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A novel method for producing nanosizedXeO; with well-controlled crystal phase has been developed,
resulting in excellent kinetics for CQ@apture at high temperatures. The novel preparation method involves
a soft-chemical route starting with the generation of a complex from zirconoxy nitrate and sodium citrate,
followed by a strong exothermic reaction between nitrate and citrate during calcination in a controlled
atmosphere. The in situ produced carbon during the calcination serves as a dispersant of the oxide, and
subsequent carbon burnoff promotes the formation of nanocrystalls#E®gawvith an open pore structure.
The calcination temperature and atmosphere are very crucial for controlling the crystal phase of Na
ZrOs. The resulting sodium zirconate samples are characterized by XR&jorption, Hg porosimetry,
and SEM. A two-step calcination at 1073 K results mainly in the monoclinic phase, whereas one-step
calcination at 1073 K or higher enhances the formation of the thermodynamically stable phase, namely
hexagonal N#rOs. A kinetic study of CQ capture in a tapered element oscillating microbalance (TEOM)
reactor has shown that the monoclinicKigD; is much more active than its hexagonal counterpart. The
ability to work at CQ partial pressures as low as 0.025 bar, together with the excellent stability in
multicycle capture/regeneration makes nanocrystallin€ s a very promising C@acceptor for different
applications.

1. Introduction High-purity nanocrystalline materials are expected to
enhance the C{rapture/regeneration rates because of their
h = i improved characteristics, such as higher surface area and
nificantly reduce C@ emissions from fuel-fired power  pigher surface reactivity due to the unsaturated bonds on their

stations and hydrogen-production processeSorption-  risiine surface®:12 We have recently developed a simple
enhanced steam methane reforming (SESMR) IS @ promisingg y¢_chemical route to prepare nanosizedZkO; using

process for kiproduction of h|gh pur|ty{>95%) Inone SteP’ zirconoxy nitrate and lithium acetate as precursors. The key
where 2C:3Q acceptors are installed with the reforming ¢, i this technique is a vigorous release of gases from
catalyst:* Alkali zirconates such as rO; and NaZros, the oxidation reaction between the nitrates and acetates
have been referred to as effective Ciiceptors because of during the calcination, which facilitates the formation of

their rever.s,lble C@gapture/reggneratlon and suitable ther- nanocrystalline lithium zirconate and reduces particle sin-
modynamic properties at certain temperatdrésConven- tering33:14

tionally, these materials have been prepared by solid-state )
reactions at high temperatures, using zirconium oxide and 1h€ CQ capture properties are strongly dependent on the

alkali salts as precursofs’ The resulting materials often ~ Structure of the resulting oxides. Because the;Cépture
present relatively large particles and poor purity, leading to 'éaction is volume-increasing and often exothermic, such

limited capacity and kinetics for GQrapture. nanocrystalline materials with open pore structure and large
pore volume are expected to promote the capture/regeneration

rates of carbon dioxide and suppress sintering of the

CO, capture technologies are desirable in order to sig-
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efficient acceptors with fast kinetics, especially at low CO Powder X-ray diffraction (XRD) measurements were performed
partial pressures. This should be combined with high stability in a Siemens D5005 (40 kV, 50 mA) X-ray diffractometer with

and high capacity at the working temperatures and the ability Cu—Ka radiation ¢ = 1.541 A). The average crystal sizes of
to easily be regeneratét. samples GE were calculated using the Scherrer equation for the

It has been reported that there are several pathways tomOSt intense peak in the diffraction patterns.
P P y TGA-DTA analyses of the amorphous complex (30.0 mg) were

prepare nan(_)S|_zed mul_tl_nary OX|0%M|n|m|Z|ng diffusion carried out in a Netzsch STA-449C thermobalance to investigate
pathways by intimate mixing of the different metal precursors e strong exothermic reaction process. Two calcination experiments
on an atomic scale or restricting the reaction space normallyere followed by TGA-DTA with exact conditions as samples A
results in a decrease in the temperature necessary for theind B under a flow rate of 50 mL/min. The gases evolved during
formation of the defined oxide phase, such as the-gel this analysis were monitored by a QMS mass spectrometer
and the reverse micelles methddglowever, the above  (Thermostar Pfeiffer Vacuum). In addition, to confirm the coke
methods are typically multistep procedures and expensiveformation, we further calcined sample A at 673 K foh in Ar.
reagents are often involved. Recently, Schwickardi et al. have Differential scanning calorimetry (DSC) was performed in a
reported the preparation of active carbon-mediated high- Perkin-EImgr DSC Djamohd 7 instrument in an argon or air floyv
surface-area nanosized oxidé8uring this process, a highly ~ ©f 50 mL/min. The zirconium complex (50.0 mg) was loaded in
concentrated metal precursor solution is impregnated on&Uuminum pans, which were compressed, with holes remaining on

