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ABSTRACT: Hydrogen is essential in a variety of large-scale chemical processes.
As a carbon-free energy carrier, hydrogen has a potential for wide use within
power production and transportation. However, most of the recent production
methods involve the release of CO2 as a by-product. Hence, decarbonization of
hydrogen production is one step to reduce CO2 emission into the Earth’s
atmosphere. Several process schemes have been suggested for low-carbon
emission production of hydrogen. In this work, we show how to improve solid
sorbents for the sorption-enhanced water−gas shift (SEWGS) process, which is a
process that exploits a solid sorbent in the water−gas shift reactor to capture CO2
in situ and drive the process toward an improved hydrogen yield. We report
herein a series of CoxMg3‑xAl materials based on hydrotalcites, promoted with
various loadings of K. The materials have been characterized by BET, XRD, and
NMR and tested for their CO2 adsorption performance in three adsorption−
desorption cycles in a lab-scale fixed-bed reactor (20−22 bar, CO2 + steam as
reactant gas, and isothermal conditions at 375 and 400 °C). The most promising material was subjected to a long-term test (120
adsorption−desorption cycles at similar conditions). This test indicates that a K-promoted Co1.5Mg1.5Al (22 wt % of added K2CO2
to the oxide) material has a higher cyclic capacity for CO2 than standard reference cases. We have estimated that the volumetric
capacity (in mol/L unit) of this sorbent will be 23−26% higher than a standard reference material at 400 °C and 30−39% higher at
375 °C. This would, in fixed-bed columns, lead to significant reduction in the needed column volumes in the final process and
reduce costs.

■ INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC)
reports, “Human activities are estimated to have caused
approximately 1.0 °C of global warming above pre-industrial
levels, with a likely range of 0.8−1.2 °C”.1,2 With growing
concern of negative consequences of climate changes, major
efforts have been initiated to head for a low-emission and
sustainable future. In addition to deploying technologies for
providing energy from renewable sources, it is widely accepted
that decarbonizing power production, transport, and industrial
processes coupled with carbon capture and storage (CCS) is
important to reach the necessary and ambitious goals.3 At
present, the most mature option for CCS from large point
sources is CO2 emission reduction by aqueous amine-based
absorption processes.4 A part of the solution for decarbonizing
power and chemical productions is production of hydrogen
from renewal energy sources, or via a process including CO2
separation. In a conventional scheme for hydrogen production,
natural gas is reformed and the produced synthesis gas is
processed through two stages of water−gas shift units before
the off-gas is cooled down to remove CO2 by a process

utilizing solvents (e.g., the Selexol or the Rectisol processes).
However, other separation technologies for H2 production are
being developed, and these are, for example, based on
membranes that can separate either H2 or CO2 from the gas
streams,5,6 chemical looping principles,7 or sorbents that can
be used to remove CO2 in situ in the reactor in the so-called
sorption-enhanced reactions (SERs).8−11 In SER schemes, the
high hydrogen yield is due to removal of the produced CO2 by
the sorbent (denoted MO in eqs 3−5 below), which drives the
reactions toward products as explained by the Le Chatelier
principle.

VCH (g) H O(g) 3H (g) CO(g)4 2 2+ + (1)
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VCO(g) H O(g) H (g) CO (g)2 2 2+ + (2)

VMO(s) CO (g) MCO (s)2 3+ (3)

VCH (g) 2H O(g) MO(s) 4H (g) MCO (s) SE Reforming4 2 2 3+ + + −
(4)

VCO(g) H O(g) MO(s) H (g) MCO (s) SE WGS2 2 3+ + + − (5)

MO denotes a metal oxide that is transformed into a
carbonate form by its reaction with CO2. Ideally, an efficient
carbon dioxide sorbent should be able to shift the reactions
fully to the right side of the equations, leading to high yields of
hydrogen and negligible concentrations of CO, CO2, and
methane (reactant feedstock). In all sorbent-based technolo-
gies, the sorbent has a certain absorption capacity and must be
regenerated (back) into its initial state in order to be used
again. Sorbent lifetime is thus a critical parameter for a
successful process.
The work presented in this article is primarily relevant for

