bottom as the so-called “rich” solvent. The treated gas stream
leaves the absorber at the top, where it can be further processed or emitted to the
atmosphere. The rich solvent from the bottom of the absorption column is heated by
exchanging heat with the lean solution from the bottom of the stripping column, and is
then fed near the top of the stripping column. In the desorber, the chemically bonded CO,
is stripped from the solvent. The regeneration of the chemical solvent is carried out at
elevated temperatures (373-413 K) and pressures slightly higher than atmospheric pressure.
Heat is supplied to the reboiler to maintain the regeneration conditions. This leads to a
thermal energy penalty as a result of the required heating of the solvent, providing the
required desorption heat for removing the chemically bonded CO, and for the evaporation
of water as the steam produced in the reboiler that acts as the stripping gas. Steam is
recovered in the condenser at the top of the column and fed back to the stripper. The lean
solution from the stripper, containing far less CO,, and after partial cooling in the “lean-to-
rich heat exchanger” is passed through a particle filter (sometimes a carbon filter as well)
and further cooled by a heat exchange with water or air, and subsequently fed to the top of
the absorber. In this way, the absorption liquid cycles between the absorber and the
regenerator. The gas from the top of the regenerator is cooled to condense the water
vapour, leaving a nearly pure CO, stream behind. The condensate (or a major portion of it)
collected from the acid gas is fed back to the system to prevent the solvent from becoming
progressively more concentrated. A high purity CO, gas stream (> 99%) leaves the desorber
and is further processed to be used, for example, in greenhouses, for the (underground)

storage or reuse as a chemical feedstock.

Exhaust
gas

Water Lean
wash amine .
cooler

Condenser

Knock-out
drum
Feed
gas Filter
cooler
Feed
gas Absorber Stripper
Feed Reboiler
gas fan N reclaimer

Figure 1.1: Process flow diagram for CO, removal with chemical solvent (Kohl and Nielsen, 1997)
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Separation of CO, by using reactive solvents is considered as the most cost effective and
operationally mature technology available for low pressure, post-combustion flue gas.
(Alkanol)amines which are of industrial importance are monoethanolamine (MEA),
diethanolamine (DEA), diisopropanolamine (DIPA), N-methyldiethanolamine (MDEA),
diglycolamine (DGA) and their mixtures (with or without “activators” such as piperazine).
An overview of characteristics of commercially available (alkanol)amines can be found in
Bailey and Feron (2005). The cost of acid gas absorption using aqueous solutions of

(alkanol)amines is, however, still considered to be relatively high and is caused by:

- High solvent consumption. This is caused by high evaporation rates and thermal
and oxidative degradation of (alkanol)amines. Solvents with high vapor pressure
(e.g. MEA) can lead to significant volatility losses in the low pressure amine
contactors. Thermal and oxidative instability of these solvents results in toxic
degradation products, which are formed as a result of the side reactions with CO,,

NO,, oxygen and other minor contaminants.

- Equipment corrosion. These absorption liquids are subject to corrosion by CO, and
H.S in the vapour phase, in the amine solution (by amine degradation products)
and in the regenerator reflux (Kohl and Nielsen, 1997). This can result in the
production losses and reduced equipment life time. Corrosion problems impact
directly on the plant’s economy by forcing the use of more expensive materials of

construction.

- High energy consumption for solvent regeneration. Primary and secondary amino-
alcohols are characterized by relatively stable carbamate complexes and high
heats of reaction, which translates into high energy requirements for solvent

regeneration.

- Limited CO, absorption rates and loading capacity. (Alkanol)amine-based systems
which are characterized by higher rates of absorption are often limited by poorer
working capacity; see Bailey and Feron (2005). The working (cyclic-) capacity
determines the required solvent circulation rate, which on its turn has a major
influence on both equipment size and energy consumption. The reaction rate
determines the size of equipment, especially for the absorber. Both parameters

have a crucial impact on the investment costs of the plant.

- Environmental concerns. More recently, with major applications of this class of
solvents for CO, capture at power plants being considered, environmental and
toxicological aspects are gaining attention. Commercially used (alkanol)amines
are characterized by a low biodegradability and the eco-toxicological character.
Emissions of these compounds and degradation products thereof (especially

nitrosamines) may occur through the clean exhaust gas as a degraded solvent or
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an accidental spill and this can have a strong environmental impact (Eide-

Haugmo et al., 2009).

1.3 Amino acid salts systems

Various novel solvents have been investigated with the objective of achieving
reduced energy consumption for solvent regeneration and eliminating the (operational)
difficulties as encountered for (alkanol)amine-based CO, removal systems. Among them,
amino acids (salts) have drawn attention in recent years at both the academic and
commercial level. Table 1.1 presents an overview of commercial, patented processes using

amino acids and their alkaline salts in post-combustion capture.

Based on the (pilot) plant experiences, it has been demonstrated that amino acids (salts)
offer possibilities for developing an acid gas scrubbing process based on less corrosive, more
stable and competitive (when compared to commercially used (alkanol)amines) absorbents.
This is illustrated, for example, in the Giammarco-Vetrocoke process where alkanolamine
(DEA) and (more environmental attractive, nontoxic) amino acid (glycine) were used
alternatively to activate alkali carbonate solutions. Performance of both processes (activated
with two different promoters) was compared. As a result, higher absorption rates (in
particular) and better overall efficiency with less steam required for solvent regeneration
was found for a glycine-activated solution compared to the one activated by DEA (Kohl and
Nielsen, 1997). Better characteristics compared to amino-alcohols were found also for
Alkacid solvents (BASF). These absorption liquids showed better selectivity towards a
specific acid gas (H.S, CO,), higher absorption capacity and required less steam for
regeneration of the solvent compared to, for example, DEA and MDEA. This was especially
pronounced for the “dik” solution. In addition, these solvents proved to be quite stable and
relatively noncorrosive (Kohl and Nielsen, 1997). Siemens AG has developed a proprietary
post-combustion carbon capture technology (POSTCAP) based on aqueous amino acid salt
solutions (Schneider and Schramm, 20m). TNO (the Netherlands) proposed two CO,
separation processes using aqueous alkaline salts of amino acids as reactive solvents. The
membrane gas absorption (MGA) process is based on the use of commercially available
polypropylene hollow fibre membranes. Whereas conventional absorption liquids like
alkanolamines were not- or less compatible with these membranes, the new CORAL liquids
(CO, Removal Absorption Liquid), essentially aqueous solutions of potassium salts of
certain amino acids, have shown stable operation with the considered membrane modules
because of higher liquid surface tension when compared to conventional aqueous
alkanolamines. Some of these new absorbents exhibit as well as an excellent oxygen

resistance and have negligible vapour pressure, which reduces significantly chemical losses
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(Feron and ten Asbroek, 2004; Goetheer and Nell, 2009). The DECAB process takes an
advantage of the fact that when absorbing CO, in alkaline salts of amino acids at some point
(for certain liquid CO, loading and solvent concentration) a precipitate will be formed.
According to literature, the precipitate can be the amino acid itself (Kumar et al., 2003), but
it can consist as well of carbonate species as was reported by Hook (1997). Furthermore, it
has been shown that as a result of such precipitation the CO, equilibrium partial pressure
over the resulting slurry will remain (approximately) constant for a certain solution loading.
This gave a possibility of higher loadings of the solvent, which has benefits for both the
solvent circulation and thermal energy requirements for solvent regeneration. In addition, it
is claimed that as higher driving force is observed the absorber size could be essentially
reduced. In this three-phase CO, separation process, spray tower was chosen over other
types of contactors to avoid possible equipment blockage (Feron and Asbroek, 2004;
Fernandez and Goetheer, 2011). The recently developed TNO-DECAB Plus process exploits
an extra driving force for CO, stripping caused by a reduction of the solution pH due to
precipitation (Sanchez Fernandez et al., 2013). The CASPER process by the iCAP consortium
applies precipitation in the CO,-saturated amino acid salt solution (B-alanine) for a

simultanous separation of CO, and SO, from flue gas.

Table 1.1: Amino acid salts in post-combustion acid gas capture - process overview

Process/Licenser  Solvent Application Source
Giammarco- Hot alkali carbonate Process applied for bulk CO,  Kohl & Nielsen
Vetrocoke solutions promoted with removal from high pressure (1997)

Process organic activators (e.g. streams and to produce CO,

[Commercial] glycine) of high purity

Alkacid Process  Alkacid solvents: “M” Process used for selective Kohl & Nielsen
BASF solution (sodium salt of removal of H,S and/or CO, (1997)
[Commercial] L-alanine), “dik” solution from a variety of gas streams

(potassium salts of diethyl-
or dimethylglycine), “S”
solution (sodium

phenolate)

containing other acid
impurities such as CS,, HCN,
NH,, dust, mercaptans and
tar, depending on the
applied absorbent

continued on next page
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continued from previous page

Process/Licenser ~ Solvent Application Source
MGA Process CORAL Liquids: aqueous Membrane gas absorption Feron &
TNO alkaline salts of certain process combining the ten Asbroek
[Commercial] amino acids (e.g. taurine, commercially available (2004);
glycine) polypropylene hollow fibre Goetheer &
membranes with amino acid ~ Nell (2009)
salt solutions, and used for
CO, removal from flue gas
streams
POSTCAP Aqueous potassium salts of ~ Post-combustion CO, based Schneider &
Siemens AG undisclosed amino acid on amino acid salts. Further Schramm
[Commercial] process development will (20m)
include precipitation in
aqueous amino acid salts
solutions
DECAB Process ~ CORAL Liquids The CO, separation process Feron &
TNO based on the precipitating ten Asbroek
[Development] amino acid salts (2004);
Fernandez &
Goetheer
(20m1)
DECAB Plus Solvents under Process utilizes the pH shift Sanchez
TNO development induced by precipitation Fernandez
[Development] et al. (2013)
CASPER Process  CASPER Solvent Simultanous separation of Misiak et al.
iCAP (B-alanine) CO, and SO, from flue gas (2013)
[Development] based on precipitation in
amino acid salt solution
1.4 General introduction to this thesis

The current work was carried out within the Dutch national CCS program CATO.
Within CATO, a project was initiated to assess new reactive solvents based on aqueous

alkaline salts of amino acids for CO, removal from industrial gas streams.

In the early stage of the project, a group of promising amino acid salts was selected for
further evaluation, based on an initial screening effort, focusing on CO, absorption kinetics
(van Holst et al., 2009), pK, values (Hamborg et al., 2007) and diffusivities (Hamborg et al.,

2008). The amino acid salts selected have included taurine, sarcosine, B-alanine, L-proline,
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DL-methionine and 6-aminohexanoic acid. In the present work, these reactive liquids were
evaluated for their acid gas absorption-desorption potential and precipitation behaviour.
Given the CO, effective capacity, absorption kinetics, pK, value and precipitation window,
the (alkaline salt of) imino acid L-proline was chosen for further investigation. For this
solvent, important characteristics such as physico-chemical properties, CO, absorption
kinetics, thermodynamic equilibria and energy consumption for solvent regeneration

(reboiler duty) were determined.

In Chapter 2 a group of non-volatile amino acid salts (taurine, sarcosine, L-proline,
DL-methionine, B-alanine and 6-aminohexanoic acid) is investigated to determine their
potential as CO, absorbents. Water solubility of these salts together with the relevant
density and viscosity are given. The operating window for CO, absorption with and without
precipitation and the identity of the precipitates formed are reported. The acid gas capacity
at absorption and desorption conditions is presented. The values determined together with
the literature data on absorption kinetics (van Holst et al., 2009) and pK, values (Hamborg

et al., 2009) provide information about the use of these compounds as reactive solvents.

Chapter 3 describes the experimental determination of the solubility of CO, in aqueous
solutions of potassium L-prolinate at absorber temperatures. At certain operating
conditions the precipitate is formed in the system. Vapour-liquid equilibrium (VLE) data
(for situation without solids) are interpreted by a more conventional acid gas-amine
equilibrium model. Also, the equilibrium constant of the carbamate hydrolysis for
L-prolinate (as calculated by the model) and the enthalpy of absorption are reported and

compared with the literature values found for (alkanol)amine-based CO, absorbents.

Chapter 4 describes the experimental determination of absorption rate of CO, into aqueous
solutions of alkaline salts of L-proline at different amino acid salt concentrations, CO,
partial pressures and temperatures. The experimental reactive absorption fluxes are
interpreted, using the pseudo-first order approach, into intrinsic reaction kinetics. Physico-
chemical properties such as density, viscosity, N,O solubility as needed in the kinetic data

interpretation are also reported.

Chapter 5 describes the experimental determination of the CO, solubility in aqueous
solutions of potassium L-prolinate at desorber conditions. Limited number of VLE data is
also reported for potassium sarcosinate (for validation of the experimental procedures).
Vapour pressures for both solvents are reported. The reboiler duty for stripping CO, from
potassium L-prolinate solutions is approximated as the sum of three terms: the heat of
desorption, the sensible heat and the heat of vaporization of amino acid salt solution, and

compared with the numbers reported for MEA and other amino acid salts. A new approach
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to calculate the reflux factor, defined as the molar ratio of H,O:CO, in the regenerator

overhead stream, is applied in the calculations of this regeneration energy.

Finally, a general discussion on the findings of this thesis and potential further work is

presented.
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Chapter 2

Screening Amino Acid Salt Solutions for Post-Combustion

Carbon Dioxide Capture

The performance of a series of aqueous salts of non-volatile amino acids, as
indicated by CO, capacity, absorption kinetics, pK, value, precipitation window, precipitate
identity and appearance, viscosity, density and maximum solubility, has been studied and is
presented in this work. Among the investigated amino acids were taurine, sarcosine,
L-proline, B-alanine, 6-aminohexanoic acid and DL-methionine. The tendency of potassium
salts of amino acids to form precipitates under varying operational conditions of CO,
absorption was studied at 293 and 313 K, for CO, partial pressures relevant to flue gas
conditions and at atmospheric pressure (101 kPa) and for amino acid concentrations in
aqueous solution up to the solubility limit. Maximum solubility in water, relevant solvent
density and viscosity of potassium salts of these amino acids were determined at 293 K. A
relatively broad window of operation without precipitation was found for the considered
CO, absorption systems (except for DL-methionine). The identity of the precipitates formed
in alkaline (potassium, sodium and lithium) salts of amino acids has been revealed using
CHN analysis and ®C NMR. Based on the in-house observations and literature data, it was
found that the solid product can exist in the form of amino acid, bicarbonate or
(bi)carbonate salt of amino acid (salt). Equilibrium absorption-desorption experiments were
carried out for 1 mol-dm™ aqueous solutions. All tested amino acids showed a comparable
cyclic capacity (derived as the difference between CO, solubilities at 313 and 373 K) to the
industry standard MEA but only L-proline and sarcosine showed also higher CO, absorption
rate. With the results generated in this work, the most promising CO, solvent candidates
can be selected for further investigation. Based on the results of this study, the (alkaline salt

of) imino acid L-proline was chosen for further investigation in this thesis.
Parts of this chapter are published as:
Majchrowicz, M.E., Brilman, D.W.F., Groeneveld, M., 2009; Precipitation regime for selected

amino acid salts for CO, capture from flue gases. Energy Procedia 1, 979-984
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SCREENING AMINO ACID SALT SOLUTIONS FOR POST-COMBUSTION CARBON DIOXIDE CAPTURE

2.1 Introduction

The climate change resulting from the increasing atmospheric concentration of
greenhouse gases (GHGs) like CO,, CH,, N,O and CFCs has become an unquestionable
problem. Since the Kyoto protocol in December 1997, several stringent environmental
regulations are proposed such as a target to reduce 20% of European greenhouse gases
emissions by 2020 (EC, 2008). Among the GHGs, CO, was identified as a major contributor
to the global warming phenomenon and hence is a primary target for reduction. To avoid
substantial increase in CO, emissions over the next few decades, the development and
deployment of technology options with a potential to decrease significantly emissions of
this acid gas have been pursued. For the immediate future, post-combustion capture by use
of chemical absorption with (alkanol)amines is the state-of-the-art solution to meet the
exigent EC emission targets; as it can be retrofitted to already existing processes and power
plants (Idem and Tontiwachwuthikul, 2006; Portugal et al., 2009). In this process, the acid
gas is absorbed into an amine-based solution at lower temperatures and desorbed from the
solution by heating to higher temperatures. The use of these absorption liquids is, however,
accompanied by some complications such as solvent losses and amine-related emissions,
caused by evaporation and solvent degradation in an oxygen-containing atmosphere (as
encountered in flue gas), which results in toxic degradation products. In addition, the
operational issues such as foaming and corrosion of the equipment has been reported (Goff

and Rochelle, 2006; Supap et al., 2006).

In comparison with (alkanol)amines, aqueous solutions of amino acid salts (AAS) are
biodegradable and show good resistance to oxidation (their natural habitat is an oxygen-
containing environment). They have negligible volatilities (due to their ionic nature), and
viscosities and surface tensions similar to water (Hook, 1997; van Holst et al., 2008, Weiland
et al., 2010). Additionally, they react with CO,in the same matter as amino-alcohols, which
results in comparable or higher equilibrium capacities and absorption kinetics (van Holst et
al., 2009, Kumar et al., 2003a). A further interesting feature of aqueous solutions of amino
acid salts is their ability to form precipitates when absorbing CO, (Hook, 1997; Kumar et al.,
2003b). It has been shown in literature that as a result of precipitation the equilibrium acid
gas partial pressure over the resulting slurry remains fairly constant while increasing the
solution loading. These higher solvent loadings may lead to lower energy consumption for
solvent regeneration. Also, as the driving force is higher the size of gas-liquid contactor
could be reduced (Feron and ten Asbroek, 2005). The chemical composition of different
precipitates that are formed may create new possibilities for the (temporarily) storage of
CO, (Hook, 1997).
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When designing a new (regenerative) gas separation process for CO, removal, utilizing the
features of either precipitating or non-precipitating amino acid salt solution, knowledge is
required on the operational window in order to know whether or not precipitation will
occur within the process at the operating conditions under consideration. In the present
work, the results are presented from an experimental investigation in which the operating
conditions for CO, absorption process (like absorption temperature, CO, partial pressure
and concentration of absorbent) are varied in order to determine the precipitation regime
(or the “window of operation”) for a series of non-volatile amino acid salts. The identity of
the precipitates formed is investigated and revealed. Also, their visual appearance is
characterized, which may be important, e.g., from a slurry handling point of view. In
addition, (for the non-precipitating regime) the CO, absorption-desorption cyclic capacity
for the considered amino acid salts is determined. With the results generated in this work,
an overview of the overall performance will be presented, indicated by CO, capacity,
absorption kinetics, pK, value, precipitation window, precipitate identity and appearance,
viscosity, density and maximum solubility. From this, the most promising candidates will be

selected for further investigation.

2.2 Chemistry

Amino acids are amphiprotic species. They contain at least one basic carboxyl or
sulphonyl group and one acidic amino group. In the absence of other solutes, amino acid
exists in an aqueous solution as a zwitterion (form II in reaction 2.1). This compound has no
overall electrical charge but it contains separate functional groups, which are positively and
negatively charged. In solutions with ions other than those derived from the amino acid
itself, the ionizable groups of am ampholyte might be electrically neutralized. The basic part
of the zwitterion picks up a proton (form I in reaction 2.1) when an acid is added to the
amino acid solution. Addition of a base to the zwitterion solution removes a proton from
the ammonium group and leaves the molecule with a net negative charge (form III). It is
this anion, with a deprotonated amino group, that reacts with acid gases such as CO, and
H.S.

—H* —H*
HO,CRNHf & ~0,CRNH} < ~0,CRNH, (2)

I II I

In aqueous solutions, CO, reacts with primary and secondary amino acid salts according to
the reaction scheme given in Figure 2.1. The initial absorption reaction is the formation of a
zwitterion and a carbamate. The carbamate undergoes hydrolysis resulting in the formation

of a deprotonated amino acid and a bicarbonate/carbonate (depending on the solution pH).
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The deprotonated amino acid can then react with CO,. The equilibria in Figure 2.1 will
favour the formation of a carbamate and a bicarbonate at lower temperatures and the

liberation of an amino acid and CO, at higher temperatures.

“0,CRNHCOO" + "0,CRNH3*

/ Carbamate Zwitterion
79

_ + 2-
20,CRNH, + GO, o 2°0,CRNH3* + CO3

N >

“0,CRNH3* + HCO3™ + "0,CRNH,

Figure 2.1: Reaction scheme for CO, absorption in aqueous amino acid salt solution (Hook, 1997)

2.3 Experimental section

The CO, [124-38-9] and N, [7727-37-9] gases used were obtained from Linde Gas.
The chemicals used were DL-methionine ((+)-2-amino-4-(methylmercapto)butyric acid,
> 99.0%) [59-51-8], 6-aminohexanoic acid (g-aminocaproic acid, H,N(CH,)sCO,H, > 99.0%)
[60-32-2], B-alanine (3-aminopropionic acid, > 98%) [107-95-9], sarcosine (N-methylglycine,
> 98%) [107-97-1], L-proline ((S)-pyrrolidine-2-carboxylic acid, > 98.5%) [147-85-3], taurine
(2-aminoethanesulfoni acid, > 98%) [107-35-7], MEA (2-aminoethanol, C,H,NO, > 99.0%)
[141-43-5], KOH (> 85.0%; water contents determined by titration) [1310-58-3], NaOH
(= 98%) [1310-73-2] and LiOH (= 98%) [1310-65-2]. The calibration compounds in the NMR
studies were KHCO; (99.7%) [298-14-6] and K,CO; (99.0%) [584-08-7]. All chemicals were
purchased from Sigma-Aldrich and were utilized without further purification. Deuterium
oxide (D,O) [7789-20-0] was used as NMR solvent (Merck).

