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Abstract

This study presents the development of a noveliwwaloxide sorbent for carbon dioxide
capture. In this work, CaO sorbent was impregnatéti different molar percentage of
titanium ethoxide. The sorbent prepared with 50 f%itanium ethoxide resulted in the best
uptake characteristics for GOCompared to others, a higher BET surface areaaaadger
pore volume were observed. An excellent stabilityriy extended carbonation-
decarbonation cycles was also demonstrated. Tletit@nium content limits the sintering of
particles and thus stabilizes the microstructur€ad.

I ntroduction

Carbon dioxide emission into the atmosphere is lideown as to be an important
contributor to global warming. In order to contahle greenhouse effect, the most viable
solution is to find out cost-effective ways to aaptand storage Gbefore its releasing into
the atmosphere. Currently, the most common comuadetechnology to capture GQs
amine-based absorption, but its application istiohito small scale, low temperature (40-
150°C) and very high energy cbsAlternatively, these drawbacks can be overcomadiyg
metal-oxide-based inorganic sorbents to capture €&ectively from flue gas streams.
Suitable sorbents should exhibit fast carbonatiod segeneration within the temperature
range of 200-800°C. Actually, CaO based sorbenie h&en the most promising candidates
for CO, captur&*?. Capture of CQ@ by CaO sorbents is based on the reversible remctio
between CaO and G{eading to the formation of CaG@s follows:

Ca0+CQ —> CaC® (1)

During the carbonation cycle, GQptake increases, reaching the highest valueeagrid of
the cycle. The carbonation is characterized bydlaetion of gaseous GWith solid CaO to
yield CaCQ, which can reciprocally be thermally regenerate@&0 and C®by heating the
carbonate beyond its decomposition temperatureu(e8x0°C).

Some researchers reportéthat, for the carbonation reaction, after a rapieeruically
controlled initial period, a slower product layeiage diffusion follows. The transition
between the fast and slow reaction stages wabwtd to the formation of a CagG@roduct
layer, which limits the carbonation conversibhsThe curve in figure 1 confirms that the
performance deteriorates with time (number of cgcldfter the reaction of CaO with GO
the reaction product CaG@ust undergo a calcination process in order temegate CaO to
be used repeatedly. In the process of calcinaBome pores are produced inside the CaO



particle. At the same time, CaO sintering may oatiuing high-temperature calcination. The
decline of CQ absorption capacity and cyclic stability with theécreasing
carbonation/calcination cycles can be attributecthanges in the particle structure during
calcination. When small CaO particles are heatedettain temperatures high enough but
below the melting point, CaO coalesces and sintand, the surface area of nascent CaO
decreases with the increase of residence timea&igrea and porosity are very important for
the reaction of CaO with GObut sintering reduces surface area and porolséyp$y, which

in turn affects the reaction rates and conversib€aO with CQ.****> Abanades et df
attributed the decay of CaO conversion to a certass of small pores and an increase of
large pores. They carried out observations with SBihich revealed that the pore
distribution of the calcines was continuously chaggwith number of cycles; more and
bigger macro-pores were being formed under theitondhat micropores decreased.

Currently, many researches focus on the improveroérthe performance of CaO-based
sorbents by increasing porosity and improving itgbiln the past, Gupta and Fan
synthesized high-surface-area CaO sorbents fromipiieged calcium carbonate (PCC).
Recently, Smirniotis and his cowork&tobtained high-performance CaO-based sorbents
derived from different organometallic precursorsnte researcherspromoted CaO sorbents
by using additives, such as NaCl or,88;. The addition of NZCO; increased the ions
mobility but the capture of COis unchanged. On the other side, the presencea6il N
increased the surface area of the precursor miagerihenhanced its stability. Othehave
improved the sorbent capacity by doping with alkaétals. Their performance followed the
order Li < Na < K < Rb < Cs, which revealed a styaelationship between the sorption
characteristics and the increase of the atomic¢ ocdidhe alkali metals. The same researchers
employed a wide range of refractory dopants (Mn3C&i", Ti, Cr, Co, Zr and C8), and
concluded that good results were obtained for maeggand cerium. In fact, these materials
presented high surface areas and large porous weslumhich facilitated the kinetic of
carbonation and the absorption properties of.(But the Zr-doped CaO (Zr/Ca 3:10 mol
ratio) was found to exhibit the best g€apture performance and the best stability duttieg
multicyclic carbonation-decarbonation testing.

An other approach presented the integration of CaO inside a minererial of mayenite
(Ca2Al14033). For 35 wt % of CaO, a significantly improved £@bsorption capacity was
observed and the cyclic carbonation reactivityhef hew absorbent remains constant after 11
cycles.

