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h i g h l i g h t s

�We measured breakthrough curves
for CO2 and H2O adsorption at 400 �C,
up to 24 bar.
� Surface adsorption occurs at specific

sites for CO2 or H2O up to 5 bar.
� CO2 and H2O adsorb competitively in

nanopores at higher partial pressures.
� Adsorption isotherm and sorption

kinetics have been validated with a
reactor model.
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Sorption-enhanced water-gas shift (SEWGS) combines the water–gas shift reaction with in situ adsorption of
CO2 on potassium-promoted hydrotalcite (K-HTC) and thereby allows production of hot, high pressure H2

from syngas in a single process. SEWGS is a cyclic process, that comprises high pressure adsorption and rinse,
pressure equalisation, and low pressure purge. In order to design the SEWGS process, the equilibria and kinet-
ics of adsorption must be known for the entire pressure range. Here, a multicomponent adsorption isotherm is
presented for CO2 and H2O on K-HTC at 400 �C and 0.5–24 bar partial pressure, that has been derived from
integrated experimentally determined breakthrough curves with special attention being given to the high
pressure interaction. The experimental results can be well described by assuming that the isotherm consists
of a low partial pressure surface adsorption part and a high partial pressure nanopore adsorption part. Surface
adsorption occurs at specific and different sites for CO2 or H2O. In contrast, the nanopore adsorption mech-
anism is competitive and explains the interaction observed in the capacity data at partial pressures over
5 bar. Based on the characteristics of the sorbent particles, a linear driving force relation has been derived
for sorption kinetics. Adsorption isotherm and linear driving force kinetics have been included in a reactor
model. Model predictions are in agreement with breakthrough as well as regeneration experiments.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction COþH2O�CO2 þ H2 DH�298 K ¼ �41 kJ mol�1 ð1Þ
In sorption-enhanced water–gas shift (SEWGS), the water–gas
shift (WGS) reaction (1) is combined with in situ adsorption of
CO2 (2), typically at about 400 �C).
CO2 þ ��CO2 � � ð2Þ

Fed with syngas at temperatures in the range of 300–500 �C, potas-
sium promoted hydrotalcite (K-HTC) catalyses the WGS reaction (1)
and is capable of reversibly adsorbing CO2, thus finding use as sor-
bent in the SEWGS process [1–3]. The CO2 is released during peri-
odic regeneration of the K-HTC and the process comprises
multiple reactors which are operated in pressure cycles, resembling

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2014.03.056&domain=pdf
http://dx.doi.org/10.1016/j.cej.2014.03.056
mailto:boon@ecn.nl
http://dx.doi.org/10.1016/j.cej.2014.03.056
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


Nomenclature

A nanopore-sorbate interaction parameter, –
ap particle interfacial area per unit volume, m�1

c molar concentration (¼ qxi=Mi), mol m�3

cint concentration at the gas phase-particle interface,
mol m�3

Cp;p particle heat capacity, J kg�1 K�1

Cp gas heat capacity, J kg�1 K�1

dp particle diameter, m
dr reactor internal diameter, m
Dz axial mass dispersion coefficient, m2 s�1

Dp effective intraparticle molar diffusion coefficient, m2 s�1

E nanopore-sorbate interaction energy, J mol�1

f friction factor, –
F molar flow rate, mol s�1

DHa adsorption enthalpy, J mol�1

DHr reaction enthalpy water–gas shift, J mol�1

i species index, –
K surface-sorbate interaction parameter, Pa�1

kLDF linear driving force intraparticle mass transfer coeffi-
cient, s�1

M molar mass, kg mol�1

m pore-size distribution parameter, –
ms sorbent mass, kg
n Freundlich isotherm parameter, –
N molar flux, mol m�2 s�1

N total number of species, –
p pressure, Pa
pc critical pressure, Pa
p0 saturation pressure, extrapolated to T > Tc , Pa
q excess amount adsorbed, mol kg�1

qeq equilibrium amount adsorbed, mol kg�1

qs maximum (monolayer) amount adsorbed, mol kg�1

R gas constant, J mol�1 K�1

rWGS water–gas shift reaction rate, mol kg�1 s�1

T temperature, K
t time, s
te time of complete breakthrough, s
Tc critical temperature, K
Tw wall temperature, K
U overall heat transfer coefficient, W m�2 K�1

u superficial gas velocity, m s�1

v interstitial gas velocity, m s�1

vm molar volume, cm3 mol�1

V0 limiting nanopore volume per mass of sorbent,
cm3 kg�1

Vg interparticle and intraparticle gas volume in the col-
umn, m3

yi mole fraction of species i, –

Greek
�b bed porosity, –
�p particle porosity, –
k axial thermal conductivity, W m�1 K�1

x mass fraction, –
q gas density, kg m�3

qp particle density, kg m�3

Abbreviations
HTC hydrotalcite
K-HTC potassium-promoted hydrotalcite
PSA pressure swing adsorption
SEWGS sorption-enhanced water–gas shift
slpm standard litre per minute, gas volume defined at

