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« A mechanism is proposed that
describes multiple experiments in
TGA and packed beds.
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ABSTRACT

Hydrotalcite-based adsorbents have shown great potential for use in sorption-enhanced water-gas-shift
applications. A combination of thermogravimetric experiments and breakthrough experiments have been
carried out to elucidate the effect of steam on the CO, cyclic sorption capacity on a K-promoted
hydrotalcite-based adsorbent. Different TGA cycles have been designed to study the mass change on sor-
bents exposed to different sequences of different CO,/H,0/N, mixtures. Because the complex sorption/
desorption and replacement phenomena cannot be explained by TGA experiments only, additional infor-
mation from breakthrough experiments in a packed bed reactor was used to correlate the observed total
mass change in the TGA cycles to the phenomena prevailing on the sorbent.

A mechanism has been developed which is able to describe the cyclic working capacity, for both CO,
and H,0 under different experimental conditions. It was found that at least four different adsorption sites
participate in the sorption/desorption of CO, and H,0. Two adsorption sites can be regenerated with No,
whereas the other adsorption sites require the presence of H,0 or CO, to be desorbed. Regeneration of the
adsorbent with steam leads to a significant increase in the CO, cyclic working capacity from 0.3 to
0.53 mmol/g compared to a dry regeneration with N, using the same cycle times.

© 2016 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail address: F.Gallucci@tue.nl (F. Gallucci).

http://dx.doi.org/10.1016/j.cej.2016.12.013
1385-8947/© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Increasing concerns about the effects of the increase in the CO,
levels in the earth’s atmosphere related to the combustion of fossil
resources on climate change has put the mitigation of anthro-
pogenic CO, emissions high on the agenda of policy makers [1].
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Nomenclature

A cyclic working capacity of a adsorption site for H,0

B cyclic working capacity of a adsorption site for CO,

BET Brunauer-Emmett-Teller method for surface area deter-
mination

C cyclic working capacity of a adsorption site for CO,

Ceq cyclic working capacity (mass change) if H,0 is replaced

with CO, on site C (for a feed of both CO, and H,0)
cv check valve

CWC cyclic working capacity

D cyclic working capacity of a adsorption site for CO,
FH needle valve with indicator

FC mass flow controller

FS volume flow measurement

PI pressure indicator

PBR packed bed reactor

PC back pressure regulator
PCO, partial pressure of CO, [bar]

PH,0 partial pressure of H,O [bar]
QA gas detection system

NY% automatic valve

TC temperature controller

TE temperature indicator

TGA thermo-gravimetric analysis
WT symbol for balance

XRD X-ray crystallography

Carbon Capture and Storage (CCS) is one strategy to reduce CO,
emissions from fossil fuel based power plants and other energy
intensive industries, which entails capture of the CO, from process
streams (pre-combustion or post-combustion) with subsequent
storage in depleted gas and oil fields. However, high investment
and operational costs associated with in particular the CO, capture
step lead to increased costs of electricity, effectively hampering
further exploitation of CCS technologies [2].

Sorption-enhanced water-gas-shift (SEWGS) is a promising
concept for pre-combustion CO, capture, which combines the
water-gas-shift (WGS) reaction with CO, removal in a single unit
operation. Its main advantages are high CO conversion rates attain-
able at high temperatures (400 °C), which is due to the shift of the
WGS equilibrium, and a lower steam to CO, ratio leading to
reduced operational costs in comparison to alternative processes,
such as the conventional Selexol process [3,4]. It has been demon-
strated that SEWGS can reduce the CO, capture costs by more than
17% compared to Selexol in an integrated gasification combined
cycle (IGCC) power plant [5]. The SEWGS process is based on rever-
sible in situ CO, adsorption on solid materials at temperatures
between 350 and 550 °C [6]. Multiple columns are used in parallel
to deal with the periodic behavior of the adsorption/desorption
cycles and obtain a continuous process.

Hydrotalcite-based adsorbents are interesting candidates for
SEWEGS applications because of their high stability [7,8], fast
adsorption/desorption kinetics [9,10] and high selectivity for CO,
compared to CO and H,. Hydrotalcites belong to the group of anio-
nic clays and can be chemically described by the formula [MgZx-
AP*(OH),[** (A" )yn * mH,0, where A is the interlayer anion [11].
The most common stoichiometry for hydrotalcites is the double
magnesium-aluminum hydroxide with formula MgGAlz(HO)mCO%*"
4 H,0. The molar ratio of Mg/Al can vary between 1.7 and 4 [12].
Small Mg/Al ratios can lead to segregation of Al(OH);, while high
Mg/Al ratios cause the formation of a separate Mg(OH), phase
[13]. At higher Mg/Al ratios the basicity increases, which can be ben-
eficial for the absorption of sour gases such as CO, [11]. The basicity
can be further improved by promotion with alkaline anions [8]. It
has been frequently reported in the literature that promotion of
hydrotalcites with K,CO3 can increase the sorption capacity of CO,
[14,15,10]. At higher Mg/Al ratios, also MgCO3 may form at high par-
tial pressures of steam and CO,, which can lead to mechanical stabil-
ity issues [8,16]. A further aspect is that the initial layered structure
of the anionic clay present at room temperatures disappears when
the material is heated to elevated temperatures. During the heating
process the original structure changes to a Mg(Al)Ox mixed metal
oxide releasing CO, and H,0 [11,17]. Typical calcination tempera-
tures in air are between 673 and 773 K. Hydrotalcites have a mem-
ory effect as reconstruction to the layered structure is observed by

exposing the material to water [18]. Different K,CO3; promoted and
unpromoted hydrotalcites produced by SASOL (Germany) have been
used in various studies, as they are available in large quantities and
in different chemical compositions which can be used in different
applications [19-26].

A SEWGS cycle usually consists of about five main steps. After
saturation of the sorbent, a rinse step is used to improve the CO,
purity by preventing slip of H, into the CO, stream [21]. The
depressurization of the column is followed by a purge with steam
to increase the recovery of CO,, thereby also increasing the cyclic
CO, capacity of the adsorbent [21]. Although it has been reported
in the literature that steam can increase the CO, adsorption capac-
ity of potassium-promoted hydrotalcites, the mechanisms of H,O
and CO, adsorption/desorption on this material are not yet fully
understood [8,10,23,26]. It has been shown in an earlier publica-
tion that a K;CO3; promoted hydrotalcite (Mg/Al-ratio = 0.54) has
a very high adsorption capacity for steam, but the aspect of water
adsorption has been largely neglected in the literature [27]. How-
ever, for detailed reactor modeling and process evaluation, these
effects are very important, because they have an effect on the
hydrodynamics (change in superficial gas velocity) and the adsorp-
tion behavior of the hydrotalcite [24]. Therefore, the objective of
this work is to improve the understanding of the effect of steam
on the cyclic sorption capacity of a hydrotalcite-based adsorbent
by elucidating the complex behavior of the adsorption/desorption
phenomena of CO, and H,0, using thermogravimetric analyses
(TGA) and breakthrough experiments in a packed bed reactor. On
the basis of the obtained experimental data, a model is formulated
involving different sites on the absorbent that can describe the cyc-
lic working capacity of CO, and H,O at different operating
conditions.

