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Abstract: In order to improve the reactivity of Na,CO,/Al, 0O,
sorbent with CO,, a new sorbent showing high reactivity was
developed by doping Na,CO,/Al,O, with TiO, using
impregnation. Fourteen multi-cycle carbonation/regeneration
tests of the sorbent were carried out in a fluidized-bed reactor
and the sorbent was characterized by X-ray diffraction and
nitrogen adsorption. It is confirmed that TiO, shows a positive
effect on the adsorption process of Na,CO, and the reaction
rate is observed to increase significantly, especially in the first
10 min. Moreover, TiO, is stable within the temperature range
of the process and no other Ti-compounds are detected. The
carbonation products are NaHCO, and Na,H, (CO,),. The
surface area and the pore volume of the sorbent keep stable
after 14 cycles. The Fourier transform infrared spectroscopy
and the X-ray photoelectron spectroscopy are used to analyze
the effect mechanism of TiO, on CO, adsorption process of
Na,CO,/AlLO0;.
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pplying alkali metal-based solid sorbents for CO,
capture from flue gas has been investigated as an
innovative concept in these years. K,CO, or Na,CO, can
be used as the regenerable solid sorbent based on the
chemical absorption process at the low temperature. Most
studies around the world focus on the potassium-based
sorbents because potassium carbonate is generally superior
to sodium carbonate in terms of both CO, capacity and ki-
netics'"™’
sodium carbonate over potassium carbonate is due to its
low price, easy accessibility, and low CO, capture cost.
If the reaction characteristics of the sodium-based sorbents
can be improved for high reactivity, a high conversion
rate, and a short reaction time, this technology will have
great market value and broad application prospects.
Researchers have also tried to develop alkali metal-

. Nevertheless, the primary advantage of using

Received 2015-01-02.

Biographies: Dong Wei (1986—), male, graduate; Chen Xiaoping ( cor-
responding author), male, doctor, professor, xpchen@ seu. edu. cn.
Foundation items: The National Natural Science Foundation of China
(No. 51476030), the Specialized Research Fund for the Doctoral Pro-
gram of Higher Education (No.20130092110006).

Citation: Dong Wei, Chen Xiaoping, Yu Fan. CO, capture using dry
TiO,-doped Na, CO;/Al, O; sorbents in a fluidized-bed reactor[ J] . Jour-
nal of Southeast University (English Edition), 2015, 31(2): 220 —225.
[ doi: 10.3969/j. issn. 1003 —7985.2015.02.011]

based sorbents supported on various supports, such as ac-
tivated carbon, Al,O,, SiO,, MgO, ZrO,, CaO, and

. 2-3, 5
zeolites' !

. Activated Al,O, is confirmed to be an out-
standing support for CO, capture attributed to its well-de-
veloped microstructure and excellent abrasion resist-
ance" ™. A previous study'” also demonstrated that sor-
bent Na,CO,/Al,O, ( Na,CO, impregnated on Al,O,)
shows a significant performance for CO, capture at a low
temperature in the presence of vapor. Whereas the CO,
absorption rate of the sorbent still needs to be increased.

Recently, increasing attention on the use of doped cal-
cium-based CO, sorbents has been paid. Chen et al.'”
doped limestone with attapulgite and demonstrated that
the doped sorbent shows better CO, capture performance
than the natural limestone under the same condition. Sun
et al.™ investigated manganese salts, including Mn
(NO,), and MnCO,, doped calcium-based sorbents and
reported that the cyclic CO, capture capacity of CaCO,
was significantly improved. Al-Jeboori et al. " reported
that MgCl,, CaCl,, and Grignard reagents as dopants can
improve the carrying capacity of Havelock limestone in
repeated cycles of carbonation and calcination in a fluid-
ized bed reactor. Accordingly, doping is promising for
developing advanced alkali metal-based solid sorbents to
remove CO, more effectively. Whereas little related work
has been reported so far.

The principal goal of the present research is to investi-
gate methods to improve the CO, uptake rate in such a
process by doping TiO, in Na,CO,/Al,O,. The reaction
mechanism of Na,CO,/Al,O, and TiO, doped Na,CO,/
Al, O, are studied and analyzed. Their carbonation/regen-
eration characteristics, microstructure and physical prop-
erties are investigated in 14-cycle tests using a fluidized-
bed reactor.

