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Nanocrystalline tetragonal $4rO; was prepared by a novel soft-chemistry route, resulting in powders
with good properties for C@capture at high temperatures. The £fapture and regeneration properties
of the material were investigated by a tapered element oscillating microbalance (TEOM) in a wide range
of temperatures and partial pressures of,Clhe nanocrystalline tetragonal,FrO; has superior CO
capture and regeneration properties compared to monocligdeQ4 prepared by solid-state synthesis.
Moreover, the regeneration could be performed at a lower temperature, and a high stability of,the CO
capture/regeneration capacity was observed. The nanocrystalline tetrag@in@ldpens new opportuni-
ties for the application of solid acceptors in €Eapture in both post- and precombustion processes in
power generation.

1 Introduction The approach consists of capturing £@enerated by
) ) combustion or CQreleased from different industrial pro-
The global consumption of energy and the associated cegses and storing it away from the atmosphere for a long
emissions of carbon dioxide have continuously shown a time. The main application studied so far for ©@pture is

rising trend during the last decades. According to the jis yse in power generation. For this purpose, it is possible
Intergovernmental Panel on Climate Change (IPEfo%sil to have different systents:

fuels are the dominant form of energy utilized in the world
(860./0) and acc.ou.nt for about 75% Pf Fhe current ant.hropo- gases produced after combustion of fossil fuels.

genic CQ emissions. The COemissions from various . .

sectors have been estimated by the International Energy ° OXY-fuél combustion capture: oxygen is used as
Agency (IEA)2 and power generation is the single largest combustion agent, producing a flue gas that consists mainly
source of emission, followed by other energy industries such of steam and C&

as oil refineries, manufacture of solid fuels, coal mining, and ~ * Precombustion capture: the & removed before the
oil and gas extraction. combustion of hydrogen, where the hydrogen is produced,

There exist different initiatives to mitigate the increase of '°" ©X@mple, by reforming of hydrocarbons.
the carbon dioxide emissioARReductions in the fossil fuel There exist different technologies for @€eparation. The
consumption can be achieved by improving the efficiency most .studled are separation vv_|th sqrbents ([qu|d absorbent
of energy conversion, for example, by the use of improved ©F solid acceptors) and separation with selectl\{e membPanes.
turbines. Another way to minimize the emissions is to switch N the present work, selective G@apture at high temper-
to less-carbon-intensive fossil fuels as natural gas and/or@tures by solid acceptors is addressed.
increase the use of low- and near-zero-carbon energies, such The use of regenerable solid acceptors at high temperatures
as renewable energy or nuclear power. These measures cafight have various applications in both pre- and postcom-
reduce the C@generation; however, in order to reach the bustion systems. The flue gases produced after the combus-
specific atmospheric CQevels set in different international  tion of fossil fuels in a turbine are usually in the temperature
agreements, the capture of €@nd its storage may play a range from 700 to 900 K. Thus, they need to be cooled to
very important role. the temperature levels required for the absorption process
in case a wet-absorption method is chosen for separation.
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is selectively removed from the flue gas stream until desirable. Recently, it has been reported that Li-containing
saturation of the solid acceptor. At this time, the acceptor materials are promising candidates with high G@pture
can easily be separated from the gas and regenerated.  capacity and high stabilit§3°

CGO; sorption-enhanced steam methane reforming (SESMR) Nakagawa et al. have reported that lithium zirconate and
is also an important application of G@cceptors in hydrogen lithium silicate can theoretically hold GOn amounts up
production and/or precombustion processés SESMR is to, respectively, 28 and 36 acceptor weight percent at high
an alternative to conventional steam reforming, in which a temperatures according to the following equati®ns
CO, acceptor is installed together with the catalyst in the
reactor. In this way, the reaction equilibrium is shifted toward )
H, production. Much higher kyields are obtained at lower @)
temperatures (723873 K) with a simpler process layout.

There is no need for wategas shift reactors or absorption The high capture capacity and stability at 783 K for
columns and there are less-demanding requirements for thehese materials make them very promising for application
reactor materials because of low operating temperatures. Then poth pre- and postcombustion systems. However, kinetic
main challenge, however, is to develop an acceptor with fast |imitations during the C@capture are still the main obstacle.
kinetics, easy regeneration, high stability, and high carbon-  The synthesis of lithium-containing ceramic powder has
dioxide-capture capacity at the working temperatures. been extensively studied, and in particular lithium zirconate,
There has been extensive research on the uptake of COas it is one of the candidates of the tritium breeding for
on acceptors at ambient temperature and atmospheric presnyclear fusion reactors. Various solid-state processes have
sure. However, there are few relevant investigations aboutpeen employed to fabricate the lithium zirconate powders.
the capture of C@at high temperatures and pressures. golid-state reactions between Zrénd lithium peroxide (or
Different materials have been proposed in the literatté. carbonate) are the best known proce$8és® In these
Yong et al?? have reported that carbon-based sorbents haveprocesses, two types of powders are mechanically mixed and
adequate capacity for GQat relatively low temperatures  treated at high temperatures. Solid-state reactions normally
(298-523 K). The capture capacity of these materials is require high temperatures and long reaction times. For
reduced when the capture temperature is further increasecbxamme, Ida et & prepared pure LZrO; powder with
(>523 K). Different zeolites have also been reported to work particle diameters larger thangam by solid-state reaction
in the same rang®. Hydrotalcite-like compounds are able  of Li,CO, and ZrQ. The final particle size of the powder
to accept C@at a wider range of temperatures, up to 673 prepared by solid-state methods is normally large, partially
K. However, these compounds lose more than half of their que to sintering during the high-temperature treatment. The
capacity after several cycles. The same problem has beerparticle size is also very much controlled by the particle size

