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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department

In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Downloaded by 89.163.35.42 on June 14, 2012 | http://pubs.acs.org
Publication Date (Web): May 3, 2012 | doi: 10.1021/bk-2012-1097.pr001

Preface

Carbon dioxide has become a major target for emission reduction strategies
due to its rapidly increasing atmospheric levels. The dominant driving force is
anthropogenic carbon dioxide emissions from fossil fuel combustion and industrial
processes. It is for this reason aqueous amine based carbon capture technologies
of carbon dioxide generated from these sources has been identified as a crucial part
of the global solution to mitigating these greenhouse gas emissions.

The selective removal of acid gases, such as carbon dioxide, from gas streams
using aqueous amines is a well established technology. It was first patented
in the 1930’s as a gas purification process and used since in the removal of
carbon dioxide and other sour gases from small-scale industrial processes such
as ammonia production, sweetening of natural gas and enhanced oil recovery. It
wasn’t until the 1980’s that the prospect of utilising this established technology
to reduce carbon dioxide emissions from much larger point sources, such as coal
fired power stations, emerged. However, none of the established gas purification
processes were specifically developed for application at such a large scale and
in the presence of flue gas contaminates such as oxygen, oxides of sulphur and
nitrogen and trace elements associated with ash and fly ash.

Since the 1980’s, amine-based post combustion carbon dioxide capture has
become widely recognized as the most viable and near-ready technology to reduce
carbon dioxide emissions in the midterm. However, the large scale roll-out of
the technology has been hindered by a number of technical challenges, several of
which are addressed in the chapters of this monograph, including i) cost of scale-
up; i1) energy efficiency penalty for solvent regeneration; iii) solvent degradation in
the presence of the various flue gas constituents; and iv) the potential environment
impacts of solvents and solvent degradation products released to the environment.
In line with this resurgence in the technology a considerable amount of research
was undertaken in an attempt to further understand the chemistry involved in the
capture of carbon dioxide from flue gas streams using aqueous amines.

In developing amine-based post combustion carbon dioxide capture as a
commercially viable solution for the reduction of carbon dioxide emissions in a
carbon-constrained future, researchers worldwide are addressing all challenges
to the technology to accelerate its implementation while maintaining a realistic
approach to the economics of the process and its environmental impacts. Over
the past 6-7 years there has been an intense global resurgence in developing a
deeper understanding of the chemistry of post combustion carbon dioxide capture
in an endeavor to reduce the cost of the process and determine the environmental
footprint of this technology to make it a practical option for mitigating carbon
dioxide emissions from coal-fired power stations.
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The chapters in this monograph are contributions from the Chemistry of Post-
Combustion Carbon Dioxide Capture symposium held at the Pacifichem 2010,
International Chemical Congress of Pacific Basin Societies. The symposium was
dedicated to capturing snapshots of the most recent advances in carbon dioxide
capture using solvent-based post combustion carbon dioxide capture technology.
[ am certain that readers interested in forefront developments in this field will find
this book of great value and a nice addition to the scientific literature. I wish to
thank all the authors of the chapters for their contributions to the ACS book and
symposium.

Dr. Moetaz 1. Attalla

CSIRO Energy Technology
P.O. Box 330

Newcastle NSW 2300
Australia

+61(0) 249606083 (telephone)
+61(0) 417225938 (fax)
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Chapter 1

The Effect Molecular Structural Variations
Has on the CO; Absorption Characteristics of
Heterocyclic Amines

K. Robinson,!:2 A. McCluskey,2 and M. 1. Attallal.”

1Energy Transformed Flagship, CSIRO Energy Technology,

10 Murray-Dwyer CCT, Mayfield West NSW 2300, Australia
2Chemistry, School of Environmental & Life Sciences, The University of
Newecastle, Callaghan NSW 2308, Australia
*e-mail: Moetaz.attalla@csiro.au

This chapter details the novel application of in-situ Attenuated
Reflectance Fourier Transform Infrared (ATR FT-IR)
spectroscopy to investigate the effect molecular structural
variation has on the CO, absorption characteristics of
heterocyclic amines. The reaction between CO; and a subset of
structurally variant amines were analyzed including piperidine,
as well as commercially available functionalized piperidine
derivatives, for example, those with methyl-, hydroxyl- and
hydroxyalkyl- substituents. This new technique uses an ATR
probe optically coupled to an FT-IR spectrometer to monitor the
reaction species evolving in solution as CO> is being absorbed
into solution. The effect of molecular structural variations
on CO; absorption was then assessed in relation to the IR
identifiable ionic reaction products, CO; absorption capacity
and the mass-transfer coefficient at zero loading.

Introduction

At present, aqueous amine-based PCC is viewed as the most promising and
near ready technology for the reduction of CO; emissions from coal-fired power
stations. The technology is industrially proven for absorbents such as aqueous
monoethanolamine (MEA), and has been used for decades to remove CO; from
gas streams in small-scale commercial processes such as ammonia production

© 2012 American Chemical Society
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and natural gas processing (/, 2). Despite being an established technology,
deployment of current industry standard technology (30 wt % aqueous MEA
system) on a large scale would come at the expense of the efficiency of the power
generation process. The absorbent regeneration stage of the PCC process is
energy intensive (3) requiring a substantial input of heat to re-release the CO,
and as such anything from a 25-30% reduction in the net efficiency of a coal-fired
power plant is expected (4, 5). The reactivity of the amine-based absorbent
towards CO», i.e. its CO absorption capacity and absorption rate, will also largely
determine the economics and feasibility of the process. One approach to reduce
the energy requirements and cost of the process is through the development of
more cost-effective and superior-performing amines.

The chemical reactions involved in CO» absorption/desorption by aqueous
amine-based absorbents are continually being investigated to identify potential
for and make improvements in efficiency. When CO; reacts with amines in an
aqueous environment, carbamate, bicarbonate (HCO3-) and protonated amine are
generated. Briefly, primary (RiNH>) and secondary (RiRoNH) amines, such as
MEA and diethanolamine (DEA), respectively, typically react with CO; in an
aqueous environment to form a carbamate derivative, RiR;NCOO- (a carboxylate
moiety), as shown in Scheme 1. The 2:1 stoichiometry of the reaction limits
the absorption capacity of primary and secondary amines to a theoretical upper
limit of 0.5 moles of CO; per mole of amine. Generally this reaction pathway is
kinetically and thermodynamically favoured for primary and secondary amines
(6). The carbamate species may undergo hydrolysis to produce HCO3- and
regenerate a free amine (7—9) (Scheme 1). A certain amount of carbamate
hydrolysis is anticipated to occur with most amines (/0), however it has yet to be
observed, and given the chemical stability of the carbamate derivative of primary
and secondary amines, it does not occur at a readily appreciable rate (7).

R Rj
1 - +
N-H + B + CO, N-COO + B
R2 RZ
(+ Hx0)
R1 _
/N—H + HCO3
R

Scheme 1. Reaction mechanism leading to carbamate formation for the reaction
of CO; with primary (RiR:NH, where R»=H) and secondary (RiR:NH) amines
(27).

Tertiary amines (RiR2R3N) do not react directly with CO; to form the
carbamate species, as in the case of primary and secondary amines. The lack of a
free proton on the nitrogen atom of these amines inhibits carbamate formation (9,
11, 12). Instead, tertiary amines are thought to behave as a catalyst, facilitating

2
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the hydrolysis of CO; to generate HCOj3- (base-catalyzed reaction pathway) (9,
11, 13).

The degree of carbamate versus HCO3- formation will impact on the CO;
absorption capacity, absorption rate and regeneration energy of amine-based
absorbents. Amines that form a stable carbamate derivative tend to exhibit faster
reaction rates (/4), however their absorption capacity is limited (//) due to the
2:1 stoichiometry of the reaction, and a larger input of energy is required for
regeneration (9). On the other hand, amines that form more HCO3- than carbamate
exhibit slower reaction rates, higher absorption capacities and require less energy
for regeneration (9-/1, 15). The HCOs- reaction pathway is kinetically and
thermodynamically less favourable than that of carbamate formation (6).

Amines and their ionic reaction products (carbamate, HCO3- and protonated
amine) absorb radiation in the mid-infrared frequency range. Fourier Transform
Infrared (FT-IR) spectroscopy is therefore capable of detecting these absorbing
species (16—19). Recent advances in Attenuated Total Reflectance (ATR) FT-IR
spectroscopy have allowed for the convenient and rapid analysis of these chemical
species to be carried out in-situ as CO; is absorbed into an aqueous amine solution.
In-situ FT-IR analysis in particular is a valuable tool as it can provide an insight
into the reaction mechanism and pathway that is difficult to otherwise observe and
measurements can be achieved without disturbing the system. Having this insight
into the reaction pathway allows us to identify certain structural features of amines
that give rise to more favorable characteristics for the absorption of CO», making
it possible to tailor amine structures for enhanced CO, absorption capacities and
rates.

Recently, heterocyclic amines such as piperazine and piperidine have
attracted considerable attention due to their increased activity for CO, absorption.
Piperazine in particular has been found to exhibit significantly enhanced CO>
absorption rates (53,000 m3/ kmol s), along with an increased absorption capacity,
compared to other primary and secondary amines, such as MEA (7,000 m3/ kmol
s) and DEA (1,200 m3/ kmol s) (20). This increased reactivity towards CO; has
been attributed to the cyclic and diamine structure of piperazine (20). The second
amine moiety offers the potential for enhanced CO; absorption capacity either in
the form of a second reactive site for carbamate formation or proton acceptance,
in the catalysis of bicarbonate formation or in modifying/enhancing the reactivity
of the first amine site. However, the low aqueous solubility of piperazine (1.7
mol/ L (146 g/ L) at 20°C) (27) and piperazine carbamate (1.3 mol/ L (170 g/
L) before precipitation) (22) limits its use as a sole CO, capture absorbent (22).
Rather, piperazine is commonly used in catalytic quantities as an absorption
accelerator in aqueous solutions of sterically-hindered or tertiary amines (22—26).
In contrast, piperidine, the monoamine analogue of piperazine, does not suffer
the same limitations with improved aqueous solubility.

In light of this, ATR FT-IR spectroscopy has been applied to investigating
the reaction between CO, and a subset of structurally variant heterocyclic
amines. We believe studying the reaction between CO> and piperidine, as well
as commercially available functionalized piperidine derivatives, e.g. those
with methyl, hydroxyl and hydroxyalkyl substituents, will provide valuable
insight into the effect molecular structural variation has on CO»/amine reactivity
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of heterocyclic amines and their enhanced activity compared to conventional
primary and secondary amines. This chapter herein reports our findings.

Characterizing the Effect Molecular Structural Variation Has
on CO,/Amine Reactivity

To characterize the effects of molecular structural variation on CO»/ amine
reactivity, the CO, absorption characteristics of a series of functionalized
piperidines were investigated. Figure 1 provides the structures of the subset of
amines analyzed. The chemical reactions between CO; and the functionalized
piperidines were followed in-situ using ATR FT-IR spectroscopy. The effect of
the structural variations on CO; absorption was then assessed in relation to the:

+ IR identifiable ionic reaction products i.e. carbamate versus HCOj3-
absorbance, with time and CO, absorption.

*  COy absorption capacity - moles of CO; absorbed per mole of amine in
solution (mol COy/ mol amine), and

*  mass transfer coefficient at zero loading - initial rate of CO; absorption.

The CO, absorption capacity was measured simultaneously with the IR
spectral data during a typical CO, absorption/ FT-IR experiment with an aqueous
amine solution. Briefly, a typical absorption experiment involved bubbling a
13% (v/v) CO; in nitrogen (N2) gas stream through an aqueous amine solution
(3 mol/ L) situated in a glass reaction vessel. The difference between the CO,
concentration of the reactor gas inflow and gas outflow (measured using a Horiba
VA 3000 CO; analyzer) was used to determine the amount of CO> absorbed by
the amine solution (mol CO»/ mol amine). Each experiment was run until the
percent CO, concentration of the gas outflow returned to its original value (13%),
i.e. chemical equilibrium had been reached and a maximum CO, loading was
achieved. Depending on the amine a typical run lasted between 45-90 minutes. A
diamond tip ATR probe, optically coupled to an FT-IR spectrometer (all supplied
by Mettler Toledo), was immersed in the aqueous amine solution for the duration
of the experiment and in-situ IR measurements were obtained simultaneously
with the CO; absorption measurements. The FT-IR spectrometer was set to
continuously collect spectra over the spectral range of 4000-650 cm-l. Prior to
analysis of the amine/ CO»/ H2O spectra, the baseline was adjusted to zero. For
more details on the experimental technique see Robinson et al (27).

A wetted-wall column (WWC) apparatus was used to analyze the absorption
rate of CO» into aqueous solutions of the functionalized piperidines (1 mol/ L).
Briefly, the process involves counter-contacting a 1 mol/ L aqueous amine thin
liquid film (170 ml/ min flow rate), with a No/ CO, gas stream (5 L/ min flow
rate) on the surface of a stainless steel rod with a known surface area (effective
height 8.21 cm, diameter 1.27 cm). The CO»/ N> composition (v/v) was varied to
achieve COz partial pressures in the range of 0 to 20 kPa. The difference between
the CO; concentration of the reactor gas inflow and gas outflow (measured using
a Horiba VA-3000 CO; analyzer), along with the known experimental parameters
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including gas flow rate and contact area for reaction, were used to determine the
flux and mass transfer coefficient (Kg) at zero loading (27).

All experiments were carried out at 40°C, which is the current standard
operating temperature for the absorption step of the PCC process.

H
ENJ
piperidine

Alkyl Substitution

N-methylpiperidine 2-methylpiperidine 3-methylpiperidine 4-methylpiperidine
(1-MP) (2-MP) (3-MP) (4-MP)

Hydroxy Substitution

_OH OH OH
N HN
HN

N-hydroxypiperidine ~ 3-hydroxypiperidine  4-hydroxypiperidine
(1-HP) (3-HP) (4-HP)

Hydroxyalkyl Substitution

H
N
NH HN
OH OH OH

2-(hydroxymethyl)piperidine ~ 3-(hydroxymethyl)piperidine ~ 4-(hydroxymethyl)piperidine
(2-PM) (3-PM) (4-PM)

O, O, T,
N on OH OH

N-(2-hydroxyethyl)piperidine ~ 2-(2-hydroxyethyl)piperidine  4-(2-hydroxyethyl)piperidine
(1-PE) (2-PE) (4-PE)

Figure 1. Structures of the subset of functionalized piperidines examined in
this study.

Infrared Spectral Analysis

The IR spectral window 1800-900 cm-! was focused on for monitoring
the chemical species evolving in solution as CO, was being absorbed into
solution. The region above 1800 cm-! and below 900 cm-! contained no valuable
information. Above 1800 cm-! is the broad O-H stretch of water (3700 — 2500
cm-l) and a ‘blind spot’ were the diamond sensor on the ATR probe absorbs IR
radiation (2250 — 1950 cm-!). Below 900 cm-! is the superimposition of a number
of absorbing species in the system.
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Piperidine

Figure 2 shows the IR spectral changes that occur in the 1800-900 cm-! region
as CO; is absorbed by an aqueous piperidine (3 mol/ L) solution. Five major
FT-IR peaks are shown to evolve with CO, absorption in the 1800-900 cm-! region
and hence can be related to the vibrational modes of the potential ionic reaction
products, including:

* piperidine-carbamate  (piperidine-1-carboxylate) of the form
RiRoNCOO-,

+  protonated piperidine (piperidine-H"), and

*  bicarbonate (HCOs3").

0.0 020 0.0
o7 h h Y
: @ Cj ENJ = 0 mol CO,/mol amine
— 0.22 mol CO,/mol amine
0.6 Somon 7 o 0.51 mol CO,/mol amine
N/ .
NS D e )LO, 0.61 mol CO,/mol amine
0.5 O 0.76 mol CO,/mol amine
04 -

N

')
02 / {tja,ojt ‘{va'
014 J

Relative Infrared Absorbance

0 T T T T T T T ]
1800 1700 1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm™!)

Figure 2. IR spectra of aqueous piperidine (3 mol/ L) as CO: is absorbed to a
maximum loading of 0.76 mol CO»/ mol amine, collected during a typical CO;
absorption/ FT-IR experiment (27). (see color insert)

Piperidine, being a secondary amine should typically react with CO; in
solution to form a carbamate derivative. Specific assignment of the spectral peaks
that emerged is detailed below.

The broad peak at 1640 cm-! present in the original aqueous piperidine spectra
and subsequent spectra was also found to be present in the spectrum of pure water
and has been assigned to the O-H bending mode of water (28, 29).

Three main peaks have been assigned to the vibrational modes of piperdine-
1-carboxylate, as shown in Figure 2:
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i. 1514 em! - asymmetric COO- stretching vibration (VasCOO-)
ii. 1434 cm! - symmetric COO- stretching vibration (V,COO-)
iii. 1283 em! - N-COO- stretching vibration (VN-COO-).

The carbamate species analyzed in this study are a deprotonated carboxylic
acid derivative, or carboxylate (anionic), and do not give rise to the typical strong
carbonyl (C=0) absorbance band expected to evolve at around 1700 cm-!. The
electron distribution of the negatively charged COO- group in the depronated
carboxylic acid becomes spread out across both C-O bonds equivalently to
stabilize the carboxylate moiety (i.e. resonance stabilization). The two oxygen
atoms become coupled, giving rise two absorbance bands, an asymmetric and
symmetric COO- stretch, at lower frequencies compared to that of the VC=0 of
carboxylic acids. The V,sCOO- and VsCOO- of carboxylates have been found to
generally give rise to two absorbance bands in the 1650-1540 cm-! and 1450-1360
cm-! region, depending on the molecular constituents (29).

To guide in the assignment of the vibrational modes of piperdine-1-
carboxylate, in particular VN-COO-, gas phase harmonic frequency (and
intensity) calculations were performed for optimized geometries of the piperidine
carbamate species (characterized by a gradient < 0.001), at both the B3LYP/
6-31+G** and MP2/ 6-31+G** level of theory using ‘Spartan 08’ (30) software.
Density functional theory (DFT) calculations (B3LYP) were employed as they
are computationally economical and thus applicable to larger molecules such as
that investigated in this study. DFT is also commonly used and has been reported
to yield accurate geometries and reasonable vibration frequencies (37, 32). A4b
initio calculations (MP2) were also performed for comparative purposes.

VN-COO- was predicted to give rise to a sharp intense band at 1289 cm-!
(B3LYP, no scaling ) and 1287 cm-! (MP2, no scaling), similar in shape to that
emerging at 1283 cm-! in Figure 2. The theoretical results were in good agreement
with the experimental results with regards to VN-COO-, despite the exclusion of
anharmonic effects and solvent corrections in the calculations, confirming our
assignment of the 1283 cm-! absorbance band. With regards to the V,COO-
and V,COOr-, the calculations were unable to match the assigned vibrational
frequencies of the carboxylate moiety, predicting the frequency of V,COO-
at 1694 cm'! (very intense) and V,COO- at 1402 cm! (very weak). Both the
symmetric and asymmetric C-O stretching modes are appreciably affected by
anharmonicity and solvation effects (33), as opposed to VN-COO-, which would
account for the large differences between the experimental solution phase and
calculated gas phase values. All calculated frequencies herein are reported with
no scaling.

The absorbance band that appears at 1477 cm! has been assigned to the
NH>" bending mode of piperidine-H*. To confirm this assignment spectral data
was collected during the gradual acidification of the original 3 mol/ L piperidine
solution using concentrated HCI acid (Figure 3). Figure 3 shows a small peak
evolving at around 1477 cm'! on protonation of the amine functionality. The
theoretical calculations predicted piperidine-H* to have two NH>" bending
modes, one at 1661 cm-! (B3LYP) or 1675 cm-! (MP2) (scissoring) and another
at 1437 cm-! (B3LYP) or 1465 cm-! (MP2) (twisting). An absorbance band in the
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1700-1620 cm-! region (8) was expected to evolve, however as can been seen
from Figure 2, this region is obscured by the dominant broad water absorbance
band at 1643 cm!. The calculated NH,™ bending mode at 1437 cm! (B3LYP)
or 1465 cm-! (MP2), depending on the level of theory, is in reasonably good
agreement with the experimental value of 1477 cm-!.

1

— Original 3 mol/L aqueous

iperidine solution
09 PP

— 3 mol/L aqueous piperidine solution
0.8 - after acidification with HCI

0.7
0.6
0.5
04 -

0.3 -

Relative Infrared Absorbance

0.2 -

0.1 -

0 ‘ . ‘ ;
1800 1700 1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm!)

Figure 3. IR spectra of a 3 mol/ L aqueous piperidine solution before and after
acidification with concentrated HCI. (see color insert)

Figure 4 shows that an almost identical relationship exists between IR peak
absorbance and cumulative CO; absorption for the spectral peaks assigned to both
piperidine-1-carboxylate (VN-COO-, V4COO- and V,COO-) and piperidine-H*.
Peak absorbance is observed to increase at the rate of carbamate formation
at the reaction onset and decrease after a loading of about 0.5 mol CO/ mol
amine. This decrease in peak absorbance was not only observable in the peak
absorbance versus cumulative CO, absorption curve presented in Figure 4, but
it was also clearly evident in the raw sequential IR spectral data presented in
Figure 2. This change in peak absorbance at high CO; loadings (> 0.5 mol
CO2/ mol amine) may be attributed to the sequential onset of a new reaction
pathway such as the hydrolysis of the carbamate derivative to HCO3-. The
relationship identified above, with regards to the absorbance bands assigned to
both piperidine-1-caboxylate and piperidine-H*, can be distinguished from that
observed for the broad absorbance band that evolves at 1354 cm-!, which shows
a corresponding increase in peak absorbance after a loading of about 0.5 mol
COy/ mol amine. This band has been assigned to the V;C-O- of HCO3-, which is
in good agreement with literature values for aqueous HCOs- (16, 28). Falk and
Miller (16) investigated the IR spectrum of CO> in aqueous solution, reporting
carbonate (CO32-) and HCOs- to give rise to bands at around 1385 cm-! and 1360
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cmrl, respectively. The IR absorbance of HCO3- in an aqueous amine/ CO; system
was established by separate experiments that are detailed below.

0.7
0.6
0.5 -

04 -

0.3 -

— 1514 cm! V,.COO-
— 1477 cm’! NH,*
— 1434 cm™! V,COO
— 1354cm’! V.C-O (HCOy)
— 1283 cm’! VN-COO-

0.2

Relative Infrared Absorbance

0.1

0 T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Cumulative CO, Absorption (mol CO,/mol amine)

Figure 4. The relationship between the cumulative CO; absorption of aqueous
piperidine (3 mol/ L) and IR peak absorbance for the bands assigned to the
vibrational modes of piperidine-1-carboxylate, piperidine-H* and HCO3 (27).
(see color insert)

There are two possible reaction pathways that can lead to the formation of
HCOs- in an aqueous amine environment i.e. via the

i.  hydrolysis of the carbamate species (equation 1 and 2, where base ‘B’ is
a second amine molecule or molecule of water) or

ii. direct nucleophilic attack of OH- on dissolved CO, (base-catalyzed
reaction pathway, typical of tertiary amines) (equation 3 and 4).

R,R,NH + CO, +B = R;R,NCOO" + BH* (1)
R,R,NCOO + H,0 = R;R,NH + HCO; (2)
R,R,R;N + H,0 = R R,R;NH' + OH" 3)

OH +CO, = HCOy (4)

The IR spectral data presented in Figure 2 and 4, for the aqueous piperidine/
CO; system, is illustrative of the first of these two pathways (equation 1 and 2) with
the simultaneous decline in absorbance of the V,,COO-, VCOO- and VN-COO-
of piperidine-1-carboxylate and increase in HCO3- absorbance.
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To demonstrate further that the trend in peak absorbance identified above is
indicative of a carbamate derivative undergoing hydrolysis, IR spectral data was
collected during a typical CO, absorption experiment with aqueous piperazine
(PZ) (1.5 mol/ L). PZ is the diamine analogue of piperidine and is believed to
form a stable carbamate derivative, as well as a dicarbamate species (20, 34).

Piperazine

The IR spectral profile presented in Figure 5 for the aqueous PZ/ CO; system
closely resembles that of the monoamine analogue piperidine (Figure 2), with
regards to peak positioning (PZ frequencies are slightly shifted). The aqueous PZ/
CO; system (Figure 5) exhibits the VosCOO- (1524 cm-! and shifts to 1546 cm-!
as CO; is absorbed), V,COO- (1425 cm1) and VN-COO- (1276 cm-! and shifts
to 1289 cm-!) of the PZ-carbamate derivative (1-piperzinium-4-carboxylate (*H-
HNRR>NCOO-) or piperazine-1-carboxylate (HNR;RoNCOO-)); and the NH,*
vibration of the PZ-H* species (1470 cm'!, including piperazinium, piperazine-
1,4-diium and 1-piperzinium-4-carboxylate).

0.6

— 0mol CO,/mol amine
— 0.16 mol CO,/mol amine
— 0.37 mol CO,/mol amine
0.5 - 0.54 mol CO,/mol amine

3 0.77 mol CO,/mol amine

S 0.92 mol CO,/mol amine
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Figure 5. IR spectra of aqueous PZ (1.5 mol/ L) as CO; is absorbed to a
maximum loading of 0.92 mol CO»/ mol amine, collected during a typical CO;
absorption/FT-IR experiment. (see color insert)

As expected, an almost identical relationship exists between IR peak
absorbance and cumulative CO, absorption (Figure 6) for the spectral peaks
assigned to the V,sCOO- and V,COO- of the PZ-carbamate species and PZ-H".
Peak absorbance is observed to increase at the rate of carbamate formation at
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the reaction onset and level off as a maximum CO; loading of 0.92 mol CO»/
mol amine is approached. However, this trend can be differentiated from that
observed for the VN-COO- absorbance bands that evolve at 1276 cm! and 1294
cm! (Figure 5). Figures 5 and 6 show the peak emerging at 1276 cm! to be
the dominant absorbance band, increasing with initial CO, absorption up to a
loading of about 0.4 - 0.5 mol CO»/ mol amine at which point it ceases to increase
in intensity, and a corresponding sharp increase in intensity of the absorbance
band at 1294 cm'! is observed, along with a shift in frequency to 1289 cm-!.
The emergence of the intense VN-COO- absorbance band at 1289 cm-! may be
attributed to the formation of PZ-dicarbamate (-OOC-PZ-COO-). This trend in
peak absorbance was not observed for the heterocyclic monoamine piperidine
(Figure 2) or for the remaining subset of secondary heterocyclic amines analyzed
in this study.

06 1 — 1546cm1v,CO0"
1470 cm! NH,*

05 | — 1425em!V,COO
o 1358 cm’! V,C-O (HCO;")
% — 1289 cm’! VN-COO" (Dicarbamate)
g 04 - 1276 cm™! VN-COO
2
<
B
5 03 -
&
5
2
g 02 1
=
[}
[

0.1 -

0 ‘ ; , ‘ , ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cumulative CO, Absorption (mol CO,/mol amine)

Figure 6. The relationship between the cumulative CO; absorption of aqueous
PZ (1.5 mol/ L) and IR peak absorbance for the bands assigned to the vibrational
modes of the PZ-carbamate species, PZ-H" and HCOjs-. (see color insert)

The weak broad absorbance band beginning to emerge in the 1350-1360 cm-!
region of the aqueous PZ/ CO; IR spectral profile (Figure 5) may be assigned to the
VC-O of HCOs-. This absorbance band is far less prominent then that observed
for the aqueous piperidine/ CO, system (Figure 2) and does not illustrate the same
trend in peak absorbance, i.e. the simultaneous decline in V4COO-, V;COO- and
VN-COO- and increase in HCO3- absorbance bands, at high CO, loadings (> 0.5
mol COy/ mol amine) (Figure 5 and 6). Based on the IR spectral data presented
in Figure 5 and 6, PZ forms a stable carbamate derivative that does not undergo
hydrolysis as readily as the piperidine-carbamate derivative.

11
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Downloaded by 89.163.35.42 on June 14, 2012 | http://pubs.acs.org
Publication Date (Web): May 3, 2012 | doi: 10.1021/bk-2012-1097.ch001

Effect of N-Methyl, -Hydroxyl and -Hydroxyalkyl Substituents

Tertiary amines, such as the N -methyl, -hydroxyl and -hydroxyalkyl
substituted piperidines (1-MP, 1-HP and 1-PE, respectively) analyzed in this
study, form HCOjs- on absorption of CO,. The lack of a free proton on the
nitrogen atom of these amines inhibits carbamate formation. For this reason their
activity will not be compared to the subset of secondary amines being analyzed.
However, the IR spectra collected for these amines will be used as a standard
for HCOs3- formation in an aqueous amine/ CO, system. Furthermore, the results
obtained for these amines illustrate the effect different N-substituents have on
CO, absorption via the base-catalyzed reaction pathway.

The IR spectral profile presented in Figure 7 for aqueous 1-PE (3 mol/
L) shows the evolution of a characteristic broad HCOj3- absorbance band in
the 1350-1360 cm-! region, with CO;, absorption. Further confirmation of this
assignment is provided in Figure 8, which shows the evolution of a similar
broad absorbance band in the 1360-1350 cm-! region with the gradual addition
of ammonium bicarbonate to an aqueous piperidine (3 mol/ L) solution. The
same broad absorbance band was also observed in the IR spectral data collected
for the aqueous 1-MP/ CO; system. 1-HP was an exception, the IR spectral
data collected for this amine showed no spectral changes for the duration of the
experiment. The tertiary amine 1-HP did not absorb any CO,, as opposed to
1-MP and 1-PE. It seems that the hydroxyl substituent directly bonded to the
amino nitrogen in 1-HP, as opposed to the alkyl or hydroxyalkyl substituent in
1-PM and 1-PE, respectively, inhibits a tertiary amine’s role as a catalyst in the
base-catalyzed hydrolysis of CO; to generate HCOs-.

0.7 7 — 0 mol CO,/mol amine
i — 0.10 mol CO,/mol amine
0.6 - HO 5 0" — 0.20 mol CO,/mol amine
§ 0.27 mol CO,/mol amine
0.5 -

04 [\i
03 A \ﬁ W

0.2

Relative Infrared Absorbance

0.1

0 T T T T T T )
1800 1700 1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm!)

Figure 7. IR spectral profile obtained for aqueous 1-PE (3 mol/ L), collected
during a typical CO; absorption/ FT-IR experiment (27). (see color insert)
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Figure 8. IR spectra of an aqueous piperidine solution (3mol/ L) with the gradual
addition of ammonium bicarbonate (27). (see color insert)

Effect of 2-Methyl and -Hydroxyalkyl Substituents

The 2-MP, 2-PM and 2-PE compounds analyzed in this study, all share a
common structural feature, that being either an alkyl or hydroxyalkyl substituent
on the carbon alpha (Ca) to the amino nitrogen. The IR spectral data collected for
these amines differs significantly from that obtained for the aqueous piperidine
system. Their spectra however, are very similar to that of the tertiary amines 1-MP
and 1-PE (though much more intense), with the evolution of the characteristic
broad absorbance band in the 1360-1350 cm! region, indicative of HCO3-
formation. Figure 6 illustrates this similarity, presenting sequential IR spectral
data collected during a typical CO; absorption/ FT-IR experiment with aqueous
solutions (3 mol/ L) of 2-MP (Figure 9) and 2-PE (Figure 10).

A common misconception for amines with one or more substituents at the
a-carbon (e.g. conventional absorbent 2-amino-2-methyl-1-propanol (AMP)), or
in this study the 2-methyl (2-MP), 2-hydroxymethyl (2-PM) and 2-hydroxyethyl
(2-PE) substituted piperidines, is the notion that they are sterically-hindered
and unable to form the carbamate species. Recently, a theoretical study
undertaken by Ismael et al (35) suggested that the carbamate reaction pathway
is kinetically unfavorable for these amines, rather the reaction proceeds directly
to HCOj3- formation via a base-catalyzed reaction mechanism, similar to that of
tertiary amines. However, in an even more recent theoretical and experimental
study undertaken by Jackson et al. (36), direct observation of the carbamate
derivatives of the Cg-substituted amines AMP and tris(hydroxymethyl)amino
methane (THAM) were made based on negative-ion electrospray ionization
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mass spectrometry (ESI-MS) data and the reaction of these amines with sodium
bicarbonate (NaHCO3) to form a carbamate species in an aqueous environment.

0.7 — 0 mol CO,/mol amine
— 0.20 mol CO,/mol amine

0.6 - = 0.40 mol CO,/mol amine
3 0.60 mol CO,/mol amine
g 05 - 0.80 mol CO,/mol amine
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Figure 9. IR spectra of aqueous 2-MP (3 mol/ L) as CO; is absorbed to a
maximum loading of 0.93 mol CO»/ mol amine, collected during a typical CO;
absorption/ FT-IR experiment (27). (see color insert)
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Figure 10. IR spectra of aqueous 2-PE (3 mol/ L) as CO; is absorbed to a
maximum loading of 0.87 mol CO2/ mol amine, collected during a typical CO;
absorption/ FT-IR experiment (27). (see color insert)
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In an attempt to observe the carbamate derivatives of 2-MP, 2-PM and 2-PE
in real time as a result of the reaction with gaseous CO> (at low partial pressures
ie. 13 % CO; (v/v) in N2 @ 1 atm) and using in-situ ATR FT-IR spectroscopy,
spectral data was collected during CO, absorption experiments with amine/
hexanol solutions. In a non-aqueous environment, HCO3- formation via the CO>
or carbamate hydrolysis pathway should be suppressed. To confirm this inhibition
of HCO3- formation, spectral data was collected during a typical CO, absorption
with a tertiary amine (1-PE)/ hexanol solution. Figure 11a shows there to be no
spectral changes in the 1800-900 cm-! region, for the duration of the experiment
(run time = 20 mins), as would be expected with an aqueous 1-PE/ CO, system
(Figure 7). The 1-PE/ hexanol solution did not absorb any CO; due to the
inhibition of HCO3- formation. For comparison and to establish the formation of
carbamate species in a non-aqueous environment, spectral data was also collected
during a typical CO; absorption experiment with a piperidine/ hexanol solution.
The piperidine/ hexanol solution absorbed CO, to an upper limit of 0.5 mol CO»/
mol amine, as opposed to the upper limit of 0.76 mol CO»/ mol amine obtained for
the aqueous piperidine solution (Figure 2). The spectra presented in Figure 11b
shows the evolution of piperidine-1-carboxlylate and piperidine-H* absorbance
bands including V., COO- (1540 cm!), Vs COO- (1425 cm!) and VN-COO-
(1279 em-l); and one of the NH,* bending modes (scissoring) at 1643 cm-! (this
mode was not observed in the piperidine/ CO2/ H>O system due to the broad H,O
absorbance band in this region). The NH>* bending mode (wagging) identified as
being responsible for the evolution of the absorbance band at 1477 cm-! in the IR
spectral data collected for the aqueous piperidine/ CO; system is not observable
in the spectral data presented in Figure 11b for the piperidine/ CO,/ hexanol
system. This is due to the coinciding strong absorbance of the original piperidine/
hexanol solution in this region.

The Co-substituted piperidines, including 2-MP, 2-PM and 2-PE, were found
to absorb a small amount of CO, in a non-aqueous environment, as opposed to
the tertiary amine 1-PE. This in itself is indicative of these amines being able
to form a carbamate species, one that it is inherently susceptible to hydrolysis
in an aqueous environment and subsequently HCO3- formation. The IR spectral
profiles presented in Figure 12a and b for the 2-PE and 2-MP/ CO»/ hexanol
solutions, shows the evolution of the same absorbance bands as that observed
for the piperidine/ CO; /hexanol system, although somewhat weaker, including
the NH2* bending mode of protonated 2-PE and 2-MP (1639 and 1638 cm-l,
respectively); and the V,sCOO- (1536 cm-!l), V,COO- (1416 and1417 cm-!) and
VN-COO- (1276 and 1278 cm!) of 2-(2-hydroxyethyl)piperidine-1-carboxylate
and 2-methylpiperdine-1-carboxylate, respectively (carbamate derivatives of
2-PE and 2-MP, respectively). Because the intensity of these absorbance bands is
weak, further clarification of the existence of these elusive anions was established
based on ESI-MS data (37) and the method utilized by Jackson et al. in their
detection of carbamate anions (36).
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Figure 11. The IR spectra collected as CO; was bubbled through a) a 1-PE /
hexanol solution (3 mol/ L) and b) a piperidine/ hexanol solution (3 mol/ L)
(27). (see color insert)
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Figure 12. The IR spectra collected as CO> was bubbled through a) a 2-PE/
hexanol solution (3 mol/ L) and b) a 2-MP/ hexanol solution (3 mol/ L) (27).
(see color insert)
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Table 1. Comparison of the frequencies assigned to V,sCOO-, V,COOr,
VN-COO- and NH;" for piperidine and the 3- and 4- methyl, hydroxyl and
hydroxyalkyl substituted piperidines.

Amine/ Infrared Vibrational Modes and Frequencies (cm-)
COxH>0
System VasCOO- Vs, COO- VN-COO- NH>*
piperidine 1514 1434 1283 1477
3-MP 1519 1429 1276 1474
4-MP 1519 1429 1261 shifts to 1272 1477
3-HP 1521 1429 1278 1477
4-HP 1521 1432 1276 1478
3-PM 1516 1430 1276 1477
4-PM 1516 1434 1274 1477
4-PE 1520 1432 1281 1477

Briefly, the method involved the addition of NaHCOs3; (50-70 pg/ ml) to
aqueous solutions of 2-MP, 2-PM and 2-PE (130-150 pg/ ml), followed by
analysis in a Waters Acquity HPLC-MS system. The carbamate derivatives
of 2-MP (m/z= 141.9), 2-PM (m/z= 158.0) and 2-PE (m/z= 172.0) were
observable in the negative ion ESI-MS broad scan spectrum. A dissociation peak
corresponding to the mass loss of CO> (m/z= 44) was also evident in the multiple
collision-induced dissociation (CID) spectrum of the 2-MP-carbamate parent ion
(2-methylpiperidine-1-carboxylate) (37). However, in the case of the 2-PM and
2-PE carbamate parent ions (2-(hydroxylmethyl)piperidine-1-carboxylate and
2-(2- hydroxyethyl)piperidine-1-carboxylate, respectively), a dissociation peak
corresponding to the mass loss of m/z= 46 was evident in their CID spectrum.
A mass loss of m/z= 46 was also observed by Jackson et al. (36) in the CID
spectrum they obtained for the carbamate derivative of secondary amine DEA.
The carbamate derivatives of 2-PM and 2-PE, as well as DEA, both have
exchangeable hydrogens on the hydroxyl group of the alkyl side chain that is
within close proximity of the carboxylate moiety, similar to that of the anions of
a-hydroxy carboxylic acids. These anions are known to dissociate by eliminating
a mass loss of m/z= 46, corresponding to the loss of formic acid (38).

Effect of 3- and 4-Methyl, Hydroxyl and Hydroxyalkyl Subsituents

The IR spectral data collected for aqueous solutions of the 3- and 4- alkyl
(3-MP and 4-MP), hydroxyl (3-HP and 4-HP) and hydroxyalkyl (3-PM, 4-PM
and 4-PE) substituted piperidines illustrate a high degree of similarity with that
of aqueous piperidine on absorption of CO,, in terms of peak positioning and
the relationship between peak absorbance and cumulative CO» absorption for the
spectral peaks assigned to carbamate, protonated amine and HCOs3- formation.
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Table 1 provides a brief summary of the frequencies assigned to the carbamate
vibrational modes V;COO-, VsCOO-, and VN-COO-, as well as the protonated
amine (NH;") vibrational mode, for the 3- and 4- substituted piperidines.
For comparison the vibrational frequencies of piperidine-1-carboxylate and
piperidine-H* have also been included. From Table 1 it can be seen that the
difference in frequencies corresponding to the vibrational modes of protonated
amine and the carbamate derivatives of piperidine and the 3- and 4-substituted
piperidines, do not exceed 7 cm'l. There are a few differences in the IR
spectral data collected, particularly with regards HCOs- formation and carbamate
hydrolysis in the aqueous 3-HP and 4-HP/ CO, systems, which are discussed
below.

With regards to the 3- and 4- methyl and hydroxyalkyl substituted piperidines,
Figures 13-15 highlight the similarity in the spectral data collected for these
amines, presenting a) a partial profile of the sequential IR spectral data collected
for aqueous 3-MP (3 mol/ L), 3-PM (3 mol/ L) and 4-PE (3 mol/ L), respectively;
and b) the corresponding relationship between peak absorbance and cumulative
CO, absorption for the spectral peaks assigned to carbamate, protonated amine
and HCO3- formation. The IR spectral data obtained for 4-MP and 4-PM have
not been included as they closely resemble that of the IR spectral data presented
in Figures 13-15.

Both the sequential IR spectral data and the peak absorbance versus
cumulative CO» absorption curve, presented in Figures 13-15 for 3-MP, 3-PM
and 4-PE, respectively, clearly illustrate the hydrolysis of the carbamate species
(3-methylpiperidine-1-carboxylate, 3-(hydroxymethyl)piperidine-1- carboxylate
and 4-(2-hydroxyethyl)piperidine-1-carboxylate, respectively) at high CO;
loadings (> 0.5 mol CO»/ mol amine) to generate HCO3-.

With regards to the 3- and 4- hydroxyl substituted piperidines (3-HP and
4-HP) hydrolysis of the carbamate species (3-hydroxypiperidine-1-carboxylate
and 4-hydroxypiperidine-1-carboxylate, respectively) was not as evident in the
IR spectral data collected for these amines, compared to piperidine, 3-MP, 4-MP,
3-PM, 4-PM and 4-PE. Figure 16 presents a) a partial profile of the sequential
IR spectral data collected for aqueous 3-HP (3 mol/ L); and b) the relationship
between peak absorbance and cumulative CO; absorption for the spectral peaks
assigned to 3-hydroxypiperidine-1-carboxylate, 3-hydroxypiperidine-H* and
HCOj3- formation. From Figure 16a it can be seen that the evolution of the
broad HCOs- absorbance band in the 1360-1350 cm-! is not as prominent as that
observed to evolve in the IR spectra collected for piperidine (Figure 2), or the
3- and 4- methyl and hydroxyalkyl substituted piperidines (Figures 13-15). The
absorbance of the original aqueous 3-HP solution in this region, contributes to
the intensity of the absorbance band seen to evolve, as well as the odd shape of
this band compared to previously assigned HCOj3- absorbance bands. The peak
absorbance versus cumulative CO; absorption curve presented in Figure 16b
also does not show to the same extent the decline in intensity of the carbamate
absorbance bands as that observed for piperidine or the other 3- and 4- substituted
piperidines. Further evidence with regards to the carbamate derivatives of 3-HP
and 4-HP being less susceptible to hydrolysis is discussed below in terms of their
absorption capacity.
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Figure 13. a) IR spectra of aqueous 3-MP (3 mol/ L) as CO; is absorbed to a
maximum loading of 0.75 mol CO2/ mol amine, collected during a typical CO;
absorption/ FT-IR experiment, and b) the relationship between the cumulative
CO:; absorption of 3-MP and IR peak absorbance for the bands assigned to
3-methylpiperidine-1-carboxylate, 3-methylpiperidine-H* and HCO5. (see
color insert)
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Figure 14. a) IR spectra of aqueous 3-PM (3 mol/ L) as CO; is absorbed to a

maximum loading of 0.74 mol CO»/ mol amine, collected during a typical CO;

absorption/ FT-IR experiment, and b) the relationship between the cumulative

CO: absorption of 3-PM and infrared peak absorbance for the bands assigned

to 3-(hydroxymethyl)piperidine-1-carboxylate, 3-(hydroxymethyl)piperidine-H*
and HCOys-. (see color insert)
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Figure 15. a) IR spectra of aqueous 4-PE (3 mol/ L) as CO; is absorbed to a
maximum loading of 0.74 mol CO»/ mol amine, collected during a typical CO;
absorption/ FT-IR experiment, and b) the relationship between the cumulative
CO: absorption of 4-PE and infrared peak absorbance for the bands assigned to
4-(2-hydroxyethyl)piperidine-1-carboxylate, 4-(2-hydroxymethyl)piperidine-H*
and HCOs-. (see color insert)
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Figure 16. a) IR spectra of aqueous 3-HP (3 mol/ L) as CO; is absorbed to a
maximum loading of 0.61 mol CO2/ mol amine, collected during a typical CO;
absorption/ FT-IR experiment, and b) the relationship between the cumulative
CO: absorption of 3-HP and IR peak absorbance for the bands assigned to
3-hydroxypiperidine-1-carboxylate, 3-hydroxypiperidine-H* and HCOs. (see
color insert)
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Absorption Capacity and Absorption Rate

To quantify the effect of the alkyl, hydroxy and hydroxyalkyl substitutents on
the relative reactivity of the amino nitrogen, the CO; absorption capacity (Ca)
and initial absorption rate (mass transfer coefficient (K,) at zero loading) was
determined for each individual amine.

