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K+-Promoted Alumina- and Hydrotalcite-Based Materials
for C02 Sorption at High Temperatures
St~phane Walspurger,* Luciaan Boels, Paul D. Cobden, Gerard D. Elzinga, Wim G. Haije, and
Ruud W. van den Brink[~]

Introduction

Power generation from coal with reduced CO2 emissions can
be achieved by using an integrated gasification combined
cycle with C02 capture and storage in the near future. In CO~
capture, transpor~ and storage, it is currently the capture that
accounts for the highest extra costs. Reduction of the efficien-
cy penalty owing to C02 capture and abatement of the capital
costs associated with the extra equipment are necessary. The
sorption-enhanced reaction process (SERP) has attracted great
interest because of the optimization of reaction yield and hy-
drogen purity.[~ Furthermore, it offers the opportunity to sepa-
rate C02 from the fuel and eventually to capture it for long-
term storage~2~ or for its further use as a hydrogen carrier
through methanol synthesis, for instance.Isl Process simulations
have shown that SERP using the pressure swing adsorption
mode has a high potential for lower efficiency penalties and
may imply lower equipment costs at the same time.I6’71 Gasifi-
cation products mainly consist of CO, which has to be convert-
ed into H2 and CO2 through the water gas sbif~ reaction
[Eq. (1)]. In sorption-enhanced water gas shi~¢ (SEWGS), the
equilibrium of the reaction is shiffed to the product side by re-
moving one of the products using a sorbent.

With a CO2 sorbent, the thermodynamic equilibrium is thus
shifted to hydrogen production, which can be free from
carbon in an ideal case. The development of such a process
was started by Air Products in the 1990s.~] The sorption-en-
hanced reaction was demonstrated at about 300-500°C using
clays (hydrotalcite Mg~ ~AI~(OH)~(CO3)~.n H~O) or Na~O-alumina
as CO~ sorbent.[°’s] Attention has been focused especially on
hydrota]cites because they display I) relatively fast reversible

adsorption/desorption rates, 2) a stable capacity for CO~ during
long-term cyclic experiments, 3) fairly good mechanical
strength in high-pressure steam and 4) no interaction with the
physically mixed water gas shift catalyst.

By using hydrotalcites as a sorbent, the process is operated
successfully at temperatures between 350 and 450°C in a pres-
sure swing adsorption unit (pressure between I and 30 bars)
on a bench scale (single column, height 2 m, diameter 38 ram,
CACHET project) at the Energy Research Centre of the Nether-
lands (ECN).I~°l In parallel with the bench-scale experiment, in-
vestigations on hydrotalcite and derivative materials are ongo-
ing at the laboratory scale. Despite a few earlier studies on CO~
sorption using hydrotalcite-based sorbents under water gas
shift conditions,[~’~’n-~] the true nature of the species responsi-
ble for CO~ reversible adsorption at such temperatures is still
not well understood. In particular, the present study is focused
on the role of alkaline promoters which have been earlier
found to significantly increase the CO~ sorption capacity of hy-
drotalcites.~’~-~] Lee et al.[~] and Ebner et al.[~] have proposed
models for adsorption mechanisms based on sorption iso-
therms, but the exact nature of the active species in CO~ sorp-
tion at such high temperatures remains unknown. Particularly,
hydrotalcites as acid-base materialsB~ may contain sites with
an optimal basic strength for CO~ fixation at high temperature.
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Here, we aimed to elucidate the type of active species re-
sponsible for the C02 adsorption under water gas shift condi-
tions. Our approach was based on a systematic study of
"parent" materials of hydrotalcites, such as alumina and mag-
nesium oxide and their potassium carbonate promoted forms,
by comparison of their CO2 capacities and thermal decomposi-
tion. Charactedsation of these materials was performed by in
situ X-ray diffraction (XRD) to check phase transformation and
by IR spectroscopy to identi~J rearrangements that occur at
high temperatures and the C02 adsorption mechanism. This
study targeted a better understanding of the active species in
CO~ fixation for further optimisations by a rational design of
the sorbent.