2. Materials and methods

A potassium-promoted hydrotalcite-based adsorbent with a
Mg/Al ratio of 0.54 and a potassium loading of approximately
20 wt% in pellet form (4.7 x 4.7 mm), produced by Sasol Germany,
was used in the experiments and will be further denoted as
KMG30. The material was milled to powder and characterized
using a helium pycnometer (Quantachrome Upyc 1200e), BET
(Thermo Fischer Surfer), Mercury porosimetry (Thermo Fischer
Pascal 140/440), XRD (Rigaku Miniflex 600) and SEM-EDX to study
the morphology. Characterization results have been already pub-
lished elsewhere [27]. The surface area determined by the BET
method is about 112 m?/g. XRD has shown, that KMG30 is highly
amorphous material under the measured conditions. Periclase
(MgO) and spinel (Mgg4Al> 404) were identified according to the
peak positions from the ICCD database.
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Fig. 1. P&ID of the HP-TGA setup.

TGA experiments were performed using an in-house designed
setup for operation up to 10 bar (denoted as HP-TGA, Fig. 1). A
microbalance (Sartorius M25D) with a sensitivity of 1 pg and
200 mg of operating range is connected to a reactor designed for
TGA experiments. The maximum operating temperature of this
reactor is 1100 °C. A N, stream is used to purge the balance and
the reactor heating elements protecting them from reactive gas
mixtures. The gas feeding system is equipped with Bronkhorst
mass flow controllers (MFC) to produce different reactive gas mix-
tures, where a CEM system is installed to produce the desired
quantities of steam (either with N, or CO, as carrier gas). All lines
are traced and can be heated up to 450 °C to avoid steam conden-
sation even at higher pressures. A porous ceramic basket was used
with approximately 100 mg of sample mass for each experiment.
At every pressure, the gas flow rate was adjusted such that mass
transfer limitations due to the reduced volumetric flow rate in
the reactor are avoided.

The weight change obtained from the TGA experiments to study
the cyclic sorption capacity, cannot be directly attributed to speci-
fic adsorbing/desorbing species for gas mixtures in case multiple
species interact with the material. TGA cycles containing different
consecutive adsorption and regeneration steps with different gas
compositions were designed in order to be able to link the weight
change to a certain gaseous species adsorbed or desorbed. To
understand the influence of steam on the adsorption of CO,, a basic
set of experiments was designed and performed in the TGA. The
same steam concentration of 34% has been chosen similar as in
an earlier published study [28]. CO, adsorption was measured with
a CO,, partial pressure of 0.66 bar. Each step in the TGA cycle has a
duration of 30 min as it was established earlier that a half-cycle
time of 30 min is sufficiently high to study the prevailing phenom-
ena in the reactive system [27]. Table 1 shows the basic set of

experiments performed in the TGA. One experiment consists of
2-5 different steps. In the table a step is indicated as follows:
STEP1 = STEP2, where the different gases in the reactor feed are
mentioned for each step. Every experiment was performed 5 times
in a cyclic way, starting again with the first step, before the next
experiment was conducted. The average of the last 3 measure-
ments for every experiment is reported as cyclic sorption capacity.
The sorbent cyclic capacity is based on the sample mass after the
pretreatment step to minimize the effect of irreversible adsorption
of CO..

The following terms will be used in the following sections to
describe the different processes: A step is referred to as an

Table 1
Base set of experiments to study the influence of steam on the sorption capacity of
KMG30 for CO,.

Experiment Experimental cycle Steps in Total cycle time

number description cycle (min)

1 H,0/N, = N, 2 60

2 CO, = N, 2 60

3 CO; = Ny = Ny/H0= N, 4 120

4 COy/ 5 150
H,0 = CO; = Ny = Ny/
H,0 = N,

5 CO, = CO,/ 5 150
H,0 = N; = N,/H,0 = N,

6 CO2/Hy0 = Ny = N,/ 4 120
H,0 = N,

7 CO»/H,0 = N,/H,0 2 60

8 CO,/H0 = N,/H,0 = N, 3 90

9 N,/H,0 = CO; = N, 3 90

10 CO/H0= CO, = Np/H,0 3 90

11 CO,/H0 = Np/H,0=CO, 3 90

12 CO, = H,0 2 60
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adsorption step, if either CO,, H,0 or both species adsorb simulta-
neously. In a regeneration or desorption step the feed partial pres-
sure of the previously adsorbed species is changed to 0. We
differentiate between wet and dry steps for the regeneration of
adsorbed CO,. For a wet regeneration step the partial pressure of
CO, is reduced to 0, whereas the partial pressure for H,O is
increased to or kept at the targeted steam partial pressure. For a
dry regeneration step, only N, is fed to the reactor. If the sorbent
is exposed to N, after a wet desorption step, this step is defined
as a drying step.

To investigate the mechanism for adsorption of CO, and H,0 at
different temperatures the same experiments were conducted at
three different temperatures with the feed gas composition shown
in the Table 2. The experiment at 400 °C is defined as the base case
experiment, since this experiment was conducted several times
and is used to develop the mechanism for H,O and CO, adsorption
on KMG30.

The measured weight change of all experiments was corrected
with blank experiments carried out at the same conditions. Exper-
iments 3-6 have been started (in separate TGA experiments) one
time with CO, and one time with H,O to study if a first hydroxyla-
tion or dry CO, adsorption has a major influence on the cyclic sorp-
tion capacity. All experiments have been performed at atmospheric
pressure and with a total gas flow rate of 480 N ml/min. In a previ-
ous study, the absence of external mass transfer limitations under
these conditions has already been demonstrated [27].

Packed bed reactor experiments were carried out using a small
packed bed reactor with a inner diameter of 27 mm and 350 mm
height (AISI 316L). A distributer plate with a pore size of 40 um
was installed at a height of 50 mm from the bottom. The reactor
was filled with 53.6 g of hydrotalcite sieve fraction of 1.8-
3.15 mm. The effective length of the packed bed was determined
being 176 mm. The reactor was installed in an electrical furnace
with three separate temperature controlled sections. A multipoint
thermocouple (10 measuring points at a distance of 20 mm) was
installed to measure the axial temperature profile in the bed to
observe temperature fronts due to sorption effects. A gas feeding
system with Bronkhorst mass flow controllers and a CEM system
was used in order to supply the desired gas mixtures including
steam. All gas lines to the reactor were trace-heated to avoid steam
condensation. The reactor could be bypassed in order to check the
gas compositions before exposing the material to the gas mixture.
Two independent gas analyzing systems were used to monitor the
gas compositions in the outlet during the experiments. A SICK GMS
800 gas analyzer for CO,, CO, CHy, H, and O, was used to monitor
the gas streams continuously. In order to measure the steam con-
tent in the gas streams an Agilent Technologies Cary 630 FTIR with
CaF, windows was used together with a RED-SHIFT gas sampling
system. The FTIR was calibrated prior to the experiments using
the classical Lambert-Beer law in typical adsorption spectra for
the gases CO,, CH4 and H,0. CH4 was used as a tracer gas during
the experiments to determine the total gas flow rate in order to
convert the measured gas quantities to molar flow rates. It was
proved that CH,4 did not show any interaction with the material
and was not reacting with steam under the considered operating
conditions. A total gas flow rate of 0.5 Nl/min was used during

Table 2
Experimental conditions during different experiments. Bold values are for the base
case.