The measured absorption capacity (Ca) and mass transfer coefficient (K) for
the subset of alkyl, hydroxyl and hydroxylalkyl substituted piperidines analyzed
in this study are presented in Table 2. For comparison of reactivity, the Ca and K¢
values obtained for conventional amine-based absorbents MEA, DEA and AMP
(di-methyl substituted analogue of MEA) have been included in Table 2.

The Ca and Kg results presented in Table 2 highlight the significant increase
in reactivity of cyclic secondary amines compared to conventional straight chain
aliphatic primary and secondary amines MEA and DEA, respectively. Particularly
noteworthy is the increase in initial absorption rates of the a-substituted cyclic
amines 2-MP, 2-PM and 2-PE compared to that of the Ca -substituted aliphatic
amine AMP, given the similarity in structure (i.e. they are considered sterically-
hindered). The K¢ values obtained for 2-MP, 2-PM and 2-PE are even comparable/
higher compared to that of MEA.

The 3- and 4- alkyl and hydroxyalkyl substituted piperidines exhibited
similar absorption capacities (0.74 - 0.76) to that of piperidine (0.76) (Table 1).
This similarity in Ca values is consistent with the interpretation of the IR spectral
data collected for these amines, that being they react with CO, to form a relatively
stable carbamate derivative, which at higher CO, loadings (> 0.5 mol CO»/ mol
amine) begins to hydrolyze forming HCO3-. The hydrolysis of the carbamate
species permits the CO; loading of these amines to well exceed 0.5 mol CO»/
mol amine, despite the 2:1 stoichiometry of the carbamate reaction pathway.
However, on absorption of CO; the formation of the carbamate derivatives of the
3- and 4-hydroxymethyl substituted piperidines were found to be kinetically less
favorable than the carbamate derivatives of piperidine and the 3 and 4-methyl
substituted piperdines. In terms of K, values or initial rates of CO; absorption,
methyl substitution at the 3- and 4- position of the piperidine ring had a relatively
small effect, as opposed to the 3- and 4- hydroxyalkyl substituents. As shown in
Table 1, the K values obtained for 3-MP (3.73) and 4-PM (3.75) were comparable
to that of piperidine (3.85), where as the values obtained for 3-PM (2.32) and
4-PM (1.86) were much smaller. The initial CO, absorption rate of 4-PE was not
measured due to the availability of the amine.

Hydroxyl substitution in 3-HP (0.61, 2.24) and 4-HP (0.64, 2.28) lead to both
reduced Ca and K, values, respectively, compared to piperidine, as well as its
methyl substituted analogues. The lower Ca values obtained for these amines is
consistent with the interpretation of the IR spectral data, that being their carbamate
derivatives are less susceptible to hydrolysis at higher CO; loadings compared to
the carbamate derivatives of piperidine or the methyl and hydroxyalkyl substituted
piperidines. These amines still however exhibited higher initial absorption rates
than MEA and DEA, but with similar Ca values. Both 3-HP and 4-HP share a
structural similarity with MEA and DEA that being a hydroxyl group 2-3 carbon
removed from the amino nitrogen. It should also be noted that presence of an
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Table 2. Measured absorption capacity (Ca) at 40°C and 3 mol/ L amine
concentrations; and mass transfer coefficient (Ky) at 40°C, zero loading and
1 mol/ L amine concentrations, for aqueous solutions of the alkyl, hydroxyl
and hydroxyalkyl substituted piperidines. For comparison the reactivity of
conventional absorbents such as MEA, DEA and AMP have been included

at the bottom of the table (27).

Cy K,
Amine (mol CO»/ mol (mol/s.cm?Pa)
amine) (x10-19)

piperidine 0.76 3.85
2-methylpiperidine (2-MP) 0.93 2.38
3-methylpiperidine (3-MP) 0.75 3.73
4-methylpiperidine (4-MP) 0.76 3.75
3-hydroxypiperidine (3-HP) 0.61 2.24
4-hydroxypiperidine (4-HP) 0.64 2.28
2-(hydroxymethyl)piperidine (2-PM) 0.85 1.07
3-(hydroxymethyl)piperidine (3-PM) 0.74 232
4-(hydroxymethyl)piperidine (4-PM) 0.74 1.86
2-(2-hydroxyethyl)piperidine (2-PE) 0.87 1.27
4-(2-hydroxyethyl)piperidine (4-PE) 0.74 Nma
Tertiary Amines

N-methylpiperidine (1-MP) 0.31 Nma
N-hydroxypiperidine (1-HP) 0 Nma
N-(2-hydroxyethyl)piperidine (1-PE) 0.27 Nma
Conventional Absorbents

monoethanolamine (MEA) 0.56 1.48
diethanolamine (DEA) 0.60 0.61
2-amino-2-methyl-1-propanol (AMP) 0.84 0.61

a2 Nm= Not measured

oxygen atom directly bonded to the nitrogen atom in the tertiary amine 1-HP (Table
2) completely hindered CO; absorption, as opposed to the methyl or hydroxyethyl
substitution in 1-MP and 1-PE. The IR data collected for 1-HP showed no spectral
changes in the 1800-900 cm-! region, where as the IR data collected for 1-MP and
1-PE showed the evolution of HCO3-.

The tendency of the 2-methyl and 2-hydroxyalkyl substituted piperidines to
favor HCOs3- formation over carbamate formation, as indicated by the IR spectral
data, is reflected in the higher Ca and lower K, values reported in Table 2, for
2-MP, 2-PM and 2-PE.
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In terms of Ca and K values 2-MP (0.93, 2.38, respectively) stands out from
the rest of the amines. Whilst the amine has been identified in this study as forming
predominantly HCOs- on absorption of CO,, it showed a significant improvement
in the Kg value, as well as Ca value, compared to 2-PM (0.85, 1.07) and 2-PE
(0.87, 1.27). This may be accounted for by the less bulky methyl substituent on the
Ca of 2-MP, compared to the hydroxymethyl or hydroxyethyl substituent in 2-PM
and 2-PE, respectively. Based on the IR spectral data the ability of these amines to
form a carbamate derivative, inherently susceptible to hydrolysis, was established.
A plausible explanation for the difference in reactivity may be that the increased
exposure of the amino nitrogen in 2-MP, compared to 2-PM and 2-PE, facilitates
the initial uptake of CO» to form an unstable carbamate derivative. The electronic
effect exerted by the neighboring methyl group (electron donating) (27) facilitates
the destabilization of the carbamate derivative, which is then readily hydrolyzed
to HCOj3. The electronic and/or steric effect of the substituents present on the
a-carbon of these amines play a large role in destabilizing the carbamate derivative
and increasing its susceptibility to hydrolysis (27).

References

1. Gielen, D.; Podkanski, J.; Unander, F. Energy Technology Analysis:
Prospects for CO; Capture and Storage; International Energy Agency
(IEA): France, 2004.

2.  Blomen, E.; Hendriks, C.; Neele, F. Energy Procedia 2009, 1, 1505-1512.

3. Wang, M.; Lawal, A.; Stephenson, P.; Sidders, J.; Ramshaw, C. Chem. Eng.
Res. Des. 2011, 89, 1609—1624.

4. Davison, J. Energy 2007, 32, 1163-1176.

5. Finkenrath, M. Cost and Performance of Carbon Dioxide Capture from
Power Generation; IEA Energy Papers, No. 2011/05; 2011.

6. Versteeg, G. F.; Van Dijck, L. A. J.; Van Swaaij, W. P. M. Chem. Eng.
Commun. 1996, 144, 113-158.

7. Fauth, D.J.; Filburn, T. P.; Gray, M. L.; Hedges, S. W.; Hoffman, J.; Pennline,
H. W,; Filburn, T. Development of Novel CO> Adsorbents for Capture of
CO; from Flue Gas. Air & Waste Management Association 100th Annual
Conference & Exhibition; Air & Waste Management Association: Pittsburgh,
PA, 2007.

8.  Colthup, N.; Daly, L.; Wiberley, S. Introduction to Infrared and Raman
Spectroscopy, 3rd ed.; Academic Press Inc.: San Diego, CA, 1990.

9. Vaidya, P. D.; Kenig, E. Y. Chem. Eng. Technol. 2007, 30, 1467-1474.

10. Sartori, G.; Savage, D. W. Ind. Eng. Chem. Fundam. 1983, 22, 239-249.

11. Bonenfant, D.; Mimeault, M.; Hausler, R. Ind. Eng. Chem. Res. 2003, 42,
3179-3184.

12. daSilva, E. F.; Svendsen, H. F. Ind. Eng. Chem. Res. 2006, 45, 2497-2504.

13. Donaldson, T. L.; Nguyen, Y. N. Ind. Eng. Chem. Fundam. 1980, 19,
260-266.

14. da Silva, E. F.; Svendsen, H. F. Int. J. Greenhouse Gas Control 2007, 1,
151-157.

26
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Downloaded by 89.163.35.42 on June 14, 2012 | http://pubs.acs.org
Publication Date (Web): May 3, 2012 | doi: 10.1021/bk-2012-1097.ch001

15.
16.
17.
18.
19.

20.
21.

22.
23.
24.
25.
26.
27.

28.
29.

30.
31.
32.
33.
34.

35.

36.

37.
38.

Hook, R. J. Ind. Eng. Chem. Res. 1997, 36, 1779-1790.

Falk, M.; Miller, A. G. Vibrat. Spectrosc. 1992, 4, 105-108.

Khanna, R.; Moore, M. Spectrochim. Acta, Part A 1999, 55, 961-967.
Park, H.; Jung, Y. M.; You, J. K.; Hong, W. H.; Kim, J. N. J. Phys. Chem. A
2008, 112, 6558-6562.

Rogers, W. J.; Bullin, J. A.; Davison, R. R.; Frazier, R. E.; Marsh, K. N.
AIChE J. 1997, 43, 3223-3231.

Bishnoi, S.; Rochelle, G. T. Chem. Eng. Sci. 2000, 55, 5531-5543.
Muhammad, A.; Mutalib, M. 1. A.; Murugesan, T.; Shafeeq, A. J. Chem.
Eng. Data 2009, 54, 2317-2321.

Appl, M.; Wagner, U.; Henrici, H. J.; Kuessner, K.; Volkamer, F.; Ernst
Neust, N. U.S. Patent 4336233, 1982.

Xu, G.-W.; Zhang, C.-F.; Qin, S.-J.; Gao, W.-H.; Liu, H.-B. Ind. Eng. Chem.
Res. 1998, 37, 1473-1477.

Sun, W.-C.; Yong, C.-B.; Li, M.-H. Chem. Eng. Sci. 2005, 60, 503-516.
Bishnoi, S.; Rochelle, G. T. Ind. Eng. Chem. Res. 2002, 41, 604-612.
Bishnoi, S.; Rochelle, G. T. AICKE J. 2002, 48, 2788-2799.

Robinson, K.; McCluskey, A.; Attalla, M. ChemPhysChem 2011, 12,
1088-1099.

Dobson, K. D.; McQuillan, A. J. Langmuir 1997, 13, 3392-3396.

Smith, B. Infrared Spectral Interpretation: A systematic Approach; CRC
Press LLC: Boca Raton, FL, USA, 1999.

Wavefunction Inc; Q-chem Inc. Spartan 08 for Windows, Macintosh and
Linux; 2008.

Jung, D.; Chen, C.-J.; Bozzelli, J. W. J. Phys. Chem. A 2000, 104,
9581-9590.

Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502—16513.
Tafipolsky, M.; Schmid, R. J. Chem. Theory Comput. 2009, 5, 2822-2834.
Ermatchkov, V.; Pérez-Salado Kamps, A.; Maurer, G. J. Chem. T hermodyn.
2003, 35, 1277-1289.

Ismael, M.; Sahnoun, R.; Suzuki, A.; Koyama, M.; Tsuboi, H.;
Hatakeyama, N.; Endou, A.; Takaba, H.; Kubo, M.; Shimizu, S.; Del
Carpio, C. A.; Miyamoto, A. Int. J. Greenhouse Gas Control 2009, 3,
612-616.

Jackson, P.; Fisher, K.; Attalla, M. J. Am. Soc. Mass Spectrom. 2011, 22,
1420-1431.

Jackson, P. Personal Communication. May, 2010.

Bialecki, J. B.; Axe, F. U.; Attygalle, A. B. J. Mass Spectrom. 2008, 44,
252-259.

27
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Chapter 2

Influence of Amine Chemical Structures to
Amine Capacities in CO; Capture
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The chemical structure of an amine has a strong impact on the
amine’s capacity to capture CO,. We have studied the effect
of varying the carbon chain length from 2 to 6 methylene
“spacers” between the two functional groups in primary and
secondary alkanolamines and diamines, using quantitative
13C NMR techniques to examine their speciation during the
absorption and desorption of CO,. Each group of amines was
affected differently. A replacement of methyl by hydroxyethyl
has a greater impact on tertiary amines than secondary amines
in their capacity decrease during CO» absorption. The steric
hindrance of 2-amino-2-methypropane-1,3-diol significantly
increases the amine’s capacity for absorbing CO,. Structural
change to an amine molecule can result in complicated changes
in its characteristics and properties and hence need to be
considered, along with other factors, when trying to design the
most suitable amine for CO, capture.
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Introduction

Amine based solvent systems are a credible means of implementing carbon
capture and storage (CCS) on a commercial scale in the time frame required to
reduce CO; emissions globally. Aqueous amines, e.g. monoethanolamine (MEA),
have been applied to CO;, capture/separation in the oil and natural gas industries
for decades and are promising solvents for removal of CO; from flue gases (/,
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2). However, the application of aqueous amines in CO; capture from flue gases
still has many challenges, and continued development of amines is required to
improve efficacy, stability and safety in CO, capture (3, 4). CO; capture from flue
gases requires more efficient amines that react with CO» rapidly to high loading
during absorption from flue gases that have low CO, partial pressures. These
amines are also required to release CO; rapidly and efficiently during thermally
driven desorption with low energy consumption. Greater chemical stability of
amines is also required as flue gas contains other acidic and oxidative gases, such
NOx, SOx and O, and amines are cyclically heated and cooled, which make amine
degradation a serious operational problem, and can also cause corrosion problems.
All these characteristics and properties of amines can potentially be improved
through amine structural modification. In our research to find or design more
suitable amines for CO; capture, we have studied the influence of amine structural
factors on amine capacity in CO; absorption and desorption. Some of these results
are presented in this work.

The influence of amine structure on the amine’s capacity to capture CO; has
been studied by different researchers. Hook (5) published a study on sterically
hindered amines in CO; absorption and desorption. The change of amine
structures from MEA to 2-amino-2-methylpropanol (AMP) (Figure 1) increased
the steric hindrance at the a-carbon and hence promoted bicarbonate formation,
which resulted in higher CO; loading in absorption. At the same time this amine
structural change decreased the absorption rate.

NH,

/\/NHz HO
HO

MEA AMP

Figure 1. Structures of MEA and AMP

This same amine structural change increased both the CO; release rate and
amount in desorption, resulting a leaner solvent. A leaner solvent has a more
favourable reaction rate and CO» loading when reused in CO, absorption. Hook
also studied CO, absorption and desorption with different potassium salts of
amino acids with different steric hindrance on the nitrogen and/or on the adjacent
carbon atom. He showed that the extent of the influence of various steric factors
is highly dependent on CO, partial pressure in the reactions, for example two
methyl substituents on the a-carbon decreased the rate of absorption of AMP
compared with that of MEA when CO; partial pressure was reduced. Hence,
AMP is better suited for absorbing CO; from gases with higher CO, partial
pressure. This informative paper demonstrates that structural alterations strongly
affect amine characteristics in reactions and can be used to improve the required
reaction properties.

Bonenfant et al. (6) examined the absorption and desorption of a number of
primary, secondary and tertiary amines containing up to three amino groups, under
conditions of low concentration (5 wt% ), high gas flow rates (1-3 dm3 min-!), and

30
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Downloaded by UNIV OF DELAWARE MORRIS LIB on June 15, 2012 | http://pubs.acs.org

Publication Date (Web): May 3, 2012 | doi: 10.1021/bk-2012-1097.ch002

short reaction times (up to 120 s for absorption and 210 s for desorption). They
observed an order of magnitude variation in the rate of reaction, the maximum
loading, and the maximum desorption after refluxing for 210 s.

More recently, Singh and Versteeg (7) published the study results of the
influence of major structural aspects, including side chain length, cyclic and
steric hindrance, and number of nitrogen atoms, on CO» desorption capacities via
screening a range of amines. Puxty ef al. (8) also published a screening study of
76 structurally diverse amines for their CO, absorption by isothermal gravimetric
analysis (IGA). This paper presented CO> absorption capacity results from a wide
range of amines and showed the influence of amine structures on amine capacity
in CO; absorption.

The influence of structural change on the activities of amines in CO; capture is
very complicated since many factors, such as amine structure, reaction conditions
and process techniques affect each other dynamically. A better understanding of
the impact of structures of amines on their behaviours in CO> capture is important
for scientists to improve amine characteristics to suit the demands in CO; capture
applications. This work presents speciation study results on a range of amines
in CO; absorption and desorption using quantitative 13C NMR spectroscopy. It
provides useful information to improve the understanding of structural effects on
CO; absorption and to achieve higher efficiency amine solvent in CO; capture
through amine structure modification.

Experimental
Reaction Apparatus and Chemicals

Reactions were carried out in a 50 ml jacketed, 2-necked, pear-shaped flask
maintained at a constant temperature with a Ratek Thermoregulator thermostatted
water bath. A non-jacketed flask of the same size and shape was also used in some
absorption experiments in which a preheated oil bath was used as a heating source.
A condenser was connected to the flask through a Claisen adapter, and an electronic
thermometer introduced to monitor the temperature of the amine solution. During
absorption experiments the side neck of the flask was used to introduce CO; gas
into the amine solution through a Teflon tube (0.71 mm ID) at a flow rate of 5
ml/min. In desorptions, the CO, gas was voided through the condenser with the
flask side neck sealed with a stopper. Reactions were stirred with an egg-shaped
stirring bean (15 x 6 mm) at 900 rpm.

Primary amines, diamines, N-methylethanolamine and piperizine are
commercially available and were purchased from Sigma-Aldrich or Merck
and used in experiments without further purification. The remaining N-methyl
secondary amines, MeNH(CH),OH, n = 3, 4, 5 and 6, were synthesised using
the method of Sheldrake et al. (9) from the corresponding chloroalcohol.

13C NMR Spectroscopy

13C NMR experiments were performed at 25°C using Bruker Av400
spectrometer. Samples were taken from reactions at designated times and placed
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into a 5 mm NMR tube with an external standard of 1,4-dioxane (6c 67.18 ppm,
calibrated with an external TMS/CHCI; solution). Relaxation times (77;) of carbon
atoms were measured using the standard inversion recovery (“Null””) method. The
NMR interscan recycle time (A0 + D1) was chosen as 70 seconds which is equal
or longer than 5x77 for all carbon signals to ensure that accurate quantification of
signals is obtained. Data were processed with experiential multiplication with a
line broadening of 3.0 Hz before Fourier transformation.

CO; Absorption with Aqueous Amines

The concentrations of amine solutions were 4M for most amines and 2M
for those of lesser solubility or where product precipitation occurred. Amine
solutions were prepared in volumetric flasks by dissolving a weighed amount
of the corresponding amine in deionised water. The stock solution (15 ml) was
dispensed to a 50 ml jacketed two-necked pear-shaped flask and warmed with
thermostatted water at 40°C, or to a non-jacketed flask of the same shape and
size and warmed with an oil bath at 40°C. After the amine solution reached and
stabilised at 40°C, CO, gas was introduced to the reaction above the stirring bean
at a flow rate of 5 ml/min. Samples of the reaction mixture were taken at 10 min,
30 min, 1 h,2h,3 h,4h,5h, 6 hand 7 hours. Each sample was then analysed at
the end of the day using the general NMR method above.

Many of the absorption experiments were kept under the same reaction
conditions for 23 hours to ensure the maximum CO; loading. Most reached or
were close to saturation before 7 hours of reaction time hence the data obtained at
23 hours of reaction time were similar to that of 7 hours time.

The amines in table 1 were used in CO; absorption experiments using the
general method above. The concentration of each amine solution used and the
reaction time are also listed.

CO; Desorption

A COa-rich amine stock solution (10 ml) was prepared in a 50 ml jacketed
two-necked pear-shaped flask by either: (1) using the remaining CO»-loaded amine
solution from the CO; absorption method described above after a further 16 hours
of absorption time (the total volume of the final solution was approximately 10
ml); or (2) CO> was bubbled through 10 ml of lean amine solution for 23 hours in
the same manner.

For desorption, the CO; bubbler was removed and the side neck of the flask
was sealed by a stopper. The solution was stirred by a stirring bean at 900 rpm.
The reaction start was recorded when preheated, thermostatted water of 90°C was
introduced to the heating jacket. Samples of the reaction mixture were taken at
5 min, 10 min, 30 min and 60 min for NMR analysis as described in the general
method above.

The amines in table 2 were used in CO; desorption experiments using the
general method above. The concentration of each amine solution used and the
reaction time are also listed.
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Table 1. Amines, their concentrations and reaction time in CO; absorption

study
Amines Conc. Time Amines Conc. Time
(h) (h)
H,N(CH,),0OH H,N(CH,),NH,
LS 42"M& 7 n=2 42"M& 7
E[n=3 M 7 §[n=3 aM 7
| n=4 AM 7 gl n=4 4AM 7
g n=5 4M 7 2 s M & ;
£ ne6 M 7 i M
AMPD (2-amino-2-methyl- M 6 n=6 4AM 5
propan-1,3-diol) Piperazine M 7
2] MeNH(CH,),0H R'R’N(CH,),0H 7
E[n=2 aM 7 &[ DEA (R'=H; R’=Me) 4M 7
»| n=3 4M 7 ‘E| DMEA (R'=R’=Me) aM 7
%;_j n=4 4M 7 <| MDEA R AM 7
S| n=5 4M 7 2 [R'=Me; R’*=(CH,),0H]
& | n=6 4M 7 S| TEA M 7
[(R'= R’=(CH,),0H]

Table 2. Amines used in desorption study, their concentration and reaction

time
Amines Con. Time Amines Con. Time
(h) (h)
H,N(CH,),0H _ | HN(CH,),NH,
o[ n=2 M 1 2| n=2 M 1
§ n=3 4M 1 g n=3 4M 1
E n=4 4M 1 A [ n=4 4M 1
n=5 4M 1 n=5 4M 1
n=6 4M 1
R'R’N(CH,),0H
» | MeNH(CH,),0H . | DEA (R'=H; R’=Me) 4M 1
g n=2 aM 1 £ | DMEA (R'=R’=Me) aM 1
3| n=3 AM 1 g MDEA aM |
Zln=4 aM 1 5 | [R'=Me; R?=(CH,),0H]
2| n=5 4M 1 £
S S| TEA M |
3| n=6 4M - [(R'= R’=(CH,),0H]

Results and Discussion

These experiments were designed to study the speciation of the amine
solutions following CO; absorption and desorption. Liquid samples taken at
different reaction times were analysed by quantitative 13C NMR spectroscopy to
identify the carbonyl species in solution and to quantify them by comparison of
their integrals against the sum of the integrals of all amine species. The results are
presented as the molar ratio of carbonyl species (mol CO> / mol amine, Y-axis)
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versus the reaction time (X-axis). The absorption results up to 7 hours of reaction
time are presented as there is little change for most amines after this time.

Primary alkanolamines of 4M concentration with different chain lengths
between amino and hydroxyl groups, HoN(CH2),OH, where n was 2, 3, 4, 5 and
6, were studied during CO, absorption at 40°C and desorption at 90°C. Their
speciation results and total CO; loading in amine solutions are displayed in Figure
2. Figure 2a displays the carbamate formation in the reaction; Figure 2b the
bicarbonate formation and total CO» loading, which is the sum of carbamate and
bicarbonate in these results; Figure 2¢ and d are the respective results of their
desorption study.

Absorption Desorption

Carbamate

Carbamate

CO2 Loading (mol/mol)
° <
%‘ I

CO2 Loading (mol/mol)

CO2 Loading (mol/mol)
CO2 Loading (mol/mol)

Time (h; b

Legend -n=2 —A—n=3 0Q—n=4 ~/—n=5—-O—n=6

Figure 2. CO; absorption and desorption of primary amines, H:N(CH>),OH (a)
and (c) carbamate in reactions; (b) and (d) bicarbonate and total CO; loading
in reactions.

The chain length change of this group of primary alkanolamines made little
difference on carbamate and bicarbonate formation in absorption, and resulted in
the similar total CO; loading. At early times (< 3 h) the total CO; loading was
roughly in order of chain length, while at extended times 4-aminobutan-1-ol (n=4)
has the highest total absorption and absolute desorption. In contrast, the longest
chain, 6-aminohexan-1-ol (n=6), has the lowest loading and desorption. These
small variations are within the analytical error and the chain length alone does not
make an obvious impact on the CO; absorption and desorption in this group of
amines. This agrees with the results of Singh and Versteeg (7) for a similar group
of primary alkanolamines.
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These results indicate that the alkyl chain length in a straight chain primary
alkanolamine has little impact on absorption and desorption in the CO, capture
process.

Secondary N-methylalkanolamines of 4M concentration with different chain
lengths, CH3NH(CH2),OH, where n is 2, 3, 4, 5 and 6, were also studied in CO;
absorption and desorption (Figure 3). Under the reaction conditions, amines of
shorter chains in this group behave similarly, but N-methylhexanol (n=6) has
lower bicarbonate concentration, and hence the lowest total CO, loading, even
more so than 6-aminohexan-1-ol in the alkanolamines series. This group of
secondary amines have an extra methyl group on their nitrogen atoms compared
to the above primary amines, and this structural change contributes to a higher
total CO; loading via the more favourable bicarbonate formation in the reaction.
The higher concentration of bicarbonate from the absorption gives these amines
the ability to achieve higher net CO; absorption than the above primary amines.

Absorption Desorption
%
_ ze Total CO2 loading
© °
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° °
£ E
= 2
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N N
8 8 02]
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Time (h) a Time (h) d
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= 0& . 08
g g
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2 g
§
K 5
o o
8 8
b e
h 5% 1,
_ os] _ 08
E g
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2 g
('Cﬂ! °
3 S
o o
Q Q
o [s]
&
4 6 o 05 l
Time (h) C Time (h) f
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Figure 3. CO; absorption and desorption of secondary amines, MeNH(CH),OH
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Figure 4 shows the results of CO, absorption and desorption for a series of
diamines of 4M concentration. It should be noted that the concentrations of the
amino group of diamines are twice that of their molecular concentrations (8 M),
and so the theoretical maximum CO; loading should be 2 mol CO,/ mol amine
(assuming complete conversion to bicarbonate). 1,6-Diaminohexane formed
a precipitate before 6 hours of reaction time during CO; absorption, hence its
absorption data are only shown to 5 hours and its desorption was not studied.
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Figure 4. CO; absorption and desorption of primary diamines, NH>(CH3),NH
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Figure 4c shows that the bicarbonate formation depends strongly on alkyl
chain length, with a minimum for n=2 (1,2-diaminoethane, DAE) and a maximum
for n=4 and 5 (DAB and DAP). Not only did DAB (n=4) have the highest
bicarbonate formation, it also had the highest total CO, loading of all of these
amines.

Theoretically, diamines can form more species of carbamates and
bicarbonates/carbonates than mono-amines in CO» absorption, including
intra-molecular and inter-molecular carbamates (Figure 5a and 5b). The formation
of more than one carbamate is observed on the 13C NMR spectra of some
amines, especially in the case of 1,2-diaminoethane. However, the chemical shift
differences of these carbamate signals are very small and it is difficult to identify
carbamate structural types based on the obtained NMR results. Therefore, the total
carbamate loading is used in Figure 4b. It is noticeable that 1,2-diaminoethane
has the lowest bicarbonate formation among all studied diamines (Figure 4c). The
intra-molecular carbamate of 1,2-diaminoethane (Figure 5a, n = 1) chould have
contributed to this as the 6-membered ring structure could provide extra stability.

[0}

HN

® © /\l\/l/NHg
H;NR O HN I

:é
e o

(a) (b)

Figure 5. Some carbamate species of diamines in CO; absorption (n = 1, 2,

3,4 5)

While absorption capacities of these diamines are fairly high, particularly on a
weight basis, they desorb significantly less than the alkanolamines above. Among
these diamines, 1,5-diaminopentane (DAP) has the highest total CO, absorption
(1.41 mol CO; / mol amine) and absolute CO; release (0.29 mol CO> / mol amine
at 1 hour of desorption time) (Figure 4a and 4d). The next is 1,4-diaminobutane
(DAB) with total absorption and absolute desorption of 1.34 and 0.21 mol CO;
/ mol amine respectively. However, both of these two amines achieve the same
absolute CO; release at 5 minutes of desorption time at 90°C, 0.22 and 0.21 mol
CO2 / mol amine for DAB and DAP respectively.

Figures 6a and 6b show a brief comparison of the CO; absorption of a common
cyclic diamine, piperazine (Pz), with DAE and DAP. The results show that Pz and
DAE have similar total CO; loading (6a) and bicarbonate formation (6b), while
DAP has a much higher capacity. Pz, like DAE above (Figure 5a), is able to form
a stable intra-molecular carbamate (Figure 6¢) that can reduce the conversion of
carbamate to bicarbonate. Diamine concentrations of 2 M were chosen for this
comparison because it is close to the saturation concentration of aqueous Pz at
room temperature. These absorptions are also carried out at 40°C.
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Figure 6. (a) and (b) CO; absorption (40°C) of Pz and H:N(CH),NH> (n=2 and
5) and (c¢) Pz intra-molecular carbamate

It should also be noted that the total CO; loading of DAP with the lower
concentration of 2M is higher (1.64 mol CO; / mol amine) than that of DAP at
4M concentration (1.29 mol CO» / mol amine) while this molar ratio has a smaller
change in the case of DAE of the same dilution (1.15 and 1.03 mol CO> / mol
amine respectively to 2M and 4M concentration). The major contribution to the
increase of total loading in the diluted DAP case is from a higher conversion
of carbamate to bicarbonate, which changes from 0.44 to 1.06 when the amine
concentration decreases from 4M to 2M. This phenomenon also supports the
formation of stable intra-molecular DAE carbamate (Figure 5a) which would be
affected less by dilution.

Replacement of the methyl group by hydroxyethyl group also makes for an
interesting impact on an amine’s CO, absorption capacity. Figure 7 show the
results of CO; absorptions and desorptions of simple chain secondary and tertiary
amines, in which monoethanolamine is successively substituted on the nitrogen
with methyl (-CH3) and hydroxyethyl (-CH2CH2OH) groups. All of these amines
are of 4M concentration, and absorptions are carried out at 40°C and desorptions
at 90°C.

The structural difference between diethanolamine (DEA) and N-methyl-
ethanolamine (MMEA) is the replacement of a methyl group in MMEA by
hydroxyethyl group in DEA. The larger and more polar hydroxyethyl substituent
increases the boiling point and makes DEA more polar than MMEA, and also
increases the steric hindrance to its amino nitrogen. The CO» absorption and
desorption results of these two amines (Figure 7) indicate that MMEA has a
higher amount of bicarbonate formed in the absorption and this leads to a higher
total CO> loading. The higher bicarbonate formation for MMEA in absorption
also helps it achieve larger absolute CO, release during desorption than DEA.

As the level of hydroxyethyl substitution increases in tertiary amines from
N,N-dimethylethanol-amine (DMEA), to N-methyl-diethanolamine (MDEA)
then to triethanolamine (TEA), so too do their polarities and boiling points. The
experimental results illustrate that bicarbonate formation and total CO» loading
decrease as more hydroxyethyl groups are introduced to the molecule, and the
absolute CO; release in desorption also follows the same trend (Figure7). The
results displayed in Figure 7 also demonstrate that the replacement of a methyl by
hydroxyethyl substituent has greater impact on tertiary amines than on secondary
amines in their CO, absorbing capacities.
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Figure 7. CO; absorption and desorption of secondary and tertiary amines of
different level of hydroxyethyl substitutes

Both primary (R!=R?=H) and secondary amines (R!=H; R2#H) act as
nucleophiles towards CO, to form carbamates (eq. 1) which can convert to
bicarbonate/carbonate in the reaction. Tertiary amines cannot form carbamates,
and so instead just form bicarbonates when they absorb CO; (eq. 2 and 3).

9 @
2R'R’NH + CO, <= RI!R’N-CO, R'R?NH, (1)
® O
RIR’RN + H,0 =—= R!R?R’NH OH )
S} ©

These results illustrate that amines with more hydroxyethyl groups are
less reactive towards CO,, and the greater steric hindrance in these amines
does not enhance CO, capture either. A further study using different alkyl
groups (especially the propyl group which has a similar size and shape to the
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hydroxyethyl group), rather than hydroxyethyl group to replace methyl, would
help to separate the effects caused by steric hindrance and polarity changes.
Steric hindrance in an amine can promote amine absorption of CO; under
some circumstances. The CO; absorption results of MEA and 2-methyl-2-
aminopropanyl-1,3-diol (AMPD) in Figure 8a show that while AMPD absorbs
more CO, than MEA, it does not form carbamate. This result is consistent with
that found by Hook (5) for AMP, although AMPD contains an extra hydroxyl
group in the molecule. The concentrations of these two amines are of 2M in this
study as AMPD of 4M concentration forms a precipitate during CO; absorption.

€02 Absorption

Species CO2 Loading (mol/imol)

4
Time (h)

a. CO, absorption of MEA and AMPD b. MEA carbamic ion ¢. AMPD carbamic ion

Figure 8. (a) CO; absorption of MEA (b) and (c) AMPD and structure of their
carbamic ions

Figure 8a indicates that AMPD and MEA have similar total CO; loading at
early reaction time, and AMPD reaches a higher level for its total CO; loading after
one hour of reaction time. Compared to the structure of MEA carbamic ion (Figure
8b), AMPD carbamic ion has a much higher steric hindrance (Figure 8c) that could
cause a fast decomposition of its carbamate resulting in the rapid formation of
bicarbonate and contributing to the higher total CO> loading. The replacement
of hydrogen atoms on the a-carbon of MEA in this case not only increases the
steric hindrance at the nitrogen center of AMPD, but also changes other properties
including polarity and basicity. These characteristic changes also contribute to
amine activity in the reaction with CO,. Therefore, the observed difference in
these reactions is the overall contribution of all factors (e.g. polarity, basicitiy,
steric) originating from the amine structural alteration.

There are additional structural aspects which have not been included in this
study, such as ring factors, that significantly affect amine characteristics in CO>
capture. The above results demonstrate that all structural aspects do not simply
affect the amine reactions as a single factor but that they often interact with each
other, and also with the reaction conditions and process methods. At present it
is not possible to propose clear rules to predict the entire complex of structural
effects on amine efficacy to CO; capture. Further study is needed to more fully
understand the effect of structure on the reaction between amines and COx.

Conclusion

The present study revealed some of the results of structural changes on a series
of amines during CO; absorption and desorption:
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*  Variation of chain lengths from two to six carbons between two functional
groups has different impact on the studied primary and secondary
alkanolamines and diamines. The chain length variation has stronger
impact on diamines and weak influence on primary alkanolamines to
their CO» capture;

*  N-methylalkanolamines with chain length of four or five carbons
have better results during absorption and desorption whilst the amine
containing a six carbon chain forms a precipitate during absorption;

* Diamines display a trend of increased bicarbonate formation when the
carbon-chain between the two amino-groups is more than three carbons;
this results in a higher total loading in the CO; absorption experiments
studied;

*  The replacement of a methyl group by hydroxyethyl group has a negative
effect on both the secondary and tertiary amines studied;

+  Steric hindrance of AMPD contributes to its high CO, loading in
absorption via rapid formation of bicarbonate.

This study also demonstrates that structural factors interact with many other
factors in a complicated way, and a comprehensive consideration of all possible
aspects should be considered when a new amine is designed for CO» capture
application.
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Chapter 3

Kinetics and Dissociation Constants (pK,) of
Polyamines of Importance in Post-Combustion
Carbon Dioxide (CO;) Capture Studies
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Pseudo-first-order overall rate constants for the loss of CO»
via reaction with different types of amines were measured
using a stopped-flow technique at 298.15 K. Polyamines and
cyclic amines were found to have higher reaction rates than
linear primary and secondary amines. Therefore, six aqueous
cyclic polyamine solutions were studied at (298.15 to 313.15)
K over a concentration range of (20 to 120) mol'm-3 using.
The overall reaction orders were calculated using the empirical
power law kinetics and were found to be fractional in order,
for practically all studied cyclic polyamines. The overall rate
constants were fitted with the Crooks-Donnellan termolecular
rate expression to determine elementary rate constants. In
addition, the dissociation constants (pK,) were determined
using the potentiometric titration method at (298, 303, 313 and
323) K, and predicted using quantum chemistry techniques
(IEFPCM continuum solvation model). A trend was found for
the variation of the pK, with the addition of different radical
groups to the cyclic base molecules. Computational techniques
tested for the prediction of pK, involved B3LYP and MP2 levels
of electronic structure theory, the addition of an explicit water
molecule inside the continuum cavity, and a special scaling of
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the cavity radii for the ions. The procedure developed in this
study reduced the error found in a previous technique for cyclic
amines by 62%.

1. Introduction

In order to satisfy environmental combustion standards, acid gases such as
CO; and H>S must be removed from gaseous streams in refining, and in chemical
and gas associated production plants. Natural gas and synthetic fuels such as
coal gasification and shale oil cover broad ranges of both acid gas composition
and pressure (/). The most common solvents used to capture CO, are the
alkanolamines such as the monoethanolamine (MEA), diethanolamine (DEA)
and n-methyldiethanol amine (MDEA). These amines are used commercially in
post-combustion CO; capture as aqueous solution or in aqueous organic medium
or in combination with aqueous potassium carbonate solutions (2).

CO; capture by chemical absorption using aqueous solution of amine uses
absorper abd stripper units. This technology needs to overcome the challenge
of reducing the energy, the environmental impact and the capture cost. Finding
a better solvent is the path to solve these issues. High cyclic capacity, fast
absorption rate, high equilibrium temperature sensitivity and low enthalpy of
absorption are some of the factors to be considered in the selection of the best
solvent. Both capital and capture costs of CO; removal depend on the CO;
absorption and desorption rates. Solvents with fast reaction rates can reduce the
height of the packing required in both the absorber and stripper. Energy in the
stripper can be saved by faster solvents and by achieving a closer equilibrium
in the absorber (3). Since 1960, various primary, secondary and tertiary amines
were studied for their reaction rate with CO> to find out faster solvents and many
studies were published in the literature, and reviewed by Blauwhoff et al. (4),
Versteeg et al. (5), and more recently by Vaidya et al. (6) In this work, a screening
study was performed on different types of amines (primary, secondary, tertiary,
cyclic and polyamines) using a well established stopped-flow procedure in order
to find the best solvents based on their kinetics rates at 298.15 K. Six cyclic
aqueous polyamines were studied at (298.15 to 313.15) K over a concentration
range of (20 to 120) mol-m-3.

The bascity of the solvent, quantified by the pK, of its conjugate acid, is
an important fundamental property which affects the kinetics and possibly the
mechanism of the capture process (3—6). A linear relationship between the pK,
of an acid or base with its catalytic effect on the reaction rate was reported by
Bronsted et al. (4) Many literature studies reported on a Brensted relationship
between the rate constant of the reaction of amines with CO; and the basicity of
such amines (4—8). The following Brensted relationship was reported by Versteeg
et al. (5)for aqueous primary and secondary alkanolamines:

7188) 4 1
Ink, = pK_+17.60—| —— | m” - mol
27 PR ( T ] (1)

and for tertiary amines (5):
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Ink, =1.3pK, +11.48 - (@j m® - mol™ (2)

Because of the essential need for pK, values, it would be useful to predict the
aqueous pK, of new amines by a prior means. One direct way is the calculation
of such values using a widely popular quantum chemistry program (Gaussian
03) with a continum solvation model, in which the solvent is approximated as a
dielectric continuum. A study of this kind was reported by da Silva and Svendsen
(9), and improved by our previous work to predict the aqueous pK, values
within + 1 (/0). The procedure and the choice of conformers for the studied
alkanolamines were recently published.

2. Experimental Setup
2.1. Determination of Chemical Kinetics

A stopped flow technique was used for the direct measurement of pseudo
first-order kinetics, ko, for different aqueous and non-aqueous diamines, as well
as primary, secondary and tertiary alkanolamines. The experimental setup is
a standard SF-51 stopped flow unit from Hi-Tech Scientific Ltd., UK. It is an
assembly of four major units; a sample-handling unit, a conductivity-detection
cell, an A/D converter and a microprocessor. The sample-handling unit is
comprised of a stainless steel case which provides support and an enclosure for
the sample flow circuit. Schematics of the sample handling unit is shown in
Figure 1. The entire flow circuit, with the exception of the stop/waste syringe, is
enclosed in a thermostat and maintained at a constant temperature by an external
water bath within + 0.1 K. The front panel of the sample handling unit displays a
temperature indicator with a resolution of 0.1 K and an air pressure indicator. A
pneumatic air supply is used to control the movement of drive plate located at the
bottom of the internal syringes that contains the CO; solution and amine solution.
During an experimental run, a fresh solution of CO; is loaded into one syringe
and a fresh solution of amine is loaded into the other.