Results and Discussion

First, note that CO2 fixation by a solid can be interpreted in
terms of acid-base interaction. Hydrotalcites are included in
acid-base materials that are extensively used in chemistry,
from catalyst carriersI~9’2°1 and host materialsI2~1 to reusable cat-
alysts in fine organic synthesis.122-2~1 Abundant relevant data
can be found in the literature on the evidence of unique acid-
base properties12s TM and on the enhancement of their basic
character by alkaline promotion}~°’3u

Reversible Capacity and Carbonate Decomposition

Note that the hydrotalcites used in this study were first cal-
cined at 400°C, promoted by potassium carbonate by incipient
wetness and then dried at 120°C. In the following discussion
the material is noted as HT* (see Experimental Section). Acti-
vated hydrotalcite Mg~ ~AI~(OH)2(CO~)x~.n H~O and their potassi-
um carbonate promoted forms were first investigated for their
reversible £0~ adsorption in the presence of a high partial
pressure of steam at 400°C. Indeed, it was found earlier that
the presence of steam in the gas stream has a significant
effect on the capacity for CO~}~’32’~31 Increasing the steam/CO~
ratio facilitates a quick and efficient desorption and has a posi-
tive influence on the adsorption capacity as demonstrated re-
cently.~1 Moreover, it is worth to test sorbents under condi-
tions that are close to the real SEWGS application}~°~

Figure 1 shows the typical breakthrough curves for various
potassium carbonate Ioadings on hydrotalcite (HT% Non-pro-
moted hydrotalcite showed a low reversible capacity under
our experimental conditions. Clearly, modification by potassi-
um carbonate strongly enhances CO~ capacity of HT~ as dem-
onstrated earlier,l~l Reversible capacities for other materials
were measured using the same method, and the results after
the third cycle are presented together with nitrogen sorption
results in Table 1. Note that generally there was only a very
small difference between the second and third cycles, and
longer tests carried out for some of these materials confirmed
that the capacity does not vary significantly after the third
cycle under these conditions.

These experiments confirm that there exists an optimal load-
ing of K~CO~ on hydrotalcites and that the surface area drops
dramatically at high Ioadings}~1 The same conclusion could be

3.51

oo

2.5

Figure 1. CO~ breakthrough curves in sorption capacity measurement using
5.8% CO;, 10.7% H;O, and N~ balance as gas feed for the adsorption step at
400°C, t bar total pressure: E----) blank, (=) KoHT*, (~) KsHT*, (+) K~HT~ and

Sample K=CO~ loading BET SSA CO= rev. sorp. cap. Mg/AI
[w~%] [m~g ~] [mmolg ~]ro] ratio

KoHT* 0 48 0.06 2.33
K~HT* 5 41 0,19 2.33

KoAO 0 256 0
KsAO 5 0.01
K.AO 11 0.07
K~AO 22 113 0,27
K,~AO 44 0.26

0
o
o
0
0

KoMO 0 86 0 oa
K=~MO 22 6 0.06 o~
K=CO~ 100 0

[a] HT--hydrotalcite, AO=a]umina, MO=magnesium oxide. Ib] CO~ re-
versible sorption capacity at 400°C.

drawn from the results obtained with promoted aluminas. Al-
though unpromoted y-alumina did not show any affinity for
CO~ under the experimental conditions, it clearly appeared
that potassium carbonate promotion allows C02 fixation de-
spite a pronounced drop in specific surface area. The lower
surface areas found at high K~CO~ loadings are most probably
caused by pore or surface blockage owing to the formation of
bulk K~CO~ aggregates as revealed by scanning electron micro-
scopy (SEM) images (Figure 2).