the sorption-enhanced water−gas shift (SEWGS) process. The
SEWGS process has already reached a technology readiness
level suitable for upscaling to a pilot plant scale. However, it is
highly desirable to improve the cyclic CO2 absorption capacity
of the sorbent as this will greatly improve the process
economy.12,13 Presently, the main sorbent type developed for
the SEWGS technology is based on K-promoted hydrotalcites.
The state-of-the-art sorbent exhibits stable performance for
more than 2000 adsorption−desorption cycles.14 Recent
benchmarking of the SEWGS process integrated in both
integrated gasification combined cycle (IGCC) and steelwork
contexts has shown that the process has a relatively low specific
energy need (SPECCA) compared with the state-of-the-art
solvent-based technology.15 A major factor that will reduce
costs and implementation barriers is reduction of a process’s
footprint. For the SEWGS process, a major positive gain in
these respects can be obtained by increasing the volumetric
sorption capacity of the sorbent and/or reducing the cycle time
used in the cyclic sorption/desorption process.
In 2008, synthesis, characterization, and sorption capacity of

a series of Ca-, Mg-, and Co-containing Al-hydrotalcite-like
compounds were reported and a remarkable CO2 sorption
capacity up to around 1.4 mol/kg, even without K-promotion,
was observed.16 However, only the CO2 capacity of the first
sorption cycle was reported and the pressure was only 1 atm.
Considering that for sorption-based processes the operating
pressure will likely be around 20 to 30 atm and that the major
energy input is while regenerating the sorbent, we were
motivated to further develop and assess some of these
hydrotalcite-based sorbents in their K-promoted versions.
The present work reports synthesis, characterization, and

testing of K-promoted sorbents based on CoxMg3‑xAl hydro-
talcites at conditions relevant for the SEWGS process. We have
chosen to focus our development on K-promoted materials as
we have shown that without this promotion, the cyclic CO2
capacity is not satisfactory.17 Initial testing for three
adsorption−desorption cycles were done at 21 bar, including
the use of steam during both sorption and regeneration at 375
and 400 C°. From these initial tests, we could assess the
general performance of the sorbents. The most stable material
over these three cycles with the highest cyclic CO2 capacity
was made in a larger quantity and tested for 120 adsorption−
desorption cycles.

■ EXPERIMENTAL SECTION

Material Preparation. The sorbents were prepared in two
main stages. First, the base materials were made followed by K-
promotion. The following chemical compounds from Sigma-
Aldrich were used in the material preparation: Al(NO3)3·9H2O
(>98% pure), Co(NO3)2·6H2O (>98% pure), Mg(NO3)2
(>99% pure), and K2CO3 (99%). Preparation of the base
materials started with mixing of the metal salts into water in a
glass beaker at room temperature. Separately, a NaOH solution
was prepared. These two solutions were dripped during
rigorous stirring into a beaker filled with water kept at 60 °C.
The dripping rate of the salt solution was 2 mL/min, and the
dripping rate of the NaOH solution was such that the pH was
kept at about 10 ± 0.5. The pH was measured using a pH
electrode. The mixture was then aged for 4 or 18 h at 60 or 75
°C, respectively, depending on the salt mixture. After cooling
down, the precipitated product was washed four times with
deionized water. Before calcination at 550 °C (overnight), the
products were dried at 70 °C (overnight) and then at 120 °C
for 2−3 h. Table 1 summarizes the main parameters of the
base material synthesis.

For all materials, we tried different aging times and
temperatures. The reported materials were chosen from
those that gave good XRD, BET, and pore volume data. The
somewhat different conditions for the Co1.5Mg1.5Al material
was found to be most suited for this mixture of Mg and Co.
After calcination at 550 °C, K2CO3 was deposited on the
materials using the incipient wetness principle followed by heat
treatment at 450 °C for 4 h in air. The amount of K2CO3 is
reported so that the amount of K2CO3 plus the amount of base
material constitutes 100%, that is, Mg3Al (22) means 22 wt %
K2CO3 and 78 wt % base material, Mg3Al in this case. The final
form is termed K-promoted materials.

Surface Area and Pore Volume. The specific surface
areas (BET areas) of the powders were estimated from N2
adsorption isotherms measured at 77 K on a BELSORP Mini
instrument. Specific pore volumes were estimated from the
same isotherms at p/po = 0.95. Estimated uncertainties of
measured values are 5%.