Li,ZrO, + CO, < Li,CO, + Zr0,
Li ,SiO, + CO, < Li,CO; + Li,Si0,

found in the use of calcium-based acceptors. The regenerationyf the starting Zr@ Xiong et al. studied the CQcapture
of Ca-based acceptors is highly energy demanding. The useyn Lj,zrO; synthesized by Zr@of two different sizes (1
of high temperatures for the regeneration leads to sinteringand 45,m)24 For 45um ZrOx-derived LbZrOs, particles
and subsequent pore blockage and losses in the porosity. Ifyere isolated from each other and the particles had an
addition, CaO can react with steam under the reaction ayerage size around 30n. For 1um ZrO,-derived LpZrOs,

conditions, leading to the formation of Ca(QH)nd thus
lowering the methane conversion and hydrogen yiélthe

however, the average particle size wasuhg.
There have been several efforts to reduce the starting

development of an acceptor with relatively low temperatures powder size for solid-state processes. One example is the

for regeneration and with good multicycle properties is highly
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use of a sotgel technique to prepare fine powders of ZPO were used as precursors as described elsevih&rdppropriate
However, this powder is subsequently reacted in the solid amounts of each precursor were dissolved in deionized water. After

state with LpZrO; at high temperatures with following Standardization of the solutions by thermogravimetric analysis, the
sintering problems. precursors were mixed for several hours in appropriate amounts to

T : form a complex solution. The solution was spray driedd@uMini
A precipitation combustion process has also been reportedsloray_Drier B-191) with an input temperature of 423 K and a pump

to Synthelslz,e LiZrOs powde'r as breednjg materlallfor fusion rate of 2 mL/min. The resulting solid products were further
regctoré |7'er03 can easily be_ c')btalr?ed' by th's .metho'd decomposed/oxidized in a certain temperature range, forming
using a mixture of urea and citric acid in stoichiometric powders with a homogeneous atomic mixture of Li and Zr. The
composition. The primary particle size of these powders was powders were calcined at three different temperatures in air, leading
smaller than 20 nm. However, the powder contains someto decomposition of the organic compounds by a smouldering
impurities and requires high calcination temperatures. Therereaction. As an alternative drying route to the spray drying, a
are other wet-chemistry routes reported for the preparationfraction of the precursor solution was solidified by heating to 373
of Li»ZrO; as a breeding material. Alvani et al. developed K in an oil bath under continuous stirring. The sample prepared by
two wet routes starting from metal alkoxides, where tem- SPray drying is referred to as 44rOy-SD, whereas the second
peratures higher than 1073 K were required for the prepara-S2mPple is referred to as 44r0zD.

tion of Li,ZrOs.4° Montanaro et al. proposed a gelling method ~ 2.2. Lithium Zirconate Characterization. 2.2.1. X-ray Dif-
using lithium acetate and zirconium propylate as precurgors. fraction. X-ray diffraction patterns were recorded at room temper-

However, this method yielded particle sizes larger than 40 ature on a Siemens D5005 X-ray diffractometer using Kiu
radiation ¢ = 1.54 A). The scans were recorded in thrange

um. ) .
. . bet 20 and 8%u t f 0.03
Recently, Nair et a/ have done a systematic study on ewween 20 an S'_ng a.s epsize 0
the properties of LizrO; with different crystal structures. The average crystallite thickness was calculated from the Scherrer

. guatiort* using the (020) lithium zirconate peak located?ét=
Thgy have Comp.ared the propertles of powders prepared byiz.?. Lanthanum hexaboride, LgBvas used as reference material
solid-state reactions of mixed powders, -sgel prepared ) . . .
. ) to determine the instrumental line broadening.
powders, and commercial grade powder. Their results
indicated that tetragonal 44rO; powders show a larger rate
of sorption than their monoclinic counterparts. They also

concluded that small particle siz_e is critical to enhanciqg the (PSD-50M, MBRAUN). The powders were dispersed in ethanol
CO;, capture. The same Conclus_lon was reached by Yi et al. and applied on a platinum strip located in a high-temperature camera
after they prepared tetragonabZiOs by a low-temperature  (4TK16, Anton Paar GmbH). The data were collected with a step
liquid-state synthesi¥. size of 0.0362 and a step time of 0.5 s. The capture reaction was