The objective of the present investigation is tlewedopment of a high-performance CaO-
based sorbents. This study describes the incorporat titanium as additive into CaO-based
sorbents and its implication on the cyclic carbmrateactivity.

Material and methods
Sor bent preparation

Natural limestone provided by Tamuin quarries (MeXiwas used. CaO was prepared by
calcination of natural limestone at 850°C underagien for 3 hours. Then, CaO powder was
impregnated with predefined quantities of titaniwthoxide (Aldrich), corresponding to

molar percentage of 0.1, 1, 10, 20, 30, 40 or SerAhe impregnation, the material was
dried at 100°C overnight then calcinated at 300A@Geu air for 12 hours. In fact, the additive



is decomposed under 25G*CThe final product will be noted CaTi-x with x cesponding to
the doping level of titanium ethoxide.

The calculated conversion rate corresponds to thlarrmumber of absorbed G@ivided by
the molar number of theorical CaO.

Characterizations

X-ray diffraction (XRD) measurements were employedthe identification of phases of the
synthesized CaO-based sorbents. The XRD analyses eemducted on a Siemens D500
powder X-ray diffractometer with a Cuckradiation source (wavelength1.5406 A).

BET surface area measurements were performed usiragen adsorption and desorption
isotherms at196°C on a Micromeritics ASAP 2000 volumetric adsorptanalyzer. The CaO
sorbents were degassed at IS@or a night in the degassing port of the apparaefore the
measurements. The adsorption isotherms of nitrégeBET measurements were collected at
-196°C by using ten values of pressure ranging from a40uo 240 mmHg.

The porosity was measured by mercury intrusion goreter Autopore IV (Micrometrics)
which allows the determination of the pore sizéritigtion.

Scanning electron microscopy (SEM) measurements werformed on selected sorbents to
obtain information on morphology using a JEOL 650@#d-emission scanning electron
microscope. The samples were prepared by placiiysoabents on double-sided carbon tape
mounted on the sample holder. Then a gold mettthizavas realized to improve image
quality.

Volume-weighted particle size distributions of Ch@sed sorbents powders were determined
by laser scattering using a Scirocco cell (Masters2000, Malvern).
Decarbonation-Carbonation. Decarbonation/Carbonation experiments were condustth

a Setaram 92 thermogravimetric analyzer (TGA). Ateps of the carbonation and
decarbonation experiments, heating of the samplajng of the sample, and shifting gases
between CQ (99.995 %) and nitrogen (99.999 %) were programenad small amount of
sorbent was placed in an alumina crucible and Hetdethe decarbonation temperature
(850°C) at a ramp rate of A0/min under nitrogen. When the decarbonation psobesl been
completed, the temperature was decreased to 6504CGamp rate of 1C/min, a mixed of
2/3 of CQ and 1/3 of nitrogen was automatically switchedoitlhe system to replace
nitrogen. When the carbonation process finisheel téimperature was increased atQ/@in

to the decarbonation temperature. A new decarbmmatrbonation cycle began when the
decarbonation temperature was achieved. In thig&vibbe typical carbonation time was set at
120 min to achieve a relatively high uptake capyagitCO,, and the decarbonation time was
set at 60 min to allow the sorbent to be decarlsmhabmpletely. During the entire process,
the sorbent weight and the temperature were camisiy recorded.

Results and Discussion

In figure 1, the performance results of the natlinséstone Tamuin was presented. The curve
confirms that the performance deteriorates witret{mumber of cycles). After the reaction of
CaO with CQ, the reaction product CaG@ust undergo a calcination process in order to
regenerate CaO to be used repeatedly. In the madeslcination, some pores are produced
inside the CaO particle. At the same time, CaCesimg may occur during high-temperature
calcination. The decline of GQabsorption capacity and cyclic stability with timereasing
carbonation/calcination cycles can be attributecthanges in the particle structure during
calcination. When small CaO particles are heatedettain temperatures high enough but



below the melting point, CaO coalesces and sintand, the surface area of nascent CaO
decreases with the increase of residence timea&igrea and porosity are very important for
the reaction of CaO with GObut sintering reduces surface area and porolséyp$y, which

in turn affects the reaction rates and conversibiCaO with CQ.*** In our study, the
surface area of CaO decreases to 7.2'r&jore calcination to 0.4 mfter five cycles of
calcination-carbonation. The porosity is closed @nd difficult to CGO, to diffuse inside the
material, its reactivity towards G@ecreases.