X-Ray Diffraction. After material preparation but before
deposition and promotion with K2CO3, in-house XRD
measurements were carried out using a PANalytical Empyrean
diffractometer. The system is equipped with a PIXcel3D solid-
state detector. The measurements were carried out in
reflection geometry using Cu Kα radiation of λ = 1.541874
Å and a step size of 0.013°. In addition, four samples (two base
materials and their K-promoted forms) were measured using
the Swiss-Norwegian Beamline BM01 at the European

Table 1. Summary of Synthesis Parameters for the Base
Materialsa

parameter Co3Al Co1.5Mg1.5Al Mg3Al

pH during mixing 10 ± 0.5 10 ± 0.5 10 ± 0.5
temperature during mixing,
°C

60 room
temperature

60

aging time after mixing, h 4 18 4
aging temperature, °C 60 75 60
drying: 18−20 h + 2−3 h, °C 70 + 120 70 + 120 70 + 120
calcination temperature, °C 550 550 550
aTwo batches were made of the Co1.5Mg1.5Al material using the same
synthesis conditions.
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Synchrotron Radiation Facility (ESRF), with a monochromatic
synchrotron radiation of λ = 0.69264 Å. The beamline is fitted
with a Huber goniometer and a Dectris Pilatus 2 M photon-
counting pixel area detector.18,19 The 2D diffraction data were
converted to 1D PXRD diffraction patterns using Bubble and
FIT2D programs.17

Nuclear Magnetic Resonance Spectroscopy. 27Al MAS
NMR spectra were acquired using a Bruker Avance III
spectrometer operating at a magnetic field of 11.74 T at
SINTEF, Oslo (Norway). The 27Al resonance frequency at this
field is 130.32 MHz. For the spectra, a 4 mm double resonance
probe or a 3.2 mm triple resonance MAS probe was used. MAS
rates were either 14 or 15 kHz. All NMR experiments were of
the single-pulse type, that is, an initial delay (recovery) time
followed by a pulse and an acquisition of the electric signal
(free induction decay (FID)). For the 27Al spectra, a total of
10,000 FIDs were recorded using a recovery time of 0.5 s.
Before Fourier transformation of the averaged FIDs, zero filling
and apodization were applied to improve line shape definitions
and signal-to-noise ratios. The apodization was done by
multiplying the accumulated FIDs with a decaying exponential
window function with a processing line broadening (LB) factor
of 150 Hz. All NMR spectra were adjusted by proper signal
phasing and were baseline corrected.
Reactor Testing of Sorbent Performance. The prepared

materials were tested for their CO2 sorption performance at
conditions relevant for the SEWGS process. The following
protocol was applied for our performance screening (Figure 1).

The adsorption−desorption cycles were carried out in a high-
throughput fixed-bed reactor system with four reactors in
parallel. A sample amount of 200 μL was loaded in stainless
steel reactors with a 4 mm inner diameter. The sample was
pretreated in flowing He gas at 400 °C for 4 h (the heating
ramp was 2 °C/min). After this, the sample was stabilized at
reaction temperatures of 375 and 400 °C in He, and the 1 h
adsorption step was carried out with the following gas mixture:
5 bar CO2 and 5 bar steam, balanced with N2 for a total
pressure of 21.6 bar. CO2 and N2 were fed from a premix gas
cylinder via separate Brooks mass flow controllers to each
reactor. Steam was generated by feeding water through
Bronkhorst liquid mass flow controllers, which was sub-
sequently evaporated in a heated zone upstream of each
reactor. Desorption of CO2 (sorbent regeneration) was carried
out for 4 h using 5 bar steam, balanced in He for a total
pressure of 21.6 bar. The adsorption−desorption cycles were at
isothermal and isobaric conditions.
Smooth transition between adsorption and desorption gases

was ensured by crossover four-way valves located directly
upstream of the reactors. Cyclic capacities were evaluated by

integrating mass spectrometry (MS) data from online ProLab
MS. The CO2 concentration and breakthrough were measured
following the m/z = 44 signal. After switching to the
adsorption gas, the breakthrough of N2 (m/z = 28) was used
as a marker for the dead volume and time delay in the system.
After running multiple adsorption tests on the in-house

prepared reference material and other prepared samples, the
uncertainty in measurements, both in terms of reactor-to-
reactor reproducibility and test-to-test reproducibility, was
found to be ±0.1 mol/kg adsorbent.
One material from the screening experiments was tested for