The typical platelet-like hydrotalcite particles of the initial
material are partially covered by some needle-shaped material
after impregnation with potassium carbonate. In full agree-
ment with the recent contribution of Rodrigues and co-work-
ers on potassium-modified hydrotalcite,°sl small needle-shaped
aggregates can also be cleady seen on the y-alumina surface
in a very similar way. Although energy-dispersive X-ray (EDX)
analysis did not allow a definitive answer, it may be assumed
that the needles are hydrates of potassium carbonate which
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A

Figure 2. SEM images of A) unpromoted hydrotaldte, B) 22 w~% K2CO~-promoted hydrotalcite and C) 22 v~ %
K2CO3-promoted y-alumina.

have been reported as needle-shaped crystalline material in
early studies.I~] It is clear that at least part of the material de-
posited on the surface is responsible for the increased C02-
sorption capacities for all those materials. In contrast, note that
commercial bulk potassium carbonate as well as magnesium
oxide and other magnesium oxide precursors (Brucite Mg(OH)2
and hydromagnesite Mgs(CO3)4(OH)2.4H20) did not show any
C02 reversible adsorption capacity under the experimental
conditions used. Moreover, potassium carbonate promoted
magnesium oxide showed only a very low reversible C%-ad-
sorption capacity compared to the aluminium oxide based ma-
terials. Hence, it seems that the interaction between the y-alu-
mina surface or aluminium oxide centres and potassium carbo-
nates does play a key role in the formation of sitesl~7-~9] that
do actively and reversibly fix carbon dioxide under the experi-
mental conditions used.

Temperature-programmed desorption (TPD) studies were
carried out to analyse the decomposition of carbonates for var-
ious samples. The released CO~ was analysed by mass spec-
trometry for hydrotalcites and aluminas with increasing potas-
sium carbonate Ioadings and for a potassium carbonate pro-
moted magnesium oxide (Figure 3).

For unpromoted hydrotalcite, the desorption profile under
standard conditions (heating in a flow of nitrogen
(50 mLmin-1) to 900°C at a rate of 10°C rain-~) showed a max-
imum at about 400°C with a rather narrow shape, although a
small tail was present at higher temperature corresponding to
the decomposition of carbonates at higher temperature. Al-
though the curve was clearly broadened as a result of the

A B C

Figure 3. TPD profiles of CO~ for A) a) K~HT , b) KsHT , c) K~,HT , d) K=~HT ;
B) a) KoAO, b) KsAO, c) K~AO, d) K~AO; and C) a) KaAO, b) K~2MO, c) K~HT*,
and d) K~AO.

higher concentration of carbon-
ate in the hydrotalcite promot-
ed with S wt% potassium car-
bonate, the peak corresponding
to the decomposition tempera-
ture was not shifted towards
higher temperatures. More in-
terestingly, with higher Ioadings
the maximum of the decompo-
sition peak shifted toward
higher temperature while its
profile was significantly broad-

ened. Note that at 22wt% K~CO~, a significant second C%
peak was observed at 830°C probably due to the presence of
bulk carbonate at the surface of the mixed oxide (originally hy-
drotalcite). Although commercial bulk potassium carbonate
started to decompose above 900°C under these experimental
conditions, it can be assumed that bulk potassium carbonate
deposited on the surface of the solid (as observed by SEM) is
responsible for the CO~ release at such a high temperature.
The corresponding experiments on y-alumina and promoted y-
alumina are depicted at the centre of Figure 3. As expected,
unpromoted y-alumina did not show any carbonate decompo-
sition at high temperature and only a minor amount of residu-
al CO~ is desorbed between 100 and 200°C. An increase in the
amount of potassium carbonate on the surface led to an in-
creased amount of CO~ released between 250 and 4S0°C.