. . . the cover of the pans. Temperature-programmed experiments were
active carbons and subsequently calcinated in order to burn__" . .

. . . carried out at a heating rate of 5 K/min from room temperature to

off the.c.arbon. The obtained oxides have high surface areasg;3x ang kept at 673K for another 1 h.
In addition, Car_bon nanotubes have b.een us‘_ad as templates N, adsorption isotherms were measured on a Micromeritics
for the synthesis of mesoporous zoelitesn this study, a TriStar 3000 instrument at a liquid ;Ntemperature, 77 K to
versatile and controllable soft-chemical-derived route for the determine the BET surface area and pore volume (2-300 nm) by
synthesis of porous nanocrystalline XeOs is developed.  the BJH method. Prior to the measurement, all the samples were
The technique relies on the strong exothermic reaction anddegassed at 573 K overnight. The mesopore and macropore volumes
in situ carbonation of the precursor complex, thus avoiding (>100 nm) were also measured by mercury intrusion porosimetry
the extra addition of a carbon template during the synthesis.i“ a Carlo Erba Porosimeter 2000. All the samples were evacuated
The CQ capture kinetics and durability of the bExOs are and dried at 423 K. prior to analysi;. The obtgined data were
investigated in an oscillating microbalance reactor (TEOM) analyzed on the basis of the assumption of a cylinder pore model.

: : - Electron micrographs were acquired using a SEM (JEOL JSM
at various CQconcentrations for defined capture/ regenera-
. @ P g 3600LV) and a TEM (JEOL JEM 2100, operated at 200 kV). For
tion temperatures.

the TEM samples, a suspension of small amounts of sample C in
. ) ethanol were given an ultrasonic treatment for 5 min and then
2. Experimental Section dropped onto a copper grid covered by a holey carbon film.

CO, capture properties were evaluated using a tapered element
oscillating microbalance (TEOM) as described eafftéf.Typically,
the tapered element, loaded with 20.0 mg ofZ@; sample diluted
with quartz particles, was heated to 903 K at a heating rate of 10
K/min in pure Ar and kept for 60 min at these conditions in order
to refresh the surface of the sample. Afterwards, the temperature
was decreased to the selected temperature fera@gture measure-
ments: 848 K. The C@capture was initiated by switching from

Sodium citrate (NaCA) and zirconoxy nitrate (ZrO(B&xH,0)

were dissolved in deionized water and mixed under vigorous
agitation for 3 h. The Na/Zr molar ratios used for the synthesis of
sodium zirconate was 2.0. The resulting solution was evaporated
under continuous stirring at 363 K overnight, leading to the
formation of an amorphous zirconium complex. Similar preparation
details have been described elsewHétéThe obtained amorphous
Zirconium complex was then p!aced in_an alumina crucible and Ar to a flow with a defined C@ partial pressure at the same
heat-treated in a muffle oven with a defined temperature program emperature. The total flow rates of the Ar and Qixture were

and gas atmosphere. The effects of the calcination procedure an(i . .
9 P . i . P ept constant at 100 mL/min. After saturation of the acceptor, the
atmosphere have been studied, and five different samples were

temperature was increased at 10 K/min to 953 K, and the gas flow
prepared. .
. . was changed from a GAr mixture to the pure Ar to release the
Samples A and B: The amorphous zirconium complex was

heated from room temperature to 673 K at a rate of 10 K/min under CO;. The operating pressure is maintained at 1.0 bar.
argon and air flow, respectively.