CO; solutions were prepared by bubbling research grade CO, for at least
half an hour through the desired medium with water for an aqueous solution and
methanol or ethanol for a non-aqueous solution. The concentration of CO> in the
liquid medium was measured in a gas chromatograph (GC-6890 from Agilent). It
was then diluted with the chosen media to keep the CO» solution at least 10 times
lower than the amine solution in order to achieve pseudo first-order conditions.
The pseudo first-order rate constants of the aqueous solution of EDA obtained
for different concentrations are compared with previously published data (//)
in Figure 2. A reproducibility of 4% (absolute average deviation of 15 sets of
ko values from their mean value) and an estimated uncertainty of 5% (absolute
average deviation of the obtained value from the literature value) were observed
when compared to published data. By fitting the empirical power-law kinetics
to the data of the experimentally found pseudo first order constants for CO, as
shown in Figure 2, the reaction order of the amine was determined.
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Figure 2. Pseudo first order reaction for (EDA + H>O) solution. ¢, 298.15 K; O,
298.15 K11 a,303.15K; 4,303.15 K!1; =, 308.15 K, o, 308.15 K!1; e, 313.15 K;
o, 313.15 K!I; —-- Power law kinetics.
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2.2. Determination of the Dissociation Constant (pK,)

0.01 M aqueous solutions of amines were prepared using deionized double
distilled water. The solution was maintained at the experimental temperature and
blanketed with a slow stream of nitrogen. The amine solutions (50 mL) were
titrated with 0.1M HCI. Twenty equal portions (0.5 mL) of the titrant were added
to the solution and the pH value was read when the equilibrium was reached. The
pK, values were determined using the Albert and Serjeant procedure (12). pK,
values of piperazine (PZ), from the experimental work are discussed and the same
procedure was used to calculate the pK, values of other cyclic amines.

PZ is a diacidic base and it ionizes in aqueous solution as follows:

PZ+H30" «——— PZH' +H,0
Ka(l) 3)

Pzl + H30" ——> PZHFY + HO @
92)

where PZH™ represents the monoprotonated piperazine, and PZH>?* denotes the
piperazinium ion. Considering the mole fraction of water as unity and expressing
the concentration of hydronium ion, /H307/, as [H"], the pK, values of PZ can be
written as:

(pzrt)  4AV?
[PZ]  14Bk'/2 ©)

pKa(l) = pH +log

[PZH31 1.527612
PK 4(2) = PH + log -
a(2) (pzet] 141512 (©)

The last terms in equations (5) and (6) are the thermodynamic corrections. The
calculation procedures were explained in Albert and Serjeant (/2). 0.5 ml of the
titrant HCI was added to 50 mL solution of 0.01 M PZ in 10 parts (Sml) to calculate
the ratios of /PZH"]/[PZ] and the next 10 parts of 0.5 ml were added to find the
ratios of [/PZH> 2]/[PZH"]. The corresponding pH values after each addition of
titrant were recorded. These ratios were used in equations 5 and 6 to find pK, ;) and
PKar) values. Thermal corrections were subtracted from the pK, ;) values and the
average values were calculated as the first pK, of PZ. Correspondingly thermal
corrections for the second dissociation constants (pK.2)) were deducted to find
the average value as the second pK,. The Debye-Hiickel equation was used to
calculate the activity coefficients:

A2V
_IOg(J/i):lil/z (7)
1+Bk; 1

47
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): May 3, 2012 | doi: 10.1021/bk-2012-1097.ch003

Downloaded by STANFORD UNIV GREEN LIBR on June 14, 2012 | http://pubs.acs.org

where the terms 4 and B are called the Debye-Hiickel equation constants and vary
with the dielectric constant and the temperature of the solvent. z; is the ion valance
and the term k; is the ionic size parameter, i.e. the mean distance of approach
of the ions. [ represents the ionic strength and depends on the concentration of
the solution. The values of 4 and B for different temperatures were taken from
Manov et al. (/3) The ionic size parameters (k;) values were also obtained from the
literature (/4). The calculation of the ionic strength follows different procedures
for the first and second pK,s as shown in the work of Albert and Serjeant (/3).

3. Reaction Kinetics and Mechanism

The reaction kinetics of CO, with primary, secondary and sterically hindered
amines HXYN (H, X, and Y bonded to N) can be explained with either the
zwitterion mechanism or the so-called “termolecular” mechanism, whereas the
reaction with tertiary amines is interpreted using a mechanism described by the
base-catalyzed hydration of CO,.

3.1. Zwitterion Mechanism

The zwitterion mechanism was proposed by Danckwerts (/5) for
alkanolamines, drawing upon an earlier idea for pure amines. This two-step
mechanism assumes a formation of an intermediate zwitterion which then
undergoes a deprotonation by basic molecules resulting in carbamate formation:

i
—2 _
+
HXYN + CO, . H'XYNCOO (8)
H'XYNCOO™ + B _**, XYNCOO™ + BH" )

Applying the steady-state principle to the intermediate zwitterion, the rate of
reaction of CO2 (rco2) in aqueous solutions can be described as:

0, = kav[COZ] = %

K YK, B] (10)

[CO,]

where k,, is the overall reaction rate constant for CO; loss, Kz = kaZkp/kp, and k>Z,
ky (b = backwards) and kg (B = base) are the elementary rate constants in steps (8)
and (9). B denotes any proton-accepting species present; if one considers {H>0,
OH-, HXYN}, then one has elementary rate constants kg = {kw, kor-, krxyn} and
the corresponding composites Kp in equation (10).

Equation (10) is very general and should cover most cases. Fitting this
equation to experimental data would give values for the three Kz’s as well as k22,
but this 4-parameter function often has indeterminacy problems. Danckwerts (/5)
pointed out two limiting cases, arising if k» << ) pks[B] [equation (11)] or kp >>
> skp[B] [equation (12)]:
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rCOz :kZZ [COZ ][HXYN] (11)

Feo, = 2, K5 [B][CO,][HXYN] (12)

Equation (12), like (10), allows for fractional orders of the amine between 1 and 2.

3.2. “Termolecular” Mechanism

It turns out that the limiting rate law in equation (12) is identical to the Crooks-
Donnellan expression, which arose from assuming that the mechanism consists of
one elementary termolecular step (/6):

+ —_
B + HXYN + C02 — BH + XYNCOO (13)

There are theoretical objections to termolecular elementary steps, as any step
which requires simultaneous collision of 3 entities is very rare. It is more likely
that the single step starts with two of the three reactants initially complexed, either
as B.HXYN, HXYN.CO; (Crooks-Donnellan (/6)), or the zwitterion H* XYNCOO~
(Danckwerts (15)). Hence, the use of equation (12) does not confirm or deny the
existence of any one of these supposed initial complexes. The label “termolecular”
for the rate law in [equation (12)] should be taken to mean that this rate law arises
in the limit that the intermediate, regardless of its nature, is in a sufficiently rapid
equilibrium with reactants as to make the two-step reaction appear to be one step.
Note that it would be incorrect practice to equate equation (12) with equation (11).

Some workers (e.g. Blauwhoff et al. (4)) have assumed the zwitterion
mechanism and derived values for its elementary rate constants. Values for the
kw and kon- rate constants, for the uncatalyzed reaction between CO, and either
water or the hydroxide ions, can be determined by the correlations proposed by
Pinsent et al. many years ago (/7). In the current work, results published in ref.
(4) for primary and secondary amines were used in determining the intial guesses
for Ky and Kop- in fits of equations (10) and (12). Calculations without proper
intial guesses can lead to erroneous results in estimating the rate constants (K,
K w and KOHf).

3.3. Base Catalysis Mechanism

This mechanism seems important only for tertiary amines, which were not
studied in this work, but the theory is presented here for completeness. Donaldson
and Nguyen (/8) proposed a different termolecular mechanism for the reaction of
CO; with tertiary amine:

Am+ CO;+ H,O > AmH' + HCO;~ (14)

Again, a true termoleculecular elementary step is unlikely, and the mechanism is
more likely to have an initial rapid equilibrium inconsequential to rate:
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Am+ CO, + H,O intermediate complex (15)

—
%
intermediate complex = AmH + HCO;~ (16)

An additional possibility for the CO; loss rate could be the uncatalyzed reaction:

-
C02 + OH <

HCO3 (17)
but this was deemed unimportant by Littel, Versteeg, and van Swaaij (/9). They
went on to straightforwardly derive the rate expression from the termolecular
mechanism (14):

Teoy =k, [COy | = ks [H,01[CO, [ Am] = k3'[CO, [ Am] "

where k2B = k3[ H>O] should be independent of amine concentration.

Blauwhoff et al. (4) studied the kinetics of several amines and concluded that
an increase in amine pK, increases the rate of CO; loss for primary,secondary, and
tertiary amines. In this work, [OH-] ions contributions are calculated using the
relations given by Astarita et al. (20):

[OH ] = /%[Am] , a<l107 (19)
P

Ky|l-a
or 1=/ 2] a0

K, a (20)
where o is the CO; loading in amine solution (always low in stopped-flow

experiments), and K, is the equilibrium constant for:

Am + H,O > AmH' + OH (21)
The value of K was estimated based on the correlation of Barth et al. (27) and
the values of K, for each amine were estimated using the experimental pK, values.
pK, values were measured using the experimental set-up described in our previous
work (22). Depending upon the order of the reactions, all experimental data for
the studied aqueous cyclic amines were tested with equations (10), (11), or (12).
The equation with the better AAD % (Percentile Absolute Average Deviation) and
R? was chosen to interpret the mechanism of reactions.

4. Results and Discussion
4.1. Screening of Different Types of Amines

Using the stopped-flow technique, kinetic (pseudo-first order) rate constants
(ko) were determined for different types of amines (Primary amines: 1-amino-
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propanol (1-AP), 3-amino-propanol(3-AP), ethyl aminoethanol (EAE); Secondary
amines: ethylene diamine (EDA), 1, 3-diaminopropane (DAP), 2-(amino ethyl)
ethanol amine (AEEA);Cyclic amine:piperazine; Polyamine: n-(2-aminoethyl)-
1,3-propane diamine (NAEDP)) at 298.15 K over a concentration range of (20
to 120) mol'm-3. It was observed (Fig. 3) that polyamines and cyclic amines
have higher reaction rates than linear primary and secondary amines: the trend
of the rates of reaction followed by the amines was polyamines > cyclic amines >
secondary amines > primary amines. The CO» absorption rate increased with the
increase in -NH groups in the amines. Increase in —OH groups in amines decreased
the rate of the reaction due to their electron withdrawing effect and a tendency to
form intramolecular hydrogen bonding (2/). Increase in the number of -CH3 and
—CHa groups increases the rate of the reaction due to their electron donor effect to
the nitrogen atom.

The order of the reaction in amine (n) was found by fitting the data with a
power law expression. To mimic Rochelle et al. (23), the second-order reaction
constants k> from equation (11) were determined at 298.15 K and E, value was
calculated using the Arrhenius plot (In k> vs. 1/T) for the temperature range
(298.15-313.15) K. The screening results are similar to the results of Rochelle et
al. (23) obtained from Brensted plot (Figure 4) by comparing the second order
reaction rate constant (k») of various amines with respect to their pK, (23). From
Figures 3 and 4, it is notable that there was a considerable reduction in the reaction
rates when the primary —OH group was exchanged with a secondary —OH group
(example 3-AP to 1-AP).
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Figure 3. Comparison of pseudo-first order rate constants (ko) for CO;
absorptionreaction of various amines at 298.15 K: 0, NAEDP; o, PZ; 0, DAP; -,
EDA; v, 3-AP; %, 1-AP; », EAE; - Eq. 11.
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Figure 4. Bronsted correlation of CO; reaction rates with amines. (data in this
figure was adapted from Rochelle et al. (23))

Both stopped-flow experiment and pK, studies concluded that cyclic amines
are more suitable for CO, capture than other amines due to their high absorption
rates. Higher second order rate constants for polyamines and cyclic amines mean
that the deprotonation reaction of carbamates was very fast in these amines. By
comparing EDA, AEEA and EEA, it can be observed that the steric hindrance
effect for the reaction kinetics offered by the —OH group is greater than the effect
caused by the —CHs group. The order of the reaction increased in the case of
EEA and decreased in the case of AEEA. The temperature sensitivity of the
amine can be noted from the activation energies derived from the rate constants.
Among the amines studied, PZ has the lowest activation energy and EEA has
the highest activation energy. This implies that the highest hindrance effect in
EEA for —-NH group is the reason for its high activation energy and it decreases
as the hindrance effect is reduced. Two —NH groups in PZ contribute to its low
activation energy, indicating that the reaction proceeds very fast by forming
zwitterion ions. Similar conclusion was made by Bishnoi and Rochelle (24) for
the increase in the zwitterion formation rate by a reduction in steric hindrance
around the amine group.
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4.2. Screening of Cyclic Amines

The second order reaction rate constants (k») of the cyclic amines are
higher than those of other types of amines, which was confirmed by both the
stopped-flow experiment with the same concentrations, and the Brensted plot
of the amines with similar pK, (Figure 4). Rochelle et al. (23) reviewed the
kinetic studies for the cyclic amines studied by other researchers using different
equipments for different concentrations and temperatures. Graeme et al. (25) and
Singh et al. (26) conducted screening studies for several cyclic amines from their
capacity for CO; solubility and their absorption rate with CO,. Singh et al. (26)
investigated the effect of different substituted saturated and unsaturated cyclic
amines using an absorbent vessel. The conclusion derived from that work was,
an amine group substitution in a saturated cyclic ring increases the protonation
reaction, thus increasing the absorption rate and increases the absorption capacity.
A substitution of one methyl group increased the absorption rate by increasing
the basicity of the compounds to provide faster protonation reaction. But the
absorption capacity varied depending on the position of the substitution of methyl
group. All unsaturated cyclic amines showed poor absorption rate and capacity.

Graeme et al. (25) concluded in their screening experiment that amines
that exhibited the fastest initial absorption rate were all polyamines with well
separated amine functionality in structurally similar environments. The distance
of the hydroxyl functionality (—-OH) from the amine and the structural features
around it had a significant effect on the solubility of CO, capacity by formation
of intramolecular hydrogen bond between amine and hydroxyl groups. There are
four cyclic amines among the top six solvents screened by Graeme et al. (25) They
were ranked as follows: homopiperazine > piperazine > 1,4,7-triazacyclohexnae
> tans-N-hydroxyethyl-1 and 4-diaminocyclohexane. Piperidine and piperazine
which are heterocycles have faster reaction rate toward carbamate formation (27).

Among the cyclic amines, PZ is considered to be the best solvent and an
accelerator in many CO; capture studies, because of its high loading capacity
(molco2/molpz) and fast absorption rate (24, 28). MDEA activated with PZ
is being used as a solvent for high capacity CO; removal and found major
application in ammonia and synthesis gas production (29). PZ has an ability
to be effective at very low activator concentration with MDEA and provides
a fast rate and high capacity to remove CO,from industrial gases. Therefore,
the kinetics of the reaction of CO» with six cyclic amines (derivatives of PZ) in
aqueous solutions have been studied at (298.15-313.15) K over a concentration
range of (20-120) mol'-m-3 using the stopped-flow technique. (piperazine (PZ),
1-methyl piperazine (1-MPZ), 2-methyl piperazine (2-MPZ), 1-ethyl piperazine
(1-EPZ), N-(2-hydroxyethyl) piperazine (1-HEPZ) and 3-morpholino propyl
amine (3-MOPA). Their molecular structures and other details are given in Table
1.

The measured pseudo first-order rate constants (ko) are plotted against the
concentration (mol-m-3) in Figure 5 showing an expected increase in pseudo first-
order rate constant (ko) with concentration as well as temperature i.e. the reaction is
favored by a rise in temperature and concentration. Figure 5 represents the pseudo-
first order rate constants (ko) for the six studied cyclic amines at 298.15 K. All
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cyclic amines were found to have fractional reaction order with respect to amine
varying from 1 to 2 (Except PZ). PZ has the highest reaction rate and 1-MPZ the
lowest. The trend of reaction rates are given as (PZ > 2-MPZ > 1-EPZ > 3-MOPA
> HEPZ > 1-MPZ). Aqueous 2-MPZ has an absorption rate similar to aqueous
piperazine, but both PZ and 2-MPZ are solid in nature at room temperature.

Table 1. Details of the studied cyclic amines

Structure Symbols z)mu;lsts}; CAS. No
HN
NH PZ 99% 110-85-0
(\NH
1-MPZ 99% 109-01-3
H3C/N\) ’
HaC N
3 k/ 1-EPZ 98% 5308-25-8
NH
HN
NH 2-MPZ > 98% 109-07-9
H3C)\/
NN
el ) 3mopa 99% 123-00-2

@H HEPZ 98% 103-76-4
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Figure 5. Comparison of pseudo-first order rate constants for CO; absorption in
aqueous cyclic amines at 298.15 K: o, PZ ; =, I-MPZ, ¢, 2-MPZ; s, HEPZ; -,
3-MOPA; o, I-EPZ; --- Eq. 12.

All experimental data for the aqueous six cyclic amines were fitted with
a power law kinetics to determine the order of the reaction (#) and fitted with
equations (10), (11) or (12) to determine the second order rate and the mechanism
of the reaction with CO». An Arrhenius rate equation was used to obtain the value
of the activation energy for the reactions. The calculated second order reaction
constants for all the six amines are listed in Tables (2-7) with their statistical
anaylsis. pK, values were taken from Khalili et al. (22) in order to calculate
the [OH"] contribution (pK, value of 3-MOPA was measured in this work and
the values listed in Table 8). The temperature dependent correlations for these
dissociation constants were also derived. Equation (12) corresponding to the
termolecular mechanism fitted the data better than equations (10) and (11). This
confirms that the zwitterion deprotonation is the rate-determining step and it is
slow compared to the reverse reaction. According to Blauwhoff et al. (4), this
indicates that the larger part of the zwitterion is reverted to CO, and amine and
that only a small part is converted to carbamate. Second-order reaction constant
(k2) was calculated from equation (11) to estimate E, using the Arrhenius plot (In
ky vs. 1/T) for the temperature range (298.15-313.15) K. But it should be noted
that the order of the reaction was taken as unity. Cyclic amines 2-MPZ, 3-MOPA
and HEPZ showed poor fitting with equation (11), because the reaction orders for
these amines were far greater than unity.
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Table 2. Second order reaction constants for (PZ + H,0) solution

Parameters (Eq. 12) T /K

298.15 303.15 308.15 313.15
K, (m6 ‘mol-2-s71) 0.0353 0.0234 0.011 1.296E-14
K, (m® ‘mol2 -s71) 2.53E-04 3.05E-04 3.47E-04 4.11E-04
Kop-(m6-mol2 -s71) 1.89E-02 9.20E-03 4.66E-03 4.18E-01
Order (n) {Actual} 0.961 1.076 1.134 1.028
R2 0.9997 0.9999 1.0000 0.9456
AAD% 1.4 0.8 0.3 1.6
k2Z (m3-mol!s1) (Eq. 11) 16.7+£0.33 18.61+0.21 19.95+0.09 22.65+0.93
Order (n) {Assumed} 1 1 1 1
R2 0.9896 0.9962 0.9994 0.9447
AAD% 7.5 42 1.5 1.7

Table 3. Second order reaction constants for (1-MPZ + H,0) solution

Parameters (Eq. 12) T /K

298.15 303.15 308.15 313.15
K, (m® ‘mol2-s71) 0.0259 0.0269 0.026 3.310E-02
K,, (m% ‘mol-2 -s71) 8.87E-05 1.01E-04 1.19E-04 1.27E-04
Kon( mb-mol=2 -s71) 4.64E-02 3.33E-05 3.32E-02 2.83E-01
Order (n) {Actual} 1.231 1.197 1.236 1.252
R2 0.9994 0.9995 0.9995 0.9995
AAD% 1.9 1.8 1.6 1.8
k2Z (m3-mol-1-s71) (Eq. 11)  6.90+0.25 7.65£0.26 8.56+0.24 9.55+0.32
Order (n) {Assumed} 1 1 1 1
R2 0.9675 0.9708 0.9782 0.9717
AAD% 14 13 10 12
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Table 4. Second order reaction constants for (1-EPZ + H,O) solution

Parameters (Eq. 12) T /K

298.15 303.15 308.15 313.15
K, (m6 ‘mol-2-s71) 1.50E-10 2.05E-10 2.13E-10 1.23E-10
K,y (m® -mol2 -s71) 1.22E-04 1.40E-04 1.59E-04 1.77E-04
Kop-( mé-mol-2 -s71) 4.21E-02 1.92E-02 1.00E-02 1.65E-02
Order (n) {Actual} 1.066 1.036 1.069 1.084
R2 0.9860 0.9778 0.9821 0.9959
AAD% 59 7.4 6.7 7.9
k2Z (m3-mol1s71) (Eq. 11) 6.74+0.13 7.73+0.19 8.77+0.19 9.74+0.11
Order (n) {Assumed} 1 1 1 1
R2 0.9846 0.9760 0.9805 0.9717
AAD% 5.6 7.1 6.5 7.8

Table 5. Second order reaction constants for (2-MPZ + H,0) solution

Parameters (Eq. 12) T /K

298.15 303.15 308.15 313.15
K, (m6 ‘mol-2-s71) 4.43E-02 6.13E-02 1.36E-01 2.09E-01
K,y (m® -mol~2 -s71) 5.78E-05 5.95E-05 9.02E-06 1.38E-11
Koy ( m6-mol-2 -s71) 1.12E-02 3.69E-03 1.07E-02 4.89E-01
Order (n) {Actual} 1.522 1.389 1.288 1.273
R2 0.9995 0.9995 0.9998 0.9821
AAD% 1.8 1.8 2.2 2.7
k2Z (m3-mol1-s71) 12.18+0.52 14.71+0.79 1823+1.56 23.63+3.09
(Eq. 11)
Order (n) {Assumed} 1 1 1 1
R2 0.9846 0.9760 0.8906 0.7994
AAD% 19 23 38 59
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Table 6. Second order reaction constants for (3-MOPA + H,O0) solution

Parameters (Eq. 12) T /K

298.15 303.15 308.15 313.15
K, (m® -mol2-s71) 4.29E-02 6.49E-02 1.28E-01 0.240
K,y (m® ‘mol~2 -s71) 1.52E-04 1.63E-04 1.25E-04 4.45E-05
Kop-( mé-mol2 -s71) 6.45E-03 1.10E-02 4.29E-03 3.21E-02
Order (n) {Actual} 2.257 1.880 1.551 1.477
R2 0.9992 0.9995 0.9996 0.9983
AAD% 3.6 22 3.7 10.3
k2Z (m3-mol-!-s71) 6.62 +0.44 8.03+0.60 11.08+1.35 15.88+2.68
(Eq.11)
Order (n) {Assumed} 1 1 1 1
R2 0.9121 0.8936 0.7993 0.7097
AAD% 23 27 51 87

Table 7. Second order reaction constants for (HEPZ + H;O) solution

Parameters (Eq. 12) T /K

298.15 303.15 308.15 313.15
K, (m® -mol2-s71) 4.91E-02 4.56E-02 4.88E-02 5.28E-02
K, (m¢ -mol~2 -s71) 5.44E-05 7.51E-05 8.44E-05 9.68E-05
Kog( mé-mol-2 -s71) 1.00E-02 4.74E-02 7.29E-04 5.96E-04
Order (n) {Actual} 1.392 1.406 1.418 1.517
R2 0.9993 0.9992 0.9992 0.9992
AAD% 3.9 3.6 3.5 3.4
k2Z ( m3-mol1-s71) 6.89+049 7.76+046 11.08+1.35 15.88 +2.68
(Eq.11)
Order (n) {Assumed} 1 1 1 1
R2 0.9121 0.933 0.9357 0.9390
AAD% 36 27 26 25
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Table 8. Dissociation constants for aqueous 3-MOPA

PK, InK,=A+B/T K, (298.15 K)
TK 298.15 303.15 308.15 313.15 A B
3-MOPA 9.98 9.73 9.58 9.51 -0.307  -6730 1.16E-10

Table 9 lists the order of the reactions, the second order reaction rate constants
and the activation energies of the studied cyclic amines derived by assuming the
rate to be unity. Activation energies and the temperature dependence of the second
order reaction rate constants were calculated using an Arrhenius- relation.

Figure 6 represents the Breonsted-plot for the studied amines at different
temperatures. For all cyclic amines, a linear relationship exists between In k> and
pKa. As the pK, increases the second order rate constants for the cyclic amines
decreases. This indicates that the alkalinity of the solution influences the rate of
the reaction between CO; and the amine. From this plot, the effect of methyl
group (-CH3) can also be observed. The basicity of the piperazine molecule
decreases when it is hindered by the position of methyl group, thereby reducing
the reaction rate with CO,.
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Figure 6. Bronsted plot for the studied cyclic amines.
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Table 9. Second order reaction constants and order of the reaction with CO
for aqueous cyclic amine solutions

Amine Order (n) k2 (m3-mol-1-s-1) (Eq. 11) E, (kJ-mol-!)
PZ 0.96 - 1.1 k —784x104*exp{ ';33 15.24
3 -2027 |
1-MPZ 1.19 - 1.25 k2 =6.20x10” *exp T 16.85
1-EPZ 1.20 - 1.25 Ky :1A51X104*exp|: _2;97 19.10
2-MPZ 127-1.93 k2=l.l4x107*ex{ “;"“ 34.13
-5486
3-MOPA 1.0-2 ky =6.23x108 *exp{ } 4561
HEPZ 1.27 - 137 ky =3. 63><108*exp|: 5;21} 44.24

5. Dissociation Constants (pK,) of Cyclic Amines

The dissociation constant is one of the main factors in the choice of a chemical
solution for acid gas removal or in the interpretation of the kinetic mechanism
for the absorption of the acid gas in the solution (30). Information available
from the dissociation constants are mainly a measure of the basic strength of
the chemical solution (amine) at a specific temperature. Information about a
temperature dependent dissociation constant provides the change in the reaction
enthalpy by indicating the change of the basic strength of the absorbent within a
given temperature range in the absorption/desorption and cooling/ heating cycle
for a conventional acid gas removal plant (3/). pK, is defined as the negative of
the logarithm of the equilibrium constant (K,) for the reaction:

+ p—
[H[47]
Ko =T (23)

where [H*],[A-] and [HA] represent the concentrations of the solution species in
mol-L-1. Then, pK, will be derived as:
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PK, = pH +loglHA] - logl 4 ] (24)

It implies that a solution with 50% dissociation has a pH equal to the pK, of
the acid. For bases, the dissociation constants are reported as pK, values for the
conjugate acid (32):

+ +

An ionization constant K; was used for the reaction:

+ —
B+H20 <K—b> BH + OH (26)

and pKj is related to pK, by:
PK 4 + PKp = PKyyarer =14 at (T =298.15K) 27

The basicity of the solvent, quantified by the pK, of its conjugate acid, is a
key factor for the reaction rate and absorption capacity of the solvent in the process
(22). A linear relationship between the pK, of an acid or a base and its reaction rate
was derived by Brensted et al. (7) In a previous section, a Brensted relationship
between the rate constant of the reaction of amines with CO» and the basicity of
such amines was discussed. pK, values of alkanolamines are available in the open
literature at different temperatures (22, 32—35). The experimental determination of
the pK, values for five cyclic diamines have been reported in our work at different
temperatures. The experimental set-up and its details were reported in our previous
work (20).

5.1. Results and Discussion

Table 10 shows the first and second pK,, values of cyclic amines. As observed
in these tables, the pK, values of PZ calculated in our work, are in good agreement
(+ 0.05) with the data reported by Hetzer et al. (36) Among the cyclic amines
studied in this work PZ and 2-MPZ have the highest pK, values and DMPZ has
the lowest value. Secondary amines are stronger bases than tertiary amines.
Therefore, DMPZ, with two tertiary amine groups, is the weakest base, and PZ
and 2-MPZ, with two secondary amine groups, are the most basic amines. Due to
the steric effect, 2-MPZ is a weaker base than PZ. The methyl (—CH3) group on a
carbon in this amine causes steric hindrance to the solvation on cation formation
which lowers the basicity. Intramolecular hydrogen bonding also lowers the
basicity. HEPZ, an alkanolamine with an intramolecular hydrogen bonding
tendency has as a lower pK, value than 1-EPZ (37).
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Table 10. First and second pK, values of amines at different temperatures

PKa)

Amine TK
298 303 313 323
PZ 9.78 9.66 9.39 9.17
2-MPZ 9.57 9.46 9.16 8.97
1-MPZ 9.14 8.99 8.79 8.65
1-EPZ 9.20 9.08 8.93 8.72
HEPZ 9.09 8.95 8.75 8.63
DMPZ 8.38 8.27 8.06 7.84

PKac)

Amine /K
298 303 313 323
PZ 5.35 5.27 5.02 4.93
2-MPZ 5.24 5.19 4.92 4.84
1-MPZ 4.63 4.40 431 4.18
1-EPZ 4.76 4.58 4.48 431
HEPZ 3.92 3.89 3.74 3.60
DMPZ 3.81 3.70 3.64 3.45

To sum up and present a clear picture for the change of pK, with the addition
of different radicals to PZ, we suggest the following rules. Starting with the PZ
molecule with two secondary amines, the addition of a methyl group (-CH3) on any
carbon of the ring introduces a hindrance effect and lowers the pK,. The addition
ofan ethyl group (CH3-CHa) to PZ further lowers the pK,. The addition of a methyl
group lowers the pKa more than in the case of an ethyl group. The addition of a
hydroxyl group (-OH) to 1-EPZ or a hydroxyl group to PZ reduces the pK, further
than any previous addition (hydrogen bonding). Finally, the addition of a methyl
radical (-CH3) to each secondary amine of PZ to form tertiary amines (DMPZ)
leads to the lowest pK,. These conclusions are valid for the first and second pK,
of the studied amines. In the present study, the calculated 4S° values from the
Van’f Hoff equation were almost negiligible compared to the contribution of the
(—AH°/T) term. The higher the value of ~AH®, the larger is the shift in basicity from
low temperature (high basicity leading to better absorption of CO.) to the higher
temperature (low basicity leading to better regeneration of CO;). Accordingly,
2-MPZ and PZ should be the most attractive amines for gas swettening in terms
of cyclic capacity.
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5.2. pK, Prediction Using Computational Chemistry

Aqueous pK, of amines can be predicted by direct calculation using a popular
quantum chemistry program (Gaussian 03) with a continuum solvation model, in
which the solvent is approximated as a dielectric continuum. A computational
study of some alkanolamines was reported by da Silva and Svendsen in 2003
(9), but they deemed their results too inaccurate and it was improved by Khalili
et al. (/0) in 2009. In this work, we are reporting that technique to calculate
aqueous pK, values to + 1 pK, accuracy for the substituted PZs which were used
in the kinetic screening experiment. The amines studied are listed in Table 11
with their experimental pK, values. The improvents provided in our work are (i)
reduction of cavities around cations (an electrostriction technique) and the use
of explicit solvent molecules inside the cavities (a semicontinuum technique);
(i) the equations to calculate pK, were developed through the continuum
salvation methods; (iii) to formalize an approximation for the entropy of multiple
conformers; (iv) historical problems involved in ab initio pK, calculations to
improve the predictions in future.

Table 11. Experimental pK, values of the bases investigated in our work

Base Name or Abbreviation pKa (298.15 K) Ref
C4HoN»(CH3) 2-methylpiperazine 9.57 (10)
C4HoN2(C2Hs) 1-ethylpiperazine 9.20 (10)
C4HoN»(CH3) 1-methylpiperazine 9.14 (10)
C4HoN»(C,H40OH) 1-(2-hydroxyethyl)piperazine 9.09 (10)
C4HgN2(CH3s) 1,4-dimethylpiperazine 8.38 (10)
O(CH,CH)NH morpholine 8.50 37
HN(CH>CH;),NH piperazine 9.73 37)

5.3. Theory of pK, Calculation

The pK, of a base B is a scaled version of A.G(4), the free energy change of
the acid-dissociation reaction:

BH+(aq) = B(agq) +H(th) (28)
_ ArGlag)
PRa = R0 (29)

where R is the gas constant and 7 is temperature. Basicity increases with A,Gag)
and hence with pK,. A,Gq) can be expressed as:
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ArGlag) > AhG(aq)(BH+ — B)+ G(aq)(H+ ) (30)

The half-reaction energy A»Gqq)(BH™ — B) is the quantity of interest in this work.
It is computed as the difference of two free energies of compounds in solution:

AnGag) = Gag)(B) ~ Glag)(BH ™) 31)

Gug(H+), is independent of base and is difficult to determine, aqueous
H* exists in several forms, like H30", HsO2*, and HoO#* (38). The best value
for Gug(H") is -270.3 kcal'mol! (Gy(H*) = -6.3 kcal'mol-!(1 atm) (39) +
AsorG(H*) = -264.0 kcal'mol-! (1 atm gas — 1 mol-L-! aqueous solution)
(40)). Semicontinuum technique was used to determine the free energies of the
compounds in the solution. In order to reduce pK,-proportional error with a
semicontinuum technique an explicit water molecule was added inside the solute
cavity (40). An empirical approach was used to eliminate the known systematic
error for predictive uses by different researchers (4/—43).

PKagexpry =™ * PKa(theg) + b (32)

Adam (44) and Tao (45), have found phenomenal accuracy (£ 0.2) for a single
class of compounds by taking this approach further, replacing pKaneo) in equation
(32) with some other computable property of the solute molecule. Of the direct
pK, computation studies (i.e. not based on linear regressions like equation (32),
the few that have reported computed pK, accuracy of better than =1 were studies
of a handful of compounds within a single class and small pK, ranges (46—49),
where the slope errors were hard to observe and constant-shift errors might have
cancelled them. A good example would be the work of da Silva et al. (50), whose
results for carboxylic acids looked very good, but whose ensuing results for three
other classes of compounds showed large class-dependent errors (57). Similar
results can be achieved for PZ of pH range 8-11.

5.4. Computational Procedures

All calculations were done using the Gaussian 03 software program
and the 6-3//++G** basis set. Solvent effects were computed using the
continuum solvation method IEFPCM (52) with UA0 radii for spherical cavities.
Theelectronic structure levels of theory tested for [IEFPCM calculations (including
geometry optimization) were B3LYP and MP2. Geometry optimizations with
IEFPCM minimize Eejec + AGer. All Eye(0)6@¢ terms were computed only with
B3LYP at B3LYP gas-phase-optimized geometries. For neutral amine, a hydrogen
atom of the explicit water molecule was hydrogen-bonded to the nitrogen atom in
amine, while for protonated amine the new proton attached to nitrogen atom was
hydrogen-bonded to the oxygen of water molecule. The use of one explicit water
molecule was named as Model I, to distinguish from Model I, where no explicit
water is used. The utility of a constant scale factor to contract the radii of charged
“united atoms” was tested to accommodate electrostriction. Instead of the default
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factor of 1.0 for the NHyx groups of protonated amines, 0.9 was used. This was
referred to as “special scaling”. Conformer choices and entropy calculations are
explained in our previous work (/0). The conformers used were the ones with
lowest in energy from IEFPCM/B3LYP calculations.

5.5. pK, Results

In order to calculate the pK, values using equation (29), we must convert
AGg) to A4,Gag via equation (30), by adding the contribution Gugy(H"). In
this work, empirical choices for Gg)(H") was taken. This parameter was fitted
by minimizing the root mean square (rms) of calculated pK, values versus
experimental values. Fitting was done for each model and level of theory. It
was also done to convert the results of da Silva and Svendsen (9) from relative
AGgq values into best possible pK, values. The results are shown in Table
12. The rms errors reveal that the best results are obtained from Model II with
default radii scaling. The best two techniques of Table 12 were used to compute
the pK, values in Table 11. This included refitting of Gug(H") to minimize
rms error. This resulted in two fitting parameters for each modelling technique,
and improved the rms errors by 42-45% compared to single-parameter results
(Table 13). Our most accurate procedure for the calculation of the pK, of bases
studied in this work is Model II with the explicit water technique employing
IEFPCM/MP2/6-311++G** for the optimized geometries and ensuing energies,
with Epnuc(0)$@¢ terms computed with B3LYP/6-311++G** at a Ci-symmetry
gas-phase conformer geometry, statistical entropy corrections and Gug(H™)
values of -266.96 kcal/mol for acyclic bases and -269.63 kcal/mol for cyclic
bases. It produced an rms error of 0.68 for the pK, of the 17 compounds studied
here. The best experimental value for Gug)(H™) is -270.3 kcal/mol. Interestingly,
the fitted values in our computational work are close to this value for the cyclic
molecules with no electrostriction scaling, and a chemically meaningful ab initio
procedure in which the empirical fitting of G (H™) is replaced by properly fixing
its experimental value will be pursued in future work.

Table 12. Comparison of Theoretical and Experimental pK, Results

B3LYP B3LYP B3LYP MP2 B3LYP MP2
Modell Modell Model Il Modelll Modelll Model Il

Base Ref (9)  Def sca Sp. sca  Sp. sc.a Def sca Def sca  expth
morpholine 10.97 9.61 9.21 8.97 9.81 9.56 8.50
piperazinec 12.49 12.21 11.26 10.87 12.02 11.61 9.73
rms error 1.79 1.85 1.47 1.30 1.22 1.00

a“Def. sc.” means default radii scaling, “Sp. sc.” means special scaling; b For references
see Table 11; ¢ pKu)
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Table 13. Comparison of theoreticaland experimental pK, results, including
extra piperazines

one fitting two fitting

parameter parameters
Base B3LYP MP2 B3LYP MP2 Expta
Morpholine 9.13 9.04 7.65 7.89 8.50
Piperazineb 11.34 11.10 9.86 9.95 9.73
2-methylpiperazine® 11.01 10.46 9.53 9.31 9.57
1-ethylpiperazine® 10.95 10.60 9.47 9.45 9.20
1-methylpiperazineb 10.40 10.02 8.92 8.87 9.14
1-(2-hydroxyethyl)piperazineb 10.49 10.08 9.01 8.93 9.09
1,4-dimethylpiperazine® 10.65 10.37 9.17 9.21 8.38
rms error 1.48 1.18 0.81 0.68

a For references see Table 11; ® pK,)

6. Conclusion

Screening of primary, secondary, poly and cyclic amines was performed using
a stopped-flow technique at 298.15 K over a concentration range of (20 to 120)
mol'm=3. Polyamines and cyclic amines have higher pseudo first order reaction
rates compared to linear secondary and primary amines. Consequently, six
cyclic amines were studied between (298.15 and 313.15) K over a concentration
range of (20 to 120) mol'm=3. PZ had the highest reaction rate and 1-MPZ the
lowest. At the same temperature, the trend of reaction rates is given as (PZ >
2-MPZ > 1-EPZ > 3-MOPA > HEPZ > 1-MPZ). The termolecular mechanism
was used for calculating the rate parameters by fitting the experimental data.
Higher second order rate constants for polyamines and cyclic amines mean that
the deprotonation reactions of carbamates were very fast for these amines. The
dissociation constants of the conjuagate acids of six cyclic diamines (PZ, 1-MPZ,
2-MPZ, 1-EPZ, HEPZ and DMPZ) were meaured using a potentiometric titration
method at (298, 303, 313 and 323) K. A trend is proposed relating the variation
of pK, with the addition of different radical groups to the base PZ molecule. pK,
values of piperazines were computed using quantum chemistry techniques and
the IEFPCM continuum solvation model. Of several techniques tested, the best
one involved the incorporation of an explicit water molecule inside the continuum
cavity (Model II). Proper entropy corrections, often neglected in pK, studies,
were also included. The use of a second fitting parameter for these compounds
dramatically lowered the overall rms error by 42-45%. Our best technique
reduced the errors found in a previous technique (9) for similar compounds by
62% (10).
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Chapter 4

CO; Absorption Characteristics of
2-Isopropylaminoethanol (IPAE) Aqueous
Solution

K. Goto,” F. A. Chowdhury, S. Kodama, H. Okabe, and Y. Fujioka

Chemical Research Group, Research Institute of Innovative Technology for
the Earth (RITE), 9-2 Kizugawadai, Kizugawashi, Kyoto 619-0292, Japan
*goto.ka@rite.or.jp

This chapter reports on the characteristics of aqueous amine
solutions for post-combustion CO» capture (PCC), especially
2-Isopropylaminoethanol (IPAE) aqueous solution. The
laboratory experiments, which were gas scrubbing test,
vapor-liquid equilibrium measurement, reaction calorimetry
and 13C NMR spectroscopy, were conducted in order to obtain
fundamental information on aqueous amine solutions. Also,
the effects of IPAE concentration and Piperazine (PZ) addition
into the IPAE aqueous solution on CO» capture behavior were
examined. The results show that the IPAE aqueous solution has
excellent characteristics, such as a moderately high absorption
rate, a large cyclic capacity of CO capture and low heat of
reaction. That is, IPAE has a great potential to reduce a required
energy of CO> capture and to be used as a novel absorbent in
CO; scrubbing system.

1. Introduction

CCS (Carbon Capture and Storage) is one of realistic countermeasures against
issues of greenhouse gases, especially carbon dioxide (CO,), However, the CCS
is not a process of a consumer product and currently needs inevitable cost, which
is strongly related to regeneration energy in CO; capture process. Therefore, it is
strongly required to develop state-of-the-art technologies of wet scrubbing system
for CO; capture.
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Characteristics of aqueous amine solutions is one of research subjects in
the field of CO, capture for the CCS. Signigficant characteristics focused on in
the previous papers could be listed as absorption rate, CO; solubility, a heat of
reaction and so on. For example, Bonefant et al. (/) and Hook (2) carried out
gas scrubbing tests to investigate the relation between absorption behavior and
molecular structure. Mimura et al (3) and Ma’mum et al (4) evaluated aqueous
amine solutions using vapor-liquid equilibrium (VLE) measurement. Some
researchers (5—7) analyzed aqueous amine solutions to make reaction mechanism
clear. In aqueous amine solutions, CO» is absorbed by the formation of carbamate
or bicarbonate anions:

2B + CO, «> B’COO™ + BH"

B + CO, + H,O <> HCO;™ + BH*

where B is amine and B’ implies the deprotonation of the neutral amino group.
In the case of CO; absorption by bicarobonate anion, there is an advantage of
stoichiometric loading capacity. Calorimetry was also essential to design unit
operations of chemical absorption process. Mathonat et al (8) measured heat of
reaction for an aqueous 2-Aminoethanol (Monoethanolamine, MEA) solution.
Kim et al (9) determined the heat of reaction of CO, absorption in the aqueous
2-((2-Aminoethyl)amino)ethanol (AEEA) solutions.

Other research subject is formulation of chemical compounds in an aqueous
amine solution. In order to investigate high amine concentration and enhancement
of cyclic capacity of CO; capture, Aboudheir et al (/0) carried out the pilot plant
studies on CO; capture using aqueous MEA solutions up to 54wt%. The results
showed that increasing the MEA concentration contributed to enhancement of
removal efficiency. The addition of an activator to an aqueous amine solution is
other formulation technique. Several papers reported on the characteristics and
performance of PZ activated solvents. Bishonoi and Rochelle (//) and Xu et
al. (12) investigated PZ activated aqueous MDEA solution. Seo and Hong (/3)
focused on PZ activated aqueous AMP solutions.

The authors and our group have been also interested in a CO; scrubbing
solvent for CCS technology. A lot of amine compounds were evaluated
concerning relative absorption rate, cyclic capacity of CO2 capture and heat of
reaction (/4—16). New novel amine solvents were developed in the COCS project
(17).

In this study, gas scrubbing test, VLE measurement, reaction calorimetry and
13C NMR spectroscopy are used for analysis of aqueous amine solutions. Then,
COy capture characteristics of 2-Isopropylaminoethnol (IPAE) are discussed in
comparison with the MEA, Diethanolamine (DEA) and MDEA. Also, in order to
obtain the clues of solvent development, the effects of IPAE concentration and PZ
addition on the CO> capture behaviors are investigated.
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2. Experiments
2.1. Tested Amines

Single amine compounds and a mixture shown in Table 1 were investigated
in this study. MEA is a primary amine, which is a well-known CO» capture
solvent for atmospheric pressure gas such as combustion gas. DEA and IPAE are
secondary amines. MDEA is a tertiary amine, which is suitable to CO, capture
from high-pressure gas such as production process of natural gas. IPAE was also
tested in the conditions of a mixture solution with PZ.