Temperature CO,, fraction H,O0 fraction Total pressure
°C (-) (-) (bar)

300 0.66 0.34 1

400 0.66 034 1

500 0.66 0.34 1

the experiments. The used molar fractions for CO,, H,O and CH,4
were 0.025, 0.10 and 0.10 respectively, with a balance in N,.
Changing the gas composition was performed by bypassing the
reactor for 5 min and measuring the concentration (to check the
feed gas composition). After this stabilization time the feed was
sent to the reactor from bottom to top while monitoring the outlet
composition of the reactor for 60 min. Experiments were con-
ducted at atmospheric pressure and 400 °C. The empty volume of
the reactor and the tubing was determined previously with blank
measurements to correct the breakthrough times for both the FTIR
and SICK gas analyzers. The reported results in this publication are
the results obtained by the FTIR gas analyzer. A process flow dia-
gram of the setup is given in Fig. 2.

3. Results and discussion
3.1. Introduction and data representation

Before the first adsorption-desorption cycle with steam
(according to Table 1), the sample was pretreated at 600 °C under
a N, flow for 2 h. This pre-treatment was sufficient to desorb CO,
and H,O from the material, which was adsorbed during storage
[27]. For TGA measurements the cyclic working capacity (cwc) is
defined according to

ads

abs(Am),

2 x Msample(pretreated)

+ abs(Am
CWCsie = ) ( )(des)

This cwc was determined for each adsorption/desorption step
using the obtained mass change average over the last three consec-
utive experiments. Note that we use the mass-based cyclic work-
ing capacity, as the TGA does not provide information on the
species absorbed/desorbed.

In order to prepare the reader for the following sections where
the experimental results are described in detail, this paragraph
briefly summarizes the main findings which had led to the detailed
experimental TGA and packed bed experiments described before.
The adsorption of CO, and regeneration with N, had been studied
in detail in the past together with the adsorption and desorption of
H,0, where we had found a relatively low cyclic working capacity
of the adsorbent. In this study we have used H,0 and CO, together
in one cycle. Once we were introducing H,O we found that the CO,
adsorption capacity in the next cycle was significantly increased.
Experiments in a packed bed reactor showed that during the
adsorption step of CO,, the sorbent releases H,O. Therefore we
were anticipating that CO, can replace previously adsorbed HO.
Based on these experimental results we assumed that at least
two different sites are involved in the mechanism for CO, adsorp-
tion on KMG30. One site can be regenerated when feeding only N,
(weaker bonding of CO, to the adsorbent) and one site which can
only be regenerated if H,O is present during one of the regenera-
tion steps (second site which probably involves a stronger bonding
of CO, to the sorbent). In a last step we were trying to explain mul-
tiple experiments conducted in both the TGA and PBR. However,
when considering three adsorption sites we still could not explain
the experimental results completely. If CO, and H,O0 is fed together
to the sorbent, the cyclic working capacity for CO, was significantly
increased. To be able to describe these experimental findings a
third site for CO, was needed, that is active after the sorbent was
previously exposed to CO, and H,O simultaneously. Adding this
site to our model all the experimental findings from the TGA and
PBR could be described and explained.

In the following section we will explain the development of the
mechanism for both CO, and H,O step by step based on the results
from the different experiments performed in the TGA and PBR.
Note that the conditions of the experiments carried out in the
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Fig. 2. P&ID of packed the bed reactor for the breakthrough experiments.

PBR are different from the conditions used in the TGA. Because of
this and the different dynamic behavior of a PBR compared to a
TGA, we compare the experimental results from the packed bed
reactor only qualitatively to those obtained from the TGA experi-
ments. In the following section we will show the results in the fol-
lowing two different types of figures.

3.1.1. TGA

Arrows are used in the figures that show the normalized weight
change as a function of time to indicate which sites are involved in
the adsorption/desorption steps, where the mass at the start and
end of each step is indicated by a dotted line. Two different colors
are used for the arrows. Red arrows represent the mass of CO,
exchanged in one experimental step, whereas blue arrows repre-
sent the mass of H,O exchange. The total height of the arrow rep-
resents the total mass change obtained in the experimental step
and the contributions for the different sites are indicated by their
letter. An increase in the adsorbate content is represented by a
solid arrow, a decrease by a shaded arrow. An example for a repre-
sentation of three different sites involved in an adsorption step can
be found in Fig. 3.

3.1.2. PBR

The areas in the figures (integration of analyzer signal over the
time with respect to the baseline) are colored in the same way as
for the TGA results, see Fig. 3. The signal for CO, and the corre-
sponding areas are plotted in red, whereas the signal and areas
for H,O are plotted in blue. Again we distinguish between adsorp-
tion (solid area above the signal) and desorption (shaded area
below the analyzer signal).

3.2. Development of the mechanism based on the experimental results

3.2.1. Adsorption of H,0 on KGM30

The normalized weight change of an adsorption experiment of
water is plotted in Fig. 4a. The first cycle shows a larger mass
change than the subsequent steps, which is consistent with earlier
published results [27]. The cyclic working capacity of H,O was
determined on the basis of the last cycle and amounted to 8 mg/
g. Very similar results were obtained when analyzing the amount
of H,O adsorbed during the PBR experiments. Also in this case
the first cycle showed a somewhat higher adsorption capacity than
the subsequent steps (Fig. 4b). In order to describe the cyclic work-
ing capacity on the adsorbent we call the adsorption site for H,O
Site A.

3.2.2. Adsorption of CO; on KMG30

Fig. 5a shows results of a similar experiment with CO, as the
adsorbate. As for water adsorption, both the TGA as the PBR CO,
experiments showed a higher adsorption capacity for the first cycle
and similar CO, cyclic working capacities of 12 mg/g. In a previous
study, we have already reported that the measured cyclic working
capacity is mainly determined by the desorption time [27], i.e. the
longer the desorption time step, the higher the cyclic working
capacity for both CO, and H,O0. For the settings used in this exper-
iments we will call the site where CO, can be adsorbed and des-
orbed with N,, site B. Thus far the adsorbent was exposed to
either CO, or H,0 in a cyclic manner, the cycles presented in the
next sections contain steps where CO, and H,O are combined. It
will become apparent that the sorbent behavior when both steam
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and CO, are present in the cycle cannot be described by a single
site A for steam and a single site B for CO,.

3.2.3. Combination of CO, and H>0 in one cycle on KMG30

Fig. 6a shows the normalized weight changed measured during
the first cycle of Experiment 3 to illustrate the mechanism of CO,/
H,0 interaction on the material. Prior to this Experiment 3, Exper-
iment 2 was conducted and accordingly the starting weight in this
graph represents the adsorbed amount of 12 mg/g of CO, assigned
to site B of Experiment 2. The subsequent regeneration step with
N, desorbs this amount of CO,. If only two sites (A for H,O and B
for CO,) would be present, the subsequent H,O feeding in step 2
would result in an increase of 8 mg/g due to water adsorption in
the TGA experiment. However, a first rapid weight increase fol-
lowed by a slow decrease in weight is observed. In the PBR exper-
iment, besides water adsorption, desorption of CO, is observed. It
appears that the adsorption of H,O results in a release of CO, that
was still adsorbed after the previous steps. The following desorp-
tion step with N, (step 3) induces water desorption of 8 mg/g as
already observed in Experiment 1. In the PBR experiment, indeed
only a response for water desorption is observed. Once the material
is again exposed to CO, (step 4), adsorption of CO, is apparent both
in the TGA as the PBR experiment. The amount of CO, adsorbed,
however, is higher than the measured cyclic weight change in
the CO,-only Experiment 2 (Site B, Fig. 5a) and it is similar to the
CO, amount adsorbed in the first adsorption step of Experiment
2 (Fig. 5a).