Interestingly, samples with an increased amount of potassi-
um carbonate showed a gradual shift of the maximum corre-
sponding to carbonate decomposition from 290 to 335°C with
a strong broadening of the temperature range at which CO2
was released toward high temperatures. Furthermore the shift
of the maximum decomposition peak toward higher tempera-
ture was confirmed in extra experiments with various heating
rates (data not shown). Most probably, some carbonates more
strongly bonded to the surface, which are formed at higher
surface coverage, may be responsible for the modification of
the TPD profile. Finally, it is of greatest interest to compare the
decomposition profile for potassium carbonate impregnated
on various supports, namely alumina, hydrotalcite and magne-
sium oxide. In comparison to bulk potassium carbonate, it is
clear that potassium carbonate impregnated on these supports
undergoes a transformation that decreases the initial decom-
position temperature of K~CO~. Apparently, alumina can desta-
bilise potassium carbonate to a high extent as some CO~ was
already released at 250°C. However the results from the ther-
mal decomposition curves can hardly be directly correlated to
the reversible CO~-sorption properties shown in Table 1. In
other words, it would be rather difficult to assign a specific
group of carbonates responsible for the increased COa reversi-
ble capacity on the basis of the decomposition of carbonates.
Note that one can tn~ to analyse the results from the decom-
position of carbonates in terms of basic strength. Indeed, C%
as an acid probe is entrapped in carbonate form on the solid
surface. The desorption o~ CO~ may restore the initial basic
site, and as a result the temperature of the decomposition of
carbonates may reflect, to some extent, the bond strength be-
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tween C02 and the basic site, or in other words, it may give in-
sights to the basic strength of the surface sites. Following this
concept, it appears from TPD profiles that the higher the car-
bonate loading the more sites of higher basic strength are
formed on the surface, confirming the results found by Wang
et al,I~°’~B’~l It might be that a population of sites with appro-
priate basic strength is specifically involved in the reversible
C02 sorption at 400°C. In situ structural analysis and spectro-
scopic investigations were therefore carried out to identify re-
arrangements taking place in the sorbent under working con-
ditions.

Hydrotalcite Structural Rearrangement During CO2 Capture

Variable-temperature in situ XRD experiments were performed
with hydrotalcites and promoted hydrotalcite in the presence
of steam (3 vol%) both in the presence and absence of carbon
dioxide (12vo1%; Figure4). Unpromoted hydrotalcite (KoHT*)
and 22wt% potassium carbonate promoted hydrotalcite
(K2~HT*) were heated gradually to 500°C in the chosen gas
stream, and diffraction patterns were recorded at various tern-

MgO
A

MgO

300"C

200°C

for both unpmmoted hydrotalcite (Figure 4B) and K2CO~-pro-
rooted hydrotalcite. In the latter case, with CO~ in the stream,
crystalline potassium carbonate was also observed during the
experiment. Remarkably the main differences were observed
while cooling the samples to room temperature in a fixed gas
stream after heat treatment at 500°C (Figure 5 and Figure 6).

A

B

RT 12h allot cooling step

7O

7 10 20 30 40 50 60 70
20/degree

Figure S. In situ XRD profiles in a stream of water/nitrogen for A) KoHT* and
B) K22HT* at room temperature before heating, after heating at 500°C and
12 h after heating at 500°C. Crystalline hydrotalcite

7 10 20 30 40 50 60 70 7 10 20 30 40 50 60 70
20/degree 20/degree

Figure 4. In situ XRD profiles for A) KoHT* at variable temperatures in steam/
uitrogen and B) K~HT at variable temperatures in steam/nitrogen/CO~.

peratures. Figure 4A displays the pattern obtained for KoHT* in
a nitrogen/steam mixture. Note that the diffraction patterns
taken at room temperature showed the hydrotalcite crystalline
structure that has been reformed (reconstructed) after calcina-
tion at 400°C with subsequent impregnation with water at
room temperature and drying at 120°C overnight (Experimen-
tal Section).

The well known decomposition of the hydrotalcite crystal-
line phase corresponding to the collapse of the layered struc-
ture is clearly observed together with the formation of small
crystals of magnesium oxide,[4~] although neither the
MgAI=O~ spinel form (at high temperature) nor crystalline mag-
nesium carbonate could be observed.[~=] The temperature de-
pendence of the crystalline rearrangement was only slightly
different in the other experiments. With the addition of CO~ to
the gas stream, crystalline magnesium oxide appeared only at
temperatures over 400°C (above 300°C in the absence of CO~)