a total of 120 consecutive cycles in a fixed-bed column unit at
TNO Energy Transition’s (former ECN) facilities in Petten,
Netherlands. These 120 cycles were split into three 40-cycle
periods each with different process conditions, see below for
details. The material chosen was based upon lab-scale fixed-
bed testing. The experiments were conducted using a high-
pressure multicolumn rig.20 The inner diameter of the column
was 9.2 mm. A sample material of 2.5 g was tested and
compared with a material available from a commercial supplier,
20 wt % K2CO3 on Mg30 supplied by Sasol GMBH.21 This
commercial material is a standard reference material used for
the SEWGS testing in this rig facility; hence, we decided to use
that to compare with our new material. The samples were
prepared to a sieve-fraction size of 212−450 μm. The columns
are electrically heated, and experiments were carried out at a
total pressure of 20 bar. During both adsorption and
desorption, the reactors were each fed with 150 NmL min−1

of gas mixtures at 400 °C. Three different process settings were
used, each for 40 cycles:

Setting 1: Adsorption: 25% CO2, 25% H2O, 50% N2,
Regeneration: 25% Ar, 25% H2O, 50% N2

Setting 2: Adsorption: 10% CO2, 25% H2O, 65% N2,
Regeneration: 10% Ar, 25% H2O, 65% N2

Setting 3: Adsorption: 3% CO2, 25% H2O, 72% N2,
Regeneration: 3% Ar, 25% H2O, 72% N2

The partial pressure of CO2 was varied to investigate
eventual CO2 pressure-dependent material properties.
For every setting, the adsorption and regeneration character-

istics were followed by measuring the outlet gas flow five times
with regular intervals. The gas analysis was performed using a
mass spectrometer measuring H2 (m/z = 2), H2O (m/z = 18),
CO/N2 (m/z = 28), Ar (m/z = 40), and CO2 (m/z = 44).
Cyclic capacities were calculated on the basis of half-height
breakthrough.
Since the SEWGS process is anticipated to take place around

350−450 °C at a total pressure of 20−30 bar, our conditions
for testing the new materials were not far from likely large-scale
industrial operating conditions.

■ RESULTS AND DISCUSSION

Material Characterization. The BET surface and pore
volume measurements are reported in Table 2 below, with
literature values in parentheses.14

From the BET and pore volume data in Table 2, it is seen
that the unpromoted base materials show a higher BET surface
area than the K-promoted materials. The reference base
material display, with a good margin, the highest surface and
pore volume values, but these values decrease to the lowest
after K-promotion.

Figure 1. Schematic drawing of the fixed-bed screening protocol. XXX
was set to either 375 or 400. The temperature was kept similar
through each cycle for isothermal conditions.
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XRD plots of the base materials are shown in Supporting
Information Figure S1. These XRD diffractograms show that
all the base materials have the same basic structure.
To confirm the anticipated structural stability of the Co-

containing base materials after K-promotion, we performed
high-quality XRD using synchrotron radiation before and after
impregnation. These four diffractograms are shown in Figure 2
below.

Most notable in Figure 2 is the rather similar overall features.
However, the Co1.5Mg1.5Al materials have broader peaks than
the Co3Al materials, suggesting a smaller crystallite size. The
K-promoted samples show some extra small, sharp diffraction
peaks, but the exact origin is not clear.
To gain further structural insights, we performed 27Al NMR

spectroscopy of selected samples, before and after K-
promotion and after long-term testing. In Figure 3 below, we
report 27Al MAS NMR spectra of the Mg3Al base material after
drying at 120 °C, after calcination at 550 °C, and after K-
promotion and heat treatment at 450 °C (from top to bottom,
respectively). The motivation for the NMR data presented in

Figure 3 is to obtain information on the base reference material
and thus be in a better position to understand the Co-
containing materials.
After synthesis and drying at 120 °C, the Al spectrum

(Figure 3 top) shows one strong peak at 11 ppm. Since this
material consists of brucite-like sheets with edge-shared
octahedra of hydroxy-coordinated cations, and Al octahedrally
coordinated to O-atoms is known to have a chemical shift close
to 0 ppm, this peak is assigned to Al in the brucite sheets. In
addition, there is a small broad skewed peak with maximum
height at a chemical shift of 75 ppm that can be assigned to
tetrahedral coordinated Al.22 Heat treatment at 550 °C induces
major changes. During such a temperature treatment, major
dehydroxylation takes place and a large fraction of octahedral
Al becomes tetrahedrally coordinated. This gives rise to the
skew peak with a maximum at 75 ppm. Peak-shape skewing
toward lower frequencies is due to distribution of quadrupolar
coupling constants of the Al nuclei. After K-promotion and
heat treatment, it appears that a higher degree of tetrahedral Al
is present in the sample, compared with that before K-
promotion.
Furthermore, we carried out 27Al MAS NMR spectroscopy

studies of the Co1.5Mg1.5Al material to investigate changes in
the Al environments when parts of Mg were exchanged with
Co. The 27Al MAS spectra of the Co1.5Mg1.5Al material and the
K-promoted form are shown in Figure 4.
In the top left part of Figure 4, the 27Al spectrum of