273.15 K and 101,325 Pa
WGS water–gas shift
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the cycles of a pressure swing adsorption (PSA) process. Thus, the
overall process directly converts syngas into separate streams of
H2 and CO2 at 400 �C, which makes the SEWGS process exception-
ally suitable for precombustion CO2 capture mitigating greenhouse
gas emissions [4–6]. Design of the SEWGS process, as for any
adsorption process, inherently relies heavily upon a reliable
description of the relevant sorption equilibrium and kinetics.

Sorption of CO2 on HTC has been extensively studied at relevant
temperatures, but predominantly at relatively low pressures. Sorp-
tion of H2O on K-HTC has not been quantified under relevant con-
ditions, although the effect of steam upon CO2 adsorption has been
addressed qualitatively. Ding and Alpay [7] were the first to pub-
lish high temperature adsorption isotherms for CO2 on K-HTC. A
Langmuir adsorption isotherm was fitted with a maximum capac-
ity of 0.65 mol kg�1 for CO2 partial pressures up to 0.6 bar and in
the presence of water vapour; an approximately 10% lower capac-
ity was found for dry conditions. The heat of adsorption was esti-
mated at 17 kJ mol�1. The capacity for CO2 was found to be
insensitive to the actual concentration of feed water for steam
partial pressures between 0.03 and 2.45 bar. Some irreversible
adsorption has been reported during the first contact of fresh
K-HTC with CO2. More recently, Lee et al. [8] measured CO2 dry
adsorption up to 3 bar partial pressure. They found that a Langmuir
isotherm with a monolayer capacity of 0.25 mol kg�1 could de-
scribe the equilibrium for low partial pressures. For CO2 partial
pressures over 0.2 bar, additional surface complexes are assumed
to be formed, leading to a capacity of 0.87 mol kg�1 at 3 bar partial
pressure. Oliveira et al. [9] tested the CO2 capacity of a series of
K-HTC’s with varying Mg:Al ratio, in the presence of steam.
Designating their samples as K-MGx, where x represents the
weight percentage of MgO in the total amount of MgO and Al2O3,
K-MG30 had a capacity of 0.76 mol kg�1, compared to 0.6 mol kg�1

for K-MG50 and 0.5 mol kg�1 for K-MG70, all at a CO2 partial pres-
sure of 0.4 bar. Halabi et al. [10] used breakthrough measurements
with 0.1–8.5 bar of CO2 in the presence of 0.24 bar steam in order
to derive sorption capacities of K-MG60 up to 0.97 mol kg�1. A Fre-
undlich isotherm was fitted to their data. Alternatively, approach-
ing the sorption of CO2 on HTC from a chemical kinetic point of
view, Ebner et al. [11,12] measured ‘nonequilibrium isotherms’ for
K-HTC at CO2 partial pressures between 0.09 and 1.31 bar in ab-
sence of steam, reporting a rapid initial uptake, followed by slow
sorption kinetics leading to a complex reaction pathway compris-
ing three coupled reversible reactions. The maximum CO2 capacity
measured was 1.6 mol kg�1. Wu et al. [13] recently measured a CO2

capacity of up to 1.13 mol kg�1 for K-MG30 at 0.5 bar CO2 and
0.5 bar H2O, where a bi-Langmuir isotherm accounting for chemi-
sorption and physisorption contributions could describe the data.
Much higher capacities of up to 15 mol kg�1 have been reported
at high partial pressures of both CO2 and H2O and depending on
the composition of the HTC [14,15]. These values, however, are
attributed to the formation of bulk MgCO3, which is relatively slow
and undesirable for pressure-swing SEWGS operation. Van Selow
et al. [4] have linked the formation of bulk MgCO3 to CO2 slip
and loss of mechanical integrity. For the adsorption of H2O on K-
HTC, van Selow et al. [16] have proposed Langmuir isotherm,
assuming a single adsorption site specific for H2O. Thus, in spite



Fig. 1. Bottom part of SEWGS column and installed sample system.
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of many papers addressing the reversible adsorption of CO2 on
K-HTC, crucial data is lacking for a well-founded SEWGS process
design. The data for CO2 adsorption is limited to a CO2 partial pres-
sure up to 8.5 bar, while in practice it may reach higher values.
More importantly, the effect of steam upon the adsorption of CO2

has not beenquantified. Finally, the adsorption isotherm of H2O
on K-HTC itself has not been quantified.