Based on these observations it appears that steam adsorption
during step 2 induces desorption of CO,, resulting in the measured
net weight decrease as measured in the TGA experiment and the
CO, response measured in the PBR experiment. We propose that
this adsorbed CO, must be assigned to a second site for CO, (Site
C) which can be regenerated by H,O adsorption but not by N,
flushing. Indeed, when comparing the TGA cycles with the packed
bed test (Fig. 6b), it is evident that in step 2 in the packed bed reac-
tor experiments the adsorption of water also results in a desorp-
tion of CO,. Thus the existence of Site C is confirmed.

Experiment 3 was performed twice: once staring with steam
adsorption as the first step and once with CO, adsorption as the
first step. In Fig. 7, the TGA results are shown for the two experi-
ments, synchronized in time so that the two CO, adsorption steps
start at the same moment. As can be seen, the obtained weight
changes are identical for both experiments (i.e. dashed red line
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with H,O and CO, measured at 400 °C and

and the solid black line are on top of one another). For the exper-
iment starting with H,0, H,O adsorption and desorption on site
A according to Experiment 1 is observed. The steam desorption is
incomplete and there is still water present on the material. Since
it is known that all water desorbs during the CO, adsorption step
(from the experiments in the packed bed reactor), it can be con-
cluded that 7.5 mg/g of water is still present before the step with
CO, (site C on the blue arrow) is started. This amount of water is
replaced by CO, and additional CO, is adsorbed as it is known from
Experiment 2 in step 3 (Fig. 5a). For the experiment where the
adsorbent was not exposed to H,O only CO, is adsorbed. Since
the obtained weight changes are identical in the following steps
it can be assumed that the adsorbent is in the same state at this
point. To explain these experimental results we can assume the
presence of a metal oxide site that can be either transformed into
hydroxide (when water is present) or into carbonate (when CO, is
present). Note that we assume in this case that the equilibrium is
shifted completely, which will depend on the partial pressure used
during the experiments, since the formation hydroxide and car-
bonate is determined by an equilibrium.
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Fig. 6. (a) TGA Experiment 3: adsorption of CO, with dry (N,) and wet regeneration (H,0) at 400 °C and PH,0 = 0.34 bar PCO, = 0.66 bar (b) PBR Experiment 3 at 400 °C and
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Assuming a general metal oxide forming a metal hydroxide or
carbonate, the following reactions can occur, depending on the
gas phase composition:

C[¢]0 + H,0 — C[(OH),] 7.5 mg/g(0.416 mmol/g) (1)

C[(OH),] + CO, <= C[CO5] + H,0 11 mg/g(0.416 mmol/g) (2)

C[¢]0 + CO, — C[CO5] (3)

Based on the observed additional mass increase of 7.5 mg/g of
water for Site C, the amount of moles of water in this hydroxide
is 0.416 mmol/g of H,0. Assuming equimolar exchange between
CO, and H,0, the expected mass change would be approx.
11 mg/g if the sorbent transforms these sites from a hydroxide to
a carbonate (Eq. (2)) and approx. 18.5 mg/g if the sorbent directly
transforms from a metal oxide into a carbonate (Eq. (3)) during a
dry CO, feed. Note that reactions 1 and 3 are only occurring during
the first time the material is exposed either to H,O (reaction 1) or
to CO, (reaction 3) after the pretreatment. After the activation of
this site, the hydroxide can only be transformed with CO, to a car-
bonate and vice versa. It can be inferred from Figs. 6 and 7 that our
assumption can describe the obtained weight changes during the
two different experiments quite well.

18.5 dmg/g(0.416 mmol/g)

3.2.4. Mixed adsorption of CO, and H-0 in one step on KMG30

During this experiment the material is first exposed to CO,/H,0
(step 1) followed by an exposure to a dry CO, stream (second step).
Fig. 8b (breakthrough curves) shows that, when switching from a
wet to a dry CO, gas stream, H,O desorbs as one would expect
while CO, adsorbs although the CO, partial feed pressure does
not change (step 2). The CO, adsorbing during this step can be
ascribed to shifting of the equilibrium between the metal hydrox-
ide and the metal carbonate of site C: the hydroxide is completely
transformed into a carbonate, adsorbing CO, and releasing H,O.
Note that the loading of site B remains unchanged. Illustratively,
in the subsequent step with N, (step 3 of the breakthrough exper-
iment) no H,O desorption is observed indicating that the addi-
tional CO, adsorption in step 2 results in a fully dry sorbent. This
means that in step 2, all water from site A (8 mg/g) and all water
present due to the equilibrium reaction of site C (derived from
Eq. (2)) is released.

Mixed adsorption of CO, and H,0 in one step on KMG30
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In this step 2 the mass change detected by the TGA is a loss of
2 mg/g. While steam desorption of site A corresponds to decrease
of 8 mg/g, it means that the shift in equilibrium on site C due to
Eq. (2) corresponds to a mass increase of 6 mg/g as illustrated in
Eq. (4):

mg

88 1 6ME - 2
g g

[measured) 4)

The mass change of 6 mg/g would correspond to an exchange of
0.23 mmol/g hydroxide to carbonate of site C. This also implies that
in step 1 due to the equilibrium reaction (2) 0.186 mmol/g of site C
was already occupied by CO,.

Summarizing for step 1, the mass increase due to adsorption
expected should thus be 8 mg/g of H,O for site A, 12 mg/g of CO,
for site B, and of 4.8 mg/g for site C as explained above. A total mass
change of approximately 25 mg/g is thus expected. However, the
measured mass change during this step equals 31 mg/g. Thus, an
additional site should be present in the sorbent, denoted in this
work as site D and responsible for a 6 mg/g mass change in step
1. Since in step 2 the exchange of water can be explained with sites
A, Band C, and since in step 3 (Fig. 8b) there is no water desorption,
it appears that site D is able to only adsorb CO,. Additionally, as
this site was not present in the previous experiments, we conclude
that this site is only available when the sorbent is sufficiently
hydroxylated and exposed to CO-. Indeed it was observed that dur-
ing the first exposure to a mixture containing both CO, and H,0
simultaneously, a significantly higher mass increase was detected
in the TGA experiments, which is attributed to the activation of this
site D (Fig. 8a, Experiment 4 cycle 1). If this hypothesis is true, we
should measure additional CO, desorbing in the following steps
compared with the three sites theory.

