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ABSTRACT: By combining density functional theory and lattice phonon 10° 7
dynamics, the thermodynamic properties of CO, absorption/desorption
reactions with dehydrated potassium carbonates through K,CO;1.5H,O +
CO, = 2KHCO; + 0.5H,0(g) are analyzed. The energy change and the chemical
potential of this reaction have been calculated and used to evaluate its
thermodynamic properties and phase transitions. The results indicate that the
K,CO;:1.5H,0 can only be applied for postcombustion CO, capture technology
at temperatures lower than its phase transition temperature, which depends on
the CO, pressure and the steam pressure with the best range being Py o < 1.0

bar. Above the phase transition temperature, the sorbent will be regenerated into
anhydrous K,CO;. If the steam pressure Py ¢ is much greater than 1.0 bar, it is

possible to use the K,CO;-1.5H,0 sorbent for precombustion CO, capture

=
=)
»

-
=)
>

| Y Y Y Y Y Y Y Y Y

Ap>0, CO, release region

s
—ie—K,CO,.1.5H,0+CO,~KHCO,+0.5H,0(g) (P,.,,~1.0 bar
i~ K,CO, 1.5H,0+CO,=KHCO,+0.5H,0(g)(P, ,,~0.1 bar)
i K,CO,.1.5H,0+C0,=KHCO+0.5H,0(g)(P,,,, =10 bar)
—*—K,CO,+H,0(g)+CO,=KHCO (P, , =1.0 bar)

fv—K,CO,+H,0(g)+CO,=KHCO (P, 0.1 bar)

in K,CO,+H,0(g)+CO,=KHCO,(P,,, =10 bar)

CO, Pressure P /IP,

K,CO,1.5H,0 :

T T T T
300 450 600 750 900
Temperature (K)

technology. Compared to anhydrous K,COj3, K,CO;-1.5H,0 requires less energy

for regeneration.

I. INTRODUCTION

Since the burning of fossil fuels is the main energy source for
the world economy, carbon dioxide, a major product from fossil
fuel combustion, is released into the atmosphere in large
quantities and may cause global climate change.'™ In order to
solve this environmental problem, there is a need to reduce
CO, emissions through capture and sequestration while
maintaining acceptable energy costs.5 ™ During the past few
decades, many efforts have been devoted to new technologies
for CO, capture, sequestration, and utilization.”'° Among
them, capture is economically the key step, and the use of
sorbents to remove CO, from large point sources is a feasible
capture technology. Inorganic solid sorbent materials have been
proposed for capture of CO, through a reversible chemical
transformation."'*~"3

Solid sorbents containing alkali and alkaline earth metals
have been reported in the literature.”'*™'® Their oxides,
hydroxides, and carbonates/bicarbonates attract more attention
from researchers because of their high CO, absorption
capacities and moderate working temperatures.'”*'**° Ex-
perimental evidence also shows that mixtures of hydroxides
with oxides could improve the CO, absorption performance.'*
Since alkali metal bicarbonates can be decomposed into
carbonates releasing CO, and H,O within a relatively small
temperature range (for example, NaHCO; at 70—250 °C),
carbonate/bicarbonate conversions can be used for CO,
capture under postcombustion conditions.'®™'>!”192172¢ Gen-
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erally, a fluidized-bed or transport reactor is imagined for the
postcombustion CO, capture by alkali metal carbonates.*>*”~*°
The flue gas enters the carbonation reactor to react with
sorbent in the temperature range of 60—80 °C depending on
which carbonate/bicarbonate is used. Then the loaded sorbents
are transferred into the regeneration reactor to release CO, and
regenerate the sorbent in the temperature range 100—200 °C.
Lee et al.''7"?**" and Zhao et al.*>*”*****3 investigated pure
K,COj; and potassium-based sorbents (K,CO5/TiO,, K,CO5/
AL O, K,CO;/MgO, K,CO;/ZrO,, etc.) to capture CO,
through the overall reaction K,CO; + CO, + H,0 =
2KHCOj;. Their results indicated that the global carbonation
rate for Na,CO;/K,CO; was rather slow. The results measured
by Lee et al.''?%2% showed that, within 100 min, the
carbonation conversion rate of the potassium-based sorbents
reached 80% while for sodium-based sorbents it only reached
65%.%!