Breakthrough experiments with CO2 and H2O provide an oppor-
tunity to measure relevant adsorption isotherms on K-HTC. Exper-
iments with either CO2 or H2O yield single component isotherms.
In addition, mixture experiments allow the description and quan-
tification of the interaction of these two adsorbates that has been
indicated in literature. Finally, the derived adsorption isotherm is
used in a reactor model to assess the intraparticle mass transfer
by a comparison of the experimental and predicted transient seen
during breakthrough.

In the present work, a series of breakthrough experiments was
performed in an adsorption column filled with K-HTC pellets, feeding
CO2, H2O, and CO2–H2O mixtures, all in N2/Ar, at a reactor tempera-
ture of 400 �C and a total pressure of up to 27 bar(a). After integration
of the breakthrough curves, adsorption capacities for CO2 and H2O
were determined and adsorption isotherms were fitted to the data.
Subsequently, a reactor model that was previously developed and
used for validation of low pressure sorption enhanced reforming
[17,18] was updated to simulate the breakthrough experiments.

This paper first presents the experimental procedure and re-
sults, yielding an adsorption isotherm that provides a satisfactory
description of the measured capacities. Secondly, reactor simula-
tions are used to validate a linear driving force intraparticle model
for sorption kinetics.

2. Material and methods

2.1. Experimental procedure

Ideally, mixture adsorption is measured in a dedicated setup that
allows for highly accurate measurements (see, for example, the re-
view by [19]. However, for adsorption of CO2 and H2O on K-HTC at
400 �C, the standard approach faces particular complications. First
of all, it is important to ensure a proper reference state at the start
of each experiment. HTC is a double hydroxide, with the general for-
mula Mgð1�xÞAlxðOHÞ2ðCO3Þðx=2Þ � nH2O. It has a layered structure and
contains hydroxides, carbonates, and water groups. Between 300
and 500 �C, the material goes through several dehydroxylation and
decarbonation steps [20,21,14]. The layered structure collapses
above approximately 350 �C. Under SEWGS operating conditions,
K-HTC is in the middle of a transition to mixed-metal oxide, while
still containing carbonate and hydroxide groups, and consequently
difficult to fully define. Therefore, in order to insure that the material
is always in the same state, a standard regeneration method was
used in between the measurements, as described below. Secondly,
measuring with a high partial pressure of steam is challenging. At
25 bar partial pressure, H2O has a dew point of approximately
224 �C, requiring flow control and all parts of the setup to be at least
at this temperature in order to prevent condensation and have a sta-
ble flow for accurate measurement. Thirdly, sampling and quantify-
ing of various concentrations of H2O is also not straightforward. One
solution to the issues mentioned is to resort to breakthrough exper-
iments to measure the multicomponent isotherm. Hence, break-
through experiments have been performed at bench scale with MS
gas sampling – yielding new insights that are not readily obtained
at laboratory scale.

2.1.1. Setup
Experiments were performed in the multicolumn SEWGS test

rig, described in detail van Selow et al. by [22]. It comprises
columns of 6 m tall and 38 mm internal diameter. Each column
is filled with 4:7� 4:7 mm pellets of a potassium-promoted hydro-
talcite, produced by Sasol Germany. The hydrotalcite has a Mg/Al
ratio of 0.6, and was promoted with approximately 20 wt.%
K2CO3, as specified by the vendor. During the experiments in the
temperature range of 400–450 �C, it is in transition from layered
double hydroxide to a mixed-metal oxide. At the time of the break-
through tests, the pellets had been in the column for more than
two years and proven to be stable in various SEWGS cycles for
thousands of cycles in total. In order to measure breakthrough of
CO2 and H2O with an accuracy as high as possible, one of the
columns has been adapted for breakthrough measurements by
installation of a sample system. The system, shown schematically
in Fig. 1, provides two sample lines that connect the setup to a
mass spectrometer (MS). The lower line allows the withdrawal of
samples of the feed gas and the top line allows extraction of
sample gas from the SEWGS column, 2 m downstream the feed
connection. A sample flow of approximately 0.5 slpm is drawn
from the system, reduced to atmospheric pressure and then mixed
with 0.5 slpm of helium, which proved to be sufficiently small to
prevent loss of MS signal fidelity yet sufficiently large to prevent
problems with condensation. The sample flow is then fed to the
MS at 80 �C, measuring the responses for Ar, H2O, CO2, and N2.
2.1.2. Breakthrough experiments
In order to measure the uptake of CO2 and H2O separately, the

sorbent was cleaned and dried in a number of steps. (1) Initially,
the sorbent was saturated with steam at 400 �C and 27 bar(a),
purging any remaining CO2 from the material. (2) The purge was
repeated at 450 �C, further removing CO2 that remained on the sor-
bent. (3) The sorbent was dried with N2 at 450 �C and 4 bar(a) pres-
sure, until no H2O was measured in the column outlet gas, followed
by cooling to 400 �C in dry N2.