We have recently reported a novel soft-chemistry prepara-carried out at 848 K under a G@ontaining atmosphere. The
tion route for the synthesis of nanocrystallingZ1i03.15:38:43 regeneration was carried out at 943 K under a flow of nitrogen.
This preparation method represents several advantagies.  Scans were recoded every 10 min.
short, the method yields pure nanocrystals oZk®; with 2.2.2. N Physisorption.Nitrogen adsorptiofdesorption iso-
pure tetragonal phase using relatively low calcination tem- therms were measured with a Micromeritics TriStar 3000 instru-
peratures. As a result, the properties of the powders such agnent, and the data were collected at liquid nitrogen temperature,
the capture rate of CQand regeneration temperature have 77 K. The samples were outgassed at 573 K overnight prior to
been significantly improved. measurement.

The present work deals with a detailed characterization The surface area was calculated from the Brunaéenmett-
of the materials and kinetic study of G@apture and Teller (BET) equatiort> whereas the total pore volume and the
regeneration at high temperatures, aiming at a better under-2verage pore size were calculated by applying the Barleiiner-
standing of the relationship between the crystalline structure Halenda (BJH) methotf
of the materials and their properties as a,@Cceptor. Thus, 2.2.3. Hg PorosimetryPore size measurements were also
a detailed study of the structure and morphology of the _perfor_med using a Carlo Erba Porosimeter_ 2000 by mercury
acceptor has been carried out using different techniques, suci!trusion. Each sample was evacuated and dried at 423 K prior to
as (in situ) XRD, SEM, and BET measurements. The,CO analysis. A cylindrical pore model was assumed.
capture/regeneration properties of the material have been 2.2.4. Field Emission Scanning Electron Microscopihe
monitored over a wide temperature range and partial pres-morphology of the LiZrO; powders was examined in a Hitachi

sures of CQusing a tapered element oscillating microbal- S-4300se field emission scanning electron microscope (SEM)
ance equipped with a field emission gun with Schottky emitter. The

acceleration voltage was set to 5 kV, and the secondary electron
detector was used. The samples were prepared by dropping some
lithium zirconate fine powder onto a wet carbon tape. The samples

2.1. Preparation of Lithium Zirconate. Zircony! nitrate (ZrO- were also coated with a fine layer of carbon to enhance the
(NOy),xH,0, Fluka) and lithium acetate (GBOOLi-2H,0, Fluka) ~ conductivity.

In addition, the powders were also studied by in situ high-
temperature X-ray diffraction (in situ HTXRD) using a Siemens
D5005 diffractometer equipped with a position sensitive detector

2 Experimental Section

(41) Park, J. Y.; Jung, C. J.; Oh, S.-J,; Park, H. K.; Kim, Y.C&ram. (44) Scherrer, PGottingen Nachrichter1918 2, 98.
Trans.1997, 85, 55. (45) Brunauer, S.; Emmett, P. H.; Teller, E.Am. Chem. S0d.938 60,
(42) Montanaro, L.; Lecompte, J. B. Mater. Sci.1992 27, 3763. 3009.
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application O. nr. 110520. 73, 373.
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Figure 1. Scheme of the general procedure followed for the testing of the Figure 2. Scheme of the general procedure followed for the correction of
CO;, capture properties of the prepared acceptors. no isothermal density change.

2.3. Thermodynamic Study.FactSag¥ has been used to study « Period E: The reaction temperature was kepT,atntil the
the thermodynamics of the system. _ sample was completely regenerated.
2.4. Kinetic Study of CO, Capture and Regeneration.CO, « After period E, a new cycle was performed
capture properties were evaluated using a tapered element oscillating The ex erimen:[s were carried out at diﬁérent Cpartial
microbalance (TEOM). The measurement of the mass change in P .
ressures and capture/regeneration temperatures.

the sample bed is based on changes in the natural frequency of ar? ¢ th . inciple of h
oscillating quartz element containing the sample. The main Becausg 0 ,t € operatlng principle o TEOM, the mass of the
advantage of the TEOM is that all the gases are forced to flow gas occupied in the void volume in the tapered element affects the

through the catalyst bed, avoiding the bypass problem associated\”brat'on‘fjII fr_equency of the balance. A mass change is Qetected
with a conventional microbalance. Thus, the sample bed can beWh_en switching from one gas to another at |sgthe_rmal condiffons.
treated as a fixed-bed reactor, and operation under differential This mass change is proportional to the density difference between

conditions can be easily realiz&Moreover, operation without the two gases according to eq 3

mass or heat diffusion limitations is possible, resulting in a better

guantification of the C@in the kinetic study. In addition, high m= VPM, — My
mass resolution and short response time make the TEOM particu- RT
larly suitable for performing the uptake measurements and kinetic

study“°® Details about the experimental set up have been reported whereM, is the average molecular weight of the feed mixture CO
elsewheré? The tapered element was loaded with-BD mg of Ar mixture in this study)M; is the molecular weight of the inert
Li,ZrO; together with quartz particles. An illustration of the gas (Ar),Amis the measured mass chanygjs the void volume
experimental procedure is given in Figure 1. The extent of the in the tapered elemerit,is the temperature? is the pressure, and
reaction is plotted versus the capture time. The extent of the Ris the ideal gas constant. The void volume of the tapered element