Aqueous solution of amino acid salt was prepared by neutralizing an amino acid dissolved
in deionized, double-distilled water with an equimolar quantity of an alkaline hydroxide.
The actual concentration of solution was determined potentiometrically by titrating with a

standard 1.000 mol-dm™ HCl solution [7647-01-0].

Saturation concentration of aqueous amino acid salt solution was determined by dissolving
in deionized, distilled water an excess of equimolar quantities of an amino acid and an
alkaline hydroxide, subsequently filtrating the solution to remove the solid phase and
titrating the filtrated solution with a standard HCl solution. The density of the saturated
solution was measured using a 10 mL Gay-Lussac pycnometer. The experimental method
used was in accordance with the ASTM D3s505 standard test method. The viscosity was
measured using Ubbelohde-type viscometers according to the ASTM D445 standard test

14
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method. The experiments were performed at 293 K using a water bath (Tamson) with
temperature controlled within + 0.1 K. The calibration runs using pure degassed, deionized

water were also carried out and compared with the literature data (Al-Ghawas et al., 1989).

Window of operation for amino acid salts was investigated using the experimental set-up
shown in Figure 2.2. The apparatus was designed to operate with both a pure CO, gas
stream at atmospheric pressure and for operation at CO, partial pressures relevant to flue
gas conditions. It consisted of thirty glass test tubes, a bubble column-type saturator, Sick
Maihak IR CO, analyzer, two water baths (Tamson, model Ti000), two PT100 temperature
sensors and mass flow controllers for pure N, and CO, gas streams (Brooks, model 5850 TR).
The data acquisition system used LabView. The test tubes with absorbents were immersed
in the water bath which temperature was regulated to within * 0.1 K. The saturator
temperature was regulated by the second water bath which was operating at a slightly
higher temperature than the actual absorption temperature. This temperature was chosen
such that evaporation losses for distilled water in a single test tube were negligible (less
than 0.15% per hour). First, the CO, concentration in the feed gas was determined by
bypassing the set of test tubes. A continuous diluted CO, gas stream of known composition
was prepared by mixing desired flow rates of pure CO, and N, using the mass flow
controllers. After that, the feed gas was led to the water saturator and subsequently via the
distributor to the thirty test tubes (arranged in parallel), each filled with an amino acid salt
solution of different concentration and/or composition. Next, each outlet tube was
connected to the collector and subsequently to the IR detector to measure the (collective)
outlet concentration. The experiment was stopped when CO, concentration in the inlet and
outlet gas streams were the same. The samples were visually inspected for the crystals
formation just after the experiment termination and after staying overnight in the water
bath.

Aqueous amino acid salt solutions were flushed with pure CO, to obtain the precipitate,
which was then separated, washed and dried. The solid phase formation can be observed
only under certain operational conditions, which differ for varying amino acids (salts). The

absorption temperature and CO, pressure were fixed at 293 K and 101 kPa, respectively.

Carbon, hydrogen and nitrogen contents were determined by CHN elemental analysis on an
Interscience EA 2000. All NMR data were collected on a Bruker Avance 600 MHz
spectrometer using an inverse-detection triple nuclei probe, or a broad-band direct
detection probe. The ®C NMR data were obtained at 150.917 MHz using an inverse-gated
decoupling pulse sequence in order to minimize the coupling patterns. For the molecular

composition determination, the ratio between the quaternary carbon signals was used.
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Absorption-desorption capacity of amino acid salt solution was investigated using the
experimental method described by Yan et al. (2009). Pure CO, gas was introduced to a
solvent at 298 K to form the CO, rich solution. The desorption behaviour of amino acid salt
was studied in the apparatus shown in Figure 2.3. In the regeneration experiment, the rich
solution in a Pyrex flask was heated to 373 K at atmospheric pressure. The water vapour was
condensed by the efficient Pyrex condenser tube. The CO, liquid loading in the rich/lean

samples was determined using the analytical method described in detail by Blauwhoff et al.
(1982).
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Figure 2.2. Screening apparatus for precipitation during CO, capture
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Figure 2.3: Experimental set-up for direct heating regeneration
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2.4 Results and discussion

In this section an overview of the results obtained for the most important

performance parameters will be presented.

2.4.1 Precipitation in CO,-AAS-H,O absorption systems

Precipitating CO, solvents are gaining interest. In recent years especially the so-
called Chilled-Ammonia process claimed to provide a more energy-efficient route for CO,
separation from flue gas, due to the precipitating behaviour. The use of ammonia as CO,
solvent is, however, not undisputed for safety and environmental reasons. Amino acid salt
solutions may provide an environmentally benign solution here. An interesting feature of

amino acid salts is their ability to form precipitates when absorbing CO,.

When investigating the operational conditions at which the amino acid salt-based CO,
absorption systems tend to precipitate, it is required to know the saturation concentration
(maximum solubility) of these chemical solvents. While the solubility of amino acids in
water has been well documented (Cabani and Gianni, 1986; Hutchens, 1976; Yalkowsky and
He, 2003), no experimental data were found for alkaline salts of these compounds and was
therefore determined in the present work. Along with the maximum solubility, the
corresponding density and viscosity of solutions were measured at 293 K, and the results are

reported in Table A.1in the Appendix.

The tendency of amino acid salts to form solid products under varying operational
conditions of CO, absorption process was investigated using the experimental set-up
presented in Figure 2.2. Prior to the absorption experiments, water evaporation tests (using
test tubes filled with water) were performed at both temperatures used in the experiments
in order to fine-tune the gas saturator temperature. After this, it was found that changes in
the solvent composition due to the evaporation losses are negligible. Subsequently, the
absorption experiments were performed at 293 and 313 K, for CO, partial pressures relevant
to flue gas conditions and at atmospheric pressure (101 kPa). The concentration of amino
acid salt was varied up to and beyond the saturation concentration. Figures 2.4 and 2.5
illustrate the window of operation for potassium salts of taurine, sarcosine, B-alanine,
L-proline and 6-aminohexanoic acid, respectively. These data are given also in Table A.2 in
the Appendix. In the figures, only the results for the concentrations most close to the
“precipitation boundary” are reported. The open symbols indicate the experimental
conditions without the precipitate formation and the closed ones indicate precipitation
during the absorption process. The width of a transition zone was imposed by limitations of
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the experimental method used. In this region, precipitation can still take place but it was
not possible to verify this experimentally. Kumar et al. (2003b) reported the precipitate
formation when absorbing the diluted CO, gas streams (CO, partial pressure up to 6 kPa) in
potassium salts of taurine (Cp, = 0.5-4 M) at 298 and 313 K. Their data are included in Figure
2.4. A good agreement between the experimental and literature data can be observed. For
potassium DL-methioninate, the solid product precipitates already from 0.3 mol-dm amino
acid salt solutions at 293 K and for CO, partial pressure of 10.82 kPa. In general, it can be
observed that the boundary between non-precipitating and precipitating system strongly
depends on the amino acid salt concentration, absorption temperature and CO, partial
pressure. At constant temperature, the boundary shifts to lower CO, partial pressure with
increasing amino acid salt concentration. Alternatively, at constant CO, partial pressure, the
boundary shifts to higher amino acid salt concentration with increasing temperature. This
system behaviour can be explained by an influence of absorption temperature and chemical
speciation in the liquid phase on the solubility products of the solids formed (Needham et
al., 1971; Pradhan and Vera, 1998).
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Figure 2.4: Window of operation for precipitation in potassium salts of taurine. This work: [,
T=293K;0, T=33K;V, T =298 K Kumar et al. (2003b). Open symbols for non-precipitating

systems and closed symbols for precipitation
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Figure 2.5: Window of operation for precipitation in potassium salts of sarcosine, B-alanine,
L-proline and 6-aminohexanoic acid. [}, T = 293 K (left); [}, T = 313 K (right). Open symbols for

non-precipitating systems and closed symbols for precipitation

The physical and chemical character of the precipitates and slurries formed as a result of
CO, absorption in aqueous solutions of potassium salts of taurine, DL-methionine, L-proline,
sarcosine, 3-alanine and 6-aminohexanoic acid is revealed. Table 2.1 presents the results
from elemental CHN analysis of the precipitates obtained from these solvents. In the table,
the theoretical composition of taurine, DL-methionine and potassium bicarbonate has been
included. On the basis of the percentages by weight of the elements, it is conducted that for
potassium salts of taurine and DL-methionine the solid product formed is the amino acid

itself. For potassium DL-methioninate this result is consistent with Kumelan et al. (2010).
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Kumar et al. (2003b) reported the solid formation during CO, absorption in aqueous
solutions of potassium taurate. With the use of 2C NMR they identified the precipitate to be
taurine in the zwitterionic form, which is consistent with the present data. Only minor
amounts of nitrogen were present in the solids formed from potassium salts of sarcosine,
L-proline, B-alanine and 6-aminohexanoic acid - see Table 2.1. Percentages by weight of
carbon and hydrogen in these precipitates agreed well with the theoretical composition of

potassium bicarbonate.

Table 2.1: CHN analysis of the precipitates obtained from potassium salts of amino acids

Solvent  Precipitate C H N
[wt%] [wt%] [wt%]
T Meas. T Meas. T Meas.

Taurate  Amino acid 19.20 19.60 5.64 5.45 1.19 10.64
DL-Methioninate ~ Amino acid 40.25 41.03 7.43 7.48 9.39 9.13

Sarcosinate  Bicarbonate 12.00 11.87 1.01 1.09 0.00 0.27

L-Prolinate  Bicarbonate 12.00 1.84 1.01 1.01 0.00 0.07

B-Alaninate  Bicarbonate  12.00 12.01 1.01 114 0.00 0.20

6-Aminohexanoic  Bicarbonate 12.00 12.61 1.01 1.28 0.00 0.28
acid salt

T = Theoretical; Meas. = Measured

In order to understand the influence of the counterion (cation) on the solid composition,
additional CO, absorption experiments using aqueous sodium and lithium salts of the
considered amino acids were carried out. Details of the analysis of the precipitates formed
can be found in the Appendix. In Table 2.2 the results for the precipitates from potassium,
sodium and lithium salts are listed. Generally, it was observed that the solid phase can be
precipitated from the system as amino acid, bicarbonate or bicarbonate salt of amino acid
(salt). The chemical character of the solids can remain the same for different counterions of
the amino acid salt or it can change with the solvent composition as in the case of
6-aminohexanoic acid. It appears also that amino acids with higher base strength values
(see Table 2.3) have stronger tendency to precipitate the CO, species; which might be
related to the fact that at the solution pH higher than 10 the direct reaction of dissolved CO,

to form bicarbonate ions plays an important role in absorption process (Kohl and Nielsen,

1997).

Figure 2.6 presents several typical (physical) appearances of the obtained slurries, as
observed in the investigated three-phase CO, absorption systems. Despite of clear
differences in the physical character and crystal morphology of individual suspensions, most
of the solids were easily re-suspendable with a negligible tendency to adhere to the reactor

wall. This is potentially important from the absorber operation and slurry handling point of
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view. An exception from this behaviour is shown by solids crystallized from alkaline salts of
DL-methionine, which formed ‘sponge/cake-a-like’ structures. These slurries were
characterized by a significant amount of not suspendable solid products that adhered to the
inside wall of the reactor during the experiments. On the commercial scale, a similar
behaviour accompanied by a scale formation in the absorption column could be
encountered, for example, in the flue gas desulfurization systems (FGD) for the calcium
sulphate (gypsum) slurries (Ellis et al., 2000). Very low concentrations of DL-methioninate
solutions would have to be used in order to remain in the non-precipitating regime of
operation. This amino acid was therefore excluded from the vapour-liquid equilibrium

screening experiments.

Table 2.2: Chemical composition of the precipitates from potassium, sodium and lithium salts of

amino acids

Potassium Sodium Lithium
Solvent Precipitate
Taurate Amino acid Amino acid Amino acid
DL-Methioninate Amino acid Amino acid Amino acid
Sarcosinate Bicarbonate Bicarbonate
L-Prolinate Bicarbonate Bicarbonate
6-Aminohexanoic acid salt Bicarbonate Bicarbonate salt of

amino acid salt

B-Alaninate Bicarbonate

(e) ()

Figure 2.6: Slurries formed as a result of CO, absorption in aqueous potassium salts of the
following amino acids: (a) taurine, (b) DL-methionine, (c) L-proline, (d) B-alanine, (e) sarcosine,

(f) 6-aminohexanoic acid
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2.4.2  Absorption kinetics

Van Holst et al. (2009) screened several potassium salts of amino acids with
respect to their CO, absorption reaction kinetics. Among the investigated amino acids were
taurine, DL-methionine, L-glutamic acid, sarcosine, B-alanine, L-proline, 6-aminohexanoic
acid and L-arginine. The absorption experiments were carried out at temperature of 298 K
using 0.5 mol-dm? aqueous solutions in a stirred cell. In their article, a Bronsted plot, where
the overall rate constant, ko, is plotted against the pK, value, was presented. In this figure,
they also included the literature k,, values for glycine, MEA and DEA. These data are
reported here as Table 2.3. Generally, a high reaction rate is important to reduce the size
and hence the capital costs of an absorber, while a low pK, is of importance to minimize the
energy requirement in a desorber (Kohl and Nielsen, 1997). Based on these criteria, salts of
L-proline, sarcosine and glycine, which combine a relatively high reaction rate constant with
a relatively low pK, value, were identified by the authors as the most promising solvents for
CO, capture. Furthermore and unlike for (alkanol)amines (Versteeg et al., 1989), no close

relation between the pK, and k,, parameters was found for the amino acid salts studied.

Table 2.3: ko, vs. pK, values for potassium salts of amino acids, MEA and DEA (van Holst et al.,

2009)
Solvent ks pK.
[s”] [-]

Taurate 1276 9.06

DL-Methioninate 812 9.20
L-Glutamic acid salt 1442 9.98
Sarcosinate 2973 10.21

B-Alaninate 1499 10.33
L-Prolinate 7218 10.64
6-Aminohexanoic acid salt 1266 10.95
L-Argininate 4203 12.48

Glycinate 4000 9.78
Monoethanolamine 2500 9.62
Diethanolamine 215 8.88

* Normalized at 0.5 mol-dm?

2.4.3 Absorption capacity and regeneration screening
Another important parameter in chemical absorption of CO, is a cyclic capacity of

a solvent, Ac. This cyclic, or ‘working’, capacity is defined as a difference in rich and lean

CO, loading and this determines to a large extent the required solvent circulation rate.
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Hook (1997) measured the CO, capacity of 2.5 mol-dm? aqueous solutions of MEA,
potassium salts of glycine and several sterically hindered amino acids at 295 and 373 K using
pure CO, and CO,/air gas streams at pressure of 101 kPa. For absorption of a pure CO, gas
stream, the CO, loading for MEA and potassium glycinate was 0.76 and 0.78 (mole CO, per
mole solvent), respectively. The lean CO, loading for MEA and potassium glycinate as
obtained by boiling the CO, saturated solutions was found to be 0.18 and 0.36 (mole CO,
per mole solvent), respectively, and hence, a 38% smaller cyclic capacity for potassium
glycinate as compared to MEA was found. In the present work, the CO, loading in
1 mol-dm> aqueous solutions of MEA and potassium salts of taurine, sarcosine, L-proline,
f-alanine and 6-aminohexanoic acid was determined at 298 and at 373 K, and pressure of 101
kPa (as a screening method for the lean loading upon solvent regeneration). The results for
this absorption capacity at 298 and 373 K are given in Table 2.4. In addition, several tests
were performed for potassium salt of DL-methionine. Due to precipitation problems
occurring in the system even at relatively low solution concentrations (well below 0.25 M),
DL-methioninate was essentially excluded from this part of the screening work. A difference
in the Aa values for the considered compounds is rather small; taking also into account the
experimental error of a few percent. Nevertheless, some trends are visible. Of the
considered systems, the lowest CO, cyclic ability can be observed for MEA and taurine,
whereas the highest absolute CO, uptake is found for B-alanine; which means that also
(bi)carbonates are formed. For this compound, the increased CO, cyclic capacity is
accompanied, however, by an overall reduction in the absorption rate as contrary to, for
example, sarcosine and L-proline. Potassium salts of sarcosine, L-proline and

6-aminohexanoic acid show comparable behaviour in CO, absorption and desorption.

Table 2.4: CO, capacity (in mole CO, per mole solvent) of 1 M solutions of potassium salts of

amino acids and MEA at 298 K and 373 K

Solvent yich Ollean Aa

Taurate 0.80 0.14 0.66

Sarcosinate 0.93 0.23 0.70

B-Alaninate 0.96 0.24 0.72

L-Prolinate 0.91 0.22 0.69
6-Aminohexanoic acid salt 0.92 0.22 0.70
Monoethanolamine 0.87 0.25 0.62

In literature, some attempt has been made to correlate the base strength with the CO,
absorption capacity of (alkanol)amines (Mergler et al., 2011; Puxty et al., 2009; da Silva, 20m1).
Puxty et al. (2009) measured absorption of CO, at 313 K for 76 amines. The absorption
capacity of all amines was plotted as a function of pK,. Generally, no relation in the

absorption behaviour with pK, for all studied compounds was observed. It was concluded
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that primary and secondary amines do not show a strong relation with pK, at absorber
conditions. Apparently, the sensitivity of the carbamate formation to pH, and thus to pK,, is
dependent on the carbamate stability constant, which varies among amines and does not
seem to be related to the same molecular configuration affecting pK,. For tertiary amines, a
strong relation with pK, was found, as this is related to the bicarbonate formation being the
dominant reaction pathway for CO, absorption. The CO, hydration reaction is independent
of the amine but (due to the small stability constant for the bicarbonate formation) shows
strong pH dependence. Also in the present work, only a weak relation in the absorption

behaviour with pK, was found for the tested amino acids.

2.5 Conclusions

Some general observations were made for physical and chemical character of the
slurries formed during CO, absorption in aqueous alkaline salts of amino acids, which can
be useful when designing the CO,-AAS-H,O process. For most of the considered systems
(except for DL-methionine) a relatively broad window of operation without the solid
formation was observed. For taurine and DL-methionine, due to the limited zwitterion
solubility in the CO,-saturated amino acid salt solution, the precipitate was the amino acid
itself. In the other systems, the precipitate contained the CO, species, most often as a
bicarbonate salt. Different chemical compositions of the precipitate formed will probably
affect absorption capacities and regeneration conditions and hence process development.
All tested amino acids had comparable cyclic capacities to the industry standard MEA but
only L-proline and sarcosine showed also higher reactivity towards CO,. Based on the results
of this study, the (alkaline salt of) imino acid L-proline was chosen for further investigation in
this thesis.
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Appendix

Aa Operating window and physical properties

Table A.a reports the maximum solubility and the corresponding density and

viscosity of potassium salts of taurine, sarcosine, B-alanine, L-proline, DL-methionine and

6-aminohexanoic acid at 293 K as determined in the present work. Table A.2 reports the

window of operation for potassium salts of the considered amino acids. In the table, only

the results for concentrations most close to the precipitation boundary are given. In the last

column of this table the number of phases (Np) is reported, which is equal to two for the

non-precipitating gas-liquid system and three for the precipitating one.

Table A.i: Saturation concentration and the corresponding density and viscosity of potassium

salts of amino acids at 293 K

Solvent Shmax e T
[mol-dm?] [grem?] [mPa-s™]
H.O (this work) 0.9982 1.007
H.O (Al-Ghawas et al., 1989) 0.9982 1.014
Taurate 6.56 1.4688 34.771
Sarcosinate 6.98 1.3147 44337
3-Alaninate 7.50 1.3767 122.432
L-Prolinate 5.56 1.2927 44337
DL-Methioninate 2.81 11832 5.596
6-Aminohexanoic acid salt 3.46 11596 12.260
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Table A.2: Window of operation for precipitation in potassium salts of amino acids

Solvent T Pco, Cn Np
[K] [kPa] [Mm]
Taurate 203 1.57 2.0 2
157 2.5 3
10.82 1.0 2
10.82 1.5 3
101 0.5 2
101 1.0 3
313 10.82 2.5 2
10.82 3.0 3
101 2.0 2
101 2.5 3
Sarcosinate 293 10.82 3.5 2
10.82 4.0 3
101 2.5 2
101 3.0 3
313 10.82 4.0 2
10.82 4.5 3
101 3.5 2
101 4.0 3
B-Alaninate 293 10.82 3.0 2
10.82 3.5 3
101 2.5 2
101 3.0 3
313 10.82 4.0 2
10.82 4.5 3
101 3.0 2
101 3.5 3
L-Prolinate 2903 10.82 3.0 2
10.82 3.5 3
101 2.5 2
101 3.0 3
313 10.82 3.5 2
10.82 4.0 3
101 3.0 2
101 3.5 3
6-Aminohexanoic acid salt 293 10.82 2.5 2
10.82 3.0 3
101 2.0 2
101 2.5 3
DL-Methioninate 293 10.82 0.1 2
10.82 0.3 3
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A2 Identification of the solid phase

The solid products precipitating upon a reactive absorption of CO, in aqueous
alkaline (sodium-, lithium-) salts of a series of amino acids were identified using the CHN
elemental analysis and ®C NMR. Among the investigated amino acids were taurine,

DL-methionine, sarcosine, L-proline and 6-aminohexanoic acid.