The H2O breakthrough capacity was measured at three levels of
total pressure: 8, 17.5, and 27 bar(a). At each pressure level, break-
through measurements with 11, 43, and 78 vol.% H2O in Ar/N2

were performed sequentially. In order to minimise the number of
regeneration steps, both the second and third concentration levels
were measured relative to the first concentration level. Accord-
ingly, 11% H2O was measured first, followed directly by measure-
ment of the additional capacity at 43%. Afterwards, the sorbent
in the column was saturated with steam and then dried with N2,
followed by re-equilibration with 11% H2O. Then, the final point
at 78% H2O was measured, again relative to the uptake at 11%. In
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between the pressure levels and before measuring 11% H2O, the
sorbent was dried at 450 �C and cooled back to 400 �C in N2.

Upon completion of the H2O breakthrough measurements, pure
CO2 breakthrough experiments were performed. These were car-
ried out at 7, 12, 17, 22, and 27 bar(a) total pressure. In between
the pressure levels, the sorbent was purged with steam at 27 bar(a)
and dried in N2 at 4 bar(a). At each pressure setting, measurements
were performed with 3% CO2 directly followed by 33% and 71% CO2

in Ar/N2, measuring the additional uptake after the preceding
concentration.

The CO2–H2O breakthrough experiments were aimed at mea-
suring excess adsorption of CO2 and H2O at 400 �C and 27 bar(a).
To this end, the column was operated in cyclic mode, each break-
through experiment being preceded by a sequence of precondi-
tioning steps: (1) saturation of the column with 18.5 vol.% CO2

and 37.0 vol.% H2O in N2 at 27 bar(a) total pressure, (2) depressu-
risation to atmospheric pressure, (3) purge by H2O until no more
CO2 came off followed by switching off the purge gas to depressu-
rise the column to atmospheric pressure again, and (4) repressur-
ization of the column to 27 bar(a) with dry N2. Thus, the column
is as much as possible in the same state at the start of each break-
through experiment, containing 1 bar H2O in N2. By design of
experiments, 32 conditions had been defined (that were all
measured twice in randomised order except for the centre point
which was measure nine times throughout the experimental pro-
gramme), with CO2 partial pressures in the range of 0.5–24 bar
and H2O partial pressures in the range of 4–24 bar, all with Ar
tracer and balance N2 at 27 bar(a) total pressure. The Ar tracer
serves to describe the hydrodynamic characteristics of the column
and sampling system.
2.1.3. Regeneration experiments
For the purpose of evaluating the kinetics of regeneration of the

adsorbent, a series of regeneration experiments has been carried
out. In these experiments, the column was saturated with
17 vol.% CO2 and 25 vol.% H2O in N2 at 27 bar(a) and 400 �C. Then,
a counter current rinse was performed with 30 slpm steam, fol-
lowed by depressurisation to atmospheric pressure, and purge
with 18 slpm steam. During these steps, the dry outlet flow rate
was measured after the gas cooling and condensate removal. The
same experiment was also carried out with 38 slpm purge flow
rate.
2.2. Data interpretation and model development

2.2.1. Equilibrium data from breakthrough experiments
Setting up a material balance for component i over the column,

accumulation of component i between t ¼ 0 and complete break-
through ðt ¼ teÞ must equal the difference between the molar in-
flow and outflow rates, i.e.