Hirano et al** and Hayashi et al”® reported that the
formation of active species K,CO;-1.5H,0 plays an important
role in the CO, capture capacity and that a vapor pretreatment
process substantially improved the CO, capture capacity.'* The
experimental results showed that the CO, capture capacity
could be enhanced due to the conversion of the K,CO; phase
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to the K,CO5-1.5H,0 phase through the K,H,(CO;);-1.5H,0
phase during pretreatment with sufficient water vapor.'*
Shigemoto and Yanagihara® proposed potassium carbonate
supported on an activated carbon as an efficient sorbent to
recover CO, from moist flue gas through the reaction
K,CO;1.5H,0 + CO, = 2KHCO; + 0.5H,0. However, by
using thermogravimetric analysis (TGA) and X-ray diffraction
(XRD) measurements to obtain the characteristics of
potassium-based sorbents for CO, capture, Zhao et al.**
found that the carbonation reactivity of K,CO;-1.5H,0 and
K,CO; (in monoclinic structure and dehydrated from
K,CO;:1.5H,0) was weak, but K,COj; (in hexagonal structure)
calcined from KHCO; showed excellent carbonation capacity
and reproducibility.

Although the thermodynamic properties of K,COj; are well-
known either from databases®®>” or from our first-principles
calculations,’”'®%® in the literature, there is a lack of
thermodynamic data for K,CO;-1.5H,0. In order to evaluate
the CO, capture performance of K,CO;1.5H,O and to
compare with the corresponding anhydrous K,CO;, in this
study we apply our previous approach'®***® to explore the
electronic and lattice dynamic properties of K,CO;-1.5H,0
crystal. Then, based on the calculated energetic properties, we
will calculate the thermodynamic properties of CO, capture
reactions by K,CO;-1.5H,0 and K,COj; to find the optimal
working conditions for achieving maximum capture capacity.

The rest of this paper is organized as follows: section II
briefly describes the theoretical method employed. Section III
presents the results of the electronic structural and phonon
properties of K,CO;-1.5H,0 compared with the corresponding
anhydrous K,CO;. Based on those properties, the thermody-
namic properties of reactions of these carbonates in capturing
CO, are evaluated and their corresponding working conditions
are fully analyzed. Section IV contains a brief summary and
conclusions.

Il. THEORETICAL METHODS

The complete description of our com6putational methodology

. . .o 16-1838—42 .o
can be found in our previous studies. Here, we limit
ourselves to provide only the main aspects relevant for the
current study. When applying hydrated and dehydrated
potassium carbonates as solid CO, absorbents, we have the
following reactions:

T,P
K,CO;-1.5H,0 + CO, < 2KHCO; + 0.5H,0(g)
(R1)

and

T,P
K,CO; + H,0(g) + CO, «— 2KHCO, (R2)

Assuming the difference between the chemical potentials of
solid phases (K,CO; KCO;1.5H,0, and KHCO;) can be
approximated by the differences in their electronic energies
(AEppr) and their entropies (ASpy) and harmonic free
energies (AFpy), we can obtain the temperature- and
pressure-d(gpendent chemical potential (Ay) for the above
reactions: '~ %387+

Poo (Pyio)®
Au(T, P) = Ap®(T) — RT h{ ;OZ( 220] ]

0 0

(1)

with

Ap’(T) = AEppr + AE,, + ARy (T) — Geo,(T)
- ”OGHZO(T) 2)

where AEyp is the zero-point-energy difference between the
reactants and products and can be obtained directly from
phonon calculations. P, is the standard state reference pressure
of 1 bar. For reaction R1, the 1 in eqs 1 and 2 is —0.5, whereas
for reaction R2 it is ny = 1. The enthalpy change for reaction
R1, AH®(T), can be derived from egs 1 and 2 as

AHN(T) = Ap°(T) + T(ASpu(T) = Sco,(T)

- nOSHZO(T)) 3)
As described in our previous study,'®**”*' the zero-point
energies, the free energies, and the entropies of the gas phases

of CO, (Ezp_COZ) GCOZ(T)) Scoz(T)) and HZO(g) (EZP_HZO)
Gu,o(T), Su,0(T)) can be obtained by standard statistical