Sample C: The amorphous zirconium complex was treated from
room temperature to 1073 K at 10K/min under an argon flow and Figure 1 shows the XRD patterns of the powders obtained
then calcined at this .temperaturerﬁ)h inair. It is referred to as after evaporation of the precursor solution and samples
the two-step calcination procedure. A, C, D, and E calcined at different conditions. Only

Sample D: The amorphous zirconium complex was heated from giffraction lines of NaNQ can be observed in the case of
room temperature to 1073 K at a rate of 10 K/min in air and kept the amorphous zirconium complex sample. XRD patterns
there for 3 h, which is referred to as one-step calcination. of sample B are similar to that of sample A and not shown

Sample E: The amorphous zirconium complex was treated from here. Characteristic peaks of tetragonal Ze@e observed
room temperature to 1173 K at a rate of 10 K/min under an argon in sample A calcined at 673 K. N&rO; formation is
flow and then calcined at this temperature 8h in air. . S .

observed in samples<€E calcined at 1073 K or higher,
indicating that temperatures higher than 673 K are needed

3. Results and Discussion
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S.; Carlsson, A.; Jacobsen, C. J. €Ghem. Mater2001, 13, 4416. 51, 2687.
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Figure 1. XRD diffraction patterns of the dried zirconium complex and
the calcined sodium zirconate samples.

Table 1. Intensity Ratios of Diffraction Peaks on Different Samples
of Sodium Zirconate?

samples monoclinic hexagonal sampleC sampleD sample E
|/l max 0.37 1.00 0.62 1.00 1.00
1o/l max 0.40 0.30 0.46 0.56 0.39
1o/l max 1.00 0.20 1.0 0.98 0.62
|/l max 0.25 0.10 0.25 0.27 0.15
1o/l max 0.27 0.10 0.27 0.31 0.21

ali/lmaxis defined as the intensity ratio of diffraction pattern at position
i with the maximum fori = a—e. The positions of ae are presented in
Figure 1.

for the formation of NaZrOs. Moreover, by comparison with
the peaks of samples C and D, a larger fraction of monoclinic
ZrO, in sample D as shown in Figure 1 can probably be
ascribed to prolonged exposure to oxygen, which promotes
the formation of thermodynamically stable monoclinic Z2rO
phase at a certain temperature ralgé.It seems that the
oxygen might play a key role in the phase transformation of
NaZrOsz;. However, a more detailed study on the effect of
calcination conditions on the properties of XeO; is in
progress.

It is observed from Figure 1 that the crystalline structure
of NaZrO;3 is dependent on the calcination procedure and
varies for the different samples. All the calcined samples
show diffraction lines at almost identica alues, but with
different intensities. The different intensities of the diffraction
peaks are probably ascribed to the transformation of the
crystallographic phases. Furthermore, the analysis of the
intensity ratio of the diffraction lines at different angles can
help to determine the purity of N&rO;. The two different
crystallographic phases, namely, monoclinic and hexagonal,
have characteristic ratios between the diffraction lines. These
ratios for both monocline and hexagonal KD (from the

JCPDS database) together with the ratios calculated for the

samples prepared in this study are collected in Table 1.

Thus, the crystalline structure of the prepared samples can

be simply determined by comparison of these values with
those of the model compounds. For example, the ratios
obtained for sample Qlmax = 0.46; | /lImax = 1.0; I ¢/l max

= 0.25; ldlmax = 0.27) are similar to the values observed
for monoclinic NaZrOs (Ip/lmax = 0.40; |/l max = 1.0; ¢/l max

(18) Srinivasan, R.; Davis, B. H.; Cavin, O. B.; Hubbard, C.JRAm.
Ceram. Soc1992 75, 1217.
(19) Stichert, W.; Schuth, R2hem. Mater1998 10, 2020.
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=0.25;ldIma= 0.27). The only major difference is between
the ratiol/Imax 0.62 and 0.37, respectively. This can be
related to the presence of a small fraction of hexagona Na
ZrOz (Idlmax = 1.00), 1.0 in sample C. It is thus confirmed
that relatively pure monoclinic NarOs; is produced by the
two-step calcination procedure (sample C). On the basis of
a similar analysis of the data in Table 1, it can be concluded
that mainly the hexagonal phase is formed at higher
calcination temperatures (sample E). This shows that the
monoclinic phase is transformed to the thermodynamically
stable hexagonal phase with increasing temperatures. Fur-
thermore, mixed monoclinic and hexagonal phase (sample
D) can be obtained when the samples are treated directly
under air from room temperature to 1073K, namely, one-
step calcination, as shown in Figure 1. This confirms that
the calcination atmosphere has a significant effect on the
crystallographic phase of the final material. Previous reports
by our group show that nanocrytalline lithium zirconates with
tetragonal phase can be produced by calcination at 873 K in
static air, whereas the monoclinic phase is produced at 1073
K.13,14