yiðteÞp
RT

Vg þ qiðteÞms �
yið0Þp

RT
Vg � qið0Þms

¼ teFi;in �
Z te

0
ðyiFÞoutdt ð3Þ

The trapezoidal rule has been used for approximating the integral
by a summation over discrete measurement data. Prior to break-
through of CO2 and H2O, the breakthrough of Ar (assuming
qAr ¼ 0) is integrated to obtain Vg , the total interparticle and
intraparticle gas volume in the column. After breakthrough, the Ar
signal is used for quantifying the outlet flow rate prior to and during
breakthrough of H2O and CO2. Eq. (3) can then be used to compute
qCO2

and qH2O.
2.2.2. Adsorption isotherm
Adsorption isotherms are derived on the basis of the underlying

physics of sorbent-sorbate interactions. As presented in the Intro-
duction, the main body of literature is based on Langmuir and Fre-
undlich isotherms. These are derived from adsorption on specific
surface sites. Indeed, Walspurger et al. [23] suggested that a trans-
formation occurs of potassium carbonate at the surface of HTC and
that aluminium oxide – potassium carbonate interaction creates
the strongly basic active sites for CO2 adsorption. This, however,
is not to say that the surface sites on K-HTC are homogeneous,
nor that each site can adsorb only a single molecule. In fact, many
authors have proposed multi-site adsorption models for lower par-
tial pressures and the sorbates may interact as well, see e.g.
[24,8,25–28] and the discussion in Section 3.2. The current work,
however, focuses on higher partial pressures and both the data
set and the experimental equipment does not allow to discern
multi-site or multi-component interaction mechanisms at low par-
tial pressures. In addition to surface sites, nanopores may play an
important role at higher pressures. Soares et al. [29] and later
Maroño et al. [30] measured a significant volume of nanopores that
may additionally contribute to the adsorption capacity for CO2.
Nanopore adsorption occurs above a certain partial pressure
threshold when surface adsorption turns into pore volume filling
[31]. For H2O, little is known about adsorption on K-HTC. van
Selow et al. [16] have proposed a Langmuir isotherm. On several
clays, however, Hatch et al. [32] recently measured the contribu-
tion of surface and nanopores for the adsorption of H2O.

A model is derived here that is based on contributions of surface
and nanopores for the adsorption of CO2 and H2O. Whereas the sur-
face sites are specific in the sense that they adsorb either CO2 or
H2O, competitive adsorption is expected in the nanopores. Surface
adsorption of CO2 is described by a Langmuir isotherm, concurring
with most studies in literature. For H2O, a Freundlich isotherm is
used for the surface contribution, reflecting the presumed hetero-
geneous character of the sites for H2O. Given the range of measure-
ment and within the range of uncertainty, the choice is arbitrary.
The nanopore contribution is described using a Dubinin–Astakhov
equation based on volume filling theory. In such a case, assuming
no lateral interactions between adsorbed species, the amount of
gas adsorbed is determined by the limiting nanopore volume V0,
pore-size distribution parameter m, and the nanopore-sorbate
interaction energy E [33,34,31]. Thus, for CO2,

qeq
CO2
¼

qs
CO2

KCO2 pCO2

1þ KCO2 pCO2

þ ACO2 ðV0 � V0AH2OÞ
vm;CO2 ð1� ACO2 AH2OÞ

ð4Þ

and for H2O,

qeq
H2O ¼ KH2Op1=n

H2O þ
AH2OðV0 � V0ACO2 Þ

vm;H2Oð1� ACO2 AH2OÞ
ð5Þ

with

Ai ¼ exp � RT
Ei

� �
ln

p0;i

pi

� �� �mi
� �

ð6Þ

p0;i ¼ pc;i
T

Tc;i

� �2

ð7Þ

vm;i ¼
RTc;i

8pc;i

T
Tc;i

� �0:6

ð8Þ
2.2.3. Intraparticle mass transfer resistance
In order to assess the kinetics of adsorption, that is the intrapar-

ticle mass transfer resistance and the resulting width of the mass
transfer zone, a reactor model was developed, based on a previous
reactor model for low pressure sorption enhanced reforming
[17,18]. The transport equations solved are shown in Table 1,



Table 1
Reactor model equations.

Continuity @q
@t ¼ �

@qv
@z þ

1��b
�b

ap
P

iMiNi A

Momentum 0 ¼ � @p
@z � f qjuju

dp
B

Heat balance �bqCp þ ð1� �bÞqpCp;p

� �
@T
@t ¼ �qCpu @T

@z þ @
@z k @T

@z

� 	
þ 4U Tw�Tð Þ

dr
� ð1� �bÞqp ð�DHrÞrWGS þ

P
ið�DHa;i

dhqii
dt Þ

� �
C

Mass balance @ðqxiÞ
@t ¼ � @qvxi

@z þ @
@z Dzq @xi

@z

� �
þ 1��b

�b
apMiNi

D

State pMx ¼ qRT E

Mx ¼
P

i
xi
Mi

� ��1 F

Table 2
Intraparticle equations.