Table 1. Aqueous amine solutions tested in this study

Amine, Molecular weight Concentration (Wt%)

Single 2-Aminoethanol (MEA), 61 30

component Diethanolamine (DEA), 105 30
2-Isopropylaminoethnolamine (IPAE), 113 10, 20, 30, 40, 50
Methyldiethanolamine (MDEA), 119 30

Mixture IPAE-PZ> 49-1, 45-5, 30-20

a PZ: Piperazine

All amine compounds, except for IPAE, were purchased from Sigma Aldrich
Chemical Co. and Tokyo Kasei Kogyo Co. Ltd. and were used without further
purification. IPAE was prepared using hydroxyalkylation reaction between
Isopropylamine and 2-Bromoethanol. After rectification, the purity of the
synthesized IPAE was established by gas chromatography and mass spectroscopy.

For each amine compound, a 30wt% aqueous solution was prepared for gas
scrubbing test, vapor-liquid equilibrium measurement, reaction calorimetry and
I3C NMR spectroscopy. In addition, aqueous IPAE solutions and IPAE-PZ mixture
solutions were prepared to clarify the effect of amine concentration and additives
on CO; absorption. The range of IPAE concentration was from 10wt% to 5S0wt%.
The IPAE-PZ mixtures were formulated at three conditions in composition.

2.2. Experimental Procedures

2.2.1. Gas Scrubbing Test

Gas scrubbing test was an initial-stage attempt to figure out solution
characteristics of CO; absorption and desorption. 50ml of an aqueous amine
solution was put into a 250ml glass scrubbing bottle and a gas mixture (CO2/N;
=20/80vol%) was supplied to the bottle at a flow rate 700 ml/min. For the first
60 minutes, the bottle was placed in a water bath of 40°C to investigate CO,
absorption, and for the following 60 minutes the bottle was placed in a water bath
of 70°C for a desorption test.

The schematic diagram of a scrubbing system for a gas scrubbing test is shown
in Figure 1. The flow rate and CO; concentration of the feed gas were controlled
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by mass flow controllers (SEC E-40, Horiba). The outlet gas from the bottle
was analyzed with a carbon dioxide analyzer (VA-3001, Horiba). The equipment
consists of six units of scrubbing system, which can simultaneously carry out a
number of gas scrubbing tests at the same condition in low and high temperature
water baths. Vaporized aqueous solution generated during the test was returned
as a condensate from a downstream gas condenser. That is, amine concentration
of the solution in the system was constant during the test without any device of a
humidity control.

Figure 2 shows a typical result obtained from a gas scrubbing test. An amount
of absorbed CO; in the aqueous amine solution, “CO; loading”, was estimated
from the measured CO; concentration of the outlet gas flow. The curve of CO;
loading with time showed CO» loading at 40°C and 70°C clearly. A gradient of the
curve at a half point of the 60-minute CO» loading was calculated as an absorption
rate. The absorption rate is not chemical reaction rate but CO; transfere rate from
gas phase to liquid phase. This reference index was used to understand the relative
behavior of an amine aqueous solution for others. The difference of CO; loading
between 40°C and 70°C defined as cyclic capacity between 40°C and 70°C.

Vent

Condensgr O Iil

CO, analyzer

(Mass flow
< controller)

Scrubber

weer [} [T
bath

(Low) (High)

“Unit 17

Figure 1. Schematic diagram of a scrubbing system for gas scrubbing test
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Figure 2. Characteristics obtained from a gas scrubbing test

2.2.2. Vapor-Liquid Equilibrium (VLE) Measurement

Figure 3 shows a schematic diagram of the experimental apparatus used
for a vapor-liquid equilibrium measurement. It consists of a 700-cm? crystal
glass cylindrical reactor vessel (TEM-V1000N, Taiatsu Techno Corp.), a
steam-saturator, a CO; analyzer (VA-3001, Horiba) and so on. The reactor vessel
was filled with a test solvent and heated with an electric heater. The gas mixture
controlled to a specific CO concentration was supplied to the reactor vessel after
flowing through a steam saturator. The equilibrium condition was determined
when the CO» analyzer of the outlet gas indicated same CO> concentration of
the inlet gas. Tests were conducted between 40°C and 120°C in temperature and
between 1kPa and 200kPa in CO; partial pressure.

To analyze the equilibrium condition, the CO; concentrations in both gas
and liquid phase were measured. The CO» partial pressure was derived from the
temperature, total pressure and the measured CO, concentration. For the liquid
phase, a sample was taken from the reactor vessel and the amount of absorbed CO»
in the sample was measured with a Total Organic Carbon analyzer (TOC-VCH,
Shimadzu).
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Figure 3. Schematic diagram of VLE measurement

2.2.3. Reaction Calorimetry

The heat of reaction for aqueous amine solutions was measured with
Differential Reaction Calorimeter (DRC, SETARAM) at 40°C in temperature.
This instrument works on the principle of differential thermal analysis which
simultaneously measures values in temperature of a sample reactor and a reference
reactor. The solvent volume was 150 ml and the injected gas was 99.9% CO, gas.
Non-CO»-loaded solvent was prepared and CO, was injected into it from 0.0 to
around 0.5 mol.co2/mol.amine in CO2 loading. The amount of absorbed CO; in the
solvent was then measured with the Total Organic Carbon analyzer (TOC-VCH,
Shimadzu). A heat of reaction was estimated by dividing the total generated heat
obtained from DRC by the CO; amount absorbed into the solvent during CO;
injection.

2.2.4. NMR Spectroscopy

13C NMR spectroscopy was used to analyze the CO»-absorbed amine solvents
and to determine the amounts of carbamate and bicarbonate anions produced
by CO; absorption in the solvent. The method of the NMR analysis was same
as that of the previous paper (5). Solvent samples, Amine-CO,-H,O mixtures,
were prepared at the same condition of gas scrubbing test. That is, 20% CO; gas
balanced with N> was supplied for 60 minutes at a rate of 700 ml/min into 50ml
of a 30wt% aqueous solution of single-component amines using a glass scrubbing
bottle controlled at 40°C. The CO; loading of the amine solution was estimated
by monitoring the outlet gas with a carbon dioxide analyzer (VA-3001, Horiba).
The measurements of the 13C NMR were performed at 289-299K using JEOL
JNM-ECA400 spectrometer. Quantitative spectra were obtained with a delay
of 30s, a pulse width of 9us, and 400 scans. The measurement frequency was
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100MHz. In order to confirm the accuracy of measurement, CO; loadings of a
sample were measured by both TOC anaysis and NMR spectra. The rmsd (root
mean square deviation) of the CO, loadings between TOC and NMR was about
0.05 mol.co2/mol.amine. It was good enough quantitatively to compare different
types of amines in this study.

3. Results
3.1. Solvent Characteristics
3.1.1. Gas Scrubbing Test

Figure 4 shows the results of gas scrubbing tests. The result of MEA shows
that both CO» loading at 40°C and CO; loading at 70C were high. Consequently,
the cyclic capacity between 40°C and 70°C was small. CO; absorption rate of
MDEA was relatively low and CO> loading after 60 minutes did not reach to the
saturated condition and still went up. The chart shows that the CO; loading at both
40°C and 70°C followed the order MDEA<DEA<IPAE<MEA. The main reason
of the high CO, loading for the aqueous MEA solution was that MEA was small
in molecular weight and the molar concentration of aqueous amine solution was
higher than the other amine solutions. As for IPAE, CO; loading at 40°Cwas
relatively high and the cyclic capacity of CO» capture was larger than the other
amine aqueous solutions.

140

——MEA ——DEA ——IPAE —<—MDEA
i (30wWt%)
120

100

CO; loading [9.coz/L sol
o ©
<) S
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o
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o
T
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0 20 40 60 80 100 120
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Figure 4. Absorption and desorption behavior of gas scrubbing tests
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3.1.2. Vapor-Liquid Equilibrium (VLE) Measurement

Figures 5, 6 and 7 show the VLE of MEA, IPAE and MDEA, respectively. In
the Figures 5 and 6, the results of previous papers are plotted (120°C data of MEA:
Jou et. al (/8), 40°C data of MEA: Ma’mum et al (/9), 40°C and 100°C data of
MDEA: Jou et al (20)). The results of this study had a good agreement with those
results.

As shown in Figure 5, influence of CO; partial pressure on CO, loading of
aqueous MEA solution was small for all the temperature. Figure 6 shows that
CO; loading of aqueous MDEA solution in the condition of 40°C was strongly
dependent on CO; partial pressure. In the high temperature condition, 100°C and
120°C, CO; loading was less than 0.1 mol/mol. As shown in Figure 7, IPAE’s VLE
chart was similar to MDEA’s. In the low temperature condition, 40°C, CO; loading
of IPAE was larger than MEA and MDEA. In the case of 40°C and 20kPa.coz, CO2
loading reached to over 0.7 mol/mol. In addition, because of the low solubility at
high temperature, cyclic capacity of CO» capture seems to be larger than that of
the other amine solution.
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Figure 5. CO; solubility of 30wt% MEA aqueous solution
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3.1.3. Heat of Reaction

Table 2 shows the results of reaction calorimetry. ‘“Heat of reaction” means
the enthalpy difference between fresh aqueous amine solution and CO»-loaded
solution. The experimental results for MEA and MDEA were almost same as the
values presented in the paper by Feron (217). The order of the heat of reaction in
this study was MEA>DEA>IPAE>MDEA. Heat of reaction of the aqueous IPAE
solution was 68 kJ/mol.co.

Table 2. Results of reaction calorimetry

Amines (30wt%) MEA DEA IPAE MDEA

Heat of reaction [kJ/mol.coz] 88.2 69.0 68.1 60.0

3.1.4. 13C NMR Spectroscopy

Figure 8 shows the results of 13C NMR spectroscopy. This bar chart shows
the absorption amount in a aqueous amine solution after 60 minutes absorption
and amount of carbamate and bicarbonate anions in the solution. For primary
and secondary amines, there is a possibility to generate both carbamate and
bicarbonate anions in the reaction with CO», but the ratio of the bicarbonate
anion and carbamate anion is different for each amine compound. IPAE mainly
absorbed CO; as bicarbonate anion and CO; loading to one amine molecule was
higher than the other amines. As mentioned by Yamada (5), steric hinderance
of molecular structure interrupts the generation of carbamate anion for CO;
absorption by IPAE. In addition, CO; loading to one IPAE molecule was high,
around 0.7 mol.co2/mol.amine. MDEA is the tertiary amine and absorbed CO» as
only bicarbonate, however MDEA needed more time for saturate condition and
the CO; loading of the prepared sample of aqueous MDEA solution was small.

3.2. IPAE-Based Aqueous Solution

Figure 9 shows the experimental results of the absorption and desorption
behavior for the different concentration solvents. CO; loading at 40°C was
increasing with amine concentration. However, CO» loadings at 70°C for 30, 40
and 50wt% were almost same. Consequently, cyclic capacity of CO» capture of
50wt% IPAE aqueous solution became larger.

Figure 10 shows the effect of PZ addition on the absorption and desorption
behaviors of IPAE-PZ mixture solvents. By the addition of PZ, a relative
absorption rate and CO; loading became high, but the CO, loading at 70°C
became high, too. That is, high concentration of PZ decreased a cyclic capacity
of CO» capture.
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Figure 8. CO; absorption mechanisms for single-component solvents
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Figure 10. Effect of Piperazine on CO; absorption and desorption

4. Discussions

Table 3 shows the result summary of laboratory experiments. Absorption rate
is the gradient of the half point of CO; loading at 40°C. MEA is higher than the
others but IPAE was superior to DEA. CO; loading of IPAE is high because of
CO; absorption by bicarbonate anion. Both the cyclic capacity between 40°C and
70°C, which was obtained from gas scrubbing test, and the cyclic capacity between
40°C and 120°C, which was obtained from VLE measurement, indicated a similar
tendency that the aqueous IPAE solution was larger than the other amine solutions.
That means that it is possible to evaluate the CO, capture ability concerning plant
process by a simple gas scrubbing test. To sum up the experimental results, IPAE
had an advantage of large cyclic capacity and there is high possibility to use it
efficiently for CO; capture from atmospheric pressure gas.

Table 4 shows the effect of IPAE concentration on absorption behaviors. The
evaluation items of both CO; loading at 40°C and cyclic capacity of CO; loading
increased with IPAE concentration. However, absorption rate declined with IPAE
concentration. The reason is that the “absorption rate” is not chemical reaction rate
but CO» transfer rate from gas phase to liquid phase. Therefore, increase of solvent
viscosity with IPAE concentration could affect the absorption rate. The result show
that IPAE should be used at high concentration condition with improvement of
absorption rate.

Table 5 shows the effect of piperazine on the CO; absorption characteristics.
Absorption rate and CO; loading increase with PZ concentration. However, the
cyclic capacity between 40°C and 70°C decrease with the PZ concentration. That
means [PAE-PZ mixture solvent should be formulated in proper mixture ratio.
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Table 3. CO; absorption characteristics of single amine aqueous solutions

Amines | Absorption CO; loading Cyclic Cyclic Heat of
(30wt%) rate at 40 °C capacity capacity Reaction
[g-co/L/min] [g-co/L] 40-70 °C 40-120 °C [kJ/mol.coz]
[g-co/L] [g-co/L]
MEA 53 115.5 7.4 36.9 88.2
DEA 4.0 69.4 14.8 41.8 69.0
IPAE 4.5 100.3 29.1 66.0 68.1
MDEA 0.9 50.4 26.3 40.9 60.0

Table 4. Summary of gas scrubbing test for different concentration IPAE

solvents
IPAE concentration Absorption rate CO:; loading Cyclic capacity

[wt%] [g-cox/L/min] at 40°C 40-70 °C
[g-co/L] [g-co/L]

10 52 38.6 3.0

20 4.6 70.3 12.6

30 4.5 100.9 26.0

40 42 127.0 48.0

50 3.8 138.7 64.3

Table 5. Summary of gas scrubbing test for PZ addition

Concentration Absorption rate CO; loading Cyclic capacity
IPAE/PZ [g-co/L/min] at 40°C 40-70 °C
[wt%] [g-co/L] [g-co/L]
50/0 3.8 138.7 64.3
49/1 3.6 137.4 56.4
45/5 4.6 146.6 45.7
30/20 5.3 164.9 22.0

5. Conclusion

The IPAE aqueous solution could reduce a required energy of CO; capture.
The laboratory-scale experiments were introduced in this chapter and their results
were discussed from the perspective of the characteristics of the IPAE aqueous
solution for post-combustion CO; capture. IPAE produces a bicarbonate anion
much rather than carbamate anion in the reaction with CO,. Owing to this
reaction mechanism, CO; loading to one IPAE molecule becomes high and cyclic
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capacity of the aqueous solution for CO; capture is large. Also, its absorption rate
is moderately high and the heat of reaction is low. These characteristics can make
the required energy of CO, capture low.

Also, the IPAE aqueous solution has a potential to be used as a novel
absorbent in the formulation of CO; scrubbing solvents, although further research
is necessary to seek optimimum condition of concentration and PZ addition.
Increase of IPAE concentration makes cyclic capacity of CO; capture large and
PZ addition makes absorption rate high.
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Chapter 5

Novel Amine Solution Development for
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To develop a novel chemical CO; solvent showing high
efficiency for the separation of CO» from high-pressure exhaust
gases, such as integrated gasification combined cycle (IGCC)
produced gases, tertiary amine solutions were evaluated from
CO; absorption and desorption rates, and CO; recovery under
the pressure of 1.6 MPa-CO;. Our novel developed solvent
RH-2b shows a high CO» recovery and high CO» absorption
and desorption rates; these values are approximately three times
higher than those with a methyldiethanolamine solution, thus
meaning that our solvent can recover CO, with low energy
under high pressure. The total energy for CO, separation and
capture including the compression process, was calculated
using the measured values of CO; recovery and reaction
heat of RH-2b. RH-2b is able to reduce the total energy by
approximately 19% from that with a methyldiethanolamine
solution. Additionally, the pressurized desorption process to
4.0 MPa-CO; is estimated to reduce the total energy for CO>
separation and capture including the compression process to
1.6 GJ/t-COa.
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Introduction

CO; separation technology has received much attention as a measure to
prevent global warming, and there are many studies for CO» capture and storage.
The chemical absorption method utilising an amine solution is well-known and
one of the most important industrial methods used in CO; capture processes,
and many investigations have been undertaken on the CO, solubility of amine
solutions (/—7) and the modeling simulations of CO; solubility mechanisms
(8-14).

High pressure gas containing high concentration of CO, is known to be
exhausted from IGCC power plants (/5—17), and thus amine solutions would
be expected to provide high performances for CO» capture under high pressure
conditions. Methyldiethanolamine (MDEA) and Selexol are well known as
high-pressure CO; solvents. However, the CO;, separation processes with these
solvents commonly include a depressurization process for desorption of the
absorbed CO>. The depressurization process increases the total energy for
CO» separation and capture including compression owing to repressurizing the
captured CO> for transportation and storage.

We know that tertiary amines have relatively low performances for CO;
absorption despite relatively high performances for CO, desorption. Therefore,
the tertiary amines such as MDEA are thought to be suitable for high pressure
conditions because high pressure enhances the CO; absorption process, although
primary and secondary amines such as monoaminoethanol (MEA) are unsuitable.
Chowdhury et al. examined several tertiary amines under a low pressure condition
to determine the effect of the tertiary amine structure on the CO; absorption and
desorption properties (/8). Under low pressure conditions, the CO; absorption
rates of the examined tertiary amines were relatively low. Some activators such as
piperazine are added to the tertiary amine solutions to increase the absorption rates
(3, 5), although these additives increase the reaction heat. Tomizaki et al. reported
the high performances of cyclic tertiary amines for CO; capture under a high
pressure condition, that imidazole-based amines and hydroxyethylmorpholine
show high CO; recovery under the condition of 1.6 MPa-CO, and very low
reaction heats (/9-21).

In this study, we have measured the CO; absorption and desorption rates and
CO; recoveries of several tertiary amine solutions, which have been prepared in
a concentration of 3.0 M in water, under a high pressure condition for screening
the high pressure CO; solvents. For the developed CO, solvents, their total
energies for CO» separation and capture, including compression process, have
been calculated using the measured values of CO; recoveries and reaction
heats. Additionally, the developed solvents have been evaluated with the coal
gasification gas supplied from an IGCC pilot-plant.
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Experimental
Apparatus

A high pressure CO, absorption-desorption apparatus (Figure 1) was used
in this study for the screening measurement of tertiary amine solutions. This
apparatus consists of CO; and N, compressed gas cylinders, CO; and N> mass
flow controllers, a high pressure vessel to absorb and desorb CO», a condenser,
back pressure regulator, a gas flow meter, and a CO, meter. The amine solution
temperature in the high pressure vessel was controlled by circulation of heating
oil-mediums adjusted to the CO, absorption and desorption temperatures.

Back Pressure

Regulator
Condenser
CO,/N, Mixture
Mass Flow — " @
Controller [ |
. Amine
Heating —  Solution
Oil-Medium
N, e High Pressure
o Vessel

LI:I—‘ Sampling
port

Figure 1. High Pressure CO; Absorption-Desorption Apparatus

Measurement

An amine solution (300 ml) was added to the high pressure vessel. N> gas
flowed into the high pressure vessel and the pressure in the vessel was controlled
with the back pressure regulator at the absorption temperature of 40 °C. After the
pressure reached 3.5 MPa, an amine solution (3.0 1/min) was aerated with CO2/N,
mixture (46 vol%) and the CO; absorption process was started under the pressure
of 1.6 MPa-CO». Two hours after the beginning of the CO, absorption process,
the oil-medium, adjusted to 120 °C, was started to circulate in the CO» desorption
process for two hours. The CO; solubility S. (g/1) was calculated from the CO,
concentration C (vol%) and the supplied gas flow rates of CO2 F¢s (I/min) and N»
Fys (I/min) in the following equation.
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Data Analysis

For example of temporal change in CO; solubility, the result of CO;
absorption-desorption test with the MDEA solution is shown in Figure 2. The
CO; absorption and desorption rates were defined as the slopes of a CO; solubility
curve at the beginnings of absorption and desorption. The CO» recovery was
defined as a difference in the CO> solubility between the absorption process and
the desorption process.

Absorption  Desorption
40°C,2hr 120°C,2hr

200
R ——-—
S 10| Desorption Rate [g/1/hr]
N
g 100 :
[=) |
(77 1 A e —. e
& 5l Recovery [g/I]1
o ] ]
o/ Absorption Rate [g/1/hr]

0 o 1 2 3 4 - 5
Test Time [hr]

Figure 2. Example for Temporal Change in CO; Solubility

Reaction Heats

The reaction heats of each solvent were measured with a differential reaction
calorimeter at 40 °C under 0.1 MPa-COg; this data is summarized in Table 1.

Stability tests

Our novel solvents were evaluated with coal gasification gas supplied through
water-shift reaction within an IGCC pilot-plant as stability tests. The mean
composition of the supplied gas was 44% of H», 36% of CO3, 1.2% of CO, 0.7%
of CH4, and containing N> and Ar. The mean total pressure was 2.2 MPa. The
stability tests were carried out with the high pressure CO; absorption-desorption
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apparatus at the temperature of 40 °C for absorption and 120 °C for desorption,
under 0.67 MPa-CO..

Results and Discussion
Screening of Tertiary Amine Solutions

We selected some tertiary amines as candidates for a high pressure CO>
solvent, namely, imidazole type, alkanolamine type, diamine type, ether type, and
cyclic-amine type. We carried out CO; absorption-desorption tests with the CO;
absorption-desorption apparatus for screening of the candidate tertiary amine
solutions. Figures 3 and 4 show the results of the CO; absorption-desorption tests,
respectively, the relationship between CO» absorption rate and CO, desorption
rate and the relationship between CO, recovery and reaction heat. The marks
plotted in these figures indicate each results of the candidate solutions. An amine
solution having higher absorption and desorption rates, and higher recovery,
with lower reaction heat is better as a high pressure CO> solvent, because high
recovery and low reaction heat reduce the energy for the CO» separation and
capture process, and high CO; absorption and desorption rates downsize CO»
capture plants. These results indicate that RH-1 has a higher desorption rate and
a lower reaction heat, and RH-2a has higher CO; absorption and desorption rates
and a higher CO; recovery, in comparison to the MDEA solution.
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S © o
= ] 0
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Figure 3. Relationship between CO; Absorption Rate and CO; Desorption Rate
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Figure 4. Relationship between CO; Recovery and Reaction Heat

Optimization of Amine Concentration

The effects of amine concentrations on CO» solubility profiles are shown in
Figures 5a and 5b. The tertiary amine used in RH-2a shows a dynamic change
in the CO; solubility profile with changing concentration, while that of the
MDEA solution shows very little change. Thus, we have developed RH-2b by
optimization of the amine concentration of RH-2a.

The results of the absorption-desorption tests and the reaction heats of RH2b,
RH-2a, RH-1, and the MDEA solution are arranged in Table 1. RH-2b shows 2.8
times higher CO; absorption and desorption rates, and 3 times higher recovery
with lower reaction heat than the MDEA solution.

Table 1. CO; Separation Performances of the novel solvents

2130 53.8
204 334 1233 59.9
106 301 66.6 46.6
144 176 722 589
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Vapor-Liquid Equilibria

CO; pressure-solubility relationships at 40 °C and 120 °C were measured with
a high pressure CO; vapor-liquid equilibrium apparatus to obtain CO; loading-
differences under a given CO, partial pressure. The measurement procedure and
the apparatus have been closely described in the previous paper (20). Figures 6a,
6b and 6¢ show the CO; pressure-solubility relationships of RH-2b, RH-1, and
the MDEA solution, respectively. The developed CO; solvents, RH-2b and RH-1,
show larger loading-differences under higher CO, partial pressure. In particular,
the loading-difference of RH-2b shows more than three times that of the MDEA
solution under the CO partial pressure above 1 MPa-CO:x.

Estimation of Total Energy

For RH-2b, RH-2a, RH-1, and the MDEA solution, their total energies for
COs separation and capture including compression process were estimated with the
CO; recoveries and the reaction heats. The total energy consists of reaction heat
that is heat absorbed through the CO, desorption reaction, solvent sensible heat
that is to maintain the solvent at the desorption temperature of 120 °C, vaporization
latent heat that is heat taken away through solvent vaporization, and compression
energy that is a energy for compressing the recovered CO; to the pressure of 7.2
MPa required for CO; transportation. The estimated total energies are shown in
Figure 7. RH-2b is estimated to reduce the total energy for CO separation and
capture including compression process to 1.9 GJ/t-CO,, which is a 19% reduction
from that with the MDEA solution. RH-1 is also able to reduce the total energy to
2.0 GJ/t-CO; because of its low reaction heat.

Additionally, RH-2b is able to desorb CO> under a higher pressure than the
absorption pressure. An application of the pressurized desorption process to 4.0
MPa-CO; is estimated to reduce the total energy for CO;, separation and capture
including compression process to 1.6 GJ/t-CO,, meaning a 32% reduction from
that with the MDEA solution.

Stability Test with Coal Gasification Gas

Figure 8 shows the temporal changes in CO; solubilities on the stability tests
of one-cycle, which is the absorption process for 4 hours and the desorption process
for 2 hours. It has been found, even for the coal gasification gas, that RH-2b shows
a higher CO, recovery and higher CO> absorption and desorption rates than those
of the MDEA solution.

Figure 9 shows the result of 12-cycle stability test, which is 12 times that of the
absorption processes for 1 hour and the desorption processes for 1 hour, on RH-2b.
Little change in the performance of RH-2b was observed through the stability test
of 12-cycle for 4 days.
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Additionally, we carried out analyses of these amine solutions before and after
the stability tests with a gas-chromatography flame ionization detector. Any new
peaks attributed to amine degradation have not been observed in the result of the
12-cycle stability test for RH-2b, while some new peaks have been observed in the
result of one-cycle stability test for the MDEA solution. It means that RH-2b has
relatively high durability to the coal gasification gas.

Conclusions

The novel amine solution developed as a high pressure CO; solvent, RH-2b,
shows high CO, absorption and desorption rates and a high CO; recovery under
high pressure conditions; these values are approximately three times higher than
those with the MDEA solution. RH-2b is estimated to reduce the total energy
for CO; separation and capture including compression process to 1.9 GJ/t-CO»,
which is a 19% reduction from that with the MDEA solution. Additionally, the
pressurized desorption process to 4 MPa-CO; is estimated to reduce the total
energy to 1.6 GJ/t-CO,. RH-2b has been found to have a relatively high durability
to the actual coal gasification gas, as well as high performances as a high pressure
COs solvent.
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Chapter 6

The Kinetics and Thermodynamics of CO;
Capture by Aqueous Ammonia Derived
Using Meta-GGA Density Functional Theory
and Wavefunction-Based Model Chemistry
Methods

P. Jackson,! A. Beste,2 and M. 1. Attallal.*

ICSIRO Energy Technology, PO Box 330, Newcastle, NSW 2300 Australia
2Computer Science and Mathematics, Oak Ridge National Laboratories,
P.O. Box 2008 MS6367, Oak Ridge, TN 37831-6164
*Moetaz.attalla@csiro.au

A meta GGA-DFT study of CO; activation in aqueous
ammonia solutions, with an emphasis on the reaction barrier
and molecularity, has been undertaken using the M06-2X
functional with an augmented triple-zeta split-valence basis
set (6-311++G(d,p)). Up to five base molecules were treated
explicitly in order to establish the effects of solvent catalysis
in the chemical capture process. Aqueous free energies of
solvation were determined for optimised reactant and transition
structures using SM8/M06-2X/6-311++G(d,p). The concept of
the solvent pre-complex as presented by Dixon and coworkers
(Nguyen, M. T.; Matus, M. H.; Jackson, V. E.; Ngan, V. T.;
Rustad, J. R.; Dixon, D. A. J. Phys. Chem. A 2008, 112,
10386—10398) was exploited to account for the energetics of
disruption of the hydrogen-bonding solvent nano-network prior
to the CO; activation step. Selected gas- and aqueous-phase
thermodynamic quantities have also been derived.

Background

Global ammonia production peaked in 2009 at 153 million metric tonnes
(I). Most commercial production of ammonia is converted into fertiliser
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(ammonium bicarbonate, ammonium phosphate), explosives (ammonium nitrate),
or nitrous oxide (medical applications) via the degradation of the nitrate salt.
Another significant application is in the manufacture of synthetic fibres (e.g.
polyurethanes, nylon) and resins.

In 2010, ammonia was sold on global markets at an average price of
USD$390/ton (2). In comparison, 2-aminoethanol (ethanolamine, MEA), the
most widely used and intensively studied functionalised alkanolamine for
post-combustion capture, was sold at a price of USD$1631/ton in May 2010 (3).
Aside from the obvious cost benefits of using water/ammonia as a CO; capture
solvent, laboratory-based studies of this system have demonstrated that:

(i) it has a higher loading capacity than MEA on a per weight basis (4-6),

(i) regeneration of CO»-loaded ammonia solutions requires as little as one-
sixth the energy of loaded MEA solutions (7),

(iii) there is the potential for the single-step removal of NOy, SOy, HCI, HF
as well as CO> from pulverised fuel flue gas

(iv) heat-stable salts in the form of (NH4)>SO4 and NH4NOjs can be separated
from other process solids produced during carbon capture and on-sold as
fertiliser to help recoup any costs associated with solvent loss.

In general, the degradation products of ammonia, and ammonia itself, are not
as corrosive to pipes and reaction vessels as the degradation products of MEA
(MEA degradation products are described in References (8—17)). Oxalic acid is
one of many oxidative degradation products of MEA (/2) — its conjugate base
(oxalate) has excellent metal chelating properties which undoubtedly contribute
to the acceleration of corrosion in plants operating with this solvent.

Our group has recently demonstrated that organic amines, in particular
secondary amines such as piperazine, can react in an alkaline aqueous environment
with nitrogen oxides to produce nitrosamines (/3—15). Secondary amines,
including oxazolidinone and bis-N,N'-(2-hydroxyethyl)urea, are potential
nitrosamine or nitrosamide precursors that have been identified as significant
degradation products in spent MEA capture liquors (for example, see Strazisar
et. al. (9), and Jackson et. al. (16)). In addition, the synthesis of MEA
from ethylene oxide and ammonia results in the generation of mono-, di- and
tri-ethanolamine species; the synthesis of ethanolamines is kinetically controlled
to favour whichever of these products is desired, and separation is usually
achieved by distillation. As a result, low-grade MEA sometimes contains traces of
diethanolamine (DEA), a stable secondary alkanolamine which readily nitrosates.
To date, there is no evidence to indicate that the putative nitroso derivatives
of ammonia i.e. either nitrosoamine (H2NNO) or nitroamine (H2NNO3), have
significant lifetimes in either the condensed- or gas phases.

While there are many advantages associated with the use of aqueous ammonia
as a CO; capture system (3, 8, 17-20) there are also some disadvantages, which
include:
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(i) the need for refrigeration to limit solvent losses via slip, and
(i) slower reaction rates which translate to the need for larger absorption
towers and plant capital costs.

Significantly degraded ammonia solvents can also impact pumping system
performance if measures to reduce slurry formation/viscosity are not adopted.

A complete understanding of the kinetics and thermodynamics of the
ammonia/water/carbon dioxide system is an obvious goal for improving the
efficiency of the overall process. One particular aspect that has received recent
experimental attention is the transient nature of carbamate (NH,CO»~) in ammonia
capture solutions. Carbamates usually increase the regeneration energy of CO;
capture solvents, as their formation is usually significantly exoergic. It is also
not clear what role — if any — carbamic acid might play. For a process which
performs optimally at low temperatures (0-10 °C), it is desirable to minimise or
even eliminate carbamate formation via the manipulation of solvent equilibria.
You Jeong Kim et. al. (5) report that, while carbamate formation is prevalent in
the early stages of CO; capture by ammonia solutions, it is either unstable with
respect to the reactants, or it is particularly susceptible to hydrolysis. In this study,
the authors observed a rapid increase in [HCO3~] and an associated decrease in
[NH2CO,] as the solution pH fell to 9.14, very close to pKa.(NH4*) = 9.23 (21).
The co-existence of NH,CO,~ (8 = 166 ppm) and HCO3~-CO32~ (6 = 161.5-165.2
ppm) is clear in a 13C NMR study of ammonia solutions sparged with CO; (22).
In an excess of NH3, 13C NMR results suggests the following equilibria apply:

2NH; + CO, <> NH,CO, + NH,* K (293 K) = 3.68 x 10°
2NH; + CO, + H,0 <> CO;” + 2NH,* K (293 K) = 1.06 x 10?

When the ratio of CO; and NH3 is closer to 1, the molecularity of the dominant
CO; capture process is:

NH; + H,0 + CO, <> HCO;™ + NH,* K (293 K) = 1.02 x 10°

HoSeok Park et. al. (23) have used two-dimensional IR spectroscopy to
demonstrate that both the solution pH and bicarbonate concentration profoundly
affect carbamate abundance, and are strongly interdependent. Brooker and Wen
(24) used both Raman and 13C NMR spectroscopies to study the NH,CO,/HCO3~/
CO327/NH4"/NH3 aqueous system. These authors used peak integration (after an
appropriate scattering correction) to quantify the species of interest, and found that
in 2.00 mol/kg unbuffered solutions of ammonium bicarbonate, 16 % of the CO>
was in the form NH>CO;~ + CO32-, whereas for an unbuffered solution of sodium
carbonate and ammonia, there were no detectable quantities of either carbamate
or bicarbonate. The weight of experimental evidence suggests that, as the pH of
the solution falls during CO, capture, conditions become favourable for carbamate
hydrolysis and bicarbonate formation.
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Arstad et. al. (25) have used composite (G3MP2B3) and density functional
(B3LYP) computational methods to examine the effects of base catalysis on
the activation energies of the CO» capture reactions involving NH3;, MEA, and
DEA. Energies were adjusted using the polarisable continuum models IPCM
and SCIPCM, however the authors report reaction enthalpies at 0 K, rather than
free energies at 298 K. Nonetheless, their results confirm the importance of a
second base molecule acting directly as a proton transfer catalyst to reduce the
activation energy. For MEA, they also found that the mechanism which produced
the best activation energy estimate involved a second alkanolamine molecule
acting as the proton transfer catalyst. For carbamic acid formation catalysed by
a single water molecule plus ammonia, they obtained activation energies ranging
from 52-87 kJ mol-! (52 kJ mol-! = IPCM(g)//B3LYP/6-31G**, 87 kJ mol~!
= SCIPCM+MP2/6-31G**//B3LYP/6-31G**). These authors also suggest that
there is insufficient theoretical information to completely discount a zwitterion
type mechanism, at least for MEA. Kim et. al. (26) have used coupled cluster
calculations with an augmented correlation consistent double-zeta basis set to
investigate:

(i) ammonia-catalysed CO capture to form carbamate, and
(ii) the reaction between CO; and water, producing (short-lived) carbonic
acid.

The best activation energy estimate for CO» capture leading to carbamic
acid is 74.9 kJ mol-!, with the inclusion of isodensity polarisable continuum
model (IPCM) solvation effects lowering this energy to ~ 30 kJ mol-!. The
activation energy for the formation of carbonic acid is ~ 47.0 kJ mol-! according
to these calculations. These authors propose that the direct conversion of
carbamate/carbamic acid to bicarbonate/carbonic acid does not take place, but
instead a step-wise hydrolytic process generates aqueous CO; which in turn reacts
separately with an aqueous ammonia molecule.

The calculations presented in this chapter have been performed in an attempt
to describe the CO, activation reaction in aqueous ammonia as accurately as
possible, with an emphasis on:

(i) heats and free energies of formation for NH>CO,~ and NH,CO-H in the
condensed phase,

(i1) reproducing these and other condensed phase thermodynamic quantities
(including activation energies) for NH3/CO> capture products using
combined ab initio and semi-empirical methods,

(iii) a better understanding of the molecularity of the CO, capture reaction,
and

(iv) identifying the trigger for the observed carbamate decomposition in
experiments at ~ pH 9-10.

There are experimental difficulties associated with measurements of the CO»/
ammonia system, which is evident in the wide variation in literature reaction rates
and mass transfer values (27).
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Computational Methods

We have relied on the Minnesota 2006 meta-density functional (28) in
conjunction with an augmented triple-zeta split-valence basis set (M06-2X/
6-311++G(d,p)) for the calculation of relative isomer energies and activation
energies. Others have demonstrated that the M06 meta-density functional
outperforms the widely-used B3LYP hybrid functional in most areas, and in
many cases performs as well as CCSD(T) calculations with similar-sized basis
sets for reaction energies and barrier heights (29). All M06-2X calculations
were performed with the GAMESS Revision 1 software package (30). The
MacMolPlt 7.0 program (3/) was used for visualization. To assess the accuracy
of the meta-GGA DFT calculations, the model chemistry method CBS-QB3 (32,
33), as implemented in the Gaussian software suite (34), was also used to derive
gas-phase heats of formation for NH,CO>H and NH>CO,~. This method can
produce thermochemical quantities to within 4-8 kJ of experiment.

Meta-DFT gas-phase geometry optimisations were performed using a
Newton-Raphson steepest descent algorithm until a stationary point was located,
characterised by a gradient less than 0.0001. We have used the software author’s
recommended density of grid points to reduce integration errors in the DFT
exchange-correlation quadrature to less than 1 microhartree per atom, namely
NRAD = 96, NTHE = 36 and NPHI = 72, producing 248832 grid points per
atom. Vibrational analysis was performed for all stationary points. All transition
structures located exhibit a single imaginary vibrational frequency (NIMAG
=1). Gas-phase molar heat capacities (Cp, Cy), entropies, enthalpies and free
energies at specified temperatures for both molecules and ions were provided by
the GAMESS program using standard statistical mechanical equations applicable
to the rigid rotor-harmonic oscillator approximation (35).

When combined with SMS8 solvation free energies (SM8/M06-2X/6-
311++G(d,p)) and appropriate thermodynamic cycles, aqueous free energies of
formation can be obtained and various thermodynamic properties determined for
solvated species with reasonable accuracy (within 12 kJ mol-1).

SMB8 single-point calculations for optimised gas-phase geometries, as well
as optimisations in the liquid phase, were performed using the GAMESSPLUS
software (36). AGsoln Within the SM8 theory is defined as:

AGgo, = AGgp + Geps

where AGgp is an electrostatic component accounting for solute-solvent
interactions (solvent rearrangement and solute electrostatic adjustment energies),
and Gcps is a term dependent on atomic surface tensions and solvent-exposed
solute surface area. In certain instances e.g. the evaluation of aqueous enthalpies
of formation, the temperature dependence of AGgom over the temperature range
273.15-373.15 K was evaluated; the effect of temperature is accounted for in
the AGgp term by a quadratic equation describing the variation in the dielectric
conductivity of water with temperature, whereas the heat capacity and entropy
changes in solution are accounted for with parametrized surface tensions. Class
IV atomic charges were chosen for these calculations, and the recommended
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fraction of Hartree-Fock exchange was used in the charge- and solvation parts
of the SM8/M06-2X calculations (HFE = 0.54). Standard thermodynamic
parameters for the solvent water were used throughout.

Results
NH;CO:H Isomers

The M06-2X/6-311++G(d,p) and CBS-QB3 results confirm the earlier MP2
results of Remko et. al. (37) for the relative energetics of the syn- versus anti-
conformers of gas-phase carbamic acid, i.e. the syn- isomer (Scheme 1) is the most
stable conformer with free energy differences AGaog (syn/anti) = +37.6 kJ/mol
(M06-2X) and AGaoeg (syn/anti) = +30.8 kJ/mol (CBS-QB3).

0
HoN—4
0

H

0
HN—
O_

H

syn-carbamic acid anti-carbamic acid

Scheme 1. Syn- and anti- carbamic acid structures.

Gas Phase Energetics: Carbamic Acid and Carbamate

The hypothetical isodesmic reaction presented in Scheme 2 was used to
evaluate AHf NH,CO,H (g):

OH 0 0 HoN
e +  HNA — N4+
o NH, OH

(0]

acetic acid urea carbamic acid acetamide

Scheme 2. Hypothetical isodesmic reaction producing carbamic acid from acetic
acid and urea.

With the exception of carbamic acid, the experimental gas phase enthalpies
of formation for all species in Scheme 2 are known with reasonable accuracy (< 1
kcal mol~! error, see Table I); a theoretical reaction enthalpy at 298 K can be used
to ascertain AHr NH2,CO,H(g) according to Equation 1:

AH; NH,CO,H = AH,; (theory) + AH; CH;COOH +
AH; NH,CONH, — AH; (CH;CONH,) 1)
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The M06-2X and CBS-QB3 reaction enthalpies plus experimental formation
enthalpies relevant to the evaluation are presented in Table 1.

The value determined using M06-2X is: AHf NH,CO,H (g) =-438.3 + 9 kJ
mol-!. The error incorporates a reasonable estimate of 4 kJ for the uncertainty
in the theoretical reaction enthalpy. To confirm the accuracy of the M06-2X
approach, the reaction enthalpy was also calculated using the CBS-QB3 model
chemistry method. The result is almost identical: CBS-QB3 AHr NH,CO-H (g)
=-438.1 = 9 kJ mol-!. It was noted that the B3LYP frequency calculation in the
CBS-QB3 evaluation for syn-NH>CO>H produced an imaginary frequency of
118i cm~!, which affects the CBS enthalpy via the zero point and internal energy
contributions. Nonetheless, the good correspondence between the two values
supports the ostensible accuracy of M06-2X for thermochemical values.

Table I. Thermochemical values relevant to Scheme 2 for the neutral and
corresponding anion reactions.

R(g) = AHr R (g) 298 K, kJ mol~1
CH3COOH, acetic acid® 433 £ 3
CH3COOQO-, acetate? -503.7 £ 12
NH,;CONH;, urea¢ 2355+ 1.2
CH3CONH),, acetamide -238.33 + 0.78
AH; (Scheme 2) M06-2X -8.1
AH; (Scheme 2) CBS-QB3 -1.9
AH; (Scheme 2, anion) M06-2X¢ -8.3
AH; (Scheme 2, anion) CBS-QB3¢ -6.2
PA(CH3COO"), M06-2X 1453.4
PA(CH3COO"), CBS-QB3 1459.5

@ From (38); ¢ From (39); ¢ Corresponding values for the anionic equivalent (conjugate
base) of Scheme 2

When the following substitutions are made: acetate for acetic acid and
carbamate for carbamic acid in Scheme 2, and acetate for acetic acid in Equation
1, the gas phase enthalpy of formation of carbamate anion (NH>CO>") at can also
be determined in the same way. Values obtained are: M06-2X, AHz, NH2CO27(g)
=-509.2 £ 21 kJ mol~!, CBS-QB3, AHf NH>CO,~ (g) = -507.1 £ 21 kJ mol-L.
The large uncertainties (21 kJ mol~!) are predominantly due to the experimental
uncertainty for AHr CH3COO~ (see Table I). Substituting the experimental heat
of formation of acetate with a theoretically-computed value should substantially
reduce the associated error in AHf NH,CO;7(g). The theoretical values for AHr
CH3CO,~ (g) are M06-2X: -509.6 £ 7 kJ mol-1, CBS-QB3: -503.5+ 7 kJ mol—1, as
determined using the M06-2X and CBS-QB3 proton affinities (PA’s) together with
experimental heats of formation for H* (g) and CH3COOH (g). Experimentally,
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AHr H* (g) is known accurately to three decimal places (38). From this: M06-2X
AH; NH>CO7(g) = -515.1 + 13 kJ mol~!, CBS-QB3 AH¢ NH2CO»(g) =-506.9 £
13 kJ molL.