©)

reaction x, is defined ax = AW/AWnay, WhereAw and AWy are is approximately 1 mL, and the molecular weight difference between
the measured and the maximum experimental uptake of, CO the two switching gases (G@nd Ar) is very small. Thus, the mass
respectively. change related to the density change in this system was always

« Period A: The sample was heated to the capture temperaturemeasured in the rangex 105 g to 1 x 10 g at the operation
(To) under 100 mL/min of Ar with a heating rate of 10 K/min. The  conditions. These values are negligible compared to the total mass
maximum operating temperature for the TEOM reactor is 953 K. change during the capture reaction, and consequently, no corrections
« Period B: The sample was keptRtunder an Ar atmosphere  related to the density change were necessary during the isothermal

for stabilization of the weight. operation.
e Period C: The Ar atmosphere was switched to the reaction = However, a temperature-programmed process was carried out
mixture at a timetp. The different partial pressures of @@ the during the regeneration step. In this case, the recorded apparent

reaction mixture were obtained by adjusting the flow rates of Ar change on the mass is due to the release of @@ changes in the
and CQ at a constant flow rate of 100 mL/min. During period C, reactor material properties, which result in changes on the vibra-
the CQ capture takes place according to eq 1. This period is tional frequency at different temperatures. A blank experiment is
finished when no further increase in the extent of the reaction is necessary in order to obtain the real mass change. An example is
observed. At this timet, the acceptor is saturated. presented in Figure 2. The dash-dotted line represents the extent
e Period D: The reaction atmosphere was changed from the of the reaction directly measured during a typical capture experi-
reaction mixture to pure Ar at a constant flow rate of 100 mL/min. ment. The starting and final points are at different temperatures
To proceed with the regeneration of the acceptor, we also increasedand cannot be directly compared. The dotted line represents a blank
the temperature of the reactor frofato T, (regeneration temper-  experiment, where the same capture/regeneration cycle is repeated

ature) with a heating rate of 10 K/min. under inert atmosphere, with no ¢@ddition in this case. This
cycle gives a direct indication of the mass change due to the
(47) FactSage 5, the Integrated Thermodynamic Databank System temperature switch. Subtracting the blank experiment from the direct
w.factsage.com. measurement gives the mass change due to ther@éase (solid

(48) Chen, D.; Grgvold, A.; Rebo, H. P.; Moljord, K.; Holmen, Appl.
Catal. 1996 137,L1.

(49) Chen, D.; Rebo, H. P.; Moljord, K.; Homen, 8hem. Eng. Scil996 (50) Chen, D.; Moljord, K.; Rebo, H. P.; Holmen, And. Eng. Chem.
51, 2687. Res.1999 38, 4242.
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Figure 3. X-ray diffraction patterns of lithium zirconate prepared by spray Figure 4. X-ray diffraction patterns of (A) LiZrOs-D and (B) LbZrOs-
drying and calcined at (A) uncalcined, (B) 670, (C) 1073, and (D) 873 K SD, both calcined at 873 KX = Li,COs, ® = ZrO,, O = Li2ZrOs-t).
(O = LiszO:;-t, O= LizZI’Og-m, A= LI2CQ3, ® =270, m = LINOg)
A phase transformation is observed between 873 and 1073
line in Figure 2). All the regeneration curves showed in this study K in Figure 3 by comparison of the diffractograms C and

have been corrected according to this procedure. D. This is in good agreement with the observation by Wyers
et al., in which tetragonal L¥rO; recrystallizes to a
3. Results and Discussion monoclinic structure at temperatures above 973 Kppar-

ently, the phase transition from tetragonal to monoclinie Li
ZrO3 proceeds irreversibly.

Nair et al?” have synthesized bZrO; with different
crystalline structures and crystal sizes by different routes and
studied their ability for capturing C{at high temperatures.

3.1. Lithium Zirconate Characterization. 3.1.1. X-ray
Diffraction. X-ray diffraction patterns of the prepared sample
after spray drying and after subsequent calcination at different
temperatures are given in Figure 3. A white powder with

good flow ability is obtained after both spray drying and ¢ \ya5 concluded that the crystalline structure of the oxide

conventional drying. As shown in Figure 3A, the X-ray s jetrimental to the carbonation reaction,2riO; materials
diffraction profile of the uncalcined powder after spray drying it tetragonal structure captured e@ster than their
indicates the formation of an amorphous solid, where only 1, clinic counterparts. However, it was difficult to separate

lithium nitrate is identified as a crystalline phase. In the case yhe re|ative effects of particle size and crystalline structure,
of the powders dried by heating in a hot plate, indications pecase the formation of the monoclinic phase involves a
of other mixed nitrates were also found. However, no traces stronger heat treatment, resulting in crystal growth. Never-

of lithium zirconate were identified after drying. Further heat theless, tetragonal phase and smaller crystal size enhanced

treatment is necessary in order to decompose the nitrates anghe capture rates. Consequently, calcination of powders at
the organometallic salts originating from the starting precur- 873 K is selected in the present work because it results in