It should be noted that the values of the intensity ratios at
positions b, d, and e on sample D are higher than the
respective values for the monoclinic and hexagonal phase.
This can be attributed to the fact that the maximum intensity
at a position standardized as 1 in sample D is partially a
contribution of the monaoclinic phase, in which the value of
ldImaxis only 0.37 at position a; therefore, the above higher
values at positions b, d, and e reflect the facts that sample D
contains both monoclinic and hexagonal phase.

The strong exothermic reaction process during calcination
of the amorphous zirconium complex was characterized by
TGA-DTA and DSC, as shown in panels a and b of Figure
2. The calcination conditions of samples A and B are
reproduced. A slight weight loss was recorded during the
initial period, which is due to the evaporation of remaining
water or decomposition of citrate in the zirconium complex.
A sudden weight change (more than 60%) together with a
large heat release was observed at temperatures about 573
K in air and 593 K in argon, respectively.

Note that the zirconium complex powders, initially located
in the alumina pan of the TGA, are partially blown out of
the pan during the experiments because of the gas evolution.
As a result, we can speculate that the DTA data obtained
are probably influenced by the sample weight loss. Therefore,
a separate experiment in DSC in an argon or air atmosphere
was carried out using a semisealed aluminum pan. The results
are shown in Figure 2b.

From Figure 2b, three different regions, namehycaand
a—c', can be found during calcination in air or argon flow,
respectively. It is observed that some heat flow is required
in the initial period, region a in air and en argon, probably
due to the evaporation of water or decomposition of citrate,
as stated before. Less heat flow is required in region b from
423 to 543 K in air, because of the exothermic reaction
between oxygen/nitrate and citrate; similar observations can
be found in region bbetween 523 and 563 K, as shown in
Figure 2b in argon, indicating that the reaction between
nitrate and citrate also takes place in this period. However,
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Figure 2. (a) TGA-DTA profiles of the amorphous zirconium complex in argon and air. Sample weight, 30 mg; gas flow rate, 50 mL/min; temperature
ramp rate, 10 K/min to 673 K; (b) DSC curves of the zirconium complex in argon and air. Sample weight, 50 mg; gas flow, 50 mL/min; temperature ramp
rate, 5 K/min to 673 K; (c) MS trace of benzene during the argon-annealing process; (d) images of the different prepared samples showing the carbon
formation in argon flow during calcination.

the reaction in this period is rather mild. The increased heat calcination in argon flow is also observed. No such carbon
flow required at the end of region b and tear 573 K is formation was observed during calcinations in air (sample
probably due to the partially melting of sodium nitrate, which B). It should be noted that the rapid gaseous product released
has a melting point of 580 K. Furthermore, a sharp heat flow by the oxidation reaction between nitrate/oxygen and citrate
is released for the air-treated sample (region c), whereas dimits interparticle contact, resulting in less sintering of the
mild heat flow is released for the argon-treated sample products.
(region ¢). This heat release is certainly related to the strong  Further morphology examination by SEM of sample C in
exothermic reaction between the nitrates/oxygen and theFigure 3a shows that an open pore structure stacked by
citrates present in the precursor. We should point out that it individual NaZrOs is produced. In contrast, sample D has
is rather difficult to exactly estimate the heat released during a less-porous structure with larger particles, as shown in
the calcination, because multisteps involving both endother- Figure 3b. The in situ produced carbon in sample C acts as
mic and exothermic processes are overlapped as shown ira dispersant during the calcination and yields an open
Figure 2b. structure with smaller particle size. During the calcinations
The gases evolved during calcination were followed by a in air (sample D), all the carbon contained in the precursor
coupled MS, and traces of benzene were found during citrate is burned off at temperatures lower than 673 K.
calcination in argon as shown in Figure 2c. This indicates Therefore, severe sintering takes place during the subsequent
the formation of coke (carbon), which is considered respon- higher-temperature annealing. This is also valid for sample
sible for the lower heat released in the argon flow. No E, which has undergone a calcination procedure similar to
obvious benzene signal is detected in the MS profile during sample C, using Ar to promote the in situ formation of
calcination in an air flow. Moreover, formation of carbon carbon. As observed in Figure 3c, an open structure is also
was evident during calcination in Ar (sample A) due to the characteristic of this sample despite the higher calcination
observed color change in the sample from white to black as temperature. Thus, controlling the calcination procedure is
shown in Figure 2d. A smoldering process during the crucial for the pore structure of the final product. The size
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Figure 3. SEM and TEM images of N&rOs from different calcination procedures: (a) sample C, (b) sample D, (c) sample E, (d) size distribution of
sample C.