Table A.3 presents the results from the CHN analysis of the solids precipitating from
alkaline salts of taurine, DL-methionine, sarcosine and L-proline. In case of the solid
product from sodium salt of 6-aminohexanoic acid, elemental analysis did not answer to
what is precipitating and hence *C NMR was applied (see Figure A.1). Determination of
carbon, nitrogen and hydrogen contents in the precipitates from sodium and lithium salts
of taurine and DL-methionine has shown that it is the amino acid itself that precipitates.
Different composition pattern could be observed for the solid products obtained from
sodium salts of sarcosine and L-proline. Percentages by weight of carbon and hydrogen in
these precipitates agreed well with the theoretical composition of bicarbonate, with only

minor amounts of nitrogen present (%N < 0.12).

Figure A.1 shows the ®C NMR spectrum of the solids precipitating from sodium salt of
6-aminohexanoic acid. In the spectrum, the aliphatic peaks at 25.2, 25.4, 26.5, 37.2 and
39.3 ppm, combined with the aromatic signal at 183.6 ppm, and the bicarbonate signal at
161.3 ppm, corresponds to bicarbonate salt of amino acid salt in the precipitate. This

assumption was made based the following observations:

- As the integral area of the carboxyl group signal was increased compared to the
amino acid pattern, it was assumed that the amino acid species exist in the solids

as the amino acid salt (Tian and Yin, 2004).

- The down-field signal at 161.3 ppm was located in the region expected for the
bicarbonate/carbonate ions in water. The limiting shifts in samples containing
solely HCO3 or CO3~ species were found at 160.4 and 168.3 ppm, respectively. It
was therefore concluded that the analyzed signal belonged to the bicarbonate ion
in the precipitate. The measured values agreed well with the literature data by
Abbott et al. (1982).

- The1to1ratio between the two quaternary carbon atom signals was found.
The five remaining aliphatic signals (25.7, 26.0, 29.3, 37.6 and 41.2 ppm) and the carboxylic

carbon atom signal at 184.1 ppm corresponded to the amino acid (salt). The amount of the

latter one was calculated to be around 12%.
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Table A.3: CHN analysis of the precipitates obtained from sodium and lithium salts of amino acids

Solvent  Precipitate C H N
[wt9%] [wt%] [wt9%]

T Meas. T Meas. T Meas.

Sodium Taurate ~ Aminoacid 19.20 19.44  5.64 5.36 119 1048

Lithium Taurate ~ Aminoacid  19.20 19.56 5.64 5.45 11.19 10.51

Sodium DL-Methioninate =~ Amino acid  40.25 40.50  7.43 7.28 9.39 9.24
Lithium DL-Methioninate =~ Amino acid  40.25 40.62  7.43 7.77 939 9.63
Sodium Sarcosinate  Bicarbonate 1430  14.28 1.20 1.28 0.00 0.12

Sodium L-Prolinate  Bicarbonate 1430  14.33 1.20 1.23 0.00 0.06

T = Theoretical; Meas. = Measured
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Figure A.1: ®*C NMR spectrum of the precipitate formed with sodium salt of 6-aminohexanoic acid
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Chapter 3

Solubility of Carbon Dioxide in Aqueous Potassium

L-Prolinate Solutions - Absorber Conditions

The solubility of CO. in aqueous potassium salt of L-proline solutions has been
measured in the temperature range of 285 and 323 K, for amino acid salt concentrations of
0.5, 1, 2 and 3 mol-dm™, and CO, partial pressures relevant to flue gas conditions and up to
70 kPa. Precipitation was encountered in the system when absorbing CO, in 3 mol-dm?
potassium L-prolinate solution at 285 K. A beneficial effect of the solid formation on the
overall CO, solubility was observed. The vapour-liquid equilibrium data from the present
work (for the non-precipitating regime) were interpreted by a concentration-based chemical
equilibrium model. In spite of the numerical simplicity of the model, a reasonable good
description of the CO,-AAS-H,O system could be observed. In the absence of the literature
data on the equilibrium constant of the carbamate hydrolysis for L-prolinate, this parameter
was calculated from the equilibrium CO, solubility data. In addition, the enthalpy of
absorption of CO, in L-prolinate solutions was estimated using the solubility data, compared
to that of MEA and other common CO, absorbents. Potassium salt of L-proline was found to

be a promising candidate for CO, capture.

This chapter is an excerpt of scientific paper published as:

Majchrowicz, M.E., Brilman, D.W.F., 2012. Solubility of CO, in aqueous potassium L-prolinate

solutions - absorber conditions. Chemical Engineering Science 72, 35-44
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3.1 Introduction

Absorption with chemical reaction is a common process in the chemical industry
and is used, among others, in the treatment of the industrial gas streams containing acid
gases such as H,S, NOx and CO,. In these gas treating processes, (alkanol)amines like
monoethanolamine (MEA), diethanolamine (DEA), N-methyldiethanolamine (MDEA),
2-amino-2-methyl-1-propanol (AMP), and their mixtures (with or without “activators” such
as piperazine) are commonly used. These solvents, however, exhibit several drawbacks: (i)
they show limited CO, working capacity; (ii) they require the addition of corrosion
inhibitors to prevent high equipment corrosion rates; (iii) they lead to high energy
consumption for solvent regeneration; (iv) they suffer from the solvent losses by

evaporation and from the thermal- and oxidative degradation (Kohl and Nielsen, 1997).

Aqueous solutions of amino acid salts (AAS) can be an interesting alternative for the
commercially used (alkanol)amines. In general, amino acid salts are characterized by more
favourable properties like low volatility (due to their ionic nature), high surface tension
(important for membrane gas absorption) (Simons et al., 2010), low toxicity and high level
of biodegradability (Shao and Stangeland, 2009). At the same time, they maintain (due to
similar functionality) a comparable or higher chemical reactivity towards CO, as compared
to amine-based absorbents (Hook, 1997; Kumar et al., 2003; van Holst et al., 2009). Primary,
aqueous amino acids (salts) were used commercially to promote the absorption rate in
carbonate solutions in the Giammarco-Vetrocoke process. Over the years, their application
expanded and they have been used as separate absorbents for selective removal of CO, and
H.S from a variety of gas streams. An example of this application is Alkacid process of BASF
and process by Exxon (Environment & Energy Center), both based on sterically hindered
amino acids, and the CORAL solvent of TNO (the Netherlands), originally developed to

apply amino acid salt solutions in membrane gas absorption.

Design of gas-liquid contactors for CO, removal using aqueous alkaline salts of amino acids
requires, among others, information on the vapour-liquid equilibria (VLE) of these systems.
Unlike for (alkanol)amine-based CO, systems where a significant number of publications
can be found in open literature, only limited information is presented for amino acid salts.
A qualitative study on the CO, absorption rate and capacity of aqueous potassium salts of
several amino acids was reported by Hook (1997). Kumar et al. (2003) studied the CO,
solubility in aqueous potassium taurate solutions at temperatures from 298 to 313 K, and
CO, partial pressures relevant to flue gas conditions (up to about 6 kPa). Portugal et al.
(2009) reported the CO, solubility in aqueous potassium salts of glycine, at temperatures
from 293 to 351 K, for salt concentration ranging between 0.1 and 3 mol-dm?>, and CO,

partial pressures up to 60 kPa. The CO, solubility in 1 mol-dm? potassium threoninate
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solution was also measured at 313 K. To date, no solubility data have been published for
L-prolinate solutions. This solvent has been identified as a promising absorption medium
because of its comparatively fast absorption kinetics, faster than, e.g., for MEA and DEA and
potassium salts of other investigated amino acids (van Holst et al., 2009); in combination
with a high absorption capacity, as determined in the screening effort when using a CO,

stream at atmospheric pressure.

The present research was undertaken to provide experimental solubility (vapour-liquid
equilibrium-) data for CO, in aqueous potassium salt solutions of L-proline. The
experiments were performed in the temperature range of 298 and 323 K, for amino acid salt
concentrations of 0.5, 1, 2 and 3 mol-dm?, and CO, partial pressures relevant to flue gas
conditions and up to 70 kPa. At these conditions no precipitation will occur, whereas at
higher solution concentrations and higher CO, partial pressures the precipitates are formed
(Majchrowicz et al., 2009). To study an influence of the precipitate formation on the overall
CO, solubility, a limited number of data points was measured in the ‘precipitation regime’
for 3 mol-dm™ solution at a relatively low temperature of 285 K. A concentration-based
chemical equilibrium model similar to that by Aboudheir et al. (2003) for CO,-MEA-H,O
absorption system was used to represent the experimental VLE data (measured in the
system under conditions without precipitation). The model was found to be fairly accurate
and convenient in describing the single acid gas-amine equilibria. In the absence of the
literature data, the apparent equilibrium constant of the carbamate hydrolysis of L-prolinate
was derived from the experimental solubility data. In addition, the solubility data were used
to calculate the enthalpy of absorption of CO, in L-prolinate solvent. The results of this
study should assist in the further evaluation of potassium salt of L-proline as potential

solvent for CO, capture.

3.2 Chemistry of the process

Amino acid is an example of an amphoteric electrolyte as it is capable of exhibiting
both acidic and basic functions. Equation 3.1 presents the ionization equilibria that exist for
L-proline. In water and in the absence of other solutes, the amino acid will exist as a
molecule carrying a positive charge at one end and a negative charge at the other, thus
constituting an electrically neutral system (form II in Equation 3.1). The amino acid in this
form is called a zwitterion. In this case, the solution pH will be equal to the isoelectric point
of the amino acid. In salt solutions or in a presence of ions other than those derived from
the amino acid, some of the ionizable groups of the ampholyte may be electrically
neutralized by other ions present. If a strong acid is added to the zwitterionic amino acid

solution, the reaction is with the basic ion and form I is formed. A base may remove a
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proton from the ammonium group, leaving the molecule with a net negative charge - form
III. This is an anion with a deprotonated amino group, which can further react with the acid
gas like CO, and H.S.

OH (o} o
I Bl 31)

Hy Ho
o]

In the present work, the zwitterionic form of L-proline in water was neutralized with a
strong base (KOH) and the resulting aqueous amino acid salt solution was utilized in CO,
absorption experiment. There are at least two dissociation constants corresponding to the
dissociation equilibria of two functional groups in amino acids. However, for the present
study the second acid dissociation constant, pKy, is taken into consideration and its value at
different temperatures can be found in literature (Perrin et al., 1965; Hamborg et al., 2007).
Amino acid salts having an amino functional group react with CO, in a similar way as
(alkanol)amines (Kumar et al. 2003; van Holst et al., 2009). Since the amino group in proline
is involved in two carbon-nitrogen bond, it is a secondary amino group. Therefore, it is
expected that the overall reaction between CO, and the amino group will result in the
carbamate formation. For the overall reaction of L-prolinate with CO,, two amino acid ions
are required; one forming a carbamate and one acting as a base accepting a proton. The
reaction resulting in the formation of a carbamate and a protonated amino acid can be

expressed (with non-reacting part R = C,H,-COO, for L-prolinate) as:
2RNH + CO, = RNH; + RNCOO~ (3-2)

This reaction can be written as a combination of independent reactions 3.3 to 3.5 as was
suggested by Kumar et al. (2003). According to the stoichiometry of reaction 3.2, a
maximum CO, absorption capacity of 0.5 (mole CO, per mole solvent) can be expected
when the carbamate formation is the only reaction. Since the amino acid carbamate may
undergo hydrolysis to a bicarbonate/carbonate (depending on the solution pH) and the
amino acid (salt) with a deprotonated amino group, the actual CO, loading can exceeds that
theoretical value in these absorption systems. The carbamate hydrolysis reaction can be

expressed as:

RNCOO~ + H,0 = RNH + HCO3 (33)
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Other chemical reactions taking place in the liquid phase, along with the two above-

mentioned reactions, are:

Dissociation of protonated amino acid

RNH} = RNH + H* (3.4)
Hydrolysis of carbon dioxide
CO, + H,0 = HCO3 + H* (35)
Dissociation of bicarbonate
HCO3 = CO%™ + H* (3.6)
Dissociation of water
H,0 = H* + OH™ (37

3.3 Equilibrium model

To allow for a process evaluation at various conditions, it is desirable to have a
vapour-liquid equilibrium (VLE) model that can describe CO, absorption capacity at
different absorption temperatures and CO, partial pressures. Several models are available in
literature for representing the VLE data of CO,-amine-H,O systems. These models can be
generally divided into empirical models, where the non-idealities of the system are lumped
into the equilibrium constants, for example, the models by Kent and Eisenberg (1976) and
Aboudheir et al. (2003); and semi-empirical excess Gibbs free energy or activity coefficient
models that account for the non-idealities in the liquid phase by taking into account short
and long term interactions between molecular and ionic species present in the solution.
Examples of the latter approach are the Deshmukh-Mather (1981) method, the electrolyte-
NRTL model of Chen and Evans (1989) and Clegg and Pitzer (1992). In the present work, a
more practical concentration-based approach was chosen above a more fundamental
activity-based model to represent the VLE data measured for potassium salt of L-proline.
Studies by, for example, Kent and Eisenberg (1976), where an empirical model described
well the CO,-amine-H,O system behaviour for loadings between 0.2 and 0.7 (mole CO, per
mole solvent), have shown that this type of approach is very useful and that the added value

of more rigorous thermodynamic models is often not sufficient to justify additional efforts
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required. This was also shown when modelling CO,-AAS-H,O systems. Kumar et al. (2003)
studied the absorption capacities of CO, in aqueous potassium taurate solution and the
Deshmukh-Mather model was originally applied to represent the experimental VLE data.
Since a limited change of the solution ionic strength (at certain absorption temperature)
with CO, liquid loading and amino acid salt concentration was observed, the binary
interaction parameters in the extended Debye-Hiickel expression were neglected and the
model was essentially simplified to method similar to the one presented by Kent and
Eisenberg (1976); with the amine deprotonation and carbamate hydrolysis constants
assumed to be adjustable fit parameters. An average error in the prediction of CO, partial
pressure of 17% was reported. Portugal et al. (2009) applied both methods to describe CO,
solubility in potassium glycinate solutions and observed similar inaccuracies in the models
predictions. The average relative deviations presented by the Deshmukh-Mather and the

Kent-Eisenberg methods were 22% and 20%, respectively.

In the present work, the VLE model for the CO,-MEA-H,O system, as used by Aboudheir et
al. (2003), served as a basis to correlate CO, solubility in potassium L-prolinate solution; of
course, taking into account solvent-specific parameters for the protonation equilibria,
carbamate formation and CO, physical solubility in the solvent under consideration. The
following equilibrium constants (associated with independent chemical reactions 3.3 to 3.7

were incorporated in the model:

_ [RNHI[HCO3]
carb = TRNCOO] (3.8)
_ [RNH][H*] (30)
_[HCO5][H"] (3.10)
co, = 7[(:02] 3.
_ [coi~][H*]
Kyco; = “HCO] (3m)
Ky,o = [H*][0H"] (3.12)

The temperature dependence of the equilibrium constants is expressed as (Aboudheir et al.,

2003; Benamor et al., 2005):

a;
InK; = T + b;InT + ¢; (3.13)
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where a;-¢; are constants. Values of these constants for reactions other than reaction 3.3
were taken from literature - see Table 3.1. These correlations are well established and have

been utilized in many VLE models (Austgen et al., 1989; Li and Mather, 1994).

Table 3.1: Coefficients for the reaction equilibrium constants used in this work (all K; values are on

mol-dm? basis)

Parameter a; b; ci T range [K] Source

Kama -2865.5 7.1627 -55.974 292-355 Hamborg et al. (2007)
Keo, -12092.1 -36.7816 235.482 273-498 Edwards et al. (1978)
Kycoz -12431.7 -35.4819 220.067 273-498 Edwards et al. (1978)
Ky,o -13445.9 -22.4773 140.932 273-498 Edwards et al. (1978)

Due to the lack of experimental data for the carbamate hydrolysis constant, Kcs, this
constant was used in the model as the sole fit parameter. By doing this, any remaining
system non-idealities are then automatically lumped into this equilibrium constant. A
difference between the CO,-amine-H,O system and the system with an amino acid salt is
found in the charge balance of the jonic species in the liquid phase. The following
assumptions were made when deriving the charge balance of amino acid salt-based CO,
capture system: (i) a protonated amino acid is a zwitterion and is treated as an electrically
neutral (molecular specie), (i) a deprotonated amino acid able to react with CO, has a
single negative charge (anion), (iii) a carbamate specie has a double negative charge, (iv) the
counter ion concentration is the same as the initial amino acid salt concentration. With

this, the following electroneutrality, amine and CO, balances were formulated:

[K*] 4+ [H*] = [RNH] + 2[RNCOO~] + [HCO3] + 2[C0%"] + [OH] (3.14)
[RNH], = [RNH] + [RNCOO~] + [RNH{] (3.15)
a[RNH], = [CO,] + [RNCOO~] + [HCO3] + [C0%7] (3.16)

Given CO, partial pressure of the acid gas-liquid equilibrium system, the concentration of

molecular CO, in the solution was obtained using the Henry’s law relationship:

_[CO,RT

Pco, = e, (3.17)
2

For gas solubility in aqueous electrolyte solutions, the model proposed by Weisenberger

and Schumpe (1996) was used to calculate the physical solubility of CO, in aqueous

potassium L-prolinate solution:
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m,
log <$> = 5(h, + hy)c, (318)

co,

where mco, u,0 and m¢o, denote the gas solubility in pure water and in the salt solution,
respectively, and ¢; is molar concentration of the salt. The ion-specific Schumpe parameters,
h;, (of ions other than L-prolinate) and the gas-specific constant, hy, of CO, were obtained
from Weisenberger and Schumpe (1996); whereas the L-prolinate ion-specific parameter
was taken from van Holst et al. (2008). A linear temperature dependence of the gas-specific
constant was taken into account. The distribution coefficient for CO, in water was derived

from the following correlation by Versteeg et al. (1988):

(3.19)

. 2044
Mco, 0 = 3.54+ 10 RTexp( )

T
The set of nine non-linear Equations 3.8 to 3.12 and 3.14 to 3.17 was solved using Matlab
program. The input data of the model include temperature, initial absorbent concentration,
CO, partial pressure and a guess-value for the pH of the solution. Using this guessed value
for the pH, the set of equations can be solved for the species concentrations without
excessive numerical efforts; as reported necessary by Aboudheir et al. (2003). On basis of the
closure of the balances, the (initial) guess of the pH of the solution can be adjusted until a
complete solution of the system of equations is obtained. This non-trivial solution method
proved to be fast and robust, without having to solve the non-linear set of stiff equations
directly. A schematic overview of the model structure is presented in Figure 3.1. A
performance of the model was tested by modelling CO, solubility in aqueous MEA solution.

In this case, the equilibrium constants Kcus and Kimq representing amine reactions were
obtained from Aboudheir et al. (2003).
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Guess pH and calculate CO; solubility in pure water according to
Equation 3.19

Calculate concentrations of all species according to Equations
3.8-3.12 and 3.14-3.17

!

Charge balance < 0

* Yes l No

Decrease pH | Increase pH |

l.—l

Charge balance < Tolerance

No

J, Yes

‘ Calculate CO; solubility in absorbent according to Equation 3.18

Difference in successively calculated CO; solubilities < No
Tolerance

Yes

Stop iteration

Figure 3.1: Schematic overview of the model structure

3.4 Experimental section

The CO, (min. 99.99 mol%) and N, (min. 99.999 mol%) gases used were obtained
from Linde Gas. L-proline ((S)-pyrrolidine-2-carboxylic acid, C;H,NO,, > 98.5 %), KOH
(> 85.0%; with the actual purity determined accurately by titration), MEA (2-aminoethanol,
C,H,NO, > 99.0%) were purchased from Sigma-Aldrich and were utilized without further
purification. Potassium salt of L-proline was prepared by neutralizing the amino acid
dissolved in deionized, double-distilled water by using an equimolar quantity of potassium
hydroxide. The actual concentration of a solution was determined potentiometrically by

titrating with a standard 1.000 mol-dm? HCl solution.

Two experimental set-ups were used to measure CO, solubility in the considered chemical
solvents. The CO, solubility at acid gas partial pressures relevant to flue gas conditions
(<15 kPa) was measured using the set-up and experimental procedure similar to those
reported by Kumar et al. (2003). The set-up consisted of a double-walled glass reactor
(z1.85dm’), CO, gas supply vessel, CO, and N, mass flow controllers from Brooks

Instruments and IR CO, gas analyzer (Maihak). The reactor was equipped with a high
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intensity gas inducing stirrer, a digital pressure sensor (Heise) and two PT100 temperature
sensors (in the liquid and gas phases). It was heated by a water bath (Tamson). The gas
supply vessel was equipped with a digital pressure sensor (Druck) and a PT100 temperature
sensor. A known, fixed amount of a fresh amino acid salt solution (or amine) (= 1.00 dm?)
was used in all experiments. To reduce the experiment duration, a known amount of pure
CO, from the calibrated gas supply vessel was used to pre-load (but not saturate) the
solvent solution to some extent before starting the low CO, partial pressure experiment. A
liquid sample was collected from the equilibrated system, immobilized in a known amount
of 1.000 mol-dm™ alkaline hydroxide solution, and analyzed for the (dissolved) CO,
concentration using an analytical method similar to that described in Blauwhoff et al.
(1984). Concentration of the solvent in the equilibrium cell was also checked. Change of the
solvent concentration during one set of experiments (consisting of maximum 3-4

equilibrium conditions) at the end of the series was always less than 3%.

Experimental data for CO, partial pressures above 15 kPa were obtained in the second set-up
which consisted of a double-walled glass reactor (= 1.68 dm?) and a CO, gas supply vessel
(2 0.52 dm?). The reactor was equipped with a high intensity gas inducing stirrer, a digital
pressure sensor (Heise) and a PT-100 temperature sensor (in the liquid phase). It was heated
by a water bath (Tamson). The gas supply vessel was equipped with a digital pressure sensor
(Druck) and a PT-100 temperature sensor. In this experiment, a fresh solvent solution
(= 0.80 dm?) was introduced into the absorption cell and known portions of pure CO, were
added to the reactor. The amount of CO, absorbed was calculated from the ideal gas law
with a correction for the gas phase non-ideality by applying a compressibility factor
Z=f (pCOZ,T) (Turlington and McKetta, 1961; Perry and Green, 1965). More details about
the set-up configuration and the experimental procedure can found in work by van Holst et

al. (2007) and Portugal et al. (2009).