Indeed, samples in permanent contact with CO= (Figure 6) did
not recrystallise to the hydrotalcite structure contrary to the
samples that were flushed with nitrogenlsteam where the
memory effect of activated hydrotalcite was confirmed.E~sl

C02 might help to stabilise some carbonate species at the
surface which are poorly crystalline or non-crystalline, and thus
it might hinder the reformation of hydrota]cite. In addition, it
seems that potassium-promoted hydrotalcite is reconstructed
faster than the unpromoted hydrotalcite in a nitrogen/steam
stream (Figure 5A and

Surface Rearrangement During CO= Capture

In situ diffuse reflectance infrared Fourier transformed spec-
troscopy (DRIFTS) studies were carried out to identify the rear-
rangements involved in the solids at variable temperature
(room temperature to 400°C) in the presence of steam. The
spectra in the 800-2000 cm ~ range obtained from unpromot-
ed hydrotalcite, 22 wt% K~CO~-promoted hydrotalcite, y-alumi-
na and 22 w~% K~CO~-promoted y-alumina are shown in Figur-
es 7A-D, respectively. Before the heat treatment, a broad ab-

646 www.chernsuschem.org © 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim ChernSusChem 2008, 1, 643 650
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Figure 6. ]n situ XRD profiles in a stream of water/nitrogen + CO~ for
A) KoHT* and B) K~HT* at room temperature before heating, after heating at
500°C and 12 h after heating at 500°C. Crystalline hydrotalcite (^), MgO (*)
and K2CO3 (×).

sorption band is observed at 1655 cm-~ for all samples which
is typical of the 0 H bending mode of water.12s’46-4~] According-
ly, this band disappears after thermal treatment at tempera-
tures over 100°C and reappears after rehydration of the
sample at room temperature (data not shown). Note at this
point that this band might also hint at the presence of bicar-
bonate species at low temperature which are known to de-
compose at rather low temperatures.[2s’~4]

The unpromoted hydrotalcite sample exhibited a strong and
broad absorption band between 1400 and 1600cm ~. As the
temperature is increased, there are clearly two maxima appear-
ing at 1535 cm-~ and 1430 cm-~ (Figure 7A). These bands are
generally assigned to v3 asymmetric stretching of carbonate
groups?s’~7-Sn The splitting is most probably caused by the re-
arrangement of surface carbonates that involves a lowering of
their symmetry. According to Busca and Lorenzelli,Is~] the split-
ting L~v-- I03 cm ~ can be assigned to bidentate carbonates in
this case, because the polarisation might be rather low for Mg-
AI atoms. For the 22 wt% K~CO3-promoted hydrotalcite (Fig-
ure 7 B), band splitting also occurs when the temperature is in-
creased. Between 200 and 400°C, there are two broad bands
peaking at 1560 and 1370 cm ~ which correspond to the v~ vi-
brational mode of carbonate groups. Strikingly, the splitting is
increased to ~=190 cm-~ denoting a stronger perturbation
of the symmetry in carbonate groups as is confirmed by the
appearance of the band at I060 cm ~, which is usually IR-inac-
rive for symmetric carbonates. The main reason for this signifi-
cant change may be the close interaction of surface carbo-

nates with potassium ions provided by potassium carbonates.
The band at 1430cm-~ and the weak absorption band at
1740cm~ maximised at 400°C can be unambiguously as-
signed to the vibration frequencies ~3 and 2~2 (harmonic
signal of ~2, usually found at 870-880 cm ~), respectively, of
bulk potassium carbonate present in a large amount, in agree-
ment with the observation made by TPD and SEMIs~l studies.