Intraparticle mass balance dhcii
dt ¼ kLDF;i cint;i � hcii

� 	 G

LDF mass transfer coefficient kLDF;i ¼
15Dp;i

r2
p ð�pþqp

@qi
@ci
Þ

H

Multicomponent isotherm hqii ¼ f ðhc1...NiÞ I

Table 3
SEWGS process parameters.

L 2 m (breakthrough)
6 m (regeneration)

dr 38 mm
dp 4.4 mm
qp 1074 kg m�3

�b 0.4
�p 0.3
Twall 400 �C
p 27 bar (breakthrough)
ufeed 0.029 m s�1
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Fig. 2. Pure CO2 breakthrough capacities versus CO2 partial pressure (diamonds),
predicted capacity (line), contribution of different sites (dashed lines).
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Fig. 3. Pure H2O breakthrough capacities versus H2O partial pressure (circles),
predicted capacity (line), contribution of different sites (dashed lines).
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now including accurate description of transport of concentrated
species and density changes. The feed flow rate is specified at the
column inlet, the pressure at the column outlet. Danckwerts
boundary conditions are used for the heat and mass balances.
Using the method of lines, the equations are discretised on a uni-
form grid in the axial direction with a Barton flux delimited second
order upwind scheme for the convective terms, second order
implicit central differencing for the dispersion terms, and semi-
implicit linearised source terms. The resulting time-dependent
ordinary differential equations are integrated in time with first
order Euler scheme with time step adaptation. The equations for
the intraparticle model are shown in Table 2. They are derived
from the common linear driving force assumption [35], for porous
spherical particles. The adsorption isotherm (G) has been derived
in Section 2.2.2. Constitutive equations have been taken from
literature [36,35,37–39]. Model parameters are shown in Table 3.
3. Results and discussion

3.1. Breakthrough capacities for CO2, H2O, and mixtures thereof

Adsorption capacities for CO2 and H2O have been derived from
the breakthrough measurements. The data points in Figs. 2 and 3
show the pure component capacities (note that all lines are drawn
with the isotherm as derived in Section 3.2 from the full data set,
including mixture data), the data points in Fig. 4 show the mixture
capacities. The pure component capacities in Fig. 2 for CO2 follow a
two-step adsorption mechanism, of which the first contribution up
to 0.4 mol kg�1 is attributed to surface sites and the additional
adsorption at partial pressures of 3 bar and over corresponds to
nanopore adsorption. Given the current range of measurements,
it is not possible to discern a more detailed interaction at the lower
concentration levels, as for example presented by Lee et al. [8]. For
H2O, similar trends result. Up until 12 bar partial pressure, the
measured capacites for H2O show a levelling off of the surface con-
tribution around 0.3 mol kg�1, which is in line with the Langmuir
isotherm proposed by van Selow et al. [16]. Noticeably, however,
the single datapoint above 20 bar suggests an additional nanopore
adsorption mechanism. Over the full partial pressure range, the
trend in H2O adsorption data is similar to the trend observed by
Hatch et al. [32], and supports the hypothesis of a binary
mechanism.

3.2. Adsorption isotherm

The entire experimental data set was used to fit a multicompo-
nent adsorption isotherm for the system. A good fit was obtained
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with two double isotherms, consisting of a surface and nanopore
contribution (Eqs. (4)–(8)). The regressed parameters and statistics
are shown in Table 4. The isotherms are added to Figs. 2–4 for easy
comparison. Parity plots of the predicted versus measured adsorp-
tion capacity, both for the single components and mixtures, are
shown in Figs. 5 and 6.

Obtaining data with high accuracy from a bench scale setup as
the one used in this study presents a challenge and consequently
there is significant scatter in the data, especially in the mixture
data, and the number of data points for low concentrations is
small. In this respect, the use of alternative experimental tech-
niques could pave the way for modelling of the low pressure inter-
action. Tapered element oscillating microbalance experiments
have been successfully employed to measure the thermal
composition of hydrotalcites at temperatures up to 700 �C [40],
to measure equilibria and kinetics of n-hexane and n-heptane
adsorption on catalyst particles [41], and to study the effect of
steam upon CO2 capture by several high-temperature sorbents at
sorption-enhanced steam methane reforming conditions [42].
Alternatively, full binary equilibrium characterisation could be
performed by equilibrating the solid under flow conditions fol-
lowed by complete desorption and characterisation of total column
contents, or by a combination of gravimetric and volumetric tech-
niques [19]. Still, the current set of experiments provides values
that would be very difficult to measure otherwise. The scatter gives
rise to relatively large confidence intervals in the parameter
estimates and the small number of data points in the low
Table 4
Regressed multicomponent isotherm parameters (Eqs. (4)–(8))
confidence interval.