1 Experimental Section
1.1 Samples preparation

Na, CO, and TiO, were provided as analytical reagents,
and y-Al,O, were supplied by the Research Institute of
Nanjing Chemical Industry Group. Two sorbents were
prepared in this study. Na,CO,/Al,O, was named Sorb 1
and TiO, doped Na,CO,/Al,O, was named Sorb 2. The
sorbents were prepared by the impregnation method. Ap-
propriate amounts of sorbent constituents were mixed and
impregnated in deionized water, then dehydrated at 378
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K, and calcined at 573 K. The sorbents were ground to
appropriate particle sizes (0. 18 to 0. 315 mm) for fluid-
ized-bed tests. Detailed information about the process can
be found in previous work'"”. Loadings of Na,CO, were
maintained around 25% (mass fraction) in the two sor-
bents. The designed loading of TiO, in Sorb 2 was 1%
(mass fraction). The rest of the sorbents were Al,O, used
as supports. X-ray fluorescence ( XRF) was used to de-
termine the actual loadings of Na,CO, and TiO,. The re-

sults are listed in Tab. 1.

Tab.1 Sorbent components content in mass fraction %

Components content Sorb 1 Sorb 2
Designed loading of Na 10.85 10.85
Actual loading of Na 9.88 9.98
Designed loading of Ti 0.6
Actual loading of Ti 0.82
Actual loading of Na, CO; and TiO, 22.77 24.36

1.2 Apparatus and procedure

A bubbling fluidized-bed reactor was operated for mul-
tiple-cycle tests as shown in Fig. 1. The inner diameter of
the reactor is 0. 05 m and height is 1.0 m. Detailed infor-
mation was reported in Ref. [3]. The sorbents mounted
was about 250 g. The simulated flue gas containing 10%
CO, and 12% H,O with a balance of 78% N, ( volume
fraction) was used for carbonate reaction. The flow rate
was 750 L/h. The carbonation temperature was main-
tained at 333 K. After the completion of carbonate reac-
tion, the flue gas was switched to 100% N, at a flow rate
of 750 L/h as a purge gas. After the purge of CO,, the
temperature of the reactor was raised to 473 K for regen-
eration. After regeneration, another carbonate reaction
was performed by cooling the temperature of the reactor
to 333 K. In this way, 14-cycle tests were carried out.
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Fig.1 Schematic diagram of the experimental apparatus for
fluidized-bed tests

An APHI 5 000 Versa Probe X-ray photoelectron spec-
troscopy ( XPS) was introduced to examine the type and
relative content of the surface elements. The surface spec-
tra of TiO, were observed by a NICOLET NEXUS870

Fourier transform infrared spectrometer (FTIR). The sur-
face areas and pore size distributions of sorbents were de-
termined by a micropore physisorption analyzer with ni-
trogen adsorption-desorption.

2 Results and Discussion
2.1 Fluidized-bed tests

Fluidized-bed tests of Sorb 1 and Sorb 2 were processed
successively. A typical carbonation-regeneration single
cycle result of Sorb 1 is presented in Fig.2. The left part
of the figure represents the carbonate reaction and the
right part represents regeneration reaction.
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Fig.2 Fluidized-bed test result of Sorb 1 in carbonation-regen-
eration single cycle

XRD results of Sorb 1 and Sorb 2 before/after carbon-
ate reaction, as shown in Fig.3, were provided in a pre-
vious work!"”. Tt has revealed that the main constituents
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Fig.3 XRD patterns of Sorb 1 and Sorb 2 before/after carbon-

ate reaction"” . (a) Sorb 1; (b) Sorb 2
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of Sorb 1 before the carbonate reaction are Na,CO, and
Al,O,. After the carbonate reaction, the NaHCO, phase
is observed. The main constituents of Sorb 2 before the
carbonate reaction are Na,CO, and TiO,, besides Al,QO,.
After the carbonate reaction, the NaHCO, phase and a
new product known as Wegscheiderite ( Na,H, (CO,),)
are observed. The relevant reactions are

Na,CO, (s) +CO,(g) +H,0(g) ——2NaHCO,(s)
5Na,CO, (s) +3CO,(g) +3H,0(g)——2Na,H,(CO,),(s)

The two reactions are reversible. Furthermore, no Ti-
containing compound is detected before/after carbonate
reaction except for the TiO, phase which coincides with
Lee’ s study'"'.