mechanics and accurately evaluated using the Shomate
equation.’” In eq 2, AEpgy is the total energy change of the
reactants and products calculated by density functional theory
(DFT). In this work, the Vienna Ab initio Simulation Package
(VASP)** was employed to calculate the electronic structures
of the solid materials involved in this study. All calculations
have been done using the projector augmented wave (PAW)
pseudopotentials and the PW91 exchange-correlation func-
tional.*> This computational level was shown to provide an
accurate description of oxide systems.'®'”***¢ Plane wave basis
sets were used with a cutoff energy of 500 eV and a kinetic
energy cutoff for augmentation charges of 605.4 eV. The k-
point sampling grids of n; X n, X n; obtained using the
Monkhorst—Pack method,*” were used for these bulk
calculations, where n,, n,, and n; were determined consistent
to a spacing of about 0.028 A™" along the axes of the reciprocal
unit cells. The corresponding k-points set that we used in our
calculations is 4 X 3 X 6 for K,CO5-1.5H,0. The valence
electrons contain the outer s and p orbitals of H, C, and O
atoms, and the outer s, p, and d orbitals of K. During the
calculations, all atoms in the cell as well as the lattice
dimensions and angles were relaxed to the equilibrium
configurations. For band structure and phonon dispersion
calculations, the symbols and coordinates of the high symmetry
points in the first Brillouin zone of the crystals are taken from
Bradley and Cracknell’s definitions.**

In eqs 2 and 3, the zero-point energies (Ezp), entropies
(Spy), and harmonic free energies (Fpy, excluding the zero-
point energy which was already counted in the term AE,,) of
solids were calculated by the PHONON software package,* in
which the direct method is applied following the formula
derived by Parlinski et al.>° to combine ab initio DFT with
lattice phonon dynamics calculations. In the phonon
calculations, a 1 X 1 X 2 supercell is created for
K,CO;1.5H,0 from its optimized unit cell that is calculated
through DFT. Based on the partition function carried out with
the phonon dispersions and phonon densities of states, their
thermodynamic properties, such as internal energy, free energy,
entropy, and heat capacity, can be evaluated under different
temperature and pressure conditions that are used in eq 1 to
calculate the chemical potentials for reactions R1 and R2, which
are further used to evaluate its CO, capture properties as
presented in section IIL.C.
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lll. RESULTS AND DISCUSSION

lllLA. Electronic Structural Properties of K,CO5-1.5H,0.
The original synthesis and crystal structure of potassium
carbonate sesquihydrate, K,CO;-1.5H,0, was first reported by
Hunter and Jeffrey®' and further redetermined by Skakle et al.>*
It is monoclinic with space group C2/c (No. 15), and its crystal
structure is shown in Figure la. From it one can see that the
CO;* groups are connected with H,O by hydrogen bonding
to form a chain structure along (010). O1 of CO;*™ is not
involved in the hydrogen bonding. One water molecule (O4 in
Figure 1) participates in hydrogen bonds bridging between O3
atoms of two symmetry-related CO;>” anions, whereas the
other water (OS in Figure 1) acts as a donor to both O2 and
03 as shown in Figure 1b.>* The K atoms are located within
the hydrogen-bonded chains with K—O bond lengths around
2.74-3.05 A.

In Table 1 we summarize the optimized crystal structure
parameters of K,CO;-1.5H,0. For comparison, we also list the
optimized data for anhydrous K,CO;*® and KHCO;'® in Table
1. As one can see, the optimized crystal constants along the a-
axis and c-axis are increased by about 3.1 and 1.9% compared to
experiment whereas the b-axis dimension is decreased 0.5%.
Overall, the optimized crystal structure and volume of
K,CO05-1.5H,0 are in good agreement with the experimental
measurements. In Table 2, we summarize the calculated bond
lengths and bond angles as well as the experimentally measured
data. The optimized bond lengths and angles in the CO,>"
anion are very close to the measured data. As pointed out by
Ireta et al,> the accuracy of DFT for describing hydrogen
bonds depends on the bond directionality and, for better
accuracy, the hydrogen bond angle should be larger than 130°.
As shown in Table 2, the hydrogen bond angles in our
K,CO;1.5H,0 calculation are larger than 167° (close to
linear), so the hydrogen bonds should be well described by the
DFT method we have used. For the hydrogen bonding (O, —
H--Q') in K,CO41.5H,0, although the calculated bond
lengths of O,—O’ (O,, refers to O of H,0, O’ refers to O2
and O3 of CO,*") are close to experiment, the bond lengths of
O,,—H and H:--O' have a larger discrepancy. A likely reason is
that the H position in the XRD measurement was not precisely
determined, as the experimentally reported H—O lengths are
substantially shorter than expected for a water molecule.