SOrs. nanocrystals of tetragonal 44rOs;. As shown in Figure 3, a
The powders were calcined at three different tempera- further increase in the calcination temperature resulted in
tures: 673, 873, and 1073 K, respectively. Calcination at crystal growth and phase transformation. Most of the
673 K did not yield a pure L¥ZrOs, as shown in Figure 3B.  previous efforts carried out on the development oZrO;
A mixture of ZrQ, and LbCO; was found. The formation of  as a CQ acceptor have been done on pure/modifiegh Li
nanocrystals of LiZrO; with pure tetragonal phase was ZrO; prepared by solid-state reaction. The solid-state reaction
observed when the calcination temperature was 873 K. process requires treatment at high temperaturds 23 K)
However, small traces of kCO; and ZrQ still seem to be  for long times. Under these conditions, monoclinigZriO;
present. The crystallite size of the ZrO; prepared after  is formed and sintering/grain growth of the material is
calcination at 873 K was calculated using the Scherrer favored. Thus, the main advantage of the soft-chemistry
equatiori* and was 13 and 14 nm for the spray dried sample method compared to solid-state synthesis is that it yields
(Li2ZrOs-SD) and hot-plate-dried sample {¢ZrOs-D), re- nanocrystals of tetragonal 44rO;. The maximum temper-
spectively. Figure 4 shows the X-ray diffractograms of Li  ature involved during the synthesis process is the calcination
ZrOs-SD and LpZrOs-D when both were calcined at 873 K. temperature at 873 K.
No structural differences can be observed from the diffraction  3.1.2. SEMExamples of SEM images of }4rOs-SD and
data. The same trend is observed for other calcination Li,ZrOs-D are presented in Figures 5 and 6, respectively.
temperatures. A further increase in the calcination temper- The results indicate that, in the case 0§ZriOs-SD, the
ature to 1073 K led to the formation of a mixture of,Li  individual Li,ZrOs; crystallites agglomerate to form larger
ZrOs polymorphs. Monoclinic LiZrO; was found as the  particles with a relatively uniform size between 1 anan.
predominant crystalline phase in this case. The crystallite All particles display a characteristic geometry; large spheres
size was calculated to be 42 and 33 nm faiZlkDs-SD and
Li,ZrOs-D, respectively. (51) Wyers, G. P.; Cordfunke, E. H. B. Nucl. Mater.1989 168, 24.
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Table 1. Nitrogen Sorption and Mercury Porosimetry Properties of
the Prepared Samples Calcined at 873 K

BET surface area  pore volumé pore volumé

sample (mZg) (cm?lg) (cm?/g)
Li»ZrOs-SD 5 0.017 0.51
LioZrOs-D 4 0.008 0.60

aN, sorption.? Hg porosimetry.

Relative pore volume [a.u.]

10 10™ 10° 10'
Pore diameter [um]

Figure 7. Pore size distribution of the prepared samples calcined at 873
K: () Li2ZrOs-SD, (=) LiZrOs-D.

3.1.3. Surface Area and Pore Characteristidable 1
shows BET surface areas and the pore size characteristics
of the prepared samples, calculated by nitrogen sorption and
mercury porosimetry. The reported BET surface areas for
Li»ZrOz-SD and LpZrOs-D are 5 and 4 rtlg, respectively.

It seems that the use of spray drying does not lead to a
Figure 5. SEM micrographs of LiZrOs-SD calcined at 873 K: (A) low significant increase in the surface area of the prepared
magpnification, (B) high magnification. samples. However, both 44rOs-SD and LyZrOs-D show a
surface area higher than what is reported fopZt®s;
prepared by solid-state reaction ] nv/g).2*

The pore volume was measured by two techniques:
nitrogen sorption, accounting for the porosity due to mi-
cropores and mesopores, and mercury porosimetry, for the
determination of both mesopores and macropores. In both
samples, two regimes of pores were observed: mesopores
and macropores. The sample prepared by spray drying
showed a larger volume of mesopores according to N
physisorption measurements. However, this volume is almost
negligible compared to the total pore volume measured by
Hg porosimetry. Figure 7 shows the pore size distribution
measured by Hg porosimetry for the two samples. A total

[ topm | pore volume between 0.5 and 0.6 ¥gwas measured for
Figure 6. SEM micrograph of LiZrOs-D calcined at 873 K. the two samples. The spray driecZiO; shows a broader
pore size distribution.