The gas-phase frequencies of NH.CO,H and NH>CO;~ can be used to
calculate theoretical entropies using standard statistical mechanical equations:
S208 k NH,COH (g) =289 J mol~! K-1 and Sz9sx NH,CO,~ (g) =269 J mol-1 K-1.
This leads to M06-2X gas phase free energies of formation: AGf NH,CO-H (g) =
-524.4 £ 9 kJ mol™!, and AGs NH2CO»~ (g) =-595.4 + 13 kJ mol~!. These values
will be used in the subsequent derivation of thermodynamic properties pertaining
to the aqueous ammonia/CO; capture system. Other thermochemical quantities
derived from the M06-2X/6-311++G(d,p) calculations include A,.idG(INH2CO,H)
=1426.6 kJ mol~!, and A.citH(NH2CO,H) = PA(NH2CO>~) = 1453.3 kJ mol-1.

Solvation Free Energies

To establish the best values for ion and neutral solvation free energies, single
point SM8 calculations were performed for each optimised gas phase structure
in Scheme 2 (neutrals and ions). As the AGsgen values obtained in this fashion
(denoted Asoln(1) in Table IT) do not account for relaxation of the gas phase structure
in solution, optimisations were also performed in the polarised continuum. The
AGsomn values calculated with the optimised solution structures correspond to the
true or relaxed AGsoln values for the level of theory employed, and are denoted
AGsoin(2); these values may not agree as well with experiment, but this needs to
be assessed. Both sets of values were corrected for the reference standard state
of 1 mole/litre in the gas phase and are presented in Table II. Values have been
calculated across the temperature range 273-373 K in order to apply the van’t Hoff
equation to determine aqueous reaction enthalpies.

The relaxed free energies of solvation predicted by SM8 theory (AGsoin(2)) are
typically within 6 kJ mol-! of the experimental values, with the notable exception
of acetic acid, for which the error appears to be almost 14 kJ mol~!. Note that the
experimental value presented for urea was derived using the experimental value
for acetone (-16.1 kJ mol-!, (42)) together with Helmholtz energies produced by
Monte Carlo simulations of acetone/water, acetamide/water and urea/water (47).
Relaxed free energies of solvation, as described above (AGsoin(2), see Table II)
are used in subsequent evaluations. In order to evaluate a reaction enthalpy for
carbamic acid and carbamate, standard enthalpies of solvation are needed for all
the reactants and products in Scheme 2, together with an aqueous reaction enthalpy.
Experimental enthalpies of solution are available for acetone (42): AHsoln =-40.9 +
0.9 kJ mol~!, urea: AHsoln =-72.2 kJ mol™! (no uncertainty stated, (42)), and acetic
acid: AHgsoln =-52.8 = 1 kJ mol™! (42). The experimental enthalpy of solution for
acetate anion is: AHgoln = -423 kJ mol~! (43). Using appropriate thermodynamic
cycles and the isodesmic reaction presented in Scheme 3, a value for the enthalpy
of solvation of acetamide, and thus AHf CH;CONH> (aq), was determined. A van’t
Hoff plot of InK vs 1/T using the free energies of reaction over the temperature
range 273-373 K was used in this evaluation. The relevant energies are presented
in Table III.
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Table II. Free energy of solvation (AGsom) for the neutral and anionic participants in the isodesmic reactions (Scheme 2) involving

carbamate and carbamic acid. AGson(1) denotes a value determined with the optimised gas phase geometry, whereas AGson(2)

g denotes the true value obtained using the solution-optimised structure. All values in kJ mol-1.
.‘g § Temp. acetamide urea acetic acid acetate syn-carbamic acid carbamate
g5 (K) CH;CONH> (NH>):CO CH3;COOH CH3;COO~ NH>COOH NH>COO~
§ %. AGsoin(1)  AGsoin(2)  AGsoin(1)  AGsom(2)  AGsom(1)  AGsom(2)  AGsom(1)  AGsom(2)  AGsoin(1)  AGsoin(2)  AGsoin(1)  AGsoin(2)
% % 273.15 -31.4 -37.5 -50.1 -55.5 -16.2 -17.2 -318.8 -321.7 -43.5 -46.1 -345.2 -352.5
'ﬂé 283.15 -30.1 -36.2 -48.7 -54.1 -15.0 -16.1 -317.8 -320.7 -42.2 -44.7 -344.0 -351.3
% :C}: 298.15 -28.3 -34.4 -46.7 -52.1 -134 -14.5 -316.4 -319.3 -40.2 -42.7 -342.1 -349.4
g _.i 303.15 -27.7 -33.8 -46.0 -51.4 -12.9 -14.0 -315.9 -318.8 -39.5 -42.1 -341.5 -348.8
g %; 313.15 -26.5 -32.6 -44.6 -50.0 -11.9 -13.0 -314.9 -317.8 -38.2 -40.8 -340.2 -347.5
H 8—\] 323.15 -25.4 -31.4 -43.2 -48.6 -10.9 -12.0 -314.0 -316.9 -36.9 -39.4 -338.9 -346.2
EE ;% 373.15 -19.8 -25.8 -36.2 -41.6 -6.5 -7.5 -309.5 -312.3 -30.3 -32.8 -332.1 -339.3
g g ngg X -40.6¢ -58.7b -28.03¢ -322.2¢ N/A N/A
O o . .
%L: § Temp. (K) Standc(z;’a;) Ztrati c?rr;;le(flnzfz])values Temp. (K) Standc(z;’a;) Zt’fzti c;)rr;;leoclnzfz])values
2% 273.15 7.1 313.15 8.5
% é: 283.15 7.4 323.15 8.8
é 298.15 7.9 373.15 10.6
a 303.15 8.1

a From (40); ¢ Derived using data presented in (47); ¢ From (42)
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(0]

0 NH, 0

acetone urea acetamide

Scheme 3. Isodesmic reaction used to determine the aqueous solvation enthalpy
(4Ho1n) of acetamide.

The AGrn values in Table III were used to evaluate equilibrium constants
for the reaction in Scheme 3. The van’t Hoff plot yielded a straight line of
slope +4843.9 (-AH(aq)/R), 12 = 1.00. Thus, the aqueous reaction enthalpy for
Scheme 3 determined in this fashion is -40.3 kJ mol-!, and AHf CH;CONH;
(aq) = -292.7 kJ mol~!. We do not state uncertainties for these values, but it
is worth noting that the experimental gas phase reaction enthalpy for Scheme
3 (AHpan (expt) = -44.7 kJ mol!), derived using values in the first data row of
Table III, is approximately twice the value of the gas-phase reaction enthalpy
predicted using CBS-QB3 (-21.3 kJ mol-!), M06-2X/6-311++G(d,p) (-23.5 kJ
mol~1) and M06-HF/6-311++G(d,p) (-23.8 kJ mol~!). The excellent agreement
between the different theoretical reaction energies, which apply different mixtures
of pure and approximated exchange energy, suggests that the DFT exchange
approximation is not the cause of any error. Resonance structures for acetamide:
CH3—C(—O")(=NH>*) and urea: HoN—C(—O~)(=NH2*) <> HoN*=C(—-O~)(—NH>)
indicate that the problem could be related to the single reference description of
these molecules. To assess this, the T1 diagnostics (44) for urea and acetamide
were computed at the CCSD(T)/cc-pVTZ//M06-2X/6-311++G(d,p) level. Values
of T1 > 0.02 suggest multi-reference character for the species in question. Results
for urea (0.01375, largest amplitude 0.045) and acetamide (0.01417, largest
amplitude 0.0257) identify a potential source of error. The GBI diagnostic
value (45) of 26.5 kcal mol-! for urea (i.e. AE(BILYP/BLYP — BLYP) > 10
kcal mol~! for any reasonable basis set) confirms this situation, which will also
apply to carbamic acid. Experimental energies have been used where possible,
although the paucity of aqueous heats of formation makes the use of theoretical
values unavoidable in the final determinations. Finally, we note that the M06-2X
calculated proton affinity (PA) of urea is in excellent agreement with the value
determined by Cooks (46) (M06-2X: 868.4 kJ mol~1, Expt.: 873.5+ 5.0 kJ mol-1).
The difference between the theoretical and experimental PA values for acetamide
is slightly larger (M06-2X: 851.2 kJ mol~!, Expt.: 863.6 kJ mol-1), but this could
be due to the method used for the determination of the experimental value.

We are now in a position to evaluate the aqueous heats of formation of
carbamic acid and carbamate according to Scheme 2 and Equation 1. The
theoretical free energies used for the van’t Hoff plot determination of the aqueous
reaction enthalpy (Scheme 2) are presented in Table IV.
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Table III. Energies used in the determination of AHy CH3CONH; (aq).

(1 2 3)
Acetone Urea Acetamide
CH3;COCH3; (NH>),CO CH3;CONH;
AHy (gas, 298 K) kJ mol~! -2185+ 0.6 2355+ 1.2 -238.33 £ 0.78
AHsoin (expt.) -40.9 £ 0.9 -72.2 -
Temp. (K) MO06-2X/6-311++G(d,p): solution energies (Hartree) AGrn (1) + (2) = 2 x (3)
Acetone Urea Acetamide (kJ mol~1)
273.15 -193.0762450 -225.2433580 -209.1677121 -41.9
283.15 -193.0759113 -225.2429360 -209.1673497 -42.0
298.15 -193.0754389 -225.2422971 -209.1668151 -42.1
303.15 -193.0752887 -225.2420824 -209.1666392 -42.1
313.15 -193.0749994 -225.2416511 -209.1662910 -42.2
323.15 -193.0747247 -225.2412169 -209.1659478 -42.2
373.15 -193.0735683 -225.2390047 -209.1643091 -42.5
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Table IV. Energies relevant to the determination of AHf NHCOOH (aq), refer to Scheme 2.

AHy (aq, 298 K) kJ mol~!

(1) ) 3) 4)
acetic acid urea acetamide carbamic acid
CH;COOH (NH2)>CO CH;CONH; NH>COOH

-486 + 4 -307.7+£1.2 -292.7 -

Temp. (K)

MO06-2X/6-311++G(d,p): solution energies (Hartree)

acetic acid

urea

acetamide

carbamic acid

AGrn (1) +(2) > (3) + (4)
(kJ mol=1)

273.15
283.15
298.15
303.15
313.15
323.15
373.15

-229.0475751
-229.0472424
-229.0467630
-229.0466085
-229.0463073
-229.0460167
-229.0447194

-225.2433580
-225.2429360
-225.2422971
-225.2420824
-225.2416511
-225.2412169
-225.2390047

-209.1677121
-209.1673497
-209.1668151
-209.1666392
-209.1662910
-209.1659478
-209.1643091

-245.1304901
-245.1311508
-245.1321702
-245.1325222
-245.1332326
-245.1339592
-245.1378305

-19.2
-22.0
-26.3
-27.7
-30.6
-33.6
-48.8
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The plot yielded a straight line of slope -7380.4 (-AH(aq)/R, r2 = 0.999)
producing AHr, = 61.4 kJ mol~!. From this, AHf NH>COOH (aq) = -439.6 kJ
mol~!. This value is very close to the gas phase heat of formation AHs NH,COOH
(g) = -438.3 £ 9 kJ mol~!, although the errors in the aqueous values used in the
derivation (~ 20-30 kJ mol-!) mean the enthalpies could in fact be quite different.

Using the same approach for the anion reaction (Scheme 2), a plot with slope
3128.2 (-AH(aq)/R, 2 = 1.00) was obtained. The relevant acetate and carbamate
energies are presented in Table V.

The slope corresponds to AHpn = -26 kJ mol™! for the anionic isodesmic
reaction in the aqueous phase. Using the values given in Table IV for aqueous
heats of formation of acetamide and urea, together with the values for the enthalpy
of solution (-423 kJ mol-!) and the M06-2X gas phase heat of formation for acetate,
AH¢ NH,COO~ (aq) = -973.6 kJ mol~! is obtained.

We are interested in how this value compares with a direct evaluation of the
aqueous heats of formation using AGsoin(2) values from Table II, together with an
aqueous entropy evaluated using the frequencies from an “aqueous” hessian. As
previously noted, the performance of M06-2X/6-311++G(d,p) in predicting gas
phase enthalpies and free energies of reaction involving NH>CO,H and NH,CO»~
is quite reasonable when measured against CBS-QB3 model chemistry values;
the AGsoin(2) values introduce tolerable errors. Direct evaluation produces the
following values: AGf NH>CO:H (aq) =-567.1 £ 15 kJ mol~!, and AGs NH,CO,~
(aq) = -944.8 + 19 kJ mol~!. A conservative error of 6 kJ mol~! is included for
the AGsoln(2) values. The entropies derived from the aqueous-hessians are: Sog
k NH2COzH (aq) = 282.5 J mol~! K1 and Sz98 k NH2CO>~ (aq) = 268.9 J mol~!
K~1. From AH = AG + TAS: AHf NH,COOH (aq) = -482.9 + 19 kJ mol~! and
AHf NH2CO»~ (aq) = -864.6 + 23 kJ mol~1. The van’t Hoff values rely heavily on
hypothetical isodesmic solution reaction energies (with attendant errors associated
with the numerous theoretical AGsoln Values used), whereas the values determined
with the aqueous hessian primarily rely on the accuracy of gas-phase energies
(usually good) and solution frequencies; we consider the latter values to be more
reliable. We now turn our attention to pK, (NH2CO2H).

pKa of NH,CO:H

The experimental determination of this value is complicated by the existence
of numerous coupled equilibria, as well as the instability of the acid species itself.
The theoretical value at 298 K depends on the accuracy of the prediction of AGsomn
for NH2CO,H and NH2CO;™; an accurate experimental value for the free energy
of solvation of the proton has been determined (-1112 + 8 kJ mol-L, (47)).

A cluster approach was taken for the evaluation of the pK, of carbamic acid,
in particular for the carbamate ion, because of the likelihood of strong localized
ion-solvent interactions. In such instances treating additional solvent molecules
explicitly can improve predicted pK, values (48, 49). The following reaction for
the deprotonation of carbamic acid in solution was considered for a = 0-2:

NH,CO,H + aH,0 — NH,CO, .(H,0), + H'
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Table V. Energies relevant to the determination of AHy NHCOO~ (aq),
refer to Scheme 2.

Temp. (K) MO06-2X/6-311++G(d,p): solution energies AGn (kJ mol=1)

(Hartree)
acetate carbamate Scheme 2
273.15 -228.6139251 -244.6978890 -22.0
283.15 -228.6136483 -244.6975008 -21.9
298.15 -228.6132359 -244.6969046 -21.7
303.15 -228.6130977 -244.6967006 -21.6
313.15 -228.6128239 -244.6962892 -21.5
323.15 -228.6125513 -244.6958703 -21.3
373.15 -228.6112124 -244.6936754 -20.6

The importance of the correct reference state has been outlined by Goddard
and co-workers (49). Corrections are necessary when the number of moles of
products and reactants differ in the gas-phase (AG*~* = nRTIn(24.46)) and when
the concentration of water changes with solute addition i.e when water molecules
are incorporated in the anion reaction product in Scheme 4. In this case, AG—" =
-nRTIn(55.34), where [H20(liq)] = 55.34 mol L-! and n = moles water consumed
by the reaction. The optimised solvated anion structures used in the determinations
are presented in Figure 1.

-

Figure 1. Carbamate anion solvated by one (left) and two (right) water
molecules. White atoms = hydrogens; black = carbon, red = oxygens, blue =
nitrogen. Hydrogen bond lengths in angstrom. (see color insert)

Using the relation pKa = AGno/RTIn10, and the experimental value
AGson(H20) = -26.44 kJ mol~!, pKs(NH,CO;H) can be determined from the
reaction given above. Table VI contains the data necessary for the calculation of
these values using the clustered-anion approach.
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Table VI. Gas-phase clustered-anion binding energies (AGypina

NH>CO;:".aH;0y)), clustered-anion free energies of solvation (AGso
NH>CO;~.aH,0), gas- and liquid-phase standard state corrections and pK,

values for NH,CO,H.

kJ mol~!
a= AGping AGgoin nAG™=*  ndG—* SM8
NH>CO:;~.aH>0y) NH>CO;.aH>0 K,
0 0.0 -333.0 7.93 0 5.7
1 44.9 -300.8 0 9.95 52
2 70.3 -290.6 -7.9; 19.9 43

A minimum error of 1.5 pK, units (the uncertainty in the experimental value
for AGsoim HY) is suggested for the theoretical pK, values. The theory predicts that
the pKa of carbamic acid is similar to that of carbonic acid (pK, = 6.35), and is
much lower than the pH at which carbamate hydrolyses, which indicates carbamic
acid isn’t an important intermediate in the decomposition of carbamate during
CO; capture. The experimental observation that carbamate hydrolyses readily
near pH 9 lends support to the hypothesis that ammonium ions play a key role in
the reversion of carbamate to NH3(aq) and COx(aq). Supporting this, the authors of a
recent coupled-cluster theoretical study (26) noted that the transition structures for
the direct conversion of carbamate to bicarbonate — a reaction that must involve
at least one water molecule — were associated with high activation energies. On
the basis of this information, the conversion of carbamate to bicarbonate appears
to occur in 3 distinct steps: ammonium ion formation, ammonium-catalysed
decomposition of carbamate to NH3 and CO,, and the reaction of aqueous carbon
dioxide with water to produce bicarbonate. The computed aqueous reaction free
energy for syn-NH,CO,H — NH; + CO; at the SM8/M06-2X/6-311++G(d,p)
level is 23.7 kJ mol-!; so at 298 K, the equilibrium lies towards the reactant (K
= 6.95 x 1073). For the equilibrium: 2NH3 + CO, <> NH>CO,~ + NH4", the
computed free energy change (from neutral to ionic products) is -73.3 kJ mol-1,
which gives K = 7.03 x 1012 (K (expt, 293 K) = 3.68 x 103 (22)). The large
difference between the experimental and theoretical equilibrium constants may
be attributed to a number of factors, including free energy of solvation errors
and differences in the experimental and ‘theoretical solution’ ionic strengths. In
spite of this, the parallels in the chemical behaviour of carbonic and carbamic
acids are clear. The molecularity of the NH3/CO; capture reaction and the role of
ammonium ions is explored in the next section.

Transition Structures for the Activation of CO; by Water/Ammonia

In this section, we present transition structures (TS’s) for the reactions given
in Scheme 4:
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aNH3 + szO + C02 - (a—l)NH3 + szO + NHQCOQH

aNH; + bH,0 + CO, — (a-2)NH; + NH," + bH,0 + NH,CO,~

Scheme 4. The CO; activation reactions explored using SM8/M06-2X/6-
31++Gd,p).

The premise of this study is as follows: the TS’s are computed using M06-
2X/6-311++G(d,p) in the gas phase for a + b =n, where n <4 i.e. up to 3 catalyst
molecules (plus ammonia and CO») are treated explicitly using DFT. Single-point
aqueous free energies of solvation are then computed for the gas phase structures
to approximate the long-range solvent effects. It is expected that, as the number
of base (catalyst) molecules treated explicitly using DFT increases, the gas phase
free energy of activation should converge to the aqueous free energy of activation.
In other words, the contribution of the polarisable continuum to the free energy of
activation becomes negligible as the electrostatic field of the reactant microdroplet
swamps the continuum field.

Aqueous bicarbonate formation has been studied by Dixon and co-workers
(50). They calculated the activation energies relative to a reactant pre-complex
of base molecules. = We have used the same approach for carbamate
formation/decomposition, but instead of using coupled-cluster theory and the
COSMO solvation models, we have used SM8(g)/M06-2X/6-311++G(d,p).

Bimolecular Activation of COz (a =1, b = 0)

The simplest aqueous ammonia capture reaction is bimolecular and
corresponds to NHj3 reacting directly with CO;; the gas-phase TS is presented in
Figure 2 (®im = 16581 cm™1). The final product of the reaction is anti-NH>CO,H.
The OCO bond angle is 138°, and the principle motion of the reaction coordinate
is hydrogen migration from the ammonia to one of the CO, oxygen atoms; the
TS possesses Cs symmetry. The migrating hydrogen is 1.255 A distant from its
original nitrogen centre, and 1.295 A from the nucleophilic oxygen; the bond that
this oxygen makes with the carbon atom has also stretched to 1.274 A (relative
to 1.155¢ A in free CO»).

Figure 2. TS for NH3+CO; gas phase reaction. White atoms = hydrogens, black
= carbon; red = oxygens, blue = nitrogen. The red arrows describe the atomic
motions associated with the reaction coordinate. (see color insert)
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Termolecular Activation of COz (a=1,2andb =10, 1;a+b=2)

A base molecule - either water (w) or ammonia (@) - can act in a catalytic
proton-acceptor/donor role to lower the activation energy of the capture reaction.
The two gas-phase TS’s located are presented in Figure 3. Note that a hydrogen
atom from the solvent catalyst is incorporated in the carbamic acid product, rather
than a hydrogen atom from the ammonia molecule which forms the N-C bond.

w

L 2
\».-(

Figure 3. CO; activation by ammonia plus one other base molecule. Left: ‘aa’,
(base = ammonia, win = 661i cm~1); right: ‘aw’ (base = water, win = 1434i
cm™1). (see color insert)

The major differences in the structures are the orientation of the catalytic
molecules relative to the product molecule (see Figure 4), and the relative distances
of the migrating hydrogen atoms from their origins. Both migrating hydrogen
atoms are close to the catalytic molecule and relatively ‘distant’ from their origins
when CO, is activated by 2 ammonias in aa (fnear = 1.473 A, rno = 1.697 A);
when the catalytic base molecule is water, the TS bond lengths are closer to those
for direct or unassisted CO> activation by ammonia (tNcar-0 = 1.070 A, rh0=1.249
A). The imaginary frequencies associated with each TS are wim = 661i cm™! (aa),
®im = 1434i cm™! (aw). The path followed by the migrating hydrogen atoms in the
ammonia-catalysed reaction make angles of ~ 40° with the plane containing the
N,C,0 atoms incorporated in the product molecule, whereas the migrating atoms in
the water-catalysed reaction are only slightly displaced from this plane (9°, 13.7°).

-4 oge

Y’

Figure 4. TS's for CO; capture by ammonia catalysed by: (left) an additional
ammonia molecule, ‘aa’; (vight) a water molecule, ‘aw’. The view is along the
N-C bond that is forming between CO; and the ammonia molecule incorporated
in the product (anti-carbamic acid). (see color insert)
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a=1-3and b = 0-2; a + b = 3: Explicit Treatment of Two Catalyst Molecules

The addition of two or more catalyst molecule adds additional complexity
to the activation reaction; the number of geometric arrangements is 2V, where
N = number of catalyst molecules, and this only concerns the order of catalyst
molecules acting in a hydrogen “shuttling” capacity. For this study, we sought
to locate transition structures in which all explicitly-modelled base molecules
were involved directly in either transferring or solvating the migrating proton.
The polarisable continuum should adequately account for any other energy
contributions.

In total, four TS’s were found for two base molecules catalysing the ammonia
activation of CO,. These are presented in Figure 5.

Figure 5. Transition structures for the base-catalysed activation of CO2, a + b
=3 in Equation 4. From left to right: a =1,b =2, ‘aww’;a=3,b=0, ‘aaa’; a =
2,b=1, ‘awa’; a=2,b =1, ‘aaw’. (see color insert)

From left to right in Figure 5, the imaginary frequencies associated with
the hydrogen migration reactions are: 10961 cm™!, 694i cm~!, 11541 cm™!
and 278i cm~l. Inspection of the TS’s suggests that an ammonia molecule
positioned near the CO» group acts as a terminal proton acceptor leading to an
ammonium/carbamate ion pair, whereas a water molecule proximal to the CO,
leads to anti-carbamic acid. This is supported by the C-O bond lengths: 1.263
and 1.206 A for aww; 1.231 and 1.228 A for aaa; 1.231 and 1.231 A for awa;
and 1.255 and 1.215 A for aaw. A decreasing N-C bond length in the activated
complex is another trend which emerges as the microsolvation of the transition
structures increases i.e. for direct (unassisted) activation, rnc = 1.573 A; catalysis
by one base molecule: e = 1.536 A (aa), r~ne = 1.547 A (aw), and rnc =
1.504-1.526 A (2 catalyst molecules).

a=1-4and b = 0-3; a + b =4: Explicit Treatment of Three Catalyst Molecules

There are 8 possible arrangements for 3 catalytic base molecules participating
in CO; activation. The relevant TS’s are presented in Figure 6.

116
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): May 3, 2012 | doi: 10.1021/bk-2012-1097.ch006

Downloaded by STANFORD UNIV GREEN LIBR on June 15, 2012 | http://pubs.acs.org

Figure 6. Transition structures for the base-catalysed activation of COz, a + b =
4 in Equation 4. From left to right, top row a =1, b =3, awww,; a =2, b =2,
awwa, awaw and aaww; bottom row a = 3, b = 1 aawa, awaa and aaaw, and a

=4, b =0, aaaa. (see color insert)

The imaginary frequencies associated with the structures presented in Figure
6 are 6861 cm! (awww), 9871 cm™! (awwa), 10531 cm™! (awaw), 712i cm™!
(aaww), 7231 cm™! (aawa), 10291 cm™! (awaa) 5931 cm™! (aaaw) and 731i cm™!
(aaaa). Inspection of the TS’s reveals that solvation of the proton is important
when a water molecule is positioned near the ammonia molecule which forms the
carbamate N-C bond (see awww, awwa, awaw and awaa). The water molecule
in this position is involved in concerted proton accepting and donating (proton
shuttling). Another feature of these TS’s is that, in all instances, the fourth base
molecule in the activating “chain” only appears to play a solvating role. When a
second ammonia molecule is positioned near the carbamate-forming ammonia,
it only acts as a proton acceptor, with the remaining bases solvating the TS. The
values for INC follow the bond-shortening trend identified previously, and ranges
from 1.494 A (awww) to 1.540 A (awaa and aaaa), while the C-O bond lengths
indicate carbamate (rather than carbamic acid) formation in all instances (rco =
1.22-1.24 A).

Gas-Phase Activation Energies

The gas phase free energies of activation are plotted in Figure 7. This is
highest for the direct reaction between CO, and one NH3 molecule, 207.4 kJ mol-1;
there is a sharp decrease (av. ~ 70 kJ mol~!') when the number of participating
molecules increases by one (a + b = 2), another decrease of av. ~ 23 kJ mol-!
when 3 base molecules participate (a + b = 3), and a further decrease of av. ~ 17
kJ mol~! when a + b =4. ‘aaww’ in Figure 6 corresponds to the reaction with the
lowest gas-phase activation energy (86.9 kJ mol-1). The effect of the continuum
solvent field on the activation energies is discussed below.
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Gas-phase Activation Energies
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Figure 7. Variation of gas-phase activation energies with increasing numbers of
participating base molecules.

Aqueous Activation Energies

The aqueous free energies of activation are plotted in Figure 8. The direct
activation (a, bimolecular) is once again the least favourable pathway, however
the termolecular reaction involving two ammonias (aa, AG! = 34.8 kJ mol),
and pathways involving ammonia molecules proximal to the carbamate-forming
ammonia i.e. ammonia acting in a proton-accepting capacity e.g. aaw AG! =
35.9 kJ mol-!, aaa AG! = 51.1 kJ mol-1, act to lower the aqueous free energy of
activation. The contrast is most clearly seen in the relative free energies for the
termolecular pathways ‘a + b = 2’ (aa vs aw), and pathways ‘a + b = 3’ (aaw/
aaa vs awalaww), for which an additional water molecule markedly increases the
activation energy. Water molecules only become important for ‘a+b=4", but only
if an ammonia molecule is the primary proton acceptor in the activation “chain”.
We next explore the effects of solvent microstructures on the aqueous activation
energies.
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Figure 8. Variation of aqueous activation energies with increasing numbers of

participating base molecules. ‘aa’ = activation by 2 NH3 molecules, ‘aww’ =
activation by NH3 + 2H>0 molecules etc.

Solvent Microstructures

Following the example of Dixon and co-workers (50), base molecules
participating in the activation of CO» should be considered the constituents
of a hydrogen bonded nano-network in solution. Explicit quantum chemical
treatment of solution structure should improve the estimated activation
energies. The nano-network being considered is the solution-phase equivalent
of a “thermally-equilibrated” gas-phase reactant pre-complex (dipole-dipole,
charge-dipole etc.). The free energy required to disrupt the nano-network is:
AGrxnaq: (NH3)a(H20)o — a.NH3 + 5. H20 and is equal to the binding energy of
the nano-network in the polarised continuum. The nano-network binding energy
can be added to the overall energy of activation (resulting in a net increase in the
free energy of activation).
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The lowest energy nanostructures used in these calculations are presented
in Figure 9. Their total energies (Emos-2x + ZPE + U + RT — T.S), solvation free
energies and binding energies are presented in Table VII. Due to the average
errors in the solvation free energies and binding energies (5-10 kJ mol™1),
conformational averaging was not considered for solvent nano-networks, with
only the lowest energy conformation used. Also, the positive free energy of
solvation for CO» (SM8(g)/M06-2X/6-311++G(d,p) = +15.7 kJ mol-!) suggests
that any nano-network including CO> will have a net lower binding energy than
the corresponding pure solvent network without the CO, molecule; for this reason,
we consider CO; to be bathed by the continuum only. The calculations also
predict the dimer NH3-H>O is “unbound” in solution (NH3)(H20)aq — NH3(aq)
+ H20(aq),AGrxn = -3.9 kJ mol-1, so the free energy value for the water-assisted
termolecular activation of CO; (Section (vii), Figure 3, right) stands at 95.3 kJ
mol-!. Revised activation energies are plotted in Figure 10.

S48 T

KX Yoo %

Figure 9. Lowest energy conformers for solvent nano-networks. Top row
(L-R): (NH3)2, NH3(H>0) and NH3(H20),; centre row. H,O(NH3),, (NH3)3 and
(NH3)(H20)3,; bottom row: (NH3)3H*; bottom row: (NH3):(H20),, (NH3)3H20

and (NH3)4. Bond lengths between molecules in angstrom. Blue = nitrogen
atoms, white = hydrogen atoms, red = oxygen atoms. (see color insert)
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Table VII. M06-2X/6-311++G(d,p) gas phase energies (298.15 K, incl.
thermal and entropy corrections, Gg), free energies of solvation and binding
energies of solvent nano-networks (see Figure 9). Values are in kJ mol!
unless stated otherwise.

(NH3)a(H20)» Gg Gisoln AGyan :(NH3)o(H20)p, — aNH3 + bH>0
ab = (Hartree) gas aqueous
2,0 -113.055755 -26.2 19.1 14.4
0,2 -152.835912 -53.8 10.2 10.4
1,1 -132.950162 -44.9 32 -3.9
0,3 -229.256817 -48.3 7.5 40.2
1,2 -209.369460 -41.8 4.7 27.7
2,1 -189.476251 -31.3 17.4 347
3,0 -169.582486 -19.7 31.6 444
1,3 -285.790549 -55.4 1.50 379
2,2 -265.895412 -43.0 19.3 51.9
3,1 -246.004647 -38.6 25.6 46.4
4,0 -226.106579 -27.9 51.2 66.5

The termolecular activation of CO; by two ammonia molecules remains the
most energetically favourable process. Pathways with an ammonia molecule
accepting the proton from the carbamate-forming ammonia are consistently lower
in energy than those with a water molecule playing this role i.e two proximal
NH3 molecules appears to be a key factor in the aqueous CO; activation process.
Activation by four ammonia molecules is a notable exception (activation energy
147.7 kJ mol-1); this may be due to the negative charge developing on the two
oxygen atoms, and in this case water would be better at solvating these charged
centres, whereas for the TS in question, this role is being fulfilled by ammonia.
Ignoring the bimolecular process, the activation energies range from 49.2 kJ
mol™! (aa, termolecular) to 147.7 kJ mol~! (carbamate formation catalysed by
four ammonia molecules, aaaa).
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Revised Aqueous Activation Energies
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Figure 10. Variation of revised aqueous activation energies (taking solvent
nano-networks into consideration) with increasing numbers of participating
base molecules. ‘aa’ = activation by 2 NH3 molecules, ‘aww’ = activation by
NH; + 2H>0 molecules etc.

Carbamate Decomposition

The principle of microscopic reversibility dictates that carbamate
decomposition to ammonia and CO> can follow the same pathway — but in
the opposite direction — to the capture reaction. The major difficulty with
modelling carbamate decomposition is that two of the reactants are charged;
either NH4™ or H30%, and NH>CO,~. Because of charge redistribution, gas-phase
geometry optimisation of carbamate/base-H" pairs produces a dipole-bonded
neutral complex between either ammonia or water and carbamic acid. This
also represents a problem when performing intrinsic reaction coordinate or
path-following calculations on gas-phase transition structures. Although not
an accurate reflection of the solution speciation, this problem can be skirted
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by considering a separate nano-network for each of the charged reactants i.e.
NH4™ and NH>CO»~ separately solvated, with the number of reactants conserved
according to the stoichiometry of the transition structure.

Each of the transition structures presented in Sections (vi)-(ix) correlates with
one of the product sets identified in Equations 4(a) and 4(b). The bimolecular- and
both termolecular TS’s satisfy the stoichiometric requirements of 4(a), as does the
transition structure for CO; activation by ammonia and 2 water molecules (aww).
These TS’s produce anti-carbamic acid, however it is unlikely that either syn- or
anti-carbamic acids are long-lived at the high pH’s operative in ammonia-based
capture solvents — they will immediately deprotonate. We make the reasonable
assumption that the acid deprotonation barrier is small compared to the barrier
associated with the initial carbamic acid formation reaction. For these reasons, we
only consider the ionic asymptotes (NH>CO,~ plus either H or H3O"/NH4*). The
remaining TS’s lead to carbamate and NH4*, with an obvious exception being the
structure for CO, activation by ammonia and 3 waters, which instead produces
carbamate and H3O*.

In order to find the most stable nano-network configuration, carbamate and
ammonium interactions with both NH3 and H>O were modelled. The optimised
(gas-phase) structures are presented in Figure 11 (for NH>CO,.(H20)1 2 structures,
see Figure 1). The gas phase and aqueous binding energies for the nano-networks
in Figure 11 are presented in Table VIII. See Table VI for the gas phase binding
energies of NH,CO>,~.nH,0, n = 1,2.

J“HB
J 146 ,~ < 161
»\_ 119

Figure 11. Optimised structures for charged nano-networks. Top row
(L-R): (NH3):H*, NH3(H>O)H* and (H>0),H*; centre row: (H>0O)3H",
(NH3)2(H20)H*, (NH3)(H20):H* and (NH3)3H*, bottom row: (NH>CO;-)(NH3),
(NH>CO>-)(NH3),, (NH>CO:»-)(NH3)(H20), (NH,CO:»-)(NH3)3. Bond lengths
between molecules in angstrom. Blue = nitrogen atoms, white = hydrogen atoms,
red = oxygen atoms. (see color insert)
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Table VIII. M06-2X/6-311++G(d,p) gas phase energies (298.15 K, incl.
thermal and entropy corrections, Gg), free energies of solvation and binding
energies of charged solvent nano-networks (see Figure 11). Values are in kJ

mol-! unless stated otherwise.

lon G, Gsoln AGrn :(NH3)a(H20)p —
(Hartree) aNH; + bH>0
gas aqueous

NH>CO,.(NH3) -301.0997145 -307.9 8.7 -19.2
NH>CO,~.(NH3)(H20)  -377.5326189 -289.9 432 -2.7

NH>CO,.(NH3)2 -357.6315583 -277.4 9.7 -59.6

NH>CO,.(NH3)3 -414.1624706 -266.0 8.2 -83.2
(NH4+)(H20) -133.2948898 -327.3 53.8 0.3
(NH4+)(NH3) -113.4206639 -295.4 91.4 5.4
(NH4")(H20), -209.7296328 -295.2 932 -6.9
(NH4")(NH3)(H20) -189.8476937 -274.5 110.3 7.5
(NH4")(NH3)2 -169.9665172 -255.5 129.4 18.1
(H;0%)(H20) -153.1514023 -333.0 128.7 41.7
(H;0%)(H20)2 -229.5936102 -296.2 187.8 64.0

The results for AGpind NH2CO2(H20), (aq), n=1-3, are -12.7 kJ mol~L, -27.9
kJ mol-! and -55.7 kJ mol-l. These values, plus the results presented in Table
VIII indicate that: (i) carbamate ions do not bind water or ammonia strongly in
an aqueous environment, and (ii) ammonium ions bind ammonia molecules more
strongly than water molecules. When considering aqueous reactants, the most
stable nano-networks arise when ammonium is solvated by ammonia molecules,
hydronium cation is solvated by water molecules and carbamate anion is bathed
in the continuum. Optimisation within the polarised continuum may result
in positive solution binding energies for some of these species with apparent
‘negative’ binding energies, but the effort required is not justified in this instance.
The relative activation energies for carbamate decomposition are presented in
Figure 12.

In the context of carbamate decomposition, it is worth discussing the
relative aqueous free energies of the acid conformers. The theory predicts that
syn-NH>CO,H is more stable than anti-NH>CO>H by 24.4 kJ mol-!. The aqueous
activation energy for the conversion syn-NH,COoH — anti-NH,CO,H via
rotation about the C-OH bond is +43.2 kJ mol~!. This is noteworthy because the
termolecular transition structure involving ammonia (aa) has an activation energy
of 31.4 kJ mol~! with respect to the anti-carbamic acid reactant (anti-NH,CO>H +
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(NH3)catatyst — NH3 + CO2 + (NH3)catatyst). We can conclude that syn-anti aqueous
interconversion is plausible prior to decomposition to ammonia and CO», but it
is more likely to be solvent-assisted, and only of importance at pH values which
would hinder efficient CO; capture. With respect to the ionic reactants (NH,CO2~
+ NH4" + (NH3)catalyst), the aa pathway has an activation energy of 108.1 kJ mol-1.

Reverse Activation Energies
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Figure 12. Reverse aqueous activation (carbamate decomposition) energies
Jor the transition structures presented in Sections (vi)-(ix). Blue column =
uncorrected activation energy, pink column = energy corrected for nano-network
binding energies in solution. The x-axis labels indicate reactant stoichiometry,
whereas the column label refers to the transition structures previously identified.
(see color insert)
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Not surprisingly, carbamate decomposition is thermodynamically more
favourable when hydronium cation (H3O%) is involved i.e. activation via
pathways with protons solvated only by water are less energy demanding, with
the lowest free energy of activation corresponding to carbamate decomposition
catalysed by a single water (aw, +31.7 kJ mol-!). The theory is correctly
predicting carbamate instability at low pH. The same situation has been verified
experimentally for bicarbonate. At pH 9.2 - the pH at which carbamate hydrolysis
has been observed (7) - few protons will be associated with water molecules, but
the concentration of NH4" will be increasing; the lowest activation energy for
carbamate decomposition involving an ammonium ion (or its clustered variant)
corresponds to NHa* reacting directly with NH,CO»~ to form 2NH3 + CO; (AGag*
= 108.1 kJ mol-!). Carbamate decomposition catalysed by both ammonium and
water is almost degenerate (AGaqt = 109.5 kJ mol~!) and will be in competition.
These values are believed to reflect the correct solution scenario for regeneration
of NH3 from NH2CO»™ in loaded aqueous ammonia CO, capture solvents at high
pH.

Summary

Using SM&8/6-311++G(d,p)/M06-2X/6-311++G(d,p) and SM8)//M06-
2X/6-311++G(d,p) calculations, a number of thermodynamic values have been
determined for NH>CO>~ and NH2CO;H. The best values for these quantities are
presented in Table IX. For comparison, AacidG29s (H2CO3) = 1386.2 kJ mol~1 (50)
and pKa (H2CO3) = 5.7 (50). In short, the chemistry of carbamic acid will be
similar to the chemistry of carbonic acid in both the gas- and solution-phases. The
isolation of carbamic acid will pose experimental difficulties, and most likely will
require cryogenic- or other techniques used for trapping and detecting transient
species (molecular beams etc).

The most favourable energetic pathway for the capture of CO» by aqueous
ammonia is termolecular in nature and is associated with an activation free energy
of 49.2 kJ mol™!, after explicit solvent nano-networks are taken into account.
Further addition of either water or ammonia molecules does not lower the
activation energy, which peaks at 147.7 kJ mol~! when four ammonia molecules
are involved. The best estimate obtained (49.2 kJ mol-!) compares reasonably
well with the value of 65.7 kJ mol-! derived by Derks and Versteeg (51), but is
almost twice the value (26.7 kJ mol-!) derived by Diao et. al. (52).

The reaction order/molecularity in ammonia is 2 for the associated ‘best
estimate’ TS. Note that the value determined in this work for water-catalysed
(termolecular) carbamate formation is 95.3 kJ mol-! (reaction order in ammonia
= 1, the lowest energy pathway according to Arstad et. al. (25)). Using
SM8(g)/M06-2X/6-311++G(d,p), two pathways have been identified which are
energetically more favourable than water-catalysed carbamate formation (aa and
aaw). Furthermore, the activation of CO; by three ammonia molecules represents
an almost degenerate pathway (95.5 kJ mol=!). This illustrates the importance
of investigating as many possible pathways as is computationally feasible,
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even though the best estimate in this study is obtained with a synchronous
Crooks-Donnellan type-transition structure involving only 3 molecules (53).

According to Kim et. al. (26), the best estimate (gas-phase: CCSD(T)/aug-
cc-pVDZ//MP2/aug-cc-pVDZ) for the termolecular activation by two ammonias
is 75.3 kJ mol~1, while the water-assisted pathway is associated with an activation
energy of 85.4 kJ mol~! (this work: 95.3 kJ mol~!). These authors claim solvation
effects lower these values by ~ 45 kJ mol~!, which yields AGt ~ 30 kJ mol~!
for termolecular capture assisted by ammonia. Note that the SM8(g)//M06-2X/6-
311++G(d,p) barrier in the absence of a hydrogen bonded nano-network is 34.8 kJ
mol~!, in reasonable agreement. It is our opinion that aqueous activation energies
derived from gas-phase computations should be corrected - beyond single-point
solvation free energies for participating molecules, ions and transition structures
- for the disruption of the hydrogen-bonded solvent. Incorporating this correction
is conceptually satisfying for either an aqueous reaction or a reaction at the gas-
solution interface. Adding our hydrogen-bonding correction to Kim et. al.’s value
produces an activation energy of 44.4 kJ mol-L.

Table IX. Thermodynamic values for carbamic acid and carbamate derived
from SM8 and M06-2X calculations with an augmented triple-zeta basis set.