The calculated band structure of K,CO5-1.5H,0 is shown in
Figure 2. The bandwidths and gaps are listed in Table 3.
Comparing with the band structure of anhydrous K,CO,,**
similarities are observed in that both are insulator materials and
have direct band gaps with values of 4.298 and 3.697 eV for
K,CO5-1.5H,0 and K,CO;, respectively. They have several
valence bands (VBs), and in both solids around —12 eV the p
electrons of K form a single band. However, as described below,
K,CO;:1.5H,0 has its own special electronic structures.
However, as described in our previous work,39_41’46 due to
the DFT approximations, which underestimate the unoccupied
orbital energies, our calculated band gap is usually smaller than
the experimental measurements. Although there is no
experimental band gap available for crystalline
K,CO;-1.5H,0, it is expected that the real band gap should
be larger than our predicted value.

Figure 3 shows the calculated total density of states (TDOS)
and partial density of states (PDOS) projected onto the H, C,
O, and K contributions for K,CO;-1.5H,0. For comparison,
the TDOS of anhydrous K,CO; is also plotted in Figure 3.**

Bl

(b)

Figure 1. (a) Crystal structure of K,CO5-1.5H,0; (b) hydrogen-
bonded chains formed from water and carbonate groups. The biggest
balls in red stand for O, the smallest balls in white stand for H, middle-
size balls in gray stand for C, and middle-size balls in purple stand for
K. The hydrogen bonds are in yellow.

The s orbital of O contributes to the second lowest energy VB
by interacting with the p orbital of C, while its p orbitals mainly
contribute to VB, and VB,. The p orbital of K forms a single
valence band (VBg) while its s, p, and d orbitals also are
involved in other VBs and the conduction band interacting with

dx.doi.org/10.1021/jp303844t | J. Phys. Chem. C 2012, 116, 1446114470
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Table 2. Calculated Bond Lengths and Hydrogen-Bonding Geometry”

R(C—01) R(C—02) R(C-03) 2(01-C-02) 2(01-C-03) 2£(02—-C-03)
1.289 (1.266%) 1.310 (1.288%) 1.312 (1.296%) 120.5 (120.5%) 119.4 (119.7%) 120.1 (119.8%)
0,—H:--0’ R(O,—H) R(H--0O’) R(O,+-0") £(0,—H--0)
04—H4A--03 1.008 (0.77°) 1.658 (1.93°) 2.652 (2.686°) 167.90
05—HS5A--02 1.00 (0.83°) 1.719 (1.90°) 2.713 (2.7135°) 17197
05—H5B--03 1.001 (0.69°) 1.662 (2.03°) 2.659 (2.6709°) 17327

“Bond lengths are in angstroms (A) and bond angles are in degrees. bTaken from ref S1. “Taken from ref 52.
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Figure 2. Calculated electronic band structure of K,CO5-1.5H,0. The
Fermi level is set as relative zero.

the s and p orbitals of C and O. From Figure 3, it can be seen
that the O of H,O (denoted as O,, in Figure 1 and Tables 1 and
2) is different from the O of CO,*™: the s orbital of O,
interacting with s and p orbitals of H forms the band VB, in
Figure 2 with lowest energy, while its p orbitals interact with
orbitals of H, C, and O to form other valence bands (VB,—
VB,). The s orbital of H also interacts with the p orbitals of O
of CO;*” to form hydrogen bonds.

lll.B. Dynamic Phonon Properties. As shown in Table 1,
for K,CO;-1.5H,0 there are eight formula units (fu.) in its unit
cell, but its primitive cell has only 4 f.u. with a total of 42 atoms.
Therefore, there are 126 phonon modes in K,CO;-1.5H,0.
The calculated phonon dispersion of K,CO;-1.5H,0 is shown
in Figure 4a. Along the wave vector L—A there is one soft mode
that corresponds to the displacements of one type of O in
CO,™.

The calculated phonon densities of states of K,CO5-1.5H,0,
K,CO;,*® and KHCO,'® are shown in Figure 4b. Compared to
anhydrous K,CO;, K,CO;1.5H,0O has several extra peaks
which corresponds to H (88—95 THz) and O (45—55 THz) of
H,O-related vibrations. In KHCO;, the HCO;™ moieties form
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Figure 3. Calculated total density of states (TDOS) and projected
partial density of states (PDOS) of K,CO;-1.5H,0. For comparison,
the TDOS of K,CO; (No. 14)'7** is also plotted in the TDOS figure.

hydro§en-bound dimers (HCO;™), which are separated by K*
ions.'® As shown in Figure 1, for K,CO;-1.5H,0, through the
hydrogen bonding, CO;>" anions are linked into the chain
structure with a H,O linker. Obviously, from Figure 4b, the
hydrogen bonding in K,CO;-1.5H,0 is weaker than that in

Table 3. DFT Calculated Energies (Eppr), Band Gap, Zero-Point Energy (E;p), and Entropy (S) Calculated from Phonon and