Co1.5Mg1.5Al is shown after it has been heated at 550 °C. The
two peaks marked with asterisks are from the central
transitions. The peaks are located around 9 and 70 ppm,
indicating that there are Al nuclei in both an octahedral
environment (around 0−10 ppm) and a tetrahedral environ-
ment (60−70 ppm) in the sample. After K-promotion of the
Co1.5Mg1.5Al material, the spectrum changes quite significantly
(in contrast to what is seen in Figure 3 before and after K-
promotion of the Mg3Al material). We can see that K-
promotion of Co1.5Mg1.5Al has resulted in a large new peak
centered around 5 ppm (indicated with an arrow). By
superimposing the two spectra (Figure 4 right), we can see
that the two original peaks are most likely still present, but
there is a new intense sharp peak. The left shoulder of this
intense peak appears to be the original peak present before K-
promotion. Since no Al is added during the K-promotion, a
change must have taken place in the material such that more Al
nuclei have become “NMR visible.” One explanation might be
that reduction of quadrupolar couplings of the Al nuclei results
in stronger peak intensity. The possible loss of intensity in
peaks from the nuclei with very strong quadrupolar couplings
is a well-known effect. In such cases, the peaks broaden and
turn “invisible” due to inefficient excitation. However, at the
field strength we have applied in this work, the effects should
not be too strong since the effects are inversely proportional to
the magnetic field strength. In addition, we know that most or
all Al nuclei in our materials are octahedrally coordinated with
relatively weak quadrupolar couplings. Hence, we must seek
another explanation than reduction of quadrupolar couplings
of Al after K-promotion. A second suggestion comes from a
report that the mineral dawsonite is formed in situ in alkali
metal-promoted alumina.23 The original Al peaks should then
also change intensity as well. By comparing 27Al NMR spectra
of the K-promoted Co1.5Mg1.5Al material with K−dawsonite
reported in the literature, we can see a resemblance, see
Supporting Information Figure S2, albeit not completely.24

Table 2. Specific Surface Areas (BET) and Pore Volumes
from N2 Adsorption Analyses at 77 Ka

samples (K amount %) BET, m2/g
pore volume,

cm3/g

unpromoted base materials
Mg3Al 221(161) 1.20(0.40)
Co1.5Mg1.5Al, first batch 105(127) 0.83(0.45)
Co1.5Mg1.5Al, second batch 123(127) 0.63(0.45)
Co3Al 91(96) 0.80(0.23)
K-promoted materials
Mg3Al (22) (reference in screening tests) 16 0.11
Co1.5Mg1.5Al (5) 91 0.82
Co1.5Mg1.5Al (10) 69 0.69
Co1.5Mg1.5Al (15) 53 0.60
Co1.5Mg1.5Al (22) 45 0.33
Co1.5Mg1.5Al (30) 35 0.53
Co3Al (22) 45 0.46
aLiterature values in parentheses.14

Figure 2. Synchrotron XRD data of the two types of Co-layered
materials. The number in parenthesis in the legend indicates the
amount of K2CO3 (wt %).
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The maxima in these samples are actually at the same chemical
shift, but curve fitting including models for quadrupolar
couplings has so far not given any conclusive evidence for
similar phases in the two materials. A third possible
explanation to our observation is that promotion of the base
material with K decouples Al from the influence of para-
magnetic Co(II). K may form bonds with oxygen atoms and
quench the influence of paramagnetic Co(II) on the 27Al
nuclei that travel through sigma bonds. Materials with
paramagnetic centers, for example, Co(II) in our case, are
susceptible to strong interactions that complicate NMR
analyses. Paramagnetic ions are themselves not observable by