Parameter Estimate

qs
CO2

0.45 ± 0.13 mol kg�1

KCO2 28 ± 26 MPa�1

ECO2 23 ± 1 kJ mol�1

mCO2 5.2 ± 1.5
KH2O 0.37 ± 0.07 mol kg�1 MPa�1=n

n 1.9 ± 0.5
EH2 O 12 ± 1 kJ mol�1

mH2 O 3.6 ± 0.8
V0 74 ± 17 cm3 kg�1
concentration region further adds to the uncertainty for surface
adsorption parameters, particularly KCO2 (see Table 4). Neverthe-
less, all model parameter estimates are statistically significant at
90% confidence interval. The match of the model with less scat-
tered single component data, Figs. 2 and 3, is good. The trends ob-
served in the parity plot for CO2 (Fig. 5) are randomly scattered in
time and with H2O concentration and reflect the accuracy of mea-
surement for CO2–H2O mixtures. The absence of trends for the
pure CO2 data plot for H2O (Fig. 6) gives further confidence to
the assumptions made in deriving the adsorption model.

Within the range of uncertainties, the values determined here
are in agreement with values published by other groups. For
adsorption of CO2 on K-HTC, Lee et al. [8, Table 3] reports mono-
layer capacities in the range of 0.25–0.45 mol kg�1 (compared to
qs

CO2
¼ 0:45 mol kg�1 in this work) yet much higher gas–solid inter-

action parameters at 400 �C in the range of 167–369 MPa�1. The
difference might be due to the uncertainty in the Langmuir param-
eters but could also be caused by differences in surface character-
istics of the sorbent. In a study with limited data at lower partial
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at 400 �C, 27 bar(a) and different feed compositions.
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pressures [28] report 44.5 MPa�1, which is larger than yet within
the confidence interval of the present result. For H2O literature
data is scarce. Still the Freundlich exponent n ¼ 1:9, that quantifies
the nonlinearity of the isotherm, is in the range of 1.7–5.1 reported
for the adsorption of H2O on various clays [32]. For the nanopore
adsorption model, few relevant studies are available. The nanopore
volume in the current work is estimated at 74 cm3 kg�1, while [29]
has reported 73.3 cm3 kg�1 for MG30 and Maroño et al. [30] found
similar pore volumes in the range of 50–60 cm3 kg�1 for KMG30,
depending on the temperature of calcination. The parameter m
(5.2 for CO2, 3.6 for H2O) characterises nanopore heterogeneity,
where values generally vary between 1 and 6 [31]. The character-
istic energies E (Table 4: ECO2=RT ¼ 4:1, and EH2O=RT ¼ 2:1) are typ-
ical values for nanopore-sorbate interaction energies using the
Dubinin–Astakhov model [34,31].

The trends in the adsorption of CO2 and H2O on K-HTC observed
here have been reported by other authors as well, although there
are important differences that arise mainly because of the differ-
ence in partial pressures of the adsorbates. In contrast with the
present model, the capacity for CO2 has been reported to increase
for low partial pressures of steam, compared to dry conditions
[7,24,43,25]. The presence of steam has been suggested to create
adsorption sites through the formation of hydroxides, which in turn
activate adsorption sites [7], form bicarbonates [25] or carbonates
[26] in the presence of CO2. At lower partial pressures, steam will
probably enhance the adsorption of CO2 in the present system as
well, but the smallest steam partial pressure in these experiments
was 4 bar and the set of experimental data thus does not allow to
discern these interactions. Again, additional experimental work,
such as Fourier transform infrared spectroscopy, might prove useful
in elucidating the low partial pressure mechanisms in more detail
[25]. At higher steam partial pressures, however, competitive
adsorption has been observed [28]. For CO2 adsorption itself, a
number of different mechanisms has been suggested to contribute
to the adsorption capacity. Ebner et al. [12], Oliveira et al. [9] and
Wu et al. [13] have all suggested a combination of physisorption
and chemisorption for CO2. [8] observed a binary mechanism up
to 3 bar CO2 partial pressure, suggesting a mechanism of chemi-
sorption and surface complexation. Based on experiments with
1 bar CO2, [27] found physical and chemical contributions to the
adsorption capacity and concluded that not only the surface, but
also morphology and pore structure are essential to achieve a high
adsorption capacity. The present work has produced little data in
the low pressure range that was studied by these authors. However,
it should be noted that high pressure H2O is able to desorb traces of
CO2 that remain on the sorbent after low pressure regeneration, as
shown in Fig. 7, after breakthrough of H2O and before CO2 break-
through. This is indeed an indication of interaction between high
pressure H2O and small amounts of CO2 adsorbed. Therefore, it
seems probable that the surface contribution for CO2 in Eq. (4),
and possibly for H2O in Eq. (5), is the sum of contributions from sev-
eral different mechanisms where interaction may also play a role.
Additionally, the present work reaffirms the importance of the
nanostructure of the sorbent, predominantly at higher partial pres-
sures. In this respect, a clear indicator is the observation that the
impact of CO2 on the capacity for H2O is much stronger than vice
versa. This can hardly be explained by a site-specific model but is
well accounted for by the nanopore model (cf. Fig. 4). The larger
molar volume of CO2 (vm;CO2 ¼ 69 cm3 mol�1) compared to H2O
(vm;H2O ¼ 31 cm3 mol�1) ensures that the available nanopore vol-
ume is more strongly attenuated by CO2 than by H2O.