Available Experimental Data

S (J/mol-K)
compound space group Epgr (eV/fu.) band gap (eV) E,p (eV/fu.) phonon (T = 300 K) expt? (T = 298.15 K)
K,CO51.5H,0 C12/¢1 (No. 15) —59.494 83 4298 (direct) 149222 217386
KHCO,” P12,/a1 (No. 14) —37.886 04 4967 (direct) 0.760 68 122.406 115.499
K,CO,° P12,/c1 (No. 14) —36.904 80 3.697 (direct) 045733 160.121 155.500
CO, molecule P1 —22.994 09 0.31598 213.388
H,0 molecule P1 —14.272 67 0.558 41 188.832

“Taken from HSC Chemistry Package.*® bTaken from refs 18 and 38. “Taken from refs 17 and 38.
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Figure 4. Calculated phonon dispersions and phonon total density of
states (PTDOS) of K,CO;-1.5H,0. For comparison, the correspond-
ing PTDOS of K,CO; and KHCO; are also plotted.

KHCOj; because the latter has lower frequency of H vibration
(peak within 75—85 THz).

The calculated phonon free energy of K,CO;-1.5H,0 versus
temperature is shown in Figure Sa, from which the zero-point
energies (E;p) can be obtained and are listed in Table 3. In
order to compare their properties for capturing CO,, the
thermodynamic properties of anhydrous K,CO; and KHCO;
are also shown in Figure 5. The zero-point energies of these
solids are significant and must be included in predicting their
thermodynamic properties (eq 2). With increasing temperature,
the free energy of K,CO;-1.5H,0 decreases faster than those of
anhydrous K,CO; and KHCO;. Figure Sb shows the calculated
entropies of these solids versus the temperature. Obviously, at 0
K, their entropies are zero and increase with increasing
temperature. Because the structure of K,CO5-1.5H,0O has a
larger configuration entropy than K,CO; and KHCO;, its
entropy is higher over the temperature range. Our previous
results on other solids indicated that with our approach the
calculated entrop?r of solids is quite close to the experimentally
measured values.'®'”* Although in the literature there are no
experimental data available for K,CO;-1.5H,0, our calculated
entropy should be consistent with the experimentally measured
value. By including these free energies and entropies at different
temperatures in eqs 1—3, the thermodynamic properties of the
reactions of K,CO3-1.5H,0 and anhydrous K,COj; capturing
CO, can be evaluated as described in section IILC.
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Figure 5. Calculated phonon free energy and entropy of
K,CO;-1.5H,0. For comparison, the corresponding data of K,CO;
and KHCOj are also plotted.

lll.C. Capabilities of K,CO5-1.5H,0 To Capture CO,.
According to eq 3, the calculated heats of reaction (enthalpy
change) for reactions R1 and R2 versus temperature are plotted
in Figure 6a. Obviously, along the temperature range, the
anhydrous K,COj; capture of CO, can release more reaction
heat than the hydrated K,CO;1.5H,0. This means the
interaction of K,CO; with CO, is much stronger than that of
K,CO;1.5H,0, and during the regeneration stage, more
energy is required to regenerate K,CO;. With Py, = 1 bar,
Figure 6b shows the calculated Gibbs free energy of these two
reactions versus temperature. The slope of the free energy
versus temperature for the reaction K,CO; + H,0(g) + CO, =
2KHCO; is larger than that of K,CO;1.5H,0 + CO, =
2KHCO; + 0.5H,0(g). This indicates that the driving force for
K,CO; to capture a CO, is larger than that of K,CO;-1.5H,0,
and the energy needed to reverse the AG > 0 for reaction R2 is
larger than that for the forward reaction.

By examining eq 1, for the reaction of K,CO;1.5H,0
capturing CO,, we can explore the relationship among the
chemical potential (Ap(T,P)), temperature, and CO, pressure
(Pco,) at several fixed values of Py . This kind of relationship

for reactions R1 and R2 is shown in Figure 7 as a contour plot
in a two-dimensional representation. The lines in Figure 7
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Figure 6. Calculated thermodynamic properties of K,CO5-1.5H,0 and
K,CO; reacting with CO,. (a) Heat of reaction versus temperature;
(b) Gibbs free energy versus temperature.

indicate conditions at which Au(T,P) = 0. Near these lines is a
good region for energy-efficient absorption and desorption
because of the minimal energy costs at the given temperature
and pressure. Above these lines in Figure 7 (Au(T,P) < 0), the
solids K,CO;-1.5H,0 and K,COj are respectively favored to
absorb CO, and to form KHCO,;, while below these lines
(Au(T,P) < 0) KHCO,; is favored to release CO,, regenerating
the solid sorbent.