) ) ) . 3.2. Thermodynamic Properties.Figure 8 shows the
with holes resembling a doughnutlike shape were found. This equilibrium partial pressure of GQiuring the carbonation

particular morphology originates from the drying/calcination (oaction of LbZrOs in the temperature interval from 350 to
of the spherical droplets produced during spray drying. The 1000 K. The equilibrium temperature of ZrO; was
droplets collapse to doughnutlike objects. As presented g|cylated to be 973 K whePeo, = 1. Accordingly, a further
above, when the dried powders are heated to a certainincrease in the reaction temperature will result in the reverse
temperature, the oxidation of the organic compounds leadsreaction of eq 1, independently of the reaction atmosphere.
to a smoldering process involving gas evolution. This Thus, the CQcapture is thermodynamically favored at lower
significant gas evolution results in agglomerated particles temperatures. For instance, the partial pressure of 6O
with mesopores and macropores. As observed in Figure 6,the equilibrium at 842 and 610 K is 3:6 1072 and 1.2x
Li,ZrOs-D presents a more irregular and packed structure 103 bar, respectively. Therefore, rO; can take CQ@in

with larger particle sizes. a wide temperature range: from ambient to 973 K. However,
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Figure 10. Comparison of the C@capture properties of kZrOz-SD and
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100 mL/min of CQ is presented in Figure 10. According to
the plot, no large differences in capture properties of the two
samples are observed at 848 K. Saturation of the acceptor is
reached in both cases within 10 min. The same trend has
been found for the rest of the tested temperatures, where
the observed differences are so small that they are considered
to be within the experimental error. As a result, the effect
of the two different drying procedures followed in this study
does not seem to be very important. This was expected,
because similar BET surface areas and total pore volumes
were measured for both samples, although the SEM images
are very different. Therefore, the rest of the discussion will
be based on LZrOs-SD, assuming that similar results can
be applied to LiZrOs-D.

The uptake curves shown in Figure 10 represent a
breakthrough in the carbon dioxide capture rate foZt®;
compared to its counterparts prepared by solid-state reaction.

capture rates at low temperatures are presumably slowLi»ZrO; was reported for the first time as a good candidate

because of kinetic limitation®:2®

3.3. CQO; Capture/Regeneration Properties.3.3.1. CQ
Capture Properties.

Figure 9 shows the uptake curves omnpdriOs-SD at
different CQ flow rates. The operation temperature is 848

for the CQ removal at high temperatures by Nakagawa et
al. in 19983 Nakagawa et &P claimed that LiZrOs; powder

can react immediately with COn the range 723823 K.
Moreover, the products can react and return reversibly to
Li»ZrO; at temperatures above 923 K. Several studies have

K. The capture rate increases considerably with the flow rate been carried out afterward on the synthesis and properties

from 50 to 100 mL/min. No further significant increase in
the capture rate is observed with increasing flow rates.
Therefore, the C@uptake curves were always measured at
a minimum total flow of 100 mL/min to ensure no mass
transfer limitations, which is essential for kinetic studies. In
this matter, the TEOM is a powerful tool for the study of

capture/regeneration kinetics compared with the convention-

ally used thermogravimetric microbalance (TGA). During

of both pure and promoted 44rQ5 242931353739

Idaet al. carried out a study about the capture properties
of pure and modified LZrOs; prepared by solid-state
reactions. According to their investigation, pure4nOs;
needed more than 50 h to reach saturation at 873 K.
Modification of Li,ZrOsz with Li,COs/K,CO; carbonate on
lithium zirconate improved C@capture rates considerably;
modified Li,ZrOz could reach saturation within 200 min at

TGA operation, the reactive mixture passes a basket contain-873 K. Ohashi et al. have done a similar std@¥hey also

ing the sample, resulting in important buoyancy and flow

concluded that the capture rate of purgdrO; was slow in

concerns. The bypass fraction is usually larger than 0.7, andthe studied range of temperatures. However, the uptake was
bed diffusion may be the dominant transport mode through accelerated by the CO; additive, in this case reaching

the sample located in the bask&tinstead, the TEOM

saturation within 150 min at 773 K. Slightly faster kinetics

combines the advantages of the conventional microbalancewas reported by Xiong et al. also for a potassium-doped

and the fixed bed reactor, allowing kinetic studies with high

sample?* The acceptor was saturated after 60 min on stream

resolution and short response time under real operationat temperatures from 773 to 923 K. Doping®QO; into Liy-

conditions.
The relative mass increase from the capture of, @D
both Li,ZrOs-SD and LpZrOs-D at 848 K under a stream of

ZrOz increases the rate because of the formation of a eutectic
molten carbonate composed of,CiO; and KCO;s at high
temperatures. Although the melting points obCO; and
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Figure 11. Comparison of the C@&capture properties of bZrO; prepared Figure 12. Extent of reactiony, of the CQ capture on LiZrOs-SD when
by the soft-chemistry route (2.2:1 Li:Zr) with other reported samples, P Pco, = 1 at different temperatures.

= 1 bar.T = 848 K (this work), 773 K (refs 24 and 39), 873 K (refs 25
and 34).