CO, absorbed/desorbed amounts were exhibited by a
numerical integration of the CO, concentration curve. The
amounts of CO, absorbed in the whole carbonate reaction
«» amounts of CO, absorbed in the first 10 min of car-
bonate reaction n  and amounts of CO, desorbed in regen-
eration n, of the two sorbents are listed in Tab. 2, respec-
tively. Good material balance closure was obtained,
which indicates that the absorption of CO, is practically
reversible on Al,O, support.

n

Tab.2 Amounts of CO, absorbed and desorbed in each cycle

of the two sorbents mol
i Ny n,
Cycle

Sorb 1 Sorb 2 Sorb 1 Sorb 2 Sorb 1 Sorb 2
1 0.276  0.384 0.509 0.527 0.501 0.515
2 0.258  0.379 0.499  0.513 0.491 0.505
3 0.249  0.362 0.490 0.503 0.481 0.491
4 0.230 0.344 0.467  0.498 0.458 0.482
5 0.235  0.349 0.458  0.491 0.449 0.482
6 0.225 0.354 0.467 0.484 0.450 0.469
7 0.221 0.359 0.450 0.473 0.441 0.462
8 0.206 0.342 0.465 0.476 0.441 0.460
9 0.209  0.320 0.440 0.475 0.423 0.461
10 0.203  0.308 0.444  0.467 0.428 0.451
11 0.205 0.295 0.449  0.465 0.435 0.448
12 0.203  0.293 0.411  0.456 0.392  0.436
13 0.183  0.287 0.439  0.455 0.420 0.442
14 0.182 0.312 0.439  0.455 0.421 0.439

The carbonation capacity of CO, A (milligram of CO,
absorbed by per gram of sorbent) and regeneration per-
cent conversion 7, are used for expressing the carbonation
and regeneration characteristics of the two sorbents. They
can be calculated by

| 1 000n My, |

c = W(O) ( )
n,

7, = x100% (2)

where w(0)is the initial mass of sorbent; M, is the mo-
lecular mass of CO,.
According to Eq. (1), the carbonation capacity of CO,

in the whole carbonate reaction A  and carbonation capac-
ity of CO, in the first 10 min of carbonate reaction A, of
the two sorbents are calculated and given in Figs. 4(a)
and (b). Lee et al. ™" reported their potassium-based sor-
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Fig.4 Fluidized-bed test results of Sorb 1 and Sorb 2 in multi-
ple cycles. (a) Carbonation capacities of CO, in the whole carbonate

reaction; (b) In the first 10 min of carbonate reaction; (c¢) Carbonation
time; (d) m,
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bents by impregnation K,CO, on AL,O,. A of their sor-
bent with 30% loading of K,CO, is about 82 mg/g in the
Ist cycle and decreases to about 50 mg/g after 5 cycles.
Distinct from their claim, as can be noted from Fig. 4
(a), the A, of Sorb 1 is between 77 and 90 mg/g in 14
cycles with a quite slow deactivation. As for Sorb 2, A
is slightly higher than that of Sorb 1 in the 14 cycles.

As can be noted from Fig. 4(b), the A, of Sorb 1 is
around 40 mg/g in each cycle, less than half of the corre-
sponding A, of Sorb 1. The carbonate reaction rate of
Sorb 1 is low. The A, of Sorb 2 in each cycle is about
0.5 times higher than that of Sorb 1 in each cycle be-
tween 55 and 68 mg/g, occupying about 70% of the cor-
responding A, of Sorb 2. It suggests that the use of TiO,
as a dopant can increase the carbonate reaction rate, par-
ticularly in the first 10 min. Previous research'"" reported
that the A, of K,CO,/Al, O, is around 50 mg/g in a 4 cy-
cles test. The A of our Sorb 2 is higher than that of the
potassium-based sorbent. Moreover, the total carbonate
reaction time is also shortened in each cycle, as shown in
Fig.4(c), owing to the optimization of the carbonate re-
action in the first 10 min.

Lee et al. " reported a novel potassium-based sorbent
by impregnation K,CO, on zirconium oxide (ZrO,). A,
of the sorbent with 30% loading of K,CO, is around 85
mg/g in 10 cycles, showing excellent carbonation/regen-
eration cycle performance. Its A  is somewhat lower than
the A, of our sorbents, which can be attributed to the dif-
ferent reactors and absorption atmospheres researched.

With respect to the regeneration section, one can ob-
serve from Fig.4(d) that the 7, of the two sorbents in each
cycle are all above 95%, which indicates that the decom-
positions of NaHCO, and Na,H, (CO,), are almost comple-
ted within regeneration temperature range and the doping
of TiO, hardly has an impact on the regeneration part.

2.2 Microstructure change of the two sorbents with
cycle numbers

In the fluidized-bed reactor, due to the intense move-
ments of sorbents and chemistry reactions, the micro-
structure of the two sorbents can be changed after the 14-
cycle test. In Fig. 5, the change in the surface area, pore
volume and pore size distribution of Sorb 1 and Sorb 2
before/after multi-cycle tests are presented.