3.3. Kinetics of adsorption and desorption

The heterogeneous linear driving force relation used in this
work is based on the intraparticle concentrations (Equation G,
Table 2). A similar relation has been used by [13]. The equation ac-
counts for contributions of intraparticle gas phase (through cint;i) as
well as intraparticle surface and nanopore accumulation terms
(through qi). It approximates the rigorous intraparticle diffusion
equations to a numerically efficient ordinary differential equation,
an approach which is common practice in PSA modelling [38]. The
heterogeneous linear driving force relation is different from the
homogeneous relation that has been used earlier [7,8]:

dhqii
dt
¼ k0LDF;i qeq

i � hqii
� 	

ð9Þ

The latter equation derives from Equation G (Table 2) [44], but only
when the isotherm equation can be rewritten into a form that
explicitly expresses cint;i as a function of qeq

i . As this is not the case
for the current isotherm (Eqs. (4) and (5)), the homogeneous LDF
cannot be used to describe the experimental observations of the
kinetics for both adsorption and regeneration in the present work.

The heterogeneous linear driving force relation only approxi-
mates intraparticle resistances to mass transfer. It can be expanded
or elaborated in more detail by accounting for the resistance in the
crystals, or multicomponent mass transfer. Wu et al. [13], for
example, use a double linear driving force approach. However,
such an approach does not seem to be justified in the present
study, unless the internal structure of the particles were to be char-
acterised with much more detailed information on the particle
morphology. Besides, the match between experiment and model
is fair, as shown in Figs. 7 and 8. During breakthrough, as shown
in Fig. 7, the stoichiometric breakthrough time of each of the
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species is predicted well. This indicates that the sorption capacity
for these conditions is accurately predicted by the proposed multi-
component isotherm. The transient of breakthrough is also repre-
sented well by the model, except for CO2 in case (b) with
4.6 vol.% CO2 in the feed, where the transient is somewhat faster
in the model than in the measurement. In this context, however,
it should be noted that measurements with CO2–H2O mixtures at
these low CO2 concentrations are non-trivial in the current setup.
A fact that also shows in the relatively large scatter for the data
points for CO2 partial pressures below 2 bar (Fig. 4). For the desorp-
tion experiments shown in Fig. 8, the model predicts a slower
desorption of CO2 than measured experimentally. Apart from a dif-
ference in absolute amount of CO2 adsorbed, this may be at least
partly caused by pressure dynamics in the bench scale system that
are not fully represented in the model.
4. Conclusion

Breakthrough experiments with CO2, H2O, and mixtures thereof
on a SEWGS bench scale unit have yielded the capacity and kinetics
of adsorption on K-HTC over a wide range of partial pressures, up
to 24 bar(a) and at 400 �C that have not been reported before.
Capacities of up to 1.5 mol kg�1 have been measured, both for
CO2 and for H2O. This data set has been successfully used to fit a
multicomponent adsorption isotherm. The isotherm consists of a
lower partial pressure part where surface adsorption dominates
and a high partial pressure nanopore adsorption part. Surface
adsorption occurs at specific sites for CO2 or H2O. In contrast, the
nanopore adsorption mechanism is competitive and explains the
interaction observed in the capacity data at partial pressures over
5 bar.

A SEWGS reactor model has been developed. The model uses a
heterogeneous linear driving force approximation for the intrapar-
ticle mass transfer resistance, reflecting the porous character of the
particle. Isotherm and linear driving force approximation, incorpo-
rated into the reactor model, can predict well both the break-
through and the regeneration behaviour during SEWGS
experiments. The model provides important information on the
competitive adsorption of CO2 and H2O in a SEWGS cycle.
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