In order to find an appropriate high-temperature, @@sorbent, we doped pristine CaO with
titanium ethoxide. Different ratios of additive wexdded. Their cyclic reaction characteristics
are observed and recorded as shown in Figure 2cdlcalated conversion rate corresponds
to the molar number of absorbed £@vided by the molar number of theorical CaO. The
conversion rate increases with the molar percenphgelditive. It can be seen from figure 2
that at weak doping level (0.1 and 1 %), the adéitioes not impact the absorption of G

the material. The shape of the curve changes wieerate of titanium is higher than 20 %.
The cyclic reaction capacity of CaTi-40 and CaTivith CO, are almost the same and very
stable. It decreases slowly with the increase alesy Particularly, no significant changes
with number of cycles suggests that these sampéepramising CQ absorbents. No molar
fraction of titanium ethoxide higher than 0.5 wastéd because the reactivity toward, GO
the same for CaTi-40 and CaTi-50, a maximum comwensate seems to be attained.

CO, should interact chemically with CaO rather thanhwiiO, because COand TiQ are
acidic oxides. Some studies show that only CO soezkd at the surface of T or CQ is
converted to CO when it is adsorbed at the, E@facé*?>

The BET surface specific area values of titaniuhoeide doped sorbents are presented in
table 1. All measurements were made twice.

Sorbents Surfac?nslgzgl;m area Porevolume (cm®.g™)

CaCQ 1.2 0.80
CaO (obtained after

calcination of CaCg) 7.2 1.75
CaTi-0.1 8.0 1.83
CaTi-1 8.2 188
CaTi-10 9.4 515
CaTi-20 8.4 193
CaTi-30 9.6 220
CaTi-40 11.7 569
CaTi-50 13.8 3.30

Tablel: BET SSA and Pore volume of various sorbents

All of the surface areas are higher than for prestCaO. CaTi-40 and CaTi-50 exhibit the
highest surface areas and porosities among theugsgorbents investigated in this study.
Sorption capacity depends on the degree of micogitgrdevelopment, high surface area and
high pore volume facilitate the diffusion of Gdside these materials.
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Figure 1: Carbonation of the limestone in 66 vol % £gas stream and completely
regenerated in nitrogen
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Figure 2 : Carbonation/decarbonation cycles (rate of titanathoxide : 0.1 %a, 1 %0, 10
% %, 20% +, 30 %01, 40 %e, and 50 Ym) and limestone Tamuine:



The XRD patterns of the various rate of incorpatdt@nium ethoxide are presented in figure
3. From figure 3, the formation of crystalline Ca§;Ga0O, Ca(OH)and TiQ were noted in

all of the materials. CaCQand Ca(OH) are formed during the impregnation process, after
the calcination at 850°C under nitrogen, they aeothposed to CaO, only CaO and F&de
present for the first carbonation cycle. The contd@nTiO, increases with the percentage of
titanium ethoxide. However, Tipeaks were visible only from 20% molar. No mixedde
such as CaTi@®was observed during the thermal treatment. Thetemperatures could be
responsible for such behavior.

If we put on a graph, the content of titanium adowg to TiG, we obtain a straight line with
a correlation coefficient R= 0.98 and the intercept is 4.81. So, nearly 5%itahium is
introduced inside the CaO lattice.

In order to study surface morphology and exploee structural features at the grain level,
SEM studies were performed on various CaO sorbetts different ratios of titanium
ethoxide. The corresponding SEM images obtainegaesented in figure 4. The limestone
Tamuin is dense and compact, some small partidesearly 2 um are observed. After
calcination, the departure of G@reates some cavities and the material becomggpoeous.

The SEM images of doped-CaO show fine particle€a0® dispersed into dense block of
TiO,. The size and crystallinity of blocks increasehwihie titanium content. The presence of
TiO; limits the sintering of CaO particles.
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Figure 3 : XRD patterns of CaTi-20, CaTi-30, CaO (starting enia) (on left) and CaTi-40,
CaTi-50, CaO (starting material) (on right) (Ca£C@cpds number, 00-047-1743; Ca(QH)
jcpds number, 00-044-1481; TiQcpds number, 00-004-0477)
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Figure4 : SEM images of CaC£CaO and CaO doped with titanium ethoxide

A study of aging was done on the best absorbenti{&@), under 30 cycles of carbonation-

calcination. After 30 cycles, its reactivity towar€Q is clearly superior to that of pure
limestone Tamuin (see figure 5).
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Figure5 : Carbonation-decarbonation cycles of CaTi-50and limestone Tamuine:

Conclusion

CaTi-40 and CaTi-50 were identified as promisingbsats for CQ capture, they exhibit very
high CQ-capture capacity and a strong stability duringaberse of multicyclic carbonation-
decarbonation testing. The high titanium contanits the sintering of particles and stabilizes

the microstructure of CaO.
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