As shown in Fig.5(a), after 14 carbonation/regenera-
tion cycles, the surface area of the two sorbents decreases
from 89.72 and 86.75 m’/g to 80.45 and 78.56 m’/g,
respectively. The pore volume of the two sorbents decrea-
ses from 241.2 and 239.0 mm’/g to 234. 5 and 231. |
mm’/g, respectively. The decrements are quite insignifi-
cant. In Fig.5(b), the pore size distributions are consist-
ent during the 14 cycles and the change is small. The ex-
cellent microstructure performance is attributed to the us-
age of Al,O, as support which is consistent with Ref. [3].
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Fig.5 Structure change of Sorb 1 and Sorb 2 in 14-cycle fluid-
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2.3 XPS test

In order to reveal the promotion mechanism of TiO, on
CO, absorption, the XPS test of TiO, was introduced. As
shown in Fig. 6, the O,, photoelectron peak of the TiO,
surface displayed a broad shoulder which was resolved in-
to two peaks after a numerical fit ( dotted lines in Fig. 6).
The main peak at 529.4 eV can be associated with the ti-
tanate oxygen. The second oxygen peak at 531.0 eV can
be assigned to OH groups that likely are incorporated on
TiO, surfaces when they are exposed to H,O. These re-
sults are in good agreement with the XPS measurements
of Nagarkar et al''”'.
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Fig.6 The XPS spectra of O, of TiO,
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2.4 FTIR tests

Fig.7 shows the changes in the FTIR spectra of TiO,
progressive heated from an ambient temperature to 473 K
in the oven. It can be noted that, a large, broad band
centered around 3 300 cm ' is assigned to the vibration of
isolated surface OH groups and absorbed water on TiO,.
A shoulder around 1 620 cm ™' assigned to the vibration of
surface OH groups. As the temperature rises, the broad
band around 3 300 cm ™' reduces in intensity.
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Fig.7 The FTIR spectra of TiO, before and after heat treat-

ment

3 Mechanism Analysis of the TiO,-doped Na, CO,/
Al, O, Sorbent

The surface property of TiO, is decisive for its catalytic

application. The reaction activity and selectivity of Na-
CO, itself depend directly on the type and concentration
of the different active sites.

Zhao et al. " verified that the H,O adsorption is regar-
ded as the rate-controlling step of carbonation. As the
H, O concentration increases, the diffusion and adsorption
capacities of H,O in the sorbent are improved. There-
fore, the total carbonation conversion increases when the
H,O concentration increases.

Takeuchi et al. " pointed out that, as shown in Fig. 8,
the H,O molecules, which directly interact with the solid
surface of TiO, such as surface cations or surface hydrox-
yls, form a monolayer as chemisorbed H,O molecules
and then the hydrogen-bonded H, O molecules form multi-
layers as physisorbed H,O molecules. Finally, H,O mol-
ecules without active hydrogen bonds cover the polymeric
chained H,O molecules to form the outermost shell of the
H, O cluster. These polymeric chained H,O molecules are
called “hydrogen-bonded water”, while on the other
hand, the hydrogen-bond-free H,O molecules in the out-
ermost shell are called “free water”.

By doping TiO, on Na,CO,/Al,O,, the multilayers of
H,O can be adsorbed on the surface of sorbent. The mul-

H, O vapor
(gas phase) y o
H\ H \O/
0’
Free H,0(Sy)

Hydrogen bonded H, O
(5,,5,,8:)

Fig.8 Structural model of H,O cluster absorbed on solid sur-
face of TiO,""”

tilayers of H,O contain plenty of ions forming new active
sites for CO, absorption. The reaction rate is improved,
and hence the CO, uptake in the first 10 min of carbona-
tion is increased. After that, the reaction rate is con-
trolled by the diffusion of CO, in the sorbent. So the rate
is close to that of Sorb 1.

4 Conclusion

CO, capture/desorption behaviors of Na,CO,/Al,O,

doped with TiO, were researched in a bubbling fluidized-
bed reactor. The effect of TiO, on carbonation is signifi-
cant. Na,CO,/Al,O, with around 1% TiO, loading ex-
hibits a high CO, capture rate, particularly in the first 10
min. It is also indicated that TiO, is stable within the
temperature range of the process. The sorbent structures
of Sorb 1 and Sorb 2, including the surface area, the pore
volume, and the pore size distribution, keep stable in 14
cycles. Furthermore, the impacts of flue gas constituents
on TiO, doped Na,CO,/Al, O, sorbents should be investi-
gated in the future. We believe that this interesting re-
search is promising for the use of dry sodium-based sor-
bents for CO, removal.
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