K,CGO; are 996 and 1164 K, respectively, the melting point
of their mixture is much lower with a minimum at 771%.
This molten carbonate can significantly enhance, d®
fusion compared to the solid shell in the case of pure Li
ZrOs;. Fauth et al. have also studied the O@take on pure
Li,ZrOz; powderd” They also found a very slow uptake with
time on stream. The performance of the powder was greatly
improved by the doping with binary alkali carbonate, binary
alkali/alkaline earth carbonate, and ternary alkali carbonates.
The formation of a eutectic molten carbonate layer on the % 10 20 3_ 40 5 6 70 80
outer surface of the kZrO; powders was also identified as s e en T'”f‘erfm'glq 210050
the reason for the faster uptake, facilitating the transfer of Figure 13. Extent of reactionx, of the CQ capture on LiZrOs-SD a
CO, during the removal proce$éNevertheless, the capture 823 K and Ro, equal to () 0.7, (B) 05, (C) 03, and (D) 0.1.
rate of the pure LiZrO; prepared in the present wéPkis
several times faster than the capture rate of any of the uptake rate from about 83 to about 34 mg of 0" min~1.
reported pure/modified kXrOs; prepared by solid-state  This phenomenon is due to the importance of the reverse
reaction?425.29.3L37A direct comparison of the experimental reaction (regeneration) that is enhanced at higher tempera-
data obtained in this work with data previously reported can tures. The equilibrium partial pressure of ©@ill increase
be found in Figure 11. As described above, pureZt®; with temperature. Xiong et &f.also studied the influence
prepared in this work is much faster than p&f and of the temperature on the G@apture on modified lithium
K-doped* Li,ZrO; prepared by solid-state reaction. Similar Li,ZrOs. They also reported that the temperature effect on
observations have also recently been reported by Yi &t al. the uptake rates depends on both thermodynamic and kinetic
It should be noticed that the testing conditions in the factors. According to their study, the maximum rates were
compared samples are slightly different from the conditions also obtained at 848 K. Thus, an optimum working temper-
in this study. 873 K was used as reaction temperature in ature of 848 K is recommended on the basis of the results
refs 25 and 34, whereas 773 K was used in refs 24 and 39,in Figure 12.
althoughPco, = 1 bar was used in all cases. The capture rate is also strongly dependent on the partial
The effect of the working temperature and the partial pressure of carbon dioxide in the feed stream. Figure 13
pressure of carbon dioxide have also been studied. Bothshows the C@uptake profiles of LiZrO;-SD at 823 K when
parameters strongly affect the uptake rate. Figure 12 showsPcc, goes from 0.1 to 0.7 atm. As expected, the capture rate
the uptake curves for kZrOs-SD at five different temper-  decreases with decreasing the relative, @@ount, becoming
atures (573, 673, 823, 848, and 873 K). According to the considerably lower at partial pressures of{&®@low 0.1 atm.
thermodynamics presented in Figure 8,403 is able to The same trend has been found for other temperatures. The
take CQ in a large range of temperatures, from room reaction rate is especially affected at I®uo, (<0.1 atm),
temperature to 973 K. However, the capture rate is slow at because the C{concentration becomes close to the equi-
low temperatures<{673 K). The rate increases considerably librium partial pressure of C 0.025 atm when the working
when the working temperatures are higher than 673 K and, temperature is 823 K.
according to Figure 12, especially when the temperature is  3.3.2. Regeneratiozven though several efforts have been
848 K, going from about 3 mg of CQy * min~! at 673 K made in the literature to describe the {fpture properties
to about 83 mg of C®g ! min~! at 873 K. Increasing the  of Li»ZrOs;, not much information is found about the
temperature from 848 to 873 K leads to a decrease in theregeneration of the material, which is actually the most

Extent of reaction, x [-]
o o o
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Figure 14. Extent of the regeneration under an Ar atmosphere at (A) 798, Figure 15. Extent of reactionx, of the CQ capture on LiZrOs-SD at
(B) 848, (C) 873, (D) 893, and (E) 923 K. 848 lli during successive cycles. Regeneration conditions: 923 K, 100 mL/
min Ar.

energy demanding part of the process. In this investigation

. ; ; increasing number of cycles, an activation period ac-
the regeneration of LZrO; has been studied at different

) . companied by a slight loss in the capacity is observed. The
temperatures under an inert atmosphere. More speuﬁcally,COZ removal does not take place until this barrier, which

in order to proceed with the rgggneraﬂon of the acceptor, can go from seconds to several minutes, is overcome.
the temperature of the reactor is increased from the CaptureHowever, this is a reversible phenomenon that disappeared