Property NH>CO:H NH>CO»~

Haos (gas) -438.3 £ 9 kJ mol™! -515.1 £ 13 kJ mol™!
Sa9s (gas) 289 J mol-! K1 269 J mol-! K-!
Gaos (gas) -524.4 + 9 kJ mol! -595.4 + 13 kJ mol!
AacidG29s 1426.6 kJ mol!
AaciaH298 1453.3 kJ mol-!
PA - 1453.3 kJ mol~!
Gioln -42.7 kJ mol~! -349.4 kJ mol-!
Gaos (aq) -567.1 £ 15 kJ mol™! -944.8 £ 19 kJ mol™!
Hoos (aq) -482.9 + 19 kJ mol-! -864.6 + 23 kJ mol~!
AGyyn-ani (gas) 37.6 kJ mol-!
AGgyn-ani (aq) 24.4 kJ mol™!
pKa 5.7-6.6
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Unlike CO; capture by pure water, the ammonia-water CO; capture system
does not appear to rely on extensive proton shuttling by solvent catalysts to lower
the activation energy. For CO; capture by pure water, the lowest activation energy
was found for a TS involving 4 water molecules (~ 80 kJ mol-! (50)). The results
for ammonia-CO> capture also suggest that zwitterion models for ammonia-based
CO; capture do not represent the true solution chemistry, and a termolecular
mechanism according to Crook and Donnellan (53) appears to be correct for this
reaction. The computation of transition structures within a dielectric continuum
could indeed locate stable zwitterion structures, but such work is beyond the
scope of this chapter.

After explicit consideration of solvent microstructure and the role of protons,
the best estimate for the solvent regeneration activation free energy (carbamate
reversion to ammonia and CO3) is 108.1-109.5 kJ mol~!. Acid-induced carbamate
decomposition occur with much lower activation energies (31.4 kJ mol-1).
Carbamate activation at high pH values proceeds with proton transfer from
ammonium to the -NH; group of carbamate (for both lowest energy pathways),
confirming the crucial role of ammonium proximal to the -NH; group of carbamate
for the decomposition process.
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Chapter 7

Theoretical Study of Optimal Conditions
in Continuous CO; Capture Process Using
Aqueous Ammonia Solution

S. Y. Park, C. H. Ko, J. H. Park, and J. N. Kim*

Korea Institute of Energy Research, 102 Gajung-ro, Yuseong-gu, Kaejeon,
305- 343, Korea
*inkim@kier.re.kr

The mole fractions of CO,, NH3 and H>O in vapor phase at
equilibrium were calculated by AspenPlus. The simulation
of vapor-liquid equilibrium of CO»-NH3-H,O system was
performed at atmospheric pressure and stripping temperature
ranging from 80 to 97 °C. As a property method for
thermodynamic calculation, electrolyteNRTL was used and
a process library of flash was adopted for calculations of the
mole fractions in vapor phase at vapor-liquid equilibrium
state. Since the absorption of CO; depends on the regeneration
of CO; rich absorbent, the mole fractions of CO,, NH3 and
H>O in vapor phase at regeneration condition were used for
the selection of optimal conditions which consume lowest
regeneration energy. The optimal operating conditions from
theoretical studies were compared with the results of lab-scale
continuous CO; absorption apparatus. The comparisons of
theoretical study and lab-scale experiments showed that the
optimal absorbent concentration was 12 wt%-NH3 with CO»
loading of rich absorbent below 0.4 mole-CO»/mole-NHj3 and
regeneration temperature of 90 °C.

Introduction

As global warming has become one of the most pressing issues globally, a lot
of researchers has focused on CO; capture technologies. CO, capture technologies
are classified into pre-combustion, oxy-combustion and post-combustion. Among
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various technologies for post-combustion, chemical absorption is known to be
the most promising approach for the separation method of CO, from gas mixtures
having a low partial pressure of CO,, such as flue gas, and various studies in this
area have been carried out. The most commonly used absorbents for CO; capture
are aqueous solutions of alkanolamines such as monoethanolamine (MEA),
diethanolamine (DEA), diisopropanolamine (DIPA) and methyldiethanolamine
(MDEA) (I, 2), and these single alkanolamines are competing with sterically
hindered amines such as 2-amino-2-methyl-1-propanol (AMP) (3, 4). Blends
of alkanolamines and sterically hindered amines also have been widely studied,
yielding data on solubility, mass transfer, and reaction kinetics (3, 6).

Alternative process using aqueous NH3z solution is known to offer
notable advantages, such as low regeneration energy, cost and undesired
material generation in absorbent, over conventional amine-based CO; capture
technologies, and research on CO; capture has been actively conducted (7—17).
Vapor-Liquid-Solid-Equilibrium (VLSE) and Vapor-Liquid-Equilibrium (VLE)
of the CO,-NH3-H,O system were studied under various conditions (/2—15).
The solubility of CO> and NH3 in H,O was modeled, correlated using the Pitzer
model, and the interaction parameters were identified. Based on research of the
CO,-NH3-H>O system, the absorption and regeneration of CO> in a semi-batch
reactor were studied, and researches on the reaction kinetics of CO; in an aqueous
ammonia solution was carried out using various concentrations of aqueous
ammonia solutions. Furthermore, various studies (/6—21) on the development
of a commercial CO, capture process using aqueous NH3 solution have been
conducted.

The objective of this study is to suggest a method for selection of optimal
conditions such as CO» loading of a rich absorbent, regeneration temperature,
and NH3 concentration of the absorbent. In this work, CO; removal efficiency is
measured in a continuous lab-scale CO» capture process with various operating
conditions such as regeneration temperature and flow rates of feed gas and
absorbent. The method is derived from a comparison of experimental results with
a theoretical approach using mole fractions of CO, NH3, and H,O in the vapor
phase at vapor-liquid equilibrium.

Experiments & Methods

This section describes experimental apparatus, materials, and method for
preparation, operation and analysis.

Lab-Scale Continuous CO; Capture Apparatus

The experimental apparatus consists of CO; absorber, CO> stripper, washing
columns for CO, absorber and stripper, wash water regenerator and heat
exchangers for cooling and heat exchange. A schematic diagram of the continuous
CO; capture apparatus is shown in Figure 1.
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Figure 1. Schematic diagram of lab-scale continuous CO; capture apparatus.
Reproduced from reference (22) .

Columns for CO; Absorber, Stripper and Wash Water Regenerator

The CO; absorber is made of polymethyl methacrylate (PMMA) with a
diameter of 50 mm and a height of 1 m. The absorption column was directly
connected to a washing column, which is made of PMMA with a diameter of 50
mm and a height of 0.5 m. In order to measure the temperature profile along the
CO; absorber height, 10 thermocouples were installed at 10 cm intervals. The
COg stripper is made of glass with a diameter of 50 mm and a height of 0.5 m. It
was also directly connected to a washing column, which is made of glass with a
diameter of 50 mm and a height of 0.3 m. The wash water regenerator is made of
glass with a diameter of 50 mm and a height of 0.3 m. All columns were packed
with stainless steel wire gauze packing (Sulzer BX).

Reboilers and Heat Exchangers

Kettle type reboilers for the CO; stripper and the wash water regenerator are
made of stainless steel and the temperatures were controlled by electric heaters
immersed in liquid. The reboiler for CO> stripper was operated in a range of 75 to
97 °C and the reboiler for the wash water regenerator was operated at 100 °C. The
liquid fed to reboiler was heated by electric heater and overflowed a weir installed
beside heater and the liquid level in reboiler was controlled by level switch. When
the liquid level is high, electric signal from level switch activates the solenoid
valve and return the liquid to feed line. Through the action of level switch and
solenoid valve, the liquid levels in absorber bottom and reboiler were kept within
the interval of level switch activation.
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Since the lean absorbent and wash water which generated in reboilers were
hot, the heat of hot solution was recovered by the contact of rich absorbent
and wash water using plate type heat exchangers (Alfanova 24-H). Also, the
regenerated lean absorbent and wash water were cooled down using plate type
heat exchangers (Alfanova 24-H).

Absorbent

The concentrations of the absorbent were adjusted to 3, 6, 12, 20, and 27 wt%
NHj3 by mixing a commercial grade aqueous NH3 solution (Samcheon, Korea) with
distilled water. The fresh absorbent, which not contain CO» in liquid is circulated
between absorber and stripper without reboiler heating at the flow rate of 100 mL/
min until the experimental apparatus reach steady-state of flow rate and liquid
level. After the steady-state of liquid stream, the flow rates were controlled to 50,
100, 150, 200 and 250 mL/min at 20 °C with supplying different flow rates of gas
stream.

Feed Gas

The feed gas was prepared by mixing of pure CO, and dry air. The
concentration of CO> was adjusted to 10 vol% by mass flow controllers (Brooks
Instrument 5850E) and supplied to the absorber with flow rates of 1, 2, and 3
ms/hr at ambient temperature.

The concentration of CO; in the gas stream was measured by a CO, gas
analyzer (IR gas analyzer, Fuji Electronics). All used data were collected at a
steady-state of continuous operation and the removal efficiencies of CO, were
obtained from the following equation.

(ch,in_ Vcal,m) x 100 %

Mo, =
VCOZ,in
where, Mco, : CO, removal efficiency

Vco,i» :intlet volume of CO,
Vo, oue - OUtlet volume of CO,

Wash Water

Wash water for washing columns above the absorber and the stripper were
continuously circulated with a flow rate of 150 mL/min. The temperature of
circulated wash water was kept at 8§ °C by wash water cooler. The wash water
from wash water regenerator was supplied to the circulation loops, which are
located above the absorber and stripper, with flow rates of 50 and 100 mL/min
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at 8 °C, respectively. The same amount of wash water was separated from the
circulation loop and returned to the wash water regenerator.

NH3 Concentration and CO; Loading of Absorbent

The concentrations of NH3 and CO» in liquids were measured by acid-base
titration method.  All chemicals used in the titration were reagent grade
(SigmaAldrich). All liquid samples of 10 mL were mixed with 20 mL of 1 N
NaOH and 1 N BaCl, aqueous solution as a pretreatment. The treated samples
were analyzed by automatic titration facility (848 TitrinoPlus, Metrohm), which
measures pH variance with the addition of aqueous solution of 1 N HCl at 2 °C.

The amounts of NH3 and CO; in the liquid samples were calculated by the
following equation and titration results.

Nia (VHCI,Z - VHC’I,I)

mC =

2 2000
m _ Nyer X Vaers _ Nyworr X Viaon
. 1000 1000

where, mc,, and myy  :moles of CO, and NHj in liquid
Ny¢ and Ny,op : normality of HCI and NaOH
Vgeryand Vge, , - volume (mL) of HCl used for 15t and 274 titration

Calculation of Mole Fractions of CO; and NH3 in Vapor Phase at Vapor
Liquid Equilibrium State

A method for selection of optimal regeneration temperature was studied by
the comparison of experimental results and calculated mole fractions of CO>
and NH3 in vapor phase. The performance of a continuous CO» capture process
depends on the regeneration of rich absorbents. In order to identify the behaviors
of regeneration, the mole fractions of CO; and NH3 in the vapor phase were
calculated using AspenPlus.

Components

CO,, NH3 and H>O were selected as the main components for simulation
and the electrolytes formed in the reaction of main components were generated
by “Elec Wizard” based on the stored reaction mechanisms of main components.
Three molecules (CO», NH3 and H>0) and six electrolyte ions (NH4", NH.COO-,
HCOj3-, CO32-, H* and OH-) were included as components for calculation.
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Properties

Properties of components were calculated by the thermodynamic model
which selected in input stage. “ELECNRTL” was selected as the property method
for simulation. This property method uses ElectrolyteNRTL model which is an
activity coefficient model for calculation of liquid phase and Redlich-Kwong
model which is an EOS (equation of state model) for calculation of vapor phase.

Streams

Material streams were consists of liquid feed to “FLASH” unit operation,
liquid and vapor streams from “FLASH” unit operation. The temperature and
pressure of liquid feed were inputted as the same conditions of experiments at
which calculate mole fractions of CO, and NH3. Compositions of CO, NH3 and
H>0 were calculated by Excel solver and the constraints of solver were satisfying
NH3 concentration in solution and CO; loading of vapor-liquid equilibrium
experimental data.

Blocks

The mole fractions of CO, and NH3 at equilibrium were calculated using
“Flash” unit operation in “Separators” process library. The temperature and
pressure of experiments for vapor-liquid equilibrium were consists of the flash
specification of unit operation. After running the unit operation of flash, the mole
fractions of CO; and NH3 shown in “Phase Equilibrium” were used in this study.

Results and Discussion

Experiments of continuous CO, absorption-desorption using lab-scale
experimental apparatus were performed under various operating conditions, and a
method to select the optimal regeneration temperature of continuous CO> capture
system was studied by theoretical approach.

Continuous Operation of Lab-Scale CO; Capture Process

Effect of NH3 Concentration

Figure 2 shows the effect of NH3 concentration on CO; removal efficiency.
The continuous experiments were performed under absorbent flow rates range
from 50 to 250 mL/min and feed gas flow rate range from 1 to 3 m3/hr. The rich
absorbent which has high CO> loading after CO; absorption was regenerated at
85 °C. Depending on the flow rate of absorbent, CO, removal efficiencies rapidly
increase up to the range from 45 to 93 % as the NH3 concentration increases until
12 wt%. Under the same operating conditions, the removal efficiencies remained
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nearly constant above this concentration. Therefore, it can be said that the removal
efficiency was not affected by NH3 concentrations above 12 wt%.
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Figure 2. Effect of NHs concentration on CO; removal efficiency. Reproduced
from reference (22).

Effect of Absorbent Flow Rate and Feed Gas Flow Rate

Figure 3 shows the effect of the absorbent flow rate on CO; removal efficiency.
The removal efficiency increases as the absorbent flow rate increases. In the case of
NHj3 concentration above 12 wt%, the removal efficiency increases until 150 mL/
min and shows a relatively slow increase above this flow rate. A similar change
of the removal efficiency occurs between 150 and 200 mL/min when the NHj3
concentration is below 6 wt%. For all absorbent flow rates, the removal efficiency
is similar with NH3 concentrations above 12 wt% and clearly different and lowered
below this NH3 concentration.

Based on the results in Figure 3, it can be said that the removal efficiency
increases as the flow rate of absorbent increases. However, the increased absorbent
flow rate needs the increased reboiler heat duty and consequently needs increased
cooling heat duty for CO; stripper washing column. In the continuous operation
using lab-scale experimental apparatus, the operation under absorbent flow rate
above 250 mL/min was failed because of much more cooling duty than apparatus
limit. In all other experiments, the flow rate of absorbent was maintained at 150
mL/min for stable operation. Figure 3 also shows the effect of feed gas flow rate
on CO; removal efficiency. The results of experiments under feed gas flow rates
of 2 and 3 m3/hr reveal lowered removal efficiency than that at a feed rate of 1
m3/hr, however, the same tendency of the removal efficiency is observed at the
same NH3 concentration and absorbent flow rate as those of 1 m3/hr. These results
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indicate that the removal efficiency depends on the flow rate and is more dependent
on NH3 concentration reflecting the general behavior of gas absorption in a liquid.
This means that NH3 concentration higher than 12 wt% does not affect the removal
efficiency. Therefore, the optimal NH3 concentration is 12 wt% as shown in Figure
2 and 3.
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Figure 3. Effect of absorbent flow rate on CO; removal efficiency. Reproduced
from reference (22).

Effect of Regeneration Temperature

COz removal efficiency is directly depends on the absorption of CO; into CO»
lean absorbent, which regenerated in CO; stripper. Therefore, the regeneration of
CO; rich absorbent is directly related to generation of CO, lean absorbent and
consequently to CO, removal efficiency.

In order to investigate the effect of regeneration temperature, CO; removal
efficiencies were measured under various reboiler temperatures and NHj3
concentration, and showed in Figure 4.

As the regeneration temperature increases, the removal efficiency increases
with a sigmoidal shape; it thereafter shows a rapid increase to the maximum value
and remains nearly constant. The temperatures at which CO; removal efficiency
changes from a rapid increase to a steady value were 87 °C for 15 wt%-NH3, 90
°C for 12 wt%-NH3, 93 °C for 9 wt%-NH3s, 95 °C for 6 wt%-NH3 and 97 °C
for 3 wt%-NH3. This means that the temperature at which the removal efficiency
reaches a nearly constant is the optimal regeneration temperature and it depends
on NHj3 concentration
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Figure 4. Effect of regeneration temperature on CO; removal efficiency.
Reproduced from reference (22).

Considering the operation of continuous CO; capture in view of regeneration
system, in can be said that the regeneration at higher than optimal temperature
condition consumes additional energy than that for optimal regeneration. The
operation using an absorbent of low NH3 concentration for the prevention of NH3
loss in treated gas reduces CO, absorption capacity and consequently increase the
capital cost due to increased equipment size. Therefore, the selection of optimal
NH3 concentration and regeneration temperature is important for process design
and efficient operation.

Effect of Regeneration Temperature on CO;z Loading of Rich Absorbent

The effect of regeneration temperature on CO, loading was investigated by
measuring the amount of CO> and NH3 dissolved in the absorbent. Figure 5 shows
the CO; loadings for lean and rich absorbents. The experiments were performed
at feed gas flow rate of 1 m3/hr, absorbent flow rate of 150 mL/min and NHj3
concentration of 12 wt%.

As the regeneration temperature increases, CO» loadings for lean and rich
absorbents decrease but the difference in CO; loading increases. These results
agree well with those in Figure 4. At regeneration temperature above 90 °C,
the steady removal efficiency of 12 wt%-NH3 and CO> loading of absorbents
are nearly constant. This means that regeneration at low temperature produces
a lean absorbent, of which CO, loading is relatively high. Furthermore, it
leads to a small CO; loading difference between lean and rich absorbents and
consequently low removal efficiency. CO; loadings for rich absorbents with other
NH3 concentrations range from 0.35 to 0.38 and are listed in Table 1.
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Figure 5. CO; loadings for lean and rich absorbents under various regeneration
temperatures. Reproduced from reference (22).

Through the continuous CO; capture experiments, it was found that the
removal efficiency depends on the operation parameters such as regeneration
temperature, NH3 concentration and CO; loadings for rich absorbents. A method
to select the optimal operation parameters is theoretically studied in the following
section.

Theoretical Approach for Optimal Operating Condition Selection

The selection of optimal condition is important for design and operation of
CO» absorption process using aqueous NH3 solution. Even optimal conditions
for process could be selected from the actual operating experiences, these need
a lot of operating cost and time consuming. Therefore, a method which can
predict optimal conditions without actual operation will be useful for the saving
of operation cost and efforts.

As a basis for the development of method which can be used for the selection
of optimal operating conditions in continuous CO; absorption process using
aqueous NHj solution, a theoretical approach was performed by the consideration
of preferred regeneration condition and calculation of mole fractions of CO; and
NHj3 in vapor phase at equilibrium.

Preferred Regeneration Condition

The preferred condition for better CO; absorption in continuous process which
consists of absorption and desorption was considered in view of regeneration. In
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continuous CO> capture process, CO: lean absorbent contacts with CO» containing
gas stream and becomes CO»> rich absorbent by the absorption of CO,. CO; rich
absorbent is transferred to CO; stripper where CO; is desorbed and CO; rich
absorbent is regenerated to CO; lean absorbent. CO; rich absorbent is fed and
flows downward to reboiler which installed at the bottom of CO> stripper. The
regeneration of CO; rich absorbent is carried out during the flow down in CO;
stripper at high temperature. The temperature needed for regeneration of CO; rich
absorbent is kept by vapors at high temperature vapors, which evaporated from
reboiler. The regeneration of CO» rich absorbent is directly related to the operating
temperature of CO; stripper which derived by the vapors generated from reboiler.
Therefore, the operation temperature of reboiler which generates high temperature
vapor needed for the regeneration of CO; rich absorbent.

The estimation of regeneration temperature, that is operation temperature
of regenerator, would be useful for the operation of continuous CO; capture
process using an aqueous NH3 solution. The basis for a theoretical method to
estimate this operating condition was considered in view of the mole fractions of
vapor components at equilibrium. The considerations were summarized in Figure
6. Figure 6 (a) describes the case that mole fraction of CO; in vapor phase at
equilibrium state is larger than that of NH3 and (b) describes the opposite case.

(a)
Yeo, < Ynm,
NH;
v co, T
apor A
Liquid ! !
CO, rich absorbent
(b)
Yeo, ” Ynu,
Cco,
Vapor T NXIS
Liquid : '
CO, rich absorbent

Figure 6. Schematic diagram for consideration of preferred regeneration
condition.
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When COs rich absorbent is fed to CO stripper and reboiler, the condition of
rich absorbent changes until it reaches the equilibrium condition at the temperature
of reboiler. The conditions of rich absorbent at actual operation are opposite
conditions of rich absorbent at equilibrium. Therefore, the equilibrium condition
at operating temperature determines the regeneration of rich absorbent and CO,
desorption. In case that mole fraction of CO; in vapor phase at equilibrium is
larger than that of NH3 in vapor phase at equilibrium, the mole fraction of CO>
in vapor phase at actual operating condition is smaller than that of NH3 in vapor
phase at actual operating condition. Since the mole fraction of CO; in vapor
phase at actual operating condition is smaller than that of NH3, the amount of
COs in vapor phase is larger than that of NH3 at actual operating condition. This
means that the amount of desorbed CO; is small to keep the mole fraction of CO;
in vapor phase at actual operating condition is smaller than that of NH3. As the
amount of desorbed CO; is decreased, CO; loading of regenerated absorbent is
increased and consequently, it reduces the amount of absorbed CO,. In case that
mole fraction of CO; in vapor phase at equilibrium state is smaller than that of
NH3, the regeneration operates to make that mole fraction of CO; in vapor phase
at actual operating condition is smaller than that of NH3. This means that proper
desorption of CO; occurs and CO, absorption is increased by the decreased CO»
loading of regenerated absorbent. It could be expected that the temperature,
where mole fraction of NH3 in vapor phase at equilibrium state is larger than that
of COo, is preferred for the regeneration of rich absorbent.

Theoretical Study To Select the Optimal Operation Parameters

Figure 7 shows the calculated mole fractions of CO, and NH3 in the vapor
phase at vapor-liquid equilibrium of different CO> loadings and temperatures
under atmospheric pressure. CO; loadings of 0.3, 0.36, 0.38 and 0.4 for Figure
7 (a), (b), (c) and (d) respectively. The calculations were performed using NH3
concentration of 12 wt%, property method of ElectrolyteNRTL and process
model of FLASH for vapor-liquid equilibrium.

As the temperature increases, the mole fractions of CO; and NH3 decrease and
then remain steady above 95 °C. The steady state mole fractions of CO, and NH3
above this temperature can be explained by the evaporation of H>O. Because the
vapor pressure of H>O is relatively small at low temperature, the mole fractions
of CO; and NH3 are high and become steady when the vapor pressure of H>O is
relatively high at high temperature. As shown in Figure 7 (a), the mole fraction
of CO; in the vapor phase is higher than that of NHj3 until 84 °C. The temperature
at which the mole fraction of CO; is higher than that of NH3 increases as CO>
loading increases. This temperature is 87 and 93 °C for CO; loading of 0.36
and 0.38 respectively, as shown in Figures 7 (b) and (c). The calculation results
show the same behavior when CO; loading is below 0.4 and the mole fraction of
COs is higher than that of NH3 when CO» loading is above 0.4 regardless of NH3
concentration.

As the regeneration proceeds in continuous process, the rich absorbent moves
to the equilibrium state of the regeneration system. In order to correlate the results
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in Figure 7 with the behavior of regeneration, the reactions of CO»-NH3-H,O
system are considered.
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Figure 7. Calculated mole fractions of CO; and NH3 in vapor phase at
vapor-liquid equilibrium under CO; loading of (a) 0.3 and (b) 0.36. Calculated
mole fractions of CO; and NH3 in vapor phase at vapor-liquid equilibrium under
CO; loading of (c) 0.38 and (d) 0.4. Reproduced from reference (22).
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The electrolyte reactions are known to be very complicated and it is thus
difficult to understand the overall behaviors of absorption and desorption
simultaneously.  Even though individual electrolyte reactions occur in a
liquid phase, the reaction of CO, with aqueous NHj3 solution can be said to
reversibly produce ammonium carbamate (NH2COONH4), ammonium carbonate
((NH4)2CO3) and ammonium bicarbonate (NH4HCO3) through the formation of
bicarbonate (HCO3-), and ammonium ions (NH4").

For ease of understanding, the overall reversible reactions can be simplified
as given in the following formulas:

NH,COONH, <«—> 2NH; + CO,

(NH,),CO;  «—> 2NH; + CO, + H,0

NH,HCO,  «—> NH; + HCO;
«—— NH; + CO, + H,0

Stoichiometrically, one mole of ammonium carbamate or carbonate produces
two moles of NHz and one mole of CO,, whereas one mole of ammonium
bicarbonate produces one mole of NHz and CO». As CO; absorption proceeds, the
amount of ammonium bicarbonate increases through the reaction of ammonium
carbamate and carbonate which formed at low and medium CO; loading with
additionally absorbed CO» at high CO» loading.

Considering the above reactions from the viewpoint of regeneration, the
regeneration of a rich absorbent entails the decomposition of carbonated ammonia
to CO2, NH3 and H>O. Since regeneration begins after absorption, ammonium
bicarbonate that formed at high CO, loading is regenerated with production of
the same amount of NH3 and CO», at which the mole ratio of NH3 to CO; in the
vapor phase is approximately unity.

In continuous operation, the produced NH3 in the vapor phase is separated
at the washing column installed above the CO; stripper and recovered from
the wash water regenerator to CO; stripper. Through the recovery of NHj3, the
concentration of NH3 in the rich absorbent is maintained at a constant level and
the amount of NH3 in the vapor phase becomes larger than that of CO,. Therefore,
the mole ratio of NH3 to CO» is larger than unity, and this also applies even to
the case of regeneration with ammonium carbamate and carbonate. Although
the amounts of carbonated ammonia species in the rich absorbent are difficult to
quantify, the produced moles of NH3 are at least larger than that of CO,. Under
proper regeneration of the rich absorbent, the mole ratio of NH3 to CO» in the
vapor phase should be larger than unity.

Based on the above stoichiometric consideration, the preferred regeneration
temperature can be inferred from the mole fractions of CO; and NHj3 in the vapor
phase at equilibrium. As shown in Figure 7 (c) and (d), the mole fractions of CO>
and NH3 cross over each other at different temperatures which depend on CO;
loading. The regeneration behavior is explained for two cases of temperature at
vapor-liquid equilibrium under constant CO; loading and pressure. In the case of
the temperature at which the mole fraction of NH3 in vapor phase is larger than
that of CO,, the mole ratio of NH3 to CO» in the vapor phase at equilibrium is

146
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): May 3, 2012 | doi: 10.1021/bk-2012-1097.ch007

Downloaded by STANFORD UNIV GREEN LIBR on June 14, 2012 | http://pubs.acs.org

larger than unity. Because the rich absorbent moves to the state of equilibrium
at the regeneration condition, the mole ratio of NH3 to CO, will be the same as
that for proper regeneration. On the other hand, the stoichiometrically preferred
regeneration condition is not satisfied when the mole fraction of NH3 in the vapor
phase is smaller than that of CO,. Therefore, the theoretical approach based on
the vapor-liquid equilibrium and simplified overall reactions of the CO,-NH3-H>O
system provides a means of estimating the proper regeneration temperature and
CO; loading for a rich absorbent.

Selection of optimal operation conditions

Based on the consideration of theoretical approach for the preferred
regeneration condition, the selection of optimal operating conditions was studied
in this section.

Comparison with Experimental Results

Through consideration of the mole fractions of CO, and NH3 in the vapor
phase at equilibrium, the regeneration temperatures at which the removal
efficiency is nearly constant are compared with the calculated temperature at
which the mole fraction of NHj3 is higher than that of CO, in the vapor phase at
equilibrium under the same NH3 concentrations and CO» loadings as employed in
the experiments.

Table I represents comparison of temperatures where complete regeneration
starts with the calculated values under the same conditions as used in the
experiment. As shown in Figure 4, the removal efficiency increases rapidly
and slows down to near constant as the regeneration temperature increases. For
simplicity, complete regeneration is defined such that it occurs at the temperature
where the removal efficiency changes from a rapid increase to a steady value.
The removal efficiency is proportionally increased from 55 to 95 % as the NHj3
concentration increases from 3 to 15 wt% but CO; loading of the rich absorbent is
nearly the same, in a range from 0.35 to 0.38, regardless of the NH3 concentration.
The temperature of complete regeneration increases as the NH3z concentration
increases and the difference between the values obtained from the experiment and
calculation is within £2 °C. Therefore, the theoretical approach can be used for
the selection of regeneration temperature within the same accuracy.

Behavior above Regeneration Temperature

In addition to selection of the temperature where complete regeneration
occurs, the steady removal efficiency above the regeneration temperature is also
considered using the above approach. As shown in Figure 5-7, since the mole
fractions of CO, and NH3 are affected by the evaporation of H,O above the
regeneration temperature, the mole fraction of H>O in the vapor phase should be
considered.
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Table I. Comparison of the calculated optimal regeneration temperature
with experimental results. Reproduced from reference (22).

NH; CO:; loading® Removal Regeneration temperature
concentration mole — COZ_ efficiency Experimentb Calculationc
(wt%,) mole —NH, (%) (°C) (°C)

3 0.38 > 55 97 98
6 0.35 > 175 95 93
9 0.35 > 85 93 92
12 0.36 > 95 90 90
15 0.37 > 95 87 88

a CO; loading for rich absorbent. b Temperature where CO» removal efficiency changes
from a rapid increase to a steady value in Figure 5. ¢ The lowest temperature where the
mole fraction of NH3 in the vapor phase is higher than that of CO; at equilibrium.

As shown in Figure 5-7, when the temperature is above the regeneration
temperature where the mole fraction of NH3 in the vapor phase is higher than
that of CO,, the mole fractions of NH3 and CO; decrease due to the evaporation
of H2O. Therefore, the regeneration behavior can be more accurately understood
by considering the mole fraction of H>O in the vapor phase. The regeneration
critical condition is introduced and defined as the following formula:

Y, ~ Yoo,  Vam, — Veo,
“mo = 1
~— Vro — Ywr, — Yeo,
where £ H,0 : regeneration critical condition including H,O evaporation
Ynm, : mole fraction of NH; in the vapor phase at equilibrium
Yco, : mole fraction of CO, in the vapor phase at equilibrium

Y0 : mole fraction of H,O in the vapor phase at equilibrium

Figure 8 shows the critical condition for regeneration under different CO,
loading and regeneration temperature. The calculations were performed using NH3
concentration of 12 wt%, property method of ElectrolyteNRTL and process model
of FLASH for vapor-liquid equilibrium.
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Figure 8. Calculated regeneration critical condition including H>O evaporation.
Reproduced from reference (22).

When the CO; loading is 0.36 for 12 wt% which is shown in Table I, the
regeneration critical condition increases from negative to zero at 90 °C, 0.01
at 94 °C and remains steady above this temperature. Comparing the removal
efficiency in Figure 5, the dependency of critical condition on temperature is in
good agreement with that the removal efficiency. The same results are obtained
for other NH3 concentrations. This indicates that the regeneration with negative
critical condition is incomplete and the regeneration with a critical condition
above zero is complete. Since the regeneration is complete at high temperature
but consumes extra energy by the evaporation of H,O, the degree of regeneration
and energy loss should be optimized. For this purpose, the regeneration critical
condition is a useful parameter for estimation of the optimal regeneration
temperature.

Selection of Optimal NH3 Concentration

The calculation of regeneration critical condition using mole fractions of CO»,
NHj3 and H>O is applied to select the optimal NH3 concentration.

Figure 9 shows the calculated regeneration critical condition under different
NHj3 concentrations and CO> loadings. The calculations were performed using
regeneration temperature of 85°C, property method of ElectrolyteNRTL and
process model of FLASH for vapor-liquid equilibrium.
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Figure 9. Calculated regeneration critical condition including H>O evaporation
at regeneration temperature of 85°C. Reproduced from reference (22).

As the NHs concentration increases, the regeneration critical condition
increases rapidly up to 9 wt% and the rate of increase then slows down above this
concentration regardless of CO; loading. In general, higher removal efficiency can
be achieved with a higher absorbent concentration but use of a NH3z concentration
higher than a specific value does not increase the removal efficiency. In the present
study, the experimental results shown in Figure 2 indicate that NH3 concentrations
above 12 wt% have little effect increasing the removal efficiency or the critical
condition for regeneration. Although the dependency of the regeneration critical
condition on NHj3 concentration does not precisely agree with that of the removal
efficiency in Figure 2, the optimal NH3 concentration for continuous operation
can be estimated approximately by the regeneration critical condition.

Conclusions

This chapter summarizes the conclusions of the study performed. Through the
continuous experiments using lab-scale CO» absorption-desorption apparatus and
the calculations of mole fractions of CO, and NH3 in vapor phase at equilibrium,
a method to select the optimal operating conditions was developed.

The behaviors of continuous CO; capture process were studied by lab-scale
experimental apparatus. CO»> removal efficiencies using aqueous NH3 solutions
were proportionally dependent on the concentration of NH3 in absorbent up to
12 wt% but remained nearly constant above this concentration. Although the
removal efficiencies reveal proportional and disproportional dependency on
flow rates of absorbent and gas respectively, the same outstanding dependency
of removal efficiencies on NH3 concentration was not observed. It could be
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concluded that the removal efficiency depends more on NH3 concentration than
flow rates and the optimal NH3 concentration is 12 wt% because the removal
efficiencies were not affected above this concentration. The effect of regeneration
temperature on CO removal efficiency and CO; loading were studied. As the
regeneration temperature increased, the removal efficiencies were increased
with sigmoidal shape. The regeneration temperatures at which CO, removal
efficiency changes from a rapid increase to a steady value were increased as NH3
concentration decreased and this temperature could be considered as optimal
regeneration temperature, because the increased regeneration temperature without
increase of CO; removal efficiency is only a consuming of additional energy.
The optimal regeneration temperatures were 87 °C for 15 wt%-NH3s, 90 °C for
12 wt%-NH3s, 93 °C for 9 wt%-NHs, 95 °C for 6 wt%-NHs and 97 °C for 3
wt%-NH3. CO; loading of rich absorbent was higher than that of lean absorbent.
As the regeneration temperature increase, CO; loadings of both absorbents were
changed from rapid decrease to steady value and the increased differences of
both CO; loadings explained increased CO> removal efficiencies. Through the
continuous CO» capture experiments, it could be concluded that the removal
efficiency depends on the operation parameters such as NH3 concentration of
absorbent, regeneration temperature and CO; loadings for rich absorbent. The
optimal operating conditions were 12 wt% of NH3z concentration, 90 °C of
regeneration temperature with CO; loadings kept below 0.4.

A method based on behaviors of vapor components at the regeneration was
developed and used for the selection of optimal operating condition for continuous
CO; capture process using an aqueous NH3 solution. Since the state of vapor and
liquid at regeneration moves to the equilibrium state, the equilibrium conditions
in regeneration determine the overall continuous CO; capture process. It could be
understood that the regeneration of CO; rich absorbent prefers the condition that
the mole fraction of NH3 in vapor phase at equilibrium is larger than that of CO».
In the preferred regeneration condition, the mole fractions of CO; and NH3 in
vapor phase at actual regeneration are opposite to those at equilibrium state and
the mole fraction of CO» in vapor phase is larger than that of NH3. The higher
mole fraction of CO; in vapor phase at actual regeneration could be understood as
better regeneration and consequently better CO; absorption. The regeneration of
rich absorbent was reviewed in view of stoichiometry. The amounts of produced
NH3 by the decompositions of ammonium carbamate, carbonate and bicarbonate
are larger than that of CO; and this was agreed well with the preferred regeneration
condition that the mole fraction of NH;3 should be larger than those of CO, in
vapor phase in vapor phase at equilibrium. The mole fractions of CO> and NH3
in vapor phase at equilibrium were calculated using process library of “FLASH”
in AspenPlus. The calculated optimal regeneration temperatures under different
NH3 concentrations were compared with those from the experimental results
using continuous CO; capture process. The calculated optimal regeneration
temperatures were agreed well with those from experimental results within +
2 °C. The behavior of regeneration at above optimal regeneration temperature
was expressed by regeneration critical condition. It showed well that the high
regeneration temperature above optimal does not enhance CO; removal efficiency
and cause additional energy consumption. It could be concluded that the method
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based on calculation of mole fractions of vapor components at equilibrium agrees
well with experimental results for selection of optimal operating conditions.
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The anthropogenic carbon dioxide (CO:) emissions from
industries and power plants have been accepted as a dominant
contributor to the recent changes in the global climate. One
of the technologies that have been recently developed to
tackle CO, emission is post-combustion capture. To meet the
accelerated development in this technology, more effective
absorbents are required to reduce energy consumption, capture
cost, and equipment footprint in CO» capture processes. lonic
liquids (ILs) are regarded as potential alternative absorbents,
due to their intrinsic properties, such as low volatility, low
corrosivity, thermal stability, tunability, and high CO, affinity
at elevated pressures. CO; solubilities in traditional ILs
are relatively low under ambient conditions compared with
amine-based absorbents, leading to the development of
ILs bearing functional moieties or polymeric groups with
improved and larger capacities for CO>. These developments
include amine groups, amino acid groups, superbases, aprotic
heterocyclic anions as well as transition metal ions, promoting
chemical interactions with CO,. IL entities have also been
tailored with polymerisable groups to create polymerised-ILs
which are less energy intensive and highly selective in CO>
capture processes. This chapter reviews the IL absorbents
having different types of CO»-philic groups, and discusses
their reaction mechanisms with CO,. Not all chemically
modified ILs preserve the original advantageous properties of
conventional ILs; some modified ILs become highly viscous
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while some become volatile, and some become moisture or air
sensitive. Therefore, the benefits and drawbacks of using these
IL absorbents for CO; capture are also addressed.

Introduction

Ionic liquids (ILs) are low-temperature melting salts comprising cations
and anions. Owing to their exceptional properties, for example, reasonable
chemical and thermal stability, relatively low corrosivity, low volatility, and
physio/chemical tunability (/-3), ILs have become ubiquitous in the field of
scientific and industrial research. Gas dissolution behaviour in ILs has constantly
been an intriguing topic with great potential (4-8). The IL-gas phase behaviour
has been studied extensively since it was reported that ILs show high solubility
for CO; (8, 9). ILs also exhibit a unique feature that gases can be dissolved in ILs
selectively. In many cases, CO; and SO» can be dissolved in ILs substantially,
while other gases, such as N», O, CH4 and Hy, are poorly attracted (/0—16). Since
a great number of gas separation technologies are based on the high solubility and
high selectivity of a certain gas into a liquid phase (/7), a considerable increase
in interest in ILs has occurred, whereby ILs have become a category of potential
absorbents for post-combustion CO; capture technology.

There is a great scope for research into ILs due to the variety of cation and
anion combinations (4, 6). The structures of some typical cations and anions for
ILs are shown in Figure 1; the list of structures shown is by no means complete.
The physicochemical properties of ILs vary with their ionic structures and
combinations. Gas solubilities and selectivities in ILs are important variables in
their use as CO» absorbents. Table I shows the solubilities of different gases in
some typical ILs. A low Henry’s constant implies high solubility. The cationic
structure of ILs has a minor effect on CO, absorption capacity, whereas the anions
can interact with CO» to form a Lewis acid—base pair - the anions act as Lewis
bases and CO» as the Lewis acid (4). Thus it makes anions, particularly the anions
with fluorinated alkyl groups, the primay factor in determing CO; solubility in
traditional ILs. As indicated in Table I and described elsewhere, the solubility
of CO; follows an anion sequence of [TfoN]> [PFe]> [BF4]- (4, 6, 7). CO»
absorption by traditional ILs follows a physical absorption mechanism where
cavities between the ions accommodate the CO2 molecules (7). These available
cavities, which are also referred as “free volume” , determine the maximum CO;
solubility that exhibits under extreme high pressure (7).

At ambient conditions, CO» solubility is relatively low in conventional ILs.
For example, the absorption capacity for CO; in some favourable ILs, such as
[Emim][TfoN], [Bmim][PF¢] and [Bmim][BF4], is only about 3.5 mol % (~0.4 wt
%) at ambient pressure and temperature (5). This problem becomes especially
important in post-combustion capture processes, where only 10-15 % of the flue
gas is CO», and the CO, partial pressure is relatively low (/8). Solubility can
be increased by raising the pressure as ILs display considerable CO, absorption
capacity at high pressure (6). This treatment however elevates capital costs.
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Figure 1. Cations and anions of common ionic liquids (1, 7)

Table I. Henry’s Constant (bar) for gases in several traditional ILs at 25 °C

ILs co, N 0; H> S0,  CHy
[Emim][BF4]] (19) 81.0 7194  — 8207  1.02 2938
[Emim][Tf:N] (19) 395 1418 — 2634 — 587
[Bmim][BF4] (19, 20) 59.0 1.04 2000
[Bmim][PFq] (19, 20) 534 — 7190 @ — 112 1690
[Bmim][T£:N] (19, 20) 330  — 1730 — 110 560
[Hmim][T£:N] (19-21) 345 1013 6232 1824  1.64 329

a Data at 40 °C.

A more practical strategy is for IL structures to be altered to raise their affinity
for CO; interactions. This approach could improve CO; absorption capacity and
potentially make ILs, by combining with other advantageous properties, superior
to the current state-of-art absorbents based on amines, such as monoethanolamine
(MEA) (22, 23), methyl diethanolamine (MDEA) (22), and diethanolamine (DEA)
(24). One method is to incorporate, either physically or chemically, polymeric
groups or functionalities exhibiting high CO» affinities, such as amine groups,
amino acid groups, superbases, aprotic heterocyclic anions and transition metal
ions (25). This chapter presents a review of the chemistry of CO» absorption by
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such tailored ILs, and discusses the benefits and disadvantages of these materials
from a practical application’s viewpoint.

Ionic Liquids Containing CO;-philic Groups

Recently, a number of functionalised ILs bearing CO»-philic groups showing
increased CO; binding capacity have been reported. Unfortunately, not all of these
reported absorbents can be considered as suitable for industrial applications (7,
26) because ILs need to meet several important requirements for their commercial
viability.

As illustrated in Figure 2, it is ideal that these functionalised ILs exhibit
high CO; solubilities and reversible interactions with CO,. From an energy
consumption perspective, it would be appealing for functionalised ILs to interact
with CO; through relatively weak interactions (characterised by a relatively
low exothermic sorption enthalpy), so that subsequent regeneration of the
absorbents can be achieved with a low energy input. This scenario would allow
ILs to outperform conventional amine-based absorbents, especially since many
have relatively high exothermic sorption enthalpies (> -50 kJ-mol-!) (23, 27).
Functionalised ILs should also exhibit high thermal stability over their operating
temperature range. CO; desorption is an endothermic process usually requiring
raised temperatures to remove the absorbed CO; from the absorbents (7). Since
flue gases are emitted at elevated temperatures (23), it is also desirable that the
absorbents possess reasonably high CO» solubilities even at high temperatures
to avoid fuel-gas pre-cooling processes. The development of novel ionic liquids
should address the above issues of current CO; absorption technology while

retaining their advantageous properties.
Reversability
Functionality
lonic Liquid
( Desorption
A n

bsorptio
0=C=0
0O-C-0
Thermal Lower Regeneration
Stability Energy

Figure 2. Requirements of ideal functionalised ILs for CO; capture

High CO,

solubility

Amine Based Ionic Liquids

Owing to the high CO, solubility in amine-based solutions such as MEA
(22), DEA (24), and MDEA (22), amine groups were one of the first reported
functionalities incorporated into ILs (28). One simple preparation involves mixing
together conventional ILs and amine. Noble et al. (/4, 29) demonstrated that
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mixtures of room temperature ILs and commercial amines are capable of capturing
CO; effectively. For example, a 1:1 mole ratio of MEA and [Hmim][Tf:N]
solutions absorbed 0.5 mole CO; per mole of MEA (= 4.2 wt %) at low CO>
partial pressures, forming MEA-carbamate precipitates. A secondary amine DEA
dissolved in an alcohol functionalised IL [EmimOH][Tf:N] absorbed = 0.25 mole
CO; per mole DEA (= 2.2 wt %). In each case, the corresponding IL-amine
solutions also absorbed CO, relatively quickly. These observations suggest
simple physical mixing of the constituents leads to effective, functionalized ILs
(14). However, these approaches only require high solubility of the amines in the
ILs; no consideration has been taken for their thermal stability or volatility.