3.5 Results and discussion

To validate the experimental methods used in the present work, a series of
experiments on CO, solubility in the MEA solvent was performed. The CO, solubility in
5 mol-dm™ MEA solution at 298 K was obtained from the continuous mode experiments,
whereas the vapour-liquid equilibrium data for 2.5 mol-dm? solution at 313K were
measured in the batch mode set-up. The results from this study are shown in Figure 3.2. In
this figure, the VLE data from the present work are compared with those published in

literature, and a good agreement can be observed.
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Figure 3.2: Comparison of experimental and literature data of CO, equilibrium partial pressure
over 2.5 M MEA at T = 313 K: [, this work; +, Shen and Li (1992); V, Jones et al. (1959); O, Lee et al.
(1974); 0, Lee et al. (1976); x, Austgen and Rochelle (1991), e, Song et al. (1996); *, Portugal et al.
(2009); —, model prediction; and over 5 M MEA at T = 298 K: m, this work; ¢, Lee et al. (1976)

Only for the batch mode experiments the trend at lower pco, (below 2 kPa) is not correct.
However, this is commonly encountered for this measurement method (Portugal et al.,
2009). In this figure, a pco,-a curve calculated by the VLE-model for 2.5 mol-dm™ MEA
solution at 313 K is included. At CO, loadings of less than 0.6 (mole CO, per mole solvent),
the model predictions are well in line with the experimental VLE data. This loading range is
of most interest for the CO, capture industrial processes utilizing (alkanol)amines, where
the lean CO, loading ranges from about 0.2 to 0.3 and the rich CO, loading is in the range
between 0.4 and 0.6 (Kohl and Nielsen, 1997). At loading values of less than 0.6, the average
percentage error between the predicted and the experimental alpha value (this study only)
was found to be 8.1%. This inaccuracy in the model predictions is well in line with the one

reported by Aboudheir et al. (2003).

Figure 3.3 presents the solubility of CO, in potassium salt of L-proline for different molar
concentrations at temperatures 298 and 313 K. In Figure 3.4, the CO, solubility in 3 mol-dm™
L-prolinate solution as a function of the system temperature is given. In these figures, the
solid lines show the pco,-a curves as calculated by the model (for systems without
precipitation). The observed effect of temperature and initial absorbent concentration on
the overall CO, solubility follows the trends reported in literature for CO,-amine-H,O
systems (Jones et al., 1959; Lee and Otto, 1974; Lee et al., 1976; Austgen and Rochelle, 1991;
Shen and Li, 1992).
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For a given CO, partial pressure and absorption temperature (e.g. at 298 or 313 K), an
increase in L-prolinate concentration from 0.5 to 3 mol-dm™ results in a reduction of the
relative CO, liquid by, on average, 27%. The effect of CO, partial pressure on the overall
absorbent loading was also investigated. For 298 K, a change of CO, partial pressure from 2
to 15 kPa results in an increase of CO, liquid loading by approximately 20% (for all studied
amino acid salt concentrations). For 313 K, the effect of CO, partial pressure on the
absorbent loading is especially pronounced at lower concentrations of L-prolinate. For
0.5 mol-dm? L-prolinate solution, an increase of CO, liquid loading by 30% when changing
pressure from 2 to 15 kPa can be observed, whereas for 3 mol-dm™ solution a 50% lower
sensitivity towards CO, pressure is found. For these systems, in the temperature range of

298-325 K, further increase in pco, does not result in a remarkably change in the absorbent

loading.
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Figure 3.3: CO, equilibrium partial pressure over potassium salt of L-proline. Effect of absorbent

concentration at T = 298 K (left) and T = 313 K (right); [, 0.5 M; V, 1 M; O, 2 M; 0, 3 M; +, 1 M

(continuous mode); —, model prediction
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Figure 3.4: CO, equilibrium partial pressure over 3 M potassium L-prolinate solution. Effect of
temperature and precipitation. [}, T=285K; V, T=298 K; O, T=313 K; A, T=323 K; +, T=298 K

(continuous mode); m, T = 285 K (precipitation); —, model prediction

Precipitation of potassium bicarbonate was encountered when absorbing CO, in 3 mol-dm?
L-prolinate solution at 285 K above 6 kPa of CO,. The CO, absorption with precipitation, at
lower absorber temperatures (T = 275-283 K), is specifically utilized in the chilled ammonia
process (Darde et al., 2008). The effect of precipitation in amino acid salt solutions was
therefore investigated in the present study. For CO,-AAS-H,O systems, the solid phase
formation was earlier reported at ambient temperatures (T = 298-313 K) for a series of
sterically and non-sterically hindered amino acids by Hook (1997) and Majchrowicz et al.
(2009), for potassium salt of taurine by Kumar et al. (2003). It has been shown that as a
result of precipitation, higher loadings of the solvent at lower partial pressures of CO,
(compared to a situation without the solids) can be obtained; which is now found for
potassium salt of L-proline. A further observation is that precipitation induces a higher
sensitivity of the solvent absorption capacity (in mole CO, per mole solvent), as can be
noticed from the slope of the series of closed symbols (squares) in Figure 3.4 when
compared to open squares in the same figure. To improve the CO, capture process, the
concept of the formation of precipitates in CO,-AAS-H,O systems is considered in the
DECAB process (Feron and ten Asbroek, 2004). The pilot plant tests showed that this
process can be more compact and more energy efficient (i.e. it requires less thermal energy
for solvent regeneration due to increased rich loading) when compared to commercial
(alkanol)amines. It is further indicated that for a certain CO, liquid loading, the CO,
pressure is around “one-tenth of the extrapolated equilibrium pressure assuming that no

precipitation is occurring”. For L-prolinate, at a certain solution loading, the corresponding
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CO, partial pressure is up to half the (extrapolated) value assuming no precipitation takes

place.

Figure 3.5 shows a parity plot of the fitted and experimental CO, liquid loadings for all
studied conditions. A reasonable good fit between the predicted and experimental « values
can be observed. For loadings higher than 0.3 (mole CO, per mole solvent), an average error
of 13.3% in the model prediction was found. Higher deviations in the model prediction were

encountered for liquid CO, loading in the range of 0.1-0.3.

Besides the p¢o,-a curves, the equilibrium model was used to estimate concentration of the
liquid-phase species as a function of CO, liquid loading. Information on the species
distribution may be important, for example, for kinetic analysis but can also contribute to a
better understanding of the process. Figure 3.6 presents the speciation equilibrium
concentration profile for the CO,-loaded 1 mol-dm? L-prolinate solution at 313 K. For the
same conditions, similar qualitative trends in the species distribution were found when
comparing the liquid-phase concentration profile of potassium L-prolinate with that
presented by Portugal et al. (2009) for potassium glycinate. The carbamate of glycinate is
somewhat less stable than that of L-prolinate; which translates into (slightly) higher CO,

absorption capacity of glycinate solvent - see Figure 3.7.
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Figure 3.5: Parity plot of the predicted and experimental loading of CO, in solution for all data
analyzed. Dashed lines indicate * 10% error intervals. Open symbols for T = 298 K and closed
symbols for T =313 K. [], 0.5 M; V, 1 M; O, 2 M; 0, 3 M; +, 3 M at T = 285 K (no solids); *, 3 M at
T=323K
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Figure 3.6: Species concentration as a function of CO, liquid loading for 1 M potassium L-proline
solution at T = 313 K. [], CO,; 0, RNH; O, RNHZ; V, RNCOO~; *, HCO3; ¢, CO%3~; —, OH’; +, H". Note
that points represent simulation results and not experimental data. Non-reacting part,
R=C,H,-COO

In Figure 3.7, a comparison between CO, solubility in 1 mol-dm™ potassium L-prolinate
solution with other amino acid salts and MEA is shown. From the relative positions of the
equilibrium curves, it is clear that at a given CO, partial pressure the absorption capacity is
the lowest for potassium taurate and that potassium threoninate has a similar CO,
absorption capacity as MEA. Comparing potassium salts of L-proline and glycine with MEA,
it can be observed that at CO, partial pressures relevant to flue gas conditions (up to
15 kPa), the loading capacities of L-prolinate and glycinate are, respectively, up to 19 and
23% higher than the loading found for MEA. Of the two salts, glycinate is slightly more
beneficial in terms of CO, absorption capacity (smaller slope of the equilibrium line), which
may translate into a higher cyclic loading. Potassium salt of L-proline has, however, a far
higher kinetics of CO, absorption (as compared to other investigated chemical solvents); as
reported by van Holst et al. (2007). These features make L-prolinate a promising solvent for

CO, scrubbing from industrial gas streams.
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Figure 3.7: CO, equilibrium partial pressure over 1 M solutions of chemical solvents at T =313 K. B,
L-prolinate this work; 0, taurate Kumar et al. (2003); O, glycinate Portugal et al. (2009); V,

threoninate Portugal et al. (2009); *, MEA Lee et al. (1976)

High absorption capacity towards CO, of L-prolinate could be attributed, for example, to the
physically absorbed CO, and its contribution to the total CO, loading (Aroua et al., 2004).
Concentration of the physically absorbed CO, for L-prolinate solution was therefore
estimated from Henry’s law. A clear reduction in the concentration of CO, absorbed
physically in L-prolinate solution with increasing initial amino acid salt concentration and «
value for 298 K can be found. This behaviour can be explained by the ‘salting out’ tendency
of dissolved gases as CO, with increasing salt concentration (Bishnoi and Rochelle, 2002).
For a given CO, partial pressure and at 298 K, this contribution is 43 and 75% higher for a
0.5 mol-dm™ potassium salt of L-prolinate compared to, respectively, 1 and 3 mol-dm?
solutions. Similar trend was observed for other studied temperatures. Based on the
calculated data, it can be concluded that concentration of the physically absorbed CO, is
not negligible, especially for lower molarities of the solvent, but cannot explain the fact that

potassium salt of L-proline can be loaded with CO, to the observed levels.

A number of research papers indicating influence of the equilibrium constants representing
amine reactions on the overall solution capacity have been published (Li and Chang, 1994;
Seo and Hong, 1996; Hook, 1997; Baek et al., 2000; Portugal et al., 2009). For potassium
L-prolinate, the amine deprotonation equilibrium constant, Kyme, is known and can be
calculated using one of the published correlations (Perrin, 1965; Hamborg et al., 2007). No
data could be found, however, for the carbamate hydrolysis equilibrium constant, Kes. In
the present work, the apparent equilibrium constants of reactions 3.8 and 3.9 were

determined simultaneously using the least-squares fit to the experimental VLE data. The
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Kama was included in the analysis to validate the calculation procedure used. Table 3.2
presents the optimal values of Kym. obtained in the regression for different experimental
data sets; Cp, stands for the initial solvent molarity. This table compares the fitted values
with the literature data of Hamborg et al. (2007). A good agreement between the data can
be reported. The fitted values of the carbamate hydrolysis equilibrium constant of

L-prolinate are compared with literature data for other CO, absorbents in Table 3.3.

Table 3.2: Fitted L-prolinate deprotonation constant, Kyme, for different data sets

T = Ko Kl
K] [mol-dm™] [mol-dm?] [mol-dm?]
285 3 9.954 X 10 -

298 2 2.004 X 10" 1736 X 10"
298 3 1553 X 10" 1736 X 10"
313 3 4142 X 10" 3.983 X 10™"
323 3 8.224 X 10" 6.500 X 10

In literature, some efforts have been made to rationalize observed trends in the carbamate
stability of CO,-amine-H,O systems (as in Table 3.3) (Chakraborty et al., 1986; Sartori and
Savage, 1983; Rochelle et al., 2002). To fully understand the carbamate stability more than
one molecular structure factor has to be taken into consideration; e.g. accessibility of
various parts of molecular surface, intramolecular hydrogen bonding and variations in
solvation energy (da Silva and Svendsen, 2006). Despite this complexity, some simplified
correlations and concepts are useful and applicable. The stability of carbamate species can
be generally related to the degree of steric hindrance as imposed by the structure of the
molecule. Hindered (alkanol)amines such as AMP have low carbamate stability. These
compounds still form carbamates, but they make a smaller contribution to the overall CO,
absorbed. Conversely, the carbamates of primary (alkanol)amines are relatively stable.
Proline, which is a cyclic amino acid, has a molecule structure that differs from the structure
of other amino acids - see Equation 3.1. Its side chain is bonded to nitrogen of the amino
group as well as to carbon atom, which makes the amino group a secondary amine. Because
of this, proline is also described as an imino acid. As determined in the present work, the
carbamate of potassium salt of L-proline is more stable towards hydrolysis than a typical
secondary (alkanol)amine (e.g. DEA), more in the range of primary (alkanol)amines (or
amino acid salts). This is likely due to the unique ring structure of the molecule. In this
respect, proline is probably more similar to other cyclic secondary amines as piperazine.
The cyclic amines have a strong tendency to form carbamate species (da Silva and Svendsen,
2006). This is manifested, for example, in higher rates of the carbamate formation
(compared to other amines); what could also be observed in the analysis of equilibrium

concentration profiles - see Figure 3.6; but this requires further experimental support.
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Table 3.3: Carbamate hydrolysis constant, K, for various CO, absorbents

Solvent T Keary Source

K] [mol-dm?]
Potassium L-prolinate 285 0.014 this work

298 0.028

313 0.043

323 0.057
Sodium glycinate 201 0.033 Jensen et al. (1952)

298 0.042
Potassium taurate 208 0.051 Kumar et al. (2003)
Sodium o-alaninate 201 0.108 Jensen and Faurholt (1952)
Sodium B-alaninate 201 0.031 Jensen and Faurholt (1952)
Monoethanolamine 298 0.025 Kumar et al. (2003)
Diethanolamine 298 0.140 Aroua et al. (1997)

313 0.268
2-Amino-2-methyl-1-propanol 313 <10 Sartori and Savage (1983)
Piperazine 313 0.064 Cullinane et al. (2005)

In the temperature range studied, the dependence of the equilibrium constant K with
temperature can be expressed for potassium salt of L-proline by Equation 3.20. This

correlation is similar to those given by Li and Shen (1993) and Haji-Sulaiman et al. (1998).

2607 9.2
) (3.20)

Kearp = €Xp (5.198 T
The magnitude of the heat of absorption is an important factor in the thermal energy
requirements of gas treating through its indirect influence on a temperature sensitivity of
the vapour-liquid equilibrium curves. Several methods have been proposed in literature to
determine this parameter. This includes direct calorimetric measurements, which produces
accurate values but requires the use of dedicated equipment (Kim and Svendsen, 2007).
This parameter can also be predicted from the reaction equilibrium constants (Posey et al.,
1996) or from the partial molal enthalpies of all species present in the system (Mundhwa
and Henni, 2007). Modelling of the heat of absorption is useful, for example, for a
prediction of the heat effects outside the range of experimental conditions but may be
complicated if not all reaction equilibrium constants are known and the non-ideality of the
system is taken into account. The heats of absorption found in literature are usually derived
from experimental solubility data using the Gibbs-Helmholtz formula. This is a relatively
simple method that proved to be very practical in an initial phase of the solvent evaluation.
However, its disadvantage lies in the fact that the differentiation process “magnifies” any
inaccuracies in the VLE data (Lee et al., 1974; Kim and Svendsen, 2007). In this work, the
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major source of error was associated with a measurement of the equilibrium pressure,
whereas minor errors resulted from uncertainties in the temperature measurement and
determination of the solution molarity. Since the solvent phase is essentially non-volatile
under the experimental conditions, approximate values of the differential heat of
absorption, AHgy;, of CO, in potassium salt of L-proline can be calculated from the following

form of Gibbs-Helmholtz equation (Ma'mun et al., 2005):

AHgirp _ dInpco,

R 5 (% ) K (3.21)

where p¢o, is partial pressure of CO, and a is CO, loading in the liquid phase.

Figure 3.8 compares the calculated values of AHgy for L-prolinate with those reported in
literature for other CO, absorbents. A change in the absorption enthalpy with CO, loading
in the solvent is shown. In general, the enthalpy is fairly constant or slowly decreases with
increasing loading till a mole ratio of about 0.5 is reached (corresponding to a formation of
the carbamate). From this point, a rapid drop off in the enthalpy value is visible. This
behaviour is consistent with that observed for primary and secondary (alkanol)amines,
while for tertiary (alkanol)amines (as MDEA) the heat of reaction starts dropping
immediately (and at lower rate compared to other amines); since no carbamate is formed.
The enthalpy of absorption of L-prolinate-CO, systems is comparable to that of DEA and
similarly to this secondary alkanolamine, it also shows slight dependence on molarity of the

solution; while the absence of such a relationship was reported, for example, for MEA (Lee

etal., 1974).
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Figure 3.8: Comparison of differential enthalpy of absorption, AHgy; of CO, in potassium
L-prolinate solution (KP) with those from literature. [, 0.5 M KP this work; V, 2 M KP this work; +,
2.5 M MEA Lee et al (1974); *, 2 M MDEA Jou et al. (1982); O, 0.5 M DEA Lee et al. (1972); 0, 2M
DEA Lee et al. (1972)

Recently, Salazar et al. (2010) have presented the calorimetric data for the enthalpy of
absorption of CO, in sodium glycinate solutions. The heat of absorption was measured
using an isothermal high-pressure flow calorimeter for 0.0 wt% solvent solutions, at
temperatures of 313.15 and 323.15 K, and pressure of 12 MPa. In their article, a table
comparing the enthalpy of reaction for sodium glycinate solutions with those reported for
other CO, absorbents was presented. A comparison between different solvents was made
based on the enthalpies of absorption at infinite dilution and at the saturated loading point
of CO.. In the present work, the differential heats of absorption for 0.5 mol-dm™ solutions of
potassium L-prolinate (this work) and DEA (from Lee et al., 1972) were integrated following
Equation 3.22 (by Arcis et al., 2007) up to the (saturated) CO, liquid loading of 0.8. The
resulting absorption enthalpies are presented in Table 3.4. Other values of AH,,, reported in

this table were taken from Salazar et al. (2010).

1 (3.22)
MHapg =~ | AHyyspda
0
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Table 3.4: Comparison of enthalpy of absorption, AH,,, of CO, in potassium L-prolinate solution

with those from literature

Solvent -AHq, a T X
[k]J-mol™] [-] (K] [wt%)]
Monoethanolamine 81.0 298.15 0.10
Diethanolamine 68.8 299.82 0.10
69.1 0.87 299.82 0.20
74.7 349.82 0.20
Diethanolamine’ 50.8 0.80 (298.15-413.15) 5.00
N-Methyldiethanolamine 50.3 298.15 0.10
49.1 313.15 0.10
50.3 1.00 323.15 0.10
50.3 1.07 313.15 0.10
55.7 0.95 33315 0.10
49.6 1.26 322.50 0.15
Diglycolamine 82.7 288.71, 333.15 0.10
2-Amino-2-methyl-1-propanol 70.4 1.32 322.50 0.15
Sodium glycinate 72.5 0.90 313.15 0.10
59.5 0.86 323.15 0.10
Potassium L-prolinate 54.3 0.80 (298.37-313.83) 7.50

“Calculated based on data of Lee et al. (1974); Calculated using present data

It can be observed that AH,, for potassium L-prolinate is of similar magnitude than those
for sodium glycinate; however, it is slightly higher than that for MDEA and lower compared
to MEA and other (alkanol)amines. This may indicate moderate energy demands for
L-prolinate regeneration and confirm that this amino acid can be a good CO, absorbent
alternative. However, to perform the complete energetic evaluation of this system, a relation
between the heat of absorption, the overall regeneration heat duty and the process

parameters needs to be considered (Oexmann and Kather, 2010).

3.6 Conclusions

The solubility of CO, in aqueous potassium salt of L-proline was measured in the
temperature range of 285-323 K, for amino acid salt concentrations of 0.5, 1, 2 and
3mol-dm 3, and CO, partial pressures relevant to flue gas conditions and up to 70 kPa.
During absorption of CO, in 3 mol-dm? L-prolinate solutions at 285 K, precipitation was
encountered; increasing CO, absorption capacity of the system. Higher CO, liquid loadings

and fast absorption kinetics (van Holst et al., 2007) indicate that this amino acid can be a
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good absorbent alternative. The data on CO. solubility and heat of absorption provided in

this work are required when determining the energetic demands of this system.
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Nomenclature
c concentration [mol-dm™]
AH enthalpy change [k]J-mol™]
hi interaction parameter in Schumpe model for ions [dm*-mol™]
hy interaction parameter in Schumpe model for gases [dm?mol™]
K equilibrium constant [mol-dm?]
m physical distribution coefficient [-]
Pco, carbon dioxide partial pressure [kPa]
R universal gas constant [J-mol™K"]
T temperature [K]
o loading [mole CO, per mole solvent]
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Chapter 4

Reactive Absorption of Carbon Dioxide in L-Prolinate Salt

Solutions

Aqueous amino acid salt solutions are seen as more sustainable alternative CO,
solvents compared to conventional (alkanol)amines. The absorption of CO, into aqueous
solutions of potassium L-prolinate, over the temperature range of 290-303 K, was studied
using a stirred cell. To compare the effect of potassium versus sodium as a counterion, the
absorption rates of CO, in sodium L-prolinate solutions was also determined. The amino
acid salt concentration was varied between 0.5 and 3 mol-dm™. Physico-chemical properties
such as density, viscosity and physical solubility of N,O, required in the interpretation of
absorption rate experiments, were determined separately. The obtained experimental
reactive absorption fluxes were interpreted, using the pseudo-first order approach, into
intrinsic reaction kinetics. Potassium based solvent showed, on average, a 32% higher
reactivity towards CO, than the sodium equivalent. The kinetic data was correlated in a
power-law reaction rate expression. The reaction order with respect to the amino acid was
found to be between 1.40 and 1.44 for both L-prolinate salts, and the second order kinetic
rate constant, k., was calculated for the potassium salt to be 93.7:10> dm’>mol™s™ at 298 K
with an activation energy of 43.3 kJ-mol™. L-Prolinate salts show higher chemical reactivity

towards CO, than most of amino-alcohols and amino acid salts.