From Figure 7 one can see that at each fixed Py ¢ these two

lines of the reactions for K,CO;:1.5H,0 and K,CO;-1.5H,0
capturing CO, cross at a transition temperature (T), which
means that at this temperature there is a phase transition
K,CO;1.5H,0 < K,CO; + 1.5H,0 happening. Obviously, at
each fixed Py o, the T, is fixed and does not depend on P, as

shown with vertical lines in Figure 7. Therefore, in Figure 7 the
phase diagram has three regions corresponding to three solid
phases: the region below T, and under the line is
K,CO5-1.5H,0, the region above T\ and under the line is
K,CO;, while the rest of the region above the lines is the
KHCO; phase. In other words, below T, only reaction R1 can
happen and only K,CO;-1.5H,0 could be regenerated, while
above T, reaction R2 can happen and anhydrous K,CO; could
be regenerated.
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Figure 7. Contour plots of calculated chemical potentials (Au) versus
temperatures and CO, pressures at several fixed H,O pressures and
temperatures for K,CO;-1.5H,0 and KZCO317’18‘38 capturing CO,.
The y-axis is given in logarithmic scale. Only Ay = 0 curves with
different fixed Py values are shown explicitly. For each reaction,

above the Ay = 0 curve, the carbonates absorb CO, and the reaction
goes forward (Ay < 0 region) to form bicarbonate, whereas below the
Ap = 0 curve, the bicarbonate releases CO, and the reaction goes
backward to regenerate the carbonates (A > O region).

As shown in Figure 7 and eq 1, Au(T,P) is dependent not
only on temperature but also on gas pressure (Pgas). For
reaction R1 P, = Pco,/ (PHZOPO)I/ 2 while for reaction R2 Py =

Pco Pyo/ Py*, where P, = 1 bar is the reference pressure. Even
with the same Pcq, Py o plays a different role in reactions R1

and R2. The behavior can be discussed in more detail by setting
Py o at several values giving different scenarios as shown in

Figure 7.
(i) The first scenario is Py o = 1.0 bar, which corresponds to

the saturation pressure of water vapor at 100 °C. In this case,
the P, values for reactions R1 and R2 are the same and equal
Pco,. From Figure 7, these two lines cross at Ty, = 445 K (172

°C), which means above this temperature (Ty,) the hydrated
K,COj;:1.5H,0 will be dehydrated to K,COj; through the phase
transition reaction of K,CO5-1.5H,0 « K,CO; + L.SH,0,
which agrees with the experimental findings that hydrates of
K,CO41.5H,0 can be stable up to 153 °C at ambient
atmosphere condition.”’ As one can see from Figure 7, both of
these reactions are thermodynamically favorable over a wide
range of temperature and Pco, which means that under this

temperature range the absorption of CO, is thermodynamically
favored by K,CO; and K,CO;-1.5H,0.

However, as a CO, solid sorbent, it should not only be easy
to absorb CO, in the capture cycle but also be easy to release
the CO, during the regeneration cycle. The operating
conditions for absorption/desorption processes depend on
their use in a pre- or a postcombustion application. The U.S.
Department of Energy (DOE) programmatic goal for
postcombustion and oxy-combustion CO, capture is to capture
at least 90% of the CO, produced by a plant with the cost in
electricity increasing no more than 35%, whereas the goal in the
case of precombustion CO, capture is to capture at least 90% of
the CO, produced with the cost in electricity increasing no
more than 10%.°*7>® Under precombustion conditions, after
the water gas shift reactor, the gas stream mainly contains CO,,
H,0, and H,. The partial CO, pressure could be as high as 20—
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Table 4. Calculated Thermodynamic Properties of Reactions of CO, Captured by Hydrated and Dehydrated Potassium
Carbonates (in kJ/mol); Highest Temperature for Carbonates Capturing CO, at Precombustion (T,) (Pco, = 20 bar) and

Postcombustion (T,) (Pco, = 0.1 bar) Conditions and Phase Transition Temperature (T,,) of K,CO;'1.5H,0 into K,CO;

reaction CO, (wt %) AEppr
K,CO;-1.5H,0 + CO, = 2KHCO, + 0.5H,0(g) 26.88
K,CO, + CO, + H,0(g) = 2KHCO, 31.84

—40.474

—154.429

AE,, AH(T=300K) AG(T=300K) T, (K) T,(K) T, (K)

—-0.737 —40.678 —12.820 s80”  370°  44sP
665°  395°  395°
s10f 3357 5159
18.293 —141.728 —46281 490 420°
—142.854% —44.716" 455°  395°
s159 4457

“Calculated by HSC Chemistry package.* “When Py = 1 bar. “When Py = 0.1 bar. “When Pyo = 10 bar.