Step 2 resulted in complete water desorption as discussed
above. The mass change in the subsequent step 3 (desorption with
N,), desorption of CO, should only occur from site B in case only
site A, B and C are assumed, corresponding to a mass change of
12 mg/g. The observed mass change is, however, higher (around
15 mg/g) and the sorbate desorbed is only CO, as evidenced by
the packed bed experiment. So, the additional CO, should be
released by site D in this step. However, the mass exchange is only
about 50% of the CO, adsorbed on site D in step 1. Thus, more CO,
is expected to be released in the next step.

15 1C0,/H,0 20, 3N, 4H,0 5N, 20 .
X
£
3
=

415 3
[22]
10 - ©
X {."\MNM 2
f b=
(0]
410
I c
\ k)
=
5+ Y
\ o
45 ©
c
o
F N [5)
R O‘
3 e
=i : : & ! 4 0
20000 25000 30000 35000
Time (s)

Fig. 8. (a) TGA Experiment 4: adsorption of CO,/H,0 followed by CO, and desorption with dry (N,) and wet regeneration (H,0) at 400 °C and PH,0 =0.34 bar and

PCO, = 0.66 bar (b) PBR Experiment 4 at 400 °C and PH,0 = 0.1 bar and PCO; = 0.025 bar.
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Indeed, when analyzing step 4, according to the three sites the-
ory, one would expect adsorption of water on site A (8 mg/g) and
an exchange of carbonate to hydroxide according to Eq. (2), which
would correspond to a weight loss of 11 mg/g, so that in total one
would expect a weight decrease of 3 mg/g. However, the measured
weight loss in this step is 6 mg/g, which confirms that the rest of
site D is released during this step. The next step (desorption with
N,) at this point should only desorb water present on site A, which
is indeed confirmed by the observed mass loss corresponding to
8 mg/g.

3.2.5. Mixed adsorption of CO, and H,0 in one cycle on KMG30

In the discussion of the following experiments, it will be con-
firmed that the experimental observations can indeed be ade-
quately described by the proposed four site mechanism.

Experiment 5 is very similar to Experiment 4, but steps 1 and 2
are reversed. The results for Experiment 5 have been plotted in
Fig. 9 for both TGA (a) and PBR (b). Step 1 of Experiment 5 is the
same as step 4 of Experiment 3 (see Fig. 6) and can be described
in the same way with the four sites theory: site B adsorbs CO,
and site C is transformed from a hydroxide into a carbonate, result-
ing in CO, adsorption and H,O desorption. In the second step (wet
adsorption) CO, is desorbing due to the shift in equilibrium of site
C (Eq. (2)) which leads to a mass decrease of approx. 6 mg/g. Addi-
tionally, site D is occupied again with CO, and site A with H,0. The
next step 3 with N, flushing only leads to desorption of CO, from
site A and H,O from site B, while site C and site D are unaffected
since they can only be desorbed if H,O is present in the feed. The
adsorbing water in step 4 in the absence of CO; in the feed causes
site D to release its adsorbed CO,. Compared to step 4 of Experi-
ment 4, the amount of CO, released in step 4 of Experiment 5 is
smaller, since step 2 of Experiment 5 results in a lower equilibrium
amount of CO, on site C than step 2 in Experiment 4 because of the
presence of H,O in the feed during step 2 in Experiment 5.

The results of Experiment 6 have been plotted in Fig. 10 for the
TGA and PBR experiments. It differs from Experiments 4 and 5 in
that the step with adsorption in dry CO, conditions is not per-
formed. This implies, that the total capacity of Site C cannot be
reached in this experiment. It can be seen from Fig. 10a that indeed
the measured mass change from the TGA can be described with the
proposed four sites mechanism. The mass change in the first step is
similar to the mass change in step 1 of Experiment 4 (see Fig. 8a)
and the rest of the steps are similar to the results obtained in
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Experiment 5. The same observation are made for the results of
the PBR which shows similar evolution of measured outlet concen-
trations compared to the previous experiments.

In Experiment 7 (see Fig. 11) the material was exposed contin-
uously to steam at a constant partial pressure, while CO, is period-
ically added to the feed. Following the proposed mechanism, sites
B, D and C (equilibrium) are adsorbing CO, and are regenerated in
the subsequent step (note that site B does not require H,0 to des-
orb CO;). The effects of Site C, on which both H,O and CO, can
adsorb, is clearly observed in the results of the packed bed exper-
iments, since desorption of H,O upon adsorption of CO, and
adsorption of H,O upon desorption of CO, is observed. In this
experiment Site C alternates between fully hydroxide and equilib-
rium loaded hydroxide/carbonate. The breakthrough times for CO,
for both experiments (Experiment 6 and Experiment 7) were
nearly equal which is expected in accordance with the developed
mechanism.

To confirm that site A for H,O is always fully occupied in this
experiment, Experiment 8 is performed having an additional dry-
ing step, see Fig. 12 solid line). It can be seen that indeed the
expected mass is lost in Experiment 8 (Step 3) due to the water
desorption. The mass increase during the following adsorption
cycle is equal to the mass increase, which was measured during
the first step of Experiment 7 and Experiment 8 where the material
was previously dried. Moreover, this figure nicely shows in which
way the cyclic obtained mass change is the same for different
cycles performed, if the conditions are the same.

Fig. 13(a-d) shows additional experiments which were con-
ducted to prove the developed mechanism and the introduced
adsorption sites for KMG30. First of all one can notice, that the four
sites mechanism is able to predict the mass change which was
measured during Experiment 9 to Experiment 12. Secondly, we
can confirm the hypothesis, which was introduced previously, that
site D will only be partly filled and emptied with CO, in case dry
CO, is fed. To reach full capacity of site D a step with CO,/H,0 is
necessary. Small deviations in the measured cyclic weight change
can be expected due the different sites between experiments with
a higher number of desorption/regeneration steps as the total
desorption time is different in these experiments [27].

Based on the experimental results described above the
model proposed for the adsorption of CO, and H,0 on KMG30 is
summarized in Fig. 14 together with the cyclic working capacity
of the sites summarized in Table 3.
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Fig. 9. (a) TGA Experiment 5: adsorption of CO, followed by CO,/H,0 and desorption with dry (N,) and wet regeneration (H,0) at 400 °C and PH,0 = 0.34 bar PCO, = 0.66 bar

(b) PBR Experiment 5 at 400 °C and PH,0 = 0.1 bar and PCO, = 0.025 bar.
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According to this model, site A for H,O sorption (0.28 mmol/g)
and site B for CO, sorption (0.3 mmol/g) are active after the pre-
treatment of the sorbent. Their behavior is already described in
the literature at different temperatures and adsorption/desorption
times and both can be regenerated with N, [27]. Site D for CO,
sorption, however, needs to be activated. This site in only capable
of CO, adsorption if the material contains adsorbed H,O and is
active after the first time when CO, and H,0 was fed together to
the material. This can result from simultaneous feeding CO, and
H,0, or by preventing full steam desorption in the preceding step
to feeding dry CO,. The full capacity of this site is probably much
higher than its cyclic working capacity (0.14 mmol/g). This site
can be responsible for the in general slightly higher CO, cyclic
working capacities which are reported in the literature for experi-
ments were steam was present during the adsorption step
[25,26,29]. Site C can adsorb both CO, as H,0 and has a high CO,
cyclic working capacity (0.42 mmol/g for dry CO,). If CO, and
H,0 are present together in the feed stream, an equilibrium will
be established which leads to a replacement effect of CO, or H,0
dependent on the feed composition. Note that we need site D in
order to predict the cyclic working capacities for this material for