This chapter is an excerpt of scientific paper published as:

Majchrowicz, M.E., Brilman, D.W.F., Kersten, S.R.A, 2014. Reactive absorption of carbon dioxide

in L-prolinate salt solutions. Industrial and Engineering Chemistry Research 53, 11460-11467
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4.1 Introduction

Absorption with chemical reaction is a common process in the chemical industry
and is used, among others, in the treatment of the industrial gas streams containing acid
gases like H,S, NOy and CO.. In these gas treating processes, aqueous solutions of amino-
alcohols (MEA, DEA, MDEA, AMP, their mixtures with or without “activators”, etc.) are
commonly used. The use of these compounds is, however, associated with: (i) limited cyclic
CO, capacity, (ii) high equipment corrosion rates and the necessity of the corrosion
inhibitors addition, (ii) high energy requirements for solvent regeneration, (iv) solvent losses
due to evaporation, thermal- and oxidative degradation (Kohl and Nielsen, 1997). In contrast
to (alkanol)amines, amino acid salts (AAS) solutions are characterized by low volatility (due
to their ionic nature) and higher surface tension (important for membrane gas absorption)
(Kumar et al., 2001; Simons et al., 2010a), as well as by high level of biodegradability in
combination with low toxicity (Shao and Stangeland, 2009). At the same time they maintain
(due to similar functionality) a comparable or even higher chemical reactivity towards CO,
(Hook, 1997; Kumar et al., 2003, van Holst et al., 2009). Due to these favourable properties,
amino acid salts have been deployed in the past as rate promoters in carbonate solutions in
the Giammarco-Vetrocoke process and for the selective acid gas removal from industrial gas
streams as, for example, in the Alkacid process by BASF (Kohl and Nielsen, 1997). In the
recent years, also Siemens AG has developed a proprietary post-combustion carbon capture

technology (POSTCAP) based on aqueous amino acid salt solutions.

Knowledge of the reaction kinetics between CO, and amino acid salts is essential for
accurate design and simulation of CO, absorption process. Kumar et al. (2003) measured
the reaction kinetics of CO, in aqueous solutions of potassium taurate at temperatures of
285, 295 and 305 K and potassium glycinate at 295 K, and over the solution concentration
ranging from o.1 to 4 mol-dm™. Potassium salt of glycine was studied also by Portugal et al.
(2007) who measured the absorption rates of CO, at temperatures from 293 to 313 K, over
the solution concentration range of 0.1-3 mol-dm?. Portugal et al. (2008) determined the
reaction kinetics of CO, in potassium threoninate aqueous solution at concentration
ranging from 0.1 to 3 mol-dm? and temperatures from 293 to 313 K. Van Holst et al. (2009)
related the overall kinetic constant with pK, for several amino acid salts by means of a
Bronsted plot. Potassium salts of 6-aminohaxanoic acid, B-alanine, L-arginine, L-glutamic
acid, DL-methionine, L-proline and sarcosine were considered. It was argued that high
reaction rate is important for reducing the size and hence capital costs of the absorber,
while relatively low pKj is of importance for minimizing the energy input in the desorber.
Based on this criterion, alkaline salts of L-proline and sarcosine were identified as promising
amino acid salt solvents for CO, capture. Simons et al. (2010b) studied the absorption rate of

CO, in aqueous potassium sarcosinate solution. A change of the reaction rate constant with
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temperature (T = 298-308 K, Cp, = 1.5 M), amino acid salt concentration (T = 298 K, Cy, = 0.5-
3.8 M) and CO, liquid loading (& = 0-0.5 mole CO, per mole solvent, T = 298 K, Cr, = 1.45 M)
was reported. Paul and Thomsen (2012) studied the absorption rate of CO, in aqueous
potassium L-prolinate solution at 303, 313 and 323 K within the salt concentration range of

0.5-3 mol-dm>.

In the present work, the absorption of CO, into aqueous solutions of potassium L-prolinate
was studied using a stirred cell apparatus and over the temperature range of 290-303 K. The
absorption rates of CO, were also measured for the sodium salt at 298 K. The amino acid
salt concentration varied between 0.5 and 3 mol-dm?. After validating that the absorption
experiments were conducted in the so-called pseudo first order regime, the reaction rate
constants between L-prolinate salts and CO, were extracted from the obtained experimental
data using this approach. Complementary to the kinetic data, the physico-chemical
properties such as density, viscosity and physical solubility of N,O in L-prolinate salts were

determined. These data are reported in the Appendix.

Liquid bulk concentrations of all chemical species are required for the kinetic analysis. The
vapour-liquid equilibrium model to estimate the partial pressure of CO, and liquid bulk
concentrations of all chemical species present in the solution was earlier described by
Majchrowicz and Brilman (2012). Using the experimental data from the present work, this
model could be further extended to a comprehensive absorption rate/kinetics model for

interpreting the absorption data of CO, in aqueous amino acid salt solutions.

4.2 Reaction mechanism

In aqueous solutions, CO, reacts with an alkaline salt of (primary or secondary)
amino acid to the corresponding carbamate according to the overall reaction 4.1 (here RNH’

corresponds to L-prolinate with a non-reacting part R = C,H,-COO).

2RNH + CO, = RNH} + RNCOO~ (4.1)

The zwitterion mechanism, originally proposed by Caplow (1968), is generally applied to
model CO, absorption in aqueous solutions of amino-alcohols or amino acid salts. This
reaction mechanism involves the formation of an intermediate, a ‘zwitterion’ (Equation 4.2),
followed by the removal of a proton by a base, B (Equation 4.3). The deprotonation reaction
can be considered to be irreversible (equilibrium predominantly to the right hand side of
the reaction).
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k2

CO, + RNH 2 RNH*CO00~ (4.2)
ki1
kg
RNH*COO™ + B— RNCOO™ + BH* (43)

Assuming a quasi-stead state condition for the zwitterion concentration and a first order
behaviour of CO,, the overall forward rate of reaction of CO, with amino acid salt can be

expressed with Equation 4.4 (Danckwerts, 1979).

k,[RNH][CO,] _ [RNH][CO,]
rCOZ = 1+ K_q = i E 1 = kapp [COZ] (44)
Y kplB] kz = k2 Xkp[B]

where ), kz[B] designates the contribution of all bases present in the solution for the proton
removal step. In lean aqueous solutions, the liquid phase reactant, H,O and OH species can

act as bases (Blauwhoff et al., 1984).

Limiting conditions will lead to more simplified reaction rate expressions (Kumar et al.,
2003). If the deprotonation of the zwitterion is relatively fast compared to the reversion rate
of CO, and amine, hence k_,/} k,[B] < 1, the kinetic rate expression reduces to simple
second order kinetics as found for primary alkanolamines such as MEA - see Equation 4.5.
If, on the other hand, k_, /. k,[B] > 1 then the kinetic rate expression reduces to Equation
4.6. In this case the reaction order depends on a contribution of the individual bases to
deprotonation of the zwitterion. This expression accounts as well for the reaction order shift
with changing amine concentration as found for many secondary alkanolamines (Versteeg
et al,, 1996). Both asymptotic options seem plausible for alkaline salts of L-proline. Similarly
to DEA, this amino acid has a secondary amino functional group. On the other hand,
L-prolinate has higher pK, value than MEA, which should result in high deprotonation rate

constant, kg.

Tco, = k2[CO,][RNH] (4.5)
kg
Tco, = k2[CO,][RNH] (Zk—_EB]> (4.6)

Besides the carbamate formation from amino acid salt by reaction 4.2, other reactions can
occur in CO,-AAS-H,O systems.

o
€O, + OH™ 25 HCO; (4.7)
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kHy0

€0, + H,0 —5 HCO3 + H* (4.8)

For amino acid salts, the contribution of reactions 4.7 and 4.8 to the overall rate of CO,
absorption is usually neglected (Kumar et al., 2003, van Holst et al., 2009; Portugal et al.,
2007, 2008). If the reaction between CO, and OH’ ions is taken into account then the overall
reaction kinetic constant can be expressed by Equation 4.9, where kg, is the apparent rate
constant for reaction 4.7. The concentration of OH" is obtained by the pH measurements.
The rate constant ko~ is correlated to temperature and ionic strength by Equations 4.10

and 4.1 (Pohorecki and Moniuk, 1988).

koy = kapp + kOH‘[OH_] (4~9)
Ko
log—2~ = af — bI? (4.10)
koy-
2382
logkjy- = 11.895 - —— (4.11)

Here, kgy- is the rate constant of reaction 4.7 in an infinitely diluted solution, I is the

solution ionic strength, and constants a, b for different counterions are given in Table 4.1.

Table 4.1: Constants in Equation 4.10 (Pohorecki and Moniuk, 1988)

System a b

CO,-KOH 0.287 0.013

CO,-NaOH 0.211 0.016
43 Mass transfer

Generally, the absorption rate of CO, in a reactive liquid, in the absence of gas
phase limitations and assuming the ideal gas behaviour under low pressures applied in the

experiments, is given by (Danckwerts, 1970; Derks et al., 2006):

Mco,Pco,

RT (4.12)

J co, = kLEC02
where /¢, is the molar flow of CO, entering the liquid, k; is the liquid-side mass transfer
coefficient, pco, is partial pressure of CO, in the reactor, mo, is the distribution coefficient
of CO, between the gas and liquid phases, and E¢o, is the enhancement factor. The

parameter mcq, describes the physical solubility of CO, in the solution and equals to (R-T)
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divided by the Henry coefficient, He. It is defined by m¢o, = C;;/Cg;, in which C,; equals to
molar concentration of CO, in the gas phase and C; is the corresponding physical solubility
of CO, in the liquid phase. The enhancement factor is a ratio of the chemical absorption flux
to the absorption flux in the absence of a chemical reaction. The enhancement factor is a
function of the Hatta number, Ha, and is limited by the infinite enhancement factor, E..
The Hatta number is defined by Equation 4.13 and relates the maximum conversion rate
within the mass transfer zone to the diffusional transport through the mass transfer zone
(Hikita and Asai, 1976). The infinite enhancement factor is determined by the diffusion of
reactants towards the reaction zone and thus corresponds to an instantaneous reaction. Its
value can be estimated, according to the penetration theory, by Equation 4.14 (Higbie, 1935).
It should be noted, however, that this equation is valid only for irreversible reactions. In the
present work, due to a high value for the equilibrium constant of reaction 4.1 (Majchrowicz
and Brilman, 2012) and negligible liquid CO, loadings present in the experiments, this

reaction is regarded as essentially irreversible.

AV, kuvDCOZ

Ha = (4-3)
a I, 4.13
D, D, AAS| RT
L= C"Zv-<1+ ¥> (414)
Dyas Dco2 VaasP, co,Mco,

In the above equations, ko, is the overall reaction kinetic constant, Dco, is the diffusion
coefficient of CO, in a solution, Dagas is the diffusion coefficient of the liquid phase reactant
in a solution, and v, is the stoichiometric coefficient that in analogy to alkanolamines has

a value of 2 (Park et al., 2007; Vudak et al., 2002, Simons et al., 2010b).

Three absorption regimes can be distinguished depending on the absolute value of the
Hatta number and the Ha/E,, ratio (Danckwerts, 1970; Derks et al., 2006, Portugal et al,
2007, 2008). Absorption taking place in the fast pseudo-first-order reaction regime can be

assumed if the following condition is satisfied:

3<E=Ha<E, (4.15)
In this absorption regime, the enhancement factor equals the Hatta number, which makes it
possible to obtain the kinetics for the forward reaction, starting with unloaded solutions.

Consequently, Equation 4.12 changes to:

Mco,P
]coz: kovDC02$ (4.16)

66



REACTIVE ABSORPTION OF CARBON DIOXIDE IN L-PROLINATE SALT SOLUTIONS

The instantaneous reaction regime refers to conditions for which E,, « Ha. In this regime,
the reaction is said to be instantaneous with respect to mass transfer and determination of
the reaction kinetics from the absorption rate experiments is not possible. In between above
two reaction regimes, there is an ‘intermediate regime’ for which the enhancement factor
can be approximated as a function of Ha and E., (DeCoursey, 1974; van Swaaij and Versteeg,

1992).

Physico-chemical properties such as physical solubility of CO, and diffusion coefficients are
needed to obtain the kinetic rate coefficient estimates. Since CO, reacts with amino acid
salts, the physical solubility of CO, in these solvents is not measurable and needs to be
estimated indirectly from the solubility experiments with N,O. This non-reactive gas is
widely used for this purpose because it has a molecular configuration, volume and
electronic structure similar to that of CO, (Laddha et al., 1981). Additionally, for gas
solubility in aqueous L-prolinate solutions, the model proposed by Weisenberger and

Schumpe (1996) for electrolyte solutions was applied to correlate the salting out effect.

log (%) = KCp (4.17)

Here my, o and m denotes gas solubility in pure water and in the salt solution, respectively,
Cn is molar concentration of the salt. For a single salt, the Sechenov constant, K, is then

given by the following relation:

K= Z(hi +hy) (4.18)
with
hg = hgo + hp(T —298.15K) (4.19)

Here h; and hy are the ion and gas specific parameters, respectively, and n; is the index of ion

i

The gas-specific parameters, hy, and the ion-specific constants, h;, (of ions other than
L-prolinate) were obtained from Weisenberger and Schumpe (1996). The L-prolinate ion-
specific parameter was obtained (as a function of temperature) from the measured N,O
solubility in this solvent, see Appendix. The distribution coefficient of CO, and N,O in water
were obtained from Versteeg and van Swaaij (1988). The diffusivity of N,O in the absorption

liquids, Dy, 0, was calculated using the Stokes-Einstein relation:

DNzo _ (.“Hzo

o
. ) = constant (4.20)

DNzO,HzD
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where usually 0.5 < & < 1. The N,O-CO, analogy was further used to estimate the diffusivity
of CO, in L-prolinate solutions (Gubbins et al., 1966). The o value of 0.6 was used to
estimate the diffusion coefficient of N,O in aqueous solutions of L-prolinate (Paul and
Thomsen, 2012). This value was used also for MEA (Portugal et al., 2007). For potassium
salts of L-proline, viscosities, p, reported by van Holst et al. (2008) were used. For the
sodium salts, viscosities obtained in the present work and reported in the Appendix were
applied. The viscosities of water, uy,o, were taken from Popiel and Wojtkowiak (1998). The
diffusivity of CO, and N,O in water were obtained from Versteeg and van Swaaij (1988). The
diffusion coefficients of L-prolinate in aqueous solution, as required in Equation 4.14, were

taken from work by Hamborg et al. (2008).

4-4 Experimental section

The CO, [124-38-9] gas used was obtained from Linde Gas. L-proline ((S)-
pyrrolidine-2-carboxylic acid, C;HoNO,, > 98.5%) [147-85-3], KOH (> 85.0%; with the actual
purity determined accurately by titration) [1310-58-3], NaOH (> 98.0%) [1310-65-2], MEA
(2-aminoethanol, C;H,NO, > 99.0%) [141-43-5] were purchased from Sigma-Aldrich and
were used without further purification. Aqueous L-prolinate solutions were prepared by
neutralizing the amino acid dissolved in deionized, double-distilled water with an
equimolar quantity of an alkaline hydroxide. The amino acid salt concentration was
estimated potentiometrically by titrating with a standard 1.000 mol-dm® HCI solution

[7647-01-0].

A schematic representation of the gas-liquid contactor used to study the reaction kinetics is
given in Figure 4.1 and is identical to the one used by Simons et al. (2010b). The
experimental set-up consisted essentially of the thermostatted cell operated with a smooth,
horizontal gas-liquid interface and a calibrated gas supply vessel. Two separate stirrers were
used in the reactor to agitate the gas and liquid phases. The reactor was operated batch-wise
with respect to the liquid phase and ‘semi-continuous’ with respect to the gas phase. To
allow for this mode of operation, the reactor was connected to the gas supply vessel via a
constant-pressure regulator. In a typical experiment, a known amount of a solvent solution
(= 0.60 dm?) was charged to the reactor and shortly degassed under vacuum. After that, the
vapour-liquid equilibrium was allowed to establish in the reactor at the desired
temperature. This was repeated until pressure did not change anymore and the vapour
pressure of a solvent was reached. This pressure was recorded as the vapour pressure, P,qp.
The pressure controller was set to the desired (total) pressure, Py, and pure CO, from the
gas supply vessel was introduced into the reactor. Next, the stirrers in both phases were

turned on and pressure in the gas supply vessel was monitored for around 300 s. The
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dynamic pressure in the gas vessel (dPg,, /dt) was recorded with a pressure transducer
connected to a computer. The pressure in the reactor was also continuously recorded, with
an accuracy of 0.07 mbar, to verify whether the CO, partial pressure (Pcoz =Pyt — P,,ap)
remained constant. The pressure decrease in the gas vessel was due to CO, absorption in
the liquid and can be related to the kinetics by Equation 4.22; if the experiments are carried

out in the pseudo-first order absorption regime.

dP, v,
A= 2 :

]CO2 dt RTgV (4 22)
Here A is the geometric gas-liquid interfacial area, Vj, is volume and Ty, is temperature of
the gas vessel, respectively. In this reaction regime, the CO, absorption rate is independent
of the liquid side mass transfer coefficient and the generic CO, absorption rate (]cozA) is

given as (Kumar et al., 2003; Simons et al., 2010b):

P
Jeo,A = ( /kuvDCOZ)mCOZ (%)A (4.23)
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Figure 4.1: Schematic diagram of the experimental set-up used to determine the reaction kinetics

4.5 Results and discussion

The physico-chemical properties required in the interpretation of absorption rate

experiments for alkaline salts of L-proline can be found in the Appendix.
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For validation of the experimental setup and procedures followed, the absorption rate of
CO, in aqueous 2 mol-dm? solutions of MEA at 288, 298 and 303 K was measured. Table 4.2
compares the observed k, values with those obtained using the rate constant expression
given by Versteeg et al. (1996), k, = 4.4 X 108exp(— 5400/T), and are considered to be in

good agreement.