In contrast, experiments on non-promoted ~/-alumina (Fig-
ure 7C) showed that no carbonates were present on the sur-
face at high temperature. At room temperature in the pres-
ence of steam and residual CO~ from the atmosphere, bands
were observed at 1655, 1520 and 1410cm ~ corresponding
most probably to surface bicarbonates.Is"]

More interestingly, 22 wt% K~CO~-promoted ~!-alumina
showed a very clear picture on rearrangement of surface car-
bonates occurring at elevated temperature (Figure 7D). Two
bands peaking at 1560 and 1362 cm-~ (~=198 cm ~) corre-
sponds to ~ stretching frequencies for bidentate carbonates.
The second band is rather large probably because of the pres-
ence of some bulk potassium carbonate with its typical single
v~ frequency around 1430 cm ~. Furthermore, the broadening
of the bands may be explained by the presence of K-O-(CO)-O-
AI species which usually exhibit a split ~3 frequency and ~ at
1550, 1420 and I095cm ~, respectively.[ss’s6] These species
have previously been invoked to rationalize the enhanced
basic strength of alkali-promoted aluminium oxides.[~’s~’s~]

Hence, the observed similarities between hydrotalcites and
K=CO~-promoted ~-alumina may be of the utmost importance
for the comprehension of the promoting mechanism. Carbo-
nates provided by the addition of K2CO~ are rearranged at the
surface as proved by the splitting of the ~ frequency for both
materials. Moreover, by comparison of the splitting values ob-
served for promoted hydrotalcite and promoted ~/-alumina it
clearly appears that the symmetry of the carbonates may be
affected in a similar way. Thus, it is clear that Al centres play a
major role in the destabi[isation of potassium carbonate and
may be at the origin of the increased CO= capacity observed in
our experiments at 400°C in agreement with previous reports.

Conclusions

Hydrotalcites, potassium carbonate promoted hydrotalcite and
potassium carbonate promoted y-alumina have been proved
to be excellent materials for in situ CO~ capture during the
water gas shift process (SEWGS). Significant enhancement of
CO~ capacity can be achieved by alkaline promotion of the
sorbents. We have unambiguously demonstrated that potassi-
um carbonate is destabilized or transformed at the surface of
metal oxides and particularly y-alumina and bydrotalcites. Al-
though no new carbonate structures or species could be iden-
tified by in situ XRD studies, we showed that fixed CO~ at 300-
SO0 °C hinders the reconstruction of hydrotalcites at room tem-
perature most probably because of the formation of carbonate
species. Moreover, the in situ DRIFTS study confirmed that re-
arrangement of surface carbonates occurs at high temperature
and that the interaction between a[uminium oxide centres and
potassium carbonate plays a crucial role in the formation of
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Figure 7. DRIFT spectra of A) KoHT*, B) K22HT*, C) KoAO and DI K::AO in the carbonate region at room temperature
in nitrogen/steam stream at a) room temperature, b) 100°C, c) 200°C, d) 300°C, and e) 400°C. Kubelka Munk in-
tensities are reported.

ring, a solution of Mg(NO~)2.6H20
(p.a., Merck; 83 g, 0.32 mol) and
A[(NO~)~.9 H~O (82 g, 0.14 tool;
p.a., Merck) in deionised water
(450 mL) was added to the
Na~CO~ solution at a constant rate
of 9 mLmin ~ using a peristaltic
pump. The addition of the salt so-
lution immediately led to the for-
mation of a white precipitate. To
prevent a drop in pH to below
8.5, automated addition of 3M
NaOH solution (p.a., Merck) was
implemented. After the addition
of a[l of the Mg/AI solution, the
reaction mixture was kept at 65°C
and pH 8.5 for 21 h. Finally, the
suspension was filtered, washed
with deionised water (S x
1000 mL) at S5°C and the residue
was dried at 120°C for 22 h. Sam-
ples of HT were activated by calci-
nation in air at 400°C for 4 h. Cal-
cined samples (HT*) were promot-
ed with 5, 11 and 22wt% K2CO~
(p.a., Merck) by incipient wetness
impregnation and dried overnight
at 120°C. These samples are de-
noted as K~HT* (K~ stands for the
amount of K2CO~ in wt%).