564

norm weight change (mg/g)

norm weight change (mg/g)

K. Coenen et al./Chemical Engineering Journal 314 (2017) 554-569

60

60 -

50

ﬂ 1c02

2N, 3H,0 [ﬂ 1¢0, 2 CO,/H,0 3H,0

50
40~

30

i

74

v

20

norm weight change (mg/g)

10 4 \\§
.
L
1 * I ] Ll L I - 0 » 1 L 1 " T — l"""""' -------- |-“" -
7000 9000 10000 11000 12000 9000 10000 11000 12000 13000 14000
—— Experiment 9 cycle 2 Time (s) —— Experiment 11 cycle 1 Time (s)
T 60
ﬂ 1C0/H,0 20, 3H,0 ﬂ 1c0, 2H,0 1c0,
50 -
50
2
>
40 E
< 40-
30 e &
” G 30 \\\\Q 5
= N
S 4 §L_
204 o}
20 N
5 .
AN
10 2 . .
SN S
""""""""" Dpart
0
y T T T T d T d T d 0 v T d T v T v T d T
6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000

——Experiment 10 cycle 2 Time (s)

—— Experiment 12 cycle 1 Time (s)

Fig. 13. a-d: TGA results of Experiments 9-12 conducted at 400 °C, PH,0 = 0.34 bar and PCO, = 0.66 bar to support the developed mechanism for the CO,/H,0 interaction on
KMG30.

CO, + H,0 adsorption mechanism on KMG30
Hypothesis for base case conditions in TGA (400°C PCO,=0.66 PH,0=0.34)

A HO, + 4[]z A[H,0]

(2) %, (D)

Activation with H,0
C[0]O+H,0——C[(OH),]

Activation with CO,

C C[¢]O+CO,——C[CO,]
Equilibrium (Mixture of CO,/H,0 in feed)

C[(OH), |+ CO, ==C[CO,]+ H,0

Activation with CO,/H,0

ka(cy
D co + D[+] + A[H,0]==2=D[CO,] + 4[1LO]

2(g)

Fig. 14. Proposed model for CO, and H,0 adsorption on KGM30 at 400 °C.
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Table 3
Cyclic working capacities of the different sites at 400 °C at PCO, = 0.66 bar and PH,0 = 0.34 bar.
Site Adsorbate Regeneration conditions Cyclic working capacity Description
mg/g mmol/g
A H,0 Dry 5 0.28 Always active
B CO, Dry 12 (13) 0.30 Always active (increased capacity after first time CO,/H,0)
D CO, Wet 6 0.14 activated after first time exposed to CO,/H,0
C H,0 CO, 7.5 0.42 H,0 feed
CO, H,0 18.5 0.42 dry CO, feed
Ceq Co, H,0 45 0.10 C0,/H,0 feed
H,0 CO, 5.7 0.32
CO,, cyclic working capacity (only dry reg.) 0.30 dry CO, feed
CO; cyclic working capacity (wet reg.) 0.72 dry CO, feed
CO,, cyclic working capacity at equilibrium 0.53 CO,/H,0 feed
CO, cyclic working capacity with dry CO, feed 0.85 dry CO, feed after CO,/H,0

Table 4
Possible species formed on potassium promoted hydrotalcite proposed in the
literature.
Species Name Conditions Refs.
KAICO5(OH), Dawsonite 10 bar CO, steam at 200°C  [31]
K,CO5/K-0-Al Hydroxyalumina
(OH)y/AIOOH-  centers
Al,03
K4H; (CO3)3 x 1.5 Potassium Different temperature CO, [26]
H,0 carbonate hydrate and H,0 up to 600 °C
K;Mg(CO3), Potassium
magnesium
carbonate
KAICO5(OH), Dawsonite
Mg(OH), Brucite
MgO Magnesium oxide
MgsAl:K2010 - 250-500 °C at 980 Torr [7]
MgAI,K;04(CO3) -
MgAlK5(COs), -
Mg(OH), Brucite Up to 400 °C and 1.52 MPa  [30]
MgCOs3 Magnesium CO,
carbonate
K,AlL,04 3 x Hy,0 Potassium Different temperature CO, [32]
aluminum oxide and H,O up to 600 °C
hydrate

all conditions (history of the material). However, this does not nec-
essarily mean that site D is a separate physical site. It has to be con-
sidered that the additional CO, adsorbed by site D could also be
explained by the activation of additional cyclic working capacity
for sites B and C after feeding H,O and CO,. Also in this way the
experimental results published here could be explained

In order to enlighten the chemical nature of the different sites
proposed in this publication earlier published studies were inves-
tigated. However, in the literature various chemical species have
been proposed being responsible for the CO, adsorption mecha-
nism and are summarized in Table 4. Even though MgCO3 forma-
tion from brucite has only been reported for a hydrotalcite with
a different Mg/Al ratio under high partial pressure of CO, and
H,0 [8,16], the mechanism reported by Fricker et al. [30] would
match with our mechanism proposed for site C. Formation of
potassium carbonate hydrate or potassium magnesium carbonate
like reported by Marofio et al. [26] or the formation of dawsonite

Table 5
Fitted site capacities for the base case experiment in (mg/g).

like reported by Walspurger [31] are also possible candidates. Try-
ing to identify different species after CO, adsorption with XRD
were unfortunately not possible due to the amorphous structure
of the material and the rapid change of the material when exposed
to a humid atmosphere. TGA and PBR experiments with different
sorbents (potassium promoted alumina and hydrotalcites with a
different Mg/Al ratio) will be performed in the near future in order
to further investigate the possible chemical species responsible for
the different sites reported in this manuscript.

3.3. Validation and accuracy of the model

In this section, the ability of the four site model to quantita-
tively describe the measured cyclic working capacities during the
different experiments is tested. Since all experiments have been
conducted at the same base case conditions (T =400 °C,
PCO, = 0.66 bar, PH,0 = 0.34 bar, Py = 1 bar and similar total cycle
lengths) constant capacity values for the different sites are
expected. We summarized and compared the experimental data
with the model predictions for the cyclic mass change for every
adsorption/desorption step. The standard deviation between the
experimental results and the predicted mass changes by the model
was calculated. In order to describe the experimental results with a
higher accuracy the cyclic working capacity of the different sites
was fitted. The total standard deviation between the experimental
results and the model predictions was minimized by adjusting the
cyclic working capacity of the different sites proposed within an
upper and lower boundary which were inserted in order to ensure
that the fitting follows the proposed model. The fitting results for
the base case experiment and the given boundaries are summa-
rized in Table 5.

The experimental results of the base case experiment together
with the standard deviations between the predictions and experi-
mental results are summarized in the Appendix A (Table A1) for
three sets of experiments. Experiments 1-8 were conducted three
times to prove the reproducibility of the experiments. In the sec-
ond set some additional experiments were conducted in order to
further prove that the model can predict the cyclic mass change
under conditions different from experiments 1-8. In the third set
the order of the experiments was revised to validate that indeed

Model base case

Site A B Ceq C D
Boundary low 4] 0 0 0 0
FIT 83 113 51 113 5.5
Boundary high 13 13 13 13 13
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Table 6

Fitting results of the three sets of experiments.