Table 2. Textural Properties of Different Samples of Sodium Table 2. By comparing the values in Table 2 and the
Zirconate isotherms in Figure 4a, it can be concluded that the micropore
Sger  pore volumé pore volumé cryst size and mesopore volumes of all the samples produced from the

samples (m?/g) (=300 nm) (cr¥g) (>100 nm) (cri/g) by XRD (nm) above soft-chemical method are not very significant. How-
c 5 0.031 0.82 30

5 2 0.028 033 o ever, the total pore volumes measured by Hg porosimetry
E 4 0.016 0.75 59 are considerably higher and according to Figure 4b show a
macropore size distribution. This indicates that the macropores
dominate the porosity. The pores are formed from burning

off the in situ produced carbons and the gas release by the
reaction between citrate and nitrate. Furthermore, it is found

Figure 3d. The crystallite sizes of samples-E from that sample D has a lower porosity than samples C and E,

. o : which is in good agreement with the SEM images shown in
different calcination procedures are also calculated using the g g 9

Scherrer equation. The average particle size are 30, 41 ané;igure 3ac. It has been reported that the existence of
quation. gep L acropores would reduce the contact possibility of solid
59 nm, respectively, as shown in Table 2, indicating that

the calcination procedure is also responsible for the diﬁerentprodUCtS after Ccapture, which is often considered as a
-ination p . . P major reason for the deactivation of acceptors such as
crystallite sizes of sodium zirconate.

Th | ies of NBO; are listed in Table 2~ CAClUM oxide?
and saf;':jgaﬁgoﬁe:f'e;g%rg’! 4r 'Fh?ar?e;)sésteclinBE?r :urface It pan_be concluded that the in situ produc_ed parbon during
areas of sample €E are 5, 4 aﬁ d 4 Py, respectively. It F;alm_nauon under an argon atmosp_here, which is later burned
seems that the preparatic’)n ,procedure’ does not Ieéd to in air flow, promotes the forma‘up " of_mesoporous and
significant change of the surface area of sodium zirconate acroporous structures and the dISperS.l on of the nanocrys-
. . . ‘talline particles. Another advantage of this two-step calcina-
The obtained surface areas are in good agreement with th

. . ion process compared to one-step calcination (using only
recent repor te(.j value (44%g) of sodium zirconate prepared air) is that the use of Ar reduces the heat released during
by a precipitation methotf.

Pore volumes determm_ed both from, mhy5|sorpt|or_1 (20) Pfeiffer, H.; Lima, E.; Bosch, RChem. Mater2006 18, 2642.
(<300 nm) and Hg porosimetry>100 nm) are shown in  (21) Feng, B.; Liu, W.; Li, X.; An, H.Energy Fuel200620, 2417.

distribution of the resulting N&ZrOs in sample C has been
investigated by TEM. Spherical particles of diameter in the
range 36-100 nm can be observed in the TEM image in
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the strong exothermic reaction, resulting in an improved
phase purity of the final product. This is going to be crucial 20
for the CQ capture kinetics of the resulting materials as g .
discussed later. This simple preparation route represents g 15 . . . . . ‘ 1
several advantages compared to conventional active carbon s
. . . o
or polymer template-burning metho#s223The main dif- g 10
ference is that this novel method yields the in situ carbon 2
without the addition of extra carbon precursors. Thus, due 51
to the strongly exothermic reaction between the precursors
after complexation and no additional carbon sources, a o R 4 6 8
Cycle

minimum diffusion pathway can be achieved compared to

the Penchini method. _ A ireC tion properi |
. . zirconate samples: (a) capture kinetics onZi@; with different crysta
The CQ capture properties of the different prepareg-Na phases, C@partial pressure, 0.5 bar; (b) capture kinetics for sample C at
ZrOz; samples at 848 K measured by TEOM are presenteddifferent CQ partial pressures; (c) stability plot during eight cycles for

in Fiour “Th rtial pr re of ] r sample C. Operating conditions: capture temperature, 848 K; regeneration
gure Sa e partial pressure of € set to 0.5 ba temperature, 953 K; total flow rate, 100 mL/min; operating pressure, 1.0