Other than the direct mixing, Bates et al. (28) were among the first to
successfully incorporate amine groups with ILs by covalent bonding. They
tethered a primary amine to the alkyl chain of an imidazolium cation to produce
a 1-(3-aminopropyl)-3-n-butylimidazolium IL [aPbim][BF4] for CO; capture, as
shown in Figure 3. Based on the FT-IR and 13C-NMR results, the absorption
of CO; occurs by forming a carbamate through a reaction mechanism similar
to that of primary amines (30), resulting in a ratio of nearly 0.5 mol CO» per
mol IL reaction stoichiometry (28). The CO; solubility in this system was
significantly increased to 7.4 wt % at 23 °C and 1 bar. The regeneration of this
amine functionalised IL was made by heating under vacuum at 80-100 °C for
several hours (28).

O
- - 1
2 H2N\/\/N\ N\/\/ BF4 + g S

+ H -
S NN AU NGO RSS2 B8Ry

Figure 3. Proposed reaction mechanism in amine functionalised ILs with CO;

28)

Following this work, a series of primary and tertiary amine functionalised
ILs were studied by Sanchez and coworkers (3/). The structures of the ILs
are shown in Figure 4. These amine functionalised ILs were compared with
their unfunctionalised counterparts [Bmim][BF4] and [Bmim][DCA]. The CO;
absorption capacity for each functionalised and unfunctionalised IL increased
with an increment of pressure or with a decrease of temperature. The CO
absorption behaviour varied significantly between the primary and the tertiary
amine functionalised ILs (3/). The primary amine tethered ILs exhibited a
substantial rise in CO; solubility (0.16 mole CO> per IL, ~ 2.9 wt %) at low initial
pressures (up to 1 bar), indicating a classical chemical absorption behaviour. For
pressures above | bar, the absorption showed a linear increase with pressure,
but with a reduced gradient, indicating physical absorption (37). In contrast, the
tertiary amine functionalised ILs formed carbamates, but to a lesser extent (0.02

157
In Recent Advances in Post-Combustion CO2 Capture Chemistry; Attalla, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web):; May 3, 2012 | doi: 10.1021/bk-2012-1097.ch008

Downloaded by CORNELL UNIV on June 15, 2012 | http://pubs.acs.org

mole CO> per IL, < 0.3 wt %) due to the steric effects of the higher substituted
amines.

R ~
NH, NH, ! N-Re
Hons1Cn "X N-CnHzy  HanetCN= ("X -CiHz,  HaneqCne X -CnHy,
\—/ \=/ _ \—/
- N -
[Am-Im][BF ] [Am-Im][DCA] [BAM-IM][BF 4]

Figure 4. Functionalised ILs with amine tethered cations (31)

Amino Acid Based Ionic Liquids

The development of amino acid-derived ILs is another avenue for seeking
desirable functionalised ILs for CO; capture. An amino acid functionality contains
at least one amine group and one carboxylic group, together with various side
groups and a chiral carbon atom (32). As illustrated in Figure 5, amino acid
groups can act as cations or anions in ILs, depending on the system pH (32, 33).
Amino acids are natural, biodegradable, and relatively inexpensive, and have been
reported to show a high affinity for CO, (32, 34). These contributing parameters
make amino acid functionalised ILs prospective candidates for CO; capture.

R

Figure 5. Design of amino acid functionalised ILs (32)

Studies have found that some amino acid-functionalised ILs tend to have
more desirable CO> solubilities than amine functionalised ILs. Jiang et al. (35)
incorporated amino acid anions with a symmetric tetraalkylammonium cation
(Figure 6 (a)). They observed that some of these ILs, such as tetracthylammonium
based [N2222][o—alanine] and [N2222][f—alanine], have viscosities of less than 200
mPas (35). A 0.43 mole ratio (8.6 wt %) of CO; solubility at ambient pressure
and 40 °C was achieved with some of these materials. The absorption reaction
mechanism is similar to that of amine functionalised ILs, i.e., nucleophilic attack
onto the electrophilic carbon of CO, by the free base nitrogen producing a
carbamic acid intermediate which requires a second amine to stabilise (36).
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Figure 6. Functionalised ILs with amino acid anions (35-39), the selection of
amino acid includes alanine, serine, glycine, lecine, valine etc.

Zhang et al. (36) combined natural amino acids into phosphonium ILs with
their structures shown in Figure 6 (b). The amino acid IL was supported by
porous silica gel in order to achieve higher CO; absorption/desorption rates.
In the presence of approximately 1 wt % water, tetrabutylphosphonium-based
[P4ga4][glycine] IL was found to absorb up to 13.5 wt % CO», equivalent to a
1:1 mole ratio of CO»:IL (36). The viscosity of each material was initially low.
Reaction with CO; led to a gradual increase, resulting in highly viscous, cloudy
gels (36). The FT-IR spectra showed a new peak at 1660 cm-! in the reacted amino
functionalised ILs, indicating the formation of a COOH group. As an explanation,
the authors suggested that in the absence of water, the absorption occurs through
carbamate formation mechanisms; in the presence of water carbonic acid forms
from the reaction of H,O and CO,. The product is then stabilised by a proton
transfer to an amine group, similar to the bicarbonate formation mechanism in
amine aqueous solutions (30, 36).

Zhang et al. (37) further explored a series of phosphonium ILs with dual
amino acid groups where both the cation and the anion bear an amine moiety, as
shown in Figure 6 (¢). They chose (3-aminopropyl) tributylphosphonium [aP4443]*
as the cation since the corresponding [aP4443] IL is thermally stable up to 281
°C (37). The CO; solubility in [aP4443][aminoethanoic acid] ([aP4443][Gly]) and
[aP4443][L-a-aminopropionic acid] ([aP4443][Ala]) reach above 1 mol CO; per IL
(13.9 wt%), twice that of mono amino acid functionalised ILs. The absorption
by these dual amino acid functionalised ILs was reported to be repeatable up to 5
cycles without loss of absorption rate and capacity (37).

Recently, Gurkan et al. investigated a series of amino acid functionalised ILs
with a trihexyl(tetradecyl)phosphonium [Psss14]* cation. The selection of amino
acid anions is shown in Figure 7 (38, 39). The CO; solubility in most of these
functionalised ILs exceeded 0.5 mole ratio of CO> per IL at room temperature
and 1 bar, approaching 1:1 mole ratio. The CO; solubility in [Pees14][Lys] and
[Psss14][Gly] approached 1.3 mole CO» per IL (almost 9.1 wt %) under the same
conditions (39). The amine group in the anion interacts with CO> to produce
carbamate acid. The proton in the carbamate acid can either transfer to the amine
group in a second amino acid anion, following a typical 1:2 carbamate formation
mechanism, or it can be stabilised by a negatively charged carboxylate group. In
the latter case, there is no involvement of a second anion and thus the reaction
stochiometric ratio is 1:1 COx:IL (39).
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Figure 7. Structures of amino acid anions used in the work by Gurkan et al.
and Goodrich et al. (38, 39)

The ring structure blocks the active hydrogen atoms from generating a
hydrogen bonding network and thus, the viscosity of [Pess14][Pro] only increases
by approximately 2-fold upon complexation with almost 1:1 molar ratio of CO,.
In contrast, the viscosity of [Psss14][Lys] increases by 217 times to roughly
155,000 mPa's after CO, absorption under the same conditions, and that of
[Psss14][Methioninate] by 94 times, to about 30,000 mPa-s (39). Clearly, the
results from the [Psss14][Pro] studies provide a valuable insight into structure
development for new ILs with lower viscosities for CO,-IL complexation.

Similar to amine functionalised ILs, all amino acid functionalised ILs
mentioned above tend to have higher viscosities than their non-functionalised
counterparts. The viscosity increases significantly upon complexation
with CO,, forming a gel-like substance (40). Additional examples include
imidazolium-based amino acid functionalised ILs which have viscosities greater
than 486 mPa‘s (33), while [P444]" based amino acid functionalised ILs have
viscosities higher than 344 mPa-'s (4/). From molecular simulations and ab
initio calculations for 1-(aminoethyl)-3-methylimidazolium based [aEmim][BF4]
and [aEmim][PFs], Yu and co-workers proposed that these inceases are due to
the preferable interaction between the anion and the active —-NH» group in the
cation (42). This interaction forms strong ion-type hydrogen bonds, creating
dense liquid structures where the motion of alkyl side chains reduces, and the
interactions between cations and anions becomes ineffective (42). Gutowski
and Maggin (43) further investigated [aEmim][Tf,N] after CO, absorption using
molecular simulation to explain the viscosity increase in CO»-reacted amino
acid functionalised ILs. Their results demonstrated that upon complexation with
CO,, the system forms a strong, compact, hydrogen-bonded network between
ammonium (di-cation) and carbamate (zwitterion) species, also identified as
a “salt-bridge network” (43). This salt-bridge network formation reduces
the translational and rotational dynamics within the network, facts observed
experimentally as the formation of glassy and/or gel-like materials upon contact
with CO,. Evidence of salt-bridge network formation between carbamate and
ammonium tails has also been reported for other complexes (40, 44).
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Concerns have been raised regarding such highly viscous materials, because
higher viscosities indicate lower diffusion (mass transport) efficiencies as well as
extra capital costs for post-combustion CO; capture processes (7). To overcome
this potential problem, selected amino acid-functionalised ILs have been coated
as a thin layer of film on porous media, for example, porous silica gels (36, 37)
or polyethylene glycol 200 (PEG 200) (45). The resulting reduced gas diffusion
distance significantly reduced their CO; absorption times.

An alternative approach is through tuning the chemical structures of
ILs (25). For example, Jiang and co-workers (35) reported that the amino
acid-functionalised ILs with small cations exhibited lower viscosities, ¢.g. 81 and
29 mPa-s for [Na222][a-alanine] and [N2224][a-alanine] at 25 °C, respectively.

Superbase Based Ionic Liquids

The effect of the basicity of ILs on CO; absorption was first reported by
Han and co-workers (46). They measured the Hammett basicity function (#.)
for the four types of ILs shown in Figure 8. A higher H.-value corresponds to a
higher basicity (47) Upon CO; absorption, the highly basic ILs [aEmim][BF4]
and choline chloride/urea (1:2 molar ratio) chemically interact with CO; to
generate carbamates, accompanied by a drop in H--values. In constrast, the less
basic ILs [Bmim][BF4] and [TMG][CIO4] show only physical absorption (46).
These reactions were demonstrated to be repeatable and reversible by bubbling
alternately CO; and N through the solutions.

.
| NH, NH,
N o=C =\ =\ i
HO >N~ 0 C\N \ H2N/\/N\_/‘N\ \/\/N\_/»N\ \I\‘I,C‘T/
+ +
— 1 - - —
cl . BF BF clo
H2N’C NH, 4 4 4
O e istire [AEmimi[BF [Bmim[BF | [TMGIICIO,]
H.=10.86 H=11.75 H.=5.06 H.=4.35

Figure 8. Structures of ILs and their basicities (46), [TMG] represents
1,1,3,3-tetramethylguanidinium

This work then led to the exploration of superbase-based ILs. A superbase
is defined as a compound with an extremely high H.-value, with a high affinity
for protons (48). Yu et al purged CO, through an aqueous solution containing
an amino alcohol and an amidine superbase. The resulting reaction occured
through a carbamate formation, with the superbase acting as the proton acceptor
(Figure 9). The absorption product formed an IL which was readily separated
from the aqueous phase (49). The CO: solubility in C8/LeuOH (R1=CsHy7,
ValOH=a-leucine OH in Figure 9) exceeded a 1:1 mole ratio of COz:amino
alcohol, yielding > 16 wt % in a 60 min. contact time (49). This reaction was
reported to be fully reversible upon exposure to a N, atmosphere or upon heating,
with the IL reverting to its original form with minimal degradation (49). Although
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such high absorption capacities are exciting, the amidine and amino alcohol
systems retained their intrinsically high volatilities, a fact seriously limiting their
commercial practicality.

CH
73 Ry €O, z CHy C NH

N N. + )'—\ S
RO O 7 uN* oM heatN2 T “CHy © Rﬁ oH

Figure 9. Reaction mechanism for amidines and chiral amino alcohols in CO;
absorption, R; and R are acyclic groups (49)

Dai and coworkers synthesised a family of protic ILs by mixing superbases
and weak proton donors. Examples of weak proton donors used are alcohols,
phenols, and imidazoles (48). Some of these examples are shown in Figure 10. The
derived anions showed high reactivity towards CO; with most of these superbase-
derived ILs absorbing 1 mole ratio of CO; (50). For example, the CO; solubility
in [MTBDH][TFE] reached 1.13 mole ratio CO; per IL (19.6 wt %) at 1 bar and
23 °C, while [(P2-Et)H][Pyrr] absorbed 0.92 mole ratio CO; (9.5 wt %). The two
COs-reactive centres in the [HEPD]?- anion saw the [MTBDH],[HEPD] system
absorb > 2 mole CO; per IL (10.0 wt %). The reaction mechanisms for [Im]- and
[TFE]- are described in Figure 11, forming carbamate or carbonate salt (50). Protic
ILs also have significantly reduced viscosities, e.g. 9 mPa-s for MTBDH][TFE]
at room temperature. From the applications viewpoint, the high CO, absorption
capacity and low viscosity represent a significant improvement over other modified
ILs. On balance, however, these protic ILs suffer from relatively high volatility,
as indicated by substantial mass loss at temperatures as low as 86 and 102 °C for
[MTBDH][TFE] and [(P2-Et)H][Pyrr], respectively (50).

(\N/j F O "\ " F
ﬂ/)\,lq FF%J 65K :

FFFF o

[MTBDH]J* [TFE] [HFPDJ* [TFPAJ

L _

N N O
\ Il 1 / _ _—

i o O
/ N H N \ S X -
[(Po-Et)H]* [Pyrr] [Im] [PhOYT

Figure 10. Structures of superbase-derived ILs (51)
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Figure 11. Reaction mechanisms of anions [Im]- and [TFE]- with CO; (50)

To address this high volatility problem, Wang et al. (57) firstly applied 1:1
mixtures of an alcohol-functionalised IL and a superbase for CO, absorption.
Their selection of superbases is shown in Figure 12. These mixtures reached CO»
equilibrium absorption capacity within 30 min., and CO; solubility approaching
1 mole ratio CO; per superbase at 1 bar and 20 °C (57). For example, the
1-(2-hydroxyethyl)-3-methylimidazolium TN ILs ([EmimOH][Tf2N]) with
equimolar DBU or MTBD absorbed approximately 1 mole ratio of CO, (8.2
and 8.0 wt % per DBU and MTBD, respectively). The alkylate derived from
the alcohol group plays a key role by reacting with CO,, forming amidinium
alkylcarbonate salts during absorption, as shown in Figure 13 (57). In this case,
CO; absorption was also repeatable and reversible, as the absorbents were readily
regenerated by heating or on exposure to inert gases (57).

N N7 NH N

ﬁ )\ N-p-N=P-N i %‘N=P\N
- Ny, o !

7N NH 'f 'T' N

MTBD EtP, ™G BEMP

Figure 12. Structures of superbases for IL-superbase mixtures (51, 52)

~ +C02
N N/\oH Q:j \N/\N/\OJ( Q .
S

-CO.

Figure 13. Reaction mechanism of [EmimOH][Tf>2N]+DBU 1:1 mixture with
CO: (51)

Wang et al. (52) further demonstrated that conventional imidazolium-based
IL and superbase mixtures can absorb CO rapidly and reversibly. The
proposed reaction mechanism is shown in Figure 14, indicating the formation
of imidazolium carboxylate (52). The acidic nature of the C-2 position in the
imidazolium (5, 53) leads to carbene formation due to proton transfer to the
superbase. The carbene then reacts with CO; to produce a carboxylate, as
evidenced by a new IR peak at 1669 cm-! and a new 13C-NMR peak at 155.6
ppm. These authors also examined CO> absorption in mixtures of superbases and
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pyridinium-based ILs. While imidazolium based mixtures achieved 1 mole ratio
of CO solubilities at ambient pressure and 23 °C, equivalent to 7.5 and 7.6 wt %
for [Bmim][TfaN]+DBU and [Emim][Tf2N]+DBU mixtures, a pyridinium based
mixture of [Bpy][Tf2N]+DBU only absorbed 0.29 mole ratio of CO, (2.3 wt
%) (52). This result further suggests the involvement of the imidazolium cation
through the proton at C-2 position.

CTLN HEN — C@

O,
szN szNH

Figure 14. Reaction mechanism of [Bmim][Tf>N]+MTBD 1:1 mixture with CO;
(52)

Aprotic Heterocyclic Anion Based Ionic Liquids

To overcome the problem of high viscosity observed in CO; absoprtion
products caused by strong hydrogen bonding, Brennecke and Dai explored,
separately, the potential of aprotic heterocyclic anion-based ILs (54, 55).
Brennecke et al reported ILs based on a [Pgss14]™ cation combined with anions
derived from pyrrolide or pyrazolide, as shown in Figure 15. These ILs showed a
similar absorption capacity of nearly 1 mole CO, per IL at 1 bar and 22 °C, again
forming carbamates (54). The viscosity for the CO; reacted [Psss14][2-CNpyr]
or [Pees14][3-CF3pyra] approached that of pure ILs, representing a significant
improvement over the other tailored ILs. Equally interesting, the absorption
enthalpy of these ILs is tunable. For example, the absorption enthalpy was
lowered by substituting —CN or —CF3 as electron-withdrawing groups in the
anion, resulting in -53 kJ mol-! for [Psss14][2-CNpyr] and -46 kJ mol-! for
[Po6614][3-CF3pyra] (54).

LG1aH2o  [Pegetal” JG1aH20  [Peggal”
CeHi3—PHCgHi; - CeHia=P—CeHis
CeHis N czN CeH13 N
Vs W)
CF3
2-cyanopyrrolide [2-CNpyr] 3-(trifluoromethyl)pyrazolide [3-CF3pyra]

Figure 15. ILs with aprotic heterocyclic anion reported by Brennecke et al. (54)

Similarly, Dai et al. (55) investigated the tunability of the absorption enthalpy
in aprotic heterocyclic anion-based ILs, as shown in Figure 16. They showed
that by reducing the basicity of the anion, it is possible to decrease the CO»-anion
interaction energy, while maintaining a high CO> capacity. Trends in the bond
strength between the anions and CO» can be elucidated using the proton affinity
of the anion, i.e. the basicity and pKa values of the starting acids. This trend fits
well as both H* and CO» share similar “hard” acidic characteristics (56). As strong
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bases have a higher affinity for H, the same concept can be applied to the affinity
of strong bases for CO,. For example, [Psss14][Pyr], [Psss14][Im], [Psss14][Ind]
and [Peee14][Triz] have pKa values in DMSO of 19.8, 18.6, 17.8, and 13.9, with
absorption enthalpies of -91, -89.9, -63.1, and -56.4 kJ-mol-!, respectively (55).
These ILs also show thermal stability up to 300 °C (55). Thus, this correlation
provides an opportunity to achieve high CO, absorption with a relatively lower
energy cost.

™) =\ N=\ N=\
N7 NN NON- NN
[Pyr] [Im] [Triz] [Tetz]
C6H13

CgHq3— FI’ Ci4H29 O @: ©/\/
CeH1a
[Pess1al” [Oxa]' [Bentriz] (Ind]

Figure 16. ILs with aprotic heterocyclic anions reported by Dai et al. (55)

Ionic Liquids with Transition Metal Ions

Huang and co-workers first reported the ILs containing transition metal ions
as a different strategy to improve CO; solubility (57, 58). As the coordination
interaction between transition metals and CO» molecules is well understood, they
investigated methods to improve CO, absorption capacity in ILs by incorporating
transition metal ions. It is well established that the CO2 molecule has two sets of
filled © molecular orbitals and one vacant anti-bonding orbital (59). These orbitals
can interact with transitional metal ions either by an n; or an 12 bonding mode, as
shown in Figure 17 (60).

Ui N2

Figure 17. Structure types of n; and n2 metal-CO; interaction (60)

Huang introduced transition metal salts bearing the same anion into ILs to
form homo-anionic solutions for CO; absorption (58). The solubility of these
homogenous transitional metals in ILs provided up to 1 mole ratio CO; absorbed.
The absorption mechanism was interpreted as being due to a coordination sphere
of anions formed around the transition metal centre, possibly in the form of
MJTf;N]s, acting as a reaction centre for CO; (61).
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In previously reported work, the neat IL, [Emim][Tf;N], showed only a small
CO, absorption capacity of 0.39 wt % at 1 bar of CO; at 40 °C due to physical
absorption (27). Mixing Zn(Tf;N), into [Emim][TfN] in a 1:1 mole ratio,
the CO, solubility in the IL increased to 8.2 wt % under the same conditions,
interpreted as one Zn2* ion binding > 1 CO2 molecule through a coordination
interaction in [Emim]*Zn2+[Tf;N]3. The coordination reaction mechanism
analysis was later supported by FT-IR analyses. Other transition metals exhibited
similar enhancement effects, but at different levels (57).

A disadvantage of mixing zinc salts with [Emim][TfN] was the 43-fold
increase in IL viscosity (58). Consequently, the CO; diffusion rate was slow,
with the CO; diffusion coefficient evaluated in the range 10-13 ~ -12 m2-s-l)
approximately three orders of magnitude lower than that in [Emim][Tf:N]. These
authors suggested that by altering the combination of the transition metal ions and
the anions, the high viscosity problem could be solved.

Polymerised Ionic Liquids

Owing to the tunability of ILs, it is also appropriate to tailor monomeric
groups onto the cation or anion of the ILs, forming IL monomers. Polymeric
forms of ILs, poly(IL)s, can then be synthesised by polymerisation reactions
(62). Studies found that poly(IL)s have relatively high CO; solubility and high
selectivity, making them suitable candidates for gas separation processes. Tang
et al. (62) first reported the application of poly(IL)s for CO; capture. Several
examples of poly(IL)s synthesised in their work are shown in Figure 18 (62).
They found that CO; solubilities in the polymerised tetraalkylammonium based
ILs were 6- to 7.6-fold more than that in typical ILs. At 22 °C, P[VBTMA][PFs],
P[VBTMA][BF4], PIMATMA][BF4], P[VBTMA][Tf:N] and P[VBTMA][Sac]
([Sac]: o-benzoicsulphimide) exhibited absorption capacities of 10.66 mol %
(~1.34 wt %), 10.22 mol % (~1.53 wt %), 7.99 mol % (~1.43 wt %), 2.85 mol %
(~0.27 wt %), and 2.67 mol % (~0.31 wt %). In comparison, the CO; absorption
by [Bmim][BF4] provided a capacity of 1.34 mol % (~ 0.26 wt %) (62, 63).
The CO, absorption by poly(IL)s have also been reported to be selective and
reversible, with absorption equilibrium time up to 100 min. The absorption
mechanism appears to be different from that in neat ILs, as the role of the
fluorine atoms in poly(ILs) is not as important as in typical ILs. Poly(IL)s with
non-fluorine anions (e. g. P[VBTMA][Sac]) exhibited similar CO; absorption
capacities to PPTVBTMA][T:N] (62).
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Figure 18. Structures of poly(IL)s synthesised by Tang et al. (62)

Samadi et al. (64) applied poly(IL)s, such as poly[(META)*Cl], as a
nanolayer of coating on a base support material. Poly[(META)*CI-] showed no
CO; uptake for pressures < 2.5 bar. However, by replacing [Cl]- anion with [BF4]-,
[MeSOs]- or [TfO]-, as shown in Figure 19, these modified materials delivered
linear CO; absorption behaviour with pressure. The CO, absorption capacity
reached 2 mmol of CO; per gram (8.8 wt %) of poly(IL)s in [META][TfO] at 0.78
bar and 25 °C. These poly(IL)s materials also exhibited low absorption enthalpy,
-26, -11, and -14 kJ-mol-! for [BF4]-, [MeSOs]-, and [TfO]-, respectively, clearly
indicating a physical absorption mechanism and potentially facile regeneration
capabilities (64).

Monomer Polymer
~ 1 - ~ [ (”) N
N \/\O’C - 'll \/\O,C -
cl ol *
[META][CI] poly[(META)*CI]

Figure 19. Structures for IL cation-monomer [META]*and poly(IL) in the work
reported by Samadi et al. (64)
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Bara et al. (65) synthesised several imidazolium based poly(IL)s with [Tf2N]-
as anions, as shown in Figure 20. These poly(IL)s were incorporated with ILs to
form gel membranes for gas separation. The presence of 20 mol % free ILs in the
polymer membranes improved the CO, permeability by 400 % and improved the
CO,/N; selectivity by 33 %, in comparison to the analogous membranes without
free ILs (65).

n~'N

o

ﬁ@x{/\/oh ,q//\NH\\

OEGp-type CnCN-type

—_—
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%w S A

ML

CnCHg- type Gemini-type

Figure 20. Types of polymerisable cationic-monomer synthesised by Bara et
al. (65), [Tf>N]- was used as the anion

Summary

As summarised in Table II and herein, a wide variety of methods have been
explored in designing novel ILs specific for CO, capture. The primary goal for
any new designs remains increased CO; absorption capacity, while, at the same
time, retaining the attractive properties of the original ILs, such as their thermal
stability, low volatility, and low corrosivity.
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CO; absorption capacity AHops Viscosity at RT
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IL absorbents at RT and 1 bar Absorption Mechanism Ref.
(mole CO; per IL) wt %) (kJ-mol-!) (mPa-s)

ILs and amine mixtures
[Hmim][THEN]+MEA 0.50 #0°C 4.2 40°C carbamate (29)
[EmimOH][T;N]+DEA 0.25 #0°C 2240°C formation 29
Amine functionalised ILs
[aPbim][BF4] 0.50 7.4 28)
[Am-Im] [BF4] 0.16 30 °C 2930°C 31
[3Am-Im][BF4] 0.02 30°c carbamate (&)
[Am-Im] [T:N] 0.11 30°c 1.130°C -42 formation (&2))]
[Am-Im] [PFe] 195 (66)
Amino acid functionalised ILs
[N2222][0—alanine] 0.43 40°C 8.6 40°C 81 carbamate (35
[N2222][B—alanine] 0.43 40°C 8.6 40°C 132 carbamate (35)
[P4aas][glycine] 1.0 13.5 233 carbamate or bicarbonate (36)
[aP4443][Gly] 1.1 13.9 714 carbamate 37
[aP4as3][Ala] 1.1 13.9 758 carbamate (37)

Continued on next page.
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CO; absorption capacity AH s Viscosity at RT
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IL absorbents at RT and 1 bar Absorption Mechanism Ref.
(mole CO; per IL) wt %) (kJ-mol-1) (mPa-s)

[Psss14][Pro] 0.96 7.1 -80 720 carbamate (38, 39)
[Psss14][Met] 0.9 6.3 -64 350 carbamate (38, 39)
[Psss14][Lys] 1.3 9.1 730 carbamate 39)
Superbase functionalised ILs
C8/LeuOH 1.0 15.4 20 carbamate (49)
[MTBDH][TFE] 1.1 19.6 -117 9 carbonate (50)
[MTBDH][Im] 1.0 20.4 -85 32 carbamate (50)
[MTBDH][PhO] 0.49 8.7 -42 carbonate (50)
superbase and ILs mixtures
[EmimOH][Tf2N]+DBU 1.0 8.2 carbonate (&2))
[EmimOH][T2N]+MTBD 1.0 8.0 carbonate (51
[Emim][T,N]+DBU 0.93 7.5 carboxylate 52)
[Bmim][Tf,N]+DBU 0.99 7.6 carboxylate (52)
[Bpy][TEN]+DBU 0.29 2.3 - 42)
Aprotic heterocyclic anion based ILs
[Psc614][2-CNpyr] 0.90 6.9 -53 420 54)
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IL absorbents at RT and 1 bar Absorption Mechanism Ref.

(mole CO; per IL) wt %) (kJ-mol-!) (mPa-s)
[Psss14][3-CF3pyra] 0.90 6.4 -46 270 (54)
[Psss14][Pyr] 1.0 8.1 91 245 carbamate (55)
[Psss14][Im] 1.0 8.0 -90 810 formation (59)
[Psssra][Ind] 0.98 72 .63 (59)
[Psso14][Triz] 0.95 75 .56 (55)

ILs with transition metal ions
[Emim][THN]+Zn(THN)2 2.0 40°C 8.2 40°C 1758 40 °C CO; - transition metal coordination (58)

Polymerised ILs

P[VBTMA][PF¢] 0.11 1.3 (62, 63)
P[VBTMA][BF4] 0.10 1.5 (62, 63)
P[MATMA][BF4] 0.08 1.4 (62, 63)
P[VBTMA][Tf:N] 0.03 0.3 physical (62, 63)
P[VBTMA][Sac] 0.03 0.3 absorption (62, 63)
P[META][MeSOs] 0.81 6.7 -11 (64)
P[META][BF4] 0.42 7.1 -26 (64)
P[META][TfO] 0.41 11.1 -14 (64)
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One of the approaches has been to physically mix additives, such as
amines and superbases, with neat ILs. Equimolar amine-IL and superbase-IL
mixtures were shown to absorb up to 0.5 and 1 mole of CO, per IL, respectively,
representing a significant improvement over the traditional ILs. However, the
implementation of additives brought their own complications into the systems.
Volatile organic additives continue to contribute to considerable vapor pressure,
and the reactive additives degrade on exposure to atmospheric environments.
Despite their improved absorption capacities, these problems need to be further
addressed before physical mixtures can be applied successfully to industrial-scale
emissions control. ILs with transition metal ions are also classified as physically
mixed systems where the transition metal salts and the ILs share the same
anions. These materials contain coordination spheres embracing transition metals
centred by anions, creating a different coordination framework. Although these
materials are promising as CO; absorbents, the incorporated transitional metal
ions significantly increases the system viscosity, with consequent reduction in
absorption kinetics. Nonetheless, ample opportunities exist to overcome these
drawbacks by altering the combination of ILs and transition metals.

The second IL design method involves chemically incorporating CO»-philic
groups into the system. In this strategy, different reactive moieties (i.e., amine,
amino acid group) have been introduced into the structure of the constituent
cations or anions leading to enhanced chemical absorption. In a similar way,
polymeric groups have been tailored with ILs to improve the overall physical CO»
absorption by the resulting poly(ILs), while maintaining relatively low absorption
energy. Both reactive functionalities and polymeric groups undoubtedly endow
the ILs with entirely different properties. However, poly(IL)s require further
improvement in their CO, solubility capacity; nearly all amine and amino
acid functionalised ILs present higher viscosity problems, further exacerbated
on reaction with CO,, and in some cases, resulting in precipitation problems.
Supporting these amine and amino acid functionalised ILs on porous materials
appears to go a long way in solving these physical property constraints.

The use of aprotic anions, which provide a deficiency of protons and act as
COs-philic groups , mitigates the high viscocity issue caused by hydrogen bonding
in the CO; adducts. The absorption capacity of some of these materials competes
effectively with those of current commercially used amine-base absorbents, while
the absorption equilibrium is reached in a relatively short time with little increase
in the viscosity after CO, absorption. Despite some of the materials exhibiting
high absorption energy, it is possible to reduce the anion-CO, interaction energies
by tuning the chemical structures. These ILs however still exhibit relatively high
viscosity. Industry adoption requires to further reduce the viscosity.

Overall, an increasing number of tailored ILs have been designed and explored
inrecent years. We anticipate that due to the high degree of tunability and the huge
variety of the potential ILs, significant opportunities exist to further improve ILs
to overcome the existing challenges for CO, capture.
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Chapter 9

Silica/Polyethyleneimine Composite Adsorbent
S-PEI for CO; Capture by Vacuum Swing
Adsorption (VSA)
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SBA15 type mesoporous silica was combined with a pore
volume equivalent of branched polyethyleneimine PEI (MW
1200) to prepare a high capacity adsorbent S-PEI for the
selective capture of CO, from post combustion flue gas via
pressure / vacuum swing adsorption (VSA). The adsorbent was
characterized by helium pycnometry, N> adsorption / desorption
at 77 K, powder X-ray diffraction XRD and thermogravimetric
analysis. The potential of S-PEI for CO; capture via VSA was
assessed by both CO; partial pressure swing adsorption (PPSA)
studies via combined thermogravimetric analysis (TGA) /
differential thermal analysis (DTA), and by CO, pressure /
vacuum swing adsorption (VSA) studies via a custom bench gas
sorption analyzer. The CO; sorption capacities determined by
partial pressure swings were consistent with those determined
by pressure / vacuum swings as expected by the Henry gas
law and therefore demonstrate the validity of PPSA to estimate
VSA process working capacities. S-PEI was found to exhibit
greater working CO; capacity than zeolite 13X at 105 °C under
key process conditions (0.05 — 0.15 atm CO;) from either
anhydrous or humidified (~1 % H>O) process gas. The amine
adsorbent was also found to exhibit a higher Hags(CO2) (70-90
kJ.mol-! than zeolite 13X (30-40 kJ.mol-!) as was expected
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for a chemisorption process. Zeolite 13X however was found
to exhibit faster sorption kinetics under anhydrous process
conditions consistent with its lower Hags(COz). Pelletized
S-PEI exhibited the same good sorption kinetics as the powder,
however with slightly reduced CO, working capacity, 2.5 wt%
at 105 °C, and minimal void volume, equivalent to 29.3 g of
CO; per L of sorbent bed. S-PEI was thus found to be attractive
for CO» capture from post combustion flue gas via VSA.

Introduction

Scientific evidence suggests that the earth’s climate is changing under the
influence of anthropogenic greenhouse gas emissions causing an increase in the
amount of infrared radiation (heat) trapped by the atmosphere (/). Left unabated
this global warming will likely impact on humanity/society via the growing
incidence of large scale crop failures, food/water shortages, diseases/epidemics,
loss of habitats and environmental diversity, and mortalities (especially amongst
infants, the elderly and the infirm) and a growing burden to our economies (7, 2).
Post combustion capture PCC and subsequent geosequestration of CO; is thus
being considered as one of a number of strategies towards halting global warming
(3). Absorption (4), adsorption (5) and membrane separation technologies (5) are
being considered for CO; capture from major emission sources such as air fired
fossil fuel power generators. The particular interest here is to assess the potential
of an amine functionalized adsorbent to facilitate the PCC of CO, via pressure
/ vacuum swing adsorption (VSA), a prospective technology for reducing the
parasitic energy requirement for CO; capture relative to current solvent based
technologies (6).

Zeolite 13X (the sodium cation form of the faujasite type zeolite X) is being
considered for CO, capture from post combustion flue gas via VSA (7) owing
to its large reversible CO> capacity (8), poor affinity for Ny (&), high thermal
stability, low Hags(CO2) of ~43kJ.mol-! at 80-200 °C (9) (63 kJ.mol-! at 120 °C
(8)), and commercial availability. The selective working CO» capacity of zolite
13X is however compromised by preferential adsorption of water (10, /1) (a major
constituent of flue gas), such that the CO; capture cost from post combustion flue
gas via VSA would be impacted by the additional requirement to carefully guard
the 13X sorbent from this major constituent of post combustion flue gas (/2).

Amine adsorbents are likewise known to exhibit high/reversible CO;
capacities (5, [0). They have negligible affinity for N, (for example
TRI-PE-MCM-41 (13) and HMS -AP, -ED & -DT (/4)), and are not particularly
adversely affected by water. Indeed the presence of water has been found
to enhance the CO; capacity of some amine adsorbents in some cases (for
example, MONO-PE-MCM-41 (15), TRI-PE-MCM-41 (/3), PEI/CARIACT
(16), HMS-AP (17) and SBAI15-ED (/8)). They exhibit thermal stability in
mildly oxygenated atmospheres (2 % O> / N») at elevated temperatures, up to 170
°C (HMS- AP, ED & DT (/4)), and so are thought to present a potentially superior
alternative for CO; capture. Aminosilica adsorbents comprising secondary amines
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(MCF-DA and MCF-MAPS) however are reported to be particularly vulnerable
to oxidative degradation in pure O; at elevated temperatures below 140 °C (19).

Such amine adsorbents have been prepared by the incorporation
of amines either loaded into the mesoporous substrate [PEI
(20-26) and tetraethylenepentamine (TEPA) (27)], grafted onto it
[aminopropyltrimethoxysilane ~ (APTS) (17, 28)], co-polymerised
with it [APTS (29-37), or polymerised within it [aziridine (32),
diethylenetriaminopropyltrimethoxysilane (33)]. Amines have also been loaded
into/onto other substrates such as polymethylmethacrylate (PMMA) (/6) and
glass fibre (34) and have also been prepared via the direct polycondensation of
aminoalkysilanes (35).

High surface area substrates have been exploited to prepare high capacity
surface functionalized adsorbents which retain substantial mesoporosity for
good gas flux (/7). Still higher capacity adsorbents, however, are prepared by
more effectively utilizing the total pore volume of the substrates via pore filling
techniques (22, 26, 36, 37). Hence mesoporous materials with very large pore
volumes such as SBA-15 (26), CARIACT silica (38), mesocellular siliceous
foam (MCF) (27, 37), pore expanded MCM-41 (PE-MCM-41) (33) and KIT-6
(29) have been considered. Such materials require higher temperature process
conditions to overcome the additional limitation (pore filling) to gas diffusion
(25, 36), and as such are thought to be better suited to processing hot flue gas
(100 — 150 °C) (39) avoiding the energy penalties to otherwise cool the flue gas.
The co-incorporation of polyethyleneglycol (PEG) in the pores has been reported
to enhance CO; adsorption/desorption kinetics of a PEI loaded PMMA adsorbent
(40). Zeolite 13X loaded with isopropanol amine (IPA) and ethylenediamine
(ED) (41) and monoethanolamine (MEA) (41, 42) have also been considered.

PEI in particular has been loaded into MCM-41 (50 wt % PEI (22)),
CARIACT (40 wt % PEI (38)), SBA-15 (50 wt% 423 g.mol! linear PEI (43)
and 50 wt% 1200 g.mol-! branched PEI (25)) and MCF (70 wt% 1200 g.mol-!
branched PEI (25)) to prepare adsorbents with CO» capacities up to 112 (75 °C,
1 atm COy), 121 (80 °C, 1 atm 100 % CO,), 140 (75 °C, 1 atm 15 % CO,), 107
(105 °C, 50 % CO/Ar) and 151 (105 °C, 50 % CO2/Ar) mg CO; per g adsorbent
respectively. Given that volatility increases inversely proportional to molecular
weight, higher molecular weight PEI would be preferred for the process to
minimize the potential loss of the PEI active sorbent phase, however small, under
the preferred process conditions.

Amine adsorbents such as diamine grafted SBA-15 (/8) and APTS-SBA15
(18, 44, 45); are reported to bind CO> at 25 °C via the formation of bicarbonates,
carbonates and carbamate species. Bidentate bicarbonate species bind more
strongly to diamine grafted SBA-15 than bidentate carbonate species (/&) and
carbamate formation on APTS-SBAI1S5 requires more energy and so was not
readily observed at 25 °C (44). However it is thought that carbamate formation
(refer Equation 1) likely predominates at higher temperatures (> 50 °C) (14, 46,
47).

Equation 1:  2RNH, + CO, <-> RNHCOO™ + RNH;"
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Amine adsorbents also typically exhibit higher heats of adsorption Hags(CO2)
for CO; than zeolites. For example, Hadas(CO>) values for surface functionalized
amine adsorbents greater than 70 kJ.mol! have typically been reported (/4,
17, 48). The reported values corresponding to lower partial pressures of CO>
adsorption and higher adsorption temperatures are higher still; usually over 90
kJ.mol-! (40, 46, 49, 50).

By comparison, for zeolite 13X, values of 35-48 kJ.mol-! and 63 kJ.mol-! have
been reported at low temperature (8) and 120 °C (8) respectively.

The requirement for greater heat dissipation means that it will take longer to
measure (and achieve) equilibrium adsorption at a fixed temperature. It is thought
that this might also impact the CO, working capacities that can be achieved in a
VSA cycle under adiabatic conditions.

It is noted that the ammonium carbamate species formed by exposure of
amine adsorbents to CO; are also reported to dehydrate to form highly stable
urea linkages (refer Equation 2) at elevated temperature which could ultimately
destroy the useful reversible CO, capacity of the sorbent (47, 57) and even under
milder conditions at a slower rate (52) The presence of water however has been
found to inhibit such urea formation (57, 52) and so might be effective to preserve
the useful cycling capacity of such sorbents under process conditions. Further it
is reported that such deactivated amine adsorbents can be fully regenerated by
hydrothermal treatment (52).

Equation 2: RNCOO™ + RNH;" <-> RNCONR + H,0

The relative performance of different sorbents for CO» capture via VSA has
typically been interpolated from single gas adsorption isotherms (53) collected
over a range of different temperatures. This approach however is less than ideal
because the isotherms do not account for the kinetic and thermal effects that may
be important over the short time scales (1 — 5 min) typically employed in VSA.
It was thus proposed that a custom bench scale volumetric gas sorption analyzer
(GSA) incorporating a thermally insulated sample vessel to mimic the poor
thermal transfer to/from an industrial sorbent bed would better permit assessment
of the relative potential of different adsorbents under conditions anticipated for
industrial application (23, 54). It was also proposed that the amount of CO;
adsorbed on an adsorbent from CO»/Ar mixtures would be directly proportional to
the partial pressure of CO; (assuming negligible Ar adsorption) akin to the Henry
gas law with respect to gas absorption (55) such that CO, adsorption/desorption
isotherms could be more readily obtained with accompanying assessment of
Hags(CO2) via combined thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) from mixed CO»/Ar gas flows for comparison (23).

It is noted that the potential of CARIACT G10 solid amine sorbent powder
for PCC of CO; via pressure swing adsorption (PSA) was more recently assessed
via a similar TGA method (CO> PPSA) (38), employing N> as make up gas, 40
minute equilibration steps, sorption studies limited to between 40 and 100 °C and
desorption under 100 % N. The CARIACT G10 solid amine sorbent was thus
found to be suitable for PCC CO; via PSA between 40 & 100 °C, with optimal
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reversible CO; capacities at 80 °C (as was the best compromise between kinetic
and thermodynamic limitations) and stable over 78 cycles (38). Up to 2 vol %
H>O in the gas stream was found to effect a minor reduction to the CO» capacity,
however did not have any irreversible effect on the adsorbent (38).