A B Ceq C D

FITTING RESULTS SET 1 8.06 11.22 5.62 11.73 5.74
FITTING RESULTS SET 2 8.20 10.60 4.54 10.62 6.09
FITTING RESULTS SET 3 8.42 11.52 495 10.95 5.26
FITTING RESULTS ALL SETS 8.34 11.28 5.13 11.31 5.53
STD DEVIATION (SET FITTING) 0.14 0.34 0.39 0.41 0.31
VARIANCE (SET FITTING) 0.02 0.15 0.20 0.22 0.12

site D is activated if CO, is fed to a hydroxylated sorbent (Experi-
ment 5) and that the starting conditions do not influence the cyclic
working capacity of the following steps.

Minimization of the total error always led to the same result for
the cyclic working capacities for the different sites, independent on
the starting values for the different sites, indicating that indeed a
global minimum was found (Table 6). In order to investigate the
accuracy of the fitting and the experimental error, the different
sites were fitted once for every experimental set separately. The
cyclic working capacity determined for the different sites accord-
ing to Table 5 have been plotted together with the standard devi-
ation if the three different sets were fitted separately. It can be
observed that the error between the different experimental sets
is quite small. Where for Site A (which is a site which can be inde-
pendently determined with Experiment 1) the deviation is very
small, for the other sites the deviation is somewhat larger. Since
the model fitting is based on experimental results, the accuracy
of the experiments is mainly responsible for the small discrepan-
cies found for the cyclic working capacities of the different sites.

Details of the measured weight change of the plotted results can
be found in Section 3.1 (see Fig. 15) where the mechanism was
based on. A table containing all measured weight changes and
the deviation of our model to predict the cyclic weight change,
can be found in the Appendix A (Table A1). Taking a look at the
determined deviation (mg/g) between the model and the experi-
ment, one can notice that the model describes the cyclic mass
change very accurately. The highest calculated total standard
deviation (average of all standard deviations for one experimental
set, Table A1), was calculated being 0.610 mg/g. Inspecting the
experimental results it can be seen that the determined standard
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Fig. 15. Site cyclic working capacities determined for KMG30 by minimization of
the error between the models and experiments at 400 °C, PCO, = 0.66 bar and
PH,0 = 0.34 bar (error bars represent the standard deviation between the different
sets of experiments).

deviation is in general smaller than the experimental error
between two identical experiments (e.g. comparing Experiment 2
of experiment 1 and 2) where a difference in CO, cyclic working
capacity of 1.18 mg/g was measured. It was already mentioned
that the material behavior strongly depends on the conditions as
temperature, partial pressure and history of the material. Compar-
ing the measured cyclic mass change of Experiment 2 to Experi-
ment 7, where the same cycle time was used, one can obtain
that the mass exchanged is nearly twice as high for Experiment 7
(Table A1). This clearly illustrates how the CO, cyclic working
capacity can be much improved if H,O is used instead of N, as a
balance to CO,.

3.4. Influence of temperature on cyclic working capacity

Analyzing Experiment 1 performed at different temperatures
provides information on the temperature dependency of site A
for H,0O adsorption. Similarly, Experiment 2 at different tempera-
tures gives the temperature dependency for site B for CO, adsorp-
tion. These results have been plotted in Fig. 16. It can be discerned
that the influence of the operating temperature on the capacity of
Site A is opposite to that for Site B, which is in agreement with
results reported earlier [27]. From previous studies it is known that
the temperature does not affect the adsorption capacity of CO,, but
the desorption kinetics, which can also be obtained from Fig. 16b
whereas for Site A clearly the adsorption capacity of Site A is
reduced by an increase in operating temperature (Fig. 16a). It can
also observed from these figures that the initial H,O loading of
the material is not influenced by temperature, but the total
adsorbed amount of H,O is influenced. On the other hand, for
CO,, the initial CO, loading is responsible for the lower cyclic work-
ing capacity at lower temperatures due to slower desorption
kinetics.

Analyzing the experimental results to determine the cyclic
working capacity of site C and D, different approaches were consid-
ered since both the capacity of Site C and the capacity of site D can-
not be easily determined separately. Based on the proposed model,
the cyclic working capacities for the different sites were fitted by
using an excel model and the results are plotted in Fig. 17a.

The figure shows that the cyclic working capacities of site A are
decreasing and of site B are increasing if the temperature is
increased, which has already been described by analyzing the
adsorption/desorption kinetics. Site D seems to have a maximum
cyclic working capacity at 400 °C. The cyclic mass change seems
to increase for Ceq (due to Eq. (2)). This increase can be explained
with less H,O being adsorbed at higher temperature and therefore
shifting the equilibrium towards the metal carbonate leading to a
higher mass change. Interestingly, the total capacity of site C seems
to decrease slightly with an increase in temperature indicating that
the carbonation of the metal is a slightly exothermic reaction, how-
ever, the observed changes are within the experimental error of the
experiments and fitting (see the error bars for the experiment at
400 °C). It was already described that Site D is only participating
in the adsorption if CO, and H,0 are fed together or is active if
the material is still wet when exposed to CO,. Because of this
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Fig. 16. (a) H,0 dependence on temperature at P(H,0) = 0.34 bar (Site A) (b) CO, dependence on the temperature at P(CO;) = 0.66 bar (Site B).

observed behavior it is possible that site D is directly dependent on
the capacities of site B and A which represent the weaker and fast
adsorption sites, since they can be easily regenerated with N,.

In order to design a process that can use the cyclic working
capacity of the adsorbent very efficiently the total cyclic working
capacity of the material is an interesting parameter. Fig. 17b sum-
marizes the cyclic working capacity of CO, and H,0 for KMG30 at
different operating temperatures. We distinguish between the full
CO, cyclic working capacity which can be reached if all the sites
participate and the cyclic working capacity at equilibrium if CO,
and H,O0 are present together on the material (which is in general
the case during WGS reaction). It can be concluded that the sorbent
shows the highest CO, cyclic working capacity at 400 °C for both
conditions (equilibrium or full capacity) which is mainly caused
by the higher sorption capacity of CO, of site D. This observation
based on the four sites model is also confirmed in the literature,
where it has already been reported that a hydrotalcite based adsor-
bent showed a higher CO, sorption capacity at 403 °C compared to
306 and 510 °C [10].