All the samples have approximately the same capacity (about,m,.

17 wt %) for CQ capture; however, large differences are . . .
observed in the kinetic behavior. Sample C saturates in 60 The theoretical capacity of NarOs on the basis of the

s, whereas more than 2000 s are necessary for saturation ofveight of the acceptor is 23.8 wt %. However, ca. a 17 wt
samples E and D under the same conditions. These result§® increase can be observed during the TEOM test. The
represent a large improvement compared to the kineticsdifference between the theoretical and real capacity foy CO
reported on similar materialsNa,ZrO; prepared by solid- ~ capture is mostly likely due to the purity of the obtained
state reactions has earlier been proposed as a good candidaf$aZrOs. From the XRD patterns in Figure 1, the diffraction
for CO, removal using pure COas a probe gas, where 10 peaks of ZrQ are found; ZrQ does not react with Cfat

min were needed for saturation compared to 60 s in our studythe current operating conditions, thus lowering the ,CO
in sample C. It is noted that the intermediate behavior for capture amounts. In addition, we cannot exclude the existence

CO; capture on Sample D is found between samples C andof amorphous N#O; in all the samples, although no
E, as expected. obvious characteristic peaks in XRD patterns are found.

Figure 5. Carbon dioxide capture/regeneration properties for the sodium

(23) Wohlrab, S.; Weiss, M.; Du, H.; Kaskel, Shem. Mater2006 18,
4227.

(22) Martirosyan, K. S.; Luss, DAIChE J.2005 51, 2081.
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Furthermore, the lower CQrapacity of NaZrOs is also samples plays a key role in the reaction with . CBowever,
probably due to the relatively short time on stream in,CO only 5 min are needed to reach a capacity of about 17 wt %
flow. We can find the capacity in all the samples is still on the acceptors with dominating monoclinicXe0; at 0.1
increasing even at 2000 s on stream, as shown in Figure 5abar CQ, and the acceptor works properly even under 0.025
According to the general principle of gasolid reactions, bar of CQ. The CQ capture rate decreases with the £LO
the formation of a layered product (Zs@nd NaCGOs) would partial pressure, as expected. We also have reported that the
probably increase the diffusion barrier of €@olecules CO, capture rate is very slow on the nanocrystalliteZrOs;
through these layers; therefore, the capture rate becomes verat 0.1 bar C@* This indicates that the CQrapture rates
slow at high degree of reaction. It should be pointed out are strongly dependent on the surface reactivity of acceptors.
that the capacity of acceptors in the initial periods with fast It should be emphasized that the behavior of the acceptor at
CO, capture rates is a crucial parameter for the applicationslow CO, partial pressure is the most significant for the

in SESMR. practical utilization of the material in processes such as
Generally, the C® capture kinetics is related to the SESMRZ3%
physicochemical properties of BE&rOs, such as the BET In addition to favorable kinetics, monoclinic BE&aO;

surface area, the pore size distribution, and the surfaceshows a promising stability in a multicycle study, as shown
reactivity at the operating conditions. As discussed above,in Figure 5c, implying that no obvious crystal phase
all the samples have very similar BET surface areas; transformation occurs. However, the acceptor cannot
therefore, this cannot explain the large differences observedbe completely regenerated at the working conditions
in the capture rates. Combining the observations in Figure because of the limitation in the TEOM operating temp-
5a that samples C and E have similar pore volumes buterature (953 K), and the typical degree of the regeneration
different CQ capture rates and that sample D shows a higheris around 80%. It was reported that the regeneration of
capture rate than sample E, although it has a lower poreNaZrOs; prepared by solid-state reaction started to occur only
volume as shown in Table 2, the pore volume seems to notat temperatures higher than 1073 K under similar operation
be responsible for the different G@apture rates in these conditions’ The present work presents a significant improve-
samples. It should be pointed out that this conclusion is ment of the regeneration kinetics. However,
specific, because we deliberately design the preparationfrom a thermodynamic point of view, higher temp-
method to obtain the acceptors with higher pore volume and erature might be needed to regenerate the acceptors in the
mainly focus on the kinetic behavior in the initial periods presence of a high partial percent of £0hus, possible