30 bar, and the temperature is around 313—573 K. To
minimize the energy consumption, the ideal sorbents should
work in these pressure and temperature ranges to separate CO,
from H,. The temperature denoted T, and listed in Table 4 is
the temperature above which the sorbent solids cannot absorb
CO, and will start to release CO,. This indicates that, during
the capture cycle, the operating temperature should be lower
than T), whereas the temperature may be higher than T
(depending on the desired CO, pressure) during the
regeneration cycle. Under postcombustion conditions, the gas
stream mainly contains CO, and N,, the partial pressure of
CO, is in the range 0.1-0.2 bar, and the temperature range
(T,) is quite different. Currently, in postcombustion CO,
capture technology, the amine-based solvents and carbon-
and zeolite-based solid sorbents (including metal organic
framework) capture CO, within a lower temperature range
(<200 °C),* while oxides (CaO, Na,O, etc.) and salts (Li,SiO,,
Li,ZrO;, etc.) capture CO, usually within a higher temperature
range (>400 °C). 1617394

The turnover temperatures (denoted as T; and T,) for pre-
and postcombustion capture by K,CO;-1.5H,0 and K,COj;, as
well as their phase transition temperatures (T,), are listed in
Table 4. For K,CO;:1.5H,0, T, and T, are 580 and 370 K,
respectively. As discussed above and shown in Figure 6,
K,CO;:1.5H,0 can only be stable below T,,; = 445 K. Since its
T, > Ty, K,CO41.5H,0 cannot be used for precombustion
CO, capture technology, but can be applied to postcombustion
CO, capture technology because its T, < Ty,. As shown in
Figure 7, K,CO; could be used for both post- and
precombustion CO, capture technologies. However, if the
operating temperature for the regeneration step is lower than
Ty, KHCO; will be first regenerated into K,CO5-1.5H,0, not
K,CO;. When the operating temperature is higher than T,
KHCO; will be first regenerated into K,COj;, not
K,CO05-1.5H,0, regardless of whether the initial solid sorbent
is K,CO;-1.5H,0 or K,CO;.

(i) The second scenario for showing the role of Py in
reactions R1 and R2 is when Py o < 1.0 bar, which corresponds

to the saturation pressure of water vapor below 100 °C. Here
we only discuss one example with Py = 0.1 bar, which
corresponds to the saturation pressure of water vapor at around
47 °C. In this case, the gas pressure (Py,) is different for
reactions R1 and R2: Py = P&o/ (Py,0Pp)"* and Pg =
P%ZOZPHZO/ Py’. From this one can see that, with decreasing Py o,
Pgb, < P&, under the same P,,s- Therefore, compared with case

i, with black lines in Figure 7, in this case (red lines) the Ay =0
curve of reaction Rl for K,CO;-1.5H,0 capturing CO, shifted

down while the Ay = 0 curve of reaction R2 for K,CO,
capturing CO, moved up. Hence, it can be expected that the
phase transition temperature (T,,) of K,CO;1.5H,O into
K,CO; could be lower when Py o is decreased. Indeed, from

Figure 7, the calculated T\, is 395 K, which is lower than Ty, =
445 K. At Ty, = 395 K, the corresponding CO, pressure is
about 0.1 bar, which matches the postcombustion CO, pressure
condition. Therefore, although it is not suitable for
precombustion CO, capture since its T, = 665 K > T, =
395 K, compared to case i, K,CO5-1.5H,0 may still be used for
postcombustion CO, capture technology with lower operating
temperature (<395 K, when Py <01 bar) as its T, = 395 K

& Ty, By increasing Py from 0.1 to 1 bar (Figure 7), Ty,

could reach T,. Again, similar to case i shown in Figure 7, if
the regeneration operating temperature is higher than T, only
anhydrous K,COj; can be obtained. As shown in Table 4, the
corresponding T, and T, for K,CO; are 455 and 395 K,
respectively. This means that under this steam pressure K,COj,
is only suitable for precombustion CO, capture while
K,CO;:1.5H,0 could be used for postcombustion CO, capture
technology. If one expects to regenerate K,CO;-1.5H,0, the
operating regeneration temperature must be lower than T,. In
other words, case ii serves as the low end for the steam
pressure, which means that, in order to use K,CO;-1.5H,0 as
CO, sorbent, the steam pressure should be higher than 0.1 bar.