TE==300
| . 400
14 [ 500

cyclic working capacity of different sites (mg/g)

A B Ceq C D
different sites on KMG30

4. Conclusions

Smart designed TGA cycles together with experiments in a
packed bed reactor were used to develop a mechanism for the
interactions between CO, and H,O on a commercial potassium
promoted hydrotalcite (KMG30). Four different adsorption sites
are necessary to describe the cyclic working capacity for CO, and
H,O during different adsorption/desorption cycles with different
composition at different temperatures. Two sites A (H,0) and B
(CO-) can be easily regenerated with N,. The cyclic working capac-
ity for site B increases at higher temperatures, whereas the cyclic
working capacity for site A decreases at higher temperatures. Site
D is a site which can be activated if CO, and H,0 is present together
and its cyclic working capacity depends on the cyclic working
capacity of site B and A. The fourth site represents a site which
can either adsorb CO, or H,0 depending on the feed gas composi-
tion. A metal oxide, reacting either to a metal carbonate or a metal
hydroxide, was found to be a possible explanation for the observed
behavior of the material. With this mechanism the different

w
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Fig. 17. (a) Cyclic working capacities for the different sites at different temperatures; (b) total CO, and H,0 capacities as function of temperature.
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measured cyclic working capacity can be explained and we are
able to explain the different cyclic working capacity for CO,
reported in the literature. It is evident from the experiments that
H,O increases the cyclic working capacity of CO, significantly.
The experimental results have proven that the main reason why
steam increases the cyclic working capacity of the adsorbent is
due to the regeneration of adsorption sites (site C in particular),
which cannot be regenerated with N,. Regeneration of the adsor-
bent with H,O leads to an increase in the CO, sorption capacity
from 0.3 to 0.72 mmol/g. Feeding H,O during the adsorption of
CO, activates more adsorption sites which can increase the cyclic
working capacity once more up to 0.85 mmol/g. To the best of
our knowledge this is the first time that an explanation is provided
for the increased CO, cyclic working capacity for a potassium pro-
moted hydrotalcite, as well as a detailed investigation of the differ-
ent sites involved in the adsorption mechanism. By increasing the
CO, partial pressure and decreasing the H,O partial pressure dur-
ing the adsorption step one can optimize the cyclic working capac-
ity of the adsorbent and thereby increase the efficiency of the
process. The proposed cyclic working capacities of the sorbent will
significantly decrease in a process for shorter regeneration times,
since the desorption is the cyclic working capacity determining
step. In order to use the total cyclic working capacity of the adsor-
bent an optimum between regeneration time can be determined,
dependent on the number of columns used in order to design an
efficient process. The cyclic working capacity for CO, can be
increased by 45% if a mixture of H,O and N, is used to regenerate

Table A1

the material due to the activation of more sites using the same
cycle time (0.3 compared to 0.53 mmol/g). An operating tempera-
ture of 400 °C was found to be best in order to achieve the highest
CO, cyclic working capacity which is confirmed in the literature. A
more detailed kinetic model will be developed in order to describe
the transient response of the TGA and simulate the adsorption and
desorption of CO, and H,0 in a packed bed reactor.
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Appendix A

The cyclic weight change obtained during the TGA measure-
ments has been summarized in Table Al. In the first column the
number of the experiment and in the second column the feed gases
are mentioned (according to Table 1, details can be found in Sec-
tion 2 of the manuscript). In the next five columns we show the
cyclic weight change determined by TGA for each step. The devia-
tion of the predicted weight change according to our model com-
pared to the experimental value is shown for each step in grey in
the other columns. In the last column, the total average deviation
of all experiments performed in one set, where in each step the

Summary of experimental results of the base case experiment and standard deviation of proposed model predicting the experimental results.

Base case 400 °C PCO, = 0.66 bar PH,0 = 0.34 bar

Model deviation (mg/g) Total deviation (mg/g)

EXP Experimental cycle description Cc0o2 CO/H,0 N, N>/H,0 Ny CO, COy/H, 0 N, N2/H0 N,

1 H,0/N, = N, 7.90 —8.06 0.26 0.15 0.447
2 CO;= N, 11.57 -10.71 0.60 0.00

3 CO, = Ny = Na/H,0 = N, 22.96 —-1230 -2.12 -7.85 035 112  0.96 0.30

4 CO,/H,0 = CO, = N, = N/H,0 = N, -1.95 33.72 —-15.17 -6.48 -851 0.09 194 0.52 0.20 0.17

5 C0, = CO,/H,0 = N, = N/H,0= N, 2494 7.69 -1927 -420 -832 1.04 0.12 051 1.04 0.03

6 CO,/H,0 = N, = N»/H,0 = N, 31.34 -18.91 -3.72 -8.20 0.25 0.76 0.71 0.05

7 CO,/H,0 = N, /H,0 21.71 -21.29 0.00 0.29

8 C0,/H,0 = Ny/H,0 = N, 30.27 -2123 -835 0.21 0.34 0.06
Additional experiment 400 °C PCO, = 0.66 bar PH,0 = 0.34 bar Model deviation (mg/g) Total deviation (mg/g)
No Experimental cycle description CO, CO,/H,0 N, N/H,O0 N, CO, COy/H0 N, N2/H,O0 N,

1 H,0/N, = N, 8.05 -8.20 0.16 0.05 0.544
2 CO, = N, 10.39 -9.49 0.23 0.87

3 CO;= N, = N3/H,0 = N, 20.66 -11.28 -1.28 -7.61 1.28 040 1.56 0.47

4 CO3/H,0 = CO; = N, = Np/H,0=N, -2.11 32.62 -1537 -5.01 -8.87 0.03 1.16 0.66 0.85 0.42

5 CO, = CO,/H,0= N, = Np/H,0= N, 2401 7.48 ~19.03 -351 -847 038 0.02 0.68 0.56 0.14

6 CO,/H;0 = N = N/H,0 = N, 30.43 -18.78 -3.22 -7.95 0.39 0.85 035 0.22

7 CO,/H,0 = N,/H,0 21.30 —20.78 0.29 0.66

8 CO,/H,0 = N,/H,0 = N2 29.14 -20.77 -8.24 0.59 0.66 0.02

9 N,/H,0 = CO, = N, 16.78 -13.72 -3.11 0.35 0.65 0.27

10 CO,/H,0 = CO, = N,/H,0 -2.15 2149 —19.01 0.06 0.86 1.15

11 CO,/H,0 = N,/H,0 = CO, 16.03 5.16 —20.95 0.18 0.89 1.24

Reversed order 400 °C PCO, = 0.66 bar PH,0 = 0.34 bar Model deviation (mg/g) Total deviation (mg/g)
No Experimental cycle description CO, CO,/H,0 N, N/H,0 N, CO, CO2/H0 N, N»/H,O0 N,

4 CO,/H,0 = CO; = N; = Ny/H,0 = N, —240 3413 -1644 —-5.18 —-8.72 023 223 142 0.73 0.32 0.610
5 CO, = CO,/H;0 = N = Ny/H,0 = N, 2512 7.82 —-20.00 -3.26 -9.14 1.17 0.22 0.01 038 0.62

1 H,0/N, = N, 7.64 -9.09 0.44 0.58

2 CO, = N, 12.88 —-12.44 1.53 1.22

3 CO;= = N; = Ny/H,0= N, 24.44 —-13.47 -2.56 -827 0.68 124 0.65 0.00

6 CO,/H;0 = N = Ny/H,0 = N, 31.10 —-18.58 -3.24 -8.37 0.08 099 0.36 0.07

7 CO,/H,0 = N,/H,0 2143 -20.85 0.90 1.31

8 CO,/H,0 = N,/H,0 = N, 29.87 —-2097 -8.62 0.79 1.23 0.25

12 CO, = H,0 16.34 -16.68 0.04 0.28

1 N, = H,0/N, 8.27 —-8.38 0.00 0.08

12 CO, = H,0 16.16 —16.28 0.09 0.00
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experimental results obtained by TGA were compared with the
predicted weight change of our model.
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