NMR spectroscopy but influence their nearby nuclei. The
main effects that an electronic paramagnetic center may lead to
are peak position shifts, line broadening, and enhanced
relaxation rates of nearby nuclei. The interactions that results
in these observations are due to through-space electron-nuclei
dipole−dipole interactions, or localized electron density from
the paramagnetic center, or the conducting electrons in a
metal, at the nuclei in question. The last interactions are called
the Fermi contact interaction. Two critical factors relevant for
NMR analyses of such systems are the distance between the
observed nuclei and the paramagnetic center or whether the
paramagnetic center is in a bonding network with the nearby

Figure 3. 27Al MAS NMR spectra (4 mm MAS probe) of the Mg3Al base material after drying at 120 °C (top), after calcination at 550 °C
(middle), and after K-promotion with heat treatment at 450 °C (bottom).

Figure 4. Left: 27Al solid-state NMR (3.2 mm MAS probe) of Co1.5Mg1.5Al after heat treatment at 550 °C (top) and after K-promotion (lower).
The asterisks mark the central transition peaks. Unmarked peaks are spinning sidebands from the satellite transitions. Right: Superimposed spectra
to highlight the presence of a new Al peak in the K-promoted sample. The new peak is indicated with the arrow. Note that there is no scaling of the
spectra, and hence the intensity increase after K-promotion is, at least qualitatively, comparable.
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atoms. If the paramagnetic ion is neither covalently bonded
nor strongly coordinated with the atoms studied with NMR,
the influence through the Fermi contact is very weak or absent.
In these cases, only an enhanced relaxation rate is observed.
However, by strong enough interactions at proper conditions,
the lifetime of the coherence giving rise to the signals is so
short that the Fourier-transformed signals end up as peaks
broadened into nothing. Recently, it was demonstrated that
there is an increasing influence of paramagnetic Eu2+ when
doped into a series of SrH2 (Sr1‑xEuxH2). From

1H MAS
NMR, it was shown that the influence of paramagnetic Eu2+

ions on nearby 1H nuclei leads to a sphere with a “wipe-out
radius” of 1.7 nm (which is about 10 typical Al−O/Si−O
covalent bond lengths).25 Even when paramagnetic centers
impose complications in NMR experiments, it is often possible
to successfully conduct useful NMR experiments on materials
with paramagnetic centers, as summarized in a review by Grey
and Dupre.́26 In fact, the interactions that complicate the NMR
spectra also lead to more parameters to work with when
characterizing the materials as the presence or absence of peak-
shape distortions is the key to understanding the systems. In
our case, this third explanation appears to best fit with our
observations. The introduced K will influence the oxide
material, and from our NMR data, it appears that K influences
the oxide so that otherwise “invisible” Al due to electronic
paramagnetism becomes visible.
CO2 Adsorption Performance Testing. After prepara-

tion and characterization, each material was tested for three
adsorption−desorption cycles to assess the most promising
sorbent at two different temperatures. A possible objection to
our three-cycle tests is that they do not give long-term stability
and only give indications of the initial cyclic capacity. However,
we know from extensive testing that one can indicate the
general cyclic capacity of these materials with satisfactory
accuracy after a few cycles. By contrast, CaO-based solid
sorbents decline in performance almost from the first run, and
the long-term residual capacity must be assessed when
considering working capacity.27 Thus, our main selection
criterion for assessing the long-term residual capacity was
based on cyclic capacity and resistance to deactivation during
these three cycles. For the screening tests, we used an in-
house-prepared material (Mg3Al (22)) as reference and
standard for error estimation. Table 3 gives a summary of
the most relevant and important lab-scale screening tests.
There are several points to note from the data in Table 3.

The Co3Al (22) material has a much lower cyclic capacity than
the other two materials with the same amount of K, and there
is an increase in capacity when the K amount is increased in

the Co1.5Mg1.5Al series. Due to the small error margins (vide
supra), we are able to state that the two highly loaded K-
promoted materials (Co1.5Mg1.5Al (22) and Co1.5Mg1.5Al
(30)) show a higher cyclic capacity (about 10−12% at 400
°C and 17−25% at 375 °C) compared with the state-of-the-art
reference.
A question that arises from the data reported herein is why

K promotes CO2 sorption in some of these materials. It has
been reported that the dawsonite phase is formed in situ under
SEWGS conditions,21 and together with our recently published
work,22 we can suggest that maybe a new phase or domain of
reactive sites is formed after the oxide reaction with K that
might be, or resembles, dawsonite in some way. The 27Al NMR
data shown above also indicated new structural components
after K-promotion. Furthermore, it appears that Mg is
important because the sample without Mg did not have any
appreciable CO2 uptake after K promotion. In sorbents relying
on physisorption of CO2, that is, where adsorption is mainly
driven by van der Waal’s forces between CO2 and the structure
itself, one typically observes an increased uptake with an
increased specific surface area. However, in our case, the
surface area is strongly reduced after K promotion, but CO2
uptake increases significantly. This again hints to the
importance of a likely new phase, still to be characterized in
detail.
For further long-term testing, we chose Co1.5Mg1.5Al (22).