Table 4.2: Reaction between CO, and aqueous MEA

k. [dm’mol™s”]

T [K] 288 298 303
this study 3.20x10° 5.57x10° 8.71x10°
Versteeg et al. (1996) 3.20x10° 5.92x10° 8.23x10°

The absorption rate of CO, in aqueous solutions of potassium L-prolinate was investigated
at temperatures of 290, 298 and 303 K and over the solution concentration range of 0.5 to
3 mol-dm™. The reaction kinetics of CO, in sodium L-prolinate was also determined from
the absorption experiments at 298 K for the same solution concentration range. In the
determination of the kinetic rates, only the data at sufficiently low CO, partial pressures,
where a linear relation exists between the experimentally observed flux and CO, partial
pressure (hence, where ‘E = Ha’) were used; as this constant slope indicates the pseudo-first
order behaviour. The results of the kinetic experiments are presented in Tables 4.3 and 4.4
for the potassium and sodium salts, respectively. For both salts of L-proline the condition
described by Equation 4.15 is satisfied and the ratio between the infinite enhancement factor
and the Hatta number is about a factor of four and higher. In all kinetic measurements,
values of the liquid CO, loading, ¢, (in mole CO, per mole solvent) at the end of the
experiments were always lower than 5x107. This should assure no precipitation in the
considered absorption systems and no significant decrease of the free amine concentration
during the experiment due to CO, absorption (Majchrowicz et al., 2009; Majchrowicz and
Brilman, 2012). Also, the contribution of kyy-[OH™] to ko, is relatively small, with the
maximum deviation of 5.7% for all experiments carried out and in most cases less than 1%.
This limited effect of OH ions to k,, has been reported also for the most common weakly

basic amines like MEA, DEA, glycine, taurine, sarcosine.
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Table 4.3: Kinetic data for the reaction of CO, with potassium L-prolinate at 290, 298 and 303 K

T Cn Pco, Jeo, X 107* Ha E. Koy Jeo, X107*
K] [M] [mbar] [mol'm™s™] [-] [-] [s"] [mol-m™s™]
290 0.49 6.62 5.28 222 925 6167 6.30

1.01 5.86 7.86 240 2485 17481 7.38
2.96 5-38 7-99 486 13455 80303 779
298 0.49 8.07 8.05 251 909 8397 8.24
1.02 6.07 8.80 397 2770 22395 8.72
2.00 5.24 8.67 541 8535 57834 8.75
2.94 8.83 14.02 609 9473 104566 13.81
303 0.50 5-24 5.72 304 1551 10791 5.78
1.01 5.93 9.10 460 3040 26424 9.11
1.96 5.74 10.39 629 7895 67645 10.49
2.98 6.56 12.30 758 13281 14413 1.24
The parameter ]z, was calculated using Equations 4.24 to 4.26
Table 4.4: Kinetic data for the reaction of CO, with sodium L-prolinate at 298 K
Cm Pco, Jeo, X 107* Ha E. kov
[M] [mbar] [mol-m™s"] [-] [-] [s7]
0.51 7.79 6.52 222 998 6288
0.89 6.45 6.89 288 2335 12467
1.99 7.00 8.76 406 6943 39572
3.04 7-47 8.34 433 13964 76456

Figure 4.2 compares the overall rate constants of potassium L-prolinate with other amino

acid salts, MEA, DEA and piperazine at 298 K. For taurine, the kinetic data are reported at

295 K. Generally, the (secondary) ring-structure amines such as L-proline and piperazine

absorb CO, at considerable rates. Among amino acid salts, the reaction kinetics is the

lowest for threoninate and taurate, and is similar to that of MEA, whereas L-prolinate shows

comparable (high) reactivity towards CO, to sarcosinate and glycinate. Lower absorption

rates found for threoninate can be explained by the steric hindrance caused by the

hydroxyethylene group connected to the « carbon (Portugal et al., 2008).
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Figure 4.2: Overall kinetic constant for potassium L-prolinate compared to other CO, absorbents
at 298 K. m, potassium L-prolinate this work; A, potassium sarcosinate Simons et al. (2010b); O,
potassium glycinate Portugal et al. (2007); 0, potassium threoninate Portugal et al. (2008); V,
potassium taurate Kumar et al. (2003); +, piperazine Derks et al. (2006); *, MEA Laddha and

Danckwerts (1981); x, DEA Versteeg and Oyevaar (1989)

Figure 4.3 shows the apparent rate constants of potassium L-prolinate for 290, 298 and
303 K. For the three temperatures studied, a clear temperature dependence of ky, can be
observed. In Figure 4.4 the apparent rate constants of potassium salt of L-proline are plotted
together with the kg, data obtained for the sodium salt at 298 K. A ‘log-log plot’ of the
apparent rate constant versus the CO, absorbent concentration is generally used to identify
the mechanism of the reaction between amine and CO,. The reaction order, n, with respect
to amine is given by the slope of the graph. For L-prolinate, this yields the n value of
1.40-1.44 for the potassium and sodium salts. Paul and Thomsen (2012) investigated the
reaction kinetics of potassium L-prolinate over the temperature range of 303-323 K using a
wetted wall column absorber and reported the reaction order in amino acid to be in the
range of 1.36-1.40. Their kinetic data reported for 303 K are included in Figure 4.3. In a
screening study, van Holst et al. (2009) studied the kinetics of CO,-aqueous potassium
L-prolinate system at 298 K in a stirred cell reactor using apparatus similar to that used in
the present work. They gave the reaction rate expression with the reaction order in the
amino acid of 1.10. The kg, values for temperature of 298 K obtained by this correlation are
also plotted in Figure 4.3. Whereas the data reported by Paul and Thomsen (2012) agree very
well with our results, the estimates of van Holst et al. (2009) diverge from our data by
+20.5% for 0.5 mol-dm™ solution and by -30.5% for the highest solution concentration. It
should be noted, however, that van Holst et al. (2009) already reported a standard deviation

of £36.0% between their experimental and calculated values of kqp,. The obtained fractional

72



REACTIVE ABSORPTION OF CARBON DIOXIDE IN L-PROLINATE SALT SOLUTIONS

reaction orders (n = 1.40-1.44) have also been observed for reactions between CO, and
secondary (alkanol)amines (Danckwerts, 1979; Versteeg and Oyevaar, 1989; Versteeg et al.,
1996). Alkaline salts of L-proline also contain a secondary amino group which in this respect

exhibits the same behaviour.

1000000

100000 )g
"o,
a
a
o
> g

10000 R
O

1000 .
0.1 1 10

c, [mol-dm™]

Figure 4.3: Apparent kinetic constant of potassium L-prolinate as a function of temperature and
solution concentration. This work: O, T = 290 K; A, T =298 K; [, T = 303 K; +, T = 298 K van Holst
et al. (2009); x, T =303 K Paul et al. (2012)

Pohorecki and Moniuk (1988) showed that for the reaction between CO, and hydroxyl ions
in electrolyte solutions the kinetic rate constant depends not only on the reactants
concentration but also on the type of ions present in a solution. Assuming first order in the
hydroxyl ion and CO,, the kinetic rate constant was found to vary significantly with the
ionic strength. From their data, the reaction in potassium hydroxide solutions was around
30% faster at 1.5 M and 80% faster in 3 M solutions when compared to sodium hydroxide
solutions at the same molar concentrations. In this study, for L-prolinate salts, the overall
reaction rate also shows dependence on the type of a counterion present in a solution - see
Figure 4.4. The reaction order, n, with respect to the prolinate ion concentration is the same
for both types of solution (n is around 1.4). With this, the overall kinetic rate constant, ko,
for potassium L-prolinate is, on average, 32% higher when compared to the sodium salt and,
from the limited set of data, now independent of the L-prolinate concentration. Similarly to
hydroxide solutions, the use of the activity-based kinetic rate expressions, rather than the
traditional concentration-based approach, might further explain the difference in the rate
constants observed (Haubrock et al., 2007). To realize this, however, the individual activity
coefficients for each of the reaction components of interest would need to be determined,

which is beyond the current scope.

73



REACTIVE ABSORPTION OF CARBON DIOXIDE IN L-PROLINATE SALT SOLUTIONS

1000000
100000 A )
*
- A
", *
o
Q
8 A
*
10000} 1
A
*
1000 -
0.1 1 10

c, [mol-dm3]

Figure 4.4: Apparent kinetic constant of alkaline salts of L-proline at 298 K. A, potassium salt; *,

sodium salt

There are two limiting cases in the zwitterion mechanism. When the zwitterion formation
reaction is rate limiting, the reaction rate appears to be first order in both the amine and
CO, concentrations. In the case of MEA, a primary alkanolamine, formation of the
zwitterion has been shown to be the rate-determining step (Danckwerts, 1979; Versteeg and
van Swaaij, 1988). On the other hand, when the zwitterion deprotonation reactions are rate
determining, the overall reaction rate appears to have a fractional order between 1 and 2 in
the amine concentration, as was observed in the present study. The kg, data from the
present work for potassium and sodium salts of L-proline were regressed to the reaction rate
expression, Equation 4.4, by means of a Levenberg-Marquardt fitting procedure. As earlier
indicated, the contribution of OH™ ions to deprotonation of the zwitterion was not
significant and was therefore left out from Equation 4.4. The fitted zwitterion rate
coefficients are listed in Table 4.5. For potassium L-prolinate and at the system temperature
of 303 K, the second order rate constant, k,, from the present work is in good agreement
(4.8% higher), compared to the value given by Paul and Thomsen (2012) (k, = 11.89 x 10*

dm?-mol™s™).

Table 4.5: Zwitterion rate coefficients estimates

Solvent T k, kaus/k_1 ky,o/k_4
[K] [dm?mol™s”] [dm? mol™] [dm?mol™]

Potassium L -prolinate 290 5.78 x 10* 2.19 X 10" 3.30X10°
298 9.37 x 10* 1.62 x 10" 273 %107
303 12.50 x 10" 1.44 x 10" 2.53 %107

Sodium L -prolinate 298 8.06 x 10" 1.26 x 10" 2.04 X 10

74



REACTIVE ABSORPTION OF CARBON DIOXIDE IN L-PROLINATE SALT SOLUTIONS

The rate coefficient estimates for potassium salt of L-proline were fitted as a function of

temperature by the following Arrhenius equations:

k, = 3.69 x 1012 ( 43330) (4.24)
2 =3 exp RT 424

Kaas 24400

445 — 878 % 10°¢ (—) .
ke, X exp(—pr (4-25)

kiyo o (14320

0 _ g - 26
T 8.65 % 10 exp( =T ) (4-26)

The average deviations for k,, kaas/k_1, ky,0/k_1 calculated from correlations 4.24-4.26 are
0.1%, 1.7% and 1.2%, respectively. The calculated rates of absorption using Equations 4.24-
4.26 are included in Table 4.3. A good agreement between the predicted and experimental
Jco, values, with the average absolute deviation of 2.86%, can be found. The activation
energy for k. is calculated to be 43.3 kJ-mol™; which is reasonably in line with the value of
36.5 kJ-mol™ given by Paul and Thomsen (2012) for the temperature range of 303-323 K.
Arrhenius plots for the zwitterion mechanism rate constants are shown in Figures 4.5 and
4.6. Of the zwitterion rate constants, only k; is found to be strongly temperature dependent,
while the ratios ky4s/k_; and ky,o/k_; are found to be less sensitive to temperature. For
temperature of 298 K and 2 mol-dm™ solution, the contribution of water to the zwitterion
deprotonation rate is found to be 72.5% and 72.7%, respectively, for the potassium and
sodium salts. This indicates that water contributes significantly to the deprotonation even
at moderately high amino acid salt concentration. Considering the results obtained in Table
4.5, with deprotonation of the zwitterion being rate determining, reinterpretation of the
kinetic data according to the termolecular mechanism (Crooks and Donnellan, 1989) could

be considered.
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Figure 4.5: Arrhenius plot of k, for aqueous potassium L-prolinate solution. —, calculated with
Equation 4.24
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Figure 4.6: Arrhenius plot of kinetic constants ratios for aqueous potassium L-prolinate solution.

W, ky,0/k_1; A, kyas/k_1; —, calculated with Equations 4.25 and 4.26

4.6 Conclusions

The kinetics of the reaction between CO, and potassium L-prolinate was estimated
from the absorption data obtained in a stirred cell over the temperature range of 290-303 K
and for sodium L-prolinate at 298 K. The amino acid salt concentration was in the range of
0.5 and 3 mol-dm?. The kinetic data were found to be consistent with the zwitterion

mechanism with deprotonation being the rate determining step. The reaction order with
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respect to the amino acid, assuming power-law kinetics, was found to be between 1.40 and
1.44 for both considered salts, indicating significant contributions from both L-prolinate and
water to the zwitterion deprotonation. The potassium based-solvent showed, on average, a
32% higher reactivity towards CO, than the sodium equivalent, and has a higher reactivity
towards CO, than most of (alkanol)amines and amino acid salts. Potassium prolinate may
be therefore attractive in the bulk removal of CO,; either as a solvent or as an ‘activator’ to

other high capacity, low energy CO, capture solutions.
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Nomenclature

A gas-liquid interfacial area [m’]

B base (H,O, OH’, AAS)

D; diffusion coefficient of component i [m*s™]

E enhancement factor [-]

E. infinite enhancement factor [-]

Ha Hatta number [-]

hi interaction parameter in Schumpe model for ions [dm*mol™]

hy interaction parameter in Schumpe model for gases [dm?mol™]

Jco, CO, absorption mole flux [mol-m™s™]

k. zwitterion mechanism rate constant [s™]

k. second order rate constant [dm?-mol™s]

Kapp apparent rate constant [s”]

kaas zwitterion mechanism deprotonation rate constant for AAS [dm?mol™s™]
ku,o zwitterion mechanism deprotonation rate constant for H,O [dm?*mol™s”]
ki liquid phase mass transfer coefficient [m-s™]

kou- zwitterion mechanism deprotonation rate constant for OH™ [dm*-mol™s™]
Kov overall rate constant [s”]

m physical distribution coefficient [-]

n partial order of the reaction in amine [-]

R universal gas constant [J-mol™K"]

T temperature [K]

a loading [mole CO, per mole solvent]

AAS amino acid salt
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Appendix

The density and dynamic viscosity aqueous solutions of potassium, sodium and
lithium salts of L-proline were measured over the temperature range of 284-313 K and for
solution concentrations of 0.1 M to the maximum concentration (as given by Majchrowicz et
al., 2009). The solubility of N,O in aqueous L-prolinate solutions was measured at the same
range of temperatures and solution concentrations; showing typical “salting out” behaviour.
The physical solubility of CO, can then be calculated based on the solubility of CO, in water
(Versteeg and van Swaaij, 1988) and with the use of the Schumpe model (Weisenberger and
Schumpe, 1996).

Aa Experimental section

The N,O [175876-44-5] gas used was obtained from Linde Gas. L-proline ((S)-
pyrrolidine-2-carboxylic acid, C;H,NO,, > 98.5%) [147-85-3], KOH (> 85.0%; with the actual
purity determined accurately by titration) [1310-58-3], NaOH (> 98.0%) [1310-65-2], LiOH
(> 98.0%) [1310-65-2] were obtained from Sigma-Aldrich and used without further
purification. Aqueous L-prolinate solutions were prepared by neutralizing the amino acid
dissolved in deionized, double-distilled water with an equimolar quantity of an alkaline
hydroxide. The amino acid salt concentration was estimated potentiometrically by titrating

with a standard 1.000 mol-dm™ HCI solution [7647-01-0].

The density, p, of L-prolinate salts was measured using 10 ¢cm? pycnometers of the Gay-
Lussac type. Temperature of a water bath (Tamson) was controlled to within + 0.05 K. The
kinematic viscosity was measured using the Ubbelohde-type viscometers (sizes 0B, oC, 1 and
2C) purchased with a calibration. The viscometers were immersed in a large water bath
(Tamson) and temperature was controlled to within + 0.05 K. The kinematic viscosity of a
sample was estimated by multiplying the efflux time by the viscometer constant. The
dynamic viscosity, 4 was calculated by multiplying kinematic viscosity by the corresponding
density. Each reported value was the average of at least three measurements with the
estimated accuracy for the density and viscosity measurements, respectively, of 0.05 and

0.5%,

The physical solubility experiments were carried out in the thermostatted reactor equipped
with a high intensity gas inducing impeller and connected to a calibrated gas supply vessel.
Details regarding the solubility apparatus and its operation have been given by Majchrowicz
and Brilman (2012). A known amount of amino acid salt solution (=o0.80dm?) was

introduced into the absorption cell and degassed by applying vacuum. The system was

79



REACTIVE ABSORPTION OF CARBON DIOXIDE IN L-PROLINATE SALT SOLUTIONS

allowed to come to the vapour-liquid equilibrium at the desired temperature, which was
maintained to within + 0.1 K. This pressure is recorded as the vapour pressure, P,,y. The gas
supply vessel was filled with pure N,O. Then, the gas was allowed to flow into the reactor
until an arbitrary pressure was reached. This pressure was recorded as the initial pressure,
Pin.. After this, the agitator in the reactor was switched on and the system was allowed to
reach vapour-liquid equilibrium at which point the final pressure was recorded, Peq. The
equilibrium pressure was generally achieved in less than 15 min. The physical solubility was

then calculated from:

_RT _ Pp—Py Y

o 9
" He ™ Pog— Poap Vi (A1)

a—

where V; and V; are volumes of the gas and liquid phases, respectively.

A2 Results and discussion

The density and dynamic viscosity of sodium and lithium salts of L-proline were
obtained over the temperature range of 284-313 K, for solution concentrations from 0.1 M to
the maximum concentration (as given by Majchrowicz et al., 2009; see also Chapter 2), and
the results are reported in Tables A.1 and A.2, respectively. The experimental densities were

fitted to a polynomial function in the form proposed by van Holst et al. (2008):
p=kT+kyc+ks (A.2)

where k; are the polynomial coefficients presented in Table A.3. The average deviations for p
are 0.2% and 01% for the sodium and lithium salts, respectively. The experimental

viscosities were fitted to Equation A.3 (as derived by van Holst et al., 2008):

kyexp(k;C,,)
u=kiexp [% exp(kyCpy) (A3)

The k; coefficients in this equation are reported in Table A.4. The average deviations for u
are 4.1% and 3.7% for the sodium and lithium salts, respectively. Van Holst et al. (2008)
measured the density and dynamic viscosity of aqueous potassium L-prolinate solutions at
temperatures of 298-333 K and amino acid salt concentrations of 0.5-3.5 mol-dm™. Their p
and u data for the potassium salt were included in Tables A.1 and A.2. The data points at
temperature of 284 K for p and u were extrapolated from their data using Equation A.2 and
A.3. Generally, the density of the amino acid salt increases in the order of K" > Na" > Li;
while for the dynamic viscosity no clear trend could be observed. The density decreases and
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increases, respectively, with increasing temperature and amino acid salt concentration. The
dynamic viscosity decreases exponentially with an increase in temperature but increases

with increasing solution concentration.

Table A.1: Density of aqueous alkaline salts of L-proline

Solvent T [K] 284 298 303 313
Cin [M] p [g-em?]

Potassium L-prolinate 0.51 1.038 1.028 1.027 1.023
1.01 1.066 1.059 1.057 1.053
1.52 1.096 1.089 1.087 1.082
2.01 1123 118 1115 1.110
2.52 1.152 1.146 1.144 1.138
2.98 1178 1171 1168 1.162
3.45 1.205 1197 1.194 1.188

Sodium L-prolinate 0.10 1.007 1.003 1.003 1.001
0.51 1.030 1.026 1.025 1.023
1.03 1.058 1.053 1.052 1.050
2.03 1113 1.106 1105 1102
2.98 1.163 1155 1153 1150
4.05 1.211 1.204 1.201 1197

Lithium L-prolinate 0.09 1.005 1.001 1.000 0.999
0.49 1.020 1.017 1.016 1.015
0.99 1.040 1.037 1.036 1.034
1.84 1.075 1.070 1.069 1.067
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Table A.2. Dynamic viscosity of aqueous alkaline salts of L-proline

Solvent T [K] 284 298 303 313
Cp, [M] u[mPa-s™]
Potassium L-prolinate 0.51 1.600 1107 0.986 0.799
1.01 2.035 1.400 1242 0.992
1.52 2.662 1.811 1.59 1.251
2.01 3.510 2.365 2.061 1.599
2.52 4.809 3.163 2.721 2.076
2.98 6.540 4112 3.516 2.664
3-45 9.17 5.732 4.837 3.587
Sodium L-prolinate 0.10 1.388 0.929 0.822 0.682
0.51 1.776 1.163 1.057 0.843
1.03 2.517 1.587 1.405 1103
2.03 5.436 3.169 2.638 2.036
2.98 13.429 7935 5.615 4174
4.05 41.297 17.901 14.461 9384
Lithium L-prolinate 0.09 1.406 0.931 0.915 0.792
0.49 1.832 1.190 1.049 0.839
0.99 2.623 1.648 1.445 1.126
1.84 5.598 3.122 2.654 2.049
Table A.3: Coefficients in Equation A.2
Solvent k,x 10* k, x 10 ks Source
Potassium L-prolinate -5.258 5.602 1160 Van Holst et al. (2008)
Sodium L-prolinate -3.225 5.112 1.097 this work
Lithium L-prolinate -2.077 3.876 1.060 this work
Table A.4: Coefficients in Equation A.3
Solvent k,x10>  k,x107 k; k, Source
Potassium L-prolinate 1.534 15.85 0.1071 -0.3025  Van Holst et al. (2008)
Sodium L-prolinate 0.146 21.59 0.1009 -0.3434  this work
Lithium L-prolinate 0.398 19.30 0.1734 -0.9252  this work

The physical solubility of N,O in water, my,ou,0, was determined as a function of

temperature to validate the operation of the experimental apparatus. The results of this

study are plotted in Figure A.1. From the figure, it is clear that the measured solubilities are

well in line with the literature data. Next, the solubility of N,O in aqueous solutions of

potassium and sodium salts of L-proline, my, o, were obtained for temperatures of 284-313 K

and solution concentrations of 0.1-3.0 mol-dm™. The results are shown in Figure A.2. No
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significant impact of a counterion on the N,O solubility in aqueous L-prolinate solutions
was found. Van Holst et al. (2009) measured the physical distribution of N,O in potassium
and lithium salts of the considered amino acid in the temperature range of 298-333 K. As in
the present case, differences in the values of my,, for both salts were within the accuracy of
measurements. Using the experimental results of the N,O solubility from the present work
and Equations 4.17 to 4.19, the anion specific parameter for L-prolinate was calculated - see
Table A.s. In this table, the h_ values for L-prolinate reported by van Holst et al. (2009) and
Paul and Thomsen (2012) are also included. The h_ values from the present work agree
within 5.3% with the literature data. As shown in this table, the obtained value of h_ for the
considered amino acid decreases with temperature. This behaviour was also reported by

Portugal et al. (2008) for solubility of N,O in aqueous solutions of potassium threoninate.

Table A.s. Ion specific parameter for L-prolinate

h_ [dm?mol”]

T [K] 290 298 303 313 323
this work 0.0841 0.0751 0.0648 0.0562
Paul and Thomsen (2012) 0.0676 0.0592 0.0505
Van Holst et al. (2009) 0.0740
1.1 o
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Figure A.1. Physical distribution coefficient of N,O in water as a function of temperature. m, this

work; 0, Derks et al. (2006); O, Perry and Green (1997); *, Versteeg and van Swaaij (1988)
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Figure A.2. Physical distribution coefficient of N,O in alkaline salts of L-proline. Closed symbols
for the potassium salt and open symbols for the sodium salt. [}, 0.1 M; A, 0.5 M; O, 1.0 M; 0, 2.0 M;
V,3M
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Chapter s

Amino Acid Salts for Carbon Dioxide Capture - Evaluating

L-Prolinate at Desorber Conditions

Vapour-liquid equilibrium (VLE) measurements for unloaded- and for CO,-
saturated aqueous potassium salt solutions of L-proline have been performed using a high-
pressure equilibrium cell. The solubility of CO, has been determined at temperatures of
363, 393 and 403 K, in 3 and 4 mol-dm? aqueous solutions. The CO, partial pressures
ranged from 3.0 to 358 kPa. In addition, the VLE data for CO,-free and saturated 3 mol-dm™
aqueous potassium sarcosinate solutions are presented for the same range of temperatures.
The vapour pressures of the considered compounds have been determined at temperatures
from 353 to 403 K. The reboiler duty required for stripping CO, from potassium L-prolinate
solutions has been computed by the summation of the desorption enthalpy of CO,, the
sensible heat and the evaporation heat associated with co-produced regenerator overhead
water vapour. A new approach to calculate the latter contribution is presented. The
calculated energy requirements for L-prolinate are in the range reported in open literature

for other amino acid salts.
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5.1 Introduction

Nowadays, carbon dioxide (CO,) is widely recognized as a major greenhouse gas
contributing to long-term climate changes. Based on technologies available today, post-
combustion removal of CO, by use of absorption with chemical solvents such as
(alkanol)amines and amino acid salts (AAS) is considered to be most cost-effective and
viable option for a large-scale CO, capture from flue gases. In the amine-based gas cleaning
units, it is the regeneration of the CO,-loaded liquid that mainly determines the operational
costs of the process. This cost is due to a large amount of heat required to reverse the
amine-acid gas reaction, to bring rich solvent from the absorber (after feed-product heat
exchange) to regenerator conditions and energy for evaporating the co-produced

regenerator overhead water vapour.