on stream. It is well-known that the role of the textural deactivation of the solid acceptors due to phase transforma-
properties is very crucial under some specific conditions tion at higher temperatures should be addressed in future
where the formation of solid products after &€pture also  studies.

increases the possibility of pore volume block&b#.

It should be noted that the G@apture rates are signifi- 4. Conclusions

cantly different in the initial periods and decrease with a , )
decrease in the amount of monoclinic phase in these three Controlled nanosized NArO; has been synthesized by a
samples. Therefore, monoclinic {aO; is more active than novel soft-chemical route and it has been demonstrated as

the hexagonal phase because of the higher surface reactivigf" effective CQacceptor showing high capture rates at low
of the monoclinic phase. It can be concluded that the CO CO: partial pressures. The strong exothermic reaction
capture rate is mostly determined by the surface reactivity PEtWeen nitrate and citrate not only promotes the in situ
of the respective substances. The importance of controlling €&rbon formation, but also prevents formation of large
the crystalline phase in order to optimize the capture particles by the dispersive role of the released gases. The in

properties was demonstrated in an earlier report for lithium Situ produced carbon promotes the pore formation and

zirconate!31 Crystal size is another possible factor deter- dispersion of the particles during the high-temperature

mining the CQ capture rate according to the results by XRD annealing.

analysis as presented in Table 2: A higher.@@pture rate The porous monoclinic N&rO;z is obtained by a two-

is obtained on the sample having smaller crystal size. It is Step calcination procedure at 1073 K in Ar flow, followed

difficult to separate the effect from the crystal size and the by calcination in air flow during the heating. In contrast, a

structure to some extent, because the hexagonal phase odinore densely stacked BiErOs with mixed monoclinic and

Na,ZrOs is often accompanied by a large crystal size due to hexagonal phase is obtained by one-step calcination in an

the higher temperature treatments. air atmosphere, where almost no carbon residue remains at
From Figure 5b, the uptake profiles of G@apture for ~ €mperatures higher than 673 K. The porous structure and

monoclinic NaZrOs (sample C) at different partial pressures POre size distribution is obtained by SEM; dsorption,
of CO, can be observed. It should be commented that and Hg porosimetry. The particle size distribution of the

samples E and D showed a poor behavior (less than 10 wt

% capacity in 2500 s) under the same operating conditions(25) Sclhoa- FAer'rrgiheZ. Eb;CRt:slte$, g;/(zo ggkfgginl, H. A.; Renning, M.;
S . . . olmen, A.; Chen, DCatal. Toda .

at 0.1 bar CQ@ This is in agreement with the previous point (26) Ochoa-Ferfradez, E.; Haugen, G.; Zhao, T.. Ranning, M.; Aartun, I.;

that the surface reactivity of obtained monoclinic,Ri&Ds Barresen, B.; Rytter, E.; Rgnnekleiv, M.; Chen, D. Process design

simulation of B production by sorption enhanced steam methane

reforming: evaluation of potential C@cceptorsGreen Chem2007,

(24) Alvarez D.; Abanades J. Energy Fuel2005 19, 270. DOI: 10.1039/b614270b.
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obtained monoclinic N&rO3 is from 30 to 100 nm from produced carbon formation to disperse the particles and to
the TEM image. promote the porous structure formation has been developed.
CO; capture studies of these synthesized2M@; have This route may be a promising platform to synthesize oxide
been carried out in a TEOM at 848 K. It is found that much materials for selected app”cations_
faster CQ capture rates can be obtained on the monoclinic
NaZrO; than that on the hexagonal one, even at low,CO
partial pressures (0.025 bar). Stable,C@pture/regeneration
behavior on monoclinic NZrOs is also observed.
In summary, a simple route for the formation of nanosized
metal oxides with well-defined crystal phase due to in situ CM062732H
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