temperatureT, to the regeneration temperatufie, with @ oo hjetely after 60 cycles. This observation is reproducible.
heating rate of 10 K/min (see Figure 1). As described earlier, 1t 1ea50n for the appearance/disappearance of this barrier
the reaction atmosphere is changed from the rea_ctlon mlxtureduring the capture/regeneration reactions is not yet clear. A
to pure Ar at a constant flow rate of 100 mL/min. tentative explanation is that capture and regeneration cycles
Figure 14 shows the regeneration profiles ofrDs-SD are changing the structure of the nanoparticles, resulting in
at different regeneration temperaturés,from 798 to 923 significant changes in rates of the nucleation ofd®; and
K. The regeneration time is strongly dependent on the zy0, during cycles. However, a further detailed study is
regeneration temperature, going from several hours at 798necessary to gain a precise understanding of the induction
K to a few minutes when the temperature is increased to penavior. On the other hand, the total capacity of the acceptor
923 K. Fauth et al. have recently reported the regenerationgt the end of the study (100 capture/regeneration cycles)
of both pure and modified bZrOs prepared by solid-state  \yas maintained above 90% of the capacity of the fresh
reactiong’ in which the temperature for the regeneration was sample.
chosen to be 1023 K under Ar atmosphere. At this high 3 3 4. MechanisniThe reaction between 44rO; and CQ
temperature, complete regeneration of the acceptor wasyg form Li,CO; and ZrQ can be understood as a recrystal-
reached after more than 60 min. Only small differences in ization process. The first step in crystallization is to form a
the rate of CQ@ emission were observed for both pure and primary nucleation. In this case, a large supersaturation
modified Li,ZrO; samples. driving force is necessary to initiate the nucleation. Accord-
Thus, pure nanocrystalline 44rOs prepared in this study  ingly, a threshold concentration of G@nay be necessary
represents not only a significant improvement in the.CO for starting the carbonation reaction. As shown in Figure
capture but also in the regeneration stage, allowing faster13, the CQ capture is limited aPco, below 0.1 bar. To
regeneration. It should be pointed out that the regenerationclarify possible limitations of nucleation at low partial
is carried out in Ar in the present work. Higher temperatures pressure of Cg we designed an experiment in which the
(~973 K) are necessary in the case in which the regenerationcapture was initiated with a feed of 50% gQ@ifter a few
in CO; is preferred to obtain high concentrations of &@r minutes, the feed was changed to 10%,CAt this point,
transport and storage. Regeneration in,G@s not been  the measured uptake of G@as stopped. This indicates that
investigated because of the limitation in the operating the limitation on the capture at low partial pressures 0 CO
temperature of the TEOM. is more an effect of thermodynamic and/or diffusion limita-
3.3.3. Stability of Performancé&he stability of capture tions than of the nucleation in the crystallization process.
regeneration performance ofZrOs-SD has been tested over The existence of a complicated mechanism ofC&pture
100 cycles. The capture was carried out at 848 K under 1000f Li,ZrO; was discussed above. An in situ HTXRD
mL/min of CO, and regeneration at 923 K in an Ar investigation has been carried out to gain some knowledge
atmosphere. Figure 15 shows the @pture profiles during  about the reaction mechanism. Figure 16 shows a typical
selected successive cycles. The capture rate is enhancetkesult from a CQ capture experiment. All diffractograms
considerably during the first 10 cycles, whereas no losses inwere measured at 848 K andPao, between 0.5 and 0.7
the capacity are recorded. More specifically, the reaction rate bar. There is a delay of 15 min between the start of scan
increased from about 68 mg of G@* min~! at cycle 2 to and the start of the next one. From the figure, it can be seen
about 200 mg of C@g ! min~! after 10 cycles. With an  that the intensity of the LZrO; diffraction lines decreases
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Figure 16. In situ HTXRD study of the removal of C{by Li»ZrOs-SD

at 848 K. @ = Li»ZrOs, O = Li,CO3, & = ZrO,, O = PY)

progressively in favor of the formation of both,00; and

Ochoa-Fardaz et al.
4 Conclusions

Nanocrystalline LiZrO; has been prepared by a soft-
chemistry route using lithium acetate and zirconyl nitrate as
precursors. The nanocrystalline nature of the material is a
result of the mild conditions used during the synthesis.
Specifically, the calcination temperature was found to be a
critical parameter for controlling the crystalline structure. The
optimum calcination temperature was set to 873 K, and
tetragonal nanocrystalline 44rO; was obtained. Special
attention has been given to the study of the,€@pture and
regeneration properties of the material. The tetragonal and
nanocrystalline nature of the resultingZiOs give rise to
improved capture of CQin a wide temperature range. An
operational window for C@capture was found at temper-
atures between 773 and 873 K, whereas a maximum rate
for CO, capture was obtained at 848 K. In addition, the
kinetics of the regeneration have been considerably improved,

ZrO, according to eq 1. The reverse reaction is carried out allowing a fast regeneration at relatively low temperatures.
during regeneration. The Pt diffraction line stems from the Furthermore, TEOM has been shown to be a powerful

sample holder. Two capturgegeneration cycles were car-
ried out, and no indication of any intermediate compound
could be identified. The only difference in the successive
cycles was related to the intensity of the Zr@flections

that were more pronounced after some cycles.

Another purpose of the in situ XRD study of G@apture

technique for C@Kkinetic measurements.

The appearance and disappearance of an induction period
during the CQ capture on LiZrOs is observed. However,
further studies are necessary to clarify this phenomenon as
well as the low capture rates at low ¢@artial pressures.

and regeneration was to study the mechanism of the induction

behavior. However, very limited information can be obtained
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