This reboiler duty can be measured experimentally in pilot plant units (Knuutila et al., 2011;
Lee et al., 2010; Sakwattanapong et al., 2005), it can be estimated by rigorous column
modelling using dedicated software and advanced thermodynamic models (Abu Zahra,
2009) or estimated by the summation of above-mentioned components of the overall

regeneration energy, determined separately (Rochelle et al., 2001; Song et al., 2008).

To obtain an (initial) indication of the energy required for a regenerative amine-based
process, the latter procedure is often applied. Lee et al. (2010) evaluated the regeneration
energy and degree of CO, removal for aqueous solution of monoethanolamine (MEA) as a
function of process parameters in a bench scale CO, capture process. For the verification of
experimental results, the regeneration energy was also computed by the summation of the
enthalpy of reaction, the sensible heat and the heat of water vaporization using their
process data. The calculated reboiler duty was in good agreement with the data from the
bench scale tests, within 6%. Song et al. (2008) estimated the reboiler duty for CO,
absorption in aqueous solutions of MEA and sodium salt of glycine as the sum of these three
terms. The physico-chemical properties and the heat associated data required in the
calculations were determined experimentally. No information is given, however, on the
method of establishing the H,O:CO, overhead (reflux-) ratio; which is a crucial parameter in

this type of calculations.

In the present work, an estimation method to calculate the reboiler duty is presented with a
new approach to determine the H,O:CO, overhead ratio. This ratio of partial pressures of
water vapour and CO, in the gas phase at the desorber outlet (top) is here referred to as the
“reflux ratio”. To validate the model developed in this work, the reboiler duty for stripping
CO, from aqueous 5M MEA solution was calculated with the current method and compared

with the data obtained with the module available in the Aspen Plus v8.0 (here referred to as
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the working Aspen Plus Example). After that, the energy requirements for potassium
L-prolinate solution has been computed and compared with the literature numbers found

for other amino acid salts.

While a number of publications on the experimental CO, solubility data can be found for
(alkanol)amines, the literature data for CO,-AAS-H,O systems is relatively scarce and in
majority dealing with the absorption side. Table 5.1 summarizes the conditions of the CO,
solubility measurements for amino acid salt solutions as reported in open literature. The
vapour-liquid equilibrium (VLE) data, with and without CO, in the system, are needed in
the reboiler duty calculation. In the present work, the VLE curves of CO,-satured, 3 and
4 mol-dm™ aqueous solutions of potassium salt of L-proline were obtained for the CO,
partial pressure range of 3.0 to 358 kPa. Since at temperatures greater than 398 K an
accelerated MEA degradation has been reported (Movagharnejad and Akbari, 20u), the
experimental procedures followed were validated using potassium salt of sarcosine. The VLE
data for 3 mol-dm™ sarcosinate solution in the CO, partial pressure range of 3.3 to 253 kPa
were measured. For both amino acids, the experiments were carried out at temperatures of
363, 393 and 403 K. The vapour pressures of the considered compounds were determined at
temperatures from 353 to 403 K. This work is part of a set of studies aiming to identify the

potential of potassium salt of L-proline as CO, absorbent.

Table 5.1: Literature sources for the vapour-liquid equilibrium data of CO,-AAS-H,O systems

Solvent Cn T Pco, Source
[mol-dm?] [K] [kPa]
Potassium taurate 0.5-3, 4 208 0.107-7.396  Kumar et al. (2002)
1 313 0.208-5.286

Sodium glycinate 1-3.5 303- 323 0.1-214 Song et al. (2006)

3.5 313- 393 0.1-400 Song et al. (2008)
Potassium glycinate 0.1-3 283- 351 0.54-63.4 Portugal et al. (2009)
Potassium threonate 1 313 1.03-42.0 Portugal et al. (2009)
Potassium sarcosinate 3.5 313- 353 0.029-14.585  Aronu et al. (2011)

3.5 373-393 38.1-1051
Potassium serinate 1 313- 373 0.1-400 Song et al. (201m1)
Potassium DL-methioninate 0.5 353 1280-8570 Kumetan et al. (2010)
Potassium L-prolinate 0.5-2 298-313 0.51-70.1 Majchrowicz and

3 285,208-323  2.02-35.4 Brilman (2012)

At these conditions the solids precipitation is observed
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5.2 Material and methods

The CO, (min. 99.99 mol%) [124-38-9] gas used was purchased from Linde Gas.
L-proline ((S)-pyrrolidine-2-carboxylic acid, CsH¢NO,, > 98.5%) [147-85-3], sarcosine
(N-methylglycine, C;H,NO,> 98.0%) [107-97-1], KOH (> 85.0%; with the actual purity
determined accurately by titration) [1310-58-3] were purchased from Sigma-Aldrich and
applied without further purification. Amino acid salt solutions were prepared by
neutralizing the amino acid dissolved in deionized, double-distilled water by using an
equimolar quantity of potassium hydroxide. For this the actual purity of potassium
hydroxide was utilized. The actual concentration of the amino acid salt solution was
determined potentiometrically by titrating with a standard 1.000 mol-dm™ HCl solution

[7647-01-0].

The vapour-liquid equilibrium set-up consisted of an autoclave made of 316 SS
(2 0.267 dm?®), a CO, supply vessel (= 0.520 dm?) and a vacuum pump. The equilibrium cell
was equipped with a high intensity gas inducing stirrer, digital pressure sensors, and a
PTioo temperature sensor (in the liquid phase). It was heated by a thermostatic oil
circulator. The gas supply vessel was provided with a digital pressure sensor and a PT100
temperature sensor. In all experiments, a known amount of a solution was introduced into
the equilibrium cell and degassed by applying vacuum. In the vapour pressure experiment, a
CO,-free solution was heated up to a desired temperature. Once the system reached an
equilibrium state, temperature and pressure in the autoclave were recorded. Samples were
analyzed before and after each experiment to check for any concentration variation due to
losses during evacuation or by degradation. In the CO, solubility experiments, known
portions of pure CO, was added to the autoclave, after which the stirrer was started and the
system was allowed to reach equilibrium. The amount of CO, absorbed by the solution was
calculated from the pressure drop in the CO, supply vessel in combination with the ideal
gas law corrected for the gas phase non-ideality by applying a compressibility factor
Z=f (pCOZ,T) (Turlington and McKetta, 1961; Perry and Green, 1965). More details about
the experimental procedure and calculations used in this study can be found in work by van

Holst et al. (2008) and Portugal et al. (2009).

5.3 Reboiler duty

The heat required to regenerate a solvent solution in the stripper column of CO,
capture process (reboiler duty, Qy.;) depends on three terms (Kohl and Nielsen, 1997; Song

et al., 2008; Oexmann and Kather, 2010):
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Qreb = Qsens + Qdes,C02 + Qvap,HZO (51)

where Qs is the sensible heat to raise a solvent solution from temperature of the loaded
solvent downstream the rich-lean heat exchanger to the reboiler temperature, Quqpu,0 is
the heat of evaporation required to produce the stripping steam leaving the column
overhead, and Qges,co, is the overall heat required to desorb CO, from the loaded solvent.
All these heat requirements are calculated in MJ-kg" CO,. The quantities of these three

terms are calculated as follows:

0. = LA (5:2)
S Ay Mo,
O o, = Haesco, (53)
des,CO; =

es,C0, 1\/1(:02

_ RAHVap,HZOMHZO (54)
Qvap,Hzo - M
€O,

where A« is the difference in CO, liquid loading between the absorber outlet (rich) and
inlet (lean) and is expressed (in mole CO, per mole solvent), R is the molar ratio of H,O:CO,
in the regenerator overhead stream, AHy,s co, is the enthalpy of desorption, AH,qp i, 0 is the
heat of water evaporation, Mo, and My, , are molar weights of CO, and water, respectively.
The remaining parameters are defined in Table 5.2. For the heat required to strip CO, from
the solution, Qges,co,, the (average) enthalpy of desorption is required and can be calculated

using Equations 5.5 and 5.6 (Kohl and Nielsen, 1997).

AHgif _ dlnpco,

(5:5)
R L
oG 1.
1 Qrich
DHgy = EJ’ DHyippda (5.6)
Xlean

In Equation 5.3, R is the quantity of stripping vapour (mole H,O) provided per mole of CO,
produced. This ratio is estimated via the ratio of partial pressures of water vapour and CO,
in the gas phase at the desorber outlet (top). According to literature, this ratio in
commercial columns is in the range of 0.3 to 3.0 mole water per mole acid gas (Kohl and
Nielsen, 1997); with the highest reflux found for MEA (2-3), followed by DEA (1.5) and
MDEA (0.3-1.0). Alternative to assuming a “typical figure”, based on a thermodynamic

analysis, Oexmann and Kather (2010) proposed to estimate this ratio from:

93



AMINO ACID SALTS FOR CARBON DIOXIDE CAPTURE — EVALUATING L-PROLINATE AT DESORBER
CONDITIONS

pISJZO plflzo ref T - Tref
= - AH — |AH .
Péoz pEOZ.‘ref P RT Tyep (| mp‘H20| | abo02 D 7

A similar equation as Equation 5.7 is given by Rochelle et al. (2001) and describes the ratio of
CO; equilibrium partial pressure at absorber temperature (here p¢o, o) to that at stripper

temperature (here p¢o, ).

In this work, another approach is used in which the R value is estimated from regeneration
pressure and temperature at the top of the stripper column. The configuration of the top of
the stripper column is indicated schematically in Figure 5.1. The following assumptions are
made: (i) the feed is introduced one tray below the water wash tray, (ii) temperature at the
feed tray is the same as temperature of the feed itself. In this fashion, the top temperature
can be calculated from a simplified enthalpy balance for the water vapour and liquid
streams entering and leaving the water wash tray, and without the necessity of taking into
account the solvent contributions. The contribution of CO, entering and leaving the water
wash tray is neglected as it contributes only around 2% of the net enthalpy input to that tray

and results in less than 0.2% difference in the final reboiler duty calculated.

CO:

To condenser

Water wash tray

Water reflux

#2 #5

#1

B —— Feed tray
Feed

T l

Steam/CO; Liquid solvent

Figure 5.1: Top-section of the regenerator column

The solvent specific properties and process parameters, required as the input for the
calculation method, are listed in Table 5.2. Using the input parameters presented in this
table, the mass- and enthalpy balances for the top-section of the regenerator (as presented
in Figure 5.1) can be calculated. In this calculation, molar balances listed in Table 5.3 are
used. Note that subscripts ‘ft’ and ‘wt’ stand, respectively, for the feed- and water wash trays.

The cyclic capacity, A, is defined as the difference in the rich and lean liquid CO, loadings.
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Table 5.2: Input parameters for the reboiler duty calculation

Solvent properties

Density P
Heat capacity G
Enthalpy of desorption AHges.co0,
Process parameters
Solvent concentration Cn
Mole fraction of water in the solution XH,0
Rich liquid loading Qrich
Lean liquid loading lean
Reboiler temperature Tren
Condenser temperature Teona
Temperature approach determined by HEX AT
Pressure drop (bottom-top of stripper) AP

Table 5.3: Mass- and enthalpy balances for the top-section of the regenerator

Feed (#1) Known composition

CO, molar balance Duco, #2) = Gy amine(#1) - A
Duco, #3) = b co, (#2)
¢M,602 #)=0
QbM,co2 (#5) =0

Water molar balance Dm0 (#2) = Prco, #3) - Ry
¢M,Hzo(#3) = ¢M,coz (#3) - Ry
¢M,H20(#4) = ¢M,H20(#3)
¢M,H20(#5) = ¢M,H20(#4)

Enthalpy balance Gy (#2) + Py (#4) = oy (#3) + ¢y (#5)
b (#D) = Gu 1,0 HD) * Hyps " (Prop, T(#0) * My (i=23)
D) = Bu ) () - Hyg* (Props TGH)) - My (j=45)
Temperatures Trea = Trep - AT
T(#3) =Ty, (from enthalpy balance)

T(#4) = Teona
T(#2) = Tfeed
T(#5) = T(#3)

The overall calculation procedure to calculate R, and Rz now involves the following steps
(where subscripts ‘b” and ‘top’ stands for the bottom and top conditions in the column,

respectively):
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1. Select reboiler temperature, T, and a lean CO, liquid loading, cean.

2. From VLE data at Ty find the reboiler CO, equilibrium partial pressure, pco, ;,, at

the selected Qeqn.

3. The water vapour pressure at the reboiler conditions, py, o, is estimated using the
following equation: py,q, = pgzo(Treb) “ Xm0 ' ¥; where xy,0 is the mole fraction
for water in the solution and y is the non-ideality coefficient defined as the ratio of

vap

the solution vapour pressure at zero CO, loading, p"#, and the vapour pressure for

pure water at the reboiler temperature, pjj, o (Tyep)-

4. Calculate the total pressure at the bottom of a regenerator (maximum attainable

pressure), Py, using formula: P, = py,0,5 + Pco, p-

5. With pressure Pj at the bottom and the assumed pressure drop, AP, over the
column, the operating pressure at the top (water wash- and feed trays) of the

regenerator is P,y = Pyt = Pg = Py - AP.

6. For the feed tray, the water vapour pressure, py,o:, is calculated via py,o,r =
pgzo(Tfeed) “Xm,0 'y and the CO, partial pressure via pco, rt = Pre — Puyo,5¢c- The

ratio Ry is now (szo/pcoz)ft.

7. Use an initial guess for T (e.g. Twe = Tfeed)-

8. Calculate the vapour pressure of water at the water wash tray, pu,owe, Via

PHyowt = pgzo(th) and the CO, partial pressure at the top using equation:

Pcoywt = Prop — Pyowe- With this, R, = (pHZO/pCOZ)Wt-

9. With Rs; and R, known, the flowrate and composition of all streams can be

calculated using the mass- and enthalpy balances from Table 5.3.

10. Check if the enthalpy balance over the water wash tray closes (see Table 5.3 and
Figure 5.1). Adjust the value for T, (in step 7 above) and repeat steps 8 and 9 until
the enthalpy balance is closed.

The (minimum) R value relevant to the energy requirement calculation (see Equation 5.4) is
now the R, value for the converged solution. The optimal ratio between R-actual and R-min
normally depends upon an economic analysis that compares the cost of energy (which rises
with rising reflux) with a number of column trays (which declines with rising reflux); and
for most commercial operations it equals to 1.1 to 1.5 (de Haan and Bosch, 2007). For the

present case, it is assumed that R-actual/R,-min = 1.2. Hence, via Equation 5.4, the
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contribution Quqp 1,0 can now be calculated. In addition, the sensible heat, Qsens, is here

calculated using Equation 5.8.

pCpAT + (¢H (#4, Treb) - ¢H (#4' Tcand))MHzo

= -8
Qsens = 34, Moo, AaCyMeo, (58)

In this equation not only the difference in the sensible heat between the rich and lean
streams is taken into account but also the sensible heat effect associated with feeding the

cold reflux condensate back to the column.

5.4 Results and discussion

The high volatility of (alkanol)amine-based solvents results in higher wash-up
costs and environmental risks (Kohl and Nielsen, 1997; Nguyen et al., 20o11); whereas, in
general, salt solutions are characterized by negligible vapour pressure of the active
components and thus show minimum liquid evaporation losses (Housecroft and Constable,
2010). For amino acid salts, Aronu et al. (2011) reported the vapour pressure of aqueous
potassium sarcosinate solutions (Cr, = 1, 2, 3.5, 3, 4, 5 M) at temperatures of 313, 333, 353 and
373 K. In Figure 5.2, the measured vapour-liquid equilibrium data of L-proline and sarcosine
solutions at regeneration temperatures are presented. These data are compared with the p**
values of other aqueous CO, absorbents. As expected, amino acid salts are characterized by
lower vapour pressures as compared to amines. For amines, the following trend in
increasing volatility was reported in the literature: tertiary < secondary < primary (Xu et al.,
1991; Kennard et al., 1984). Nguyen et al. (2011) related volatility of amines with molecular
groups and structural shapes. The volatility-structural relations for amines seem to be also
applicable for amino acid salts. It was reported that amines having one or more polar
groups, such as amine, hydroxyl, and ether groups, tend to be less volatile due to favourable
interactions with water. Presence of one or more methyl groups in the structure contributes
to non-polarity and greater volatility (e.g. AMP). As a second order effect, presence of an
N-CH; contribution in a straight chained amine (e.g. sarcosine), or a C-CHj; contribution in
a cyclic amine, correlates to lower volatility. Finally, cyclic amines (e.g. proline) appear to be

less volatile than straight chain amines (e.g. glycine).

At temperatures greater than 398 K an accelerated MEA degradation was reported
(Movagharnejad and Akbari, 20u). The VLE apparatus and methodology applied were
therefore validated using potassium salt of sarcosine. The equilibrium partial pressure of
CO, over aqueous solutions of potassium L-prolinate (Ci, = 3, 4 M) for the CO, partial

pressure range of 3.0 to 358 kPa and potassium sarcosinate (Cp, = 3 M) for p¢o, ranging from
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3.3 to 253 kPa was measured. The experiments were carried out at temperatures of 363, 383
and 403 K. The VLE curves obtained for potassium salts of sarcosine and L-proline are
shown in Figures 5.3 and 5.4, respectively. Aronu et al. (2om1) reported CO, partial pressure
over 3.5 mol.dm™ solutions of potassium sarcosinate for the p¢o, range of 0.03-14.6 kPa at
temperatures of 313, 333 and 353 K, and for the p¢,, range of 38.1-971 kPa at temperatures of
373 and 393 K. It was found that the VLE data from the present work for potassium
sarcosinate are comparable to the data by Aronu et al. (2011). The reaction enthalpy of
potassium sarcosinate solution was calculated according to Equation 5.5 and compared to
the values reported by Aronu et al. (2011). At the liquid CO, loading, ¢, of 0.2 (mole CO, per
mole solvent) the enthalpy of desorption is found to be 66.3 kJ-mol™ CO, and at o = 0.4 the
enthalpy of desorption equals to 62.2 kJ-mol™ CO,. These values agree with the value of

66.7 k]-mol™ CO, reported at o = 0.2 for 3.5 mol-dm? solution by Aronu et al. (20m).

00— 1000
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Figure 5.2: (left) Experimental results of the vapour pressure of aqueous: ¢, 2 M L-prolinate; A, 3 M
L-prolinate; <], 4 M L-prolinate; *, 3 M sarcosinate. (right) Literature values of the vapour pressure
of aqueous CO, absorbents: *, 3.5 M sarcosinate Aronu et al. (zo11); >, 3.3 M glycinate Song et al.
(20m1); [, 2.6 M MEA Belabbaci et al. (2009); +, 3 M DEA Kennard et al. (1984); V, 2.6 M MDEA Xu
et al. (1991); O, 2.3 M AMP Belabbaci et al. (2010). Dotted line stands for water by Popiel and
Wojtkowiak (1998)

At a certain « value, an increase in the system temperature results in higher CO, partial
pressure; which is common for CO,-(alkanol)amine-H,O systems. For both amino acids, the
dependence of CO, partial pressure on temperature and CO, liquid loading in the
temperature range studied has been expressed by Equation 5.9, where a,-as are constants

(see Table 5.4). The average relative deviation between the experimental data and the values
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from the fits are 7.6 and 2.2% for 3 and 4 mol-dm™ L-prolinate solutions, respectively, and

2.8% for sarcosinate solution.
Inpco, = ag + a;a + a,T + aza? + a,aT + asT? (5.9)

Table 5.4: Constants a,-as in Equation 5.9

Solvent a, a, %10 a, a,x10° asx10°
Potassium L-prolinate, 3 M solution 7.40 13.08 -7.89 10.95 -31.27 16.17
Potassium L-prolinate, 4 M solution 17.64 2.834 -13.62 21.36 -20.38 24.79
Potassium sarcosinate, 3 M solution 11.51 16.57 -11.57 5.084 -24.31 2212

The effect of amino acid salt concentration on the absorption capacity of CO, for potassium
L-prolinate solutions was also investigated - see Figure 5.4. Generally, if the main path of
CO, absorption is the formation of a carbamate (primary and secondary amines), the
absorption equilibria are less dependent on the solvent concentration (up to a certain CO,
liquid loading). On the other hand, if the bicarbonate formation dominates (e.g. for tertiary
and some sterically hindered primary and secondary amines), the absorbent concentration
significantly influences the VLE behaviour of the system (Oexmann and Kather, 2010). This
latter pathway is, however, kinetically less favourable than the formation of a carbamate.
For L-prolinate, no significant reduction in CO, solubility in 4 mol-dm? solution, when
compared with the results for 3 mol-dm? solution, is found up to « = 0.35 (mole CO, per
mole solvent). This loading increases to (approximately) 0.40 and 0.46 (mole CO, per mole

solvent) as the absorption temperature decreases to 383 and 363 K, respectively.
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Figure 5.3: Experimental results of the CO, equilibrium partial pressure over 3 M solution of

potassium sarcosinate. [}, T=363 K; O, T =383 K; 0, T = 403 K; —, calculated by Equation 5.9
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Figure 5.4: Experimental results of the CO, equilibrium partial pressure over potassium salt of
L-proline: (left) 3 M solution; (right) 4 M solution. [J, T =363 K; O, T =383 K; ¢, T = 403 K; —,
calculated by Equation 5.9

In a recent version of the ASPEN process simulator (Aspen Plus v8.0) a working example of
CO, absorption in 4.5 M MEA solution is available, based on a full electrolyte-NRTL column
model for absorber and stripper. The results for the stripper were compared with the
method developed in this work for 5 M MEA solution. The reboiler duty found with the
method described above is in good agreement with the ASPEN simulation (518 MJ-kg" CO,
(this work) vs. 5.25 MJ-kg" CO, (Aspen)) and also distributions of the three energy
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components in Equation 5.1 are quite similar, see Figure A.1in the Appendix. The R value for
the water wash tray in the Aspen simulation equals 2.20 whereas a value of 1.86 is found
with the present method. The R value for the feed tray in the Aspen simulation equals 2.38

vs. 2.33 as found by the current method. More information can be found in the Appendix.