Potassium modification of y-alu-
mina: y-Al=O~ with a surface area
of 328m2g~ (Ah4170P, Engel-
hard) was used for the prepara-
tion of the potassium carbonate
promoted alumina. The material
was first dried at 80°C overnight,
and samples were promoted with
5, 11, 22 and 44wt% K=CO~ by in-
cipient wetness impregnation. Fi-
nally, the samples were dried at
120°C for 22 h. For comparison
purposes, a sample of potassium-
free alumina was wetted and
dried as described above. These
samples are denoted as K~AO (K,
stands for the amount of K=CO~ in
wt%).

active sites (strongly basic) for CO~ capture at 300-500°C.
These findings are furthermore corroborated by the very low
sensitivity of magnesium oxide to potassium promotion.

Experimental Section
Synthesis of hydrotalcite-based materials: The method was based
on co-precipitation and adapted from a reported procedure.[~ Hy-
drotalcite {HT) with a molecular formula of Mgo~oAl03o(OH)2-
(CO~)o.~s.nH~O was synthesized as follows: Na~COs (p.a., Merck;
11 g) was dissolved in deionised water (200 mL) at 65°C. While stir-

Potassium modification of magne-
sium oxide: MgO (> 99%, Aldrich)

and Mg(OH)= were used for the preparation of potassium carbon-
ate promoted magnesium oxide. The magnesium oxide precursor
was first dried at 80°C overnight and was promoted with 22
K=CO~ by incipient wetness impregnation. A reference sample was
impregnated with pure water. Finally, the samples were dried at
120°C for 22 h. These samples are denoted as K,MO (K~ stands for
the amount of K~CO~ in wt%).

Analytical methods: For analytical purposes and reproducibility, the
materials were sieved into particles of sizes between 212 and
428 pro. Nitrogen adsorption was carried out at low temperature
(-196°C) in an AMI-200 (A]tamira Instruments) designed for auto-
mated chemi-/physisorption. The samples were first treated at
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150°C for 10 h in a nitrogen flow, and the specific surface area
(SSA) was then determined with the Brunauer-Emmet-Teller (BET)
plot. With the same instrument, temperature-programmed desorp-
tion coupled with mass spectrometry (TPD) measurements were
carried out. Typically, a sample of 180-250mg was heated at
200°C for 2.5 h. After cooling to I00°C, the sample was heated in
a flow of nitrogen (50 mLmin ~) to 900°C at a rate of 10°Cmin ~,
while continuously monitoring ions with m/z corresponding to H2,
CH4, H20, CO+N2, O2 and CO2.

The CO2 capacibJ at 400°C was estimated using the same setup
and a modified procedure involving I)heating the material in a
flow of nitrogen saturated with water (at 47°C corresponding to
107 mbars} at 400°C during I h to remove any remaining CO2
from synthesis and storage in atmosphere, 2) adsorption of CO2
with a gas mixture containing 5.8% COy 10.7% H20 and balance
N~ for 45 rain, and 3) desorption step in which a flow of nitrogen
saturated with water (at 47°C corresponding to 107 mbars) flushes
the sample at 400°C for one hour. In total, three adsorption/de-
sorption cycles were performed, while the C% concentration at
the outlet was continuously monitored using the mass spectrome-
ter. A blank experiment was performed using SiC sieved particles,
which is a non-absorbing material.

In situ variable-temperature X-ray diffraction 0IT-XRD) was per-
formed in a controlled atmosphere in a Bruker AXS D8 Advance
diffractometer with Cu,~, radiation, powered by a Kristal[flex K760
generator at 40 kV and 40 mA. The scattering intensity was regis-
tered with an energy dispersive Sol-X detector (Bruker AXS) in the
range 5°< 20 < 80°. The samples were heated at 20°C rain ’ to the
desired temperatures, and acquisition was star~ed after 30 rain
equilibration. Scanning electron microscopy (SEM) was performed
using an ultrahigh-vacuum JEOL scanning electron microscope
(JSM-6330F) equipped with energy dispersive X-ray analyzer (EDX).
Prior to analysis, the samples were sputter-coated with platinum.
Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy
was performed on a Biorad JT-1234 apparatus. The spectra were
recorded while continuously flushing a special hot cell with con-
trolled atmosphere.
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