(iii) The last scenario is when Pyo > 1.0 bar, which

corresponds to the saturation pressure of water vapor above
100 °C. Here we also discuss one example of Py o = 10 bar. In

this case, P, is also different for reactions R1 and R2: Pg;s =
Pco,/ (PHZOPO)I/ 2 and P2 = PCOZPHZO/POZ. With increasing

gas

Py o, PCO, is greater than P(g, under the same Py

Compared
with cases i and ii, it can be expected that the phase transition
temperature of K,CO;-1.5H,0 into K,CO; could be higher

when Py o was increased, because the Ay = 0 curve of reaction

R1 for K,CO;:1.5H,0 capturing CO, moved up while the Au
= 0 curve of reaction R2 for K,CO; capturing CO, shifted
down as shown by the green lines in Figure 7. Indeed, T\;; =
515 K is greater than T, = 445 K. Compared to case i, when
K,CO;1.5H,0 is used for postcombustion CO, capture
technology, its highest absorption temperature is around T, =
335 K and its regenerating temperature range is 335—515 K.
Above T3 = 515 K, the regenerated solid is anhydrous K,CO;,
not K,CO;:1.5H,0. When K,CO;:1.5H,0 is used as sorbent
for precombustion CO, capture technology, its highest
absorption temperature is around T; = 510 K and its
regenerating temperature range is very narrow with 510—515
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K if we want to obtain a high pressure of CO, (%20 bar as
before the capture). Above T3 = 515 K, instead of regenerating
K,CO;-1.5H,0, anhydrous K,COj; will be obtained. Below T
= 515 K, regenerating K,CO;-1.5H,0 is possible, but with low
released CO, pressure. In conclusion, at high steam pressure (at
least >1.0 bar), K,CO;-1.5H,0 could be used as CO, sorbent
for both post- and precombustion CO, capture technologies.
Overall, from Figure 7 one can see that decreasing Py o will

enhance the ability of K,CO;1.5H,0O to capture CO, and
move its turnover temperature higher because, as shown in
reaction R1, H,O is on the product side. For the case of
anhydrous K,CO;, decreasing Py o will weaken its capacity for

CO, capture and move its turnover temperature lower as listed
in Table 4 because, as shown in reaction R2, H,O is on the
reactant side. The phase transition temperature of
K,CO5:1.5H,0 into K,CO; increases with increase of the
steam pressure Pyo. In order to use K,CO;-1.5H,0O as an

efficient CO, sorbent in postcombustion capture technology,
the best steam pressure range should be less than 1.0 bar, while
in precombustion CO, capture technology, the best steam
pressure range should be greater than 1.0 bar.

IV. CONCLUSIONS

By combining density functional theory and phonon lattice
dynamics, the electronic structural and phonon properties of
K,CO05-1.5H,0 were investigated. The optimized structure of
this solid is in good agreement with experimental measure-
ments. K,CO;-1.5H,0 has a direct band gap of 4.298 eV.
Similar to K,COj, the p orbital of K forms a single valence
band. Different from the O of CO,*", the s orbital of O,, in
H,O interacts with s and p orbitals of H to form a band with
the lowest energy, while its p orbitals interact with orbitals of H,
C, and O to form other valence bands. The hydrogen bond in
K,CO05-1.5H,0 is formed by interacting the s orbital of H with
p orbitals of O of CO,>".

The phonon dispersions and phonon density of states for
K,CO0;-1.5H,0 were calculated by the direct method. Among
its 126 phonon modes, one soft mode along the wave vector
L—A was found and corresponded to one type of O
displacement.

From the calculated thermodynamic properties of
K,CO;1.5H,0 and K,COj; reacting with CO, through
reactions K,CO5-1.SH,0 + CO, = 2KHCO; + 0.5H,0(g)
and K,CO; + H,0(g) + CO, = 2KHCO;, it was found that the
K,CO5-1.5H,0 is better applied for postcombustion CO,
capture technology at a temperature lower than its phase
transition temperature which depends on the CO, pressure and
the steam pressure (P, o < 1.0 bar). When Py o > 1.0 bar, it is

possible to use K,CO;-1.5H,0 sorbent for precombustion CO,
capture. Above the phase transition temperature, the sorbent
will be regenerated into anhydrous K,CO; Compared to
K,CO;, K,CO;1.5H,0 requires less energy for regeneration.
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