Data from this test are shown in Figure 5. Note that the
reference sample reported in Figure 5 is from a commercial
producer and is not the same as reported in Table 3.
From the left graph, one can see that the new material

outperformed the reference with regard to uptake capacity at
the applied conditions. Furthermore, from the right graph, we
can see that the performance is rather stable and no strong
deactivation takes place. The different levels are due to
different partial pressures of CO2 in the feed gas. A relevant
question is if the material has experienced any changes even if
the performance in the test rig is quite stable. From BET and
pore volume measurements of the used material (Table 4), it is
clear that the BET surface and the pore volume has decreased
significantly during the 120 adsorption−desorption cycles.
Evaluation of possible improvement in the SEWGS process

using a sorbent with increased CO2 capacity was done for the
Co1.5Mg1.5Al (22) material by assuming that the material can
be compacted/shaped/pelletized in a similar manner as the
reference. Based on this, we estimated the volumetric capacity
(in mol/L unit) of the sorbents. Since the ionic radii of four-
coordinated Co2+ and Mg2+ in the crystal are similar, 0.58 and
0.57 Å, respectively,28 we estimate the crystal density of the
mixed Co/Mg sorbent (Co1.5Mg1.5Al) to be 13−14% higher
than that of the reference sorbent (Mg3Al). Therefore, the
volumetric capacity (in mol/L unit) of the mixed sorbent
should be 23−26% higher than the reference at 400 °C and
30−39% higher at 375 °C. This would, in fixed-bed columns,
lead to significant reduction in required column volumes in the
final process.

■ CONCLUSIONS
In this work, we have reported synthesis and characterization
of a series of K-promoted Mg3Al, Co1.5Mg1.5Al, and Co3Al
oxides and tested their cyclic CO2 adsorption capacity at
conditions relevant for the SEWGS process. From lab reactor
screening tests, we found that the Co1.5Mg1.5Al (22) material
appeared to have better cyclic CO2 capacity than our reference

Table 3. Summary of CO2 Uptake (in mol/kg) for the
Various Materials at 375 and 400 °C in Three Consecutive
Adsorption−Desorption Cycles

cycle # at 375 °C cycle # at 400 °C

sample name (prom. %) 1 2 3 1 2 3

reference Mg3Al (22) 1.5 1.8 1.9 1.6 1.7 1.7
Co1.5Mg1.5Al (5) 1.1 1.0 1.0 0.9 0.9 1.0
Co1.5Mg1.5Al (10) 1.3 1.2 1.2 1.0 1.1 1.1
Co1.5Mg1.5Al (15) 1.3 1.5 1.5 1.3 1.3 1.3
Co1.5Mg1.5Al (22) 1.7 2.0 2.0 1.9 1.8 1.8
Co1.5Mg1.5Al (30) 1.4 1.8 2.0 1.6 1.8 1.8
Co3Al (22) 0.4 0.5 0.5 0.4 0.5 0.5
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material. The Co1.5Mg1.5Al (22) material was further tested for
long-term capacity and stability through 120 adsorption cycles.
Through these 120 adsorption−desorption cycles, the material
shows improved performance compared with the state-of-the-
art reference case.
Estimated volumetric capacity (in mol/L unit) of the new

Co1.5Mg1.5Al (22) sorbent is 23−26% higher than the
reference at 400 °C and 30−39% higher at 375 °C, which
would, in fixed-bed columns, lead to significant reduction in
needed column volumes in the final process.
The improvement in cyclic CO2 capacity of the new sorbent

relative to state-of-the-art sorbents by manipulating the cation
composition indicates that one should be able to fine-tune
sorbent properties further and make the SEWGS process an
even stronger competitor to other hydrogen-producing
processes with CO2 capture.
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