Here we report the preparation of an SBA-15 type mesoporous silica /
polyethyleneimine composite material, S-PEI, and compare its potential for CO;
capture from flue gas with a commercial zeolite 13X adsorbent. Here we also
report the preparation and characterization of the adsorbent in pelletized form,
as would be required for a fixed bed configuration in a commercial operation.
X-ray diffraction (XRD) was employed to demonstrate the expected periodicity
of the silica framework support and to demonstrate loading of the PEI into the
mesopores. N> adsorption/desorption at 77 K was employed to characterize the
surface area, pore volume and pore size distribution of both the silica support and
adsorbent materials. Thermogravimetric analysis of air oxidation (combustion) of
the hybrid adsorbent and silica framework were conducted to further characterize
the PEI loading and thermal stability of the hybrid sorbent. Helium pycnometry
further characterized the PEI loading and in addition facilitated correction of
the sample manifold volume for the sample volume in the custom gas sorption
analyser (ahead). Combined thermogravimetric analysis / differential thermal
analysis of CO; sorption at various temperatures from both anhydrous and wet
gas streams was conducted to investigate the affects of temperature and humidity
on the relative potential of the sorbents for CO, capture via VSA.

Thus, a custom gas sorption analyzer was constructed and then employed to
characterize CO> sorption at 105 °C from pure CO», to investigate the kinetics of
the sorption processes under more realistic VSA conditions and to better assess the
relative potential of the different sorbents for CO, capture from flue gas via VSA.

Experimental
Chemicals/Supplies

Zeolite 13X pellets (UOP), tetraethylorthosilicate TEOS reagent grade
98 % (Sigma Aldrich #131903), poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) “Pluronic P123” (Aldrich #435455), HCl
(BDH Analar sg. 1.16), ethanol absolute (Merck), polyethyleneimine 1200
MW in water (Sigma Aldrich #482595), Ar high purity (BOC), CO; high purity
(BOC), CO; food grade (BOC) and He high purity (BOC).

Materials Preparation

A SBA-15 (56) type mesoporous silica was prepared via the nonionic
templating technique using Pluronic P123 as template and TEOS as silica source
as per the method reported by Sayari et al (57). The synthesis solution was aged
for 24 h sealed within a polypropylene jar that was, in turn, contained within a
Hawkins “Big Boy” 22 L pressure cooker placed within an oven maintained at
100°C.
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The supported PEI adsorbent S-PEI was prepared by loading 1.0001 g
SBA-15 with its approximate pore volume equivalent of PEI (1.9124 g of 50
% PEI/H,0) as per the “wet impregnation” method (22) using ethanol as both
solvent and dispersant. The volume of PEI required was determined from the
N> adsorption isotherm at p/po = 0.9, corresponding to pores < 25 nm diameter
according to BJH theory. The PEI and silica were first separately dissolved
and dispersed, respectively; the silica dispersion and PEI solutions were then
combined and continuously stirred for 24 hours at room temperature. The bulk
solvent phase was subsequently removed by rotary evaporation over a hot water
bath ~40 °C. The product was then heated at 105 °C under N, purge to remove
residual solvent.

The zeolite 13X pellets were ground to a powder then dried under vacuum at
350 °C (as required to remove all adsorbed water (§)).

A pelletized form of the hybrid SBA-15 / PEI adsorbent S-PEIp was prepared
by pressing ~0.2 g S-PEI (post N> ads/des at 77 K) under vacuum within a Specac
13 mm diameter evacuable pellet die under 8 tons of pressure for 10 mins (Specac
15.000 ton hydraulic press). The S-PEI was initially dried under N> purge at 110
°C for ~30 min before it was loaded into the cylinder bore; the sample was then
evacuated sealed within the cylinder for 10 mins before the mechanical pressure
was applied. The 0.2037 g pellet prepared was 1.317 cm in diameter and 0.128
cm thick (vernier calipers). The volume was thus 0.174 cm3 (V = zr2h), and the
packing density (PD = m/V) was 1.17 g.cm?3. It is noted that SBA-15 could not be
transformed into a robust pellet via the same procedure.

Structural Characterization of Materials

X-ray diffraction (0.5 — 2 20 degrees) was measured with a Philips 1130
powder x-ray diffractometer using Cu K, radiation (1.5405981 A). The sample
was finely spread on a thin film of Vaseline spread over a silica support.

N; adsorption/desorption at 77 K was measured with a Coulter Omnisorp
360CX gas sorption analyzer. The samples were degassed over night at 105
°C to 103 torr prior to analysis. BET surface areas (SA) were calculated from
adsorption data collected over the partial pressure range 0.05 — 0.25, BJH pore
size distributions were determined from the desorption data collected over the
partial pressure range 1 — 0.15. Pore volumes (PV) were estimated from the
amount of N, adsorbed at relative pressure 0.90 (pores <25 nm dia.).

Thermal stability and air oxidation analysis was measured with a Setaram
TAG24 simultaneous symmetrical thermogravimetric analyzer. Materials were
initially dried to constant mass under 70 ml.min-! Ar at 110 °C then heated from
110 — 1000 °C at 10 °C.min-! under 70 ml.min-! 40 % air/Ar.

Helium pycnometry was conducted via a Micromeritics Accupyc 1330
pycnometer. Samples S-PEI, SBA-15 and 13X were dried under vacuum over
night at 110, 110 and 350 °C respectively prior to analysis. S-PEIp was re-dried
under N purge at 110 °C for 40 min prior to analysis.
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CO; Adsorption/Desorption via Thermogravimetric Analyzer

Combined Thermogravimetric analysis and differential thermal analysis of
CO; adsorption/desorption was characterized via a Setaram TAG24 simultaneous
symmetrical thermogravimetric analyzer. High purity Ar and food grade CO;
were supplied to the instrument via separate molecular sieve moisture traps. The
amine adsorbent type and 13X were initially “pre-activated” / dried to constant
mass under Ar at 110 °C and 350 °C respectively (~1 h) then re-weighed to
determine their dry mass. The samples were then reloaded into the analyzer
then re-activated prior to sorption analysis. The samples were again re-activated
post sorption analysis then re-weighed to confirm re-generation of the sorbent.
A constant 70 ml.min-! gas flow was supplied to the instrument throughout
the experiment via Bronkhorst F-201DV-RAD-11-K mass flow controllers. 35
ml.min-! of Ar was continuously supplied to the balance housing from one mass
flow controller. The other 35 ml.min-1, comprising Ar and/ or CO, was supplied
to both the reference and sample furnaces, evenly split, from separate mass flow
controllers. The Ar and CO; supply lines could be separately passed through
glass sinters submerged in 200 ml of distilled water (10 °C) prior to mixing to
provide a humidified (1 % H,O) gas stream.

Design/Construction of the Custom Gas Sorption Analyzer

The custom gas sorption analyser “GSA” (refer Figure 1) comprises a
classic volumetric fixed volume gas dosing system contained within a HP5890
gas chromatograph fan forced thermal control oven. The dose manifold (DM)
and sample manifold (SM) are constructed from 1/8” stainless steel tubing,
connectors and adaptors, and are terminated by Swagelock HBSV4 air actuated
bellows valves allowing for independent manifold evacuation. The dose manifold
incorporates a 25 ml stainless steel gas cylinder reservoir and is plumbed into
a Honeywell PPT0020 pressure transducer (externally mounted just above the
control oven). The sample manifold incorporates a 2” long, 0.5” od glass sample
vessel connected via a }2” Ultra-Torr fitting. Samples were contained under glass
wool. A Teflon jacket was fitted to the sample vessel for thermal insulation.
The adsorbate and the sorbent bed temperatures were separately measured by
stainless steel sheathed non-earthed K-type thermocouples which were vertically
suspended into the DM cylinder reservoir and SM sample vessel respectively via
stainless steel union crosses. The thermocouples were sealed in place via custom
glass packed Teflon ferrule seals. An additional gas conditioning manifold was
fitted leading to the DM which incorporated a 50 ml stainless steel gas cylinder
to permit pre-heating of the adsorbate, and a metering valve to regulate gas flow
into the dose manifold. Pressure and temperature measurements were recorded
via a National Instruments USB6008 data acquisition device and LabView v8.0.
Calibration of the sample/dose manifold volumes was conducted with He at 40
°C with a stainless steel ball secondary volume standard (calibrated via Helium
pycnometry). High purity He, high purity CO; and reticulated N, were plumbed
into the gas manifold, He and CO; supplies were plumbed via separate molecular
sieve moisture traps.
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He N, CO; Vent/Vac

Figure 1. Schematic representation of the custom gas sorption analyzer (GSA):
DM-dose manifold, SM-sample manifold, CM-gas conditioning manifold,
PT-pressure transducer, T1 & T2 — dose and sample manifold thermocouples,

CO; Adsorption/Desorption via Custom Gas Sorption Analyzer

13X and S-PEI were first weighed into the glass sample vessel, covered with
glass wool then dried under vacuum (rotary vane pump) at 350 °C and 110 °C,
respectively, for 24 h. The samples were then cooled under N> atmosphere, re-
weighed, then transferred to the GSA. The samples were then re-degassed in-situ
under vacuum at 110 °C for 24 h before the system was thermally equilibrated to
105 °C ready for analysis. CO; adsorption (0 — 1 atm), desorption (1 — 0.05 atm)
re-adsorption (0.05 — 0.15 atm) and finally re-desorption (0.15 — 0.10 atm) of 13X
(~0.7 g) and S-PEI (~0.4 g) were separately conducted, allowing a 20 min thermal
equilibration period for each dose. The temperature of the gas volume contained
within the insulated sample vessel was assumed to be the same as that of the
sorbent bed, the temperature of the remaining dose / sample manifold volume was
assumed to be the same as that of the dose manifold. The volume of the samples
as determined by their mass amount and helium density was subtracted from the
sample manifold volume to facilitate accurate quantification of the amounts of gas
adsorbed.

Results
Structural Characterization of Materials

Figure 2 shows the XRD pattern obtained for SBA-15. This exhibits a major
peak centered at 0.92 °(20) and two minor diffraction peaks at ~1.6 and ~1.8 °(20)
consistent with the 100, 110 and 200 indexed peaks of calcined SBA-15 type
mesoporous silica (p6mm hexagonal symmetry) (56). The intense 100 diffraction
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peak is consistent with a d-space of 96 A and a unit cell parameter (a=2d*3-0:5,
average distance between mesopores) of 111 A.
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Figure 2. X-ray (Cu-Ko) diffraction obtained for SBA-15, S-PEI and S-PEIc
(S-PEI post combustion via TGA).

Figure 2 also shows the XRD patterns obtained for S-PEI both before and
after combustion analysis (S-PEIc). The pattern obtained for S-PEI exhibits only
very weak broad diffraction over the same 260 range as SBA-15 and is thought to
be consistent with the successful loading of PEI into the substrate mesopores (22).
The pattern obtained for S-PEIc exhibits a weak diffraction peak at higher 20 angle
consistent with d-space of 74 A and unit cell parameter of 86 A. This is thought
to be consistent with the subsequent removal / combustion of the PEI component
of S-PEI and subsequent dehydroxylation / contraction of the underlying silica
framework. These results therefore support the contention that the integrity of the
framework was maintained throughout preparation of the S-PEI adsorbent.

Figure 3 shows the N, adsorption/desorption isotherms obtained for SBA-15,
S-PEI, S-PEIp and 13X. SBA-15 exhibits a Type IV isotherm (58), Type HI
hysterisis (58) and high mesopore volume as expected for the SBA-15 (56).
S-PEI exhibits negligible N> adsorption and is clearly non-porous, consistent
with the successful loading of SBA-15 with a pore volume equivalent of PEI as
was intended. S-PEIp likewise exhibits negligible N2 adsorption consistent with
successful compaction of S-PEI without significant loss of PEIL. 13X exhibits a
Type I isotherm (58).
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Figure 3. N> adsorption/desorption at 77K isotherms obtained for SBA-15,
S-PEI, S-PEIp & 13X.

Figure 4 shows the BJH pore size distributions calculated from the desorption
isotherms obtained for each of the materials. These results show that the
SBA-15 prepared exhibits a narrow distribution of mesopores centered around
5.8 nm consistent with that previously reported (56). S-PEI exhibits negligible
mesoporosity consistent with the successful loading of SBA-15 with a pore
volume equivalent of PEI. 13X likewise exhibits no mesoporosity, as expected
for this microporous material.
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Figure 4. BJH pore size distributions for SBA-15, S-PEI and 13X as calculated
from N> desorption (77K) isotherms.
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Table 1 lists the BET surface areas (SA), the total pore volumes (PV) and the
peak BJH pore diameters (PD) calculated from the relevant isotherm data. These
results show that SBA-15 was prepared with 853 m2.g-! of surface area, 1.04 ml.g-!
of pore volume and a narrow distribution of pores centred at 5.8 nm diameter
consistent with the highly mesoporous high surface area material reported by Zhao
et al (56). Given the separation of pore centres determined by XRD (86 A) it is
concluded that SBA-15 exhibits a pore wall thickness of ~53 A. S-PEI was found
to exhibit negligible surface area and negligible pore volume consistent with the
loading of SBA-15 with one pore volume equivalent of polyethyleneimine. 13X
was found to have a surface area of 523 m2g-1.

Table 1. Basic physical characteristics of the materials.

Surface Pore Pore PEI N content | Helium
Area Volume® | Diameter | content (wt%) Density
(m?.g!) | (mlg!) A (wt%) (g.ml)
std error 11 0.01 0.01 0.01
SBA-15 853 1.04 58 0 0.0 2.23
S-PEI 3 0.01 non- 50.8 16.5 1.45
porous
S-PEIp <3 <0.01 non- 46.7 15.2 1.42
porous
13X 523 0.29 <20 - - 2.36

a analogous batch. b pores less than 25 nm dia. (p/po = 0.9).

Figure 5 shows the thermogravimetric analysis records obtained for SBA-15,
S-PEI and S-PElp as they were heated at 10 °C/ min from 110 °C to 1000 °C under
40 % air / Ar. SBA-15 exhibits a steady weight loss over the heat ramp losing ~5.2
wt% of its initial dry mass. This is thought to be primarily due to dehydroxylation
of the siliceous framework (with possibly a minor contribution from combustion
of residual template). S-PEI however exhibits a very different weight loss pattern
over the heat ramp losing up to 53.6 wt% (dry basis) due mainly to combustion
of the PEI content (and possibly a minor contribution due to dehydroxylation of
the silica). The PEI content of S-PEI was calculated to be 50.8 wt% from this
data, consistent with an amine N content of 16.5 wt% (assuming PEI MW (43.07
g.mol-!1)and a 1.00 pore volume equivalent PEI loading into the SBA-15 substrate.
S-PEIp was found to comprise only 46.7 wt% PEI (15.2 wt % N), consistent with
a 0.86 SBA-15 pore volume equivalent PEI loading. It is therefore concluded that
some of the PEI content of S-PEI was lost, either during pelletisation or, more
likely, during degassing under ultra low vacuum.
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Figure 5. Thermogravimetric analysis of SBA-15, S-PEI and S-PEIp as heated
under 70 ml.min-! of 40 % air / Ar.

Table 1 also shows the helium density determined for SBA-15, S-PEI,
S-PEIp and 13X. These results show that the SBA-15 had a helium density of
2.23 g.ml-! which is consistent with the density expected for a silicon dioxide
(55). Likewise the helium density of 13X was found to be 2.36 g.ml-1, i.e. slightly
greater than that of SBA-15. The helium density of S-PEI (1.45 g.ml-!) was
found to be substantially less than that of SBA-15, as expected, yet even less
than that expected for a 50 wt.% loading (~1 pore volume equivelant loading) of
PEI in SBA-15 (assuming density of PEI = 1.07 g.ml-!). This is thought due to
PEI preventing He access to some of the void space within the material under
the experimental conditions (ambient temperature and pressure). S-PEIp had
even lower density despite having less PEI content than S-PEI, consistent with
compaction preventing He access to even more void space within the material. It
is noted that although S-PEI and S-PEIp exhibit negligible porosity at 77K, these
results suggest that some of the PEI must be located on the external surface of the
SBA-15 leaving some unfilled and inaccesable internal porosity. This porosity
which is inaccessible at ambient temperature might, nevertheless, help facilitate
good gas diffiusion throughout the PEI phase at the higher temperature at which
VSA is evaluated.
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CO; PPSA via TGA — Anhydrous Atmosphere

Figure 6 shows the thermogravimetric records obtained as the atmospheres
surrounding the activated adsorbents S-PEI and 13X were progressively changed
from 0 % CO/Ar to 2.5, 5, 10, 15, 30, 50, 30, 15, 5, 2.5 and then 0 % COy/Ar
(allowing 20 min per step for equilibration) at 80, 90, 105, 115 & 125 °C
respectively. In each case the weight of the adsorbent increased as the % CO;
in the atmosphere is increased and then ultimately decreased as the % CO;
in the surrounding atmosphere was decreased, demonstrating the reversibility
of COg.adsorption/desorption. At each successive step, the adsorption and
desorption of CO, appears to reach equilibrium at 105, 115 and 125 °C. However,
this does not appear to be so at 80 or 90 °C as the progress towards equilibrium
becomes slower as the temperature is reduced. It is noted that the CARIACT
G10 solid amine sorbent was found to behave in a similar manner over a slightly
lower temperature range (38), consistent with its lower PEI loading. The slower
adsorption and desorption appears to be due to reduced diffusion of CO, through
the PEI which, itself, has reduced mobility at the lower temperatures. For 13X,
however, CO,. adsorption and desorption essentially reaches equilibrium at each
successive step for all five temperatures studied. Incomplete desorption for each
adsorbent is thought to be due to either well bound CO; or opportunistic water.

Figure 7 shows the thermogravimetric analysis records obtained for CO;
adsorption/desorption at 105 °C for S-PEI and 13X accompanied by the DTA
records. These show that in each case adsorption was exothermic, desorption
was endothermic and the heat flow evolved or released was proportional to the
mass adsorbed or desorbed, as expected. Furthermore the DTA records show that
S-PEI required more time than 13X to facilitate sorption equilibration over each
step, consistent with the TGA records.

Figure 7 also shows the combined TGA/DTA record obtained for S-PEIp. The
pelletised adsorbent exhibited a similar thermogravemetric record to its powdered
form precursor, however with reduced CO; capacity and proportionally reduced
heat flow. Thus pelletization was found to lead to a small reduction in sorbent
capacity.

Figure 8 shows the Hags(CO2) estimated from the first 5 minutes of each step
of the combined TGA/DTA records for PPSA of CO, for both S-PEI and 13X.
These results show that Hags(CO2) on S-PEI is typically within the range 65 —
85 kJ.mol-! over each adsorption step consistent with chemisorption, as expected
for carbamate formation. The Hags(CO2) over the last adsorption step (30-50%
COy/Ar) is, however, somewhat less (~58 kJ.mol-!), possibly due to the lesser
significance of additional carbamate formation at this stage. The heat of desorption
Haes(CO2) is in most cases similar to the Hags(CO2) consistent with the reverse
reaction, but, it is substantially less for the last desorption step.
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Figure 6. Thermogravimetric analysis of CO; adsorption / desorption from 70
ml/min CO»/Ar mixtures (0, 2.5, 5, 15, 30, 50, 30, 15, 5, 2.5 ,0 % CO/Ar) for

S-PEI (top) and 13X (btm) at 80, 90, 105, 115 and 125 °C.
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Figure 7. Combined TGA / DTA of COz PPSA for S-PEI & 13X (top) and S-PEI
& S-PEIp (btm) at 105 °C from 70 ml.min! CO»/Ar mixtures (0, 2.5, 5, 15, 30,
50, 30, 15, 5, 2.5 and 0 % COJ/Ar).
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The Hags(COz) estimated for the 13X is typically within the range 28 — 38
kJ.mol-! which is consistent with the weaker physisorption phenomena expected
for this adsorbent. The Hags(CO2) over the 1st adsorption step (~47 kJ.mol-!) is
slightly higher, but this is consistent with the presence of some higher energy
sorption sites (8). The Hges(CO2) from 13X are within the range observed for
adsorption excepting the last two steps; however, this may be a consequence of
the greater signficance of measurement errors, due to the smaller amounts of CO»
desorbed, over these latter steps.

Figure 9 shows the CO, adsorption/desorption pseudo isotherms constructed
from the thermogravimetric records obtained for S-PEI and 13X (refer Figure
6). Each isotherm point coincides with the weight amount adsorbed at the end of
each 20 min equilibration step. The isotherms obtained for 13X are in general
linear, exhibit only minor hysteresis at low CO, pressure (thought due to the
minor presence of opportunistic water) and show that the CO» capacity increases
in inverse proportion to temperature, as expected, up to 11 wt% (80 °C, 50 %
CO2/Ar).
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The isotherm obtained for S-PEI at 115 °C is very similar to that observed for
13X at the same temperature. The isotherms obtained at the other temperatures
however are very different and, collectively, vary more than those obtained for
13X. The isotherm obtained for S-PEI at 125 °C is more linear but exhibits
substantially less CO; capacity. The isotherms obtained at 80, 90 and 105 °C are
less linear and exhibit a much steeper initial gradient and higher capacity over the
CO; pressure range (0.05 — 0.15 atm COy) targeted for post combustion capture
via VSA, thereby suggesting greater CO> working capacities. The isotherm
obtained at 105 °C appears fully reversible whereas hysteresis is observed at 80
and 90 °C (increasing in inverse proportion to temperature). This is consistent
with both carbamate formation and poor PEI mobility being favored at the lower
temperatures. Very slight hysterisis is also observed at 115 and 125 °C and this is
thought to be due, at least in part, to dehydration of the formed carbamate species
into ureas as has previously been reported (47, 51, 52).

These results show that S-PEI adsorbs up to 10 wt% CO; at 105 °C (50 %
COy/Ar), which is higher than that achieved for 13X at the same temperature, and
that adsorption at this temperature is fully reversible. S-PEI exhibits essentially
the same CO» capacity at 90 °C and, unlike 13X, even less capacity at 80 °C. This
reduction in capacity is thought to be due to reduced mobility of the PEI at the
lower temperature which thereby reduces the accessiblility of the sorption sites
to CO,. These results also show that the CO; capacity of S-PEI is progressively
reduced at the higher temperatures of 115 °C to 125 °C, suggesting that about 105
°C is the optimal temperature for VSA processing.

It is noted that S-PEI exhibits greater CO, working capacity at 105 °C than
does 13X at any of the temperatures at which it was studied. Given that flue gas
contains ~0.15 atm COx; it is concluded that S-PEI would exhibit greater CO>
capacity than 13X up to at least 3.3 atm (0.5/0.15 atm) of flue gas. However it
is also the case that the reduction in CO> capacity from 105 °C to 125 °C is greater
for S-PEI than for 13X. This highlights the greater temperature sensitivity of the
amine chemisorbent material.

Table 2 lists the CO; capacities of S-PEI, S-PEIp and 13X measured under
50 % COy/Ar at 105 °C. This shows that the CO; capacity of S-PEI (10 wt %)
is greater than that of 13X (8.1 wt%) and S-PEIp under these conditions. The
S-PEI result is consistent with the capacity reported previously for an analogous
but independently prepared material, SBA-15/1200 (25) (highlighting synthetic
reproducibility), but it is less than the capacity reported for PEI incorporated into
mesocellular foam, MCF-y/1200 (~15 wt%)) (25), consistent with the higher PEI
loading (70 wt%) that can be accommodated within the larger porosity of MCF.

Table 2 also lists the molar ratio of CO» adsorbed per amine N (the amine
efficiency) for S-PEI, S-PEIp at this loading. These results show that the amine
efficiency of S-PEI (0.19 mol.mol-!) was very similar to that for S-PEIp (0.17
mol.mol-1). Itis noted, however, that both amine efficiency values are substantially
less than 0.5, and therefore that much of the amine content does not effectively bind
CO; under these conditions. This to some extent is consistent with the contention
that the tertiary amine content does not facilitate carbamate formation.
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Table 2 also lists the CO, working capacity and associated Hags(CO2)
calculated for both S-PEI, S-PEIp and 13X for the 5 — 15 % COo/Ar partial
pressure swing at 105 °C. These results show that the working capacity of S-PEI
(3.4 wt %) is significantly greater than that of 13X (1.9 wt %) per unit mass,
however less than that reported for MCFy/1200 (25). These results also show that
the Hgas(CO3) for S-PEI over this partial pressure swing (76 kJ.mol-!') was much
greater than that for 13X (32 kJ.mol!) consistent with chemisorptions versus
physisorption in the latter case. Since the pellet had a packing density of 1.17
g.ml-!, the working capacity of S-PEIp (2.5 wt%) is calculated to be 29.3 g of
CO; per L of sorbent.

Table 2. Select CO; sorption data for S-PEI, S-PEIh, S-PEIp and 13X as
determined by CO; PPSA (105 °C) via TGA/DTA.

CO; capacity CO;/ N CO; working Hua(CO)
[50% COx/Ar] | [50% CO/Ar] capacity [5-15% COx/Ar]
(wt%) (mol.mol-!) [5-15% CO»A4r] (wt%)
(wt%) Ads / Des
Ads / Des
S-PEI 10.0 0.19 34/34 76 / 76
S-PEI-h 8.8 0.17 3.1/3.0 80 / 80
S-PEIp 8.0 0.17 2.8/25
13X 8.1 n/a 1.9/1.6 32 /47
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Figure 10 shows an expanded view of the equilibration records for CO,
adsorption (0.05 - 0.15 % CO»/Ar) and CO; desorption (0.15 — 0.05 % CO,/Ar)
obtained for S-PEI and 13X via TGA. The data show that 13X exhibits essentially
the same initial adsorption rate as S-PEI, despite its overall smaller working CO»
capacity. In both cases the adsorption rate seems to be limited by the gradual
change in CO; partial pressure that is a result of the significant gas volume
upstream of the sample in the TGA apparatus (ie, the change from 5 — 15 % CO;
/ Ar is not instantaneous). However the fact that the initial rate of CO; adsorption
for 13X is the same as for the higher capacity S-PEI adsorbent is not inconsistent
with better gas diffusion throughout the more porous 13X, as would be expected.
The data similarly show that 13X exhibits essentially the same initial desorption
kinetics as S-PEI despite its overall smaller working CO; capacity. Furthermore
these records highlight that desorption proceeds more slowly than adsorption in
both cases. Similarly the desorption data are not inconsistent with 13X exhibiting
better gas diffusion at this temperature.
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Figure 10. CO; PPSA for S-PEI and 13X under anhydrous conditons via TGA;
top) adsorption from 5 — 15% COx/Ar and bottom) desorption from 15 — 5%
CO2/Ar (70ml/min).

CO; PPSA via TGA — Humidified Atmosphere

Figure 11 shows the thermogravimetric records obtained as the atmospheres
surrounding the activated adsorbents S-PEI and 13X were first humidified (60
mins) then progressively changed from 0 % CO»/Ar to 2.5, 5, 10, 15, 30, 50,
30, 15, 5, 2.5 and then 0 % CO2/Ar (allowing a 20 min equilibration period per
step) at 105 °C in the presence of water. These data are plotted together with the
data obtained under anhydrous conditions (refer Figure 6). The record obtained
for S-PEI under wet conditions is essentially the same as that obtained for S-PEI
under anhydrous conditions except for a minor reduction in the amount of mass
adsorbed/desorbed over each successive step (refer also Figure 12). It is also
noted that a very small amount of weight (0.3 wt%) was found to have become
lost from the humidified sample post re-activation. The reduced CO, capacity,
therefore, may in part be due to loss of some of the low molecular (volatile) PEI
fraction due to the presence of water in the gas stream via steam stripping. Should
this be the case, steam stripping might then be used as an integral part of sorbent
preparation. However, a small reduction in the amount of mass adsorbed was also
expected given the reduction of the CO, partial pressure due to the addition of
water to the gas stream. Nevertheless these results clearly demonstrate that S-PEI
exhibits negligible affinity for water under these conditions. Further these results
suggest that adsorption to and desorption from S-PEI is not adversely affected by
this amount of water in the gas stream at 105 °C, consistent with the affect of 2
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vol % water on CO; sorption to/from CARIACT G10 solid amine sorbent under
similar conditions (38).
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Figure 11. TGA of CO, PPSA for S-PEI (top) and 13X (btm) under anhydrous or
humidified (h) condions: 70 ml/min of either anhydrous or humidified Ar for 1h
followed by 70 ml/min of either anhydrous or humidified CO»/Ar mixtures (2.5,
5, 15, 30, 50, 30, 15, 5, 2.5, 0 % CO2/Ar) allowing 20 minutes equilibration
per step; gas humidified (~1 % H>0) by passing 50 % of flow through distilled
water (10 °C).
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Figure 12. Mass flow and heat flow records (top) and H,as(CO3) and [Hes(CO2)]

estimates (btm) for combined TGA/DTA of CO> PPSA for S-PEI at 105 °C under

anhydrous and humidified (h) conditons: 70 ml.min-! COx/Ar mixtures (0, 2.5, 5,
15, 30, 50, 30, 15, 5, 2.5, 0 % CO2/Ar), gas humidified (~1 % H>0) by passing

50% of flow through distilled water (10°C).
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The record obtained for 13X under wet conditions, however, is substantially
different to that obtained under anhydrous conditions. These data show that 13X
adsorbed ~5 wt% H»>O at an essentially constant rate over the initial pre-hydration
step and then continued to gain an additional ~6 wt% over the wet CO; adsorption
cycle. Thus 13X has a much stronger affinity for water than S-PEI. The amount
of CO; adsorbed under wet conditions cannot be easily determined, because of the
competition with H>O, but it is clearly far less than that observed under anhydrous
conditions (~8 wt%). It is noted that 13X exhibits no net mass loss over the
subsequent wet desorption cycle which suggests that whatever CO; desorption
occurred, it was offset by additional water adsorption. It can clearly be concluded
that the presence of water has a significant negative impact on CO, adsorption on
13X.

Hence these results suggest that S-PEI might be useful to capture CO, from
higher moisture content gas streams such as would be expected for flue gas without
prior removal of the water, whereas they clearly show that 13X would not.

Figure 12 shows both the TGA and DTA records obtained for CO;
adsorption/desorption at 105 °C for S-PEI under humid (~1 % H>O) conditions
together with those obtained under anhydrous conditions. The records obtained
under the humid conditions are very similar to those obtained under the anhydrous
conditions in that both exhibit exothermic adsorption, endothermic desorption,
heat flow proportional to mass adsorbed/desorbed and similar sorption kinetics.
Slightly less heat, however, was evolved/consumed over successive steps under
the humid conditions and is thought to be due to the presence of water in the gas
stream reducing the effective CO; partial pressure in the sample atmosphere.

Figure 12 also shows both the Hags(CO2) and [Hdes(CO2)] estimated from the
first 5 minutes of each step of the combined TGA/DTA records for each case.
These results show that the enthalpies of adsorption and desorption under the
humidified consitions are essentially the same, ranging in general between 70 —
80 kJ.mol-!, and so, are consistent with reversible carbamate formation.

Table 2 lists the CO;, working capacities (5 - 15 % CO2/Ar) and associated
Hadgs(CO») for S-PEI under both anhydrous and humid (S-PEIh) conditions. It can
be seen that the CO, working capacity of S-PEI under the humid process conditions
(3.0 wt%) was only slightly less than that observed under the anhydrous conditions
(3.4 wt%). The data also show that S-PEI exhibited Hags(CO2) of ~80 kJ.mol-!,
which is essentially the same as that observed under the anhydrous conditions. It
is thus concluded that the mechansism of CO, adsorption and desorption are the
same in each case (carbamate formation), and that the presence of such humidity
does not significantly affect the sorption process under these conditions.

CO; Adsorption/Desorption via GSA

Figure 13 shows the CO» adsorption / desorption (105 °C) isotherms obtained
for S-PEI and 13X via the custom Gas Sorption Analyzer GSA. These isotherms
show that S-PEI exhibits larger CO, capacity than 13X over the range of pressures
studied. However, extrapolation of the curves suggests that 13X would have
greater CO;, capacity than S-PEI at higher pressures (> 1.2 atm). The isotherm
points up to 0.5 atm are, in each case, essentially the same as those obtained by
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the thermogravimetric analysis of CO; sorption from mixed CO»/Ar gas streams
(~1 atm) and so validate the assumptions made with respect to the application of
Henry’s Law to gas adsorption and the use of the TGA approach to assess the
potential of materials as adsorbents for CO; capture via VSA. Furthermore, given
that S-PEI was degassed under vacuum at 110 °C (more aggressively than during
initial preparation) prior to the GSA experiment, these results further highlight
the thermal stability of the sorbent. Given that flue gas contains ~0.15 atm CO»
these results also suggest that S-PEI will actually exhibit greater CO> capacity
than 13X up to ~8 atm (1.2/0.15 atm) of flue gas.
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Figure 13. CO: adsorption/desorption isotherms (105°C) for S-PEI and 13X via
the custom gas sorption analyzer (m-adsorption, O-desorption).

Figure 14 shows the equilibration records (1 — 10 min) obtained for adsorption
of CO; (0.05 — 0.15 atm, 105 °C) on S-PEI and 13X separately via the custom
GSA. These results show that although S-PEI has greater isothermal CO, capacity
than 13X, it actually exhibits slower initial adsorption kinetics than 13X, only
exhibiting greater CO; capacity than 13X ~1.5 minutes after the dose was initiated.
The 13X bed temperature rises as much as the S-PEI bed temperature despite more
initial adsorption consistent with its lower Hags(CO2).
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Figure 14. CO; adsorption / desorption equilibration record (0.05 - 0.15
atm,105°C) for S-PEI and 13X via the custom gas sorption analyzer (m-adsorbed,
a-bed temperature).

Figure 15 shows the equilibration records (1 - 10 mins) obtained for desorption
of CO; at 105°C from S-PEI (0.15 - 0.10 atm) and from 13X (0.15 - 0.11 atm) via
the GSA. Although S-PEI has greater reversible isothermal CO; capacity than 13X,
it actually exhibits slower desorption kinetics than 13X, only providing greater
working capacity than 13X ~1 minute after the step was initiated. Furthermore
these results show that the 13X bed temperature drops as much as the S-PEI bed
temperature (even slightly more) despite more initial desorption consistent with its
lower Hags(CO»). It is noted that volume of the dose manifold relative to the size
of the sample limited the single step desorption from 0.15 atm to only ~0.10 atm;
it would be necessary to fit a larger dedicated desorption manifold to the GSA to
facilitate characterization of deeper single step desorption.

Conclusions

Highly mesoporous high surface area SBA-15 silica was prepared. The
SBA-15 was loaded with one pore volume equivalent of 1200 MW branched
polyethyleneimine to prepare a hybrid adsorbent powder, S-PEI, via wet
impregnation without compromising the integrity of the support framework. The
bulk of the PEI was contained within the framework mesopores, nevertheless
some PEI was found to reside external to the mesopores, such that void space
existed within the product, permitting good gas diffusion at elevated temperature.
The external PEI presumably helped to facilitate compaction of the powder into a
robust pellet, S-PEIp.
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Figure 15. CO; desorption equilibration records for S-PEI (0.15 - 0.10 atm, 105
°C) and for 13X (0.15 - 0.11 atm, 105 °C) via the custom gas sorption analyzer
(m-adsorbed, o-bed temperature).

S-PEI CO; PPSA behavior was found to be highly dependant on temperature.
The adsorption was found to be optimal at 105 °C, at which temperature it
exhibited 10.0 wt % COa capacity (50 % CO»/Ar), 3.4 wt% CO, working
capacity (5 — 15 % CO»/Ar) and Hags(CO2) of 70 — 90 kJ.mol-!. (consistent with
chemisorption). Adsorption capacities and desorption kinetics were compromised
by poorer gas diffusion and the high Hags(CO3) at lower temperaures. Sorption
kinectics were improved by higher process temperatures, however the extent of
carbamate formation was compromised. Importantly, S-PEI CO; sorption was
not adversely affected by the presence of water (1 %) at 105 °C, however 13X
was severely compromised.

CO; sorption data obtained via the custom gas sorption analyser (GSA)
confirmed that PPSA experiments using a TGA to be a valid way to estimate
CO; sorption under VSA conditions. By both approaches S-PEI was found to
exhibit both greater CO, working capacity and greater water tolerance than zeolite
13X under key VSA process conditions. The kinetic data collected by the GSA
demonstrated that although S-PEI exhibits slower initial sorption kinctics than
13X, consistent with its lower Hags(CO3), its adsorption/desorption rates are still
well suited for the processing of flue gas via VSA.

It was also shown that S-PEI can be readily compacted into a robust pellet
with good CO; sorption akin to its powder precursor without the need for
additional binder. The pellet also exhibited a good CO, working capacity (5 —
15 % CO»/Ar) of 2.5 wt% at 105 °C and with minimal void volume, such that a
volumetric working capacity of 29.3 g of CO; per L of sorbent was determined.
Thus, these results show that amine functionalised mesoporous materials, such as
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S-PEI, present a robust, water tolerant and high capacity VSA sorbent option for
CO; capture from post combustion flue gas.
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Chapter 10

Environmental Impacts of Post-Combustion
Capture: New Insight

M. 1. Attalla,” P. Jackson, and K. Robinson

Energy Transformed Flagship, CSIRO Energy Technology,
10 Murray-Dwyer CCT, Mayfield West NSW 2300, Australia
*e-mail: Moetaz.attalla@csiro.au

This chapter reports on the propensity of amine-based post
combustion CO; capture (PCC) solvents to form deleterious
nitrosamine compounds in the presence of NOy. The formation
and emission of these materials from the PCC process has
not been investigated in detail. The entrainment of these
degradation products in the scrubbed flue gas and subsequent
release to the environment is an issue that requires attention,
particularly because of their hazardous nature. A possible
mitigation method that can reduce emissions is the UV
treatment of the solvent liquor, scrubbed gas and/or wash water
to destroy any RR'N-NOj > materials that can form during the
PCC process.

Introduction

Despite amine-based post-combustion CO; capture (PCC) being an
established technology it has been used for decades to remove CO; from small
volume/flow industrial gas streams many challenges must be overcome before
large scale CO» capture from power station flue gas can be realized. One challenge
involves addressing the degradation of the solvent (by both oxidative and thermal
processes) that occurs under typical flue gas conditions i.e. in the presence of
02, NOy and SOx. As well, there is the potential release of volatile solvents and
solvent degradation products to the atmosphere via (i) entrainment in droplets
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or (ii) volatilization during the flue-gas scrubbing process. The associated
environmental impacts need to be given serious consideration.

If solvent-based PCC technology is deployed at an industrial scale, potentially
millions of tonnes of solvent will be used per annum. Hence, the small-scale
emission of solvents and solvent degradation products to the environment appears
inevitable. Recent reports by Braten ef al. (/) and Stangeland and Shao (2)
clearly indicate that nitrosamine and nitramine generation is feasible when
organic amines are utilized in a PCC process. Nitrosamines, nitramines and
other N-centred species are potentially hazardous to both mammals (potential
carcinogens) and aquatic life-forms (3). The formation and emission of these
materials from the PCC process has not yet been fully explored.

Given the potential magnitude of (fugitive) amine release if solvent-based
PCC technology is adopted globally, research efforts in areas such as:

i. understanding the photochemistry of slipped nitrosamines and other
degradation by-products, their atmospheric half-lives and

ii. understanding the impact of slipped amines and degradation byproducts
on the biosphere e.g. organism toxicity,

are warranted and necessary.

This case study demonstrates that secondary amines used in PCC
formulations, such as piperazine (PZ) and diethanolamine (DEA), react
slowly with NOy in the presence of O, to form nitrosamine derivatives under
controlled laboratory conditions. The experimental conditions under which these
N-nitrosamine derivatives form are not dissimilar to the conditions found inside a
typical CO; flue-gas absorption column e.g. P ~ 1 atm; gas composition 81.4 %
N2, 12.8 % CO», 0.8 % NO and 5.0 % O»; temperature of 60 °C. The principal
differences between the laboratory-based experiments and those of a typical
capture plant are:

i.  the absence of sorbent cycling, which is performed at an industrial scale
to regenerate the amine from the carbamate derivative and liberate the
captured CO>, and

ii. elevated nitric oxide levels (used as a proxy for NOx) which are normally
present at 300-700 ppm in flue streams derived from black coal (4).
Elevated levels of nitric oxide and nitrogen dioxide will simply accelerate
the rate of amine degradation and the formation of N-nitrosoamines.

The structure of the amines investigated in this study are presented in Figure 1.
This chapter focuses mainly on the results for piperazine, which has been studied
more exhaustively than the other secondary amines.
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Figure 1. Structures of the amines examined for nitrosamine formation. These
amines are commonly used in PCC solvent formulations.

Establishing the Formation of N-Nitrosamine Derivatives

For the investigation of nitrosamine formation from amine-based PCC
absorbents, a typical experiment involved bubbling a simulated flue gas stream
(of the composition outlined previously) at a flow rate of 1.34 L/min, through a
200 g mass of:

1. 15 wt % aqueous solution of piperazine

2. 30 wt % solutions of monoethanolamine (MEA), 2-amino-2-methyl-
I-propanol (AMP), diethanolamine (DEA), methyldiethanolamine
(MDEA) and 2-piperidinemethanol (2-PM).

All experiments were carried out at a reaction temperature of 60°C, with a
total run time of 15 hours. Reaction mixtures were sampled at 3 hour intervals
for analysis by positive ion electrospray ionization-mass spectrometry (ESI-MS).
Broad-scan (m/z 50 — m/z 250) ESI-mass spectra were used to screen for the
species of interest and optimize mass spectrometer parameters. Measures were
adopted to exclude light from the reaction mixture, including the use of aluminium
foil and opaque (brown glass) reaction and sample vessels.
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Nitrosamine Derivatives of Secondary Amines
N-Nitrospiperazine

The broad scan positive ion ESI-mass spectrum collected for a 15 wt %
aqueous piperazine reaction mixture, following exposure to the simulated flue gas
stream for 3.5, 7.0 and 15.0 hrs respectively, are shown in Figure 2.

100 87.0 . x50 . Scan ES+
9.07e7
Cm (834:872)

120.0

1

1131

A
50 60 70 80 20 100 110 120 130 140 150 160 170 180 190 200
87.1 m/z Scan ES+
1.22e8
Cm (784:834)

2

63.8

ﬂ 83.0
:h 116.1
*
59.9
] 1

50 60 70 80 920 100 110 120 130 140 150 160 170 180 190 200
86.7 m/z Scan ES+
1.26e8

Cm (879:929)

100

3

85.9
116.0
*

145.1
I

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Figure 2. Broad-scan spectra of the aqueous piperazine reaction mixture after
exposure to simulated flue gas for (1) t = 3.5 hours, (2) t = 7 hours, and (3) t = 15
hours. m/z 116, N-nitrosopiperazine, is labelled with an asterisk. N-nitrosamine

can be seen to increase with time relative to the piperazine (m/z 87) peak.
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The broad-scan spectra of the reaction mixtures were quite complex
and contained many species. For example, protonated and sodiated peaks
identified in the piperazine reaction mixture include (H2O)(CH3CN)HT,
(CH3CN)Na® or HyNOs*, (CH3CN);H*, PZH*, (CH3CN),Na*, PZ-OH*
(the N-oxide of piperazine), PZNOH* (N-nitrosopiperazine), PZ-CO>Hy*
(piperazine carbamic acid derivative), PZ-NO,H* (piperazine nitramine) and
ON-PZ-NOH* (1,4-dinitrosopiperazine). The abundance of the peak at m/z
116 (N-nitrosopiperazine) increases with time in the presence of oxygen, and
a peak at m/z 145 also evolves after 15 hrs, which corresponds to protonated
N,N-dinitrosopiperazine.

There was found to be no appreciable formation of N-nitrosopiperazine in
samples exposed to a simulated flue gas without oxygen (after t = 3.5 hours and t
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