Carbon dioxide capture process in aqueous solutions of (alkanol)amines has been simulated
and studied under different process conditions in a number of publications (e.g.
Sakwattanapong et al., 2005; Tobiesen et al., 2005; Warudkar et al., 2013); where several
process parameters have been varied over a given span to study their effect on the CO,
removal and the reboiler duty. It has been pointed out that some major energy savings can
be obtained by optimizing the CO, liquid loading level in the amine system. Therefore, this
factor was studied for 3 mol-dm™ aqueous solution of potassium L-prolinate by keeping the
lean solvent loading constant at the value of 0.262 and increasing the rich loading. The
input parameters as reported in Table A.3 in the Appendix were applied. Equation 5.9 was
used to calculate the VLE data of the system. The results of this study are presented in Table
5.5.

Table s5.5: Calculated values of the reboiler duty vs. acn for potassium L-prolinate using input

parameters reported in Table A.3: Cy; = 3 M; Trep = 403 K; tliean = 0.262 (mole CO, per mole solvent)

Grich Qreb
[-] (MJkg™ CO,]

0.400 6.26
0.425 5-94
0.450 5.71
0.475 5-53
0.500 5.39
0.525 5.28
0.550 5.19
0.586 5.08

It is apparent that at a given lean CO, loading, a reduction in the rich CO, loading leads to
an increase in the reboiler duty. For a theoretical maximum rich solution loading of 0.586
(mole CO, per mole solvent), represented by an equilibrium with the feed gas at the
absorber bottom conditions, a reboiler duty of 5.08 MJ-kg" CO, is calculated. Since this
theoretical maximum cannot be attained in practical equipment, a “75-80% approach to
equilibrium” is often assumed in the design of the amine plants (Kohl and Nielsen, 1997).
For the alpha rich of 0.465 a reboiler duty of at least 5.60 MJ-kg" CO, is required by the
system, using the conditions from Table A.3. As presented in Figure A.2 (in the Appendix),

high values of the sensible heat and the heat of vaporization of water are the main reason of
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high regeneration heat of L-prolinate; of which Qs corresponds to 30.8%, Quapu,0 to

45.3%, and Qges co, t0 24.0%.

The approach by Oexmann and Kather was used to calculate the R value and further the
reboiler duty of potassium L-prolinate solution. For the calculated ratio of 2.9 the reboiler
duty of 5.64 MJ-kg™ CO, was found. The Q.. and R values thus calculated are around 1%
higher than the values obtained by the current method. It was observed that the R values
obtained by the Oexmann and Kather method are sensitive to the value of enthalpy of
reaction inserted to their formula (Equation 5.7). For instance, when AH s co, is increased
by 10% (which is probably within the range of experimental error) to 65 kJ-mol™, the R value
increases to 4.2. This inconvenience is eliminated in the model developed in the present
work. In addition, the current method allows studying the reboiler duty of the considered

acid gas absorption process for different process conditions.

The inlet temperature of the rich solution to the stripper column is determined by a
performance of the rich-lean cross-flow heat exchanger. The minimum acceptable
temperature approach of 10-15 K is usually used in the design of the amine-based CO,
absorption systems but with the use of more modern plate exchangers a AT of less than 5 K
can be achieved (Tobiesen et al. 2005). The predicted change of the reboiler duty and the
three energy contributions for potassium L-prolinate with AT is illustrated in Figure 5.5. The
rich liquid loading was fixed to 0.465 (mole CO, per mole solvent). No reduction in the
reboiler duty with a decreasing AT value is found. Instead an optimum of 5.21 MJ-kg™ CO, at
AT equal to 15 K is reached. This finding is contrary to the conclusion of Barchas and Davis
(1992) who stated generally that with a more efficient cross-flow heat exchanger much less
energy for stripping CO, is needed. Finally, an influence of the pressure drop along the
stripper column, AP, on the reboiler duty was investigated. As AP increases from a zero
pressure drop to o.1 kPa the energy consumption of the system increases by 7.7% from 5.17
to 5.50 MJ-kg™ CO,, and is further increased by 21.6% as AP goes up to 0.3 kPa. A complete

optimization of the system is, however, not pursued in this work.

102



AMINO ACID SALTS FOR CARBON DIOXIDE CAPTURE — EVALUATING L-PROLINATE AT DESORBER

CONDITIONS
10
ol
8
A
ON B
o 6:
2 5
_',
2 4
(e 3+ /;/’
) ’;:»f,,i/
S
0

Figure 5.5: Calculated values of the total energy requirements (reboiler duty) and individual
energy contributions vs. AT for potassium L-prolinate using input parameters reported in Table
A3: Gy =3 M; Trep = 403 K; Qean = 0.262 (mole CO, pre mole solvent). -, reboiler duty; ----,

sensible heat; —, heat of desorption; -, heat of evaporation

In general, aqueous amino acid salt solutions have slightly higher desorption energy
requirements than, e.g., the industry standard MEA. Erga et al. (1995) performed the
equilibrium and pilot plant tests using aqueous solutions of MEA, MDEA-piperazine
mixture, and potassium salts of sarcosine and glycine. For amino acids, the operational
conditions used were as follows: a 6.0 vol% CO, gas stream at the inlet of the absorber, CO,
absorption temperature of 313 K, 4 M solutions, stripping temperature of 413 K, AT set to 10
K. In terms of the reboiler heat demand, the amino acid systems were found to be less
competitive than MEA solution. The reboiler duties for stripping CO, from aqueous
potassium salts of glycine and sarcosine were 6.05 and 5.77 MJ-kg ™ of CO,, respectively. In
another comparison, Song et al. (2008) calculated the regeneration energy for 30 wt%
aqueous solutions of MEA and for sodium salt solutions of glycine. Other assumptions
made in that study included a rich liquid loading of 0.4, a temperature difference between
top and bottom of the stripper of 50 K and a stripping temperature of 393 K. It was reported
that the heat demand for glycinate (Qyes = 5.74 MJ-kg™ CO,) is 17% higher than that for the
MEA system (Qyes = 4.75 MJ-kg™ CO,) under the same conditions.

Also in this work, for potassium salt of L-proline the calculated reboiler duty, Qyes, is higher

than the value found for the MEA system. The results are in line with the numbers reported

in open literature for other amino acid salts.
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5.5 Conclusions

Vapour-liquid equilibrium data for CO,-saturated and CO.-free potassium
L-prolinate solutions were obtained at the stripper operating conditions. The experimental
VLE data at regeneration conditions were used to calculate the reboiler duty for an
absorption-desorption process. This heat duty is calculated as the sum of the desorption
enthalpy of CO,, the sensible heat and the heat of vaporization. A new method to determine
the latter contribution was used and tested against a full Electrolyte-NRTL rigorous column
model. Like for other amino acid salt solutions, the energy required for stripping CO, from
aqueous solutions of L-proline is somewhat higher than that for the 5 M MEA reference
system. With the new method, the influence of a few process parameters on the calculated
reboiler duty of potassium L-prolinate was investigated, showing, e.g.,, an optimum
temperature approach, AT, of 15 K for the lean-rich heat exchanger. The specific reboiler
duty reduces with increasing cyclic capacity of the amino acid salt solution. Hence, an
increase in the alpha rich by precipitation during absorption may result in further energy

savings in amino acid salt-based CO, absorption systems.
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Nomenclature
G heat capacity [k]-kg"- K]
AHges co, heat of reaction [kJ-mol™]
H :,‘zlf)'”q‘ specific enthalpy of boiling water [k]-kg"]
H:,:g”ap' specific enthalpy of saturated steam [kJ-kg"]
AHyap n,0 heat of water evaporation [k]J-kg”]
Mco, molar mass of carbon dioxide [kg-mol™]
Mpy,o molar mass of water [kg-mol™]
Qsens sensible heat [M]-kg™ CO,]
Qvap,H,y0 heat of evaporation [M]-kg™ CO,]
Ques,co, heat of desorption [M]-kg™ CO,]
Qreb reboiler duty [M]-kg™ CO,]
P pressure [kPa]
T temperature [K]
a loading [mole CO, per mole solvent]
Dy molar flow [mol-s™]
Dy enthalpy flow [k]-s™]
P density [kg:m?]
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Appendix

The energy required for stripping CO, from aqueous 5 M MEA solution was
calculated with the model developed in this work and compared with the data obtained in
the working Aspen Plus Example (Aspen Plus v8.0). The system parameters utilized in the
calculations are listed in Table A.1. For the current method, the density of solution was
taken from Amundsen et al. (2009) and the heat capacity was from Song et al. (2008). The
enthalpy of desorption and the CO, equilibrium partial pressure were calculated using the

VLE model by Majchrowicz and Brilman (2012); see also Chapter 3.

The contributions of the three energy components in Equation 5.1 to the reboiler duty as
obtained by the two methods are reported in Table A.2 and illustrated in Figure A.1
Individually all the three contributions of regeneration energy and the total regeneration
energy as obtained by the model are in a relatively good agreement with the data generated
by the Aspen process simulation software. Within the Aspen working example an
assumption of a zero pressure drop over the column is made. When this assumption is

introduced to the model then Q. reduces from 5.18 to 4.92 MJ-kg" CO..

Table A.1: System parameters for the reboiler duty calculation - MEA case

Parameter this work Aspen
p [kg:m?] 954 (not reported)
Cp [kJ-kg™ K] 4.14 (not reported)
AH 5.0, [KJ.mol™ CO,] 100 (not reported)
C,, [mol-dm?] 5.0 4.5
Qyic, [mole CO, per mole solvent] 0.384 0.384
Qean [mole CO, per mole solvent] 0.262 0.262
Trep [K] 3925 3925
Teona K] 201.2 201.2
AT [K] 6.5 6.5
AP [kPa] 0.1 0.0

R =1.2 x R-min
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Table A.2: Total energy requirements - MEA case

Q this work Aspen
[MJ kg™ CO.]
Qsens 1.23 1.08
Ques,co, 2.27 219
Quap,H,0 1.68 1.98
Qrep 518 525

44%

21%

24%

® Heat of evaporation ® Sensible heat ®Heat of desorption

Figure A.1: Heat contributions to the reboiler duty for the MEA case: (left) calculated by the model
(Qreb = 518 MJ-kg™ CO,), (right) calculated by the Aspen process simulator (Qye = 5.25 MJ-kg™ CO,)

The energy requirements for stripping CO, from aqueous 3 M potassium L-prolinate solution
were calculated with the use of the current method. It was assumed that the flue gas enters
the absorber column bottom with CO, partial pressure of 12 kPa. The inlet temperature of a
solution to the absorber column was assumed to be 313 K. The input parameters in Table A.3
were used in the calculations; except for setting the rich CO, liquid loading to 0.465 (mole
CO, per mole solvent), which reflects an assumption of 79.3% of the equilibrium loading.
This assumed degree of the solution saturation with CO, is the same as that applied by the
working Aspen Plus Example for the MEA solvent. The density of amino acid salt solution
was taken from van Holst et al. (2008). Due to lack of experimental data, the heat capacity
of 3.35 kJ-kg™- K" as reported by Erga et al. (1995) for aqueous potassium salts of sarcosine
and glycine was used also for L-prolinate salt. Equation 5.6 was used to calculate the
enthalpy of desorption of CO, from L-prolinate solution. The contributions of the three
energy components (see Equation 5.1) to the total energy required by the amino acid salt are

shown in Table A.4 and Figure A.2.
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Table A.3: System parameters for the reboiler duty calculation - potassium L-prolinate

Parameter
p lkg'm?] 1116
C, [K-kg" K] 335
AHges,c0, [k]-mol™ CO,] 59
C,, [mol-dm?] 3.0
Qyicn, [mole CO, per molesolvent] 0.400-0.586
Qean [mole CO, per mole solvent] 0.262
Tren [K] 403.2
Teona [K] 323.2
AT [K] o
AP [kPa] o1

R =1.2 x R-min

Table A.4: Total energy requirements - potassium L-prolinate

Q this work
[MJ-kg" CO.]
Qsens 172
Qdes,COz 134
Qvap,HZO 2.54
Qren 5.60

31%

= Heat of evaporation ® Sensible heat ®mHeat of desorption

Figure A.2: Heat contributions to the reboiler duty for potassium L-prolinate (Q,.» = 5.60 MJ-kg™)
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Chapter 6

General Discussion

The current work was a part of a larger effort within the Dutch CCS CATO
program project with the aim of assessing new reactive solvents based on amino acid salts
for CO, removal from the industrial gas streams. In the early stage of the project, a series of
non-volatile aqueous solutions of amino acid salts (among which taurine, sarcosine,
B-alanine, L-proline, DL-methionine and 6-aminohexanoic acid) were selected and screened
for their CO, absorption kinetics (van Holst et al., 2009), pK, values (Hamborg et al., 2007)
and diffusivities (Hamborg et al., 2008). In this thesis, these CO, absorbents were evaluated
for their acid gas absorption-desorption potential and their precipitation behaviour. Based
on the results of the screening work, the (alkaline salt of) imino acid L-proline was selected
for further investigation. For this solvent, the physico-chemical properties and kinetics of
CO, absorption were determined as well as the CO, absorption equilibria at various
conditions. A concentration-based vapour-liquid equilibrium (VLE) model was developed to
describe CO, absorption capacity at different absorption temperatures and CO, partial
pressures of the single acid gas-amine process. This model was used to calculate the
equilibrium constant of the carbamate hydrolysis of L-prolinate. In addition, an estimation
method was developed to calculate the energy consumption for solvent regeneration
(reboiler duty), utilizing a new approach to determine the H,0:CO, overhead ratio in the
regenerator column. This method allows studying the reboiler duty of the considered acid
gas absorption process under a range of different conditions and can be used for a

preliminary screening of new solvent systems.

Aqueous solutions of amino acids react with CO, by the carbamate formation. The degree of
hydrolysis of the carbamate to form bicarbonate ions and free reactant is generally related
to its chemical stability, reactant concentration and pH of a solution. As found in the
present work, L-prolinate as CO, solvent exhibits higher rates of the carbamate formation
compared to other (alkanol)amines, which was confirmed by the analysis of equilibrium
concentration profiles generated by the VLE model. The carbamate species formed in the
system are relatively stable towards a hydrolysis reaction. While in an absorption column

this is a desirable system property, as it leads to higher reactivity towards CO, (as reported
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in Chapter 4), in the regenerator this high concentration of stable carbamate species leads
to an increased energy demands for solvent regeneration, and needs to be carried out at
slightly higher temperatures when compared to, e.g., the MEA process (Chapter 5). These
system limitations have been reported also for other amino acids, e.g., sarcosine and glycine
(Erga et al., 1995; Knuutila et al., 2011; Song et al., 2008). A reduction of the stability of
carbamates formed during CO, absorption will be an important factor for creating a more

energy efficient process based on amino acid salts.

Recently, the pH swing method based on an addition of a pH control agent (e.g. a weak
organic acid) to CO,-loaded solvent has been proposed as a way to lower the energy
required for solvent regeneration (Feng et al., 2010; Lee et al., 2012). Basically, the method
involves an introduction of an acid to a rich solution prior to the regeneration section and
its removal from a lean solution, before that one enters the absorber column, through
crystallization by a temperature drop. When the acid is introduced to the solution,
dissociation reaction takes place producing H" ions. Higher concentration of H" ions in the
solution creates an additional driving force (next to the thermal treatment) for shifting
equilibria of reactions producing carbamate and bicarbonate ions towards a release of CO,
molecules. As a result, the reboiler duty required for solvent regeneration can be reduced
significantly compared to the conventional process; as demonstrated for the MEA solvent
(Feng et al., 2010). An alternative method to “acidify” the rich solution would be to use
electricity to split water into H" and OH’ ions using bipolar membrane electrodialysis. In
the pH swing process, a decrease in the reboiler duty is mainly due to a reduction in the
heat of evaporation. This heat represents a major contribution to the reboiler duty of amino

acid salts (as shown for L-prolinate in Chapter 5).

Also the phenomenon of precipitation upon CO, absorption in amino acid salts solutions
could be utilized to make the acid gas capture process more energy efficient. This option is
targeted by TNO (the Netherlands) in their DECAB and DECAB Plus processes under
development; and screening the operating regime and types of precipitates was reported in
this work in Chapter 2. As a result of the solid phase formation, a rich stream with an
increased CO, loading can be obtained. In the DECAB process, the equilibrium of the
system is shifted back to a gaseous acid and a (semi) lean absorption liquid by the thermal
regeneration. Initial pilot plant tests indicated that this system can be more compact and
more energy efficient (requiring less thermal energy for solvent regeneration due to
increased rich loading) when compared to commercial (alkanol)amines (Feron and ten
Asbroek, 2004). This CO, enrichment by precipitation was found also for L-prolinate
solutions in this work. The newly developed DECAB Plus process goes a step further and
utilizes a pH shift induced in the system by precipitation of the amino acid under
consideration (Sanchez Fernandez, 2013). In that process, part of a clear liquid supernatant

phase, separated from the solids rich slurry, is recycled without further regeneration to the
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absorber. The remaining solid amino acid rich slurry is sent to the regenerator. This stream
will, upon heating and dissolution of the precipitate, form a new rich solution with a
reduced pH than the original one formed during absorption. This pH reduction creates an
additional driving force for CO, release in the stripper. The optimum fraction of
supernatant to recycle directly was found to be around 30%, resulting in the amino acid to
K" molar ratio of around 1.2. This enhanced desorption leads to lower water to CO, molar
ratios in the regenerator overhead stream and (as main effect) to lower enthalpy of
desorption. Both effects combined lower the reboiler energy for solvent regeneration in the
DECAB Plus process, under optimised conditions and excluded low-grade energy for
dissolving the precipitated solids, by 35% compared to the MEA solvent (Sanchez

Fernandez, 2013).

In principle, this pH shift concept could be applied to any three phase aqueous amino acid
salt-CO, system. In the case of potassium (or sodium) salts of L-prolinate and sarcosinate,
amino acid salt solutions studied in this thesis, the precipitate formed is not the
corresponding amino acid species itself but potassium (respectively sodium) salt of
bicarbonate. Here, the potassium bicarbonate solid formed could be separated from the rich
slurry coming from the absorber, to increase the amino acid to K* molar ratio in the stream
to be sent to the regenerator. To create a similar amino acid to K molar ratio of 1.2, equal to
the optimum case in the potassium taurate-based DECAB plus process, around 16% of the
potassium ions should be precipitated and separated from the stream. From the results in
Chapter 3 of this thesis, it can be calculated that this just coincides with the amount of
precipitate formed for 3 mol-dm™ solution of potassium L-prolinate at the equilibrium
conditions at 285 K (see Figure 3.4). Whether or not a similar strong reduction of the
reboiler duty is indeed obtained would require further (experimental) validation, which is

beyond the scope of this thesis.

Whereas in the original DECAB Plus process the separated fraction is recycled directly
(without regeneration) to the absorber, a potential benefit of these bicarbonate
precipitating solvents is that the separated fraction is a solid product which can be sold,
stored or regenerated separately, next to the option of direct recycling. The choice of the
counterion (potassium vs. sodium) might influence the optimum process conditions as
potassium bicarbonate is significantly more soluble in water than sodium bicarbonate
(Sohnel and Novotny, 1985); making the latter one more suitable for application using
precipitation. Below, potassium (bi)carbonate is used as an example but one might read also

the sodium variants in its place.

In case of removing bicarbonate as a product from the system, an equimolar amount of
potassium in the form of KOH must be added to the system. Partial regeneration of the

solid bicarbonate to potassium carbonate (K,CO,) under release of CO, and water can be
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done thermally by heating above 323 K. Potassium carbonate formed could be contacted
with calcium hydroxide (slake lime solution) to yield the precipitated calcium carbonate as
a product and an alkaline potassium hydroxide solution to be recycled to the absorber.
Alternatively, the CO, captured in the form of a solid bicarbonate salt could also be used,
for example, as a feedstock for algae culture. Possibly a CO, permeable membrane system
can be used to keep the bicarbonate (re-dissolved in water) feed stream separate from the
algae cultivation broth. In such a configuration, the regenerated, alkaline solution could be

resend to the absorber.

In all cases, including the DECAB Plus system, a drawback of working with precipitating
systems is that they require relatively high solvent loading leading to lower free amino acid
concentration and hence relatively slow kinetics (Simons et al, 2010). A separate, dedicated
techno-economic evaluation is therefore needed to assess whether the anticipated reduction
in the regeneration energy is sufficient to offset possible additional capital costs for the

absorber section.
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